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Abstract We consider here estimation of an unknown probability density s belonging
to Lo () where w is a probability measure. We have at hand » i.i.d. observations with
density s and use the squared Ly-norm as our loss function. The purpose of this
paper is to provide an abstract but completely general method for estimating s by
model selection, allowing to handle arbitrary families of finite-dimensional (possibly
non-linear) models and any s € ILy(u). We shall, in particular, consider the cases of
unbounded densities and bounded densities with unknown L,-norm and investigate
how the L-norm of s may influence the risk. We shall also provide applications to
adaptive estimation and aggregation of preliminary estimators. One major technical
tool of our approach is a proof of the existence of suitable tests between ILp-balls with
centers belonging to L. Although of a purely theoretical nature, our method leads
to results that cannot presently be reached by more concrete ones.

Keywords Density estimation - L>-loss - Model selection -
Estimator selection - Histograms
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1 Introduction

In this paper we shall deal with the problem of estimating an unknown density s
with respect to the measure p on the measurable space (X, W) from an i.i.d. sample
X = (X4, ..., Xp) of random variables X; € X with distribution P; = s - . We
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534 L. Birgé

shall measure the quality of an estimator 5(X1, ..., X)) of s by its quadratic risk
E [d2 (5, s)] for a suitable distance d, where [£; denotes the expectation when s
obtains. We shall denote by | - ||, the norm in L, (u), omitting the subscript when
q = 2 for simplicity and by d; the distance in Lo(n) : da(t,u) = ||t — ul|. For
1 < g < +00 we consider the set Eq of those densities with respect to u that belong

to Ly (), ie.
tannd/tdu:l].

We shall also make use of the Hellinger distance /& and the variation distance v given
by

L, = [teLq(,u)

hz(t,u) = %/ («/;— ﬁ)z du and  v(t,u) = %/ |t —uldu.

When s is assumed to belong to the metric space (M, d), a common method of
estimation that can be called model-based estimation chooses a subset S of M and an
estimation method which results in an estimator that automatically belongs to S. Of
this type is the maximum likelihood estimator over S, for instance. When the distance
d is either h or v, it is possible to get very general risk bounds for some special
estimators based on finite-dimensional models. Indeed, if we choose for S a model
with a metric dimension (to be defined in Sect. 1.2 below and generalizing to subsets
of metric spaces the usual dimension of a finite-dimensional linear space) bounded
by D, one can design an estimator 5 with values in S satisfying, whatever the true
unknown density s,

E, [dz(E, s)] <cC [infaﬂ(s,z) —l—n_lD}, (1.1)

teS

where C denotes a universal constant (independent of n, s and S). When s belongs to
S, (1.1) provides the following upper bound for the minimax risk over S:

inf sup B, [d2 (3, s)] <cn ', (1.2)

5 T
ses

where the infimum is over all possible estimators s, a result which actually dates back
to Le Cam [23] for the Hellinger distance.

Nevertheless, the square of the IL,-distance d> has been much more popular in the
past, as a loss function for density estimation, than either the Hellinger or variation
distances, mainly because of its simplicity due to the classical “squared bias plus
variance” decomposition of the risk. But, although hundreds of papers have been
devoted to the derivation of risk bounds for various specific estimators, we do not
know of any universal bound for the risk similar to (1.1) when d = d», universal
meaning here valid for any model S with a metric dimension bounded by D and any
density s € LLp(u), only partial results valid for some special cases being available.
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Model selection for density estimation with LL;-loss 535

This is actually not surprising for the following reason. While 4 and v are distances
between probabilities so that (s, t) = h(Py, Py) is independent of the choice of the
underlying dominating measure p, this is definitely not the case of the IL,-distance
between densities which depends on the choice of u and is not a distance between
probabilities. Given a probability P and a dominating measure u, even the fact that
d P /du belong or not to Lo (1) depends on p. Further remarks on this subject can be
found in [16,17].

It is indeed the distortion between the Hellinger and LL,-distances that explains the
problems that may occur when we use the LL-risk as can be shown by the following
elementary computations. When ¢ and u are bounded by L,

I — ull? =/(ﬁ—ﬁ)2(ﬁ+ﬁ)2du 54L/(ﬁ—ﬁ)2du
= 8LK>(t, u). (1.3)

Although this is only an upper bound, there are situations where it is rather sharp as
in the following case. Let u be the Lebesgue measure on [0, 1], + = L1jo,4) + (1 —
aL)(l—a)_I]l[a,l] withL > land0 <a < L™, andu(x) = r(1—x)for0 < x < 1.
Then ||t|loc = lullooc = L and

||t—u||2:2a<L—1_aL)2= a—(L_l)2
1—a (1—a)?’
while
1—alL : a L—-1 ’
R (t,u) = — = :
(t, u) a(«/_ 1—a) l—a(\/L(l—a)-F«/l_aL)
LaL-1
~ L(1—a)?

Therefore ||t — u||* > 2Lh%(¢, u). If a is chosen in such a way that h2(t,u) = (4n)~ 1,
it follows from Le Cam [23] (see Proposition 5 below) that one cannot test between ¢
and u with n 1.i.d. observations and small errors, i.e. one cannot distinguish between ¢
and u with only n observations. As a consequence the minimax risk over the set {¢, u}
will be of order n~! when the loss function is the squared Hellinger distance while it
will be of order Ln~" if the loss function is the squared LL,-distance.

1.1 The example of projection estimators
1.1.1 The special case of histograms
A simple illustration of the difference that occurs when one computes risk bounds using

the ILp-distance rather than the Hellinger distance is provided by the case of histograms.
Assuming that w is a finite measure and given a finite partition Z = {/y, ..., Iy} of
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536 L. Birgé

X with (1) =1; > Ofor 1 < j < k, the histogram 57 based on this partition is
defined by

k n
—~ 1 .
SI(X"""X”):n_lj 2 Nijl;, with N; = 2 1, (X)) (1.4)
Jj=1 i=1
Let

k

_ p _ .

p]:/SdMﬂ SI:Z ]]11./-, SI: Zﬂ]:ﬂ[j ﬂ]GRfOrlf_/fk
j=1

and E% be the convex set S7 NLi. If s € Lo(w), then 57 € Eg- is the orthogonal
projection of s onto the k-dimensional linear space S7 spanned by the functions 1,

<0 ~ . . <0
and onto S7 as well. It follows thats7 is an estimator based on the model S7.
Choosing d22 as our loss function, we derive that

I Pil—p))
By (157 = 1P| = 157 51>+~ >" B (1.5)
j=1 !
The simplest and most common situation is the one of regular histograms for which
all /; are equal to k=1 In this case we derive from (1.5) and a convexity argument that

E, (152 = s1?] = 15z = 512 + 07"k = 1. (1.6)

We then get a risk bound which is the sum of the square of the bias and n~! times
the dimension of the model, i.e. the number of parameters (p1, ..., px—1) wWhich are

needed to describe an element of the model E%. It can therefore be viewed as an
analogue of (1.1).

In the general situation of unequal values of the /; the previous elementary argument
does not work but, if s € Lo (1) with norm ||s|/c0, the quadratic risk of 7 can
alternatively be bounded by

By (157 = s12] < 157 = 512 + 07"tk = Dllslee, (1.7)

which is much worse than (1.6) when ||s||s is large. This bound may be far from
sharp for a given s but it is essentially unimprovable if we want it to hold for arbitrary
partitions Z with k elements and any s € L, as shown by the following example.
Define the partition Z on X = [0, 1] by I; = [(j — Da, jo) for 1 < j < k and
I = [(k — Da, 1] with0 < o < (k — 1) Set s = s7 = [(k — Da]™ ' [1 = 1]
Then p; = (k — 1)~ for 1 < j <k, s = 57 (a case of no bias) and it follows from
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Model selection for density estimation with LL;-loss 537

(1.5) that

k—2 k—2 0
[”SI s”] _( sl .

(k= Dan n (1-8)

This shows that there is little space for improvement in (1.7) and that there are cases
when the quadratic risk based on d, does involve the L-norm of s. It also demon-
strates that there is no hope to bound the risk of an histogram 57 based on an arbitrary
partition Z with cardinality |Z| = k by an analogue of (1.6). Indeed, letting o go to
zero in (1.8) shows that

sup sup Eg [||?I — s||2] = +4-00.
(T1ZI=k) 50,

If, instead, we use as our loss function the squared Hellinger distance & as we
previously did we get an analogue of (1.6) and (1.1), namely

E, [12Gz.9)| = h.52) + (k= 1)/ @),

whatever the partition Z of cardinality k and the density s, as shown in [12]. A similar
result holds if d = v. In both cases, whatever the partition Z, we can bound the risk
by a universal constant times the sum of the squared of the bias and n~! times the size
of the partition. This is a bound of the form (1.1), since |Z| is the dimension of our
model, i.e. the linear space generated by the functions 1;; to which 57 belongs.

1.1.2 Projection estimators

More generally, instead of the linear space generated by the functions 15 i 1<j<k,

we can take as a model for estimating s any k-dimensional linear subspace S of
Lo (w). Given an orthonormal basis (¢, ..., ¢r) of S the projection 5 of s onto §
can be written 5 = Z']‘ 1 Bjw;. The estimation method of Cencov [13] consists in
replacmg each coefficient B; = [ ;s du in this expansion by its empirical version
,6 = n1 Zl 1 ¢j(X;). This results in the so called projection estimator T =
Z];: 1 ﬂ @ (which in general is not a density) with risk

k

By (15— s12] = 15 = s1? 407" 3 Var, (g, (X0) (1.9)

J=1

k
sllf—s||2+n’1/ D ei) | s du) (1.10)

j=1
k
<5 —slI>+kn " min d D @3 lislloo p - (111)

Jj=1 00
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538 L. Birgé

The histogram based on the partition Z is merely the projection estimator correspond-
ingtog; = 1;1/2111,.. For regular histograms, /; = k="' and HZIJ‘ZI 90]2- H =k.
) o

It has been shown in [9] that the quantity H Zl;:l <p/2 H only depends on S and not
oo

on the choice of the basis. For an arbitrary subset of a uniformly bounded basis like
the trigonometric basis, it is bounded by Ck for a constant C depending on the basis
only. In such a case we get a risk bound of the form ||5 — s||> + n~!Ck which does
not involve ||s||«0. If we use the projection onto the first k elements of a wavelet basis,
the bound Ck still holds but this is not true any more if we project onto an arbitrary
subset with k elements of the same wavelet basis. We end up with the same dichotomy
we found between regular and irregular histograms: bounding the variance term of the
risk is sometimes straightforward, leading to a bound of the form n~! Ck but for some
other models the risk bound we derive involves ||5|| oo-

A similar difficulty occurs in more complex examples, for instance for the estimators
that are considered by Reynaud-Bouret et al. [29]. Their Theorem 1 leads to a risk
bound that also involves a variance term depending on the unknown density s which
is the analogue of ZI;'=1 Var (¢j(X1)). In some cases, this term can be bounded
independently of s but in some other cases this bounding involves ||s |-

It follows from these illustrations that it does not seem easy to get an analogue of
(1.1) in full generality when d is the IL;-distance (at first sight it may sometimes work
and sometimes not, depending on the type of model we use). It will be the subject of
our next section to formally prove that a general result of the form (1.1) cannot hold
when d = d>.

1.2 Model based estimation

As we already mentioned, a common method for estimating s consists in choosing a
particular subset S of (M, d) that we shall call a model for s and design an estimator
with values in S. Let us set M = L; and choose for d either the Hellinger distance
h or the variation distance v. It follows from Le Cam [23-25] and subsequent results
by Birgé [2,4] that the risk of suitably designed estimators with values in S is the
sum of two terms, an approximation term depending on the distance from s to S and
an estimation term depending on the metric dimension of the model S which can be
defined as follows.

Definition 1 Let S be a subset of some metric space (M, d) and let By(t, r) denote
the open ball of center t and radius r with respect to the metric d. Given n > 0, a
subset Sy of M is called an n-net for S if. for each t € S, one can find t' € Sy with
d@,t') <n.

We say that S has a metric dimension bounded by D > 0 if. for every n > 0, there
exists an n-net Sy for'S such that

1S, N Ba(t, xn)| < exp [sz] forallx >2andt € M. (1.12)
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Model selection for density estimation with LL;-loss 539

Remark One can always assume that S, C S at the price of replacing D by 25D /4
according to Proposition 7 of [4].

When (M, d) is anormed linear space, typical examples of sets with metric dimen-
sion bounded by D are subsets of 2 D-dimensional linear subspaces of M, as shown
in [4], where the following generalization of Le Cam [23] is also proven.

Proposition 1 Assume that we observe n i.i.d. random variables with unknown dis-
tribution P, s € (El, d), d being either the Hellinger distance h or the variation
distance v, and that we have at disposal a subset S of Ly with metric dimension
bounded by D > 1/2. One can build an estimator’s with values in S such that, for all
s € El and some universal constant C,

E, [d2 (s, s)] <C [infdz(s, 1)+ n_lD] hence supE; [d2 (s, s)] <cn'D.

teS ses

The risk bounds (1.1) and (1.2) that we mentioned earlier actually derive from this
proposition.

1.3 Some negative results for the ILy-loss

Unfortunately, the analogue of Proposition 1 when we deal with arbitrary densities
and models belonging to L, and set d = d» cannot be true. To see this, let us take
X = [0, 1], pn the Lebesgue measure on X and assume that, for some S with metric
dimension bounded by D > 1/2,

inf sup B [d§ (F(X), s)] —en 'D

3 T
ses

for some ¢ > 0. For A > 1, consider the mapping G, between elements of L, given
by G;.(s)(x) = As(Ax)L;-11(x). Then da (G (t) — G;.(u)) = AY2dy(t, u). This
implies that G, @ has the same metric dimension as S, therefore bounded by D.
Moreover, any estimator s of s can be turned into an estimator G;, () for G, (s) and
vice-versa, so that the minimax risk over G, (E) is Acn~!D. Since A can be arbitrary
large, the bound (1.2) cannot be universally true.

The fact that the Loo-norm of s may come into the risk based on LL;-loss, as we
noticed when studying histograms on irregular partitions, is actually not due to the use
of specific estimators like histograms but it is a more general phenomenon as shown
by another negative result provided by Proposition 4 of [5] that we recall below for
the sake of completeness.

Propositi_on 2 For each L > 0 and each integer D with 1 < D < 3n, one can find a
finite set S of densities with the following properties:

(i) it is a subset of some D-dimensional affine subspace of 1.,([0, 1], dx) with a
metric dimension bounded by D /2;
(i) supgeslislloc <L +1;
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540 L. Birgé

(iii) for any estimator 5(X1, ..., )ﬁ,,) belonging to 1> ([0, 1], dx) and based on an
i.i.d. sample with density s € S,

sup E, [||§— s||2] ~ 0.0139DLn~". (1.13)

ses

It follows from this lower bound that the best universal risk bound one can expect to
prove for an estimator s with values in an arbitrary model S with metric dimension
bounded by D when s is arbitrary in L is

E, [d% (5 s)] <c [jt;fqd%(s, + n_1D||s||oo] . (1.14)

The situation becomes worse when s & Lo (1) or if sup, 5 I|s]| o =+00. It may even
happen that, whatever the estimator 5, sup, s E, [d* (5, s5)] be infinite even if
Sc Ly (w) has a bounded metric dimension as shown by the following lower bound,
to be proved in Sect. 6.1.

Proposition 3 Let S = {sg, 0 < 6 < 1/3} be the set of densities with respect to the
Lebesgue measure on [0, 1] given by

—1
Sp = 9_2]1[0‘93] + (92 + 9 + 1) ]1(93‘1].

If we have at disposal n i.i.d. observations with density so € S, we can build an
estimator s, such that supy_g; 3 E, [nhz(se,En)] < C for some C independent
of n. On the other hand, although the metric dimension of S with respect to the
distance dy is bounded by 2, SUP) <13 E, [||59 — S ||2] =400, whatever n and the
estimator’s,,.

These three counter-examples show that there is absolutely no hope that Proposition 1
could be true when d = d». They also suggest that it is impossible to build a general
theory of model selection (or even of estimation based on one single model) with
LL»-loss without taking the L,-norm into account, even if there do exist some special
situations, like for regular histograms, for which the introduction of the L,-norm is
superfluous and Bound (1.14) can be substantially improved.

1.4 About this paper

We have seen in the previous section that Proposition 1, which deals with one single
model S, cannot be true when d is the L,-distance and the situation is obviously worse
for model selection among many models. The general results about model selection
or estimator aggregation (that can be viewed as a special case of model selection as
explained in Sect. 9 of [4]) which are valid when d = & or v and described precisely
in Theorem 1 below cannot hold in full generality when d = d;. Of course, they
may hold in some specific situations or under some additional restrictions and many
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Model selection for density estimation with Ly-loss 541

results have already been obtained in this direction but there is presently no general
theory for model selection available when the risk is based on the LLy-distance. This
major difference between the L,-distance and LL; or Hellinger distance was the main
motivation to write this paper.

Our purpose, in the remainder of this paper, will be to explain to what extent the
general theory for model selection which has been developed in Birgé [4] ford = h
or v can be rescued when d = d, with the additional introduction of Ly,-norms in
the procedures, even when the density s does not belong to Lo (1), and what type of
results about adaptation in Besov spaces can be derived from this general approach.
In particular, for the case of a single model, this will lead to a generalized version
of (1.2) that can also handle the case of s & L. When s € L (with an unknown
value of || 5| ), the risk bounds we get completely parallel (apart from some constants
depending on ||s||s) those obtained for estimating s when d = & or v.

In order to achieve our goal, we shall use the construction of what we have called
T-estimators in [4]. These estimators are based on suitable tests between balls with
respect to the relevant distance d. In the i.i.d. case when d = h, tests between Hellinger
balls were constructed quite a long time ago by Le Cam and there are many other
frameworks for which such tests exist; see [7] for various examples. In order to apply
our construction to the case of d = d, we shall have to derive suitable tests between
LL,-balls.

In the next section we shall recall general results for model selection, based on
what we have called T-estimators in [4], that hold when d = h or v and what is
presently known when d = d;. Section 3 will be devoted to the statement of the main
theorems and we shall give a few applications of them, in particular to aggregation
of preliminary estimators and estimation of densities belonging to Besov spaces, in
Sect. 4. We shall explain precisely the construction of our estimators, which can be
viewed as a modification of T-estimators, in Sect. 5. The last section will be devoted
to the most technical proofs.

2 Model selection

Letus now go back to histograms. As we noticed, the risk bound we get heavily depends
on the choice of the partition. If we have at disposal a finite (although possibly very
large) family {Z,,, m € M} of finite partitions of X with respective cardinalities |Z,,|,
we can consider the corresponding families of models {EI,", m € ./\/l} and histogram
estimators {E\Im’ m e /\/l} It is then natural to try to find a partition in the family
which leads, at least approximately, to the minimal risk inf,,e pq Es [I57, — s11°]-
But one cannot select such a partition from either (1.5) or (1.7) since the risk
depends on the unknown density s via sz, . Methods of model or estimator selec-
tion base the choice of a suitable partition Zz with m = m(Xy,..., X,) on the
observations.

This problem of partition selection is actually a particular case of model selection.
Going back to the general framework of Sect. 1.2 with d = & or v, we can consider
a family of models {Em, m € ./\/l} each one with metric dimension bounded by D,,
so that it leads to an estimator s, with a risk bounded, according to Proposition 1,
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542 L. Birgé

by C [inftegm d*(s,t) +n~! Dm]. Since the bias term inftegm d?(s, t) is unknown, it
is impossible to decide which m leads to the best bound and a natural problem is to
design a method for choosing a value m (X1, ..., X,) of m from the observations in
order to minimize the risk bound. There is actually a solution to this problem which

is provided by the following result from Birgé [4].

Theorem 1 Let X = (X1, ..., X,) beani.i.d. sample with unknown density s belong-
ing to 1Ly, d be either h or v and {Em, m e ./\/l} a finite or countable family of subsets
of Ly with metric dimensions bounded by D,, > 1/2 respectively. Let the nonegative
weights Ay, m € M satisfy

> expl—An] = B < +oo. Q.1
meM

Then there exists a universal constant C and an estimator s(X) such that, for any
s € ]Ll,

E, [dz(}', s)] <C(1+7Y) inf |:inf d*(s,t) +n~ " max {D; Am}:|. (2.2)

me teSy,

Proposition 1 simply follows by setting M = {0}, So = S, Dy = D and Ag = 1/2.
One should notice here the Bayesian role of the weights A,,. The choice of weights
that satisfy (2.1) amounts to putting a prior positive measure with total mass X’ on
M or equivalently on the collection of models with a measure exp[—A,,] for the
model S,,.

2.1 What is presently known

There exists a considerable amount of literature dealing with problems of model or
estimator selection. Most of it is actually devoted to the analysis of Gaussian problems,
or regression problems, or density estimation with either Hellinger or Kullback loss and
itis not our aim here to review this literature. Only a few papers are actually devoted to
our subject, namely model or estimator selection for estimating densities with L,-loss,
and we shall therefore concentrate on these papers only. They can roughly be divided
into three groups: the ones dealing with penalized projection estimators, the ones
that study aggregation by selection of preliminary estimators and the more specific
ones which use methods based on the thresholding of empirical coefficients within a
given wavelet basis. The last ones, which are especially designed for the estimation of
densities belonging to various kinds of Besov spaces, are typically not advertised as
dealing with model selection but, as explained for instance in Sect. 5.1.2 of [11], can
be viewed as very special instances of model selection methods for models that are
spanned by some finite subsets of an orthonormal wavelet basis. They are definitely not
general methods of model selection (i.e. which handle arbitrary densities and families
of models) but specific ones dealing only with some special families of models and
targeted to estimate special densities.
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Model selection for density estimation with LL;-loss 543

All these papers have in common the fact that they require more or less severe
restrictions on the families of models or densities to be estimated. For instance, aggre-
gation of estimators by selection only deals with models which are singletons while
thresholding of wavelet coefficients amounts to deal with models which are linear
spaces spanned by finite subsets of a wavelet basis. Moreover, apart from a few special
cases to be mentioned below, they typically assume that s € L, (1) with a known or
estimated bound for ||s]|cc-

In order to see how such methods apply to the problem of partition selection for
histograms that we mentioned at the beginning of Sect. 2, let us be more specific
and assume that X' = [0, 1], u is the Lebesgue measure and N' = {j/(N +1),1 <
j < N} for some (possibly very large) positive integer N. For any subset m of N,
we denote by Z,, the partition of X generated by the intervals with set of endpoints
mU{0, 1} and we set S,, = EI,,, and’s,, = 57, . This leads to a family of partitions M
with cardinality 2" and to the corresponding families of linear models {Em, m e ./\/l}
and related histogram estimators {'im, m € M} Then all models §m are subsets
of the largest one §N~ Given a sample X1, ..., X, with unknown density s, which
partition Z; with m = m(X1, ..., X,) depending on the observations should we
choose to estimate s and what sort of risk bound could we derive for the resulting
estimator?

Since subset selection within a given basis applies here only when N = 2K — |
and we use the Haar basis, we shall only consider this particular case in order to
be able to deal with the three above-mentioned methods, keeping in mind that the
third one does not apply to arbitrary values of N. In this case, S is the linear span
of the 2K first elements of the Haar basis. To each non-empty subset g of these
2K elements, we can associate its linear span E/q and the family of linear models

{E/q, q € Q} where Q denotes the set of those ¢g. To each E; corresponds a pro-

jection estimator (as defined in Sect. 1.1.2) 5, which looks like a histogram estima-
tor (piecewise constant) and one can consider the problem of selecting an optimal
value ¢ of ¢, for instance by a proper thresholding of the empirical coefficients. One
should nevertheless keep in mind that the two problems (selecting an m or a g) are
different because the two families of models and estimators are different. In particu-
lar the families of models have different approximation properties. For instance, the
density 2% 1y« belongs to the two-dimensional model §{1} but its expansion in
the Haar basis has K non-zero coefficients so that it cannot belong to any model
E/q with dimension smaller than K. As to the estimators, one should notice that his-
tograms are always genuine densities which is not the case of the projection estimators
Sq-

Penalized projection estimators have been considered by Birgé and Massart [8]
and an improved version is to be found in Chapter 7 of [27]. The method either deals
with polynomial collections of linear models, i.e. collections for which the number
of D-dimensional models is bounded by a polynomial in D (which does not apply
to our case) or with subset selection within a given basis. Moreover, it requires that
N < n/logn and a bound on |57, |lcc be known or estimated, as in Sect. 4.4.4 of [8],
since the penalty depends on it.
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544 L. Birgé

Methods based on wavelet thresholding, as described in Donoho et al. [18] or
Kerkyacharian and Picard [22] (see also the numerous references therein) typically
require the same type of restrictions and, in particular, a known upper bound for ||s ||
in order to properly calibrate the threshold. A noticeable exception appears to be the
paper by Reynaud-Bouret et al. [29] which is devoted to the estimation of an unknown
density on the real line (with possibly unbounded support) by a method which can be
viewed as a specific model selection method, the models being linear spaces spanned
by finite subsets of a given wavelet basis (for our problem it should be the Haar basis).
Their Theorem 1 is some sort of an oracle inequality which does not involve ||s| o at
all but, instead, variance terms which are similar to those in the right-hand side of (1.9).
To apply it to densities s belonging to Besov spaces B;’,"OO(R) (witha > (1/p)—(1/2)
as is always required) they have to bound these variance terms like we did for (1.9) in
Sect. 1.1.2. They derive risk bounds which show the same dichotomy we mentioned
above for histograms. In the “nice” case (here when p > 2) the bound does not involve
|Is|loo- But in the more classical case of p < 2 they require that s belong to Lo, with
risk bounds depending on ||| -

Aggregation of estimators by selection assumes that preliminary estimators (one
for each model in our case) are given in advance (we should here use the histograms)
and typically leads to a risk bound including a term of the form n 5] oo log |IM| =
n N5 oo log2 so that all such results are useless for N > n. Moreover, most
of them also require that an upper bound for ||s|l. be known since it enters the
construction of the aggregate estimator. This is the case in Rigollet [30] (see for instance
his Corollary 2.7) and Juditsky et al. [21, Corollary 5.7] since the parameter 8 that
governs their mirror averaging method depends crucially on an upper bound for ||s|| so-
As to Samarov and Tsybakov [32], their Assumption 1 requires that N be not larger
than C logn. Similar restrictions are to be found in Yang [33] in his developments
for mixing strategies and in Rigollet and Tsybakov [31] for linear aggregation of
estimators. Lounici [26] does not assume that s € L, but, instead, that all preliminary
estimators are uniformly bounded. One can always truncate the estimators to get this
but, to be efficient, the truncation should be adapted to the unknown parameter s, and
therefore chosen from the data in a suitable way. We do not know of any paper that
allows such a data driven choice.

Consequently, none of these results can solve our partition selection problem with
arbitrary partitions in a completely satisfactory way when N is at least of size n
and whatever the unknown s € L, (u). This fact was one motivation for our study
of model selection for density estimation with Ly-loss. As already mentioned, some
results about adaptive estimation on particular smoothness classes that are akin to
model selection with special models and do not assume the boundedness of s can
be found in the literature. One can mention estimation of densities belonging to
Sobolev classes W5 (R) = BS"Z(R), a > 0 studied by Efromovich [20] and den-
sities in B} o (R), p > 2 considered by Reynaud-Bouret et al. [29]. Both results are
quite nice but they address specific situations. The results by Efromovich are actually
extremely precise since he does not only get the optimal adaptive rates of conver-
gence but also the exact optimal asymptotic constant which was first computed by
Pinsker [28] for Gaussian ellipsoids. He designs a special estimator of the charac-
teristic function based on an application of the Efromovich-Pinsker method to the
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empirical characteristic function. Then he proceeds by Fourier inversion. This works
remarkably well on Sobolev classes which are defined via the characteristic functions
but cannot be extended to more general models. We actually do not know of a general
model selection result that applies to any s € L(x) and arbitrary countable fami-
lies of finite-dimensional models (possibly nonlinear). There is a counterpart to this
level of generality: our procedure is of a purely abstract nature and not constructive,
only indicating what is theoretically feasible. Unfortunately, we are unable to design
a practical procedure with similar properties.

2.2 Some notations

Let us now fix our framework and notations. We want to estimate an unknown density
s, with respect to some probability measure i on the measurable space (X', W), from
an i.i.d. sample X = (Xq,..., X;) of random variables X; € X with distribution
Pg; = 5 - . The natural domain of application of our results is therefore a compact
space X’ with a finite reference measure v, in which case we shall set u = v(&X Yy,
Because of this restriction that u should be a probability, our result does not apply to
estimating densities with respect to the Lebesgue measure on R but would apply to
densities with respect to a Gaussian probability on the line for instance.

Throughout the paper we denote by PP the probability that gives X the distribution
P&" and by E, the corresponding expectation operator. For I' > 1, we set

Lo = {r el lrlloo =T}
and, for each s € Ez, we define the function O on R4 by

0,(2) = / [5(r) — 2P Liseyosy die(x) forz = 0. 23)

We measure the performance at s € L, of an estimator 5(X) € L, by its quadratic risk
E [d22 (5(X), s)]. More generally, if (M, d) is a metric space of measurable functions
on X such that M ﬂEl # 0, the quadratic risk of some estimators € M ats € M ﬂil
is defined as [E; [d2 (5(X), s)]. We denote by |Z| the cardinality of the set 7 and set
aVv b and a ADb for the maximum and the minimum of a and b, respectively. Throughout
the paper C (or C’, ...) will denote a universal (numerical) constant and C(a, b, ...)
or C, a function of the parameters a, b, ... or g. Both may vary from line to line.
Finally, from now on, countable will always mean “finite or countable”.

3 Main results

In order to define estimators based on families of models with bounded metric dimen-
sions, we shall follow the approach of Birgé [4] based on what we have called T-
estimators. We refer to this paper for the definition and construction of these estimators
derived from tests between balls.
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3.1 Model selection with bounded T-estimators

Our first result deals with the performance of special T-estimators that are by con-

struction bounded by I' and therefore belong to EI;O.

Theorem 2 Assume we are given a countable collection {Em, m e M} of models in
Lo () with metric dimensions bounded respectively by D,, > 1/2 and a family of
weights A, such that

T=14 > exp[—An] < +oo. (3.1)
meM

~ —I . . =
One can build, for each T > 3, a T-estimator 5% € L. which satisfies, for all s € 1L,
and g > 1,

“ |

— q
| _ = T (Dm vV Am)
s=57"] = = |:mlen'§vlld2(3,sm)+ e ]+ QS(F)} . (32

with Qg given by (2.3) and C, some constant depending only on q. If ||s|loc < T, then

B[ -57)°] = c= it [B(s.50) +n7'T Do v an)}). 33)

3.2 General model selection in L,

Clearly, the performance of the estimator 5* provided by Theorem 2 depends on the
choice of I" since the right-hand side of (3.2) includes a sum of two terms, the first one
being increasing with respect to I' and the second one, [ Q(I")]'/?, nonincreasing. An
optimal value of I' should balance between these two terms. Unfortunately both of
them depend on the unknown parameter s. We therefore need a way to choose I' from
the data in order to optimize the bound in (3.2).

The idea is to build a sequence of estimators (?y )i>2 and select a convenient value
of i from our data. Since we only have at disposal a single sample X to build the
estimators 52 and to choose i, we shall proceed by sample splitting using one half of
the sample for the construction of the estimators and the second half to select a suitable
value of i. We therefore now consider the general situation where we observe n = 2n’
i.i.d. random variables X1, ..., X, with an unknown density s € Ez, not necessarily
bounded, and have at disposal a countable collection {Em, m e M} of models in
Lo (w) with metric dimensions bounded respectively by D,, > 1/2 together with a
family of weights A, which satisfy (3.1). We split our sample X = (X1, ..., X,,) into
two subsamples X; and X, of the same size n’. We use X to build the T-estimators

5(X)) = 2 (X1), i > 1, which are provided by Theorem 2. It then follows from
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(3.2) that each such estimator satisfies, for g > 1,

Es [lls =i (X0)117]

. 1/2 q
_ 21 (D v A :
=¥y inf dz(s,Sm)+(W) +V0,2 N

meM

with Q; given by (2.3). We now work conditionally on Xj, fix a convenient value of
A > 1 (for instance A = 1 if we just want to bound the quadratic risk) and use the
second half of the sample X, to select one estimator among the previous family. This
requires a special argument to select a density from an unbounded sequence which is
provided by the following proposition to be proved in Sect. 5.4.

- . =2+ .
Proposition 4 Let (t;);>1 be a sequence of densities such that t; € L., for each i
and X be an n-sample with density s € IL,. Given A > 1, one can design an estimator
Sa(X) such that

E, [} (54, 9)] = C(A. q)inf [dg(s, 1)V \/n_1i2i]q for1<gq <24/log2.
1=

The selection, based on the sample X, of an estimator in the sequence (5 (X))
according to Proposition 4 results in a new estimator 54 (X) which satisfies

E, [d(5aX), ) | Xi] = €A @ inf [do(s, 5000 v Vi 1i27]

provided that ¢ < 2A/log2. Integrating with respect to X; and using our previous
risk bound gives

~ . ~ —1.,i)49/?
&Um—»umW]saAﬁgg{mUm—sanW}+@‘ﬂﬁq}

. A\9/2
_ 2" (Dm Vv Ap Vi) 4
<C(A,¢)Tinf { inf |d?(s,S I S U LA
=C0 ;El[m@M{N o+

n

-HQA?+Uﬂ”].

For2! <z <21 logz > ilog2and Q,(z) > Q,s(2i*!) since Qy is nonincreasing.
Modifying accordingly the constants in our bounds, we get the main result of this
paper which provides adaptation with respect to both the models and the truncation
constant.

Theorem 3_Let X = (X1, ..., Xp) withn > 2 be an i.i.d. sample with unknown
density s € 1Ly and {Sm, m € ./\/l} be a countable collection of models in 1L, (i) with

metric dimensions bounded respectively by D,, > 1/2. Let {A,,, m € M} be a family
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of weights which satisfy (3.1) and Q(z) be given_by (2.3). For each A > 1, there
exists an estimator 54 (X) such that, whatever s € .y and 1 < g < (2A/log?2),

Es [lls =54 (X)117]

q/2
<C(A. @) inf inf {déf (s,sm)+(Z (D ¥ B ¥ 1°gz)) +[Qs(z)]q/2} . (34
zz2me

n

In particular, fors =731 and s € Loo (1),

B [Is =5001%] = €% inf [d3(s.5) + 1™ slloo (B v A Vloglislioc) | (3.5)
meM

3.3 Some remarks

We see that (3.4) is a generalization of (3.2) and (3.5) of (3.3) at the modest price
of the extra log z (or log ||s|lsc). We do not know whether this log z is necessary or
not but, in a typical model selection problem, when s belongs to Eoo(,u) but not to
Upe Sm» the optimal value of D,, goes to 4+-oc with 1, so that, for this optimal value,
asymptotically D,, V A, V10g [|S]loc = Dy V Ay

Up to constants depending on ||s]«0, (3.5) is the exact analogue of (1.14) which
shows that, when s € Lo (1), all the results about model selection obtained for the
Hellinger distance can be translated in terms of the LL,-distance.

Note that Theorem 3 applies to a single model S with metric dimension bounded
by D, in which case one can use a weight A =1/2 < ‘D which results, if A = 1, in
the risk bound

— D vl
E, [Is =5C0I°] = [d% (5.5) + inf {Z(_V—ng) + QS<Z>H . GO
7=2 n
and, if s € Eoo(u),
Es [lls =5012] = € [d3(5.5) + 07" Islloe (D v Iog lsllc) | (37)

Apart from the extra log ||s|| o, Which is harmless when it is smaller than D, we recover
what we expected, namely the bound (1.14).

Evenifs e Eoo(,u) the bound (3.4) may be much better than (3.5). This is actually
already visible with one single model, comparing (3.6) with (3.7). It is indeed easy to
find an example of a very spiky density s for which (3.6) is much better than (3.7) or
the classical bound (1.11) obtained for projection estimators. Of course, this is just a
comparison of universal bounds, not of the true risk of estimators for a given s.

More surprising is the fact that our estimator can actually dominate a histogram
based on the same model, although our counter-example is rather caricatural and
more an advertising against the use of the ILp-loss than against the use of histogram
estimators. Let us consider a partition Z of [0, 1] into 2D intervals [;, 1 < j <
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2D with the integer D satisfying 2 < D < n and fix some y > 10. We then set
o= (yzn)il. For 1 < j < D, the intervals I; 1 have length « while the intervals
I; have length 8 with D(a + B) = 1. We denote by S the 2D-dimensional linear
space spanned by the indicator functions of the /;. It is a model with metric dimension
bounded by D. We assume that the underlying density s with respect to Lebesgue
measure belongs to S and is defined as

D D

s = pa! Z]l’li—l +qp7! Z]llzj with p=ya and D(p+gq) =1,
j=1 j=1

so that B > g since o < p. We consider two estimators of s derived from the same
model S: the histogram 57 based on the partition Z and the estimator 5 based on S and
provided by Theorem 3. According to (1.5) the risk of 57 is

Dn~! [a—‘p(l — )+ g - q)] >0.9Dn"'a"'p = 0.9Dyn"",

since p < 1/10. The risk of s can be bounded by (3.4) with z = 4 which gives

E, [Ils —E(X)||2] <cC [41)71—1 +D (P/oz)zd/{|

I

=CD [4rf1 + pzof]] =5CDn"".

For large enough values of y our estimator is better than the histogram. The problem
actually comes from the observations falling in some of the intervals I;; 1 which will
lead to a very bad estimation of s on those intervals. Note that this fact will happen
with a small probability since Dp = D(yn)~' < y~!. Nevertheless, this event of
small probability is important enough to lead to a large risk when we use the L,-loss.

4 Some applications
4.1 Aggregation of preliminary estimators
Theorem 3 applies in particular to the problem of aggregating preliminary estimators,

built from an independent sample, either by selecting one of them or by combining
them linearily.

4.1.1 Aggregation by selection

Let us begin with the problem, that we already considered in Sect. 3.2, of selecting a
point among a countable family {z,,, m € M}. Typically, as in Rigollet [30], the #,, are
preliminary estimators based on an independent sample (derived by sample splitting
if necessary) and we want to choose the best one in the family. This is a situation for
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which one can choose D,, = 1/2 for all m and A = 1 which leads to the following
corollary

Corollary 1 Let X = (X1, ..., Xy) withn > 2 be an i.i.d. sample with unknown
density s € Ly and {t,,, m € M} be a countable collection of points in Lo(uw). Let
{An, m € M} be a family of weights which satisfy (3.1) and Q;(z) be given by (2.3).
There exists an estimator s(X) such that, whatever s € Ly,

A, V1
E, [||s —‘s“(X)||2] < CSinf [ inf [dzz(s, t) + w]
z>2 | meM n

+ O (Z)] .
4.1.2 Linear aggregation

Rigollet and Tsybakov [31] have considered the problem of linear aggregation. Given a
finite set {1, . .., '} of preliminary estimators of s, they use the observations to build
alinear combination of the #; in order to get a new and potentially better estimator of s.
ForA=(\1,...,Ay) € RN letussetf, = Z;v:l Ajt;. Rigollet and Tsybakov build
a selector ’):(X 1,..., Xy) such that the corresponding estimator 5(X) = t3 satisfies,
forall s € Eoo,

B, [Is = SOOI = inf @2 s, + 7 sl (“.1)
reRN

Unfortunately, this bound, which is shown to be sharp for such an estimator, can be
really poor, as compared to the minimal risk inf<;<y dzz(s, tj) of the preliminary
estimators when one of these is already quite good and n~!|s||oN is large, which
is likely to happen when N is quite large. Moreover, this result tells nothing when
s & Loo. In [4, Sect. 9.3] we proposed an alternative way of selecting a linear combi-
nation of the #; based on T-estimators. In the particular situation of densities belonging
to EZ, we proceed as follows: we choose for M the collection of all nonvoid subsets
mof{l,..., N}and, form € M, we take for S,, the linear span of the tj with j e m
so that the dimension of S, is bounded by |m| and its metric dimension D,, by |m|/2.

Since the number of elements of M with cardinality j is (]]\7) < (eN/j)/, we may

set A, = |m|[2 + log(N/|m])] so that (3.1) is satisfied with ¥ < 2. An application
of Theorem 3 leads to the following corollary.

Corollary 2 éet X = (X1,...,X,) withn > 2 be an i.i.d. sample with unknown
density s € 1Ly and {t1,...,tN} be a finite set of points in LLo(u). Let M be the
collection of all nonvoid subsets m of {1, ..., N} and, form € M,

Amz{keRN‘Aj=Oforj¢m}.

For each A > 1, there exists an estimator sx(X) such that, whatever s € Ez and
1 <q < (2A/log2),

E [Is —54(X)|1] < C(A, q) inf inf R(q,s,z,m),
s [lls =5a(X)117] < C( ¢)inf inf R(q.s.z,m)
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where

z[Im| (1 +log(N/|m|)) V logz] )q/2

R(g,s,z,m) = inf d? (s,t
(q,s,z,m) xler}\m 5 (s x)+( "

+[05(2)19*

and Qs (z) is given by (2.3).

There are many differences between this bound and (4.1), apart from the nasty constant
C(A, q). Firstly, it applies to densities s that do not belong to L, and handles the case
of ¢ > 2 for a convenient choice of A. Also, when s € Lo, and one of the preliminary
estimators is already close to s, it may very well happen, when N is large, that

R (2,5, lIslloo, m) < inf d3 (s, ) + 1" slloo [Im] (1 +log(N/Im])) v log s loc ]
be much smaller than the right-hand side of (4.1) for some m of small cardinality.

4.2 Selection of projection estimators

In this section, we assume that s € Lo (12). This assumption is not needed for the design
of the estimator but only to derive suitable risk bounds. We have at hand a countable
family {Em, m e ./\/l} of linear subspaces of L, (u) with respective dimensions Dy,
and we choose corresponding weights A,, satisfying (3.1). For each m, we consider
the projection estimator’s,, defined in Sect. 1.1. Each such estimator has a risk bounded
by (1.11), i.e.

o 2 < 2 -1
Es [ 18 = 512] < 15w = 512 4+ 17" Durls oo,

where 5, denotes the orthogonal projection of s onto S,,. If we apply Corollary 1 to
this family of estimators, we get an estimator 5(X) satisfying, for all s € Lo,

Es [ls =SCOI| = € inf 15 = 51+ 17" Islloo (D V Ay v log l5]0) .

With this bound at hand, we can now go back to the problem we considered in Sect. 2.1,
starting with an arbitrary countable family {Z,,, m € M} of finite partitions of X’ and
weights A,, satisfying (3.1). To each partition Z,, we associate the linear space S, of
piecewise constant functions of the form > €T, B;1;. The dimension of this linear
space is the cardinality of Z,, and its metric dimension is bounded by |Z,,|/2. If we
know that s € Lo (1), we can proceed as we just explained, building the family of
histograms 57, (X1) corresponding to our partitions and using Corollary 1 to get

Es [ls =SQOP| = € inf 157, =517 + 17 lslloo (Zul v A v log lsl0) .
m
4.2)

@ Springer



552 L. Birgé

which should be compared with (1.7). Apart from the unavoidable complexity term
Ay, due to model selection, we have only lost (up to the universal constant C) the
replacement of |Z,,| by |Z,,| v log ||s||c. Examples of families of partitions and cor-
responding weights satisfying (3.1) are given in Sect. 9 of [4].

In the general case of s € Ly (1), we may apply Theorem 3 to the family of linear
models {gm, m e /\/l} derived from these partitions, getting an estimator s with a risk
satisfying

2(Zm| vV A v logz)}

E [Is =50017] < czzigfz{ inf [nfzm s+ + Qs(z)}-
et m

4.3 A comparison with Gaussian model selection

A benchmark for model selection in general is the particular (simpler) situation of
model selection for the so-called white noise framework in which we observe a
Gaussian process X = {X,,z € [0, 1]} with X, = fozs(x)dx + o W,, where s is
an unknown element of I ([0, 1], dx), o > 0 a known parameter and W, a Wiener
process. For such a problem, an analogue of Theorem 1 has been proved in Birgé [4],
namely

Theorem 4 Let X be the Gaussian process given by
z
X, :/ s(x)dx +n_1/2WZ, 0<z<l,
0

where s is an unknown element of L ([0, 11, dx) to be estimated and W, a Wiener
process. Let {Em, m e ./\/l} be a countable collection of models in Ly (1) with metric
dimensions bounded respectively by D,, > 1/2. Let {A,,,m € M)} be a family
of weights which satisfy (3.1). There exists an estimator s(X) such that, whatever
s € Lp([0, 1], dx),

E, [||s — ?(X)||2] <C inf, [dg(s, Sn) +n " (D v Am)] .

Comparing this bound with (3.5) shows that, when s € Loo (1), we get a similar
risk bound for estimating the density s from n i.i.d. random variables, apart from an
additional factor depending on || || 0. Similar analogies are valid with bounds obtained
for estimating densities with squared Hellinger loss or for estimating the intensity of
a Poisson process as shown in Birgé [4,6]. Therefore, all the many examples that
have been treated in these papers as well as those in Baraud and Birgé [1] could be
transferred to the case of density estimation with IL,-loss with minor modifications due
to the appearence of ||s||~ in the bounds. We leave all these translations as exercices
for the concerned reader.
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4.4 Adaptive estimation in Besov spaces

The Besov space Bﬁ,oo ([0, 1]) with @, p > 0is defined in Devore and Lorentz [15] and
it is known that a necessary and sufficient condition for Bg, ([0, 11) C Lo ([0, 1], dx)
isd =a+1/2 —1/p > 0, which we shall assume in the sequel. The problem of
estimating densities that belong to some Besov space Bg’oo([O, 1]) adaptively (i.e.
without knowing « and p) has been solved for a long time when o > 1/p which
is a necessary and sufficient condition for BZ’OO([O, 1]) € Lo([0, 1], dx). See for
instance [14,18] (under the assumption that an upper bound for ||s|« is known) or
[8] (with an estimated value of ||s||). It can be treated in the usual way leading to
the minimax rate of convergence n~2%/?¢*D for the quadratic risk when n goes to
infinity. The situation is quite different when o < 1/p even when « and p are known.

4.4.1 Wavelet expansions
It is known from analysis that functions s € IL, ([0, 1], dx) can be represented by their
expansion with respect to some orthonormal wavelet basis {¢;x, j > —1,k € A(j)}

with [A(=1)| < K and 2/ < |A(j)| < K2/ for all j > 0. Such a wavelet basis
satisfies

q
D lejal| =K' forj=—1 and | D D ¢i| <K"27 (43)

keA()) oS J==1keA(j) 0
and we can write
oo
s= 2, D Biawjx with i = / ¢k () dox. (44)
J==1 keA())

Moreover, for a convenient choice of the wavelet basis (depending on «), the fact that
s belongs to the Besov space BZ‘,OO([O» 1]) with semi-norm |s|% is equivalent to

I/p

sup 2/ CHZZUD (7 18417 = Islapee < +00, 4.5)
j=z0 keA())

where |s]y, p,co < +00 is equivalent to the Besov semi-norm |s|%.

Moreover, it follows from Birgé and Massart [8, 10], as summarized in [4, Propo-
sition 13], that, given the integer r, one can find a wavelet basis (depending on r)
and a universal family of linear models {(Sp.me M =U 7>0M 7} with respective
dimensions D,,, and weights {A,,, m € M} satisfying (3.1), with the following prop-
erties. Each S, is the linear span of {o—1k. k € A(=D}U{gjk, (j,k) € m} with
m CUj»0A(j); DV Ay < 2/ form € My and

inf inf [ls — 7| < C(. P)27/%|slapoc fors € BS (10, 1]), @ <r. (4.6)
meMy teS,, ’
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4.4.2 The bounded case

Actually, only the assumption that s € Bg, 0, 17) NLoo (1), rather than o > 1/ p, is
needed to get the optimal rate of convergence n~2%/*+1 Indeed, we may apply the
results of Sect. 4.2 to the family of models which satisfies (4.6) and derive an estimator
s with a risk bounded by

< 2 . -2 2 -1
Es [lls =500 = e, p) inf [377% (Iskepuoc)® 0™ lslloo (27 v loglslec) ]
Choosing 27 of the order of n'/?**D Jeads to the bound
Es [ s = SOI] = € (e, p. Islapoos 1 lloc) =220,

which is valid for all s € B;"oo([O, 1HnN Lo (), whatever @ < r and p and although
o, p, |8]a,p,co and ||s|| oo are unknown.

4.4.3 Further upper bounds for the risk

Wheno < 1/p,i.e. 0 < < 1/2, s may be unbounded and the classical theory does
not apply any more. Results that do not involve |5 ||« are available in Efromovich [20]
for Sobolev classes W3 (R) = B‘iz(R) and for Besov spaces B;’," oo (R) with p > 2in
Reynaud-Bouret et al. [29]. Nevertheless a general formula for the adaptive minimax
risk over balls in B} ([0, 1]) for p < 2 and 1/p — 1/2 < « < 1/p is presently
unknown. Our study will not, unfortunately, solve this problem but, at least, provide
some partial information. In this section we assume that o« < 1/ p and restrict ourselves
to the case p <2 sothatd < «.

We consider the wavelet expansion of s which has been described in Sect. 4.4.1
and, to avoid unnecessary complications, we also assume that |s|y, p 0o > 1. In what
follows, the generic constant C (changing from line to line) depends on the choice of
the basis and §. Since p < 2, by (4.5),

1/2 1/p
2 —Jj 1/2—1
Z ﬂj,k = z |ﬁj,k|p = |s|a,p,o<>2 Jlatl/ /p)
keA(j) keA(j)
= |S|ot,p,002_j33

hence, for J € N,

2
DU Biuwik| =D D B Sl pee D27

j>J keA()) Jj>J keA()) j=J
=152 2728 .7

o,p,00
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. . L . —~ . <
The simplest estimators of s are the projection estimators s, over the linear spaces S q

where E; is spanned by {¢;x, —1 < j < g,k € A(j)}

q n
5,0=>" > BuXejx with Bix(X)=n"> ¢;x(X).

j=—1 keA(j) i=1

The risk of these estimators can be bounded using (1.11), (4.3) and (4.7) by
B [[ls =50 [*] = &8 (5.5,) + €29/n < 2721512, o + €27/,
A convenient choice of ¢, depending on § (therefore nonadaptive), then leads to

. [ls =5, (0 7] = CIiZ  aon /250,

o,p,00

In particular, when p = 2 we recover the usual minimax rate n~2%/(+2% for all values
of « but without adaptation.

One can actually choose g from the data using a penalized least squares estimator
and get a similar risk bound without knowing § as shown by Theorem 7.5 of [27]
which proves adaptation to the minimax risk when p = 2. It also leads to an adaptive
risk bound for the case « < 1/p, p < 2 (hence § < «), without the restriction
s € Loo([0, 1]) but with a rate which is then slower than n—2¢/(1+20)

Let us now see what our method can do. Since s is a density, it follows from (4.4)
and (4.3) that |81 k| < llp—1 kllec < K'/~/2, hence

> Boikg-ik S(K//ﬁ) > lewl| < K”2.

keA(—1) keA(=1)

oo oo

Moreover, for j > 0, (4.5) implies that sup ken(j) 1Bkl = 2_j‘§|s|a,,,,oo. Therefore,
by (4.3),

Z Bixojk| < K277V sy 0

keA()) 0
and, for J > 0,

J Cl$la, p,0o ifa > 1/p;

DD Biwwik| =1 CUT+Dislapoo  ifa=1/p;

J=0 keA()) -~ C2/W/P=D 5| p oo ifa < 1/p.
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Finally,
J 1 ifa>1/p;
D D> Bikwik| < CoLylslepos with Ly=1+1)  ifa=1/p;
j=—1 keA()) 2/U/p=) if o < 1/p.

o0

Observing that if s = u + v with [|u|loc < z, then Q;(z) < ||v]|%, we can conclude
from (4.7) that

—2J§.,12
Os (COLJ|S|a,p,oo) <2 / |S|ot,p,oo'

Let us now turn back to the family of linear models described in Sect. 4.4.1 that satisfy
(4.6). Theorem 3 asserts the existence of an estimator 5(X) based on this family of
models and satisfying

Z (Bm VvV Ay, \/logz)

E [ls - 50012 < inf inf [dg (s, Sm) + - + Qs(z):| .

Given the integers J, J', we may set z = z;7 = CoLj|S|a,p,0o and restrict the
minimization to m € M which leads by (4.6) to

E, [||s —E(X)||2] <c [|s|§[,,,,oo (2*2’“ +2*2”) + 07 L 15l oo (2’ v logzj/)] .

Since L/ (ZJ Vlogz J/) is a nondecreasing function of both J and J’, this last bound
is optimized when Jo and J'§ are approximately equal which leads to choosing the
integer J' so that Ja/8 < J' < Ja/§ + 1, hence 272/ < 272/ Agsuming,
moreover, that 27 > log |$|a, p,oo, Which implies that 27 > ¢’ logz;’, we get

~ — -1
B [lls = SOOI = CIsi2, oo [272% 427 (1lslapoo) ™' L]

We finally fix J so that 27 > G > 277!, where G is defined below. This choice
ensures that G > log|s|a, p,0o for n large enough (depending on |5y, p,00), Which we
assume here.

)1/(2a+1)

—Ifa>1/pwesetG = (n|s|a,,1,,,C><> which leads to a risk bound of the

form

Cn—2a/(2a+l) (|S|a,p,oo)(2a+2)/(2a+l) )

)M+ D Which

- Ifa=1/p, L) < Ja/§ +2and we take G = (n|s|a,p,oo/logn
leads to the risk bound

C(f’l/ lOg n)—za/(ZOH-l) (|s|a,p,oo)(2a+2)/(2a+]) )
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— Finally, for « < 1/p, Ly < ~22V/D0/p=® and we set G =
(nl5]a, p.oo) Hleek Her/ DT hich leads to the bound

Cn2a /et 4/ QO] (g1, YO H@D a1 a/@D].

4.4.4 Some lower bounds

Lower bounds of the form n~=2%/1+2%) for the minimax risk over Besov balls are
well-known (deriving from lower bounds for Holder spaces) and they are sharp for
o > 1/p, as shown in Donoho et al. [18]. To derive new lower bounds for the case

a < 1/p we shall use the following proposition which results easily from classical
arguments of Le Cam [23]—see also [19] or [35].

Proposition 5 Let Xy, ..., Xy bei.i.d. observations with an unknown density belong-
ing to a subset S of L1 (u) and d a distance on S. Let t,u € S such that

h(t,u) = h(P;, P,) = an~'\?, a <2712,
Whatever the estimator’s with values in S and p > 1,
max {E, [d"G. )], B, [d’ G w)]} = 277 (1 - aﬁ) dP(t,u).  (4.8)
Let us consider some probability density f € Bgyoo([O, 1]) with compact support
included in (0, 1) and Besov semi-norm |f|%. We set g(x) = af(2anx) for some
a > (2n)~! to be fixed later. Then g(x) = 0 for x ¢ (O, (Zan)_l),

lglly = aam)"V|flly  and gl = aQan)*~ VP £15.

Let us now set t = g + [1 — (2n)"'] 10,13, so that 7 is a density belonging to
Bg’oo([O, 1]) with Besov semi-norm

1% = 1g|% = Ka' T~ V/Pp*=1/P with K =247YP|f%.

For a given value of the constant K’ > 0, the choice a = [K/nl/p_“]l/(l+a_l/p) >
(2n)~! (at least for n large) leads to |t|§ = KK’ so that K’ determines |t|%. We also
consider the density u(x) = ¢(1 — x) which has the same Besov semi-norm. Then

(2an)~! 2 (2an)~!
hz(t, u) =/ ( g+ [1 — (Zn)_l] -+ 1= (2n)_1) </ g= (2}1)_1
0 0

and it follows from Proposition 5 that any estimator s based on n i.i.d. observations
satisfies

max {E; (I =317 ]. Eu [lu =512]} = Clle = ul® = 2C1gl? = Can ™" 11

@ Springer



558 L. Birgé

Since an~! = K'V/@¢+1/2),=28/(+1/2) " ye finally get

2/(28+1)
max {E; [ =31 ] B [lu =512]} = ¢ (1115) p— /@341,
where C’ depends on K’, || f]l, |f|g and §.

4.4.5 Conclusion

In the case o > 1/p, the estimator that we built in Sect. 4.4.3 has the usual rate of
convergence with respect to 7, namely n 2%/ %+ 'which is known to be optimal, and
we can extend the result to the borderline case « = 1/p with only a logarithmic loss.
We do not know whether this additional logarithmic factor is necessary or not. When
a < 1/p only partial results are known which do not involve ||s||s. Efromovich [20]
proves the same adaptive estimation rate n =%/ *+1 for the Sobolev spaces W5 (R) C
Bj ,(R) (and even gets the exact asymptotic constants) and Reynaud-Bouret et al.
[29] for B}, (R) with p > 2. As far as we are aware, nothing is known when p < 2
and for BS _ (R) \ W5'(R). Our lower bound n~4/28+D) s slower than n—2¢/(1+20)
when 0 < § < a[2(a + 1)]~! or, equivalently, when e + [2(e 4+ 1)]™! < 1/p (which
is only possible for p < 2). This means that the minimax rate n~>%/(1+2®) cannot hold
in this range (even without adaptation) but this lower bound tells us nothing when
1/2<1/p < a+ [2(ax 4+ 1)]7', in particular when p = 2.

In the range p < 2 and « < 1/p, our upper bound n—2/l2+1+e/@H] cap pe
compared with the risk bound for the penalized least squares estimators based on the
nested models E;, which is, as we have seen, of order n~2/@+D Our rate is better
when o > 25/(26 + 1), which is always true for « > 1/2 since § < 1/2. When
a < 1/2 this requires that p < 2(1 — )/ (1 — 2?), which is true independently of
o when p < 1+271/2 In any case, these upper bounds never match our lower bound
n~%/25+D and we have no idea about the true minimax rate (even without adaptation)
although we suspect that the rate we have found is suboptimal in the range & < 1/p.

4.5 Using a nonlinear model

Let us now come back to the parametric problem that we considered in Sect. 1.3.
We can use the whole set S = {so, 0 < 6 < 1/3} as our model which, in this case,
contains the true density s so that there is no approximation term d» (se, @ It follows
from Proposition 3 that the dimension of S is bounded by 2 so that Theorem 3 applies
leading to the following bound derived from (3.6):

Ry [||59 —E(X)||2] < Cinf {n—lzlogz + 0, (z)] forall 6 € (0,1/3]. (4.9)

For2 <z <072, Q) =002 - z)2 and Qy, (z) = 0 for z > #~2. Optimizing
the right-hand side of (4.9) with respect to z leads to the risk bound
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E, |:||S9 —’§(X)||2] <co! [(ne)*‘ log (9*‘) A 1] , (4.10)

which goes to infinity with 6.
Let us now see to what extent this result is sharp. It follows from Lemma 2 that if
A=0+412n)71 h2(; 1) < 8n)~!, hence h(0, 1) < 273/2n=1/2. Also

;x>0 =0+ 0207 =100 + 1/12)17" = 20) " [m0) " A 12].

It then follows from (4.8) that, whatever the estimator s, we get a lower bound for the
risk of the form

max {Bg [llso =50 1] s [l 50 12]} = o)~ [oo) ™ a12], @)

which shows that (4.10) is optimal up to the logarithmic factor.

5 The construction of T-estimators for LL,-loss

It will actually require several steps since we cannot simply apply the results of Birgé
[4] straightforwardly. We recall that the construction of T-estimators of parameters
belonging to the metric space (M, d) relies on the existence of suitable tests between
balls in this space. It is required that the errors of these tests satisfy some specific
properties. Unfortunately, in the metric space (L, d») tests with such properties cannot
exist for arbitrary balls but can be built under the assumption that the centers of the
two balls are bounded by some number I, the performance of these tests depending
on I'. With this result at hand, we can build estimators based on families of special
models S,,, following [4]. These models need to be discrete subsets of EZO (for some
given I') with bounded metric dimension. Since there is no reason that our initial
models S, be of this type (think of linear models) we shall have to build such special
models S, satisfying these conditions from ordinary ones. This construction will lead
to an estimator 5! belonging to Ego, the performance of which is given by Theorem 2.
The last step involves the choice of I" among the sequence (2/*!);~| as previously
explained in Sect. 3.2.

5.1 Tests between ILL,-balls

To derive such tests, we need a few specific technical tools to deal with the L, -distance.

5.1.1 Randomizing our sample

In the sequel we shall make use of randomized tests based on a randomization trick
due to Yang and Barron [34, page 106] which has the effect of replacing all densities
involved in our problem by new ones which are uniformly bounded away from zero.
For this, we choose some number A € (0, 1) and consider the mapping t from L; to
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L, given by t(#) = Au+ 1 — A. Note that t 1s one-to-one and 1sometrlc up to a factor

Ade. dz(l’(u) T(v)) = Adr(u,v). Ifu € IL ,then 7(u) € ]L with[V = AT 4+1—A

Let s’ = 7(s). Given our initial i.i.d. sample X, we Want to build new 1i.i.d. vari-
ables X, ..., X, with density s’. For this, we consider two independent n-samples,
Zi,...,Zyand g1, ..., &, with respective distributions p and Bernoulli with para-
meter A. Both samples are independent of X. We then set X l’ =¢&X;+(1—¢g)Z; for
1 <i < n. It follows that X| has density s” as required. We shall still denote by P
the probability on €2 that gives X’ = (X}, ..., X),) the distribution Pf,z’". Given two
distinct points ¢, u € L, we define a test function ¥ (X') between ¢ and u as a mea-
surable function with values in {z, u}, ¥ (X’) = t meaning deciding ¢ and ¥ (X') = u
meaning deciding u.

Once we have used the randomization trick of Yang and Barron, for instance with
A = 1/2, we deal with an i.i.d. sample X’ with a density s” which is bounded from
below by 1/2 and we may therefore work within the set of densities that satisfy this

property.
5.1.2 Preliminary results about tests between some convex sets

The main tool for the design of tests between LLp-balls of densities is the following
proposition which derives from the results of Birgé [3] (keeping here the notations of
that paper) and in particular from Corollary 3.2, specialized to the case of I = {¢} and
c=0.

Proposition 6 Let M be some linear space of finite measures on some measurable
space (2, A) with a topology of a locally convex separated linear space. Let P, Q be
two disjoint sets of probabilities in M and F a set of positive measurable functions
on 2 with the following properties (with respect to the given topology on M):

(i) P and Q are convex and compact;
(ii) forany f € F and 0 < z < 1 the function P +— [ f*dP is well-defined and
upper semi-continuous on P U Q;
(iii) forany P € P, Q € Q, t € (0, 1) and & > 0, there exists an f € F such that

(1 —z)/f’dP+r/fHdQ </(dP)H(dQ)’+e;

(iv) all probabilities in P (respectively in Q) are mutually absolutely continuous.
Then one can find P ecPand a € Q such that

—\! —\ -t
sup/ g dP = sup/ i dQ = sup /(dP)l_t(dQ)’
PeP P 0eQ 0 PeP,0eQ
- [P @)

In Birgé [3], we assumed that M was the set of all finite measures on (2, .A) but the
proof actually only uses the fact that P and Q are subsets of M. Recalling that the
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Hellinger affinity between two densities « and v is defined by p(u, v) = [ Juvdpu =
1 — h?(u, v), we get the following corollary.

Corollary 3 Let  be a probability measure on (X, W) and, for 1 < i < n, let
(Pi, Qi) be a pair of disjoint convex and weakly compact subsets of Lo (i) such that

n
s >0 p-a.s. and /sdu =1 foralls e U (P; U Q)). 5.1

i=1

For each i, one can find p; € P; and q; € Q; such that

Sup/\/Qi/PiudMI Sug/\/pi/qivdu= sup  p(u,v) = p(pi, qi).
veld;

uep; ueP; ,veQ;

Let X = (X4, ..., X,,) be a random vector on X" with distribution ®?:1 (si - ) with
si € Piforl <i <nandletx € R. Then

P |:210g(‘]i/17i)(xi) > Zx] < []ewia) < exp {—x - > K pi, ‘Zi)j| :

i=1 i=1 i=1

If X has distribution ®l'.':1(ui -y withu; € Q; for 1 <i < n, then

P [Z log(qi/pi)(Xi) = Zx} < [[ppi ) <exp [x - > K (pi, Qi)i| :

i=1 i=1 i=1

Proof We apply Proposition 6 with t = 1/2, (X', W) = (2, A) and M the set of
measures of the form u - u, u € Lo(p) endowed with the weak Ly-topology. In view
of (5.1), P; and Q; can be identified with two sets of probabilities and we can take
for F the set of all positive functions such that log f is bounded. As a consequence,
all four assumptions of Proposition 6 are satisfied. In order to get (iii) we simply take
for f a suitably truncated version of s/u when P = s - wand Q = u - . As to the
probability bounds they derive from classical exponential inequalities, as for Lemma 7
of Birgé [4]. O

5.1.3 Abstract tests between 1Ly-balls

The purpose of this section is to prove the following result, which is of independent
interest, about the performance of some tests between LL;-balls.

Theorem 5 Lett,u € Igo for some ' € (1, +00). For any x € R, there exists a test
Yr.u.x between t and u, based on the randomized sample X' defined in Sect. 5.1.1 with

A = /64/65, which satisfies

n(llt —ull®+x
sup Py[¥ux(X') = u] < exp [—% (5.2)
[sela a0 <2 0.0/4)
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and

: n(lr—ul® = x)
sup Ps[¥rux(X') =1t] <exp —T . (5.3)
{seiz |d2(s,u)§d2(t,u)/4}

Proof Ttrequires several steps. To begin with, we use the randomization trick of Yang
and Barron described in Sect. 5.1.1, replacing our original sample X by the randomized
sample X' = (X], ..., X, for some convenient value of A to be chosen later. Each X
has density s* > 1 — A when X; has density s. Then we build a test between ¢’ = 7(r)
and ' = t(u) based on X’ and Corollary 3. To do this, we set A = ||t — ul,

P =t (B A/ NL) and Q=1 (B, AN ).

Then P is the subset of the ball By, (', LA /4) of those densities bounded from below
by 1 — A. Densities v with such properties are characterized by the fact that (v, 1 y) =
1 (Iy € Ly(n) because u is a probability) and (v, 14) > (1 — A)u(A) for any
measurable set A, a fact which is preserved under weak convergence and convex
combinations. This shows that P is convex and weakly closed. Since By, (t', AA /4)
is weakly compact, it is also the case for P and the same argument shows that Q is
also convex and weakly compact. Moreover d2 (P, Q) > LA /2. It then follows from
Corollary 3 that one can find f € P and # € Q such that

Py | > log (@(X))/7(X}) = 2y | < exp [—nh2 (7 i) — y] ifseP, (54)

Li=1 _

Py | > log (a(X))/7(X)) <2y | <exp [—nh2 (7. i) +y] ifseQ. (55)

Li=1 4

Fixing y = nx/(65T), we finally define v, , »(X') by setting ¥, ,, x(X’) = u if and
only if >°7_, log (ﬁ(Xl’.)/t_(Xl’.)) > 2y. Since s’ € P is equivalent to s € By, (¢, A/4)
or dy(s,t) < A/4 and similarily s € Q is equivalent to da(s, u) < A /4, to derive
(5.2) and (5.3) from (5.4) and (5.5), we just have to show that 4? (7, it) > (65T") "1 AZ.
We start from the fact, to be proved below, that

I Viilloo < 2T +1 — ). (5.6)

It implies that

h? (7, if)

Ul - L ()’ 7 — )
A R v S

- (LA)? B A? . A?
T 64T +1—21) 65T[A+T-1(1—x)] ~ 65’
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since" > 1. Asto(5.6),itis aconsequence of the nextlemma to be proved in Sect. 6.2.
We apply this lemma to the pair ¢, u” which satisfies ||t' V u'||ooc < AT + 1 — 1. If
(5.6) were wrong, we could find 7/ € P and i’ € Q with h (t_/, ﬁ/) <h (t_, zZ) which,
by Corollary 3, is impossible. O

Lemma 1 Let us consider four elements t, u, vy, v in Ly with t # u, vi # vy and

It Vulloo = B. If |[vi V valleo > 2B, there exists v, v, € Lo with do(V,t) <
1V 1
da(v1, 1), dy(vy, u) < da(va, u) and h(v|, vy) < h(vi, v2).

5.2 The performance of T-estimators for discrete models

We are now in a position to prove an analogue of Corollary 6 of [4].

Theorem 6 Assume that we observe n i.i.d. random variables with unknown density
s € (L, d2) and that we have at disposal a countable family of discrete subsets

—T
{SmYmem of Ly, for some given I > 1. Let each set S,, satisfy

1S 1 Ba, (¢, X1im)| < exp [Dmxz] forallx > 2 andt € Ly, (5.7)

withny, >0, D, > 1/2,

2
U Tm forallm e M and EZMe:xp [— 1;1}67;}‘] =3 < +o0.
m

(5.8)
Then one can build a T-estimator’s such that, for all s € Ez,

E [dg(s,§)] <Cy(T'+ 1 in/fvt {da(s, Sp) vV e, forallg>1. (5.9)
me

Proof Since (5.9) is merely a version of (7.6) of [4] with d = d;, we just have to
show that Theorem 5 of this paper applies to our situation. It relies on Assumptions 1
and 3 of the paper. Assumption 3 follows from (5.7). As to Assumption 1 (with
a =n/(65T), B= B =1and§ = 4d;, hence k = 4), it is a consequence of our
Theorem 5. The conditions (7.2) and (7.4) of [4] on 7, and D,, follow from (5.8). O

In the case of asingle D-dimensional model S C EZO we get the following corollary:

Corollary 4 Assume that we observe n i.i.d. random variables with unknown distrib-

— — T
ution Py, s € (L, d») and that we have at disposal a D-dimensional model_ SCLy
for some given T > 1. One can build a T-estimator’s such that, for all s € 1L,

B [lIs -31°] = € [infdzz(s, " +n_1DF} .

teS
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Proof By Definition 1 and the remark following it, for each ny > 0, one can find an

no-net So C S for S, hence Sy C E;, satisfying (5.7) with Dy = 25D /4. Moreover
d(s, So) <no+d (s, E) Choosing 17(2) = 273 x 25I"D /4, we may apply Theorem 6.
The result then follows from (5.9) with g = 2. O

Theorem 6 applies in particular to the special situation of each model S, being reduced
to a single point {z,,} so that we can take D,, = 1/2 for each m. We then get the
following useful corollary.

Corollary 5 Assume that we observe n i.i.d. randomvariables with unknown distribu-
tion Py, s € (Lo, d2) and that we have at disposal a countable subset S = {t,};uem Of

Egofor some given I" > 1. Let { Ay }ne m be a family of weights such that Ay, > 1/10
Sforallm € M satisfying (3.1). We can build a T-estimator’s such that, for all s € L,

E[df(5.)] < €, % inf {dz(s,tm)vw/FAm/n}q forallg > 1.
me

Proof Let us set here S, = {t,,}, Dy = 1/2 and n,, = 37/TA,,/n form € M.
One can then check that (5.7) and (5.8) are satified so that (5.9) holds. Our risk bound
follows. o

5.3 Model selection with uniformly bounded models

At this stage, there is a major difficulty to apply Theorem 6 or Corollary 5 which is

to build suitable subsets S, (or S) of EZO from classical approximating sets (models),
finite dimensional linear spaces for instance, that belong to L (x). We shall now
address this problem.

5.3.1 The projection operator onto El;o

Our first task is to define a projection operator s from Ly (1) onto Ego (I' > 1) and
to study its properties. In the sequel, we systematically identify a real number a with
the function a1 y for the sake of simplicity. The following proposition is the corrected
version, by Yannick Baraud, of the initially mistaken result of the author.

Proposition 7 Fort € Lo(n) and 1 < T' < oo we set ir(t) = [(t + y) VO] AT
where y is defined by [[(t +y)V Ol AT du = 1. Then mtr is the projection operator

—T —
from 1L () onto the convex set L. Moreover, if s € Lo and I' > 2, then

2

, T r—1
ls —mr()II° < sz(l—‘),

with Qs(z) given by (2.3).

Proof First note that the existence of y follows from the continuity and monotonicity
of the mapping z +— f[(t +z) VO] AT'du and that 7r(¢) € Ego. Since EI;O is a
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. L - .
closed convex subset of a Hilbert space, the projection operator 7 onto IL_, exists and
is characterized by the fact that

(t — () u—7(t)) <0 forallu e L. (5.10)

Since f[u—n(t)]du =0foru € Ego, (5.10) implies that (t +z —m (t), u —m(t)) <0
for z € R, hence 7 (¢t) = m(t + z). Since 7y (f) = nr (¢ + z) as well, we may assume
that [[r v O] AT du = 1, hence nr(t) = [t vV O] AT and 7r () = ¢ on the set

0 <t <T.Then,foru e EZO,

(t =mr (), u —mr (1)) =/

t<0

tud,u—i—/ (t—T)Yu—-T)dpn <0,
t>I"

since 0 < u < I'. This concludes the proof that 7 = nr.

Let us now bound |ls — - (s)|| when s € Lo, setting s = s A ' + v with
v = (s — I')L;~r. Since there is nothing to prove when ||s|l.oc < I', we assume
that [ vdp > 0. By Cauchy-Schwarz inequality,

2
(/vdu) < ulls > F})/vzdu <T 7 |*. (5.11)
Moreover, since fs ATdu <1, ir(s) = (s +y) AT withO < y < 1. Hence

1=/[(S+V)AF]duZ/(S/\F)dquVM({SSF—V})

> ] /‘d +y (1 ! 1 /)d + -2
Y ——=—)>1—- [ _—
> w+y I, Kty e

andy < (I' = 1)/(T —Z)IUd/,L.NOW, since 0 < mp(s) —s <y whens <T,

lls — 7 (s)1I* =/ r[zrr(s)—s]2c1u+||v||2 < y/ F[ﬂr(S)—S]dM-l-llvllz

u(/vdu)/ [s — 70 ()] dp + v
r—-2 s>

LIl (/vdu)2+ vl < (1 + i) lvl?,
“r-2 - (-2

where we used (5.11). This concludes our proof. O

A

5.3.2 Selection with uniformly bounded models

Typical models S for density estimation in ILy(x) are finite-dimensional linear spaces

. —I . . . . .
which are not subsets of L, but merely spaces of functions with nice approximation
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properties. To apply Theorem 6 we have to replace them by discrete subsets of Ego
that satisfy (5.7). Unfortunately, they cannot simply be derived by a discretization
of S followed by a projection 71 or a discretization of (§) A more complicated
construction is required to preserve both the metric and approximation properties of
S. It is provided by the following preliminary result.

Proposition 8 Let S be a subset of La(u) with metric dimension bounded by D.

ForT > 2 and n > 0, one can find a discrete subset S’ of Ego with the following
properties:

1S N By, (1, x1)| < exp [9Dx2] forallx >2andt € La(u);  (5.12)

forany s € Lo, one can find some s' € S’ such that

2

| 1/2
Qs(r)) . (5.13)

Is — 'l < 3.1 [n +inf [|s — tll] +4.1 (—
1es rr-2)

Proof According to Definition 1, we choose some n-net S, for S such that (1.12) holds
forall # € Lo (). Since, by Proposition 7, the operator i from L, (1) to Ego satisfies
lu —ar@®)| < |lu—t¢| forall u € Ego, we may apply Proposition 12 of [4] with

M =1y, d =dy, My = E;, T =S,, @ =nr and A = 1. It shows that one
can find a subset S’ of 71 (S,;) such that (5.12) holds and d> (u, S") < 3.1d>(u, S,) for

allu € L. If s is an arbitrary element of L, then
dy (0 (5), §') < 3.1dy (70 (5), Sy) < 3.1[da (w1 (s), 5) + da (5. S) + 0],
hence
do (5. 8") <3.1[d2 (s, S) + n] +4.1d> (1 (s5), 5) . (5.14)

The conclusion follows from Proposition 7. O

We are now in a position to derive our main result about bounded model selection.
We start with a countable collection {S,,, m € M} of models in L, (x) with metric
dimensions bounded respectively by D,, > 1/2 and a family of weights A, satisfying
(3.1). We fix some I > 3 and, for each m € M, we set

N = [(50\/5") v (37@)} JT/n.

By Proposition 8 (Eith n = nm), each Som gives rise to a subset S,E which satisfies
(5.7) with D,,, = 9D,,. It follows from our choice of 7, that (5.8) is also satisfied so
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that we may apply Theorem 6 to the family of sets {S,l,:, m e /\/l} This results in a
T-estimator 5T such that, for all s € Ez,

E [dg (s,'s\r)] < Cquiélijl {dz(s, S,l;) Vv r}m}q forg > 1.

We also derive from Proposition 8 that

teSm

dy(s, S) < 3.1 [nm + inf [|s — t||:| +4.1/(5/3) 0, ().

Putting the bounds together and rearranging the terms leads to Theorem 2.

5.4 An additional selection theorem

In order to derive Theorem 3 we need an additional selection step in order to choose a

proper estimator among the sequence of estimators (52 ) i>1. We start with a general
selection result, to be proved in Sect. 6.3, that we state for an arbitrary statistical
framework since it may apply to other situations than density estimation from an i.i.d.
sample. We observe some random object X with distribution P; on X’ where s belongs
to a metric space M (carrying a distance d) which indexes a family P = {P;,t € M}
of probabilities on X.

Theorem 7 Let (1) p>1 be a sequence in M such that the following assumption holds:
Jfor all pairs (n, p) with 1 < n < p and all x € R, one can find a test Y, 1, x based
on the observation X and satisfying

sup Py[1,.1,.0(X) = tp] < Bexp [—aZ*PdZ(tn, tp) — x] (5.15)
{seM | d(s.tn)=d(tn.1p)/4}

and

sup Ps[W1,.1,.x(X) = 1,] < Bexp [—a2*Pd2(tn, Ip) + x] (5.16)
{seM |d(s,tp)<d(tn.tp)/4}

with positive constants a and B independent of n, p and x. For each A > 1, one can
design an estimator s with values in {tp, p > 1} such that, for all s € M,

q
Eg [d? (5a.5)] < BC(A, q)li)gfl [d(s, tp) V ,/a1p217j| forl <gq <2A/log2.
(5.17)
This general result applies to our specific framework of density estimation based on

an observation X with distribution Py, s € Ez, provided that the sequence (7)p>1
be suitably chosen. We shall simply assume here that ¢, € L with ||#)]lcc < 2r+l
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j+1
for each p > 1. This implies that, for 1 < i < j, #; and ¢; belong to Ei:r so that
Theorem 5 applies with X replaced by the randomized sample X’ and the assumption
of Theorem 7 is therefore satisfied with d = db, B = 1 and a = n/65, leading to
Proposition 4.

6 Proofs
6.1 Proof of Proposition 3

For simplicity, we shall write h(6, A) for h(sy,s;) and analogously d»(6, A) for
dy(sg, s5) and start with a preliminary lemma.

Lemma 2 For the parametric problem described in Proposition 3, the following holds
forall 6 and X in (0, 1/3]:

R20,2) = CO, )]0 — A with2/9 < C(6, %) < 3/2 6.1)
and
d26. 1) = C(6, 1) ’9*‘ — r“ with 1 < C(6, 1) < 3. 6.2)

Proof Let us first evaluate h2(6, 1) for 0 <6 <A <1/3. Setting By = (92—|—6—i—1)_1 €

[9/13, 1), we get

2120, 1) = /01 (\/M— M)zdx
=9 (0—1 - rl)z n (A3 - 93) ()\—1 _ \/,?9)2
#(1-2) (VB - VB)
- (x—@)% (1—9) o 9)[ +§+ (%)2} (1—A\//T9)2
#(1-2) (VB - VB)
Note that the monotonicity of 8 +— Sy implies that

4/9 < (1 — A ﬁ9)2 <1, JBo+Br>2/Bij3=6/V13

and

=0 +0+1) _
O<,89—,BA_(92+9+1)0L2+)\+1)<A 0. (6.3)
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It follows that

2 (Bo — B1)? , 131 0
0< (VB —VB) =——— Ba 0) = 50— 0)(1——)
( ) = ErvEy ’

and
0 ( )( ) 134 (1 — 3)(/\ ofi—-9)20=0( _¢

< VBo —+/B _— (A — — =) <—71-=).

36 A 17 A

We can therefore write

G=20.—60)""h?6, 1) =z(1 —2) +c1(6, 1) (1 +z+ z2) + 200,01 —2)
with z = 0/A € (0,1), 4/9 < c1(0,1) < 1 and 0 < ¢(0,A) < 2/17. Since, for
given values of ¢; and ¢, the right-hand side is increasing with respect to z, 4/9 <

c1 < G < 3c; < 3and (6.1) follows.
Let us now proceed with the IL,-distance d5.

d26,0) =67 (07— ,\*2)2 + (2 -0%) (12 ﬁe)z +(1-2%) B0 — B2
11 0 0\’
(G- 0+3)
11\ [0\ (6}’ L_2a )
+(5‘x> x+(x) +(z) (1=#2¢0)
l_l _Q 2 43 Bo — Ba 2
+(9 x)(l A)“ (1 A)(x—@)‘
SinceS/9<1—A2,89<land,by(6.3),

2
2(v 53\ (PP 1
0 <0 (1 k)(x—e) <3

we conclude that
G = (9—1 - rl)_ldg(e, 2
= (=204 +c10.0) (242 +2%) + 20, )1 - 2)
withz =6/1 € (0,1), 8/9 <c1(0,)) < 1and0 < (0, A) < 1/27. It follows that
P<ltz-22=2+@/9 (42 +2) <G <1424+ (/201 - 2) <3,

which finally implies (6.2). O
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It immediately follows from (6.1) that the set S, = {sAj, J = 0} with A; =
(2j + 1)25?%/3 is an p-net for the family S with respect to the Hellinger distance.
On the other hand, given A € (0, 1/3) and r > 27, in order that 5 € B(s), r), it is
required thath?(A j, 1) = C(x;, A)|A;—A| < r? whichimplies that |A; —A| < (9/2)r?
and therefore

1S, N Bsy. 1) < 1+ Q7/4)(r/n)* < exp [0.84(r/n)2] forall s; € S.

It follows from Lemma 2 of [4] that S has a metric dimension bounded by 3.4 and
Corollary 3 of [4] implies that a suitable T-estimator s built on S, has a risk satisfying

sup Eg, [hz(s(;,ﬂ] <cn !l
0<6<1/3

Now setting S, = {s;,, j = 0} with A; = (3 + 2j772/3)_1 we deduce as before
that S, is an n-net for S with respect to the L;-distance. In order that Sy, € B(sy, xn),
it is required that dzz(kj, A)=C(@, )»)l)»jfl — 171 < x2p2, which implies that |A/71 —
A~! < x2n?. It follows that the number of elements of S, contained in the ball is
bounded by 3x?/2 + 1 < exp (x?/2) for x > 2. Hence the metric dimension of §
with respect to the LL>-distance is bounded by 2. It nevertheless follows from (4.11)
that the minimax risk over S is infinite when we use the IL;-loss.

6.2 Proof of Lemma 1

Let us begin with a preliminary lemma.

Lemma 3 Let F and G be two disjoint sets with positive measures « = u(F) and
B = u(G) and g € 1Ly such that infycp g(x) > 0. Set g. = g + (el — B1r) for
& > 0. Then g; is a density for ¢ small enough and, for any f € Lo,

1
im o= [Be. )~ e D] =a [(@=Nan-p [ = Nau 64
e—>0 2& G F
and

2
g]i%;[hz(gg,f)_hz(g, f)]=ﬂ/F\/fg“du—a/G\/fg‘1du (6.5)

with the convention thath V fgTldh = +ooifeither n(GN{g = 0}N{f > 0}) >0
or the integral diverges.

Proof Since [ g.dp = 1 and g > 0 for ¢ small enough g, is a density. Moreover,
setting k = allg — Bl F, we get

B(ge, [) = /(g ek — fPdu=d3g. f) + kI + 28/k(g ~ Pdu
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and (6.4) follows. Let now A(e) = e~ [h%(ge. f) — h*(g. f)]- Then

Ae) = ¢! [/\/gdu—/\/(ngek)fdu«}

= [ [ [Ver —e=ebr)an-+ [ [Ver - VT ear]an]

=/Ldu_ _r
FAg—eB+./2 GN{g>0) V& T o + /g

vaf/edu.

/Gﬂ{g—O}ﬂ{f>0}

When ¢ tends to 0, the first integral converges to (8/2) | VS g~ ! du and the second

one converges to («/2) me (g>0) V. fg~!du, by monotone convergence. The last one
converges to +oo if (G N{g =0} N{f > 0}) > 0 and O otherwise, which achieves
the Proof of (6.5). O

If|lv1 Vualleo > 2B, we may assume, exchanging the roles of v and v; if necessary,
that u(A) > Owith A = {v; > v, and v; > 2B}. Let C = {v; < B A wv}. If
wn(C) > 0, we may apply Lemma 3 with F = A, G = C, g = v; and v| = g.. We
first set f = t. Since vi —t < B on C while vi —t > B on A, it follows from (6.4)
that d» (v}, 1) < da(vy, 1) for & small enough. If we now set f = v, and use (6.5), we
see that h(vi, v2) < h(vy, v2) since vy < vy on A and v > v on C. We conclude
by setting vy = vp. If u(C) = 0, then u({B < vy < v2}) + u({va < vy < B}) =1
and both sets have positive ©-measure since vi # vy. In this case we set F = {B <
v < 1}, G ={vy < vy Au}and g = vy. Then u(F) > 0 and u(G) > 0O since
u < B < vy on F and they are densities. If we use (6.4) with f = u, we derive that
dr (v, u) < dr(v2, u) for & small enough and if we use (6.5) with f = vy, we derive
that (v}, v1) < h(v2, v1), in which case we set v] = vy.

6.3 Proof of Theorem 7
We consider the family of tests ¥/ (7., 1, X) = ¥, 1, x(X) provided by the assumption
withx = A|p—n|. Given this family of testsand S = {#;, i > 1}, we define the random

function Dy on S as in Birgé [4],i.e. weset R; ={t; € S, j #i|¥ (. t;, X) =t}
and

sup {d(tl-, tj)} if R; #9;
Dx(tj) = | ti€Ri (6.6)
0 if R; =0.

Given some t; € S, we want to bound
P, [Dx(t;) > xy;] forx > landy; =4d(s,t;) Vv Aa—1i2i.
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Let us define the integer K by x> < 2K < 2x2. Then
K>1, a277%@y)? >a2771y? > Ai/2 and e 4K < x724/1022 (67)
Now, setting y = xy;, observe that
Py [Dx (i) > y] =Py [ 3j withd(t;, ;) > yand ¥ (t;, t;, X) = t;] < Z1 + %,
with

=D Taw.ip-y Ps [V, 15, X) = 1];

]<l

Zﬂd(t, Z/)>) w(tl’tj3X)—t]]

Jj>i

Ifi =1, then ¥; =0andifi > 2, we can use (5.16) and y > 4d(s, t;) to derive that
B = B gy exp|—a2 (1) + Ali — ]
j<i

< Bexp [—a27iyl-2x2 + Ai] Z e A
j=1

e A e 4 2
SBl—e*AeXp[ Az(x —1)]581_ Aexp[—A(x —1)]

<B (1 - e_A) exp [—sz] <B (1 — e—A) x~2A/log2

where we used (6.7),7 > 1 and x > 1. Also, by (5.15),

%2 5 B laip=y oxp[—a2~/d> 1)) — Ali - j1]

Jj>i

+00
5BZexp[—aZ_jyz—A(j—i)]=BZexp[ —a2 k2 Ak]

j>i

K
<B [Z exp [—az—"—k v — Ak] + Z exp[—Ak]] = B(Z3+ Z4)
k=1

k>K

with £4 = ¢AK (¢4 — 1)~ and, by (6.7),

K—1 K-1
Y3 = e 4K Z exp [—a2’“K+J'y2 + Aj] <e MK Z exp [—A(i2j71 — j)]

< e 4K Zexp [— (2/‘_1 - ])] < 3¢ 4K,

Jj=0
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We finally get, putting all the bounds together and using (6.7) again,
P, [Dx(t;) > xyi] < BC(A)x 2471922 for x > 1. (6.8)

As a consequence Dy (t;) < +oo a.s. and we can define
Sa =t, with p =min [j ‘Dx(tj) < inf Dx(t;) + vV Aa~! ] .
1

In view of the definition of Dy, d(#;,t;) < Dx(t;) vV Dx(t;), hence, for all ; € S,
d (5a.ti) < Dx () + v Aa~! and

d (34, 5) < Dx(t) +VAa=" +d(s, 1)) < Dx(i;) + yi.
It then follows from (6.8) that
Py [d (Sa,5) > 2yi]l < BC(A)(z — 1) 7>/ 182 forz > 2.
Integrating with respect to z leads to
E, [(d (5a,) /y)?] < BC(A,q) forl<gq <2A/log2,

and, since ¢; is arbitrary in S,
~ . _1.4i\4/2
E, [d” (54.5)] = BC(A. q)inf |d”(s.1) v (a i2 ) for1 <gq <2A/log?2.
>
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