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Abstract

In the first part of this paper, we show that the small-ball condition,
recently introduced by [Menl5], may behave poorly for important classes of
localized functions such as wavelets, leading to suboptimal estimates of the
rate of convergence of ERM for the linear aggregation problem.

In a second part, we derive optimal upper and lower bounds for the ex-
cess risk of ERM when the dictionary is made of trigonometric functions.
While the validity of the small-ball condition remains essentially open in
the Fourier case, we show strong connection between our results and con-
centration inequalities recently obtained for the excess risk in [Chal4] and
[vdGW16].

Keywords: empirical risk minimization, linear aggregation, small-ball
property, concentration inequality, empirical process theory.

1 Introduction

Consider the following general regression framework: (X', 7y ) is a measurable space,
(X,Y)eX x R is a pair of random variables of joint distribution P - the marginal
of X being denoted PX - and it holds

Y =5, (X)+o(X)e, (1)

where s, is the regression function of the response variable Y with respect to the
random design X, o (X) > 0 is the heteroscedastic noise level and ¢ is the con-
ditionally standardized noise, satisfying E[e|X] = 0 and E[¢?|X] = 1. Relation
(1) is very general and is indeed satisfied as soon as E[Y?] < +oo. In this case
S« € Lo (PX ) is the orthogonal projection of Y onto the space of X-measurable
functions. In particular, no restriction is made on the structure of dependence
between Y and X.

*Research partly supported by the french Agence Nationale de la Recherche (ANR 2011 BS01
010 01 projet Calibration).




We thus face a typical learning problem, where the statistical modelling is mini-
mal, and the goal will be, given a sample (X;,Y;);, of law P®" and a new covariate
X411, to predict the value of the associated response variable Y, ;. More precisely,
we want to construct a function s, depending on the data (X;,Y;)!,, such that the
least-squares risk R (5) = E [(Y,11 — §(Xn+1))2} is as small as possible, the pair
(X1, Yny1) being independent of the sample (X;,Y;) ;.

In this paper, we focus on the technique of linear aggregation via Empirical Risk
Minimization (ERM). This means that we are given a dictionary S = {sy,...,sp}
and that we produce the least-squares estimator s on its linear span m = Span (.5),

n

~ . 1 2

§ € arg min R, (s) , where R, (s) = - ; (Y —s(X;))” . (2)
The quantity R, (s) is called the empirical risk of the function s. The accuracy of
the method is tackled through an oracle inequality, where the risk of the estimator
R (3) is compared - on an event of probability close to one - to the risk of the best
possible function within the linear model m. The latter function is denoted s,,
and is called the oracle, or the (orthogonal) projection of the regression function
S, onto m,

Sm € argmin R (s) .

sem

An oracle inequality then writes, on an event 2y of probability close to one,
R(3) < R(sw) + 1. (D), (3)

for a positive residual term r,, (D). An easy and classical computation gives that the
excess risk satisfies R (3) — R (5,) = |5 — sm||3, where |||, is the natural quadratic
norm in Ly (PX) . Hence, inequality (3) can be rewritten as ||§ — smlls < 7 (D)
and the quantity r,, (D) thus corresponds to the rate of estimation of the projection
Sm by the least-squares estimator 5 in terms of excess risk, corresponding here to
the squared quadratic norm.

The linear aggregation problem has been well studied in various settings linked
to nonparametric regression ([Nem00], [Tsy03], [BTWO07], [AC11]) and density esti-
mation ([RT07]). It has been consequently understood that the optimal rate r, (D)
of linear aggregation is of the order of D/n, where D is the size of the dictionary.
Recently, [LM15] have shown that ERM is suboptimal for the linear aggregation
problem in general, in the sense that there exist a dictionary S and a pair (X,Y)
of random variables for which the rate of ERM (drastically) deteriorates, even in
the case where the response variable Y and the dictionary are uniformly bounded.

On the positive side, [LM15] also made a breakthrough by showing that if a
so-called small-ball condition is achieved with absolute constants, uniformly over
the functions in the linear model m, then the optimal rate is recovered by ERM.
We recall and discuss in details the small-ball condition in Section 2, but it is
worth mentioning here that one of the main advantages of the small-ball method
developed in a series of papers, [Menl4b|, [Menl5|, [Menl4a|, [KM15], [LM14],
[LM15] is that it enables to prove sharp bounds under very weak moment conditions
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and thus to derive results that were unachievable with more standard concentration
arguments.

In Section 2, we contribute to the growing understanding of this very recent
approach by looking at the behavior of the small-ball condition when the dictionary
is made of localized functions such as compactly supported wavelets, histograms or
piecewise polynomials. It appears that with such functions, the small-ball condition
can’t be satisfied with absolute constants and the resulting bounds obtained in
[LM15] are far from optimal in this case since they are of the order of D3/n.

The question of the validity of the small-ball approach in the Fourier case, which
is a case where the functions are typically unlocalized, remains an open issue, of
potentially great consequences in compressed sensing, [LM15]. Despite this lack
of understanding, we prove by other means optimal upper and lower bounds for
ERM when the dictionary is made of trigonometric functions. Our result, stated
in Section 3, also outperforms previously obtained bounds [AC11].

An outline of the proofs related to Section 3 is given in Section 3.2. While de-
tailing our arguments, we show the strong connection of our approach to optimal
bounds with recent works of [Chal4] concerning least-squares under convex con-
straint, extended to the setting of regularized ERM by [MvdG15] and [vdGW16].

Finally, complete proofs are dispatched in the Appendix.

2 The small-ball method for classical functional
bases

We recall in Section 2.1 one of the main results of [LM15], linking the small-ball
condition to the rate of convergence of ERM in linear aggregation. Then, we show
in Section 2.2 that the constants involved in the small-ball condition behave poorly
for dictionaries made of localized bases.

2.1 The small-ball condition and the rate of ERM in linear
aggregation
Let us first recall the definition of the small-ball condition for a linear span, as

exposed in [LM15].

Definition 1 A linear span m C Lo (PX ) 18 said to satisfy the small-ball con-
dition for some positive constants ko and [3, if for every s € m,

P (ls (X) = wollsll,) = B - (4)

The small-ball condition thus ensures that the functions of the model m do not
put too much weight around zero. From a statistical perspective, it is also explained
in [LM15] that the small-ball condition can be viewed as quantified version of
identifiability of the model m. A more general small-ball condition - that reduces



to the previous definition for linear models - is also available when the model isn’t
necessary linear, [Men15].

Under the small-ball condition, [LM15] derive the following result, describing
the rate of convergence of ERM in linear aggregation.

Theorem 2 ([LM15]) Let S = {s1,...,sp} C Ly (P¥) be a dictionary and as-
sume that m = Span (S) satisfies the small-ball condition with constants ko and 3,
(see Definition 1 above). Let n > (400)° D/B% and set ( =Y — s, (X), where s,
is the projection of the regression function s, onto m. Assume further that one of
the following two conditions holds:

1. ¢ is independent of X and BC* < o2, or
2. |¢] < o almost surely.

Then the least-squares estimator s on m, defined in (2), satisfies for every
x> 0, with probability at least 1 — exp (—B5n/4) — (1/z),

R 16 \2 02Dz
||s—smu§s( ) . 5)

50“3 n

Notice that Alternative 1 in Theorem 2 is equivalent to assuming that the
regression function belongs to m - that is s, = s,,, - and that the noise is independent
from the design - that is o (X)) = o is homoscedastic and ¢ is independent of X in
relation (1).

The main feature of Theorem 2 is that if the small-ball condition is achieved
with absolute constants ko and 3, not depending on the dimension D nor the sample
size n, then optimal linear aggregation rates of order D/n are recovered by ERM.
If moreover the regression function belongs to m (Alternative 1), then the only
moment assumption required is that the noise is in Ly. Otherwise, Alternative 2
asks for a uniformly bounded noise. Some variants of Theorem 2 are also presented
in [LM15], showing for instance that optimal rates can be also derived for ERM
when the noise as a fourth moment.

In the analysis of optimal rates in linear aggregation, it is thus worth under-
standing when the small ball condition stated in Definition 1 is achieved with
absolute constants.

One typical such situation is for linear measurements, that is when the functions
of the dictionary are of the form f;(z) = (x,t;), t; € R% Indeed, very weak
conditions are asked on the design X in this case to ensure the small-ball property:
for instance, it suffices to assume that X has independent coordinates that are
absolutely continuous with respect to the Lebesgue measure, with a density almost
surely bounded (see [LM14] and [Menl5], Section 6, for more details). As shown
in [LM14] and [LM16], this implies that the small-ball property has important
consequences in sparse recovery and analysis of regularized linear regression.




2.2 The constants in the small-ball condition for general
linear bases

Besides linear measurements discussed in Section 2.1 above, an important class of
dictionaries for the linear aggregation problem consists in expansions along ortho-
normal bases of Ly (PX ) . Our goal in this section is thus to investigate the behavior
of the small-ball condition for some classical orthonormal bases such as piecewise
polynomial functions, including histograms, wavelets or the Fourier basis.

The following assumption, that states the equivalence between the L., and Lo
norms for functions in the linear model m, is satisfied by many classical functional
bases:

(A1) Take S = {s1,...,sp} C Ly (P¥) a dictionary and consider its linear span
m = Span (S). Assume that there exists a positive constant Lg such that,

for every s € m,
I8l < LoVD 5]l -

Examples of linear models m satisfying Assumption (A1) with an absolute
constant Ly are given for instance in [BBM99].

More precisely, when X = [0, 27|, X is uniform on X and S consists of the D
first elements of the Fourier basis, then (A1) is verified.

Furthermore, if X =0, 1]d for some d > 1, X is uniform on X, I is a regular par-
tition on X made of J hyper-rectangles and m is made of the piecewise polynomial
functions defined on II, of maximal degrees on each element of Il not larger than
r € N,, then Assumption (A1) is also satisfied with a dimension D = (r + 1) J.
This example includes in particular for » = 0 the case of histograms on II.

Some wavelet expansions also satisfy Assumption (A1). As it will be useful in
the following, let us more precisely state some notations (for more details about
wavelets, see for instance [HKPT98]). We consider in this case that X = [0, 1] and
X is uniformly distributed on X. Set ¢, the father wavelet and p, the mother
wavelet, two functions defined on R. Thus, the support of the wavelets may not
be contained in [0, 1], but for the estimation, only the wavelets whose support
intersects [0, 1] will count. For every integers j > 0, 1 < k < 27, define

Pjj T 2j/2p0 (2jx —k+ 1) .
We set for every integer j > 0,
A(G) ={0:k) 5 1<k <2 & Support (p;) N[0,1] # 0} .
Moreover, we set p_; ;, () = ¢y (v — k + 1) and for any integer [ > 0,
l

A(=1) = {(~1,k) ; Support (p_,,) N[0,1] #0} and A, = U A(j) .

j=-1



Then we consider the model
m = Span{p, ; A € A;} .

If ¢, and p, are compactly supported, then {p, ; A € A;} satisfies Assumption
(A1) for an absolute constant Ly and dimension D =Card(A;). It is worth noting
that more general multidimensional wavelets could also be considered at the price
of more technicalities.

When a model m satisfies Assumption (A1), the small-ball condition is also
verified, but with constants that may depend on the dimension of the model.

Proposition 3 If a linear model m satisfies Assumption (A1) then inequality (4)
of the small-ball condition given in Definition 1 is verified for any ko € (0,1) with
Bo=(1—rp) Lg*D~ 1.

When applied to Theorem 2, a direct consequence of Proposition 3 is that ERM
satisfies the following bound on a model m satisfying Assumption (A1): for every
x> 0 and kg € (0,1), with probability at least 1 — exp (— (1 — k3) n/ (4LoD?)) —

(1/z),

Y

16Lg 2 02D3g
n

|ﬁ—sH2§<
m =\ T2y

Hence, in such case Theorem 2 only says something for models of dimension D <
v/n (using the condition exp (— (1 — k3)n/ (4LyD?)) < 1) and when the latter
restriction is achieved, it provides a rate of convergence of the order D3/n. This
is essentially a weakness of the small-ball approach in this case, since considering
histograms and piecewise polynomial functions, [Saul2] proved in a bounded setting
that the rate of convergence of ERM is actually D/n (whenever D < n/ (Inn)?),
which is the optimal rate of linear aggregation. Furthermore, for some more general
linear models with localized bases such as Haar expansions, [Saul5] also proved that
the rate of convergence of ERM is still D/n.

The proof of Proposition 3, detailed in the Appendix, is a direct application
of Paley-Zygmund’s inequality (see [dIPG99]). [LM15] also noticed that more gen-
erally, Paley-Zygmund’s inequality could be used to prove the small-ball property
when for some p > 2, the L, and Ly norms are equivalent, or also for subgaussian
classes, where the Orlicz 1, norm is controlled by the Ly norm, see [LM13].

These conditions are weaker than the control of the L., norm by the Ly norm,
however we will show that the dependence in D for 3, given in Proposition 3
above is sharp for localized bases such as histograms, piecewise polynomials and
wavelets. Hence, the control of the L., norm by the L, norm is in some way optimal
in these cases, and weaker assumptions could not imply some improvements on the
behavior of the small ball property for these models. In conclusion, when applied
to histograms and piecewise polynomials on regular partitions, or to compactly
supported wavelets, the small-ball method developed in [LM15] enables only to
prove suboptimal rates of the order D3 /n.



Consider first a model of histograms on a regular partition IT of X = [0, 1]* made
of D pieces, X being uniformly distributed on X'. More precisely, for any I € II,

set 1
S| = —[ - \/51[
VP (I)
and take a dictionary S = {s;; I € II}, associated to the model m = Span (5). It
holds, for every I € I,

||81||C>O = \/5||SI||2

and so, as the s;’s have disjoint supports, it is easy to see that m satisfies (A1)
with Ly = 1. Furthermore, for any g € (0,1),

P (Jsr ()] > o sells) = P¥ (1) = 5 . (6
This shows that necessarily 8, < D~! and so, up to absolute constants, the value of
B, given in Proposition 3 is optimal in the case of histograms on a regular partition.
In particular, Assumption (A1) can’t be satisfied with absolute constants in this
case.

When considering the case of piecewise polynomial functions on a regular parti-
tion, identity (6) above still holds for polynomial functions of degree zero supported
by one element of the partition. Thus when the degrees of the polynomial functions
in the model m are bounded by a constant r, we easily deduce that 8, < rD~! for
any ko € (0,1) and the value of 3, given in Proposition 3 is again optimal in this
case.

Finally, when the model m corresponds to a finite expansion in some compactly
supported wavelet basis, we have the following property, that again proves that the
value of 3, given in Proposition 3 is optimal. Examples of compactly supported
wavelets include Daubechies wavelets and coiflets, see [HKPT98].

Proposition 4 Assume that X =[0,1] and that the design X is uniformly dis-
tributed on X. Take m = Span{p, ; A € A;} (using notations above defining the
wavelets p, and the index set A\, ) a linear model corresponding to some compactly
supported wavelet expansion. More precisely, assume that Supp (¢y) U Supp (py) C
[0, R] for some R > 1, where Supp (¢,) and Supp (p,) are the supports of the father
wavelet ¢, and the mother wavelet p, respectively. Assume that the linear dimension
D =Card(A;) of the model m is greater than [R], the integer part of R: D > [R)].
Then there exists an absolute constant ko > 0 such that, if m achieves the small-ball
condition given in Definition 1 with constants (ko, B,) then B, < (D — [R]) .

The proof of Proposition 4 consists in basic calculations and can be found in
the Appendix.



3 Optimal excess risks bounds for Fourier expan-
sions

3.1 Main theorem

We have shown in Section 2 that the small-ball condition is satisfied for linear
models such as histograms, piecewise polynomials or compactly supported wavelets,
but with constants that depend on the dimension of the model in such a way that
using this condition to analyze the rate of convergence of ERM on these models
may lead to suboptimal bounds.

The behavior of the small-ball condition when the model m is spanned by the D
first elements of the Fourier basis - considering that X = [0, 27] - remains however
essentially unknown. Indeed, in the Fourier case, the bound obtained in Proposition
3 for the constants involved in the small-ball condition might be suboptimal. In
particular, lower bounds such as the one established in Proposition 4 in the case
of compactly supported wavelets remains inaccessible for us in the Fourier case.
It is worth noting that in the context of sparse recovery, [LM14] already noticed
that the small-ball condition for Fourier measurements is hard to check and the
authors mention a possible ‘non-uniform’ small-ball property satisfied in this case,
but leave this direction open (see Remark 1.5 of [LM14] for more details).

Our aim in this section is to show that optimal rates of linear aggregation
are attained by ERM in the Fourier case, that is when the model m is spanned
by the D first elements of the Fourier basis. As optimal rates would also be
achieved by Theorem 2 if the model m would satisfy the small-ball condition with
absolute constants, this supports the conjecture made by [LLM14] that the Fourier
basis achieves a condition which is close to the small-ball condition with absolute
constants.

We only tackle the bounded setting. One of the main reasons for this restric-
tion is that we make a recurrent use along our proofs of classical Talagrand’s type
concentration inequalities for suprema of the empirical process with bounded ar-
guments. Indeed, our approach, which is based on [Saul2] and is detailed at a
heuristic level in Section 3.2 below, is very different from the small-ball approach.
In fact, as we will explain in Section 3.2, it is closely related to recent advances
linked to excess risk concentration due to [Chald] in the context of least-squares
under convex constraint, extended to regularized ERM by [vdGW16]. Even if con-
centration inequalities exist for suprema of the empirical process with unbounded
arguments, the unbounded case would involve much more technicalities and this
would go beyond the scope of this paper.

Let us now precisely detail our assumptions. Assume that the design X is
uniformly distributed on X =0, 27] and that the regression function s, satisfies
54 (0) = s, (27). Then the Fourier basis is orthonormal in Ly(P¥) and we consider
a model m of dimension D (assumed to be odd) corresponding to the linear vector
space spanned by the first D elements of the Fourier basis. More precisely, if we set

©o = 1, o (¥) = V2 cos (kz) and ¢,y (z) = v/2sin (kz) for k > 1, then (Spj)f:_ol



is an orthonormal basis of (m, ||-||,), for an integer [ satisfying 2l +1 = D. Assume
also:

e (H1) The data and the linear projection of the target onto m are bounded
by a positive finite constant A:

Y] < A as. (7)
and
[$mlloe <A (8)
Hence, from (H1) we deduce that
8]l = B[V |X =]l o < A (9)

and that there exists a constant o, > 0 such that
0?(X;) <o, < A% as. (10)
e (H2) The heteroscedastic noise level o is not reduced to zero:
loll, = VE[o? ()] > 0.
We are now in position to state our main result.

Theorem 5 Let A, A_,a > 0 and let m be a linear vector space spanned by a
dictionary made of the first D elements of the Fourier basis. Assume (H1) and
take ¢ = (gok)fz_ol the Fourier basis of m. If it holds

/2

A_(Inn)* <D< A, <n, (11)

(Inn)*> ~

then there exists a constant Ay > 0, only depending on o, A_ and on the constants
A, ||o]l, defined in assumptions (H1), (H2) respectively, such that by setting

1 1/4 D21 1/4
en = Ap max { (%) : ( nnn) : (12)

we have for alln > ng (A_, Ay, A, ||o]l,, @),

D
P {”g_ smlla > (1 —€,) Ec};} >1—-5n"", (13)
~ 2 D 2 —«
PS5 —smlly < (1+¢,) ng >1-5n"“, (14)

where S is the least-squares estimator on m, defined in (2), and

€2, = B[0? (X)) +|s. — snl? -

m



The rate of convergence of ERM for linear aggregation with a Fourier dictionary
exhibited by Theorem 5 is thus of the order D /n, which is the optimal rate of linear
aggregation. In particular, this outperforms the bounds obtained in Theorem 2.2 of
[AC11] under same assumption as Assumption (A1), that is satisfied in the Fourier
case, but also under more general moment assumptions on the noise. Indeed, as
noticed in [LM15], the bounds obtained by [AC11] are in this case of the order
D3 /n, for models of dimension lower than n'/4. In Theorem 5, our condition on
the permitted dimension which is less restrictive, since models with dimension close
to n'/? are allowed.

Concerning the assumptions, uniform boundedness of the projection of the tar-
get onto the model, as described in (8), is guaranteed as soon as the regression
belongs to a broad class of functions named the Wiener algebra, that is whenever
the Fourier coefficients of the regression function are summable (in other words
when the Fourier series of the regression function is absolutely convergent). For
instance, functions that are Holder continuous with index greater than 1/2 belong
to the Wiener algebra, [Kat04].

Furthermore, Theorem 5 gives an information that is far more precise than sim-
ply the rate of convergence of the least-squares estimator. Indeed, the conjunction
of inequalities (13) and (14) of Theorem 5 actually proves the concentration of
the excess risk of the least-squares estimator around one precise value, which is
DC2 /n.

There are only very few and recent such concentration results for the excess
risk of a M-estimator in the literature and this question constitutes an exiting
new line of research in learning theory. Considering the same regression frame-
work as ours, [Saul2] has shown concentration bounds for the excess risk of the
least-squares estimator on models of piecewise polynomial functions. In a slightly
different context of least-squares estimation under convex constraint, [Chal4] also
proved the concentration in L, norm, with fixed design and Gaussian noise. Un-
der the latter assumptions, [MvdG15] have shown the excess risk’s concentration
for the penalized least-squares estimator. Finally, [vdGW16] recently proved some
concentration results for some regularized M-estimators. They also give an appli-
cation of their results to a linearized regression context with random design and
independent Gaussian noise.

3.2 Outline of the approach

The aim of this section is to explain the main ideas leading to the proof of Theorem
5 and to highlight some connections with other works in the literature.

The proof of Theorem 5 is technically very involved and is an adaptation to the
Fourier case of the approach developed in [Saul2] concerning the performance of
the least-squares estimator on models of piecewise polynomial functions and more
general models endowed with a localized orthonormal basis.

An orthonormal basis (¢,)5_, of a linear model m C L, (P¥) is said to be lo-

calized if there exists a constant L > 0 such that HZle 5’”’““ < LvVDsupy, |34
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for any (8;)r_, € RP. This condition, taken into advantage in [Saul2], is typ-

ically valid for models of piecewise polynomial functions and wavelets, but it is
false in the Fourier case. Indeed, if (¢,)r—, is the collection of D = 2 + 1
first elements of the Fourier basis defined in Section 3.1 above, then by taking

(Br)P =(1,1,0,1,0,1,0....,1,0), it holds

D—1
Z Brbr
k=0

Hence, the Fourier basis has a behavior with respect to the sup-norm which is
harder to control from this point of view than localized bases. It is however possible,
for models of dimension D < 4/n, to prove the consistency in sup-norm of the least-
squares estimator towards the projection of the regression function s, onto a model
corresponding to finite Fourier expansions. More precisely, we prove the following
theorem, which is an essential piece in the proof of Theorem 5.

-1

D-1
D
Zkzzoﬁkgpk(O)zl—i-\@Zcos(kXO)2[—1—12Esgplﬁk\ .

k=0

Theorem 6 Let o« > 0. Assume that m is a linear vector space spanned by the
first D elements of the Fourier basis. Assume that (H1) holds and that there

exists A, > 0 such that
1/2

b= A+(1711n

Then we have, for all n > ng (A4, ),

1
P <||§— Smllo > LYLD ﬂ) <ne.
’ n

s <n.

The proof of Theorem 6, which uses concentration tools such as Bernstein’s
inequality (see Theorem 19) can be found in the Appendix, Section 5.1. Using
Theorem 6, we can localize with probability close to one (equal to 1 —n~%) our
analysis in a ball in sup-norm By, (Sm, Rn.pa), centered on the projection of the
target and of radius R, p o = LSLD Inn/n.

As explained in [Saul2], empirical process theory can be used to derive optimal
bounds such as Theorem 5, through the use of a representation formula for the
excess risk, in terms of local suprema of the underlying empirical process. Indeed,
set the least-squares contrast v : Ly (PX) — Ly (P) defined by,

v(s): (z,y) € X X R (y— s (x))?

Then, we can write § € arg minge,, { P, (7 (s))}, where P, is the empirical measure
associated to the sample and we also have |5 — s,,||5 = P (7 (8) — 7 (s,n)). Further-
more, the following representation formula holds for the excess risk (see identity
(3.9) of [Saul2]) with probability close to one,

[ sl camax {swp (P P) G -1 ) -Cp 09

s€Dc
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where
De:={sem; |s— Smlls = C} ﬂBLoo (8m> Rnda) -

A similar representation formula is also at the core of the approach developed by
[Chal4] for least-squares estimation under convex constraints, extended to regular-
ized ERM by [MvdG15] and [vdGW16]. In [Chal4] and [MvdG15], the framework
allows to replace the empirical process appearing in (15) by a Gaussian process,
while in [vdGW16] the more general framework of M-estimation forces the authors
to work with an empirical process, exactly as in (15).

Using concentration inequalities for the supremum of the empirical process, on
may show from (15) that with probability close to one,

5= sull ~ g {8 | sup (P~ 2) () =2 (5| =€} . 19
=20 s€D¢

The quantity of interest is thus the expectation of supremum of the empirical
process over a slice Do of the model m. Moreover, as we want to derive optimal
bounds, we are looking for a control to the right constant of the first order of this
quantity. To this end, we introduce an argument of contrast expansion into a linear
and quadratic part, originally developed in [Saul2] and which is also one of the
main features of the small-ball approach first built in [Men15]. More precisely, for
every s € m and z = (z,y) € XxR, it holds

7 (8) (2) =7 (5m) (2) = Y1, (2) (5 = 80) (2) + (5 = 8)" (2) (17)

where 1, ,, (2) = =2 (y — 5 (7)) . Using (17), we then split the quantity of interest
in (16) into two parts,

B | swp (P~ R (2(5) = (52)

s€D¢

< E {sel;)pc (P = Po) ($1n - (s = Sm))} + B [Selgé (P =Py (s = sm)”

TV TV
main part remainder term

We finally show that the empirical process corresponding to the linear part of
the contrast expansion gives the exact first order of rate of linear aggregation of the
least-squares estimator, while the empirical process corresponding to the quadratic
part of the contrast expansion contributes only through remainder terms. Some
technical lemmas roughly corresponding to the previous observations can be found
in the Appendix, Section 5.2.1.

4 Proofs related to Section 2

Proof of Proposition 3. Takes € mand kg € (0,1). Set Q,, = {|s (X)| > ko [|sll5}-
By Paley-Zygmund’s inequality (Corollary 3.3.2 in [dIPG99]), it holds
1—r31

2
P(Q,.)> (1 — k2 51l > —,
( 0)—( 0) ||8||iO — L% D

12



which readily proves Proposition 3. =

Proof of Proposition 4. Take (j,k) € A,,, j > 0. It holds

1
lowlls = [ i) e
1
= 2 [ @k 1) de
2J'0—k+1 )
- [ mwla.
—k+1

Thus, whenever Supp (py) C [~k + 1,2/ — k + 1], one has ||pj7kH2 = 1. Take jo >0
such that 2%¢ > R. Then H,OJ-OJH2 = 1 and it is easy to see that for any j > j
there exists at least 2777° values of k such that Supp (p,) C [~k + 1,2/ — k + 1]
and Hpj’kH2 = 1. Now, take ko > 0 such that

i 1
/ Hipowlzro}dy < 5 -
0
For any j > jo and k such that Supp (p,) C [~k + 1,27 — k + 1], we get

P (|05 (X)] = o [|ojnl,)
=P (Zj/Q 1po (27X — k+1)| > ko)
A 27 —k+1 ) R )
— 9 / 9o ()] dy = 279 / 9o ()] dy < 2797 . (18)

k+1

Furthermore, notice that Card (A (—1)) < [R] +1 and D = Card (A;) < [R] + 2.
Hence, taking j = [ in (18), we deduce that,

1
D—[R]’

P (| (X)] = 5o [|urll,) <

which gives the result. m

5 Proofs related to Section 3

5.1 Proof of Theorem 6

Proof of Theorem 6. Let o, C > 0. Set
F&i={sem;lls —sml, < C}

and

Feo={sem;|s—snl,>C}=m\F .

13



Take the Fourier basis ((pk)kD:_OI of (m,||-]|,). By assumption on D, it holds D < n.

Hence, by Lemma 8 below, we get that there exists L(Al’)(l > ( such that, by setting

Inn
e {ke{o‘??i%l} (Pa = P) ()| < L2 P} ,

we have for all n > ng (Ay), P(;) > 1 —n" Moreover, we set

Inn

sz{ max _|(P, — P) (¢ - 9)| < LY —}

ke{0,...,D—1}? n

where LY is defined in Lemma 7 below. By Lemma 7, we have P (€23) > 1 —n"?
and so, for all n > ng (A4),

P (91 ﬂﬁg) >1— 2. (19)
We thus have for all n > ng (A4),
P[5 = smll > ©)

< P(mf Py (y(s) = 7 (sw)) < inf_ Py (y(s) — 7 (5m))

SEF SEFZ

= P ( sup P, (7 (sm) —v(8)) > sup P, (v (sm) — 7 (5)>>

sE]:;oC sEFZ

SEFTH 56.7-'85’/2

< P({ sup Py (7 (sm) = 7(5)) = sup Pn<v<sm>—v<s))}ﬂﬂlﬂag> + 2n(20)

Now, for any s € m such that

§— Sm = Z Biows B = (Bi)imo € R”,

we have

By (7 (sm) =7 (5))
Py = P) (1 - (5 = 8)) = (P —P)((s = sm)") = lls - SmHg

= Y Bu(Py—P) (Y1 0p) — ZﬂkﬁlP P) (¢x - 1) Zﬁk-

k=0 k,l=0

We set for any (k,1) € {0,...,D —1}*,

B = (= P) () and B = (P P) (- )

14



Moreover, we set a function h,,, defined as follows,

D-1 D-1
byt B = (5k)kD;ol — Z 5kR Z Bkﬁl kl ZB
k=0 k=0

k,1=0
We thus have for any s € m such that s — s, = Zk o Brow, B (ﬁk)kD;J € RP,
Bo (7 (8m) =7 () = ha (8) - (21)

In addition we set for any 8 = (3,)1, € R,

It is straightforward to see that |-| _ is a norm on R”, proportional to the sup-
norm. We also set for a real D x D matrix B, its operator norm ||Al|, associated
to the norm |-|, . on the D-dimensional vectors. More explicitly, we set for any
BeRP*D

B B
1Bl = sup oomee 551,
BERP, B#£0 |5|m,oo BERD, B£0 |5|oo

Note that |||, is an operator norm and so HBka < |B|%, for any k € N. We
also have, for any B = (Bk)), ;o p_; € RP*P, the following classical formula

1B, =  max > B - (23)

1€{0,...,D—1}

Notice that for any 8 = (6;)r—y € R?,

Hence, it holds

D-1
fCC{SEm; s—sm:ZBkgok & |B|m7OOZC’} (24)
k=0
and
D-1
Flra D {sem; 3—5m226k90k & |6|m7oo§0/2} . (25)
k=0

Hence, from (20), (21) (25) and (24) we deduce that if we find on Q; ()22 a value
of C' such that

sup hy, (5) < sup D, (ﬁ) )
BERP, |8, 5o >C BERP, 18], -, <C/2

m,00 —

15



then we will get
P(||5s— smll, > C) <2n7“.

Taking the partial derivatives of h,, with respect to the coordinates of its arguments,
it then holds for any (k,[) € {0,..., D — 1}2 and 3 = (@‘)?:701 € RP,

h —
n 1 2
o5 (B) = B =23 iR - 26, (26)
k i=0
We look now at the set of solutions [ of the following system,
oh,
95, (B)=0,Vke{0,...,D—1} . (27)

We define the D x D matrix Rff) to be

R o= (R

n

>k,l0..D—1

and by (26), the system given in (27) can be written
2(Io+ BY) B =R, (8)

where R\ is a D-dimensional vector defined by

B (),
k=0..D—1

Let us give an upper bound of the norm HR,(E) , in order to show that the matrix

.

Ip + RT(E) is nonsingular. On €2, we have
A= P, —P) (g, -
122, =, max >l ) (1~ 1)l
1€{0,...,.D—1}
Inn
< L®@ W] ==
- kqg?'?%_l} ZE{OZ:D—I} "

< [@p,/Rn (28)
n

Hence, from (28) and the fact that D < A+%, we get that for all n > ng (A, @),
it holds on €2,

1
RO < =
17, < 5
-1 u
and the matrix (Id + Rg)) is nonsingular, of inverse <Id + Rg)) = :Lfg (—Rg)) .
Hence, the system (S) admits a unique solution B, given by
1 -1
() — Z (1, - R\ " p)
p 5 (Ia+ RY) "

16



Now, on §2; we have,

2lnn
W] <+2D P,—P o) < LW D
‘Rn |m,oo — \/_ ke{(?lz?gfl} ‘( n ) (wl,m ()Ok)‘ — Ao n
and we deduce that for all ng (A, a), it holds on Q5 () 4,
(n) 1 (2) —1 (1) (1) 21nn
E <5 |[(a+ RO 1RO, . < 20Dy T (29)
Moreover, by the formula (21) we have
1 n D—-1 2
hi (B) = P (7 (sm)) — n Z (Y; — 5m (Xi) — Z Brbr (XJ)
i=1 k=0

and we thus see that h, is concave. Hence, for all ng (A, ), we get that on Qy,
3™ is the unique maximum of h, and on Q3 ()4, by (29), concavity of h, and
uniqueness of 3™, we get

I, (6(”)) = sup hn (B) > sup hn (B)

BERP, |B],, o <C/2 BERP, |B],, 0o 2C

with C' = QLS) D, /282 which concludes the proof. m

& n

Lemma 7 Let o > 0. Assume that m is a linear vector space spanned by the first
D elements of the Fourier basis, where D < n. Then there exists Lg) > 0 such
that

1
P( max |(Py ~ P) (g~ )| > LY —n") <ot B0
ke{0,...,D—1}2 n
Proof. For any (k1) € {0,...,D — 1}*, we have

E [(@k : 901)2] <y - @l”io <4.

Hence, we apply Bernstein’s inequality (see Proposition 2.9 in [Mas07]) and we get,
for all v > 0,

2v1 2v1
P(I(Pn—P) (pr- 00 2 2/ =+ ’g;") <o (31)

We get from (31) that for all v > 0,

2y Inn
P((kl) max (P, — P) (- ;)| > (2\/2—7+?) _)

€{0,...,D—1}2 n

< 2D*n77 <n 7R (32)

To conclude, take vy =a + 2. =
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Lemma 8 Let a > 0. Assume that m is a linear vector space spanned by the first
D elements of the Fourier basis, where D < n.If (H1) holds and 1, ,, (X,Y) :=
—2(Y — 5, (X)) then

Inn a
N T S AT

Proof. Let 5 > 0. By Bernstein’s inequality, we get by straightforward computa-
tions (of the spirit of the proof of Lemma 7) that there exists L4 3 > 0 such that,
for all k € {0,...,D — 1},

|
]P)<|(Pn_P) (¢1,m";0k)|ZLE41,)5 %) <n".

Now the result follows from a simple union bound with S =a+ 1. =

5.2 Proof of Theorem 5

Aiming at clarifying the proofs, the arguments involved and the connection with

the proofs exposed in [Saul2], we generalize a little bit the Fourier framework by

invoking along the proofs the three following assumptions, that are satisfied for

Fourier expansions. From now on, m C Ly (PX ) is considered to be a linear model

of dimension D, not necessarily built from the Fourier basis.

Let us define a function V¥,,, on X', that we call the unit envelope of m, such that
1

Un(e)= 5 s ls(o)] (34)

As m is a finite dimensional real vector space, the supremum in (34) 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 ,,, exists such that
Wl < Aspm < 00

In the Fourier case, (H3) is valid by taking As,, < v/2. In fact, it is easy to
see that assumption (H3) is equivalent to assumption (A1l). Moreover, several
technical lemmas derived in [Saul2] only assume the validity of (H3) and will thus
be used without repeating their proofs.

e (H4) Uniformly bounded basis : there exists an orthonormal basis ¢ =
(0p) -y in (m, ||-||,) that satisfies, for a positive constant u, ()

[0k lloe < um () -

18



Again, in the Fourier case, (H4) is valid by taking u,, (¢) < v/2.
Remark 3 (H4) implies (H3) and in that case As ., = U (@).

The assumption of consistency in sup-norm:

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 A, > 0, if m is a
model of dimension D satisfying
nl/2
D<A,
(Inn)
then for every o > 0, we can find a positive integer n, and a positive constant
Acons satisfying the following property: there exists R, p o > 0 depending on

D, n and «, such that
ACOTLS

Ropa < (35)
Inn
and by setting
Qoo = {lI5 = smlle < Rnpat (36)
it holds for all n > nq,
PQeao >1—n"%. (37)

By Theorem 6, (H5) is verified with R, p o ~ D+/Inn/n.
In order to express the quantities of interest in the proof of Theorem 5, we need
preliminary definitions. Let a > 0 be fixed and for R, p, defined in (H5), we set

- D1
Rn,D,oz = max {Rn,D,a ; Aoo = n} (38)
n

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

Inn Dlnn
yn—max{\/ D ; \/ n ) Rn,D,a} . (39)

Thanks to the assumption of consistency in sup-norm (H5), our analysis will be
localized in the subset

B(m,Loo) <8m7 Rn,D,a) = {S 6 m7 HS - SmHOO S RH,D7(DL}

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

fC = {S cm, ||8 - Sm”; < C} ﬂB(m,Lw) (Sm, Rn,D,a)

Foc={s€m.|ls = sul; > O} Binso) (5 Rupa)
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and for any interval J C R,

F;= {3 eEm,|s— smHg € J} ﬂB(m,Lm) <sm,f{n,D7a) .
We also define, for all L > 0,
D; = {s em,|s— sm||§ = L} ﬂB(me) (sm, Rn,aa) )
Recall that the contrasted functions satisfy, for every s € m and z = (x,y) € X xR,
7 (8) (2) =7 (5m) (2) = Y1, (2) (5 = 50) (2) + (5 = 8)" (2) (40)
where 1, ,,, (2) = =2 (y — 5, (z)) . Note that, for all s € m,

P(y,,-5) =0 (41)

and by (H1),
[ 1|, <44 (42)

Also, for the term C,, defined in Theorem 5, simple computations give that
| bl
Co = 1D > Var (¢, - o) (43)
k=0

for the Fourier basis ()5 of (m,|||l,) . Moreover, it is easy to see that under
(H1) we have,
Con < O + 24 < 34 (44)

0 < VE[o?(X)] = llofl, < Cp - (45)

Finally, when (H3) holds (it is the case when (H4) holds), we have by (34),

We also have

sup |sll,y < AsuV/D (46)

sem, ||s||,<1

and so, for any orthonormal basis ()1, of (m, ||-||,), it holds for all k € {1, ..., D},
as P (gf) = 1,
lxllg < Az VD . (47)

We are now in position to prove Theorem 5. The proof of Theorem 5 relies on
Lemmas 13, 14 and 15 stated in Section 5.2.1, and that give sharp estimates of
suprema of the empirical process on the contrasted functions over slices of interest.
Recall that in the Fourier case, assumptions (H3) and (H4) hold, as well as (H5)

with R, po ~ Dy/Inn/n.
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Proof of inequality (13). Let a > 0, r € (1,2] to be chosen later and C' > 0
such that

D
rC = —C2 . (48)
n
By (H5) there exists a positive integer n; such that it holds, for all n > ny,
P(I5—sull; < C) <P ({IF=sull} < C}(O0a) +07°  (49)
and also
P ({15 = sull3 < €} )

sxp(;enffopn ((5) = 7 (sw) < inf P, (7(8)—7(%)))

56.7:>C

<P ( inf P, (v(s) —7v(sm)) < inf P, (y(s) —~ (Sm)))

seFco s€EF(c,rC)

s€Fc s€F(c,r0)

=P <SUP Py (v (sm) =7 (s)) = sup P (y(sm) —7 (8))) : (50)
Now, by (48) and (45) we have

D , D
= <O<(1+ A =2
2n||(7||2—0—( + Agvy) nC ;

m

where A is defined in Lemma 13. Hence we can apply Lemma 13 with a = 3, A; =
||a||§/2 and As ,,, = U, (). Therefore it holds, for all n > ng (As, Acons, A+, || ]],, @),

CD
P | sup P (7 (sm) = 7(s)) 2 2 (14 L A lollzA—a X Va) \/ ——Cim = C] <2
serFco
(51)
Moreover, by using (45) and (44) in (48) we get
D D
o]l < rC < = (0max + 24)° .
n n
We then apply Lemma 15 with
a=f, A= olly, Av= (Omax +24)°
and Ay, > 32ByAV2A, |lo |5 tm ()
Aso > 32V2B5 A (0max + 24) |01y um () (52)

so it holds for all n > ng (A_, A1, A, As, Acons, B2, Um (¢) ; Omaxs |lo|l5 , @),

rCD
P ( sup Pn (7 (Sm) -7 (5)) S 2 (1 - LA,,A,Aoo,amax,Hanum(cp)u X Vn)

SEf(C,T‘C] n
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Now, from (51) and (53) we can find a positive constant Ay, only depending on
A A As, Omax, ||0]l5 s um () and «, such that

for all n > ng (A_, A1, A, A, Acons, B2, Um (9) , Omax, ||0]|, , @), there exists an
event of probability at least 1 — 4n~% on which

sup B, (7 (8m) — 7 (s)) <2 <1 + Aoun> \/?Cm -C (54)

seFc

~ D
sup B, (7 (8m) —7(8)) > 2 (1 - Aoyn> \/ ro Cm —1rC . (55)
Sef(C,rC] n

Hence, from (54) and (55) we deduce, using (49) and (50), that if we choose r €
(1,2] such that

2 (1 + Aoyn> \/?cm —C<2 (1 . Aoyn) TiDcm —rC (56)

then, for all n > ng (A_, Ay, A, A, Aconss B2, U (¢) , Omax, ||0||5 , 1, @) we have

and

IS5 = smll; = C

with probability at least 1 — 5n~%. Now, by (48) it holds

,/’"CDcmzrczgc;,
n n

and as a consequence Inequality (56) is equivalent to

(1—2A0yn)r—2<1+ﬁoun)ﬁ+1>0. (57)
Moreover, we have by (39) and (H5), for all n > ng (A+, A_, Avons, Ao, a),

Agvy, < (58)

e

and so, for all n > nyg <A+, A, Aons, Ao, a), simple computations involving (58)
show that by taking

r=1+48\/ Ay, (59)
inequality (57) is satisfied. Notice that, for all n > ng <A+,A_,Ac(ms,/~10,a> we
have 0 < 48v/Agv, < 1, so that r € (1,2). Finally, we compute C by (48) and
(59), in such a way that for all n > ng (A+, A_, Aons, Ao, a),

1 D . D
c-"C chn > (1 — 48 Aoun) chn >0 (60)

T 1448y Ay,
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which yields the result by noticing that the dependence on oyax can be released in
no and Ay since by (H1) we have 00 < A. m

Proof of Inequality (14). Let a,C > 0 and § € (0, %) to be chosen later in
such a way that

(1—6)C = %cﬁl (61)
and D
C > (1+ Asvy)? gc; , (62)

where Aj is defined in Lemma 14. We have by (H5), for all n > n4,

B (5= swl3 > €) <P ({15 = snll} > C} () Puca) +17° (63)
and also

P ({15 = snllz > C}[) Rec)

gn»(mf Py (7(s) =7 (sm)) > inf Py (7 (5) — 7 (5m))

seFo 86.7:>C )

=P <sup Py (v(sm) —v(5)) < sup P, (7 (sm) — v (5))

seFc s€Fsc

<P sup o (7(sm) =7 () < sup P (y(sm) =7 (s)) | - (64)

sej:(%,uﬂs)c] s€Fsc

Now by (62) we can apply Lemma 14 with o = § and we obtain, for all n >
no (Aooa Aconsv A+7 Oé),

P| sup P, (v (sm)—7(s)) > (1+ Asvp) 4/ CTD/CLm —-C| <2n™" (65)

SE]“>C

where A; only depends on A, Az, Ao, Omin, A— and a. Moreover, we can take
A3 = um () by Remark 3. Also, by (61), (45) and (44) we can apply Lemma
15 with the quantity C' in Lemma 15 replaced by C/2, a = 5, r = 2(1 —9),
Ay = (0max +24)%, A = ||o||5 and the constant A, satisfying

Ano > 32V2ByA (0 max + 24) 0 i () (66)
and so it holds, for all n > ng (A_, A4, A, Ass, Acons, B2, Um () , Omax; ||o||5 » @),
P (v (sm) =7 (5))

1-86)CD
<2(1 = La_ A A ommn oy (p)a X Vn) \/ 2ELC, — (1-6)C

n

Sups€f<%’(175)c}

P
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Hence from (65) and (67), we deduce that a positive constant A, exists, only
depending on A_, A, A, Omax; |7 |y, um (¢) and a, such that

for alln > ng (A_, Ay, A, A, Aconss B2, Ui (¢) 5 Omax, || ]|, , @) it holds on an event
of probability at least 1 — 4n~?,

S Py (5m) =7 (5)) 2 2 (1= Ag) /222 EPe (1 sy0 (68)
86?(%’(176)0] n
and
y CD
8251{)0 Py (7 (5m) =7 (s)) <2(1+ Aogvy) 1/ Tcm -C. (69)

Now, from (68) and (69) we deduce, using (63) and (64), that if we choose § € (0, 1)
such that (62) and

2 (1+ Agvy) \/?cm —C <2(1-Ap,) %cm —(1=8C (70)
are satisfied then, for alln > ng (A_, Ay, A, A, Acons, B2, U (@) s Omax, |0 ]|y, 71, @),
15— smly < C,

with probability at least 1 — 5n~*. By (61) it holds

1— D 1D
%cng_(s)cz__cgﬂ
n 2n

and by consequence, inequality (70) is equivalent to
(1—=240,) (1 =0) —2(1+ Agwy) VI=6+1>0. (71)

Moreover, we have by (39) and (H5), for all n > ng (A+, A, Avons, Ao, As, a),

. 1
(AO V A5) v, < 7—2 (72)

and so, for all n > ng (A+, A_, Acons, Ao, a), simple computations involving (72)

show that by taking
6:6(\/[10\/\/145)\/7”, (73)

inequalities (71) and (62) are satisfied and 6 € (0, 31). Finally, we can compute C
by (61) and (73), in such a way that for all n > ng (A+, A, Aeons, Ao, a)

0<C= %1__535)02 (1;;)%6313 <1+12 (@v \/A_5) \/Z) %cfn, (74)

which yields the result by noticing that the dependence on o,,x can be released
from ny and A since by (H1) we have o < A. &
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5.2.1 Technical Lemmas

We state here some lemmas needed in the proofs of Theorem 5. First, in Lemmas
9, 10 and 11, 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 in Lemma 12 an upper bound 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 13, 14 and 15 to derive upper and
lower bounds for the empirical process indexed by the contrasted functions over
slices of interest.

The following lemma is a straightforward adaptation in our context of Lemma
11 in [Saul2].

Lemma 9 Assume that (H1), (H2) and (H3) hold. Then for any B > 0, by

setting
Inn +VInn
Tn = LA As pm llolly,8 (\/—V—) :
’ sy ’ D n1/4

It holds, for any orthonormal basis (¢y)e_, of (m,|-|l,),

P Z (P, — P)2 (zplm . gpk) >2(1+7,) \/%Cm <n . (75)

1

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

D 2 DVinn 5
P | (Po=P)* (Y1 0x) = Laay, — | =n. (76)

k=1

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 10 Let r > 1 and C > 0. Assume that (H1), (H2), (H4) and (35)
hold and let ¢ = (¢,)r_, be an orthonormal basis of (m,||-||,) satisfying (H4). If
positive constants A_, A, A;, A, exist such that

n
(Inn)?
and if the constant A, defined in (38) satisfies

A > 32BoAV2A, ||o |y tm (@) (77)

then a positive constant Ly a,, Aullo]l, ETISLS such that,
foralln > ng (A, AL, Ay, Al A, Bo,un, (90), l0]]y),

B LA,AhAu,Uz) rCD
VD

D
n’

D
Al >D>A_ (lnn)2 and A— <rC <A,
n

Co . (78)

SGF(C,TC] n

E| sup (Po—P) ¥y (Sm— s))] > 2 (1
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Our argument leading to Lemma 10 shows that we have to assume that the constant
A introduced in (38) is large enough. In order to prove Lemma 10 the following
result is needed.

Lemma 11 Let r > 1, 8 > 0 and C > 0. Assume that (H1), (H2), (H4) and
(35) hold and let p = (gok)szl be an orthonormal basis of (m,||-|,) satisfying (H4).
If positive constants A, A_ and A, exist such that

n >D>A_(lnn)?*, rC <A,

A
+(lnn)2 -

Y

ST

and if
Aso > 16B,AV2A8 ||o|l; " tm ()
then for alln > ng (A_, A+, A, By, up, (9), ||l , 5), it holds

\ C<P P) (¢lm ()Ok) > Rn,D,a < 2D + 1

P > <
kE{l ,,,,, D} \/2] 1 P P) (wlm ()0]) U, (@)\/E nf

Proof of Lemma 11. By Cauchy-Schwarz inequality, we get

Xon = 1| > (Po = P)? (¢1, - or) = Sup (P = P) (15| -

k=1 Se m

where S, is the unit sphere of m, that is

Sm =1 5€Em, S—ZBkwkand Zﬁk_l

k=1 k=1

Thus we can apply Klein-Rio’s inequality (101) to x,, by taking F =S,, and use
the fact that

SUp ||¢y, -5 — P (¥1,n - 5)|| . < 44V Duy, (9) by (41), (42) and (H4). (79)
SESm

sup Var (wlm- ) = sup P (wlm- )2 < 16A% by (41), (42)

s€S’m SES, m

and also, by using (79) in Inequality (96) applied to Y,,, we get that

_ 4A\/5um (90)
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We thus obtain by (101), for all €,z > 0,

P<Xm§2 (1—¢)B [ \/MT__<1_€+<1+1> >4A\/_um )
)

(80
So, by taking ¢ = 3 and « = S1nn in (80), and by observing that D > A_ (Inn)
and C,, > ||o||,, we conclude that, for all n > ng (A_, A, Ba, us, (@), |lo]l,, B),

-1
P [xm < B%\/gcm] <nF. (81)

Furthermore, combining Bernstein’s inequality (97), with the observation that we
have, for every k € {1, ..., D},

%1 m - enll, < 4Auy (@) by (42) and (H4)
P (1, 00)" < |nmll <1647 by (42)

we get that, for every x > 0 and every k € {1, ..., D},
4 Au,,
P [}(Pn —P) (Y1 -01)| = ,/32142% + “T(“")ﬂ < 2exp (—2)

x  4Auy, (p)x
_ . > 27 4 AT L — .
P{ke?lli},{D}‘(Pn P) (1, - 01)| = 1/3242= + 3 n} < 2Dexp (—x)

n
(82)
Hence, taking z = flnn in (82), it comes

[32A%2F1Inn  4Au,, (@) Slon 2D
g Le?ll?i(D} ‘(Pn —P) (wl’m ' (pk)‘ = n + 3n - nﬂ ’

(83)
then, by using (81) and (83), we get for all n > ng (A_, A, By, un, (¢), |lo|ly, 5),

\/E(Pn _P) <¢1,m'90k)

Xm

Finally, as A+(lnLn)2 > D we have, for all n > ng (A, Ay, um (¢), 5),

4Au,, (¢) Blon < [32A251Inn
3n - n

and we can check that, since rC' < A, 2 and C,, > ||o||,, if

Aoo > 16By1/2A4, A28 |0 |5 tm ()
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then, for all n > ng (A_, A4, A, By, un, (¢), |lolly, 5),

Ayr  [/lnn 2D +1
> <
Tup(@)Von | T 0t
which readily gives the result. m

We are now ready to prove the lower bound (78) for the expected value of the
largest increment of the empirical process over Fc ¢
Proof of Lemma 10. Let us begin with the lower bound of

M(Pn — P) (%m : gpk)
Xm

P [ max
ke{1,...,D}

E: ( sup (P = P) (1 - (5m — 3))> )

Sef(cﬁrc]
a result that will be need further in the proof. Introduce for all k € {1, ..., D},

_ VrC (P, — P) (V1 - ©k)
DS B P (Y1 )

B

and observe that the excess risk on m of (Zszl BrnPr + sm> € m is equal to rC.
We also set

B RnDoz
0= max S— S ="
{ke{l ..... D} O] = U, () \/5}

By Lemma 11 we have that for all § > 0, if Ay, > 16By\/24, A28 o |5 tm (¢)
then,
fOT all n Z g (A,, A+7 A7 BQ; Um, (80) ) HO-HQ 7ﬁ)7

2D + 1
B

P (Q) >1- . (84)

Moreover, by (H4), we get on the event ),

D
Z ﬁk,n@k
k=1

S Rn,D,a )

o0

and so, on (),

D
(sm +) @k,n%) € Fione] - (85)

k=1
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As a consequence, by (85) it holds

]E.%(

sup (P, — P) (¢1,m (8m — 3)))

Sef(C,rC]

el )

o\

<i (W1 SDk)) 1@] - (86)

k=1

Furthermore, since by (41) P (¢, - ¢;) = 0 and by (H4) [|¢,[lo < um (@) for all
ke {l,..,D}, we have

D

k=1

and it ensures

E

k=1

(P = P)* (1, )| <

(#7001

e

.....

>E

(i (Po = P)* (1 sok))

k=1

(87)

Comparing inequality (87) with (86) and using (84), we obtain the following lower
bound for all > o (A—, Ay, A, By, i (9). ol 5),

2
Bz ( sup (P, — P) (¥y 1+ (Sm — s))) > TC’J E
Sef(c,rc]

— 4Aup, (9) DVICy [P [(Q)]

D6 4Auy, (p) DVIC

n

> 9 2D+1'

(88)

We take 5 = 4, and we must have

Since D < A n(Inn)”>

Amo > 32ABy/2A, |03 um ()

and C,, > ||o||, under (H2), we get, for alln > ng (A4, A4, unm (@), [lo]],),

1A, (o) DVICy |22 < \/7 (20)

—16A42Du?, (¢) P [(Q



and so, by combining (88) and (89), for all n > ng (A_, A+, A, By, um (¢), ||lo|ly), it
holds

N

E

1) "CD6 (90)

su P, —P 1m " (8m — 8 >211 - —
Qg£q< ) (o ») (1- 5

Now, as D > A_ (Inn)* we have for all n > ng (A_), D~'/% < 1/2. Moreover, we
have C,, > |o|l, > 0 by (H2) and rC' > A;Dn™", so we finally deduce from (90)
that, for all n > ng (A_, A4, A, Ba, A, unm (), |lo]],),

n

2

1 D

m( wp<a—Pﬂmww%—$ﬂ > 2ol VAT . (1)
s€F(c,ra n

n

We turn now to the lower bound of E [supsef(c . (P = P) (V1 - (8m — s))]

First observe that s € Fc,c| implies that (2s,, — s) € Fcrcy, s0 that

E| sup (P,—P) (1/}17m (8w — s)) =&

SEI(C,TC]

sup }(Pn — P) (77/}1m “(sm — 5)) ‘] :

s€F(c,rc)
(92)
In the next step, we apply Corollary 21. More precisely, using notations of Corollary
21, we set

F={tU1pm(5m—5) ; s € Fopa)}

and
Z= sup [(Po—P) Wy (sm—29))]| -

Séf(cmc]

Now, since for all n > ng (A4, A, Ax, Acons) We have RmD’a < 1, we get by (41)
and (42), for all n > ng (A4, A_, As, Acons),

sup ||f — Pfll, = sup ||¢1,m (Sm — 3)”00 <4AR, p. <4A
feF

56‘7_—(0,7‘0]

we set b = 4A. Since we assume that rC' < A, 2, it moreover holds by (42),

D
sup Var (f) < sup P (¢1,, - (sm — 5))° < 164%rC < 16424, —
feF SE‘F(C,’I‘C] ’ n

and so we set 02 = 16424, 2. Now, by (91) we have, for alln > ng (A_, A1, A, By, A, um (¢, ||o]],),

VETZ > 2loll, VA (93)

Hence, a positive constant L4 4, 4,,|o||, ( max (QA\/AUA;UQ HUH;I RV 2AA;1/4 H0H;1/2>
holds) exists such that, by setting

~ Laa,a, el

VD
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we get, using (93), that, for all n > ng (A_, Ay, Aj, Au, A, Ba, tn (¢) 5 Acons: [|17]]5)s

2

2 2 o
%nE[Z]ZE,
AVEZ] > ©

Furthermore, since D > A_ (Inn)?, we have for all n > ng (A_, A, A, Ay, ||o]l,),
7, € (0,1) .

So, using (92) and Corollary 21, it holds for alln > ng (A_, A4, A;, Ay, A, Ba, um (), |lo||y),

E sup (Pn - P) (wl,m : (Sm - 5))
Sef(C,rC]
L 2
A,Al,Au,|0'|2) 1
> (1- ZAddedele Y gi [ up (P = P) (G (5m—5) | . (94)
( \/D (36]:(0,7‘0] ( b )

Finally, by comparing (90) and (94), we deduce that for alln > ng (A—, A1, Aj, Ay, A, Ba, u, (), |lo|ly)

E Crn

_ LAvAlvAu7|U|2> rCD
VD

SEf(C,rC] n

sup (P, — P) (%m : (5m_5>>] > 2 <1

and so (78) is proved.

In the following Lemma, we formulate 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. This lemma follows from the exact same
arguments as Lemma 15 of [Saul2].

Lemma 12 Let A, A_, A, 5,C_ >0, and assume (H3) and (35). If C_ > Al%

and Ain(Inn)"> > D > A_(Inn)®, then a positive constant L_ 4, 5 exists such
that, for all n > ng (Ao, Acons, A1, A1),

P|VC >C_, sup |(Pn — P) ((s — sm)Q)‘ < La_ a8\ CTDRH,D,Q >1-—n".

seFco

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 control-
ling the empirical excess risk on the slices.

The following lemma combines Lemma 9 and Lemma 12 and follows from the
same lines as Lemma 16 of [Saul2].
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Lemma 13 Let 5,A_, A, A;,C > 0. Assume that (H1), (H2), (H3) and (35)
hold. A positive constant Ay exists, only depending on A, Asm, ||lo|ly, 5, such that,

if
D D
A—<C<(1+ Agvy)® ECQ and Ay

" _>D>A (Inn)?

m 2

(Inn)

where v, = max{ 1%", @/%, Rn7D7a} is defined in (39), then for all n >
U] (Aooa Aconsy A+7 Al);

CD
sup P, (7 (8m) = 7(5)) 2 2 (1 + Law 4,43 .ol A 415 X Vn) —Cm—C
sefc

P

The following lemma makes use of Lemma 9, Lemma 13 and Lemma 12 and follows
from exactly the same arguments as for Lemma 17 in [Saul2].

Lemma 14 Let 5, A_,A,,C > 0. Assume that (H1), (H2), (H3) and (35) hold.
A positive constant Ay, depending on A, As 1, Aoo, Omin, A— and 3, exists such that,
if it holds

" _>p > A_(Inn)’

2_

D
C > (1+ Asv,,)? =C2 d A
> ( 5Vn) —Cpan )

where v, = max{,/l%”, @/%, Rn,D@} is defined in (39), then for all n >
No (Aooa Aconsa A+);

P <o,

sup B, (7 (sm) — v (5)) > 2(1 + Asvy) 4/ %Cm - C

86.7:>C

Moreover, when we only assume C' > 0, we have for all n > ng (Aso, Acons, At),

P L:;lrp P (v (sm) — 7 (8)) > (1 + Asvp)? %Cﬁl} <2 (95)

The following lemma combines Lemma 10 and Lemma 12 and follows from the
exact same lines as Lemma 18 of [Saul2].

Lemma 15 Let r > 1 and C,3 > 0. Assume that (H1), (H2), (H4) and (35)
hold and let ¢ = (¢,)r_, be an orthonormal basis of (m,||-||,) satisfying (H4). If
positive constants A_, Ay, Ay, A, exist such that

S

(Inn)?

Al >D>A_(Inn)* and Algng’SAu—,
n

n

and if the constant Ay, defined in (38) satisfies
Ao > 32ByAV2A, |03 tm (i0)
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then a positive constant La_ a; A, A A, |oll,um(e),s €TSS such that,
fOT all n Z No (A,, A+7 Aua Alv A, Aoo; Acon37 BZ; Um (90) ) ||0-H2>;

rCD
n

P ( sup P, (v (sm) —7v(s)) <2 (1 — LA_ 4,40, A, Ao |0y sum (), ¥ l/n) Cr, — TC) <on=?,

SEF(C,TC]

where v, = max{\/l%”, ,/%, Rn,D,a} is defined in (39).

5.2.2 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 [LT91], Proposition 6.10, p.157.

Theorem 16 For any independent mean zero random variables Y;, j = 1,...,n
taking values in a Banach space (B, ||.|]) and satisfying B[||Y;||"] < +oo for some

p > 1, we have
n p n P
, : 1/p :
> <0, (830 + (s )

where B, 1s a uniwersal constant depending only on p.

El/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 (X3, ..., 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|| = sup;cz|b(f)[. Thus
(B,|.]]) is a Banach space. Indeed we shall apply Theorem 16 to the independent
random variables, with mean zero and taking values in B, defined by

Y, ={f(X;)~ Pf, feF} .

More precisely, we will use the following result, which is a straightforward applica-
tion of Theorem 16. Denote by

1 n
P, =- 0x,
the empirical measure associated to the sample (X7, ..., X,,) and by
|y — Pl z = sup |(F, — P) (f)]
feF

the supremum of the empirical process over F.
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Corollary 17 If F is a class of measurable functions from a measurable space Z
to R satisfying

supsup |f (2) = Pf| =sup || f — Pfl|l, < +o0
zeZ feF feF

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

supser | — Pfl
EV2[|P, - P|%] < B, (E 12, — Pl + 2o .

n

(96)

Another tool we need is a comparison theorem for Rademacher processes, see Theo-
rem 4.12 of [LT91]. A function ¢ : R — R is called a contraction if |¢ (u) — ¢ (v)| <
|u — v for all u,v € R. Moreover, for a subset 7' C R™ we set

1B @)l = lIAlly = sup [2(B)] -
teT

Theorem 18 Let (eq,...,&,) be n i.i.d. Rademacher variables and F': Ry — Ry
be a conver and increasing function. Furthermore, let o, : R — R, i < n, be
contractions such that @, (0) = 0. Then, for any bounded subset T C R™,

EF< > e, (t) ) < 2EF (‘ > et ) :

The next tool is the well known Bernstein’s inequality, that can be found for
example in [Mas07], Proposition 2.9.

Theorem 19 (Bernstein’s inequality) Let (X, ..., X,) be independent real valued
random variables and define

S:%i(Xi—E[XZ—]).

Assuming that
1 n
=-) E[X? <
v n; [X?] < o0
and
| X <b a.s.

we have, for every x > 0,

P [15\ > \/%+ 2—2] < 2exp(-2). (07)

We turn now to concentration inequalities for the empirical process around its
mean. Bousquet’s inequality [Bou02] provides optimal constants for the deviations
at the right. Klein-Rio’s inequality [KR05| gives sharp constants for the deviations
at the left, that slightly improves Klein’s inequality [Kle02].
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Theorem 20 Let (&4, ...,§,) 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

If (&) —Pfl<b as., foradl feF, i<n,

then, by setting
o = sup {P () — (P17},

ferF
we have, for all x > 0,
Bousquet’s inequality :

r  bx
P |1Ps = Pl ~ BIIR, - Pl 2 2003 + 28017~ PLD  + | < exp(2)
and we can deduce that, for all £, x > 0, it holds

x 1 1)\ bz
P (1P~ Pl = BUIA - P 2 2035 4 BIIP - P+ (4 5 ) 2| <o)

(99)
Klein-Rio’s inequality :

xr bx
P |BUIA - PIA - 17— Pl 2 \ 203 + 28117 - PI) 4 2] < exp (-0

(100)
and again, we can deduce that, for all e,x > 0, it holds

x 1 bx
P |BUA - P - 1P~ Pl 2 \ 2035 + BB = Pl + (2 41) 2] < oxp(a).
(101)
The following proposition is proved in [Saul2|, Corollary 25.

Proposition 21 Under notations of Theorem 20, if some s, € (0,1) exists such
that

ZE[|P, - P|%] >

and

b
2\B(IP - PIE) 2

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

(1= 561 )\JE[IP, — PIZ] < B[P, - Pl .
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