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1. Introduction

A few years ago, Birgé and Massart [6] introduced a data-driven calibration
method for penalized criteria in model selection, called the Slope Heuristics.
Their algorithm is based on the concept of the minimal penalty, under which
a model selection procedure fails. Given the shape of the ideal penalty, which
in their Gaussian setting is a known function of the dimension of the consid-
ered models, the algorithm first provides a data-driven estimate of the minimal
penalty. This is done by taking advantage of a sudden change in the behavior of
the model selection procedure around this level of penalty. Then, the algorithm
selects a model by using a penalty that is twice the estimated minimal penalty.
Birgé and Massart prove in [6] that an asymptotically optimal penalty is twice
the minimal one, in the sense that the associated selected model achieves a
nonasymptotic oracle inequality with leading constant converging to one when
the sample size tends to infinity.

The slope heuristics algorithm has been recently extended by Arlot and Mas-
sart [2] to the selection of M-estimators, whenever the number of models is not
more than polynomial in the sample size. Arlot and Massart highlight that, in
this context, the mean of the empirical excess risk on each model should be
a good, rather general candidate for the - unknown - minimal penalty. In ad-
dition, they note that an optimal penalty is roughly given by the sum of the
true and the empirical excess risks on each model. A key fact underlying the
asymptotic optimality of the slope heuristics algorithm is the equivalence - in
the sense that the ratio tends to one when the sample size tends to infinity -
between the true and empirical excess risk, for each model which is likely to be
selected. Generally, these models are of moderate dimension, typically between
(log (n))“ and n/ (log (n))“, where ¢ is a positive constant and n is the sample
size. This equivalence leads, quite straightforwardly, to the factor two between
the minimal penalty and the optimal one.

Arlot and Massart prove in [2], by considering the selection of finite-dimen-
sional models of histograms in heteroscedastic regression with a random design,
that the slope heuristics algorithm is asymptotically optimal. The authors con-
jecture in [2], Section 1, that the restriction to histograms is “mainly technical”,
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and that the slope heuristics “remains valid at least in the general least squares
regression framework”.

The first motivation of the present paper is thus to tackle the challenging
mathematical problem raised by Arlot and Massart in [2], concerning the validity
slope heuristics. More precisely, we isolate the question of the equivalence, for
a fixed model, between the true and empirical excess risks. As emphasized in
[2], this constitutes the principal part of the conjecture, since other arguments
leading to model selection results are now well understood. We thus postpone
model selection issues to a forthcoming paper, and focus on the fixed model
case.

We consider least squares regression with heteroscedastic noise and random
design, using a finite-dimensional linear model. Our analysis is nonasymptotic
in the sense that our results are available for a fixed value of the sample size. It
is also worth noticing that the dimension of the considered model is allowed to
depend on the sample size and consequently is not treated as a constant of the
problem. In order to determine the possible equivalence between the true and
empirical excess risks, we investigate upper and lower deviation bounds for each
quantity. We obtain first order optimal bounds, thus exhibiting the first part of
the asymptotic expansion of the excess risks. This requires to determine not only
the right rates of convergence, but also the optimal constant on the leading order
term. We give two examples of models that satisfy our conditions: models of
histograms and models of piecewise polynomials, whenever the partition defining
these models satisfy some regularity condition with respect to the unknown
distribution of data. Our results concerning histograms roughly recover those
derived for a fixed model by Arlot and Massart [2], but with different techniques.
Moreover, the case of piecewise polynomials strictly extend these results, and
thus tends to confirm Arlot and Massart conjecture on the validity of the slope
heuristics.

We believe that our deviation bounds, especially those concerning the true
excess risk, are interesting by themselves. Indeed, the optimization of the ex-
cess risk is, from a general perspective, at the core of many nonparametric
approaches, especially those related to statistical learning theory. Hence, any
sharp control of this quantity is likely to be useful in many contexts.

In the general bounded M-estimation framework, rates of convergence and
upper bounds for the excess risk are now well understood, see [4, 10, 13, 18, 19].
However, the values of the constants in these deviation bounds are subopti-
mal - or even unknown -, due in particular to the use of chaining techniques.
Concerning lower deviation bounds, there is no convincing contribution to our
knowledge, except the work of Bartlett and Mendelson [4], where an additional
assumption on the behavior of underlying empirical process is used to derive
such a result. However, this assumption is in general hard to check.

More specific frameworks, such as least squares regression with a fixed de-
sign on linear models (see for instance [1, 3] and [6]), least squares estimation
of density on linear models (see [16] and references therein), or least squares
regression on histograms as in [2], allow for sharp, explicit computations that
lead to optimal upper and lower bounds for the excess risks. Hence, a natural
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question is: is there a framework, between the general one and the special cases,
that would allow to derive deviation bounds that are optimal at the first order?
In other words, how far could optimal results concerning deviation bounds been
extended? The results presented in this article can be seen as a first attempt to
answer these questions.

The article is organized as follows. We present the statistical framework in
Section 2, where we show in particular the existence of an expansion of the least
squares regression contrast into the sum of a linear and a quadratic part. In
Section 3, we detail the main steps of our approach at a heuristic level and give
a summary of the results presented in the paper. We then derive some general
results in Section 4. These theorems are then applied to the case of histograms
and piecewise polynomials in Sections 5 and 6 respectively, where in particular,
explicit rates of convergence in sup-norm are derived. Finally, the proofs are
postponed to the end of the article.

2. Regression framework and notations
2.1. Least squares estimator

Let (X, Tx) be a measurable space and set Z = X'xR. We assume that & =
(X.Y:) € xR, i € {1,...,n}, are n i.i.d. observations with distribution P.
The marginal law of X; is denoted by PX. We assume that the data satisfy the
following relation

Yi=s5.(X;)+0(Xi)ei, (2.1)

where s, € Lo(PX), ¢; are i.i.d. random variables with mean 0 and variance 1
conditionally to X; and o : X —R is a heteroscedastic noise level. A generic
random variable of law P, independent of (&1, ...,&,), is denoted by £ = (XY).

Hence, s, is the regression function of Y with respect to X, to be estimated.
Given a finite dimensional linear vector space M, that we will call a “model”,
we denote by sps the linear projection of s, onto M in Lo(PX) and by D the
linear dimension of M.

We consider on the model M a least squares estimator s,, (possibly non
unique), defined as follows
n

v; —s(XmQ} . (2.2)

. 1
Sn € argnenl\r/}{ﬁ
S

=1

So, if we denote by
1 n
Pr=o 21: I(x:,vi)

the empirical distribution of the data and by K : Ly(PX) — Ly (P) the least
squares contrast, defined by

K(s):(x,y)EZ%(y—s(:v)){ SELg(PX),
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we then remark that s, belongs to the general class of M-estimators, as it
satisfies
Sp, € arg mij\r} {P, (K (s))} . (2.3)
se

2.2. FExcess risk and contrast

As defined in (2.3), s, is the empirical risk minimizer of the least squares con-
trast. The regression function s, can be defined as the minimizer in Lo(PX) of
the mean of the contrast over the unknown law P,

5y = arg Seg%réx)PK (s) ,

where
PK (s) = P(Ks) = PKs =E[K (s) (X,Y)] =E [(Y —s (X)ﬂ

is called the risk of the function s. In particular we have PKs, = E [0? (X)].
We first notice that for any s € La(PX), if we denote by

1/2
Isl = ([ 2ar¥)
X

its quadratic norm, then we have, by (2.1) above,
PKs— PKs, =P (Ks— Ks,)
=E (Y = 5(X))" = (¥ = 5. (X))’]

—E [(s* —5)? (X)} +2E | (54 — 8) (X)E[Y — s, (X)]X]

=0

=|ls=s.l3>0.

The quantity PKs — PK s, is called the excess risk of s. Now, if we denote by
sy the linear projection of s, onto M in Lo(PX), we have

PKsy — PKs, = in]\f/l {PKs— PKs.} , (2.4)
sE
and for all s € M
PX(s-(spr—5.))=0. (2.5)
From (2.4), we deduce that

= in PK .
sy = arg min (s)

Our goal is to study the performance of the least squares estimator, that we
measure by its excess risk. So we are mainly interested in the random quantity
P (Ksy, — Ks,). Moreover, as we can write

P(Ksy, — Ksi) =P (Ks,— Ksy)+ P(Ksy — Ks.y)
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we naturally focus on the quantity
P(Ks,—Ksy)>0

that we want to bound from upper and from below, with high probability. We
will often call this last quantity the excess risk of the estimator on M or the
true excess risk of s,, in opposition to the empirical excess risk for which the
expectation is taken over the empirical measure,

P, (Ksy —Ksp) >0

The following lemma establishes the expansion of the regression contrast around
sy on M. This expansion exhibits a linear part and a quadratic parts.

Lemma 1. We have, for every z = (z,y) € Z,

(Ks) (2) = (Ksm) (2) = ¥1m (2) (s = sm) () + 92 ((s —sm) () (2.6)

with 1 ar (2) = =2 (y — sar (2)) and o (t) = t2, for all t € R. Moreover, for all
seM,
P(’lﬁl)M . 8) =0. (27)

Proof. Start with

(Ks) (2) = (Ksumr) (2)
(

=(y—s(@)? — (y - sm (2))°
= ((s = sn) () ((s = sar) (2) = 2(y — 501 (2)))
==2(y—sun (@) ((s — sm) () + ((s — sn1) (2))*

which gives (2.6). Moreover, observe that for any s € M,
P -s)==2E[Y —s.(X))s(X)]+2E[s(X) (s —s:) (X)] . (2.8)
We have

E[(Y — s, (X))s (X)) =E |E[(Y — 5. (X)) |X]s (X)| =0. (2.9

=0

and, by (2.5),
E[s(X) (spr — 8+) (X)] = P (5 (sp — 54)) = 0. (2.10)

Combining (2.8), (2.9) and (2.10) we get that for any s € M, P (1 p - $) = 0.
This concludes the proof. O



Optimal bounds in LSE 585

3. Outline of the approach

Having introduced the framework and notations in Section 2 above, we are now
able to explain more precisely the major steps of our approach to the problem
of deriving optimal upper and lower bounds for the excess risks. As mentioned
in the introduction, one of our main motivations is to determine whether the
true excess risk is equivalent to the empirical one or not:

P(Ksy,— Kspy) ~ P, (Ksy — Ksy) ? (3.1)

Indeed, such an equivalence is a keystone to justify the slope heuristics, a data-
driven calibration method first proposed by Birgé and Massart [6] in a Gaussian
setting and then extended by Arlot and Massart [2] to the selection of M-
estimators.

The goal of this section is twofold. Firstly, it helps the reader to understand
the role of the assumptions made in the forthcoming sections. Secondly, it pro-
vides an outline of the proof of our main result, Theorem 2 below. We suggest
the reader interested in our proofs to read this section before entering the proofs.

We start by rewriting the lower and upper bound problems, for the true
and empirical excess risks. Let C' and « be two positive numbers. The question
of bounding the true excess risk from upper and with high probability can be
stated as follows: find, at a fixed o > 0, the smallest C' > 0 such that

P[P(Ks,— Ksy)>Cl<n <.

We then write, by definition of the M-estimator s, as a minimizer of the empir-
ical excess risk over the model M,

P[P (Ks, — Ksu) > C)|

< P| inf P,(Ks— K > inf P, (Ks—K
< Lgl}/[c (Ks SM)_sell\rLc (Ks SM)]
= P[sup P, (Ksy — Ks) < sup Pn(KsM—Ks)] , (3.2)
seMc seEM=c
where
Mec:={se M ; P(Ks— Ksy) <C}
and

Msc:=M\Mc={se M ; P(Ks— Ksy) > C}

are subsets of the model M, localized in terms of excess risk. As a matter of
fact, Mc is the closed ball of radius C' in (M, [|-||,). In the same manner, the
question of bounding the true excess risk from below and with high probability
is formalized as follows: find the larger C' > 0 such that

P[P(Ks,— Ksy) <C]<n™“.
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We then have, by definition of the M-estimator s,,,

P[P (Ks,— Ksy) < C)|

< P[ inf P, (Ks— Ksy) < inf Pn(Ks—KsM)]
seMc sEM~c

= P[sup P, (Ksy — Ks) > sup Pn(KsM—Ks)] . (3.3)
seMc seMsc

Expressions obtained in (3.2) and (3.3) allow to reduce both upper and lower
bounds problems for the excess risk to the comparison of two quantities of
interest,

sup P, (Ksy — Ks) and  sup P, (Ksy — Ks) .
s€EMc seEM>c

Moreover, by setting Dy, ={s € M ; P (Ks, — Ksy) = L}, we get

sup P, (Ksy — Ks) =
seMc

sup { sup P, (Ksp —Ks)}

o<r<c (seDy

sup {sup {(Pn—P)(KsM—Ks)+P(KsM—Ks)}}
0<L<LC \seD

sup { sup {(P, — P) (KSM—KS)}—L} (3.4)
0<L<LC \seDr

and also

sup P, (Ksy — Ks) = sup { sup {(P, — P) (Ksy — Ks)} — L} . (3.5)
seEM-c L>C \seDy,

The study of the excess risk thus reduces to the control of the following suprema,
on the spheres Dy, of radius L in (M, ||-||,), of the empirical process indexed by
contrasted increments of functions in M around the projection sy, of the target,

sup {(P—P,)(Ks—Ksy)} ,L>0. (3.6)
seDy,

Similarly, the empirical excess risk can be written, by definition of the M-
estimator s,

P, (Ksy— Ksp) = sup P, (Ksy — Ks)
seM
= sup{sup Pn(KsM—Ks)}
>0 \seDy

= sup{sup {(P, — P) (KSM—KS)}—L} . (3.7)
L>0 \seDy
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Hence, the study of the empirical excess risk reduces again to the control of the
quantities given in (3.6). As these quantities are (local) suprema of an empirical
process, we can handle, under the right hypotheses, the deviations from their
mean via the use of concentration inequalities - deviations from the right being
described with optimal constants by Bousquet inequality (Bousquet, [8], recalled
in Section 7.5 at the end of the present paper) and deviations from left being
controlled with sharp constants by Klein and Rio inequality (Klein and Rio
[11], also recalled in Section 7.5). We can thus expect that, under standard
assumptions, the deviations are negligible compared to the means with large
enough probability, at least for radii L not too small,

Sseug) {(P-PR,) (Ks—Ksy)} ~E Sseug) {(P-PFR,) (Ks—Ksy)}| - (3.8

Remark 1. It is worth noting that the above computations, which allow to
investigate both upper and lower bound problems, only rely on the definition
of s, as a minimizer of the empirical risk over the model M, and not on the
particular structure of the least squares contrast. Thus, formula (3.2), (3.3),
(3.4), (3.5) and (3.7) are general facts of M-estimation - whenever the projection
sy of the target onto the model Mexists. Moreover, although presented in a
quite different manner, our computations related to the control of the true excess
risk are in essence very similar to those developed by Bartlett and Mendelson in
[4], concerning what they call “a direct analysis of the empirical minimization
algorithm”. Indeed, the authors highlight in Section 3 of [4] that, under rather
mild hypotheses, the true excess risk is essentially the maximizer of the function
Vp (L) — L, where we set

Vo (L):=E sselgo {(P-PR,) (Ks— KSM)}]

Now, combining (3.2), (3.3), (3.4) and (3.5), it is easily seen that in the case
where s,, is unique and where

VC >0, sup P, (Ksy — Ks) is achieved (- max P, (Ksy — Ks)) ,
s€eDc s€Dc

we have in fact the following exact formula,

P (Ks, — Ksu)

arg max {max P, (Ksy — Ks)}
L>0 | seDr

= argrilg%({?é%i (P—-P,) (Ks—KsM)—L} . (3.9)

So, if (3.8) is satisfied with high probability, we recover Bartlett and Mendelson’s
observation, which is

P(Ks, — Ksp) ~ arg max {Vn(L)-L} . (3.10)
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In Theorem 3.1 of [4], a precise sense is given to (3.10), in a rather general
framework. In particular, a lower bound for the excess risk is given but only
through an additional condition controlling the supremum of the empirical pro-
cess of interest itself over a subset of functions of “small” excess risks. This
additional condition remains the major restriction concerning the related result
of Bartlett and Mendelson. In the following, we show in our more restricted
framework how to take advantage of the linearity of the model, as well as the
existence of an expansion of the least squares contrast around the projection
sy of the target, to derive lower bounds without additional assumptions on
the behavior of the empirical process of interest. Moreover, our methodology
allow to explicitly calculate the first order of the quantity given at the right
side of (3.10), thus exhibiting a rather simple complexity term controlling the
rate of convergence of the excess risk in the regression setting and relating some
geometrical characteristics of the model M to the unknown law P of data.

Remark 2. Formula (3.7) and (3.9) above show that the true and empirical
excess risks are of different nature, in the sense that the first one is referred to
the arguments of the function

I',:L(>0)— max (P—PF,)(Ks—Ksy)— L,

se€Dy,
whereas the second one is measured from the values of the function I',,. Hence,
the equivalence between the true and the empirical excess risks, when satisfied,
is in general not straightforward. It is a consequence of the following “fixed point
type” equation,

argmax {I',,} ~ max{T',}.
Ry R

Considering that the approximation stated in (3.8) is suitably satisfied, it
remains to get an asymptotic first order expansion of its right-hand term. Such
a control is obtained through the use of the least squares contrast expansion
given in (2.6). Indeed, using (2.6), we get

E| sup {(P— P,) (Ks - Ksm}} _E [sup (P = P) (ot - (5 - sM»}]
seDy, SeDy,

principal part

+E {sup {(P_P”) ((S_SM)Q)}]

se€Dy,

residual term

(3.11)

In order to show that the residual term is negligible compared with the principal
part, it is natural to use a contraction principle (see Theorem 4.12 of [15], also
recalled in Section 7.5). Indeed, arguments of the empirical process appearing
in the residual term are related to the square of the arguments defining the
empirical process in the principal part. Moreover, it appears by using the con-
traction principle, that the ratio of the residual term over the principal part
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is roughly given by the supremum norm of the indexes: sup,cp, [(s — sn) ()]
(see Lemma 14 in Section 7.4 for more details). Now, using assumption (H3)
of Section 4.1, concerning the unit envelope of the linear model M, we get that
the last quantity is of order v/DL. Since the values L of interest are typically
of order D/n, the quantity controlling the ratio is not sharp enough as it does
not converge to zero as soon as the dimension D is of order at least y/n.

We thus have to refine our analysis in order to be able to neglect the residual
term. The assumption of sup-norm consistency, of the least squares estimator
sn toward the projection sp; of the target onto the model M, appears here to
be essential. Indeed, if assumption (H5) of Section 4.1 is satisfied, then all the
above computations can be restricted with high probability to the subset where
belongs the estimator s,,, this subset being more precisely

Br. (sm,Rnapo)={seM; ||s—sml| < Rupa} CM, (3.12)

R, p,o < 1 being the rate of convergence in sup-norm of s,, toward sy, de-
fined in (HS5). In particular, the spheres of interest Dy, are now replaced in the
calculations by their intersection Dy, with the ball of radius R, p o in (M, [|-]| ).

Dy, =Dy N Br (5m, Runa) -

The ratio between the consequently modified residual term and principal part of
(3.11) is then roughly controlled by R, p o (see again Lemma 14 in Section 7.4),
a quantity indeed converging to zero as desired. Hence, under the assumption
(H5), we get

E|sup {(P—P,)(Ks—Ksu)}| ~E

s€Dy,

sup {(P — Pn) (Y1,m - (s — sm))}

se€Dy,

(3.13)
A legitimate and important question is: how restrictive is assumption (H5) of
consistency in sup-norm of the least squares estimator? We prove in Lemma 5
of Section 5 that this assumption is satisfied for models of histograms defined
on a partition satisfying some regularity condition, at a rate of convergence of
order \/DIn(n) /n. Moreover, in Lemma 8, Section 6, we extend this result
for models of piecewise polynomials uniformly bounded in their degrees, again
under some lower-regularity assumption on the partition defining the model; the
rate of convergence being also preserved. A systematical study of consistency in
sup-norm of least squares estimators, on more general finite-dimensional linear
models, is also postponed to a forthcoming paper.

The control of the right-hand side of (3.13), which is needed to be sharp,
is particularly technical, and is essentially contained in Lemmas 12 and 13 of
Section 7.4. Let us shortly describe the mathematical figures underlying this
control. First, by bounding the variance of the considered supremum of the
empirical process - by using a result due to Ledoux [14], see Theorem 24 and




590 A. Saumard

also Corollary 25 in Section 7.5 -, we roughly get, for values of L of interest,

E

sup {(P — Py) (Y1,m - (s — SM))}]
seDy,

~ EY/? <sup {(P—Pn)(m,M-(s—sM))}) : (3.14)

seDy,

Then, by assuming that the model M is fulfilled with a localized orthonormal
basis, as stated in assumption (H4) of Section 4.1, it can be shown that the
localization on the ball Br__ (sar, Rarn.o) can be removed from the right-hand
side of (3.14), in the sense that

E!/2 ( sup {(P — Pn) (1,1 - (s — SM))}>

seDy,

~ E/? [(sup {(P—P,) (1.0 - (s—sM))}) ] . (3.15)

seDy,

The property of localized basis is standard in model selection theory (see for
instance Chapter 7 of [17]) and was first introduced by Birgé and Massart in [5],
also for deriving sharp exponential bounds in a M-estimation context. We show
in Lemmas 4 and 7 that this assumption is satisfied for models of histograms
and piecewise polynomials respectively, when they satisfy a certain regularity
assumption concerning the underlying partition.

Finally, as Dy, is a sphere in (M, ||-||,), we simply get, by the use of Cauchy-
Schwarz inequality, that the right-hand side of (3.15) is equal to

\/(L/n) . Zszl Var (Y10 - pr), where (cpk)szl is an orthonormal basis of M.
Gathering our arguments, we then obtain

P(Ksp,— Ksy) ~ argmax{ sup E[(P, — P) (Ksy — Ks)] —L}

L>0 (sep;,
~ argmax \/L : ZkD:Ml Va; (V1,0 - or) I
- %DTM@M , (3.16)
where K7 5, == 5— STPM Var (1h1as - ¢x). As shown in Section 4.3 below, the

(normalized) complexity term /i ps is independent of the choice of the basis
(gok)szl and is, under our assumptions, of the order of a constant. Concerning
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the empirical excess risk, we have

P, (Ksy — Ksp) = max{ sup E[(P, — P) (Ksy — Ks)] — L}
L0 \sep,
.S Pum )
~ max \/ 2k Var (Yun - k)
L>0 n
1 Dy

In particular, the equivalence

1D
P(Ksp— Ksy) ~ Py (Ksy — Ksp) (N ZTM’C%,M)

is justified.

In Theorem 2 below, a precise, non-asymptotic sense, is given to equivalences
described in (3.16) and (3.17). This is done under the structural constraints
stated in conditions (H4) and (H5), for models of reasonable dimension. More-
over, we give in Theorem 3 upper bounds for the true and empirical excess
risks, that are less precise than the bounds of Theorem 2, but that are also
valid for models of small dimension. Corollaries of these theorems are given in
the case of histograms and piecewise polynomials, in Corollaries 6 and 9 respec-
tively. Indeed, we show that in these particular cases, our general conditions
(H4) and (H5) essentially reduce to a simple lower-regularity assumption on
the underlying partition.

4. True and empirical excess risk bounds

In this section, we derive under general constraints on the linear model M,
upper and lower bounds for the true and empirical excess risk, that are optimal
- and equal - at the first order. In particular, we show that the true excess risk
is equivalent to the empirical one when the model is of reasonable dimension.
For smaller dimensions, we only achieve some upper bounds.

4.1. Main assumptions

We turn now to the statement of some assumptions that will be needed to
derive our results in Section 4.2. These assumptions will be further discussed in
Section 4.3.

Boundedness assumptions:

e (H1) The data and the linear projection of the target onto M are bounded:
a positive finite constant A exists such that

[Y:| < A a.s. (4.1)
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and
[snlloe <A (42)

Hence, from (H1) we deduce that
[s:lloe = IEY | X =]l < A (4.3)
and that there exists a constant opax > 0 such that

o2 (X;) <02, < A? as. (4.4)

max

Moreover, as 91 p (2) = =2 (y — sy (z)) for all z = (z,y) € Z, we also deduce
that

[V1,0r (X3, Y5)] <44 a.s. (4.5)

e (H2) The heteroscedastic noise level o is uniformly bounded from below:
a positive finite constant o, exists such that

0 < omin <o (X;) as.

Models with localized basis in Ly(P¥):

Let us define a function ¥y, on X', that we call the unit envelope of M, such
that

1
W (2) = NP |s ()] - (4.6)

As M is a finite dimensional real vector space, the supremum in (4.6) can also
be taken over a countable subset of M, so ¥, is a measurable function.

e (H3) The unit envelope of M is uniformly bounded on X: a positive
constant As ps exists such that

”\I/M”oo < A37M < o0 .

The following assumption is stronger than (H3).

e (H4) Existence of a localized basis in (M, ||-||,): there exists an orthonor-
mal basis ¢ = (gpk)szl in (M, ||-]|,) that satisfies, for a positive constant
ra (@) and all g = (Bk)szl € RP,

D
> Bren
k=1

where |3| = max {|Bx|;k € {1,...,D}} is the sup-norm of the D-dimen-
sional vector .

<7 (9) VDBl

oo

Remark 3. (H4) implies (H3) and in that case As p = ra (¢) is convenient.
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The assumption of consistency in sup-norm:

In order to handle second order terms in the expansion of the contrast (2.6), we
assume that the least squares estimator is consistent for the sup-norm on the
space X. More precisely, this requirement can be stated as follows.

e (H5) Assumption of consistency in sup-norm: for any Ay > 0, if M is a
model of dimension D satisfying

D<A,

3

(Inn)?

then for every a > 0, we can find a positive integer n; and a positive
constant A.o,s satisfying the following property: there exists R, p.o > 0
depending on D, n and «, such that

ACO’ILS
Rn,D,a S T (47)
Inn
and by setting
Qoo,oz = {Hsn - SM”OO < Rn,D,a} ) (48)
it holds for all n > nq,
P[Qual >1—n"°. (4.9)

4.2. Theorems

We state here the general results of this article, that will be applied in Section
5 and 6 in the case of piecewise constant functions and piecewise polynomials
respectively.

Theorem 2. Let Ay, A_,a > 0 and let M be a linear model of finite dimension
D. Assume that (H1), (H2), (H4) and (H5) hold and take ¢ = (gak)szl an
orthonormal basis of (M, ||-||y) satisfying (H4). If it holds

n

A_(Inn)*>< D < A, 5
(Inn)

, (4.10)

then a positive finite constant Ag exists, only depending on o, A_ and on the
constants A, omin, "y () defined in assumptions (H1), (H2) and (H4) re-
spectively, such that by setting

Inn\* Dinn\Y*
En = AQ max ? s y V Rn,D,a ) (411)

n
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we have for alln > ng (A—, Ay, A, Acons, ™1 (©)  Omin, N1, @),

D _

P [P (Ksp — Ksy) > (1—an)—EICiM >1-5m >, (4.12)
1D 2 : —«

P|P(Ks,— Ksy) < (1+¢,) ——ICLM >1-5n"", (4.13)

]P’{Pn(KsM Ksp) > (1—¢ ) IC >1-2n"%, (4.14)

P [Pn (Ksy — Ksp) < (1+¢€2) ZE’C%M >1-3n"", (4.15)

where K3 )y = 5 Zk 1 Var (Y1 ar - o).
In addition, when (H5) does not hold, but (HI) (H2) and (H4) are satisfied,
we still have for all n > ng (A—, Ay, A, 70 (©) , Omin, @

1 D1
IP’(P" (Ksy — Ksy) < (1—Aomax{1/ sl nn}) 1M> <2n7¢.

(4.16)

In Theorem 2 above, we achieve sharp upper and lower bounds for the true and
empirical excess risks on M. They are optimal at the first order since the leading
constants are equal for upper and lower bounds. Moreover, Theorem 2 states
the equivalence with high probability of the true and empirical excess risks for
models of reasonable dimensions. We notice that second orders are smaller for
the empirical excess risk than for the true one. Indeed, when normalized by the
first order, the deviations of the empirical excess risk are square of the deviations
of the true one. Our bounds also give another evidence of the concentration
phenomenon of the empirical excess risk exhibited by Boucheron and Massart
[7] in the slightly different context of M-estimation with bounded contrast where
some margin condition hold. Notice that considering the lower bound of the
empirical excess risk given in (4.16), we do not need to assume the consistency
of the least squares estimator s,, towards the linear projection sy;.

We turn now to upper bounds in probability for the true and empirical excess
risks on models with possibly small dimensions. In this context, we do not
achieve sharp or explicit constants in the rates of convergence.

Theorem 3. Let o, Ax > 0 be fized and let M be a linear model of finite
dimension

n
1< D<A ——
o +(1nn)2
Assume that assumptions (H1), (H3) and (H5) hold. Then a positive con-
stant A, exists, only depending on A, Acons, A3 ,p and «, such that for all
n Z no (Aconsu nl);

DVI
P|P(Ksp— Ksp) > Ay———| < 307 (4.17)

n



Optimal bounds in LSE 595

and
DVinn

P Pn(KsM—Ksn)ZAUT <3n™“. (4.18)
Notice that on contrary to the situation of Theorem 2, we do not assume that
(H2) hold. This assumption states that the noise level is uniformly bounded
away from zero over the space X', and allows in Theorem 2 to derive lower bounds
for the true and empirical excess risks, as well as to achieve sharp constants in
the deviation bounds for models of reasonable dimensions. In Theorem 3, we
just derive upper bounds and assumption (H2) is not needed. The price to pay
is that constants in the rates of convergence derived in (4.17) and (4.18) are
possibly larger than the corresponding ones of Theorem 2, but our results still
hold true for small models. Moreover, in the case of models with reasonable
dimensions, that is dimensions satisfying assumption (4.10) of Theorem 2, the
rate of decay is preserved compared to Theorem 2 and is proportional to D/n.

The proofs of the above theorems can be found in Section 7.3.

4.3. Some additional comments

Let us first comment on the assumptions given in Section 4.1. Assumptions
(4.1) and (H2) are rather mild and can also be found in the work of Arlot and
Massart [2] related to the case of histograms, where they are respectively denoted
by (Ab) and (An). These assumptions state respectively that the response
variable Y is uniformly bounded and that the noise level is uniformly bounded
away from zero. In [2], Arlot and Massart also notice that their results can be
extended to the unbounded case, where assumption (Ab) is replaced by some
condition on the moments of the noise, and where (An) is weakened into mild
regularity conditions for the noise level. We believe that moments conditions on
the noise, in the spirit of assumptions stated by Arlot and Massart, could also
been taken into account in our study in order to weaken (4.1), but at the prize of
many technical efforts that are beyond the scope of the present paper. However,
we explain at the end of this section how condition (H2) can be relaxed - see
hypothesis (H2bis) below.

In assumption (H4) we require that the model M is provided with an or-
thonormal localized basis in La(PX). This property is convenient when dealing
with the Loo-structure on the model, and this allows us to control the sup-norm
of the functions in the model by the sup-norm of the vector of their coordinates
in the localized basis. For examples of models with localized basis, and their use
in a model selection framework, we refer for instance to Section 7.4.2 of Mas-
sart [17], where it is shown that models of histograms, piecewise polynomials
and compactly supported wavelets are typical examples of models with localized
basis for the Ly (Leb) structure, considering that X CR*. In Sections 5 and 6,
we show that models of piecewise constant and piecewise polynomials respec-
tively can also have a localized basis for the Ly(PX) structure, under rather
mild assumptions on PX. Assumption (H4) is needed in Theorem 2, whereas in
Theorem 3 we only use the weaker assumption (H3) on the unit envelope of the
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model M, relating the Lo-structure of the model to the L..-structure. In fact,
assumption (H4) allows us in the proof of Theorem 2 to achieve sharp lower
bounds for the quantities of interest, whereas in Theorem 3 we only give upper
bounds in the case of small models.

We ask in assumption (H5) that the M-estimator is consistent towards the
linear projection sp; of s, onto the model M, at a rate at least better than
(In n)fl/ ®. This can be considered as a rather strong assumption, but it is es-
sential for our methodology. Moreover, we show in Sections 5 and 6 that this
assumption is satisfied under mild conditions for histogram models and models
of piecewise polynomials respectively, both at the rate

Dlnn
Rn,D,a X .
n

Secondly, let us comment on the rates of convergence given in Theorem 2 for
models of reasonable dimensions. As we can see in Theorem 2, the rate of esti-
mation in a fixed model M of reasonable dimension is determined at the first
order by a key quantity that relates the structure of the model to the unknown
law P of data. We call this quantity the complexity of the model M and we
denote it by Cps. More precisely, let us define

1
CM = ZD X IC%M

where

D
1
Kim = D ;;V&r (V1,m - @r)

for a localized orthonormal basis (‘Pk)kD:1 of (M, ||-||5) - Notice that ICy as is well

defined as it does not depend on the choice of the basis (gok)szl . Indeed, since
we have P (11, - @) = 0, we deduce that

D
1
ko= (s (5 362) )
k=1

Now observe that, by using Cauchy-Schwarz inequality in Definition (4.6), as
pointed out by Birgé and Massart [5], we get

D
1
vl = D Z o (4.19)
k=1
and so

K2 ar =P ($7 0 %3)
—4E [IE [(Y — s (X)) |X} w2, (X)}

=4 (E [0? (X) W2, (X)] + E {(SM ~ )2 (X) 02, (X)D . (4.20)
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On the one hand, if we assume (H1) then we obtain by elementary computations
K < 20max +4A < 64 . (4.21)

On the other hand, (H2) implies
Kias > 20min > 0 . (4.22)

To fix ideas, let us explicitly compute IC%) u in a simple case. Consider ho-
moscedastic regression on a histogram model M, in which the homoscedastic
noise level o is such that

o?(X)=0% as.,

so we have

E [0 (X) W3, (X)] = 0°E [#3, (X)] = o2

Now, under notations of Lemma 4 below,

su=Y E[Yo,(X)er=> E[Y|Xel]l;,
IeP IeP

thus we deduce, by (4.19) and the previous equality, that

E [(sn — 5% () 83, ()] = o 3B [(snr - % (X) 3 ()]
7] IeP
_ 1 [ B o lxer
= I;DE _(]E[Y|X cI]-E[Y|X]) 5% (1)}
= = S E[EY X € 1] -E[Y[X])*|X €]
|P| Iep

:%ZV[E[mXHXeI] ,
IepP

where the conditional variance V [U |A] of a variable U with respect to the event
A is defined to be

V[U|A] :=E [(U —E[U]A]) |A] =E[U?]A] - (E[U|A])? .

By (4.20), we explicitly get

K3 = <02 + % Y VE[YI|X]|X € 1]) . (4.23)
IeP

A careful look at the proof of Theorem 2 given in Section 7.3 show that condition
(H2) is only used through the lower bound (4.22), and thus (H2) can be replaced
by the following slightly more general assumption:
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(H2bis) Lower bound on the normalized complexity Ky s: a positive constant
Apnin exists such that
Kinv > Amin >0

When (H2) holds, we see from Inequality 4.22 that (H2bis) is satisfied with
Amin = 20min. For suitable models we can have for a positive constant Ay and
for all x € X,

Uy (z) > Ay >0, (4.24)

and this allows to consider vanishing noise level, as we then have by (4.20),

Kim 2244 VE[0? (X)] =244 [lof, > 0.

As we will see in Sections 5 and 6, Inequality (4.24) can be satisfied for histogram
and piecewise polynomial models on a partition achieving some upper regularity
assumption with respect to the law PX.

5. The histogram case

In this section, we particularize the results stated in Section 4 to the case of
piecewise constant functions. We show that under a lower regularity assumption
on the considered partition, the assumption (H4) of existence of a localized basis
in Ly(PX) and (H5) of consistency in sup-norm of the M-estimator towards the
linear projection sjs are satisfied.

5.1. Existence of a localized basis

The following lemma states the existence of an orthonormal localized basis for
piecewise constant functions in Ly(PX), on a partition which is lower-regular
for the law PX.

Lemma 4. Let consider a linear model M of histograms defined on a finite
partition P on X, and write |P| = D the dimension of M. Moreover, assume
that for a positive finite constant ca p,

i X > . .
|’P|1127f)P (I)>cmp >0 (5.1)
Set, for I € P,
or = (PX (1) %1, .

is an orthonormal basis in Lo(PX) and we have,

> Brer

IeP

Then the family (‘PI)IEAM

for all B = (B1);ep € RP, < c&%P\/ﬁ|B|Oo . (5.2)

o0

Condition (5.1) can also be found in Arlot and Massart [2] and is named lower
regularity of the partition P for the law PX. It is easy to see that the lower
regularity of the partition is equivalent to the property of localized basis in the
case of histograms, i.e. (5.1) is equivalent to (5.2). The proof of Lemma 4 is
straightforward and can be found in Section 7.1.
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5.2. Rates of convergence in sup-norm

The following lemma allows to derive property (H5) for histogram models.

Lemma 5. Consider a linear model M of histograms defined on a finite partition
P of X, and denote by |P| = D the dimension of M. Assume that Inequality
(4.1) holds, that is, a positive constant A exists such that |Y| < A a.s. Moreover,
assume that for some positive finite constant cyr p,

[P| jnf P* (1) = ear,p > 0 (5.3)

and that D < Ayn (In n)72 < n for some positive finite constant Ay. Then, for
any o > 0 and for all n > ng (o, e, p, At ), there exists an event of probability
at least 1 —n=% on which s, exists, is unique and it holds,

/Dlnn
”Sn - SM”oo < LA+-,A-,CM,P-,0¢ T . (54)

In Lemma 5 we thus achieve the convergence in sup-norm of the regressogram s,,
towards the linear projection sps at the rate /D 1In (n) /n. It is worth noticing
that for a model of histograms satisfying the assumptions of Lemma 5, if we set

Dlnn

n

Acons = LA,CM,P,OZ V A+7 n1 =no (au CM,P, A-i-) ) Rn,D,a = LA+,A,CM,p,o¢

then Assumption (H5) is satisfied. To derive Inequality (5.4), we need to assume
that the response variable Y is almost surely bounded and that the considered
partition is lower-regular for the law PX. Hence, we fit again with the framework
of [2] and we can thus view the general set of assumptions exposed in Section
4.1 as a natural generalization for linear models of the framework developed in
[2] in the case of histograms. The proof of Lemma 5 can be found in Section 7.1.

5.3. Bounds for the excess risks
The next results is a straightforward application of Lemmas 4, 5 and Theo-
rems 2, 3.

Corollary 6. Given Ay, A_,«a > 0, consider a linear model M of histograms
defined on a finite partition P of X, and write |P| = D the dimension of M.
Assume that for some positive finite constant cpr p, it holds

|’P|112;3PX (I) > CM,P > 0. (55)

If (H1) and (H2) of Section 4.1 are satisfied and if

n

A_(nn)*’<D< Al ——
(Inn)

3
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then there exists a positive finite constant Ag, only depending on «, A, Omin,
A_, Ay, cpm p such that, by setting

{(lnn>1/4 (Dlnn)1/4}
en = Apgmax < [ — ,
D n

we have, fOT all n > ng (A*a A+a A7 y Omin, CM, P, O[),

1D 1D
P [(1 +en) ZEIC%’M >P(Ksp—Ksy)>(1—ep) ZE’C%M] >1—10n"¢
(5.6)

and

1D 1D
P [(1+si) ZE’C?vM > P, (Ksy — Ksp) > (1—¢2) ZZ’CiM} >1—5n"%.

(5.7)
If (5.5) holds together with (H1) and if we assume that

n
1<D<A,—,
T Jr(1nn)2

then a positive constant A,, exists, only depending on A,cpyr p, Ay and o, such
that for all n > ng (A, carp, Ay, @),

DV1
P [P (K sy — Ksup) > Auﬂ] <3

n

and

DV1
P [Pn (Ksar — Ksp) > Au7nn} <3

n

We recover in Corollary 6 the general results of Section 4.2 for the case of
histograms on a lower-regular partition. Moreover, in the case of histograms,
assumption (4.2) which is part of (H1) is a straightforward consequence of
(4.1). Indeed, we easily see that the projection sjs of the regression function s.
onto the model of piecewise constant functions with respect to P can be written

sy=» E[Y[Xelll;. (5.8)
IeP

Under (4.1), we have |[E[Y | X € I]| < ||V, < Aforevery I € P and we deduce
by (5.8) that |[sa]|, < A.

5.4. Comments

Our bounds in Corollary 6 are obtained by following a general methodology that
consists, among other things, in expanding the contrast and to take advantage
of explicit computations that can be derived on the linear part of the contrast
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- for more details, see the proofs in Section 7.3 below. It is then instructive to
compare them to the best available results in this special case. Let us compare
them to the bounds obtained by Arlot and Massart in [2], in the case of a fixed
model. Such results can be found in Propositions 10, 11 and 12 of [2].

The strategy adopted by the authors in this case is as follows. They first
notice that the mean of the empirical excess risk on histograms is given by
D
E[P, (Ksy — Ksp)] = RKLM .

Then they derive concentration inequalities for the true excess risk and its em-
pirical counterpart around their mean. Finally, the authors compare the mean
of the true excess risk to the mean of the empirical excess risk.

More precisely, using our notations, inequality (34) of Proposition 10 in [2]
states that for every x > 0 there exists an event of probability at least 1 — e =2
on which,

|P, (Ksy — Ksp) — B[P, (Ksy — Ksy)l|

2

L [ p(ksy — Ks.)+ 2B P Kon = Kso)
VDM O min

for some absolute constant L. One can notice that inequality (5.9), which is
a special case of general concentration inequalities given by Boucheron and
Massart [7], involves the bias of the model P(K sy — K s.). By pointing out that
the bias term arises from the use of some margin conditions that are satisfied
for bounded regression, we believe that it can be removed from Proposition
10 of [2], since in the case of histograms models for bounded regression, some
margin-like conditions hold, that are directly pointed at the linear projection
sy - Apart for the bias term, the deviations of the empirical excess risk are then

of the order
In(n) /D

)
n

<

(Vetz)| ., (59

considering the same probability of event as ours, inequality (5.9) becomes sig-
nificantly better than inequality (5.7) for large models.

Concentration inequalities for the true excess risk given in Proposition 11 of
[2] give a magnitude of deviations that is again smaller than ours for sufficiently
large models and that is in fact closer to sfl than e,, where ¢, is defined in
Corollary 6. But the mean of the true excess risk has to be compared to the
mean of the empirical excess risk and it is remarkable that in Proposition 12 of
[2] where such a result is given in a way that seems very sharp, there is a term

lower bounded by
—1/4 1/4
D
<n x inf PX (I)) x <—) ,
IeP n

due to the lower regularity assumption on the partition. This tends to indicate
( Dinn ) 1/
n

. . . 4 .
that, up to a logarithmic factor, the term proportional to appearing
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in €, is not improvable in general, and that the empirical excess risk concentrates
better around its mean than the true excess risk.

We conclude that the bounds given in Proposition 10, 11 and 12 of [2] are
essentially more accurate than ours, apart for the bias term involved in con-
centration inequalities of Proposition 10, but this term could be removed as
explained above. Furthermore, concentration inequalities for the empirical ex-
cess risk are significantly sharper than ours for large models.

Arlot and Massart [2] also propose generalizations in the case of unbounded
noise and when the noise level vanishes. The unbounded case seems to be beyond
the reach of our strategy, due to our repeated use of Bousquet and Klein-Rio’s
inequalities along the proofs. However, we recover the case of vanishing noise
level for histogram models, when the partition is upper regular with respect to
the law P, a condition also needed in [2] in this case. Indeed, we have noticed
in Section 4.3 that assumption (H2) can be weakened into (H2bis), where we
assume that

Kiv > Amin >0

for some positive constant Anin. So, it suffices to bound from below the nor-
malized complexity. We have from identity (4.20),

’C%,M > 4E [‘72 (X) ‘I’?w (X)] .

Moreover, from identity (4.19), we have in the case of histograms,

1 l.cr
U2 (1) = — € forallz e X .
@) = 2 pr

Now, if we assume the upper regularity of the partition P with respect to PX,
that is

[P| ?lelg PX(I) < ¢fy p < +o0 (5.10)

for some positive constant c}\l p» we then have
) -1
\I/M(x)z(cj\zp) >0, forallz € X,

and 80 Apin = 2@-&}3)4/2 lo]l, > 0 is convenient in (H2bis).

6. The case of piecewise polynomials

In this Section, we generalize the results given in Section 5 for models of piece-
wise constant functions to models of piecewise polynomials uniformly bounded
in their degrees.
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6.1. Existence of a localized basis

The following lemma states the existence of a localized orthonormal basis in
(M, ||-|l5), where M is a model of piecewise polynomials and X =[0,1] is the
unit interval.

Lemma 7. Let Leb denote the Lebesgue measure on [0,1]. Let assume that
X =[0,1] and that PX has a density f with respect to Leb satisfying, for a
positive constant Cuyin,

f(x) > cmn >0, z€]0,1] .
Consider a linear model M of piecewise polynomials on [0,1] with degree r or
smaller, defined on a finite partition P made of intervals. Then there exists an
orthonormal basis {¢r,;, I € P, j€{0,...,7r}} of (M, ||5) such that,
forall j€{0,...,7}, w1, 1s supported by the element I of P,

and a constant L, ., depending only on r,cmin exists, satisfying for all I € P,

1

max il S Ly —F/———es - 6.1
j€{0,...,r} lors HOO - Leb (I) (6.1)
As a consequence, if it holds
Pli > .
| |11161£ Leb (I) > e Leb (6.2)

a constant Ly e, corpen depending only on 7, cumin and cyLeb erists, such that
for all 8= (B1,)1ep jeto....ry € RP,

Zﬁij(pLj < Lr7cmin7CZ\/I,ch\/5|ﬁ|oo (63)
Ij

oo

where D = (r 4+ 1) |P| is the dimension of M.

Lemma 7 states that if X =[0,1] is the unit interval and if PX has a density
with respect to the Lebesgue measure Leb on X', which is uniformly bounded
away form zero, then there exists an orthonormal basis in (M, ||-||,) satisfying
good enough properties in terms of the sup-norm of its elements. Moreover,
if we assume the lower regularity of the partition with respect to Leb, then
the orthonormal basis is localized and the constant of localization given in (6.3)
depend on the maximal degree r. We notice that in the case of piecewise constant
functions we do not need to assume the existence of a density for PX or to
restrict ourselves to the unit interval. The proof of Lemma 7 can be found in
Section 7.2.
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6.2. Rates of convergence in sup-norm

The following lemma allows to derive property (H5) for piecewise polynomials.

Lemma 8. Assume that Inequality (4.1) holds, that is a positive constant A
exists such that |Y| < A a.s. Denote by Leb the Lebesque measure on [0,1]. As-
sume that X =1[0,1] and that PX has a density f with respect to Leb, satisfying
for positive constants cpin and cpax,

0 < cmin < f (:E) < Chmax < +00, T € [O, 1] . (64)

Consider a linear model M of piecewise polynomials on [0,1] with degree less
than r, defined on a finite partition P made of intervals, that satisfies for some
finite positive constants cps 1.eb

|’P| 1127f) Leb (I) > CM,Leb > 0. (65)

Assume moreover that D < Ayn (In n)_2 for a positive finite constant Ay. Then,
for any o > 0, there exists an event of probability at least 1 —n~% such that s,
exists, is unique on this event and it holds, for all n > ngo (7, A4, Cmin, CM Leb, @),

Dlnn

HSH - SM”oo < LA1T7A+1Cminycn1aX1CIW,Leb7a n . (66)

In Lemma 5, we thus obtain the convergence in sup-norm of the M-estimator
sn, toward the linear projection sy; at the rate v/D1In (n) /n. It is worth noting
that, for a model of piecewise polynomials satisfying the assumptions of Lemma
5, if we set

Acons - LA,T,A+,cm;n,cmax,cMYLeb,a A+ , M1 = No (Ta AJra Cmin, CM,Leb, a) )

Dlnn
Rn,D,a = LA1T7A+1Cminycmaxvchl,Leb7a T ’

then Assumption (HS5) is satisfied. The proof of Lemma 8 can be found in
Section 7.2.

6.3. Bounds for the excess risks

The forthcoming result is a straightforward application of Lemmas 7, 8 and
Theorems 2, 3.

Corollary 9. Denote by Leb the Lebesgue measure on [0, 1] and fix some positive
finite constant o. Assume that X =1[0,1] and that PX has a density f with
respect to Leb satisfying, for some positive finite constants cmin and cmax,

0 < cmin < f(2) < emax < +00, 2 €[0,1] . (6.7)
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Consider a linear model M of piecewise polynomials on [0,1] with degree less
than r, defined on a finite partition P made of intervals, that satisfy for a finite
constant cps Leb,

i > . .
|P] 1127f)Leb (I) > epren >0 (6.8)
Assume that (H1) and (H2) hold. Then, if there exist some positive finite con-
stants A_ and Ay such that

n

(Inn)?

A_ (lnn)2 <D<A,

3

then there exists a positive finite constant Ag, depending on o, A, Omin, A_,
Ay, 7, CM Lebs Cmin 0Nd Cmax Such that, by setting

Inn 1/4 Dlnn 1/4
en = Ag max <—> , ( )
D n

we have, for all n > ng (A_, Ay, A, 7, Omin, CM,Leb, Cmin, Cmaxs @),

1D 1D
P {(1 +én) ZE/CiM > P (Ksp— Ksy) > (1—¢p) ZE/C;”M} >1-10n""

and
1D 1D
P {(1 +e2) ZE’C?’M > P, (Ksy — Ksp) > (1—¢2) ZE’C%M] >1—5n"%.

Moreover, if (6.7) and (6.8) hold together with (H1) and if we assume that
"
(Inn)*’

then a positive constant A,, exists, only depending on Ay, A, 7, ¢y Lebs Cmin and
a, such that for all n > ng (A4, A, 7, Cmins Cmaxs CM,Lebs @),

1<D<A,

DVI
P [P (Ksp — Ksap) > Ayt 20 n”] <3n°
n

and
DVinn

n

P[Pn(KsM—Ksn)ZAu ] <3n"*.

We derive in Corollary 9 optimal upper and lower bounds for the excess risk
and its empirical counterpart in the case of models of piecewise polynomials uni-
formly bounded in their degree, with reasonable dimension. We give also upper
bounds for models of possibly small dimension, without assumption (H2). No-
tice that we need stronger assumptions than in the case of histograms. Namely,
we require the existence of a density uniformly bounded from above and from
below for the unknown law PX, with respect to the Lebesgue measure on the
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unit interval. However, we recover essentially the bounds of Corollary 6, since

by Lemma 8, we still have R, p.o x /DIn(n) /n.

Moreover, as in the case of histograms, assumption (4.2) which is part of
(H1), is a straightforward consequence of (4.1). Indeed, we easily see that the
projection sps of the regression function s, onto the model of piecewise polyno-
mials with respect to P can be written

SM = Z P(Yeor;)er;
(1.7)EPX{0,...,r}

where ¢ ; is the orthonormal basis given in Lemma 7. It is then easy to show,
using (6.1) and (4.1), that |[sar]lo < LArcomincmas-

Again, we can consider vanishing noise at the prize to ask that the partition
is upper regular with respect to Leb. By (H2bis) of Section 4.3, if we show that

ICLM Z Amin >0

for a positive constant A, instead of (H2), then the conclusions of Corollary
9 still hold. Now, from identity (4.20) we have

’C%,M > 4K [‘72 (X)\IJ?\/I (X)] .

Moreover, from identity (4.19), it holds in the case of piecewise polynomials, for
all z € X,

1 1 1oer
V(@)= ——= D>, P> STl (6.9)
(T+1> |P| (1,7)ePx{0,...,m} (T+1) |P| IGPP (I)

Furthermore, if we ask that

|P] ?1617[; Leb (I) < 3y p < +00 (6.10)

for some positive constant CL,P’ then by using (6.7), (6.9) and (6.10), we obtain
for all x € X,

-1
U2, (x) > (cmax X CMP x (r+ 1)) >0,

and $0 Amin = 2(Cmax X iy p X (1 + 1))"1/2\/E[s2 (X)] > 0 is convenient in
(H2bis).

7. Proofs

We begin with the simpler proofs of Sections 5 and 6, in Sections 7.1 and 7.2
respectively. The proofs of Theorems 2 and 3 of Section 4.2 can be found in
Section 7.3.
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7.1. Proofs of Section 5

Proof of Lemma 4. It suffices to observe that

Z Brer

IeP

< Iﬂlwiggl\wl\w

oo

= su X

<c¢ypVDIBly

—1/2

We now intend to prove (5.4) under the assumptions of Lemma 5.

Proof of Lemma 5. Along the proof, we denote by abusing the notation, for any
I eP,

P(I):=P(I xR)=PX(I) and P, (I):= P, (I xR) .

Let o > 0 be fixed and let 8 > 0 to be chosen later. We first show that, since we
have D < A;n (In n)_2, it holds with large probability and for all n sufficiently
large,

inf P, (I)>0.

IEP

Since
1] <1 and E[17] =P(),

we get by Bernstein’s inequality (7.159), for any z > 0 and I € P,

2P (I
2Pz =

P\I(Pu = P) (D] 2| =25+

<2exp(—2x) . (7.1)

Further note that by (5.3), D > C?WVPP(I)f1 > 0 for any I € P, and thus by

taking @ = Slnn, we easily deduce from inequality (7.1) that there exists a
1)

ﬁyCM,P,,c‘;Jr

(Pn—P)(D] _ ) Dlnn _
T]) 2 Lﬁycl\/f,P,A+ T S 2n B . (72)

Now, as D < Ayn(ln n)_2 for some positive constant A, a positive integer
no (8, e, p, Ay) exists such that

(1) Dlnn 1
LB,CM,p,A+” - < 3 for all n > ng (8, cm,p, At) - (7.3)

positive constant L
IeP,

only depending on cys,p and 8 such that, for any
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Therefore we get, for all n > ng (5, carp, At),

PV € P, P, (I) > 0]
>P {w €P, # > (P, — P) (I)I]

(P = P) (D] _ ) Dlnn
>P [VI cP, T < LIB;CM,P,A+ o by (73)

>1—-2Dn""%.
Introduce the event
Q. ={vIieP, P,(I)>0}.
‘We have shown that
P[Qy]>1-2Dn"" . (7.4)

Moreover, on the event 2, the least squares estimator s,, exists, is unique and

it holds Py (ylocy)
n\Ylzer
n = —1
s Z P, (1) I
IeP
We also have

_ P(ylmel)
SM—Z P(I) 1[ .
IcpP

Hence it holds on Q,

IIsn — sarllo, = sup B (ylaer) . P (ylayer)
PSRRI T TP

P, (yl, P(yl,
= sup (ylecr) ~ Pyleer)

1P| P(D) (14 Lpp) - P()

P, - P)(yl,
< oy |_(Po = P) 1)

P,—P)(I
2 (7o G 2532)

P(ylzel) 1
+sup |[————| xsup |l — —————+~ 7.5
Trm |y mm| ()

Moreover, by Bernstein’s inequality (7.159), as
lyleerll <A and  E[(Yixer?| <A2P(1)
we get for all I € P,

2A2P (I A
(Pa = P) (aer)| 2 ¢ 222D 22

n

P <2exp(—z) .
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By putting z = Slnn in the latter inequality and using the fact that D >
c?\/[’ pP (I )_1 it follows that there exists a positive constant LS427)CZ\/I,P7 5,4, only

depending on A, cj p and  such that

(P = P) (ylaeD)| - Dlnn -
g P (I) LA e, p,B,A n <2n A (76)
Now define
|(Pn —P) (1) 1) Dlnn
Qo= ﬂ{{T<LBCMPA+ -
IeP

Pn_P ]-xe Dlnn
AL

Clearly, since D < n we have, by (7.2) and (7.6),
P QS ,] <dn= Pt (7.7)
Moreover, for all n > ng (8, ca,p, Ay), we get by (7.3) that

(P —P)(I)] 1
PO 2

on the event £ 2, and so, for all n > ng (5, camr,p, At ), Q12 C Q4. Hence, we
get that

P) (ylwef) P (ylwef) 1
su +sup |[————| xsup |l — ———=+~
er P (1 + BP0 rep| P | iep| 14 B0
(P — P) (ylaer) P (ylaer) (Pn_P)(I)‘
<2su +2sup | ————| X sup | ——————=
=Tl P rerl P(D |71kl P
@) /DInn ) Dlnn P(yluer)
< R _— .
= 2LA;CAI,P;67A+ n 2L,3 CM,PA, n x ?gg P(I) (7:8)
Finally we have, for any I € P,

so by (7.5), (7.8) and (7.9) we finally get, on the event Q2 and for all n >
no (ﬂch7P7A+)a

Dlnn

(2)
||Sn_sjw||oo§( LAch5A++2ALﬁCMpA+) n

Taking 8 = o + 3, we get by (7.7) for all n > 2, P[ 51"2] < n~% which im-

plies (5.4). O
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7.2. Proofs of Section 6

Under the assumptions of Lemma 7, we intend to establish (6.3).

Proof of Lemma 7. Let I be any interval of [0, 1] and w a positive measurable
function on I. Denote by Ly (I, Leb) the space of square integrable functions on
I with respect to the Lebesgue measure Leb and set

Ly(I,w)={g:1 — R; gy/we Ly(I,Leb)} .

This space is equipped with the natural inner product
W= [ 9@h@vE)d.
x€

Write ||.||; ,, its associated norm.

Now, consider an interval I of P with bounds a and b, a < b. Also denote by
fir  x € I — f(x) the restriction of the density f to the interval I. We readily
have for g, h € Lo (I, f\I) ,

Js@n@ 1@ g

xzel

= [ s-ay+an@-ay+a fie-ay+ad. (1.0
y€[0,1]

Define the function f! from [0,1] to Ry by
fl(y):f\l((b_a)y""_a)v y e [071] :

If (pr.o,pr1,---prr) is an orthonormal family of polynomials in Lo ([O, 1] ,fl)
then by setting, for all x € I, j € {0,...,7},

¢15 () = D1 <z:s) \/%(I) ;

we deduce from equality (7.10) that (1,;);_ is an orthonormal family of poly-

nomials in Ly (I, f) such that deg (¢r,;) = deg (pr.;).

Now, it is a classical fact of orthogonal polynomials theory (see for example
Theorems 1.11 and 1.12 of [9]) that there exists a unique family (¢7.0, 71,1, - q1.r)
of orthogonal polynomials on [0, 1] such that deg (g7, ;) = j and the coefficient of
the highest monomial 27 of gy ; is equal to 1. Moreover, each gy ; has j distinct
real roots belonging to ]0, 1[. Thus, we can write

J
qr,j (z) = H (33 — ozlij) , o/f)j €10,1[ and o/f)j + ozle for k #£1 . (7.11)
k=1
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Clearly, [lq7,ll ., < 1. Moreover,

a5l e = [ G010 £

[0,1]

Zcmin / (qI,j)de .

0,1]

Now we set B (a,r) = |a—r,a + 1| for a € R, so that by (7.11) we get

Vo € 0,1\ Uy B (af 1 (49) 1) lars ()] > (47) 7

611

and
, 1
Leb (10,1\ U, B (o}, (49) 1)) = 5
Therefore,
2 2
a1l 2 coin [ (a1, do
(0,1]
2 Cmin / (QI,j>2 dx
[0,1\U]_, B(ak ;,(45)7")
Cmin N —27
> 4 .
> = (4))
Finally, introduce pr; = ||q17j||[611] 1 41,5 and denote by ¢y ; its associated or-

thonormal family of La([, fi7). Then, by considering the extension o7 ; of Py ;

to [0, 1] by adding null values, it is readily checked that the family

{¢r;, I€P, j€{0,...,r}}

is an orthonormal basis of (M, ||-||,) . In addition,

lor il = 181,50
—1 —1/2
= llarjllioy. o larsll Leb (1)
< V2e, /2 (4r)" Leb (1) V2
< \/icl\_/ll,chcr;ilr{Q (4r)" (r + 1)_1/2 VD

where in the last inequality we used the fact that

|P| Iin7f)Leb (I) > cpmper and D= (r+1)|P| .
€

For all j € {0,...,7}, ¢r; is supported by the element I of P, hence we de-
duce from (7.12) that the orthonormal basis {¢;;, I € P, j€{0,...,r}} of

(M, ||-||) satisfies (6.1) with

LT;Cmin = \/5071/2 (47«)T .

min
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To conclude, observe that

T
> Brjery = max > Brjers
1] =0

o0 oo

T

< 18], max X%Hw,jlloo
J

<(r+1 »
S (r+ 1) 1Bloomax max  {llor;ll )

and thus, by plugging (7.13) into the right-hand side of the last inequality, we
finally obtain that the value

LT)Cmin7CZ\/I,ch = \/§CX41,chCI:1¥2 (4T)T (T‘ + 1)1/2

gives the desired bound (6.3). O

We now turn to the proof of (6.6) under the assumptions of Lemma 8. The proof
is based on concentration inequalities recalled in Section 7.5 and on inequality
(6.1) of Lemma 7, that allows us to control the sup-norm of elements of an
orthonormal basis for a model of piecewise polynomials.

Proof. Let a > 0 be fixed and v > 0 to be chosen later. The partition P
associated to M will be denoted by

7):{-[07'-'7‘[771—1} 9

so that |P| = m and D = (r + 1) m where D is the dimension of the model M.
By (6.1) of Lemma 7 there exists an orthonormal basis {¢y, ;;k€{0,...,m—1},
j€40,...,r}} of (M, Ly(P¥X)) such that,

@i, .; is supported by the element I}, of P, for all j € {0,...,7}

and a constant L depending only on 7, cpin and satisfying

T,Cmin

1
max il < Lrepin——=—, forallke{0,....m—1}. (7.14
B T ( b

In order to avoid cumbersome notation, we define a total ordering < on the set
T={(I,j);ke{0,....m—1}, 5€{0,...,r}} ,

as follows. Let < be a binary relation on Z x Z such that
(I, 7) < (I1,3) if (K<l or (k=1 and j<1)),

and consider the total ordering < defined to be

Uk, J) = (L,3) if ((k,J) = (L1,4) or (I, J) < (I1,4)) -
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So, from the definition of <, the vector 5 = (B]kyj)(lk per € RP has coordinate
Br,,; at position (r + 1)k + j + 1 and the matrix

DxD
A= (A(Ikyj)v(llvi))(Ik,j),(ll,i)GZXZ eRVT,

has coefficient Ay, j (1,,4) at line (r + 1)k 4 j + 1 and column (r + 1)1+ + 1.
Now, for some s =}, -7 B1,,j%1,,j € M, we have

2
Po(K(s)=Pu|lu=|{ D Brjeni()
(Ix,4)€Z
=P’ =2 > BriPu(yern.;(z) + > Bui.iBr,iPn (P1,5%1,.) -
(Ix,j)ET (I%,3),(11,4) ETXT

Hence, by taking the derivative with respect to gy, ; in the last quantity,

2
1 0
§an y— Z Br..i¢1.j (%)
T (Inj) €T
= —Pu(en; @)+ Y BriPu(en.jen.) - (7.15)
(Il,i)GI

We see that if (") = (Bg:,)j)(lk,j)el € RP is a critical point of

2
Pollv=1 D Brjen,(@ :
(Ir.j)ET
it holds
2
6 n
g Py | X Braens @ (87) =0
fid (In.d)€T

and by combining (7.15) with the fact that
P(¢n.;)° =1, for all (Iy,j) € T and P (¢1, jen,.q) =0 if (I, j) # (I,9) |
we deduce that 8(") satisfies the following random linear system,
(Ip + Ln,p) B™ = X, (7.16)

where X, ,, = (P, (ypr,.j (90)))(1,c per € RP, Ip is the identity matrix of di-
mension D and L, p = ((L”vD)(Ik,j),(Iz,i))(Ik,j),(ll,i)eIxI is a D x D matrix
satisfying

(LnﬁD)(]kﬁj)ﬁ(]hi) = (P — P) (en, 501.) -
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Now, by inequality (7.28) in Lemma 10 below, one can find a positive integer
no (7, A+, Cmin, CM,Leb,7y) such that for all n > ng, we have on an event 2, of
probability at least 1 — 3Dn~7,

1
TS (717)
where for a D x D matrix L, the operator norm ||-|| associated to the sup-norm
on vectors is I
L) = sup L2l
z#0 | |

Then we deduce from (7.17) that (Ip + L, p) is a non-singular D x D ma-
trix and, as a consequence, that the linear system (7.16) admits a unique
solution 8™ on Q,, for any n > ng (ry AL, Cmins €M Lebs Y). Moreover, since
Po(y— (1, jyez Bre.iPre.i (7)))? is a nonnegative quadratic functional with re-

spect to (ﬂ]hj)(lk jez € RP we can easily deduce that on €,,, 3™ achieves the
unique minimum of P (y — (327, ez Br.iPre.i (7)))? on RP. In other words,

Z Blk P Ikd

(Ix,j)ET

is the unique least squares estimator on M, and by (7.16) it holds,

B [ 1+ X2 (Pa=P)(prnuen) | = Pulyer (@)  forall (I, j) € T.
(Iii)ez
(7.18)
Now, as ¢y, ; and ¢y, ; have disjoint supports when k # [, it holds ¢y, ;5. =0
whenever k # [, and so equation (7.18) reduces to

g, (1 +> (P, —P) (wlk,jwk,i)> = Pu (y¢r1, (%)) , forall (Iy,j) €T .
i=0
(7.19)
Moreover, recalling that sar = 327, jyezr P (Y1, (2)) @1, » it holds

Isn = sulle = || S (B = P wors () ¢r0s

(Ir,j)ET 00

(n)
= ke {Onam—1} ; (ﬂlk 3 Plyen (x))) Plisd

o0

(n)
o0 e { (g 912 = P s 0]

X i 7.20
el (720
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where the first inequality comes from the fact that ¢y, ; and ¢y, ; have dis-
joint supports when k& # [. We next turn to the control of the right-hand
side of (7.20). Let the index (Ij,j) be fixed. By subtracting the quantity
(14> (Pn— P)(¢1,,5¢1.,:)) X P (yer,.; (x)) in each side of equation (7.19),
we get

(81 = Pwer. (@) x (1 +Y (Pa—P) (wzk,mk,n)
1=0

= (P — P) (yer1,.5 () — (Z (Pn—P) (sﬂfk,jwlk,z‘)> x P (yer, i (x)) .

1=0
(7.21)

Moreover, by Inequality (7.29) of Lemma 10, we have for all n > ng(r, A+, Cmin,
CM,Leb, 7)7

. Inn 1
Pn -P j A < Lr Cmin,C S —— < = 7.22
§|( )(Solkvjsplk; )| 7A+7 min,CM,Leb,Y nLeb (Ik) 2 ( )

on the event €2,,. We thus deduce that
| (81 = Pwer. (@) x (1 +3 (Pa=P) (wzk,mk,n) |
i=0

L,
> 5 |80 = Pyens @) (7.23)

and

‘ ( (Pn - P) ((plk;jspfk,i)> x P (ySDIk,j (l‘))‘
=0
Inn

< LT;A+;Cmin7CZ\/I,ch7'Y m X |P (W’Ik,j (l‘))l . (724)

Moreover, by (4.1), (6.4) and (7.14) we have

|P (yer,.; (@) < Allen il P k)
< Acmax |15l o Leb (Ix)
< Acmax Ly e v/ Leb (1)
S LA,r,cmin,cmax Leb (Ik> . (725)

/Inn
< LT7A+7Cminqcmaxch,Leb7’Y n

(7.26)

Putting inequality (7.25) in (7.24) we obtain

| (Z (P —P) (sﬁlk,jsﬁlk,i)> x P (yer,,; (2))

i=0
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Hence, using inequalities (7.23), (7.26) and inequality (7.30) of Lemma 10 in
equation (7.21), we obtain that

(n) Inn
‘Blk j (W’Ik,j (CL‘)) < LA;T7A+7Cmin)cmax7CZ\/I,ch7'Y n
on §2,,. Since the constant L r A, cmin,emaxicar.ren,y d0€8 10t depend on the index

(I, j) we deduce by (7.14) that

(n)
<J—€?8?“T} /Blk.] P(y@bc]( ))D X mfn‘i ”Sﬁlk gH
Inn
< LA"‘A+;Cm1nvcmax;CM,ch;’Y T X G?SaX }HSOI’C’JHOO
Inn

S LA Ay cmin,ComaxsCat, LebyY nLeb (1) (7.27)

Finally, by using (6.5) and (7.27) in (7.20), we get for all n > ng(r, A+, Cmin,
CM,Lebs7Y), on the event Q,, of probability at least 1 —3Dn ™7,

80 = sarllo

<(r+1) max
ke{0,....m—1} ]E{O ,r}

< 1nn
> LAr, A emin,CM Leb Y
n kE{O 7m 1} \/Leb Ik

B2 = P e @) ) . llonslo)

Pllnn
< LA,T7A+,CmimCM,Leb1’Y | |
n
Dlnn
< LA,T7A+,CmimCM,Leb1’Y .
n
To conclude, simply take v = 1“ 2 +a+1, so that it holds forn > 2, P[Q5] < n~°
which implies (6.6). O

It remains to prove the following lemma that has been used all along the
proof.

Lemma 10. Recall that Ln,D = ((anD)(lk,j),(IZ,i))(Ikvj)x(Ilvi)EZXZ isaDxD
matriz such that for all (k1) € {0,...,m —1}*, (j,i) € {0,...,r}*,

(L";D)(Ik)j))(jhi) = (Pn = P)(e1.5¢1.) -

Also recall that for a D x D matriz L, the operator norm ||-|| associated to the
sup-norm on the vectors is

L]y

[1L]| = sup
i;’éo |w|oo
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Then, under the assumptions of Lemma 8, a positive integer no(r, Ay, Cmin,
CM,Leb,Y) exists such that, for all n > ng (r, A4, Cmin, CM,LebsY), the following
inequalities hold on an event £, of probability at least 1 — 3Dn~7,

/[Dlnn 1
”Ln,DH < LT7A+7Cmin161W,Lebv'Y n < 5 (7'28)

and for all k € {0,...,m — 1},

e, {; |(Pn — P) (sﬁlk,jwk,i)l} < Ly Ay coiment ton iy % < % ’

(7.29)

max |(Py — P) (yr,.5 ()] < LaAL rcmincarieny nn (7.30)
je{0,...,r} ’ - 7 AL T, Cmin, CM Leb s "

Proof of Lemma 10. Let us begin with the proof of inequality (7.30). Let the
index (I, j) € Z be fixed. By using Bernstein’s inequality (7.159) and observing
that, by (4.1),

Var (yer, ; (2) < P |(yer.; ()] < Y% < 4%
and, by (4.1), (7.14) and (6.5),

IYeor,.; (Xl < Allen,; (X))
1

Leb (1)
S LAW;Cmin,CM,ch V |P|
S LAJ“;Cmin,CM,ch\/5 )

S ALTvcmin

we get

€T 4 LA,r,cmimCM,Leb \ D

(P = P) (ypn, j ()] = /242~

P
n 3n

x] <2exp(—z) .

(7.31)

By taking = vInn in inequality (7.31), we obtain that

1 L T,Cmin,C D 1
[(Pa = P) (ypr (2))] = /242y =0 4 Z2nome ”;feb*m n”] <on
n n

(7.32)
Now, as D < Ayn(Inn)"?, we deduce from (7.32) that for some well chosen
positive constant La A 7 emin,carLen,ys WE have

P

Inn

P |(Pﬂ - P) (W’Ik,j (l’))l > LA;A+;T7Cmin7CZ\/I,ch;'Y —‘| <2n77

n
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and by setting

Inn
o= {|<Pn ~ P) o1 ()] < Lt cwmernion 7}
(I,J)EL
we deduce that
P (Qgp) >1-2Dn"" . (7.33)

Hence the expected bound (7.30) holds on QS}), for all n > 1.
We turn now to the proof of inequality (7.29). Let the index (I,j) € Z be
fixed. By Cauchy-Schwarz inequality, we have

T

D Pu = P) (prjenei)l SVIFT D (P = P) (ngm.0))" - (7.34)
=0

=0

Let write

2
XIi,j = (P = P) (#r1,.¢1,.1))
1=0

and
By, = {Z Breiri s (Broi)i_g € R and Zﬁ%@z < 1} :
i=0 =0

By Cauchy-Schwarz inequality again, it holds

XI1..j = sup |[(Pn — P) (¢r,.55)| -

SGBIk

Then, Bousquet’s inequality (7.160), applied with ¢ = 1 and F =By, , implies
that

T 4 b, ix
P \x1.; — Exu.,] > \/2U%k,jﬁ +E [x1,,.4] + ng’J <exp(-z) (7.35)

where, by (7.14),

L )
2 2 TyCmin
= Vi 5) < P < e 7.36
0T, ngk ar (¢1,,,58) < llenills < Teb (I1) (7.36)
and
br,,; <2 sup o sl < 2Men.lle sup sl - (7.37)
sEBr,, s€Br,

Moreover, for s = Y7 B, i¢r,.i € Br,, we have max; |8, i| < />0_o 8] ; <
1, so by (7.14),

Lrvcnlin

sup ||$]lo < Iill o <
[Isll ;Hwk | Tob (1)

SGBIk
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and injecting the last bound in (7.37) we get

LTC i L’I"C i
Conin Cmin_ 7.38
Leb (I) ~ Leb (Ix) (7.38)

br..i < llen il

In addition, we have

ZI: Var (¢r, j¢r,.i)
E[xz, ;] <1/E [X%m} — \/ 0 - .3 Pl

Z;:O P (SD%H)

n

< H(pIkJ'

o0

r+1

= H(pIkJ'

o0

1
<

Lyc | ——5. 7.39
— »Cmin nLeb (Ik) ( )

Therefore, combining (7.36), (7.38), (7.39) and (7.35) while taking = vInn,
we get

. . 1 N Inn n Inn <
j T,Cmi o Toh (T N " .
Xtd 2 Lrcwiney \\| e (1) nLeb(I;) ~ nLeb(I})
(7.40)

Now, since by (6.5) and the fact that D < A,n (Inn)” > we have
1 9 9 n
Leb (1) < el < Carpend+ (Inn)?’

we obtain from (7.40) that a positive constant Ly, A, cpin.carpen,y €Xists, depend-
ing only on 7,7, A4, cmin and cps rep such that

[ Inn _
XIy,j = LTvAJermin-,CIW,Lebv'Y m <n 7. (7'41)
Finally, define

Inn
Q(z) = i < Lr Cmin,C Y 1 7\ .
n (Ikgez XIk;] — 7A+7 min,CM,Leb,Y TLLeb (Ik)

P

For all n > ng (r, A4+, ¢min, CM Lebs 7Y), We have

Inn
vVr+1x LT,A+,cn]in,CA1,Leb=’Y n Leb (Ik)
Dlnn
< L’I‘,A+;Cmin7CZ\/I,ch)'7 n
1 1
< LT,A+=Cmin7CM,Leb='Y < <. (7.42)
Inn ~ 2
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Moreover by (7.41) it holds
i (lem) >1- Dn™ (7.43)

and, by (7.34), the expected bound (7.29) holds on Q| for all n > ng(r, A,

Cmin; CM,Leb, 7)-
Next, notice that for a D x D matrix L = (L(Ik,j),(lz,z‘))

have the following classical formula,
Il = max > Lo -

Irg)ET
WD (1 ex

(Ie.g) (L) eTxT V¢

Applied to the matrix of interest L, p, this gives

[ Ln,pll = nax > (Po = P) (e, jen)]
RS ez

_ a a P,—P ; i . 7.44
kE{OI,I.l..,);z—l}jG?&njiT} (Iz):d'( )(SDI;C,N’IL, )| ( )
152

Thus, using formula (7.44), inequalities (7.29), (6.5) and (7.42) give that for all
n > 1 (1, Ay, Cmin, €01 Leb, 7), we have on QFF,

Dlnn
n

<.

| Ln,pll < L

N =

7, A4 ,Cmin;CM, Leb Y

Finally, by setting €, = lel) ﬂﬂg), we have P (,) > 1 —3Dn~7, and in-
equalities (7.29), (7.28) and (7.30) are satisfied on €, for all n > ng(r, A4,
Cmins CM LebsY), which completes the proof of Lemma 10. O

7.3. Proofs of Section 4
7.3.1. Notations
In order to express the quantities of interest in the proofs of Theorems 2 and 3,

we need preliminary definitions. Let o > 0 be fixed and for R, p . defined in
(H5), see Section 4.1, we set

Dl
Rn,D,a = max {Rn,D,a ; Aoo nn} (745)

n

where A, is a positive constant to be chosen later. Moreover, we set

Inn Dlnn
_— — s\ — Rupay - 7.46
. max{w/ in /Dl ,D,} (7.46)
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Thanks to the assumption of consistency in sup-norm (H5), our analysis will
be localized in the subset

Br,no) (SM,Rn,D,a) = {S € M,|ls—sml < Rn,D,a}

of M.
Let us define several slices of excess risk on the model M: for any C > 0,

Fo={s € M,P(Ks ~ Ksu) < C} () Boaw.ro) (530, oo
Foc={s€ M,P(Ks— Ksu) > C}( ) Busi) (SM,RH,D,Q)

and for any interval J C R,
Fy={s€M,P(Ks—Ksu) € J}()Baro) (SM,RH,D,Q) .

We also define, for all L > 0,
Dy = {s € M,P(Ks— Ksu) = L} (B (SM,R,L,D,Q) .

Recall that, by Lemma 1 of Section 2.2, the contrasted functions satisfy, for
every s € M and z = (z,y) € X xR,

(Ks)(2) = (Ksum) (2) = 1 (2) (s = sar) (2) + 92 ((s — sar) ()

where ¥ s (2) = =2 (y — sa () and 15 (t) = 2, for all t € R. For convenience,
we will use the following notation, for any s € M,

Yoo(s—sy):ax€X —by((s—sm)(x)) .

Note that, for all s € M,
P(1,m-8)=0 (7.47)
and by (H1) inequality (4.5) holds true, that is

1Ml < 4A . (7.48)

Also, for Ky s defined in Section 4.3, we have

D
1
Kim = D ;Var (1,0 - @r)

for any orthonormal basis (gok)szl of (M, ||-||,) . Moreover, inequality (4.21)
holds under (H1) and we have

ICLM < 20max +4A < 6A . (7.49)
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Assuming (H2), we have from (4.22)
0 < 20min < K:l,M . (750)
Finally, when (H3) holds (it is the case when (H4) holds), we have by (4.6),

sup |lsllo, < AsmVD (7.51)
seM, |lsll,<1

and so, for any orthonormal basis (‘Pk)kD:1 of (M,|-||l5), it holds for all k €
{1,...,D}, asP(cpi) =1,

Ikl < As.arVD . (7.52)

7.8.2. Proofs of the theorems

The proof of Theorem 2 relies on Lemmas 16, 17 and 18 stated in Section
7.4, and that give sharp estimates of suprema of the empirical process on the
contrasted functions over slices of interest.

Proof of Theorem 2. Let a > 0 be fixed and let ¢ = (gpk)szl be an orthonormal
basis of (M, |-||,) satisfying (H4). We divide the proof of Theorem 2 into four
parts, corresponding to the four Inequalities (4.12), (4.13), (4.14) and (4.15).
The values of Ay and A, respectively defined in (4.11) and (7.45), will then
be chosen at the end of the proof.

I. Proof of Inequality (4.12). Let r € (1,2] to be chosen later and C' > 0
such that

rC = %/ciM : (7.53)
By (H5) there exists a positive integer n; such that it holds, for all n > nq,
P(P(Ksy— Ksy) <C) <P ({P (Ksn — Ksar) < CY[) Qooya) Fnm (7.54)
and also
P ({P (Ksn — Ksar) < CY[) Qoo,a)

gP(inf P, (Ks— Ksy) < '2f Pn(Ks—KsM)>

seFc seFsc

gP(inf P, (Ks— Ksy) < inf Pn(Ks—KsM)>
seFc s€EF(c,rc)

=P| sup P, (Ksy —Ks)> sup P, (Ksy—Ks)|. (7.55)
seFc sEF(c,ro]

Now, by (7.53) and (7.50) we have

D D
— 02 <O < (14 Agwy)? 4—IC§ N
K

o min
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where Ay is defined in Lemma 16. Hence we can apply Lemma 16 with o = /3,
A = 02,./2 and A3y = ra(¢), by Remark 3. Therefore it holds, for all
n 2 no (A007 Acon57 A+7 Omin, Oé),

/CD
P | sup P, (Ksa — Ks) > (14 L Ay (0)ommA_a X Vn) \| —K1.m —C
seFc n

<m0, (7.56)

Moreover, by using (7.50) and (7.49) in (7.53) we get

min

D D
Zo2 o <rC <= (Omax + 214)2 .
n n

We then apply Lemma 18 with

a=p8, A =02, Ay = (Omax + 24)°

min>

and
Aco > 64V2Bo A (0umax + 24) o0t rar () (7.57)

so it holds for all n > ng (A_, Ay, A, Ase, Acons, B2, 701 (9) , Omax, Omins @),

]P’( sup P, (Ksy — Ks)

SE]‘—(C,Tc]
rCD
S (1 - LA—7A7Aoo70'max7O'min;7'M(§0))a X Vn) n ’CLM - TO)
<one (7.58)

Now, from (7.56) and (7.58) we can find a positive constant Ay, only depending
on A_, A, Aso, Omax, Omin, "M (¢) and «, such that for all n > ng(A_, A4, A,
Ao, Aconss B2, 701 (9)  Omax, Omin, @), there exists an event of probability at
least 1 — 4n~“ on which

sup P, (Ksy — Ks) < (1+A0Vn> \/C—DICLM -C (7.59)
n

seFco

and

~ D
sup P, (Ksy — Ks) > (1 — Aol/n) r¢ Kim —rC. (7.60)

SGF(C,TC] n

Hence, from (7.59) and (7.60) we deduce, using (7.54) and (7.55), that if we
choose 7 € (1,2] such that

(14 Ao ) \/?ICLM — 0 < (1= Aon) TC;DICLM —rC  (761)
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then, foralln > ng(A—, A+, A, A, Acons, B2, " (¢) ) Omax, Omin, 11, &) we have
P (Ks, —Ksy)>C

with probability at least 1 — 5n~%. Now, by (7.53) it holds

[rCD 1D
Kiy=2rC ===K2
n bM " 2 LMo

and as a consequence Inequality (7.61) is equivalent to

1—2A0v, ) r —2 (14 Agvn ) Vr +1>0. (7.62)
( Jr=2(1+dow)

Moreover, we have by (7.46) and (H5), for all n > ng(A4, A_, Acons, Ao, @),

. 1
Aova < 5 (7.63)

and so, for all n > ng(AL, A_, Acons, Ao, @), simple computations involving
(7.63) show that by taking

r=1+48/ Ao, (7.64)

inequality (7.62) is satisfied. Notice that, for all n > ng(Ay, A_, Acons, Ao, @)

we have 0 < 481/ Ay, < 1, so that r € (1,2). Finally, we compute C' by (7.53)
and (7.64), in such a way that for all n > ng(Ay, A_, Acons, Ao, @),

1 1D . 1D
c-r¢_ —K3 o\ = (1 — 48 Aoyn> ZEICiM >0 (7.65)

T 1448 Agr, 4

which yields the result by noticing that the dependence on omax can be released
in ng and Ag since by (H1) we have opax < A.

IL. Proof of Inequality (4.13). Let C'>0and d € (0, 3) to be chosen later
in such a way that

D
(1-0)C = R/ciM (7.66)

and

1 D
C> 0+ Asv,)? =K%, , (7.67)
L
where As is defined in Lemma 17. We have by (H5), for all n > ny,

P(P(Ksy— Ksy)>C) <P ({P (K — Ksy) > C) ﬂszooya) Fn (7.68)
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and also
i ({P (K's — Ksar) > C}[) Qoo,a)

§]P’<inf P, (Ks— Kspy) > '§1__f Pn(Ks—KsM)>

seFc seFsc

=P <sup P, (Ksy — Ks) < sup P, (KSM—KS)>

seFc seFsc

<P sup P, (Ksy—Ks) < sup P, (Ksy—Ks)| . (7.69)

> 56.7:(%‘(175)0] seFsc

Now by (7.67) we can apply Lemma 17 with « = 8 and we obtain, for all
n Z no (A007Acon57A+7 O[),

<o~  (7.70)

seFsc

D
P l sup P, (Ksy — Ks) > (14 Asvy) \/OT/CLM -C

where A5 only depends on A, A3 rr, Aoo, Omin, A— and a. Moreover, we can take
As v = ra (@) by Remark 3. Also, by (7.66), (7.50) and (7.49) we can apply
Lemma 18 with the quantity C' in Lemma 18 replaced by C/2, a = 3, r =
2(1=9), Ay = (Omax + 2A)2, A; =02, and the constant A, satisfying

Ave > 64V2Bo A (0pmax + 2A) ok rar () (7.71)

and so it hOldS7 for all n Z no (A,, A+, A, Aoo, Acons; B27 M (90) y Omax; Omin, OZ),

. supse}-(%’(lié)c] P, (Ksy — Ks) g
< (1_LA,,A,AOO,UHMX,UH,;H,TM(Lp),a X Vn) \/ W’CI,M_(l_é)C -
(7.72)

Hence from (7.70) and (7.72), we deduce that a positive constant Aq exists,
only depending on A_, A, Ao, Omax, Omin, " () and «a, such that for all n >
no (A_, A4, A, Ao, Aconss B2, 701 (©)  Omax, Omin, @) it holds on an event of prob-
ability at least 1 —4n~¢,

. 1-— D
sup P, (Ksy — Ks) > (l—Aoyn) %KLM—(I—(S)C
Sef(%,(l—&)c]
(7.73)
and
o /CD
sup P, (Ksy — Ks) < (1 + Aol/n) —Kim—C. (7.74)
seF>c n
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Now, from (7.73) and (7.74) we deduce, using (7.68) and (7.69), that if we choose
§ € (0,1) such that (7.67) and

- CD < 1-6)CD
(14 Aovn) 4/ TICI,]W —C < (1= Aowy) QICl,M -(1-6)C

n
(7.75)
are satisfied then, for all n > ng(A_, Ay, A, Aoo, Acons, B2, T (¥) ; Omaxs Omin,
ny, ),
P(Ks,—Ksy)<C,

with probability at least 1 — 5n~. By (7.66) it holds

1-6)CD 1D
i/CLM =2(1-6)C = gg’Cva

and by consequence, inequality (7.75) is equivalent to
(1—24pv,) (1—0)—2(1+ Aovy) VI—0+1>0. (7.76)

Moreover, we have by (7.46) and (H5), for all n > ng (A+, A_ Avons, Ao, As, a),

(AO \/A5) Vn < i

= (7.77)

and so, for all n > ng (A+,A_,Acons,/10,a), simple computations involving
(7.77) show that by taking

5:6(@v@)@, (7.78)

inequalities (7.76) and (7.67) are satisfied and 6 € (0, 1). Finally, we can compute
C by (7.66) and (7.78), in such a way that for all n > ng(Ay, A_, Acons, Ao, @)

0=~ gt < (1412 (VA VAR Vi) 1K
(7.79)

which yields the result by noticing that the dependence on omax can be released
from ng and Ap since by (H1) we have opax < A.

III. Proof of Inequality (4.14). Let C = £K3,, > 0 and let r = 2. By
(7.49) and (7.50) we have

D,

D D
—o2., <rC = R/ciM < — (Tmax + 24)°

so we can apply Lemma 18 with a = 3, A; = 2. and A, = (omax + 24)2. So

min
if

Ao > 64V2Bo A (0mmax + 24) o0 701 () (7.80)



Optimal bounds in LSE 627

it holds, for all n > ng (A_, Ay, A, Asc, Acons, B2, 721 (9) , Omax, Omin, ),

]P’( sup P, (Ksy — Ks)

SGJ:(C,TC]
rCD
S (1 - LA,,A,Am,crmax,crm;n.,rM(ap),a X Vn) n ICI,]W - TC)
<on—°, (7.81)
Since rC = ﬁICiM, if we set Ag = 2L A A Ao o sominrar (9),0 With
LA A A omu,omm,ra (), the constant in (7.81), we get
1 D 2 e
P sup P, (Ksy—Ks)< (1 - Aoyn) KLy | <t (782)
Sef(c’rc] n

Notice that

P, (Ksy — Ksyp) =sup P, (Ksy — Ks) > sup P, (Ksy — Ks)
seEM sEF(c,ro]

so from (7.82) we deduce that
A D
i (Pn (Ksn — Ksp) > (1 - Aoun) EK§7M> >1-92n° . (7.83)
Remark 4. Notice that in the proof of inequality (4.14), we do not need to

assume the consistency of the least squares estimator s, towards the projection
syr- Straightforward adaptations of Lemma 18 allow to take

5~ ma /1n_n /Dlnn
" * D’ n

instead of the quantity v, defined in (7.46). This readily gives the expected
bound (4.16) of Theorem 2.

VI. Proof of Inequality (4.15). Let

1 D
C=70+ Asvy)? E/ciM >0 (7.84)

where Ay is defined in Lemma 17 applied with 8 = «. By (H5) we have

P (P (Ksy = Ksn) > C) < P ({Py (Ksu — Ksy) > C}H[)Qaca) 407

(7.85)
Moreover, on 2+ o, we have
P, (Ksy — Ksy,) = sup P, (Ksy — Ks)
SEB(MYLOO)(S]\J,R",D,Q)
= sup P, (Ksy — Ks) (7.86)

se€Fso
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and by (7.144) of Lemma 17 applied with o = § it holds, for all n > ng(Aw,
Aconsu A+7 Oé),

P < sup P, (Ksy — Ks) > C’) <2n"“. (7.87)

seF>o

Finally, using (7.86) and (7.87) in (7.85) we get, for all n > ng(Aoo, Acons, 71,
A+7 Oé),
P(P, (Ksy — Ksy) >C) <3n™“.

Conclusion. To complete the proof of Theorem 2, just notice that by (7.57),
(7.71) and (7.80) we can take

Ao = 64V2By A (0mmax + 24) o0t 701 ()
and by (7.65), (7.79), (7.83) and (7.84),

Ao_max{48 Ay, 12 <\/ATJV \/A_5>, \/AT), \/A_g,}

is convenient. O
Proof of Theorem 3. We localize our analysis in the subset
B(M,Loo) (M, Rup.a) = {s € M,|ls - SMHOO < Rnypa}t CM.

Unlike in the proof of Theorem 2, see (7.45), we need not to consider the quantity
Rn,D,a, a radius possibly larger than R, p . Indeed, the use of RmD’a rather
than R, p, in the proof of Theorem 2 is only needed in Lemma 12, where we
derive a sharp lower bound for the mean of the supremum of the empirical pro-
cess indexed by the contrasted functions centered by the contrasted projection
over a slice of interest. To prove Theorem 3, we just need upper bounds, and
Lemma 12 is avoided as well as the use of Rn D,a-
Let us define several slices of excess risk on the model M: for any C' > 0,

Go={s€ M,P(Ks—Ksyn) < C}( B, (530, Bnpa)
Goc ={s € M,P(Ks—Ksy) > C}( | Ba,ro) (5m, Rua) -
We also define, for all U > 0,
Dy ={se M,P(Ks—Ksy)=U} ﬂB(M_,LOO) (sar, Rupa) -
I. Proof of Inequality (4.17). Let C; > 0 to be fixed later, satisfying
Cy > % = C_>0. (7.88)
We have by (H5), for all n > nq,

P (P (Ksn— Ksy) > C1) <P ({P (Ksp — Ksar) > Cl}ﬂQooya) fne
(7.89)
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and also

i ({P (Ksu — Ksar) > C1} () Qoo,a)

S]P’< inf P, (Ks— Ksy)> inf P,(Ks— Ksy)

s€Gc, s€G>cy

s€Goy s€G>

=]P’<sup P, (Ksy — Ks) < sup Pn(KsM—Ks)>

<P (O < sup P, (Ksy — Ks)) . (7.90)

SE€EG>cy
Moreover, it holds

sup P, (Ksy — Ks)

S€g>C1

= sup {P, (Y1,m - (sm—5) —20(s—sn))}

s€g>01

= sup {(Pu=P) (1, - (sm=5))=(Po=P) (Y20 (s—sum)) =P (Ks—Ksnm)}

s€g>01

= sup {(Pa=P) (11 - (s21—5) =P (Ks—Ksa)— (Pa—P) (2 © (s—5a1))}

S€g>cl

= sup sup {(P, = P)(@1a - (sm =) = U = (P = P) (th20 (s = snm))}
U>Cy s€Dy

D
< s VO 37 (Pa=P) (Va0 1) = U+ sup [(Pa=P) (2.0 (5=5a1))|
k=1 seYu

(7.91)
Now, from inequality (7.110) of Lemma 11 applied with § = «a, we get

D
DVvinn a
P> (Pa =P’ (Y10 0k) 2 Lady apa\| = | <n™* . (7.92)

k=1

In addition, we handle the empirical process indexed by the second order terms
by straightforward modifications of Lemmas 14 and 15 as well as their proofs.
It thus holds, by the same type of arguments as those given in Lemma 14,

E l sup |(Pn — P) (¢35 - (s — sM))\] < 8\/C—DRn,D,a . (7.93)
s€Goy n

Moreover, using (7.93), the same type of arguments as those leading to inequality
(7.137) of Lemma 15, allow to show that for any ¢ > 1 and j € N*, for all 2 > 0,

]P’[ sup  |[(P, — P) (Y20 (s —5nm))

s€G o

> 16

¢C.D, 2R? |, /O N §R§7anx1

<exp(—z) . (7.94)
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Hence, taking = vInn in (7.94) and using the fact that C_ = Dn=! > n=1,
we get

JC_(DVinn _
P| s (BP0 (s=sm)|2 Lo | Lo <
$€Y5c_

(7.95)

Now, by straightforward modifications of the proof of Lemma 15, we get that
for all n > ng (Acons),

P

seGu n

>1-n"". (7.96)

DVv1
W > C, sup |(Py— P) (920 (5 — 1) < L. aRupa M]

Combining (7.91), (7.92) and (7.96), we have on an event of probability at least
1—2n"% for all n > ng (Acons),

sup P, (Ksy — Ks)

SE€EG>cy
U(DVI] U(DVI
S Sup {LA7A3,A1704 w - U + LAcon.S7aRn;D;a w}
U>C n n
U(DVI
S Sup {LA7ACO7LS)A3,M7Q (1 + R’ﬂ,D,O[) (71/111) - U} . (7'97)
U>C, n

Now, as Ry p.a < Acons (In n)_l/Q, we deduce from (7.97) that for

D Vin(n)

n

Cl = LA;Acons;AS,M7a > C_ (7'98)

—

with LA A.yn., A5 0,0 large enough, it holds with probability at least 1 — 2n
and for all n > ng (Acons),

sup P, (Ksy —Ks) <0,

SE€EG>cy

and so by using (7.89) and (7.90), this yields inequality (4.17).

I1. Proof of Inequality (4.18). Let Cs > 0 to be fixed later, satisfying
022%:(7_>0. (7.99)

We have by (H5), for all n > nq,

P (P, (Ksy — Ksn) > Ca) <P ({Pn (Ksar — Ksp) > Cy} ﬂQm,a) e
(7.100)
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Moreover, we have on Q. q,
P, (Ksy — Ksy) = sup P, (Ksy — Ks)
SEB(M,Loo)(8MRn,D,a)

)

=max{ sup P, (Ksy —Ks) ; sup P, (Ksy — Ks)
segcl S€g>cl

(7.101)

where C is defined in the first part of the proof dedicated to the establishment
of inequality (4.17). Moreover, let us recall that in the first part of the proof,
we have proved that an event of probability at least 1 — 2n™% exists, that we
call 1, such that it holds on this event, for all n > ng (Acons),

D
DVinn
\l (P — P)? (Y101 - 1) < La,ag o — (7.102)
k

=1

U(DvV1
VU > C—7 Sup |(Pn - P) (2/12 o (S - SM))| S LAcons;aRn7D7a w )
seGu n
(7.103)
and
sup P, (Ksy —Ks) <0. (7.104)
SE€EG>cy
By (7.101) and (7.104), we thus have on Qo o ()1, for all n > ng (Acons)s
0< P, (Ksy — Ksp)= sup P, (Ksy — Ks) . (7.105)
segcl
In addition, it holds
sup P, (Ksy — Ks)
sEgcl
= sup {P, (Y1,m - (smr—5) —20(s—sm))}
s€Gcy
= suw {(Po—=P) (1,0 - (smr—38)) = (P —P) (b2 0 (s—sm)) — P (Ks—Ksu)}
s€eYc,y
< sup {(Pn — P) (Y1~ (s — )} + sup [(Pn — P) (Y20 (s —sm))l -
s€Gcy s€Gcy
(7.106)

Now, we have on Qy, for all n > ng (Acons),

D
sup {(Pn = P) (1,01 - (sar = )} < VC1y [ D (Po = P)* (1,0 - 9)

s€Goy 1

Cy (D Vinn)

S LA,A:;,M,OL by (7102)

DvIn(m) 1 7 9s),

(7.107)

=LA Acons, As 10
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and also, by (7.103) and (7.98),

Ci(DVinn
sup |(Pn - P) (w2 © (S - SM))| S LAcons;aRn7D7a ¥

s€Gc, n

Dvln(m) (7.108)

S LA,AconS,Ag,M,aRn,D,a
Finally, as Ry p.a < Acons (Inn) "%, we deduce from (7.105), (7.106), (7.107)
and (7.108), that it holds on Qe o (21, for all n > ng (Acons),
DVin(n
Pn (KSM - KS") S LA7ACO7LS7A3,1V()af() )
and so, this yields to inequality (4.18) by using (7.100) and this concludes the
proof of Theorem 3. O

7.4. Technical Lemmas

We state here some lemmas needed in the proofs of Section 7.3. First, in Lemmas
11, 12 and 13, we derive some controls, from above and from below, of the
empirical process indexed by the “linear parts” of the contrasted functions over
slices of interest. Secondly, we give upper bounds in Lemmas 14 and 15 for the
empirical process indexed by the “quadratic parts” of the contrasted functions
over slices of interest. And finally, we use all these results in Lemmas 16, 17 and
18 to derive upper and lower bounds for the empirical process indexed by the
contrasted functions over slices of interest.

Lemma 11. Assume that (H1), (H2) and (H3) hold. Then for any 5 > 0, by

setting
1 V1
o =Lad o an,,vaun
A3, M O min, B D nl/d )

It holds, for any orthonormal basis (gok)kD:l of (M, ||-|l5),

D
P[>0 =P (1 ok) = (14 7) \/glcl,M <nf . (7.109)

k=1

If (H1) and (H3) hold, then for any B > 0, it holds

D 5 DVinn _8
P[> (Po = P)* (Y100 0k) = Laag s ——| <77 (1110)

k=1

Proof. By Cauchy-Schwarz inequality we have

D
Xar = 4| D (Pa =P (s o) = sup  {|(Pu—P) (1 9)]}
k=1 seM, ||s|l,<1
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Hence, we get by Bousquet’s inequality (7.161) applied with F ={¢1 s - s;
seM, |s|, <1}, forallz >0,6 >0,

P {XM > \/E+ (1+6)E [xar] + (% + %) %“’] <exp(—z)  (7.111)

where

< s PlWis?| < liul’ <1647 by (7.49)
seM, |Isll,<1

and, by (7.47), (7.48) and (7.51),

bg sup H’Q/JLM'S—P(’Q/JLM'S)HOO §4A\/5A37M .
sEM, ||s||,<1

E[xm] < \/E[X%\/[] = \/gICl,M .

So, from (7.111) it follows that, for all z > 0, § > 0,

i lXM >\ [32422 (1 49) ,/%/CLMJF (% n %) M] < exp (=) .

(7.112)
Hence, taking z = Slnn, § = anf}f in (7.112), we derive by (7.50) that a positive
constant LA, A, y;,omm,s €Xists such that

Inn  vInn D
P lXM > <1 + LA Ag s omin,B <\/;V W)) \/;Kl’M

which yields inequality (7.109). By (7.49) we have Ky ) < 64, and by taking
Vinn

ni/%

Moreover,

<n 7,

again x = flnn and 6 =

in (7.112), simple computations give

< /D [n  [Dlun
2 D mnn LDinn -8
P ];_1 (Pn_P) (d)l,M ’ <Pk)ZLA,A3,M75 ( n v n v n3/2 ) <n ",
and by consequence, (7.110) follows. O

In the next lemma, we state sharp lower bounds for the mean of the supremum of
the empirical process on the linear parts of contrasted functions of M belonging
to a slice of excess risk. This is done for a model of reasonable dimension.

Lemma 12. Letr > 1 and C > 0. Assume that (H1), (H2), (H4) and (4.7)
hold and let p = (gak)szl be an orthonormal basis of (M, ||-||,) satisfying (H4).
If positive constants A_, Ay, Ay, A, exist such that

Ay

s>D>A_ (lnn)2 and Alg §TC'§AUB ,
(Inn) n n
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and if the constant Ao defined in (7.45) satisfies
Ao > 64B2AN/2A,0 L (@) (7.113)

then a positive constant La a, A, omnm €Xists such that, for all n > ng(A_, A4,
Au7 Al7 Aa B27 M (‘P) 3 Umin):

LAA A, O rCD
E| sup (P—P) (W1 (sr —9))| > <1 _ Laaa,, > Kia
sEF(c,ro] v D n

(7.114)

Our argument leading to Lemma 12 shows that we have to assume that the
constant A introduced in (7.45) is large enough. In order to prove Lemma 12
the following result is needed.

Lemma 13. Letr > 1, 8> 0 and C > 0. Assume that (H1), (H2), (H4) and

(4.7) hold and let p = (gak)szl be an orthonormal basis of (M, ||-||5) satisfying
(H4). If positive constants A, A_ and A, exist such that

D
Al >D2A_(lnn)27 rC < A,—
n

(Inn)® ~
and if

Ao > 32B2A\/2A,Ba L rar ()
then for allm > ng (A—, Ay, A, Ba, a1 (¢)  Omin, ), it holds

VrC (P, — P) (Y10 - k) RuD.a 2D +1
max > 5 > \/5 < nB
ke{l,...,D} \/ijl (P, — P)? (101 - ) rar ()

P

Proof of Lemma 13. By Cauchy-Schwarz inequality, we get

D
XM = Z (Pn— P)* (Y101 - 1) = P |(Pn = P) (Y1,m - 8)|
] SESM

where Sy is the unit sphere of M, that is

D
Suy=<s€eM, SZZﬁkcpk and

k=1

D
> =1
k=1

Thus we can apply Klein-Rio’s inequality (7.163) to xas by taking F =Sy, and
use the fact that

sup |[|[Y1ar -5 — P (1m0 8)|l < 4AVDry (p) by (7.47), (7.48) and (H4)

SESM
(7.115)

sup Var (Y1 a7 - 8) = sup P (¢1ar-5)° < 1642
SESM seSm
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and also, by using (7.115) in Inequality (7.158) applied to x s, we get that

_ 4ANDr
Elxu] > B JEDG,] - 22 (@)
1 /D 4AVDr

We thus obtain by (7.163), for all £, 2 > 0,

]P(XM < (1 —5)351\/ %Kl,]\l — “32142%

- (1 —e+ <1 + é) :1:> 44V D () (9")>

n

<exp(—z) . (7.116)

So, by taking ¢ = % and 2 = fBlnn in (7.116), and by observing that D >
A_ (lnn)2 and K1 p > 20min, we conclude that, for all n > ng(A_, A, B,

M (‘P) aaminvﬁ)v
B;' D
P [XM < % —Ki,m
n

Furthermore, combining Bernstein’s inequality (7.159), with the observation
that we have, for every k € {1,..., D},

<n7F. (7.117)

101 - @kl <4AVDra (p) by (7.48) and (H4)
P on)” < il <1647 by (7.48)

we get that, for every > 0 and every k € {1,..., D},

2|1y = P) (s 0)| = 32425 + Wﬂ <201 (-)
and so
z  4AVDry () x
- : > [3242= 4 2V MAP 2 < —2).
Plkegﬁ%m'(ﬂl P10 - )| 24 /324 o 3 - < 2Dexp(—x)

(7.118)

Hence, taking = Slnn in (7.118), it comes

3242B8Inn  4A\Dr Inn 2D
P| max_[(PamP)(tiar - gu)|z () 200 ulg)flan | 2D
ke{1,...,D} n 3n np

(7.119)
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then, by using (7.117) and (7.119), we get for all n > no(A_, A, B, (¢),
Uminuﬁ)u

VrC (P, — P) (Y101 - ¢1)

XM

< 8BavrC ( [32A261Inn n 4AVDryy () ﬂlnn) ]
- /P n 3n
LM

Pl max
ke{1,...,D}

Finally, as A+(ln—’;g > D we have, for all n > ng (4, A, ra (), 8),

)
4ANDry (9) Blnn - [32A2681Inn
3n - n

and we can check that, since rC < Au% and Ky v > 20min, if

Ase > 32B2\/2A, 42607, s ()
then, for all n Z 1o (A,, A+, A, BQ, M (‘P) s Omin, ﬁ)a

Pl m VrC (P, — P) (Y101 - ¢k) < Ass [Inn - 2D +1
ke{l,....D} XM “ru(@)Von | T nf
which readily gives the result. O

We are now ready to prove the lower bound (7.114) for the expected value of
the largest increment of the empirical process over F(c ,cy-

Proof of Lemma 12. Let us begin with the lower bound of

Nl=

E < sup (Pn—P)(wl,M'(SM—S))> ;

SE]‘—(C,Tc]
a result that will be need further in the proof. Introduce for all k € {1,..., D},

VrC (P, — P) (Y101 - k)

ﬂk,n - ) 3 5
VI (B = PP (1 95)

and observe that the excess risk on M of (Zszl Brenpr + SM) € M is equal to
rC'. We also set



Optimal bounds in LSE 637

By Lemma 13 we have that for all 5 > 0, if A > 32B2\/2AHA2ﬂO'r;i1n’l”M (p)
then, for all n > ng (A_, Ay, A, Ba, a1 (¢) 5 Omin, 5),

2D +1

P(Q)>1- 7.120
( ) - nf ( )
Moreover, by (H4), we get on the event €2,
D ~
Zﬂk,n@k S Rn,D,a 5
k=1 00
and so, on Q,
D
<5M + Z ﬁk,n‘%’k) € Feroy - (7.121)
k=1
As a consequence, by (7.121) it holds
2
E= < sup (P — P) (Y11 - (sm — S)))
SE]‘—(C,Tc]
2
> K2 <(Pn - P) (1/)1 M- <Z Bk n¢k>>> 1g
D
—ViC,|E (Z (P = P (W01 m) 1] . (7.122)
k=1

Furthermore, since by (7.47) P (11,0 - ¢1) = 0 and by (H4) ||kl < VDras ()
for all k € {1,...,D}, we have

D
Z ¢1 M $k)

k=1

<D L max ‘(Pn — P (Y1,m - Sﬁk)}

=1,...,

=D, max | P2 (1,0 - )|

<D - opll?
< k:Hll,E.l.).i,Dle’M okl

< 16A%2D%*r3, ()

)

—16A2D%2, (o) P KQ) } . (7.123)

and it ensures

#| (oo ] 22

Comparing inequality (7.123) with (7.122) and using (7.120), we obtain the
following lower bound for all n > ng (A—, A4, A, Ba, a1 (¢) , Omin, 5),
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E2 ( sup  (Pn — P) (Y1,m - (sm — 3)))

D
z%fJE(éjuz—P>wuiww><4mmme%f P[()
k=1
> TC;DIQ m — 4Ara (9) DVrC 2Dn;r ! (7.124)

We take § = 4, and we must have

Aoo > 64ABa\/2A,0 1 mar ()

Since D < A;n (1nn)72 and K1 pr > 20min under (H2), we get, for all n >
no (Aa A+7 M (90) ’ Umin);

12D 1 /r
4ATM D\/ TO + ICl M (7125)

and so, by combining (7.124) and (7.125), for all n > no(A_, Ay, A, Ba,mar (¢)
Omin), it holds

2
(=Pt ) 2 (12 75) P

(7.126)
Now, as D > A_ (Inn)* we have for all n > ng (A_), D~1/2 < 1/2. Moreover,
we have KC1 pr > 20min by (H2) and rC > A Dn~!, so we finally deduce from
(7.126) that, for all n > ng (A—, A1, A, Ba, A;, 70 (©) , Omin),

[SIE

E

[N

E ( sup (P, — P) (wl,M-(sM—s))> zamm\/E% (7.127)

SGf(C,TC]

We turn now to the lower bound of Elsup,cr . o, (Pn — P) (Y10 - (sm — s))]-
First observe that s € F(c ¢ implies that (25 — s) € Fc,rcp, so that

E [ sup (P, — P) (Y10 - (sm — S))]

SE]‘—(C,Tc]

=E

wpum—mwmrmrwﬂ. (7.128)

SE]‘—(C,Tc]

In the next step, we apply Corollary 25. More precisely, using notations of
Corollary 25, we set

F={v1m- (s —5); s€Fcra)
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and
Z= sup |(Pn—P)@®1,m - (snr —8))| -

SGf(C,TC]

Now, since for all n > ng (A4, A_, Aso, Acons) we have Rn,D,a < 1, we get by
(7.47) and (7.48), for all n > ng (A4, A_, Aco, Acons),

;ugl\f ~Pfllo=sup |[via - (sn = s)ll < 4ARn Do <44
€

SGf(C,TC]

we set b = 4A. Since we assume that rC < 4,2, it moreover holds by (7.48),

D
sup Var (f) < sup P (Y1,m - (sSm — s))2 < 16A4%rC < 16A4%A, =
feFr sEF(c,ro] n

and so we set 02 = 16424, 2. Now, by (7.127) we have, for all n > no(A_, A,
A, By, A, mar () 5 Omin)

VE[Z?] > amm\/Eg : (7.129)

Hence, a positive constant L4 A, A, 0mn (max(4A\/AuAf1/20;1iln;
2\/214[1/40;131]/2) holds) exists such that, by setting
_ LA)AhAu;(Tmin

Hy =
VD
we get, using (7.129), that, for all n > ng(A_, Ay, A, Au, A, B, 701 (¢) , Acons,

Urnin)u

no

2E[22] > 2

n )

$2/E[Z2] >

Furthermore, since D > A_ (1nn)2, we have for all n > no(A_, A, Ay, A,

Urnin)u

SRS

€ (0,1) .

So, using (7.128) and Corollary 25, it holds for all n > no(A_, A+, A;, Ay,
A7 BQ} M (‘P) 7Umin)7

E| sup (P,—P)Wi,m-(sm—9))

SGJ:(C,TC]

2
Laa,a a~) 1
> (1 — Z2A044,%min 3 sup P, —P)(t1,m - (s S . (7.130
( D E w (c,TC]( ) (V1,01 - (S ) ( )
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Finally, by comparing (7.126) and (7.130), we deduce that for all n > ng(A_, A4,
Al7 Au7 A7 327 M ((P) ’ Urnin)a

Lo Auoms rCD
B| s (P P) (i (oar =) 2 (1- Pt )\ [T,
SG‘F(C,TC] \/B
and so (7.114) is proved. m

Let us now turn to the control of second order terms appearing in the expansion
of the least squares contrast, see (2.6). Let us define

Qc(2)= sup {'W“S—SMW))—¢z<<t—sM)<w))|,

sEF(c,rC) |S (I) -1 ($)| '

(s,t) € Fo, s(x) # t(x)}

After straightforward computations using that 1o (t) = t? for all t € R and
assuming (H3), we get that, for all z € X,

Qc (z) =2 Sup {ls (z) — sar (2)[} (7.131)

<2( nDa/\\/—AgM). (7.132)

Lemma 14. Let C > 0. Under (H3), it holds
CD
E | sup (7, = P) (e (s — a0 <8y %2 (Rupia A VEDAL) -
seFc

Proof. We define the Rademacher process R,, on a class F of measurable func-
tions from X to R, to be

=3l (X)), feF
i=1

where ¢; are independent Rademacher random variables also independent from
the X;. By the usual symmetrization argument we have

E | sup (P = P) (0 (s~ sa0)l| 2B | sup [Ro (G20 s = sar)
seFo seFc
Taking the expectation with respect to the Rademacher variables, we get

Es[sup R (3 0 (5 — s11) @
seFc

=E; |sup |[Rn((s—s }
2 [~ (6= on)|
< (113?<an(; (Xl)) . sse%-Pc Zéz% (s—sm) (X ))H (7.133)

i=1
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where the functions ¢; : R — R are defined by
(1) = (Qc (X3) 12 for |t] < supyer {]s (Xi) — sar (X)) = 2o
& 1Qc (X3) otherwise

Then by (7.131) we deduce that ; is a contraction mapping with ¢, (0) = 0.
We thus apply Theorem 21 to get

=2E, {sup IRy (s — SM)|:| (7.134)
seFco

1
EE S 2E€ ﬁ Zai (S — SM) (Xl)

sup
seFc

sup
seFco

=3 e (s~ su) <Xz->>|

i=1

n

and so we derive successively the following upper bounds in mean,

B [ sup Ra (V20 (s = sa0)| =B [B- | sup R (00 s = san) |

seFc seFc

<E [(g%Xch (Xi)) E. Sup % ifi%‘ ((s —sm) (Xi))|H by (7.133)
< 2E [(@%Qc (Xi)> E. |:5861;£)C Ry (s — SM)|H by (7.134)

2E [( max Q¢ (Xi)> sup Ry, (s — 5M)|]

1<i<n eFo
2
< sup |R, (s — SM)|) ]
seFo

< 2\/E L@%Qg (Xl-)] \l E

We consider now an orthonormal basis of (M, ||-||,) and denote it by (gok)szl.

Whence
AT

D D 2
< |E (sup{ ZakRn (or)|; Y a2 < C})
k=1 k=1
D
- @J 2|Y (R, m))ﬂ -2
k=1

to complete the proof, it remains to observe that, by (7.132),

\/E |:121?<an20 (Xz):| S 2 (Rn,D,a AV CDA37M) .
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In the following Lemma, we provide uniform upper bounds for the supremum
of the empirical process of second order terms in the contrast expansion when
the considered slices are not too small.

Lemma 15. Let A, A_, A;,B,C_ > 0, and assume (H3) and (4.7). If C_ >
A2 and Ayn(lnn)™? > D > A_(Inn)?, then a positive constant La_ 4,
exists such that, for all n > ng (Aco, Aconss A+, A1),

P\VC > C_, sup [(P,—P)(tp20(s—sn))| < La_ a,84/ C—Rn,p,al >1-n""5.
n

seFc
Proof. First notice that, as Ayn (Inn)”> > D, we have by (4.7),

R . < max {Acons ; Aoo \Y4 AJr} '
s Vinn

By consequence, for all n > ng (Aco, Aconss A+),

Ropa<l. (7.135)

Now, since Ugsc_Fo C B(M,Lm)(SMa Rnﬁpﬁa) where

Bov,no) (SMuRn,D,a) = {8 € M,|s—sml, < Rn,D,a} ,
we have by (7.135), for all s € Uesc_Fe and for all n > ng (Aso, Acons, A+ ),

P (Ks — Ksy) = P (s = sn)?]

2
< |Is — smll5
< R? <1.

n,D,«

We thus have, for all n > ng (Aco, Acons, A+),

Jre- U #

c>C- C_Al<C<1

\1n(c,A1)\J I

and by monotonicity of the collection F¢, for some ¢ > 1 and J = L g

1, it holds

J
U Fo C U Foic_-
=0

C_AN1<C<1

Simple computations show that, since D > 1 and C_ > Al% > %, one can find
a constant L4, 4 such that

J < Ly, qInn.
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Moreover, by monotonicity of €'+ sup,ez, [(P, — P) (¥2 0 (s — sar))|, we
have uniformly in C' € (qj_lC_, qjC_} ,
sup [(P, — P) (Y20 (s —sm))[ < sup (P = P) (20 (s —sm))| -

seFc S€.7"qj+107
Hence, taking the convention sup,cq |(P, — P) (12 0 (s — sar))| = 0, we get for
all n > ng (Aco, Acons; A+ ) and any L > 0,

D -
PV >0, sup (P P) (W20 (s — s30) < Ly| 2 R

seFc

iC_D -~
g Rn,D,a .

>P|\Vje{l,....,J}, sup |[(Pn—P)(W20o(s—sm))| <L
SE]:q]‘07

Now, for any L > 0,

iC_D -~
P|Vje{l,....J}, sup |(Pn—P><w2o(s—sM>>|SL\/q(;; Rop

SE]:qjC7
J'CLZ)~
—1-P |3je{l,...,J}, sup |(Po—P)(thso(s—sn))|>Ly/ 2 Rop.o
SequC, n
J #C D -
>1-3"P| s [(Pa=P)(Wao(s—sm)) > L forp.e
j=1 SequC, n
(7.136)

Given j € {1,...,J}, Lemma 14 yields

JiC_D ~
g Rn,D,a )

E| sup [(Pn—P)(¢Y20(s—sm))l| <8

SE]:qj c_
and next, we apply Bousquet’s inequality (7.161) to handle the deviations around
the mean. We have

sup [[¢pa 0 (s —sar) — P (20 (s —sm))ll o

Se]:qj c_

<2 sup
SequC,

(s—su)’|| <22 p,

and, for all s € Fyic_,
Var (12 0 (s — spar))
<P {(s - SM)4}
< lls = sarllZ P (s = sa)?]

S R?L,D,aqjc— .
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It follows that, for e = 1 and all x > 0,

]P’[ sup [(P, — P) (20 (s —sum))|

SequC,
iC_D - 2R2 , ¢iC_x 8R2, &
2 16 ¢ Rn,D,a D, 1 + = D,
n 3 n
<exp(—z) . (7.137)

By consequence, as D > A_ (In n)2 and as Rn,D,a < 1foralln > no(Asc, Acons,
Ay), taking ¢ = ylan in (7.137) for some v > 0, easy computations show
that a positive constant L4 4, independent of j exists such that for all n >
no (A007 Acon57 A+)7

JiC_D -~ 1
P| sup |(Py—P)(W20(s—sa)l > La s\ " Rupal <—.
seEF n n

qJC_

Hence, using (7.136), we get for all n > ng (Aoo, Aconss A+ ),

/CD -~
P|VC>C_, sup [(P,—P)(¥Y20(s—sm))| <La a,~ TRn’D’a]

seFco
>1- 2L
> v
And finally, as J < L4, qInn, taking v = 8+ 1 and ¢ = 2 gives the result for
alan no (AOO7ACOnS7A+7Al)' O

Having controlled the residual empirical process driven by the remainder terms
in the expansion of the contrast, and having proved sharp bounds for the expec-
tation of the increments of the main empirical process on the slices, it remains
to combine the above lemmas in order to establish the probability estimates
controlling the empirical excess risk on the slices.

Lemma 16. Let 8, A_ A, A;,C > 0. Assume that (H1), (H2), (H3) and
(4.7) hold. A positive constant Ay exists, only depending on A, A3 rr, Omin, B,
such that, if

n

AP <co< >D>A_(Inn)’
n

(Inn)® ~

I

(1+ Ag,)° %IC%M and Ay

where v, = max{q/lnﬁn, v/ Dg’”, Rn,D,a} is defined in (7.46), then for all
n Z no (AooaAcon57A+;Al);

CD
sup P (Ksyr — K8) 2 (1+ LA, A A sr,0min A_ 418 X Vn) |\ —Kim—C
seFc

< on~P,

P
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Proof. Start with

= S P (Yaar - (sar = s) =20 (s —su))}

S (P = P) (Y101 - (501 =9)) = (Pa=P) (3 0 (s=501)) = P (K5 = Ksnr)}

< sup {(P,—P)(W1,m - (s —s)) — P (Ks— Ksp)}

seFc

+ sup |(Pr = P) (Y20 (s — sm))l- (7.138)

Next, recall that by definition,

Dy, = {S € Bu,Lo) (SM,Rn,D,a) , P(Ks—Ksy) = L} 5

so we have

sup {(Pn = P) (1,0 - (sm — 8)) = P(Ks — Ksu)}

seFc

= sup sup {(Py = P) (Y1, - (sm —s)) = L}
0<L<CseDy

D
< sup \/EJ Z (Py — P)* (101 - %) — L
0<L<C -

k=1

where the last bound follows from Cauchy-Schwarz inequality. Hence, we deduce
from Lemma 11 that

P[sup {(Pn = P) (1,0 - (7 = 8)) = P (Ks — Ksur)}

seFc
D
> sup \/Z(l—|—7'n) —Kim—L
o<L<LC n
<n P

<n?, (7.139)

Inn_ VInn

Tn = LA7A3,M7Un]in75 T v W
Inn Dlnn

< LA Ag ps,0min.8 D v n

< LA, As 01,008 X Vn - (7.140)
So, injecting (7.140) in (7.139) we have

where

<n P

P Supse]:c {(PW_P) (wl,M'(SM_S))_P(KS_KSM)}
> SUPg<r<c {\/Z (1 + LAyAg,Mygmimg X I/n) \/g’Cl,M — L}
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: 1 2Dy2
and since we assume C' < 3 (1 + LA, A3 ar,0min,8 ¥ I/n) K3\ we see that

D
sup {\/Z (14 LA, As ot 0mim8Vn) \| =K1 — L}
0<L<C n

D
=Vc (14 LA, As rt,0mim.8 X Vn) \/ g’cl,M -C

and therefore

Plsup {(Po = P) (Y100 - (s — 8)) = P (K's — Ksur)}

seFc
CD
Z(L+LAA&MJMmm%)V-;fKLM“—C
<n7 P (7.141)

Moreover, as C' > Al%, we derive from Lemma 15 that it holds, for all n >
no (A007 Acon57 A+7 Al);

[CD -
P | sup [(P, — P) (20 (s —sm))| > La_ ap TRn,D,a <n7F . (7.142)

seFc

Finally, noticing that

- D1
Rn,D,a = maX{Rn,D,oquo nn}

n

D1
< LAOO,Umin max {Rn,D,aa ’rjln} X ’CLM by (750)

<La,.

X vp X K1y,

»Omin

we deduce from (7.142) that, for all n > ng (Acc, Aconss Ay, Ar),

CD _
P [sup (P, — P)(¢20(s—5m))| > La omm,A_ A8 X Vnt/ TICLM] <n P

seFc
(7.143)
and the conclusion follows by making use of (7.141) and (7.143) in inequality
(7.138). O

The second deviation bound for the empirical excess risk we need to establish
on the upper slice is proved in a similar way.

Lemma 17. Let 8, A_,A,,C > 0. Assume that (H1), (H2), (H3) and (4.7)
hold. A positive constant As, depending on A, A3 ar, Aoy Omin, A~ and 3, exists
such that, if it holds

>D>A_(Inn)?
(lnn)2 - (lnn)

C> i (1+ Asvy)? %IC%M and Ay
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where v, = max{\/h’Tn, \/Dz‘”, Rn,D,a} is defined in (7.46), then for all

n>ng (Aoo,Acon57A+);

< om B

/CD
sup P, (Ksy — Ks) > (14 Asvy,) TICLM_C

seEFsc

P

Moreover, when we only assume C > 0, we have for all n > ng (Ao, Acons, A+),

P l sup P, (Ksy — Ks) > l(1 + Asvy)? BIC%M <2 P, (7.144)
seFsc 4 n ’
Proof. First observe that
sup P, (Kspy — Ks)
seFsc
= sup {P, (W1,m-(sm—8)—v20(s—sm))}
seFsc
= sup {(Po=P) (1,0 - (sp1=5)) = (Pa=P) (P20 (s—spm)) =P (Ks—Ksp)}
sef>c
= s {(PamP) (hrar - (s20=9)— P (K= Ksan) = (Pa=P) (2 & (s=330)}
sef>c
= sup sup {(Pn = P) (Y1m - (sar = 8)) = L = (Po = P) ($20 (s — sm))}
L>CseDyg
D
< sup S VL, | Y (Pa=P)* (Y10 - ox) — L+ sup [(Pa—P) (2 0 (s—su1))]
L>C =1 sEFL
(7.145)

where the last bound follows from Cauchy-Schwarz inequality. Now, the end of
the proof is similar to that of Lemma 16 and follows from the same kind of
computations. Indeed, from Lemma 11 we deduce that

D
D -
P kz_:l > (Yrar - on) > (1+LAAgMammBXVn)\/EIC1,M <n P
(7.146)
and, since

1D D
OZ——’CiM>O'2~ E,

— min

we apply Lemma 15 with 4; = o2, , and deduce that, for all n > ng(As

Aconsa A+),

min>

/LD
P |VL > C, sup [(Pa—P) (Y50 (s—5m))| = La omm.A_ .8 X Vn lCl M

seEFL,
<nb. (7.147)
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Now using (7.146) and (7.147) in (7.145) we obtain, for all n > ny(Ax,
AconsuA-l-)u

Pl sup P, (Ksy — Ks)

seEFsc
LD
> sup {(1 + LA, As a1, Ao 0min A= 8 X V)| ——K1m — L}
L>C n
<P (7.148)

and we set A5 = La a5, A omin, A5 Whete L ag .4
stant in (7.148). For C > 1 (1 + Asvy)? LK3 \ we get

D |CD
sup {\/E(l + A5I/n) _Kl,M — L} = (1 + A5I/n) —Kl,M - C
L>C n n

and by consequence,

A_,3 is the con-

00,0 min,

<o P,

P [ sup P, (Ksy — Ks) > (1+ Asvy,) \/C—DK:LM -C
n

seFsc

which gives the first part of the lemma. The second part comes from (7.148)
and the fact that, for any value of C' > 0,

sup {\/Z(l + Asvn) o/ Q’CLM - L} < (1+ Asvp)? QIC% M-
L>C n dn =
(]

Lemma 18. Letr > 1 and C, 8 > 0. Assume that (H1), (H2), (H4) and (4.7)

hold and let p = (cpk)szl be an orthonormal basis of (M, ||-||,) satisfying (H4).
If positive constants A_, Ay, Ay, A, exist such that

D
n’

Ay

s=>D>A_ (lnn)2 and AIB <rC<A,
(Inn) n

and if the constant Ao defined in (7.45) satisfies
Ao > 64Bo AN/ 24,00 m ()

then a positive constant Lo_ A, A, A A omin,ra(),8 €TISLS such that, for all n >
no (A,, AJrv Auv Ala A, Aom Acon57 Ba,ry (‘P) ) Umin);

]P’( sup P, (Ksy — Ks)

SE‘F(C,’V‘C]
rCD
< (1= LA Ay Aw A A ominran(p).8 X Vo) \| —— Ko = TC>
<2,

where v, = max{q/lnﬁn, 1/ Dg‘", Rnﬁpﬁa} is defined in (7.46).



Optimal bounds in LSE 649
Proof. Start with

sup P, (Ksy — Ks)
SGf(C,TC]

sup {(P,—P)(Ksy — Ks)+ P (Ksy — Ks)}
SE]‘—(C,Tc]

> s (Po—P)(rm(sm—s)) = sup (P —P)(W20(s—sum))
SES(c,ro)

SE]‘—(C,Tc]
sup P (Ks— Ksp)
SGf(C,TC]
> sup  (Pu=P) (Wi (sar =) = sup (P — P)(Y20(s—sn)) —rC
SGF(C,T‘C] s€Frc
(7.149)
and set
Sl,r,C = sup

(P — P) (Y1, - (sm — 8))
s€EF(c,rc)

M, c=E l sup (P, — P) (Y10 - (Spr — s))]
Sef(c’rc]

birc sup Y100 - (sm —8) = P (1,m - (sm = ) [l o
SGF(C,T‘C]

U%)nc = sup Var(@1,m - (sm—s)).
SGF(C,’I‘C]

By Klein-Rio’s Inequality (7.163), we get, for all §,2 > 0,

207, o 1Y b1,
P | Sine < (1-0)Mipe — || =25 ~ (1+5) —LE ) < exp () -

(7.150)
Then, notice that all conditions of Lemma 12 are satisfied, and that it gives by
(7.114), for all n > ng (A_, Ay, Ay, A1, A, Bo, 701 (¢) ) Omin)s

L o rCD
Mo > <1 B A,Ai,/% > N — Ky - (7.151)

In addition, observe that

0%, o< sup P(wiM-(sM—s)Q)glﬁA?rc by (7.48)  (7.152)
SE]‘—(C,Tc]
and

bl,r,C = sup

1,00 - (501 — 8)||o. < 4Arar (p) VrCD by (7.48) and (H4)
SE‘F(C,’V‘C]

(7.153)
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Hence, using (7.151), (7.152) and (7.153) in inequality (7. 150) we get for all
x>0 and for all n > ng (A_, Ay, Ay, A1, A, Ba, 701 (9) 5 Omin),s

2
P S1)r7c < (1 _ 6) (1 _ LA7AZ7Au)gmin> TCDK:17 32A%rCx
VD n VT

(1+ 5) 4Ary (¢ )\/@x>

n

< exp(—a) .

Now, taking z = Blnn, § = anl‘}f and using (7.50), we deduce by simple com-

putations that for all n > ng (A—, Ay, Ay, A1, A, Ba,7ar (), Omin)s

Inn  Vinn rCD
P <S1,r,c < (1 — LA A Av,omin,ra(9),8 X (\/ 523 \Y i/ )) V', Kl,M)

<nP (7.154)

lnn lnn Dlnn <
n1/4 = Yn

(7.154) gives, for all n > ng (A,,AJF,AU, AL A, BQ,TM (©) , Omin),

rCD -~
P (SM,C < (1= La A, Auominira (0),8 X Vn) ,/ K1 M) <n=# . (7.155)

Moreover, from Lemma 15 we deduce that, for all n > ng (Aso, Acons, A+, A1),

rCD ~
P [ sup |(Pn — P) (Y20 (s —sm))| = La_ a8\ —npa

and as

<n? (7.156)

seFrc

and noticing that

- D1
Rn,D,a = Inax {Rn,D,a ; Aoo nn}

n

Dlnn
n

< LAOO,Umin max {Rn,D,a 5 } X ICLM by (750)

<Ly X vy X K1y,

00;0min

we deduce from (7.156) that for all n > ng (Aso, Acons, A+, A1),

rCD
P [ sup |(Pn—P) (Y20 (s=sm))| = La_ A, Ace 0umin 8 X Vi X\ ——Kim| <

seFrc
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Finally, using (7.155) and (7.157) in (7.149) we get that, for all n > ng(A_, A4,
Auu Al7 A7 A007 Aconsu 327 M (SD) ) Umin)u

]P’( sup P, (Ksy — Ks)

SGf(C,TC]
rCD
< (1= La_ A, 40,4 A ominsrar ()8 X Vn) - Kinm — 7°C>
<2 ?
which concludes the proof. Il

7.5. Probabilistic Tools

We recall here the main probabilistic results that are instrumental in our proofs.
Let us begin with the L,-version of Hoffmann-Jgrgensen’s inequality, that
can be found for example in [15], Proposition 6.10, p.157.

Theorem 19. For any independent mean zero random variables Y;, j =1,...,n
taking values in a Banach space (B, ||.||) and satisfying E [||Y;|["] < +oc0 for some
p > 1, we have

p
n n p
EVP | Y| <B, | E|D_ Y| +EY? (ggagnlleI)
j=1 ==

j=1
where By, is a universal constant depending only on p.

We will use this theorem for p = 2 in order to control suprema of empirical
processes. In order to be more specific, let F be a class of measurable functions
from a measurable space Z to R and (Xi,...,X,) be independent variables
of common law P taking values in Z. We then denote by B = [*° (F) the
space of uniformly bounded functions on F and, for any b € B, we set ||b]| =
supsex b (f)[- Thus (B, ||.||) is a Banach space. Indeed we shall apply Theorem
19 to the independent random variables, with mean zero and taking values in
B, defined by
Vi ={f(X;)-Pf, feF}.

More precisely, we will use the following result, which is a straightforward ap-
plication of Theorem 19. Denote by

1 n
P,=— .
n n Z 6Xl
=1
the empirical measure associated to the sample (X1,...,X,,) and by
[Pn — Pl 7 = sup [(P, — P) (f)]
fer

the supremum of the empirical process over F.



652 A. Saumard

Corollary 20. If F is a class of measurable functions from a measurable space
Z to R satisfying

sup sup | f (z) = Pf| = sup ||f — Pf|l,, < +o0
z€EZ fEF fer

and (X1,...,X,) are n ii.d. random variables taking values in Z, then an
absolute constant By exists such that,

sup f—Pfllo
E!/? [||Pn—P||2F} < B, (E[|PH—P|F]+ f€f”n I > . (7.158)

Another tool we need is a comparison theorem for Rademacher processes, see
Theorem 4.12 of [15]. A function ¢ : R — Ris called a contraction if [¢ (u) — ¢ (v)] <
|u — v| for all u,v € R. Moreover, for a subset T C R™ we set

1B Ol = 1Al = sup | ()] -
teT
Theorem 21. Let (¢1,...,&y) be n i.i.d. Rademacher variables and F : Ry —

Ry be a conver and increasing function. Furthermore, let ¢; : R — R, i < n,
be contractions such that ¢; (0) = 0. Then, for any bounded subset T C R™,

i T 2 T

The next tool is the well known Bernstein’s inequality, that can be found for
example in [17], Proposition 2.9.

Theorem 22. (Bernstein’s inequality) Let (Xi,...,X,) be independent real
valued random variables and define

S = Z(Xi_E[Xi])'

i=1

S|

Assuming that

and
|Xi| <b a.s.

we have, for every x > 0,

x  bx
> J20= + —| < —). .
P [|S| > 2vn + 3n} < 2exp(—x) (7.159)

We turn now to concentration inequalities for the empirical process around its
mean. Bousquet’s inequality [8] provides optimal constants for the deviations at
the right. Klein-Rio’s inequality [11] gives sharp constants for the deviations at
the left, that slightly improves Klein’s inequality [12].
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Theorem 23. Let (&1,...,&,) be n i.i.d. random variables having common law
P and taking values in a measurable space Z. If F is a class of measurable
functions from Z to R satisfying

|f (&) —Pfl<b as., foral feF, i<n,

then, by setting
2
0% = sup {P (f*) = (Pf) },
fer
we have, for all x > 0,
Bousquet’s inequality:

r bz
P (I8, — Pllr —E(12, - Pl 2 |2 (03 + 28 (12 - P £+ 2]

<exp(—r) (7.160)

and we can deduce that, for all e,x > 0, it holds

T 1 1\ bz
P (17, - Pl - B[P, - Pl 2 2032 + B 1IR, - P + (2 43 ) 2]

<exp(—zx). (7.161)

Klein-Rio’s inequality:

P [E 1Pn = Pllg] = [|1Pn = Pllz = \/2 (0% + 2bE[||P, — P| 7)) % T b%]
< exp(—r) (7.162)

and again, we can deduce that, for all e,x > 0, it holds

T 1 bx
P [E0P, — Pl = 1P - Pllr 2 /2032 + B[R~ P+ (£ 41) 2]

<exp(—zx). (7.163)

The following result is due to Ledoux [14]. We will use it along the proofs
through Corollary 25 which is stated below. From now on, we set for short
Z = ||Pn = Pl £

Theorem 24. Let (&1, ...,&,) be independent random with values in some mea-
surable space (Z,7T) and F be some countable class of real-valued measurable
functions from Z. Let (&1,...,&),) be independent from (&1, ...,&,) and with the
same distribution. Setting

then
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Corollary 25. Under notations of Theorem 23, if some 3, € (0,1) exists such

that

o2

2 2
7B [Z27] > —
and

xR ([Z2] >

then we have, for a numerical constant Ay, _,

(1- A1) VE[Z <E[Z] .

Proof of Corollary 25. Just use Theorem 24, noticing the fact that

VE[Z?] -E[Z] </V(Z)

and that, with notations of Theorem 24,

SIS

v < 20?4+ 320E[Z] .

The result then follows from straightforward calculations. O
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