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Density estimation via cross-validation:
Model selection point of view

Alain CELISSE

5th November 2008

Abstract

The problem of density estimation by cross-validation is addressed in the model selection frame-
work. Extensively used in practice, cross-validation remains poorly understood, especially in the
non-asymptotic setting. More precisely, our analysis mainly focuses on a cross-validation based algo-
rithm named leave-p-out. Our better understanding of the leave-p-out with respect to the cardinality
p of the test set yields more insight into other cross-validation based algorithms.

From a general point of view, cross-validation is devoted to estimate the risk of an estimator. Usually
due to a prohibitive computational complexity, the leave-p-out is taken for intractable. However, we
turned it into a fully effective procedure thanks to closed-form formulas for the risk estimator of a
wide range of widespread estimators.

Embedding leave-p-out in the model selection setting enables a new interpretation of this algorithm in
terms of a penalized criterion, with a random penalty. Furthermore, the amount of overpenalization
it provides turns out to increase with p.

A theoretical assessment of the leave-p-out performance is provided thanks to two oracle inequalities
applying respectively to either bounded densities or square integrable ones.

With different sieves such as piecewise constant functions or trigonometric and dyadic polynomials,
the leave-p-out based strategy exhibits some adaptivity properties in the minimax sense with respect
to Holder as well as Besov spaces.

Keywords: Density estimation, cross-validation, model selection, leave-p-out, random penalty, oracle
inequality, projection estimators, adaptivity in the minimax sense, Holder, Besov.

1 Introduction

Model selection via penalization has been introduced by the seminal works of Mallows and Akaike with
respectively Cp [27] and AIC [1], and also by Schwarz [33] who proposed the BIC criterion. AIC and BIC
have an asymptotic flavour, which makes their performance depend on the model collection in hand as
well as on the sample size [2].

More recently, Birgé and Massart [6, 7, 8] have developed a non-asymptotic approach, inspired from
the pioneering work of Barron and Cover [4]. It aims at choosing a model among a countable family
{Sm} e M, Where M, is allowed to depend on the sample size n. From this point of view, an estimator
Sm 1s associated with each model S,,, and a penalty-based procedure is designed and then minimized to
provide a final estimator s = S5,. The goal of this approach is efficiency, that is the risk of 5 is as small
as that of the minimizer over all the estimators in the collection. Actually, this cannot be reached and the
quality assessment of the procedure is made through an oracle inequality

Ells—5al?| <0 it {E[ls=5ul*]+Rm.n)},

where C' > 1 is a constant independent from the density s, while R(m,n) denotes a remainder term with
respect to E [Hs - §m|\2] Such an inequality quantifies how close the risk of s is to the smallest one

among those of the §,,s (up to a constant C' and a remainder term). Thus the closer C' to 1 and R(m,n)
to 0, the better the procedure.
In the density estimation framework, Barron et al. [3] developed a general approach based on deterministic



penalties, leading to an oracle inequality involving Kullback-Leibler divergence and Hellinger distance.
This result has been adapted to the particular case of histograms by Castellan [15, 16] and further studied
in Birgé and Rozenholc [9]. With the quadratic risk, the penalties proposed by Birgé and Massart [6, 3]
also enjoy some optimality properties when applied to projection estimators. They establish that the
resulting estimator exhibits some adaptivity in the minimax sense with respect to Besov spaces for several
appropriate functional bases [6].

Unlike the aforementioned approaches relying on some deterministic penalties, we here address
the problem of density estimation wia cross-validation (CV). “Cross-validation” refers to a family of
resampling-based algorithms, resulting from a heuristic argument. The first cross-validation algorithms
have been respectively introduced in a regression context by Stone [37, 38] for the leave-one-out (Loo)
and Geisser [21, 22] for the V-fold cross-validation (VFCV), and by Stone [36] in the density estimation
framework.

Since these algorithms can be computationally demanding or even intractable, Rudemo [31] and Bowman
[11] provided some closed-form expressions for the Loo estimator of the risk of histograms or kernel
estimators. These results have been recently generalized by Celisse and Robin [17] to the leave-p-out
cross-validation (Lpo).

Most of theoretical results about the effectiveness of CV algorithms are asymptotic and mainly concern
the regression framework. For a fixed model, Burman [12, 13] expands several CV-based estimators of
the risk of s, and concludes that Loo is the best one in terms of bias and variance. Besides several
comparisons are pursued between Loo and various penalized criteria in Li [25] and Zhang [41] in view of
asymptotic efficiency, while [34, 40] essentially focus on the identification or consistency point of view.
We refer the interested reader to Shao [35] for an extensive review about asymptotic optimality properties
in terms of efficiency and identification of some penalized criteria as well as some CV algorithms.

As for non-asymptotic results in the density setting, Birgé and Massart [6] obtained an oracle inequality
that may be applied to the Loo procedure. However to the best of our knowledge, no result of this type
has already been proved for the Lpo algorithm in the density estimation setup.

In the literature about model selection via penalization, an important notion is that of complexity of

the collection of models {Sp},,crq, [2], named in the sequel either collection complezity or richness. This
notion already arises with discrete models in the Minimum Description Length of Rissanen [30] as well as
in the work of Barron and Cover [4] about minimum complexity. It is further generalized by Barron et
al. [3] as well as in Birgé and Massart [6, 7, 8] to the case of continuous models.
This notion of richness refers to the structure of the collection of models we consider. In the same way
as the complexity of a model (model complexity) may be characterized by the dimension with finite
dimensional vector spaces for instance, Barron et al. [3] quantify the collection complezity by the number
of models with the same dimension. In this setting, two broad situations are usually distinguished: the
polynomial and the exponential complexity frameworks [8]. Baraud et al. [2] and Sauvé [32] introduce
a complexity index, which enables to distinguish different complexity levels in the exponential setup for
instance.

The main concern of this paper is to provide a new understanding of cross-validation algorithms in
terms of penalized criteria. We therefore perform the analysis of the Lpo algorithm in density estimation
with the model selection framework. Our interest lies first in closed-form expressions derived for a
wide range of widespread estimators, which turns the Lpo into a fully effective algorithm, and also in
non-asymptotic results such as oracle inequalities. Adaptivity in the minimax sense with respect to some
functional spaces is considered as well, for appropriate collection of models.

The paper is organized as follows. The following section is devoted to the description of the Lpo
algorithm. Some closed-form expressions are derived for the resulting risk estimator with the broad class
of projection estimators. Unlike the usual situation, the Lpo risk estimator is no longer intractable.
Furthermore, closed-form expressions are also derived for both the bias and variance of this risk estimator.
Besides, new highlight is given to cross-validation thanks to the relationship between the Lpo estimator
and penalized criteria. The subsequent conclusion is that Lpo systematically leads to overpenalization,
by an amount growing with p, the cardinality of the test set. The main concern in Section 3 is to derive



two oracle inequalities, which theoretically state the optimality of the Lpo-based procedure. The first
inequality holds with bounded densities s, whereas the second one applies to densities in L2, at the price
of an additional assumption. Adaptivity in the minimax sense is at the core of Section 4, which aims
at deriving such results with respect to Holder and Besov spaces, for appropriate collections of models.
While histograms are used with Holder balls, dyadic as well as trigonometric polynomials enable to get
such results with Besov balls. Finally, Section 5 collects most of the proofs of this paper.

2 Leave-p-out cross-validation

In this work, we address the problem of density estimation wvia cross-validation (CV) in the model
selection framework. Resampling-based strategies such as CV are usually time-consuming and even
sometimes computationally intractable. The interest of the forthcoming approach is to derive closed-form
expressions for the CV-based estimator of the risk of projection estimators, which are widespread in the
density estimation community ([31, 19, 6, 3]).

2.1 Statistical framework

Let us start describe the framework and introduce some notations which are repeatedly used throughout
the paper.

2.1.1 Notations

In the sequel, we assume that Xi,...,X, € [0,1] are independent and identically distributed random
variables drawn from a probability distribution P of density s € L? with respect to Lebesgue’s measure.
As a distance between s and any function u, we use the quadratic loss denoted by £(-,-) such that

C(s,u) = ls —ul?.
Since this quantity depends on s , we introduce the associated contrast function
i () = () = [lull* - 2u(2).
This contrast is related to the loss function via
l(s,u) = Pvy(u) — Py(s), where  Py(u) =E[vy(u,X)], X ~P,

for any function wu.
The quality assessment of an estimator § = §(X3,...,X,) of s is made through the corresponding
quadratic risk

]%Sy:Ewggﬂ:EUbfﬂfy

As an estimator of the above risk (up to a constant term), we use the empirical risk

n

n(u) := Pyy(u) = % Zy (u, X;),

where P, =1/nY""" | §x, denotes the empirical measure.

Let {Sm},,c M, denote a countable family of models, which are finite dimensional linear spaces. In
each model S,,, we look for an estimator s,,, of s, defined as the empirical risk minimizer over Sy,

Sm = Argmin, g Py (u).



2.1.2 Projection estimators

Let us now describe the range of estimators to which this work applies.
Set {¥a}req, @ family of vectors in L*([0,1]), where A, denotes a countable set of indices. For each
m € M, let A(m) be a subset of A,, such that {Sﬁk}/\eA(m) is an orthonormal basis of S,,, of dimension D,,.

Thus, the orthogonal projection of s onto S, is denoted by s,, and is equal to

Sm = Argmin, g Py(u) = Z Poy oy, with Poyx=E[px(X)].
AEA(m)

In this setting, it turns out that the empirical risk minimizer corresponding to model S, is a projection
estimator since

- ) 1 &
Sm = E Popx ox, with Py = - E oA (X5).
AEA(M) =1

Examples [18]

e Histograms:
If we use {¢oa}yep(m) Such that o\ = 11, /v/|1x| where {13} xen(m) denotes a partition of [0,1] in
Card(A(m)) = D,, intervals and |I,| is the Lebesgue measure of Iy, the least-squares estimator
coincides with the histogram

~ 1
Sm= Y. Pn]lhﬁ~
AEA(m) A

e Trigonometric polynomials:
Let {¢x},cz the orthonormal basis of L%([0,1]) such that t — ¢x(t) = €. For any finite
A(m) C Z, the trigonometric polynomial defined by

ts Sp(t) = Z Papy €2
AEA(m)
is a projection estimator.

o Wavelet basis:
Let us consider an orthonormal basis {@x}ycn of L*([0,1]) made of compact supported wavelets,

where A, = {(j, E)ljeN and 1 <k < 2j}. The Haar system is a good example. For any subset
A(m) of Ay, the empirical risk minimizer associated with {px}ycp () 18

gm - Z Pn‘P)\ @,
AEA(m)

which is a projection estimator as well.

2.2 Cross-validation

In this work, we perform density estimation in the model selection framework wia cross-validation
instead of the usual deterministic penalized criteria. To this end, we first recall the rationale behind
cross-validation and also detail the specific leave-p-out algorithm.



2.2.1 Cross-validation rationale

Cross-validation (CV) is a heuristics relying on some particular subsamples of the original observations.
Various CV algorithms exist, which differ one another by the way subsamples are built, that is by their
respective subsampling scheme. In order to further detail the rationale behind CV, we introduce some
additional notations.

Let us denote by X;, = X1,...,X,, the n sample drawn from P, and by P, its empirical distribution.
Each CV-based algorithm can be defined by a vector of weights W,, = (W,,1,...,W,,,) made of random
variables, independent from X, ,. The subsamples are then defined from the original data through these
weights and denoted by X%, = X}V,..., XV, with the empirical distribution P}¥ = 1/n>" | W, X.
Several examples of such subsampling schemes will be detailed in Section 2.2.2.

In the sequel, § = §(X1,,) denotes an estimator of s computed from X7 ,,.

The independence requirement
CV has essentially been designed to estimate the risk of any estimator 5 of s. Actually, it intends to
estimate r = E [ Py(§)], which can be expressed as

r=Ex,, [Ex[7(3 (X1 X))]],

where Exy and Ex, , represent expectations with respect to X and respectively Xi,. We would like
to highlight that X and X, , are independent. Thus, there are two levels of randomness in the above
expression. This is the cornerstone of the CV strategy, which heavily exploits these two randomness
levels in splitting the data into a training set and a test set. Roughly speaking, the idea is simply to
use the data in the training set to build the estimator, while the test set is devoted to the assessment
of the estimator performance. Provided X; , is made of independent data, training and test sets are
independent by construction as well.

REMARK: Independence is actually the main requirement of CV and even in the non i.i.d. case studied
by Burman et al. [14], authors exploit the order of the dependence structure in removing some data from
the sample so that they recover independence.

Strategy

Let us denote by W, a binary vector corresponding to a particular CV scheme and associated with
observations in the training set (examples will be provided in Section 2.2.2), while W,, denotes its natural
counterpart representing the training set data.

The first step of the CV heuristics consists in “approximating” the random variable Ex [ ( §(X1,n), X )],
which depends on X ,, thanks to the subsamples. Let us assume that this dependence is made through
the empirical distribution P,,. Then, we have

?(Pna P) =Ex [’7( /S\(Xl,n)aX)]'

The underlying idea in CV is to replace (P, P) by (PHW, PJV):
7 (P, P) ~ ?(PHW, P,ZV) :

where PV denotes the empirical distribution of the data in the training set, while PYV states for that of
the data in the test set.

Whereas the above step remains the same for all the CV-based strategies, the second one differs from a
CV algorithm to another and depends on the way the subsamples have been generated. This subsampling
scheme is therefore determined by the distribution of the weight vector W,,. Thus integrating over the
weights W,,, it comes that

r=Ex,, [T (P, P)]~Ew [?(P"W7 PXV)} 7

where the expectation Ey is taken with respect to the vector W,,. The right-hand side is actually a
random variable, which is the CV estimator of the risk of 5.
REMARK: At each step of the process, le,vn and Xm remain independent.



2.2.2 Leave-p-out and other cross-validation algorithms

The CV botany

In model selection, another interest of resampling methods, especially of CV, is their ability to work with
any estimator [40] in a wide range of frameworks [10], unlike (deterministic) penalized criteria, which
require a preliminary study of this estimator to design the appropriate penalty. Indeed if we think about
AIC-like penalties [3, 16] for instance, there is no immediate warranty for them to be suited to any other
estimator than the empirical contrast minimizer. However, the price CV has to pay for such a generality
level is essentially the computation cost, which may be very high.

These two remarks as well as the high technicalities of the proofs all motivate the numerous variants of
CV algorithms (see also [20] for an extensive review about CV):

e From a historical viewpoint, the leave-one-out (Loo) was the first CV scheme that appeared in a quite
formalized version in Mosteller and Tukey [29], and then in [37]. It consists in successively removing
each observation from the original data and computing the estimator from the n — 1 remaining ones.
The performance of the resulting estimator is then assessed thanks to the removed point. The final
Loo risk estimator is defined as the average over the n possible test sets. In order to stick to the
resampling formalism, Loo corresponds to the choice of a random vector W,,, such that W), ; € {0,n},
P(W,,; > 0) = 1/n for any j, and >°%_; W, j/n = 1. The Loo risk estimator is expressed as

where X O ., represents X ,, from which X; has been removed and A denotes an estimation algorithm,
that is an apphcatlon that takes as input some data and outputs an estimator. In a nutshell, A(X ;)
is the estimator provided by algorithm A, computed from X; ,,. A typical example for A is the ERM
algorithm, e.g. the empirical risk minimization.

e The leave-p-out (Lpo), with p € {1,...,n — 1}, may be seen as a generalization of the Loo to which
it amounts when p = 1. It appears in a general setting in Burman [12], and in a linear regression
setup in [34, 41]. In density estimation, Celisse and Robin [17] derive a closed-form expression for
the Lpo estimator in the estimation of the risk of histograms. It consists in the same procedure as
that of the Loo, except that at each of the (Z) rounds we remove p observations (instead of only

one). The corresponding weights are defined by W, ; € {0,n/p} for any i, >, p/nW,; = p and
the probability of any such vector is (Z)fl. Thus with the same notations as before, the Lpo risk
estimator (also named Lpo estimator or Lpo risk) is finally

Ro-(;) X e x|

p e€f, ice
where &, = {(i1,...,0p) |11 <...<ip, i;€{l,...,n}},ec & ande={1,...,n} \e.

e Due to the high computational burden of the previous procedures, Geisser [21, 22] introduces an al-
ternative algorithm named V-fold cross-validation (VFCV). The VFCV has been studied in Burman
[12, 13] who suggests a correction in order to remove some bias. It relies on a preliminary (random
or not) choice of a partition of the data in V' subsets of approximately equal size n/V. Each subset
is successively left out, and the V — 1 remaining ones are used to compute the estimator, while
the last one is dedicated to its performance assessment. The V-fold risk estimator is the average
of the V resulting estimators. For a given random partition of the data, the above description re-
sults in V' weight vectors W), of respective probability 1/V, satisfying W,, ; € {0, V'} for any 4, and
>t Wy, =n/V. This leads us to the following VFCV estimator:

v
Ryrcv.v(A) = v Z Z AXTL) X0) |

z€ev

where e, denotes the n/V indices of the V-th subset.



e The Hold(-p)-out (Hpo), with p € {1,...,n — 1}, is one of the simplest (to analyze) CV procedures,
consisting in randomly partitioning the data in a training and a test sets. But unlike the preceding
procedures, the estimator computation and its assessment are only performed once. Since there
is no averaging on several resamples, this simple procedure has been often studied (see [5, 10] in
classification, [26, 39] in regression). For a randomly chosen e € &, its simple expression is

EHPOP Z’Y Xln )

zEe

Lpo and VFCV

Nowadays, the always increasing amount of data results in very large sample sizes (several thousands
and more). Since the Loo [37] requires the computation of one estimator for each successively removed
observation, it may be too computationally demanding. To overcome this problem, Geisser [22] proposed
the VFCV algorithm, which only requires the computation of V estimators (as many as we have subsets
of data). Thus provided V <« n, it is less expensive to use VFCV than Loo. However, the former relies
on a preliminary random partitioning of the data in V subsets. This additional randomness induces
some unwanted variability [17]. A similar remark applies to Hpo, since the common intuition about it
is that choosing only a subset of the data may be misleading if unfortunately these data are not fully
representative of the underlying phenomenon.

Keeping this additional randomness issue in mind, Lpo [34] may appear as the “gold standard”.
Indeed, it does not introduce any additional variability, since all the (”) resamples are taken into account.
To go further, VFCV may be understood as an approximation of the “ideal” Lpo, up to some fluctuations
due to the additional randomness the former introduces. Note that other attempts to approximate the
Lpo have been proposed such that the repeated learning-testing method [12] for instance.

Nevertheless, the price to pay for such an “optimality” is once more the computational issue. The Lpo
computation requires to explore (Z) resamples, which is intractable even for relatively small n and p.
Fortunately in some quite general settings, closed-form expressions can be derived for the Lpo estimator

[17).

In the following, we focus on the study of the Lpo and first provide some closed-form formulas, which
make this algorithm fully tractable. Besides, this resampling scheme provides some more insight in the
general behaviour of CV-based algorithms, for which some further work should be done towards a deeper
understanding.

2.3 Closed-form expressions

The purpose of this section is to provide closed-form expressions for the Lpo risk estimator, which can be
computed very efficiently.

2.3.1 Leave-p-out risk estimator

Before providing formulas, we need the following lemma yielding the key quantities.

Lemma 2.1. Let §m(an) denote a generic projection estimator based on model Sy, and computed from
the training data Xlg,n. Then,

> (X5 Hz n—p (n_ 1) z”: YA (Xk) + (n_Q) DY eaXea(Xo) |

e€&,

S Y S (X ) (X)) = ("‘2)2 or(X)er(X)). 2)

e€, ice PP i#j AEA(m)

The proof of Lemma 2.1 is deferred to Section 5



From the previous result, we deduce the following general expression for the Lpo-based estimator of
the risk with projection estimators.

Proposition 2.1. For any m € M, let 5,, denote the projection estimator onto the model S,,, spanned
by the orthonormal basis {cp)\})\eA(m). Then for anyp € {1,...,n— 1},

Rym) = o 3 | LA - S e X)e ) | 3)

n(n — ,
AEA(M) J#k
2
REMARK: The computation cost of (3) reduces to that of 3~ ©3(X;) as well as (Z] ©x (Xj)) , which is
noticeably cheap.

Proof. In the density estimation framework, the contrast associated with the L2-loss is v(t, X) = ||t||* —
2t(X). Subsequently, the Lpo estimator is

By(m) = (Z) Py 5 (XE DI ;(Z) PRILACHED

Besides, the general projection estimator is

gm - Z Pnsﬁ/\ ®N-
AEA(m)

The simple application of (1) and (2) provides the expected conclusion.

Examples
We are now in position to specify the expression of the Lpo risk estimator in Proposition 2.1 with particular
projection estimators.

1. Histograms:

Corollary 2.1. With the same notations as before, assume that s, denotes the histogram estimator
built from the partition I(m) = (I1,...,Ip,,) of [0,1] in Dy, intervals of respective length |Ix|. Then
forpe{l,...,n—1},

Ep<m>;%%[<znp>”—vjn<np+1> (=) @

(n—1)(n—p) 2= ]

where ny = #{i| X; € I,}.

Proof. (4) comes simply from the application of (3) with ¢y = 11, /+/|Ix]. O

2. Trigonometric polynomials:

Corollary 2.2. Let ¢y denote either t — cos(2mkt), if A € 2N or t — sin(27kt), if A € 2N+ 1.
Let us further assume that A(m) ={0,...,2K} for an integer K > 0. Then,

~ _ 1 n—p+1 a = ‘
R,(m) = TR (p—2)(K+1)— — kZ:O jz:;cos(Qﬂka) +
zn:sin(Qﬂ'ka)



3. Haar basis:

Corollary 2.3. Set ¢ : t+— 1) and @;i(t) = 29/20(27 - —k), where j EN and 0 < k < 27 — 1.
For any m € M,,, let us define A(m C{j, |jeN, 0§k§2j71}. Then,

Bym) = = (j,k)eZA(m) 2 [(2n —p)=E —n(n—p+1) (%)1 :

where n; , = Card ({z | X; € [k/27, (k+ 1)/2j]}).
2.3.2 Moment calculations
We first deal with general projection estimators for which we provide explicit expectation and variance.
Proposition 2.2. With the same notations as in Proposition 2.1, we have for any 1 <p <n —1,

ERy(m) = —— 3 [ER(X) — Ea(X)’] - Y Eax)’,

P \éxgm) AEA(m)

Var [ﬁp(m)} = (n(n—1)(n—p)?|26° Z (Pgai)Q +dafty Z Py3 Poy + na’E (Z @i) -

A A

2 2
" (Z P<P§> +26% Y (Poapn)’ +45°HE (Z %P‘PA> '
A

A£N A

2
(—4n+6)t,57 (Z <Pm2> +dapts Y PodonPoy —4tiaBY Pe3 Y (Pox)?

A A£N ) Y
where Ppy = Epx(X), and

a=n-—1 B=n—p+1,
tl :n(nfl) t2:t1(n72),

The technical proof is given in Section 5. Note that these formulas may be derived provided P | ,\| < 400
for any A\ € A(m), which is satisfied if s is assumed to be bounded and [ loal® < 400 (px continuous and
compact supported for instance).

The bias of the Lpo risk estimator may be a more interesting quantity to work with. From Proposition
2.2, we derive its expression.

Corollary 2.4. For any projection estimator, the bias of the Lpo estimator is equal to

B | Ry(m) | = ERy(m) ~ Ru(m) = ﬁ;ﬂ[mim—@mmf ,
Z Var [ox(X)] > 0,
( )\GAm)

where Ry (m) = E [||§m||2 ~2 [ sgm].

Illustration
If we apply Proposition 2.2 to histogram estimators, we obtain the following expressions for the expectation
and the variance of the Lpo risk estimator:



Corollary 2.5. For any A € A(m), set ay = P(X; € I)\). Then,

~ 1 1 1
E[R m} = —an (1l —ay) — —a2,
p(m) n—pgnwx A ( A) /\;nw)‘ X

r 5 m _ p2q2(n7a’w)+pq1(n7a’w)+q0(nva’w)
Var [y (m)| [n(n — 1)(n — )P ’

where

D
V(Z,j) € {1573} X{LQ}’ Si,j :Za};/wia
k=1

@(n,o,w) = n(n—1)[2s22 +4s32(n—2) + 5311(7471 +6)] ,

a1(n,o,w) = n(n—1)[-8s22 —8sz2(n—2)(n+1) —4sy152,1(n —1)—
25%71(—4712 +2n+6)],

go(n,a,w) = n(n—1)[s12(n—1)—2s55(n* —2n— 3)+

4s32(n —2)(n + 1)2 — s%l(n -1+
4s1182.1(n% — 1) + 5311(—471 +6)(n+1)].

2.4 Random penalty

Ideal and Lpo penalties

From a collection of models {S,},, M, the purpose of model selection is to design a procedure which
provides us with the “best” candidate model. For instance, this choice is made by minimization of a
penalized criterion crit(-) [3], defined by

Vm € M, crit(m) = Pnvy (8,n) 4+ pen(m), (5)

where P,7 (S;,) is the empirical risk of an estimator §,,. pen(:) : M, — R, denotes the penalty term,
which takes into account the complexity of the model S,,.
Ideally, the optimal criterion we would like to minimize over M,, is the random quantity

critig(m) = Py(5) := Evy (8, X) (6)

where the expectation is taken with respect to X ~ P, which is independent from the original data. crit;q
quantifies the mean error incurred by the estimator 3, computed from the observations in hand, at a new
point X.

The link between these two criteria (5) and (6) can be made by rewriting

Critid(m) = Pn'y(:g\m) + [P'Y(gm) - Pn'Y(/S\m)] )
so that we introduce the ideal penalty

Vm e My, penig(m) = Py(sm) = Ppy(5m)-

On the other hand following the CV strategy, we perform model selection by minimizing the Lpo risk
estimator over M,,. Thus for a given 1 < p < n — 1, the candidate m satisfies

~

m = Argmin,, c v, Rp(m).

The existence of a strong relationship between penalized criteria and CV is strongly supported by the
large amount of literature about the (asymptotic) comparison of these two aspects [38, 25, 41]. Therefore,
we try to embed the CV strategy into the wider scope of penalized criterion minimization:

m = Argmin, c {Pn'y(§m) + ﬁp(m) - Pn'y(§m)] } .

10



The quantity in square brackets is a random penalty that we call Lpo penalty:
Vm e My,  pen,(m):= Ry(m) — Pyy(3m).

Note that a somewhat related approach, applied to Loo, can be found in Birgé and Massart [6].

Lpo overpenalization

Thanks to this parallel between CV and penalized criteria, we intend to get more insight in the behaviour
of CV techniques, for instance with respect to the parameter p. To this end, we pursue comparison
between pen;; and pen,, so that we characterize some features in the behaviour of pen, with respect to
p. This comparison is carried out through the expectations of these penalties, which are both random
variables.

The main concern of the following result is to assess the behaviour (in expectation) of the Lpo penalty
with respect to the ideal one. This question is addressed with general projection estimators.
We start with a preliminary lemma:

Lemma 2.2. With the same notations as before with any projection estimator Sp, onto Sp,, we obtain

Elpengy(m)] = = S Var(ea(X)),
AEA(m)

E[peny(m)] = —2P 3 Var(pa(X)).
n(n — p) ARl

We now state the main assertion about the Lpo penalty associated with projection estimators:

Proposition 2.3. For any m € M, let {(p,\}/\eA(m) denote an orthonormal basis of Sy, and S, the
projection estimator onto Sy,. Then, we get

YmeM,, 1<p<n-—1, E [ pen,(m) — pengy(m) ] = ﬁ Z Var (pA(X)) > 0.
AEA(m)

Since this quantity remains nonnegative whatever p, we conclude that the Lpo penalty always overpenal-
izes, which remains true for any orthonormal basis. Moreover, the amount of overpenalization increases
with p. Thus, the Loo provides the weakest overpenalization of order O (1 / nQ), whereas the Lpo with
p ~ n/2 (which is similar to the 2-fold CV) corresponds to an overpenalization of the same order as the
expectation of the ideal penalty, that is O (1/n).

3 Oracle inequalities

In the following, we assess the quality of the Lpo-based model selection procedure through the statement
of oracle inequalities. These results are settled in the polynomial complexity framework and hold for any
projection estimator. To our knowledge, it is the first non-asymptotic results about the performance of
the Lpo algorithm in this framework.

REMARK: We point out that unlike the usual approach in model selection via penalization, our purpose is
not to design a penalty function since the Lpo estimator itself can be understood as a penalized criterion
(Section 2.4).

3.1 Preliminaries

Our main results rely on several assumptions that we now detail and discuss.
Set X ~ s and for any index m,

bm= > 5 and Vi =Egn(X).

AEA(m)

11



Then, we define the following assumptions

(Reg) 32 >0/ suppeum, dml < ®n/(logn)?,

(Reg2) 30 >0/ supenq, {5up(y), ot [S1 arealle | < /@ n/ (ogn)?,

(Ad) 3¢ >0/ VYm € M, with D,, >2, nE [Hsm f§m||§} > €D,
(Pol) 36>0/VYD>1, [{meM,|D,, =D} <D°

Since ¢, = Z)\Ej\(m) ©3, ||¢mll, may be understood as a regularity measure of the basis {eatreaim)-
Thus, (Reg) relates the regularity of the considered basis to the amount of data. This assumption has
already been used by Castellan [16] for instance. Let us assume we use histogram estimators based on a
partition {Iy,...,Ip, } of [0,1] in D,, intervals, and that ¢y = ]IIA/\/W, where |I,] is the length of T.
Then, (Reg) gives a lower bound on the minimal length of any interval I of the partition with respect
to the number of observations. In other words, we cannot consider partitions made of intervals with less
than n/(logn)? observations.

(Reg2) is another regularity assumption about {px},. A(m)- In the specific case of a basis defined from
a partition of [0,1] (like histograms or piecewise polynomials), (Reg) implies (Reg2) . However, this
does no longer hold with general bases of functions. Besides, the constant ® is not necessarily the same
in both (Reg) and (Reg2) . However replacing one of them by the maximum value provides the same
constant, which is assumed in the following. A similar requirement to (Reg2) can be found in Massart [28].

Developing E ||,y — Sm||°, we observe that

E||sm — gm”2

> E[v(en)],

AEA(mM)

> var[pa(X)].

AEA(mM)

For instance if we use histograms, Var[,(X)] vanishes if and only if the support of s is included in
I. (Ad) therefore requires that for any m, there are always “enough” informative basis vectors, if an
informative vector is a vector such that Var[¢x(X)] # 0. With histograms, it means that we choose
bases with mainly more and more vectors where s # 0. For instance, (Ad) holds with histograms if
s> p>0on [0,1]. This assumption can also be found in [28].

A model collection is said to have a polynomial complexity if (Pol) holds. At most, the cardinality of the
set of models with dimension D is polynomial in D. Such an assumption is satisfied with nested models
for instance ([6]). It straightforwardly implies that Card (M,,) < n®+1.

3.2 Main results

In the present section, we provide two oracle inequalities, which warranty the ability of the Lpo-based
procedure to select an effective density estimator. The first result applies to bounded densities, while the
second one concerns the more general case of square integrable densities, at the price of an additional
assumption. In the following, we will provide several examples of widely used bases for which the latter
assumption is satisfied.

Bounded density

12



Theorem 3.1. Let s denote a bonded density on [0,1] and X1, ..., X, be n i.i.d. random variables drawn
from s. Set {px}yep, a finite family of bounded functions on [0, 1] such that for any m € My, Sy, denotes
the vector space of dimension D,,, spanned by the orthonormal family {cp)\})\eA(m). Let us assume that
(Reg) , (Reg2) , (Ad) and (Pol) hold.

Forn > 29, set 0 < e <1 such that

e Jr%<17C(6)(n31)—2<

1, 7
14 3¢(e) ™
where ((e) = [1 —(1+ e)_8 . Then for any 1 < p < n — 1 satisfying

10 L 21440
1+4+3¢(e) nl+3C(e)

2
(Ran) +a§3§1—— J]
n

(@n-1)-2
with 0 < o, B < 1, we have

s < ) aq)v 5 ,5
B[l - 5al] <Teo.) inf, B [ls -5 + HE2D0L0
meM,, n
where T'(e,or, ) > 1 is a constant (with respect to n) independent from s and k(e,s, ®, o, 8,0) > 0 is
another constant.

The proof of this result is deferred to Section 5.
REMARKS:

e (Ran) is a sufficient condition for the oracle inequality to hold. In this assumption, o and 5 can be
chosen as small as we want, but cannot vanish.

e The existence of e satisfying the inequality (7) stems from a technical lemma given in the proof of
Theorem 3.1.

e As it is made clear from the proof of the aforementioned technical lemma, the choice of € is con-
strained. For instance, ¢ cannot be too much close to 0. This explains why the nonintuitive bounds
in (Ran) cannot be easily simplified. Furthermore, this enlightens that “small values” of p could be
excluded from the range of values described in (Ran), to which the oracle inequality applies.

e The independence of T'(e, o, §) from s is essential in our framework since we have in mind the use of
this result to derive some adaptivity in the minimax sense properties.

Square-integrable density

The second result is derived following the same idea as the previous one, thanks to an additional mild
assumption on the considered bases. This requirement turns out to be non restrictive at all, since it is met
by a broad class of orthonormal bases.

Theorem 3.2. Let s denote a density in L*([0,1]) and X1,..., X, be n i.i.d. random variables drawn
from s. We set {pr}\cp, a finite family of bounded functions on [0,1] such that for any m € M, Sm,
denotes the vector space of dimension D,,, spanned by the orthonormal family {cp)\}/\eA(m). Let us assume

that (Reg) , (Reg2) , (Ad) and (Pol) hold, and moreover that

(Reg3) AP > 0/ Vm € M, lom]l o < PDpy.
Forn > 29, set 0 < e <1 such that
4((€) 2 2
— <l <1,
1+3¢(e) n ((e)(n—1) =2

where ((e) = [1 -1+ e)_8 . Then for any 1 < p < n — 1 satisfying

KO 21+

Ban) T3¢0 T rac(

P 2
s w2
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with 0 < «, B < 1, we have

s i < ) ,(I)’ P ,(S
E[ls—5al?] <T(a) inf E[fs—5,)7] + 2052000
meM,, n
where T'(€e, o, 8) > 1 is a constant (with respect to n) independent from s and r(e, s, ®,a, §,0) > 0 is
another constant.

For the sake of clarity, the proof is also deferred to Section 5. Moreover, it is very similar to that of
Theorem 3.1, so that we only detail the main differences along the proof.

REMARK: Assumption (Reg3) is quite different from (Reg). Whereas the latter relates the “regularity”
of any basis to the number of observations uniformly over M,,, (Reg3) rather controls |/¢,,||,, for each
model with respect to its dimension. Every models with the same dimension must be somehow alike in
that their associated sup-norm ||¢,,||, remain upper bounded by ®D,,.

This assumption can be also found in Birgé and Massart [0].

Examples
We now illustrate the high level of generality of assumption (Reg3) thanks to several examples of
widespread functional bases to which (Reg3) applies.

e It is easy to check that (Reg3) applies to regular histograms with ® = 1 (Section 4.3).

e A typical example of basis satisfying (Reg3) is the trigonometric basis. For an integer m, let A(m) =
{0,...,2m} denote a set of indices where wo = L1}, @a(t) = V2sin(2knt) if A = 2k — 1 and
ox(t) = V2cos(2kmt) if A = 2k.

Then,

vt e [0,1], > A 142 (cos®(2kmt) + sin®(2knt))
AEA(m) k=1
= 2m+ 1.
Since Dy, = 2m + 1, it comes that ||y, ||, = Dm and (Reg3) holds with ® = 1.

e Barron et al. [3] (Lemma 7.13) proved that with piecewise polynomials on a regular partition of [0, 1]
with degree not larger than r on each element of this partition,

[fmloe < (r 4+ 1)(2r + 1) Din.
The resulting constant ® = (r + 1)(2r 4 1) is subsequently independent from m.

e Haar basis: For any positive integer j, we introduce A(j) = {(j, E)|0<k <2/ — 1}. Furthermore,
set ¢ = Tjg,1/2) — I[1/2,1) and for any X\ = (4, k), let us define ;1 (t) = 2112 (2jt —k+ 1) on [0,1].
For a positive integer m € M,,, let us consider S, as the linear space spanned by {(p)\})\euj<m/\(j)'

Then, it can be seen that
[¢mllog = Dm

since for each j, there is only one 0 < k < 27 — 1, which contributes to the sum in ¢,,.
For more general wavelet bases, an upper bound, uniform with respect to m, can be established [6].

4 Adaptivity

In this section, the idea is to apply theorems of Section 3 to derive several adaptivity results in the
minimax sense with respect to Holder as well as Besov functional spaces.
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4.1 Adaptivity in the minimax sense

Let us assume that s belongs to a set of functions 7 (#) indexed by a parameter § € ©. Moreover, let us
define an estimator § of s.

An estimator § is said to be adaptive for 6 if, without knowing 6, it “works as well as” any estimator
which would exploit this knowledge. In the present work, the effectiveness measure is the L?-risk and we
say that an estimator enjoys such an adaptivity property provided its risk is nearly the same (up to some
constants) as the minimaz risk with respect to 7 (6):

inf sup E{Hs— §||2] < sup
[

E[lls—5al’] < Cinf sup E[|s— 5]
5 seT(6) seT(

) S seT(0)

where the infimum is taken over all possible estimators.

REMARK: Very often, C' > 1 depends on the unknown parameters 0, but neither from s nor from n.
Furthermore if this property holds for every parameters 6 in a set ©, then 5 is said to be adaptive
in the minimax sense with respect to the family {7 (0)}4.q. We refer to Barron et al. [3] for a unified
presentation about various notions of adaptivity.

4.2 Description of the collections of models

Since such optimality results depend on the approximation properties of the models we use, we describe
three different model collections, each one being defined from a specific family of vectors {pa}ycp -

4.2.1 Piecewise constant functions (Pc)

For a given partition of [0,1] in D regular intervals (Ix)ycp(m) of length 1/D and m € My, let us define
the model

Sy = t|t= Z aAxPN, (Oé)\))\GR ,
AEA(m)

where @) = ]llx/\/m and |I,| denotes the length of I. S,, is the vector space of dimension D,, = D
spanned by the orthonormal family {¢a},¢ Alm)- It is made of all piecewise constant functions defined on
the partition I = (I1,...,Ip,,)-

Thus with each index m € M,,, we associate the linear space S,, of piecewise constant functions defined
on a regular partition of [0,1] in D,, intervals of length 1/D,,. Moreover, let N,, = max,,em, Dm be the
maximal dimension of a model belonging to the collection.

4.2.2 Piecewise dyadic polynomials (Pp)
Set M,, ={0,...,J,} and for any m € M,,, S, denotes the linear space of functions

2m—1

t= Z P Ljpo—m (k41)2-m),
k=0

where the Pys denote polynomials of degree less than r. The dimension of \S,, is subsequently defined by

D,, =r2™ and N,, = max D,, =r27'".
meM,,

REMARK: With this collection of models, (Pol) is satisfied since there is at most one model for each
dimension.
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4.2.3 Trigonometric polynomials (Tp)

Set M,, ={0,...,J,}, where J, is a positive integer. For any m € M, let A(m) = {0,...,2m} denote
a set of indices such that oo(t) = 1jo.15, ea(t) = V2sin(2kmt) if A = 2k — 1 and @y (t) = V2 cos(2knt) if
A = 2k.

Then, the model S,, is the linear space spanned by {(p,\}AeA(m), of dimension D,,, =2m+ 1. Any t € S,
can be expressed as

vV € [0,1], t(z) =ao+ Z [ak\/ﬁcos(%rkz) + bpV2sin(2nkz) | |
k=1
the ais and bys belong to R.
Moreover, J,, and N,, are related by the following relationship N,, = 2J,, + 1.

4.3 Holder functional space

Our purpose is to show that the Lpo-based approach enjoys some adaptivity when s belongs to an unknown
Holder space H(L,«) for L > 0 and « € (0,1]. We recall that a function f : [0,1] — R belongs to H(L, «)
with L >0and 0 < o < 11if

Va,y € [0,1], [f(z) = f()] < L]z —y|*.

We refer to De Vore and Lorentz [18] for an extensive study of a wide range of functional spaces.

In order to reach this goal, we approximate s by piecewise constant functions, using the model collection
(Pc) described in Section 4.2.1.
The histogram estimator built from model S;, is defined by

~ ny 1
S = § Poox ox = § i
\ n |1
eA(m) AEA(m)

where ny = Card ({i | X; € I\}).

Since the adaptivity property results from the oracle inequalities in Section 3, we have to check the
different assumptions it relies on.

e With the collection (Pc), m — D,, is a one-to-one mapping from M,, towards D = {D,,, | m € M, },
which entails that (Pol) is satisfied since our collection is made of only one model for each dimension.

e Since vy =11, /+/|Ial,

lomlle= D> | D €0 ].

= max -—— =
AeA(m) 15|

Thus, (Reg) amounts to require that

max D, = N,, < ®n/ (logn)?,

which means that on average, there are at least about (logn)® /n points in each interval of any
partition we consider.

e We therefore assume that (Reg) , (Ad) and (Ran) hold.
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As for the problem of density estimation on [0,1] when s belongs to some Holder space, it is known
since the early 80s, thanks o Ibragimov and Khas'minskij [23], that the minimax rate with respect to
H (L, «) for the quadratic risk is of order LT n_%, with any L > 0 and « > 0.

REMARK: However when the problem is the estimation over R, things turn out to be very different.
For instance, the minimax rate now depends on the value of regularity parameter o with respect to the
parameter p of the LP-norm used for the assessment [24].

The following result settles that, applied to the collection of models (Pc), the Lpo-based procedure
yields an adaptive in the minimax sense estimator of the density on [0, 1].

Theorem 4.1. Let us assume that (Reg) , (Ad) and (Ran) hold and that the collection of models is that
one denoted by (Pc). Furthermore, assume that the target density s € H(L,«) for L > 0 and a € (0, 1].
Then,

~ 2 24 1
sup E|:||sf 5771||2:| SKQLHZZC“TL Ti3a +O<_) , (8)
seH(L,x) n

for a given constant K, independent from n and s.

Since the minimax risk is of order LZarin~ 2211, we deduce from this result that s is adaptive in the
minimax sense with respect to {H (L, )} ;-0 ae(o,1)-

REMARK: As we will see in the proof, this result remains true with any polynomial collection of models sat-
1 1
isfying the requirements of Theorem 3.1, and including models with dimension of the order of LT#2a n1+2a .

Proof. The idea is simply to use Theorem 3.1 and to derive the upper bound from
~ 2 2 ~ 2
E[lls=5mll*] = lls = smll® + E [ 5w = 5l*] -

For the bias term, we have

Is=snl” = 3 o [ (/h[s@)—s(x)]dx)th,

AEA(m)
2
< ) L2D72n/< |tx|adx) dt  (seH(L,a)),
AEA(m) I ATy
< C,L*D,;** (after integration),

-1
where C, =4 (a + 2) [(1+a)2 (2a+3)} .
On the other hand,

o Vin = [[sm”
E[flom - 8al] = ===,
Vin
S )
n
< M’
- n
_ SUPLeo1] Doream) PA(T) D
n n

Hence under the same assumptions as Theorem 3.1, we get that there exists C' > 1 and x > 0 such that

Dy,
inf {L2 D2+ —}) +
eEM, n

SI=

m

E[lls- sal?] < (Ca
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Now, let us define the sequence {D,,, },, such that for each n,
1 1 ST T
§L1+2a nT+2a S Dmn S 2 T+2a ni+2a,
Then, we derive that it exists K/, > 0 such that
inf E 8ml?] < Car? D2 1+ Do < gt o i
WIEI}Vln HS_SmH - T Mn +T— « Tram e

hence the expected result. |

4.4 Besov functional spaces

Like the previous one, the present section aims at deriving adaptivity in the minimax sense, except that
we essentially focus on Besov spaces (rather than Holder ones). This goal is reached thanks to results of
Section 3 as well.

4.4.1 Overview of Besov spaces
We start by briefly recalling in what Besov spaces and balls consist in. We refer to the book by De Vore

and Lorentz [18] for an extensive presentation on this matter.

For @« > 0 and 0 < p < 400, we say that a function f in LP? (][0, 1]) belongs to the Besov space
BS, » = B (LP([0,1])) if [f|Bg, , < 400, where

flee, =sup {t7ow, (£,0),},  r=la]+1,
t>0

with

o Uty = mup 15 () Ly s A7) = Y () 07 Gk ),
st k=1

|- |Ba ) defines a semi-norm, while the metric is provided by the following Besov norm

Ifllss,, == 1flss,, + 1 1p-

Moreover for a given real R > 0, let us define the Besov ball of radius R by

B, (B) = {f €L | |flsz, < R}

As far as we are concerned in the sequel, we restrict ourselves to the particular case where p = 2, that is
B, o for a > 0.

4.4.2 Piecewise and trigonometric polynomials

A desirable property for an estimator of s is the minimaxity over a set of functions with a given
smoothness. Since the amount of smoothness is unknown in advance, an “ideal” estimator 5 should be
designed so that it automatically adapts to the unknown smoothness.

The main interest of model selection procedures, for which an oracle inequality can be stated, lies in that
the final estimator s, enjoys the called adaptivity property in the minimaz sense.

In the same way as in Section 4.3, our strategy consists in deriving adaptivity results from the oracle
inequalities of Section 3. We point out that adaptivity heavily relies on the involved model collection
through its approximation properties.

The following results therefore state adaptivity in the minimax sense for both (Pp) and (Tp) collections,
with respect to respectively different Besov spaces.

Let us start with adaptivity with respect to Besov balls BS, ,(R) for 0 < a < r, where r denotes the
smallest integer larger than the degree of polynomials in (Pp).
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Theorem 4.2. Let us consider the collection of models (Pp) made of piecewise polynomials of degree less
than r and assume that (Reg), (Reg3), (Ad) and (Ran) hold.
Then for R>0 and 0 < a < 7,

a 1
sup K [HS - gﬁlHQ} < CoRT% n~ s + 0 (—) : (9)
s€B ,(R) n

where C,, denotes a given constant independent from n and s.

Proof. The proof follows the same strategy as that of Theorem 4.1 in that it essentially relies on
approximation properties of models in (Pp).

If S,, denotes a model of dyadic piecewise polynomials of degree less than r on each one of the 2™
regular dyadic intervals, the result in page 359 of DeVore and Lorentz [18] states that provided r > «,

. 2 2
nf s = ull® < Kool , (D)

for a positive constant K, ,.
Since s € BY, 5(R), it comes

s — SmH2 < Ka,TRQ (Dm)Qa .

As for the variance term,

[9nls _ 2D
n n

E[llsm —8ul*] < (by (Reg3)).

Under (Reg), (Reg3), (Ad) and (Ran) we apply Theorem 3.2 to derive

~ ) B D,,
E[|55ﬁl”2}§F<K;T inf {Rsz2a+_}>+f7
7 omeM, n n

where K7, ,. is a positive constant.
The conclusion results from the same calculation as in the proof of Theorem 4.1 with

1 1 1 1 1
§Rl+2a nitza < Dmn < 2RTH2a pit2a,

O

Unlike the previous result, we now turn to Besov balls B?O,Q(R) for any value of a > 0, which is enabled
by the use of trigonometric polynomials in (Tp).

Theorem 4.3. Let us consider the collection (Tp) made of trigonometric polynomials and assume that
(Reg) , (Reg2), (Reg3), (Ad) and (Ran) hold.
Then for R >0 and o > 0,

o 1
sup E [Hs - gﬁlﬂ < C! Rt n T 4 0 (—) : (10)
s€BY ,(R) n

for a given constant C!, independent from n and s.

Proof. The same scheme of proof is used, except we need for an approximation result applying to trigono-
metric polynomials, which is also provided in page 205 of the book by DeVore and Lorentz [18]. Indeed if
we consider models in collection (Tp) for any « > 0, we get

. 2 2
nf s = ulP < Kalsfe , (D)™,

for a constant K, > 0. Assumption (Reg3) enables to conclude as in the previous theorem. O
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5 Proofs

5.1 Closed-form Lpo estimator
5.1.1 Proof of Lemma 2.1
The first remark is that for each e € £,, we have ¥t € [0, 1],

X0 = =3 S eE)e 0 = == 3 S e K)eOlgen,

jee A =1 A
~ 3 1 n 1
D En(XT)(X) = - DY (X ea (Xl ey = p— > enXea (Xl e Liiee)-
ice i=1 j€Ee A i#j A

Then, the Lemma follows from the following combinatorial results

Lemma 5.1. For anyi#j#ke{l,...,n},

n—1 n—2
> ey = ( p > and Zﬂ(ﬁee)ﬂ(’“ee’<p—1)’

ec&, e€&yp
n—3 n—2
211-11-71172 d Ticolijer) =
= (ice)L(jee) L(ker) (pl) an egg:p (ice) R (jee) (pl)’

where we stress that the sum is made over the resamples i, j and k are kept fized.

Proof. Zeesp 1(jez) may be interpreted as the number of subsets of {1,...,n} of size p (denoted by e)
which do not contain j, since j € €. Thus, it is the number of possible choices of p non ordered and
different elements among n — 1.

The other equalities follow from a similar argument. O

5.2 Moments calculations
5.2.1 Proof of Proposition

2.2 The expectation is a straightforward consequence of (3).
The variance calculation is not difficult, but very technical. We only give the main step of this proof.
First, let us define Ay =377, ©3(X;) and By = > ik PA(Xj)ea(Xg). Set a=n—T1and B =n—p+1,
such that R

n(n—1)(n—p)Ry(m) =Y (aAx+ By).

A
Then,
2
lz (@Ax+BBy) | =Y (a?A3 + °B3 +2aBA\By) + Y (a®AxAx + B°BaBy + 20345 By) .
A A A#N
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After some calculation, the different terms are respectively equal to
2
EY 4 =3 [npet 0 (PR)].
A A

2
EY Bi=> [4t2P90§ (Pox)” +2t1 (Pg3)” +ts (P‘P/\)Ll} ;
A

EY By = [26PeiPox + PR3 (Per)’ ]
A A

EY AAv=n E(Zwi(X)) =) _Per |+t (ZPsoi> 2 (PR)
A A A A

AEN
2

EY BBy — 2 Y (Papn)? it (Zm Pw) PR (P |+

AZN AZN A

t3 (Z (PSDA)2> - Z(P%)4 :
x /\
<Z<P )Z PSD/\’)2_E<Z‘P§(X)(P<P>\)2>] :
/\ ~ /\

E Z AxBy =2ty Z PoSpnPox +ts
AEN AEN

On the other hand,

(n(n=1)(n— p)E | Ry(m) | )2 = n’a” (Z Pwi) + 8 (Z [Peox 12> + 2naft (Z Pwi> > (Pex)”.
A

A A N

Combining these two expressions yields the variance after some simplifications.

5.2.2 Proof of Corollary 2.4

We have to compute R, (m) for any model m.

Rp(m):=E [||§m||2} _9E

/ $5m |
[0,1]

=Y E(Papa)’ =2 (Per)?,
= EZVM (pa(X)) —Z(PSDA)Q-
A

A

5.3 Theorem 3.1
5.3.1 Outline of the strategy

Let us first describe the outlines of our strategy. We start with the definition of § 5, as the minimizer of the
Lpo risk estimator, which leads to an inequality (11) written so as we stress the discrepancy between the
Lpo estimator and its expectation, for each model in the collection. Then, we show that this discrepancy
can be studied on a set of high probability (Lemma 5.4) rather than on the whole space . The gap between
the Lpo risk and its expectation is evaluated through the use of two concentration inequalities: Bernstein’s
and a version of Talagrand’s inequality (Proposition 5.1 and Proposition 5.2). By recombination of these
different results, we derive the main inequality which holds except on a set of small probability (16). The
conclusion results from the following lemma:

Lemma 5.2. Let X and Y be two random variables such thatVz >0, P(X >Y + Kz + Ky) < Xe %,
where K1, Ko, ¥ > 0. Then, we have

EX <EY + K; ¥ + K.
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Proof. Set Z =X —Y — K5. We have

P(Z > Kyz) < Xe =

Then,
“+o0
EZ < E [/ T<z dt],
0
—+o0
=/ E[1y<z] dt,
0
+oo
= / Pt < Z] dt,
0
+oo
< Kl/ Ye fdz = K X
0

5.3.2 Preliminaries

Notations First of all, let us define a few notations that will be useful in the sequel. R
For any p € {1,...,n — 1} the Lpo risk estimator associated with the estimator §,, is denoted by R, (m).

For the sake of clarity, we define R
Vm, L,(m) =ER,(m),

such that L,(i) = E [ﬁp(m)}

Moreover, we set

For each m, {¢x}\cp(pm) denotes an orthonormal basis of S,

|m=m

¢m: Z Sﬁi and Vm:E[¢m(X)]a
AEA(m)

Sm = Z 6)\@,\ and ﬂ)\ = PQDA,
AEA(m)
Sm= Y Baea and Br = Pagpa,
AEA(m)
~ 2
Xm) = Jsm =3al® =D v (e2),
A

_ 2(m an L
Em =E[x%(m)] & = T

REMARK: x?(m) is not a true x? statistic, but is only somewhat similar to it.

We also stress two elementary but useful properties. For any a,b > 0,

(Roo) Va+b<a+ b,

(Squ) 2ab < na? + 1'%, Vn>0.

Intermediate results The first intermediate result deals with the relationship between ]?Bp and its
expectation for each model.

Lemma 5.3. For any m € M,,,

Lp(m) — Ly(m) = ﬁ[%*%$*wﬂﬂtwfww,
n—p

Ep(m) - Lp(m) = Onp Vn(¢m) - (1 + en,p) [X2(m) - Em} - 2(1 + en,p)l’n(sm)-
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In Lemma 5.3, we see that v, (¢,) appears in the expressions. The following Proposition enables to
upper bound the deviation of this quantity. It is a consequence of Bernstein’s inequality [28].

Proposition 5.1. With the above notations, let z > 0 and C > 0 be any positive constants and for each
m, let us define y,, = z + CnE,,. Then, we have

[Vn (om)] > \/2VmH¢mH°"ym + ”(bm”‘”ym] < 2e7Ym,
n n

Moreover if (Ad) holds, we have

. [am € My | Ivn (6] > 2lelqﬁv;;llooym+ Haﬁn;bl\ooym

where 31 1s a positive constant independent from n.

YmeM,, P

<Ye”

3

We now recall that x?(m) = > v2 (¢a). A handy way to study this x2-like statistic is to introduce an
event of large probability on which we are able to get some control. That is the reason why we introduce
the event 2, (¢) for any € > 0.

2¢e||s| logn}
Qn =<V Mn, VA A 5 n S $/— )
(€) { m € e A(m), |vn ()] (o) /an

where r(t) = 2(t71 +1/3).
Another use of Bernstein’s inequality provides the following Lemma.

Lemma 5.4. Set ¢ > 0 and assume that (Reg) , (Reg2) and (Pol) hold. Then,

Va >0, P[O(e)] < 2020 e~ 1" (ogn)?

)

26>

where 0(t) = aywraem

This Lemma turns out to be useful in order to assess the concentration of x?(m) around its expectation.
This result may be found in Massart [28] and is a consequence of Talagrand’s inequality.

Proposition 5.2. Set e > 0 and for any C’, z >0, x,, = 2+ C' nE,,. Let us assume that (Reg) , (Reg2)
and (Pol) are fulfilled. Then,

Vm € M, P [\/ﬁx(m)]lgn(ﬁ) > (1+e€) ( nEy +1/2 5 xm> } <e ¥m,

Furthermore if (Ad) holds,

P {Hm € M, | Vnx(m)lg, o > (1+¢) ( nEy +1/2 sl xm)} < e F

where X9 > 0 denotes a positive constant independent from n.

Finally, in Lemma 5.3, it remains v, (s,,) for which nothing has already been made. The control of
this quantity comes from an upper bound, which results from the following lemma.

Lemma 5.5. Set m, m’ € M,,. Then for any p > 0,

¢ _
sup v, <—> <1+ p)x*(m)+ 1+ p )X (m').
teSm—+S,,/ ||t||
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5.3.3 Proof of Theorem 3.1

Proof. (Theorem 3.1)
We are now in position to give the main inequality from which we derive Theorem 3.1.
From the definition of m as m = Argmin,, ¢y, R,(m), we deduce that

VYm € Mn, ép(m) < Ep(m)a

which implies

[Rom) = Ly() | < [Bolm) = Lym) | + [ Ly(m) = Ly()] (11)

Then, we apply Lemma 5.3 to (11) and get

~

s = sl + 10 p By — (14 O p)X2() < s — smll> + 10 p B — (14 0,,.p)x>(m) +
On.pVn (dm — i) +2(1 + 9n1p)l/n (8 — S$m) - (12)
REMARKS:

e An upper bound for v, (¢, — ¢z ) may be obtained through Bernstein’s inequality, so that we may
relate vy, (¢s) to Eg. This is reached thanks to Proposition 5.1.

e Ideally in the oracle inequality we have in mind, the left-hand side of the final inequality is something
like E [Hs - §ﬁ||2:|, which is equal to E [Hs - 8771H2:| + E[x*(m)] with the present notations.

However in (12), we observe that the left-hand side is E [Hs - 8771H2:| + E[E7]. In order to relate

E[Es] to E[x*(m)], we will uniformly control the discrepancy En, — x*(m) over M,, thanks to
both Lemma 5.4 and Proposition 5.2.

e Finally, v, (s7 — $m) may be upper bounded thanks to Lemma 5.5, independently from Ej and will
therefore be dealt with later.

According to the preceding remarks, we first apply Proposition 5.1 to vy, (¢ — ¢s ). The successive
use of (Reg) , (Squ) with any n > 0, and (Roo) provides

2meym < V2V @y,
n

<@V + 1 Y.

Moreover, note that

Vin =Y E[@3(X)] = nEp + lsml® < nEm + |Is].
A

Hence with y,, = 2z + CnE,,,

\/QVW%ym < [77<I> + 77_10] nk, +nd Hs||2 +n7 1tz

Similarly, (Reg) entails that

[| | o0 P
== m< Em o~
T e

which leads us to

)
[Un (b — b)) < nEp, n<I>+Cn1+¢%}+nEﬁ[nq>+Cn1+¢%}+2z{§+n1]+

2
20 |s]I”,
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except on an event of probability less than ¥ie™ 7.

Set € > 0 and let us choose n = €”/(3®) and C' = 2¢”/ (n™' + ®/3). Then it comes that

1 3 e’
Vn (¢ — dm)| < nEpe” +nEgze” +220 {g + 6—] +27 [

Plugging this into (12) provides
s = sall* +1bnp(1 =€) Eq = (14 0np)x> () < s = s |* + 100,p(1 + €)= (14 0,)x> (m) +

1 3 "

except on an event of probability less than 3ie™%.

On the other hand, Proposition 5.2 implies that for a given € > 0, except on a set of probability less
than se™%, we have

Using @, = z + C'nE,, and (Roo) , we get

Vi, < () (VABy |1+ 1sl00 | + /215l 7))

which in turn, combined with (Squ) , implies for any z > 0

X(m)lg, @ < (14¢)° ((1 +2)E,, {1 + m]

It holds for the particular choices z = € and ¢’ = (1 — /1 + 6)2 / (25|, ), which results in

(12 ”Z”O%). (14)

1—¢€" R
mXZ(m)ﬂQn(e) <(1—-€)Es +

1—€” 2|lsl
e(l+e) n

with probability larger than 1 — ¥ge™?.
From the above result and (13), it comes that on €, (e), with probability larger than 1 — (X1 + X3) e,
we have

1"

1—¢€
s — sall® + (ne

7(1“)4—(1%@)) (@) < ls = smll” + n0p(1+ € B — (14 80,)x*(m) +

2(1 4 0np)vn (S — Sm) +
1—¢€" 1 3
0,7 —— 9 20 | = + =
oo (a2lsl, 2o [ 24 2]
6// 9
26,5 sl

Now for any € > 0, we define ¢ > 0 such that 1 —¢ = (14 )" and let us take ¢” satisfying 1 — ¢’ =
v 1 — €. Then, the above inequality becomes

s = sl + (100 (1= €) = (14 00)XE@) < lls = sl + 20 [ 2= VI=€ | By = (1 03P (m) +

2(1+ 0 p)vn (S — Sm) +

V1—¢ 1 3
O, ——2 20 | -~ ————
’pz<e(1+e) Islloo + {3+1 16'D+

1—vV1—¢
2005 ——5—— ls”. (15)
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The following point consists in deriving an upper bound for v, ($7 — S ). It results from the following
inequalities and Lemma 5.5. Indeed, we have

r—
2y (S5 — Sm) < 2up (ﬁ) Isi — sml| s
m m

t
< 2 sup v, (—) s — Sml| -
tESm+Sm (£l

Moreover, [|sm — Sm|l < [|sm — s|| + ||s — sm]|| and a double use of (Squ) give for any x > 0:

t 2 2 2 2
Wi (551 — < (1 s 2 ) 4 2 s — Z 1S — s|I*
Un ($m —sm) < (1+2) tes,;lfsm Vn <|t|) + 2+ |57 — sl” + - l|sm — sl

Finally, Lemma 5.5 yields that for any p > 0, we have

2
I+ = flsm — 1.

2vn (sm = sm) < (L42) [(L4+p)* (W) + (L4 p7 X (m) ] + 57— llsm — s
With z = € and p = €¢/(1 + €)1, we get
. 1+ 2¢ 2 2
(s ) € (12602 + (14 &) 22 m) 2 sl 2 sl

Plugging this in (15) yields:
On the event Q,,(€), with probability larger than 1 — (X1 + X3) e~ #, we have for any m € M,,

[ € =205,

N 2
s | s = sl 4 [0t (1= €) = 2004 0,,) 0+ 1) < [ 14 5040, | s = sl +

Wy 2= VI=€ | Bt

1+ 2¢ + 2€?
[f (14 O3 (m) +
Onp(Az + B),
(16)
p —/1—¢€ 2
where A = (CV(hC)Q sl + 2@ {% + %\/QD and B = 2112 |57,
Then, Lemma 5.2 allows us to take the expectation and get the following result.
(61 A2)E [ Lo, lls = Sall’] < (s VO E [Is = 5l | +0up [A(S1+22) + B, (17)
where
€ —20,,
V1= 24+ ¢€
Yo =nbp, (1 —€)—2(1+0,,)(1+¢)
2
Y3 =1+ 9(1 + onyp)

6I

1+2 /+2 12
=1l [2=VI= € |+ (1+0,) [¥]

In order to obtain a meaningful inequality, a necessary requirement is ¥, ¥s, 13, ¥4 > 0. This is already
satisfied for i3 and 4. We have only to check it for both v and 5.
It turns out that if € > 2/(n — 1), then p must satisfy

<=<l- (18)

4¢' +2 1+¢ D 2
1+3¢ nl+3 ~n €n—1)—2’
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provided
/ /
4e + z 1+e¢ <1 2 ,
14+3¢  nl+3¢ en—1)—2
which is established by Lemma 5.6 for n > 29.

REMARK: In (18) since 0 < ¢’ < 1 by definition, we have 1163/6, <1.

Finally to assert the existence if the constant I' in Theorem 3.1, we need to make sure that the ratio

(3 Vby) [ (01 A 1b2) is bounded.
It may be easily checked that all ¢xs may be reshaped as

_ F(p,n)
wk - ma

where F' is a bounded quantity. Moreover by construction, the bounds in (18) lead to ¥ = 0 and 12 = 0,
which should be prohibited since we would like to consider the ratio (¢s V ¢4) / (11 V 1P2). That is the
reason why p/n must be slightly larger (resp. lower) than each one of the above bounds, hence (Ran) .
Furthermore since no bound depend on s, (Ran) gives the required constant I'. A similar reasoning shows
that it exists a constant x > 0 depending on s and the constants of the problem but independent from n,
such that

Onp K
— < —
Y1 A2 T n
which yields
H(e’ S’ ®7 a? 67 5)

IE[]I . —Am2}<r,, 'fE[ —Amﬂ
0.0 8= Fal?] <Tc.a,8) inf B[l 5] + LoD

We now simply add the missing term E []lgn(ﬁ)c IIs — §ﬁ||2} to both sides of the above inequality. It only

remains to show that this term is of the right order:

E [ﬂﬂz(e) lIs — §ﬁz|‘2} <E [119;(6) l[s — Sﬁznz} +E [119;(6) 8 — gﬁlﬂ )

Logo Y [Vn(%)z]] :

AEM

< lIsI”P[25(e)] + E

Lemma 5.4 then enables to deduce that the first term in the right-hand side inequality satisfies
2 2 1o
v, sIPP[2n (] < s —,
for an appropriate choice of ng > 0, depending on ¢, 6 and .
For the second one, Jensen’s inequality yields

E <E

Z vy (o) Lae (o)

Aem

Z (PA(X) = Pox)? Lac (o) | -

Aem

Moreover, (Squ) with any n > 0 provides
(A(X) = Ppx)” < (L+m@R(X) + (1L + 17 Pg3.

Finally, >y ca(m) ©3 = ¢m and Poy, < ||¢m ]|, lead to

dn

—— PO (e
log )’ [25()]

E lz vy (%)119;(6)] <(2+4+n+nHE Do Lae (o ] < (2+n+n7")

AEmM

thanks to (Reg), and Lemma 5.4 enables to conclude.
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5.3.4 Proof of Proposition 5.1

Proof. Bernstein’s inequality [28] states

Vo > 0, [Vn ()| > %\/21}1;—1—3%30
with b > [ (X;) — B¢ (X;)] and v = Y"1 | Var [ ¢, (X;)].

Since X; are i.i.d. and ¢, > 0, we have
b=ldmll

and

hence the first part of the proposition.
For the second part of the result, a union bound provides

0 <0V [[6mllo »

P [am & Mo | v (9m) > /205 12l o
['Vn Pm)l =12V, %ym + %ym] :

<) P

meMoy,

< > e

meMoy

Sefz Z eanEm

meMy

<e Z e*CEDm,

meMy,
z Z 67C§D+610g(D)
3
D>1
S 21 e ”.

(ym =z+ CTLEm),
(Ad)

<e

(Pol),

5.3.5 Proof of Lemma 5.4
Proof. We recall that

() = {Vm € My, YA€ A(m), o (92)] <

Then, we deduce that

|¢r;|ooym]

2¢ |8l oo

2¢||s]| logn}}
P (e = Pl{ImeM,, IxeA(m)||v, > —— 2 5|
51 = £ | (m) L () = 2=
2¢||s]| ., logn
< {n oy > 2l L]
mGZ/Vl AE%(:m H(G) ®n
< Z Dme_w(log"), (Bernstein)
meMy,
< Z D5+167%(10gn)2, (POZ)
D>1
< n6+2e—Hs‘lf&q,"(e)(logn)z, (Dgn)
2¢

where 1(t) = 5ot
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5.3.6 Proof of Proposition 5.2

Proof. First, we notice that x(m) = /x ) may be also expressed as
X(m) = sup Vnp Z axex Z sup |Vp Z a)xex 5
a’/ZAEA(m) O‘i:l AEA(m) a€A AEA(m)

where A is dense subset of
t
a= o RDm =1 < —
(a1,...,ap,,) € | g a/\ and g lan] < .
AEA(m) AEA(m)

Moreover, if we define the event

Q=< sup v, (pa) <t
AEA(m)

for ¢ > 0, then we deduce that
X(m) <sup v | D axpa
a€A AEA(m)

on QN {x(m) > z}.
Then, Talagrand’s inequality to sup,c 4

Un (Z/\GA(m) a,\tp,\)} gives for € > 0

2
Vo >0, P | 1gsup |v, Z axp (I+e¢) (\/ m) 4+ —= ” ” )
acA

AEA(m)

with z = /2[|s[[_ /n and ¢t = 2¢||s||  [k(e)®n/(logn)? |

Finally, the first result comes from both (19) and Q,(¢) = Q.

As for the second inequality,

P [Hm € M, | Vnx(m)lg, ) = (1+e€) ( nEy +1/2 sl xm) ]
< > e,

meM,,
Z e~ Em (g = C'E Dy + 2)
meM,,
<e’? Z e~ C'EPH3loeD - (Aq) and (Pol)
D>1
S 22 672.

5.3.7 Proof of Lemma 5.6

Lemma 5.6. For n > 29, there exists 0 < € < 1 such that

2 ACle) 2 2
T O IO RS

29

<e

—X

(19)



Proof. The first part is obvious since for a given n, we can choose 0 < € < 1 such that ((¢) > 2/(n — 1).
Then with § = ((e) —2/(n — 1), we have

o(n—1)=¢(e)(n—1)—2.

After some calculations, it is easy to see that

4((e) 2 2
e LSO [ —
153¢() " n (O —1)—2
52n+675n710+ 2n+1(; <0,
n n (n—1)

which is a polynomial of degree 2 in 4.
For n > 29, the discriminant is positive and any 6 between the two distinct zeros yields a value for ((e)

such that
4((¢) 2 2

113 7' T {om-D -2

which enables to conclude. O

5.4 Theorem 3.2
5.4.1 Intermediate results

The proof of Theorem 3.2 follows the same structure as that of Theorem 3.1. We subsequently focus on
the main differences, which essentially occur in the control of the x2-type statistic. Since they are nearly
the same, the following results are given (without or) with only short proofs.

We start introducing another event of large probability on which we are able to get the desired control.
For any € > 0,

2 d/EnE,y, 1
Qn(€): {Vme/\/ln, V)\GA(m), |Vn (50/\)|§ €||SH2\//§7TL ogn},

r(€)V®Pn
where r(t) = 2(t71 +1/3).

The following lemma is the counterpart of Lemma 5.4 and is devoted to control the remainder terms.
It heavily relies on Bernstein’s inequality.

Lemma 5.7. Set ¢ > 0 and assume that (Reg) , (Reg2), (Reg3) (Ad) and (Pol) hold. Then,

Va >0,  P[O5(e)] < 2020 ¢ VR (lsIvDtogn)’

3

26>

where 0(t) = Zaywyraem

Now, we are in position to give the main result providing the desired control on the y2-type statistic.

Proposition 5.3. Set e > 0 and for any C', z > 0, &y, = 2+ C' V/nE,,. Assume that (Reg), (Reg2),
(Reg3), (Ad) and (Pol) are fulfilled. Then,

VYm e M, P [\/ﬁx(m)]lgn(e) >(1+4e) ( nk,, + \/Q(HSH V1)\/®/EnE,, xm) ] <e Fm,

and furthermore,

P [Hm € My | Vnx(m)lg, o > (1+¢) ( nE,, + \/Q(HSH V1)V ®/EnE,, xm) ] <Ype 7,

where X9 > 0 denotes a positive constant independent from n.
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Proof. (sketch of proof) It relies on Talagrand’s inequality as well as of the following straightforward upper
bound.

vm, sup  Var [¢(X)] < |[[s[[[[tll2\/1omlloc = lIsll 4/ [|omlloe < (I8 1)1/l mlloo-

tESm, [[tll2=1

5.4.2 Outline of the proof of Theorem 3.2

The first main difference in the proof comes from the use of Proposition 14, which yields

VAx(m)la, o = (1+¢) ( W+ /215l v 1)v/B€ nEm'zm)

on an event of high probability.
From several applications of (Squ) and (Roo) , we obtain

Y0, C' >0, 2|V VB EnEmam < 201V DVBE N 0B 2+ 2(]| V 1)/ BTECRE,
< pnEy + o (sl VIV®/E 2+ C/nE,y,,
< (p+C) VnEm +p (Is| V1) V@/E 2,
with €/ = C [2(||s|| V1) @/5}7
Thus in the same way as (14), we derive
2
, i ) (s vere) |
Ve >0, X (mlg,<1+e° | (L+a)En[l+(p+C)]"+(1+a27) z

n

The following remains essentially the same.

The last point of the proof concerns the addition of the missing term E []lgn(ﬁ)c IIs — §77LH2:| to both
sides of the inequality. We still have

E|Lasolls— 5al® ] < IsI* PI96(0)] +E [ Tag o lsm — $all*] |

and Lemma 5.4 gives that

v, HSHQP [ ()] +E [erm Vi (02) 119;,(6)} < (HSH2 + 1) T

for an appropriate choice of ng > 0, which depends on §, ® and e.
This summarizes the main steps and concludes the proof.
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