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Abstract

We obtain estimation error rates and sharp oracle inequalities for a Birgé’s T-estimator using a regu-
larized median of mean principle as based tests. The results hold with exponentially large probability —
the same one as in the gaussian framework with independent noise— under only weak moments assump-
tion like a Ly/ Lo assumption and without assuming independence between the noise and the design X.
The obtained rates are minimax optimal. The regularization norm we used can be any norm. When it
has some sparsity inducing power we recover sparse rates of convergence and sparse oracle inequalities.
As in [29], the size of the sub-differential of the regularization norm in a neighborhood of the oracle
plays a central role in our analysis.

Moreover, the procedure allows for robust estimation in the sense that a large part of the data may
have nothing to do with the oracle we want to reconstruct. The number of such irrelevant data (which
can be seen as outliers) may be as large as (sample size)x (rate of convergence) as long as the quantity
of useful data is larger than a proportion of the number of observations.

As a proof of concept, we obtain the “exact” minimax rate of convergence slog(ed/s)/N for the
problem of recovery of a s-sparse vector in R? via a median of mean version of the LASSO under a Lg,
assumption on the noise for some ¢g > 2 and a Cjlog(ed) moment assumption on the design matrix.
As mentionned previously this result holds with exponentially large probability as if the noise and the
design were independent and standard gaussian random variables.

1 Introduction

An important problem in learning theory is to estimate a minimizer f* € argmin;.p P(Y — f(X ))? over
a convex class of functions F' of the integrated square-loss based on a data set (Xj;,Y;)i=1,. ~n. The
Empirical Risk Minimizer (ERM) of [12] and later on, its penalized versions propose to replace the unknown
distribution P by the empirical distribution Py based on the sample (X;,Y;);=1,. n, to choose a non-
negative function pen : F' — R and to define

FNM e arfgmin{PN(Y — f(X))? +pen(f)} .
cF

This estimator is well understood now and is known to suffer several drawbacks when the data are heavy-
tailed or in the presence of “outliers” [15]. These issues are critical in many modern applications such
as high-frequency trading, where heavy-tailed data are quite common or in various areas of biology such
as micro-array analysis or neuroscience where data are sometimes still nasty after being preprocessed. To
overcome the problem, various methods have been proposed, the most common strategy being to “smooth”
the shape of the square function at infinity to make it less sensitive to large data. For example, the Hiiber
loss [21] replaces the function z — 22 by x — 22I(|z| < 7) + [7(2|z| — 7)]I(|=z| > 7) that is it interpolates
between the square loss that leads to the unbiased (but non robust) empirical mean estimator and the
absolute loss that leads to the (more robust but biased) empirical median. Beside the asymptotic results
of [21], this estimator has been studied in a non-asymptotic framework, see for example [16, 19] and the
references therein. An alternative to the Hiiber function has been proposed by Catoni [15] and used
in learning frameworks by Audibert and Catoni [2] in least-squares regression and for more general loss
functions by Brownlees, Joly and Lugosi [13].



Another line of research for building robust estimators and robust estimator selection procedures has
been proposed by Birgé [9], Baraud [!] and Baraud, Birgé and Sart [0] following ideas of Le Cam [26, 25].
It is based on comparison between the elements of F'. More precisely, their idea is to build tests statistics
Tn(-,-) to choose between any two elements in F', these tests are used to build a“confidence region”
Br, (f) for any f € F containing all ¢g’s that have been preferred to f and to select the estimator having
the smallest confidence region given a way to measure its diameter — which is directly related to the
statistical performance one wants to prove. Usually, these methods focus on the Hellinger loss and were

considered impossible to compute for a long time until [7, 10], for example, managed to compute these
estimators in particular cases.

In a related but different approach, Lugosi and Mendelson [32] have recently introduced the notion of
“median of means tournaments”. Their idea is to use the Median of means principle of [1, 22, 38] to make

comparisons between the elements of F'. The authors call “champion” any element of F' with a confidence
region smaller than the one of the oracle. They prove that any champion has a risk controlled by the one
of the oracle. In Section 3 we shall show why any possibly penalized empirical loss function can also be
seen as a Birgé’s estimator and it is clear from its definition that Birgé’s estimator built with the median
of means tests is a “Champion of a Median of Means tournament”.

In this paper, we build on the idea of Lugosi and Mendelson [32] and use (a regularized version of)
their Median Of Mean tests (see Section 4.1) in a Birgé’s procedure. Its performances are studied with
respect to the square-loss. The main advantage of this approach compared to Birgé’s original one is that
it does not require to work with the Hellinger loss, allowing more classical losses functions in learning
that typically fail in the presence of heavy-tailed data. We shall illustrate this idea by focusing on the
square-loss. Compared to the Huber loss or Catoni’s loss, this approach allows to control easily the risk
of our estimators by using classical tools from empirical process theory. Compared to [32], we stress the
link between the notions of “champions” and Birgé’s estimation procedure by aggregation of tests, and
we study the robustness of the approach with respect to “outliers”, that will be defined as data whose
distribution are not related to P.

More precisely, we build three different types of estimators and prove three different types of results.
First, to use Birgé’s procedure, we have to compute the “radii” of the sets Br, (f),f € F for various
“metrics” associated to some statistical measure of performance such as the regularization norm, the L%—
norm or exact oracle inequalities. The radius can naturally be evaluated with respect to the regularization
norm since this norm is known. It is chosen by the statistician in advance and it is usually used to promote
sparsity or smoothness. If one wants estimation result w.r.t. the L%—norm then ideally the diameter of
the sets Bry (f), f € F should be measure w.r.t. the L%-norm. The problem with the L%-norm is that
it is unknown in general since the distribution of X is not known in general. So we shall first evaluate
empirically the metric structure induced by L%; over F'. We will do so using again a median of means
principle and then show that the corresponding Birgé’s estimator is well located. The main issue here is
that we want to infer the metric structure associated with L%; only very weak moment assumption. We
cannot use the classical “isomorphic approach” used to compare the empirical metric L%DN to the actual
metric L% since this approach requires strong subgaussian properties of the design vector X that we don’t
have here.

Note that to obtain estimation results w.r.t. both the regularization norm and the Lfg—norm, we
need to slightly extend Birgé’s criterion since we need to compute the diameter of the Br, (f),f € F
for two criteria simultaneously. Nevertheless, once the mechanism used to measure the diameter of the
Bry(f), f € F w.rt. two metrics (one of which being empirical) one can use this idea a third time to
obtain exact oracle inequalities. For such statistical results and as in the case of the estimation of the L%D
diameter of the Br, (f), f € F, we have to estimate the “metric” structure induced by the excess risk over
F using again a median of means principle (still because we do not have strong concentration property
that allows for an “isomorphic approach” between the empirical and actual excess risk). We show that the
resulting estimator based on the measure of the diameter of the Br, (f), f € F w.r.t. the previous three
criteria is well localized w.r.t. both the regularization norm and the L%—norm as well as its excess risk is



properly bounded. Note that the third criteria we added to Birgé’s procedure is based on the median of
means principle to control the correlation between the noise Y — f*(X) and (f — f*)(X) for all f € F.
All these results are based on (regularized) median of means tests and depend on the number K of blocks
of data that should be ultimately chosen using an unknown parameter associated to the oracle f* like its
sparsity in the case where the regularization norm has some sparsity inducing power. To overcome this
issue, we use Lepski’s method [31] as in [18] to select K adaptively and get rid of this dependence and
get a fully data-dependent procedure. As we will see later this adaptation step is the reason why we can
get the exact minimax rate in sparse recovery slog(ed/s)/N (cf. [3]) for a MOM version of the LASSO
whereas the classical LASSO estimator achieves the rate slog(ed)/N.

There are four important features in our approach. First, all the results are proved under weak assump-
tions on the noise, that is only required to have an L?>*¢ moment, which is almost the minimal condition
under which the problem at hand makes sense and the class of functions may only satisfy a weak moment
condition as a “Ly/Ls” comparison. Second, the performances of the estimator are not affected by the pres-
ence of complete outliers, as long as their number remains comparable to (number of observations)x (rates
of convergence) which is for the problem of sparse-recovery of the order of the sparsity of the oracle. Third,
the results are non-asymptotic and do not require the regression function z — E[Y|X = z| to belong to
the class F'. In particular, the noise Y — f*(X) can be correlated with f*(X) and/or Y. Finally, even the
“informative data” that is the one that are not “complete outliers” are not requested to be i.i.d. ~ P,
but only to have close first and second moments for all f € F. Nevertheless, the estimators are shown
to behave as well as the ERM when i.i.d. ~ P data, E[Y|X = -] € F and the noise { =Y — f*(X) is
independent from the design and has Gaussian distribution.

An example: sparse-recovery in R? via the MOM LASSO. As a proof of concept, these proper-
ties are illustrated in the classical example of sparse-recovery in high-dimensional spaces using the ¢;-norm
as penalization. We only study this example because it has been one of the most studied example in high
dimensional statistics [14, 20] even though our approach also applies to other procedures like Slope [11, 41],
trace-norm regularization and kernel methods for instance. This example shows the minimax optimality of
our rates obtained under weak moment assumption on the noise and the design — which may be dependent
— and the robustness to outliers property of the new estimator. Moreover, the parameter A used to balance
between adequacy to the data and regularization is chosen adaptively in our final estimator and does not
a priori depend on the sparsity parameter, as it has to be the case for the Lasso estimator if one wants
to achieve the exact rate of convergence which is slog(ed/s)/N. Let us now show the advantage of our
procedure over the classical regularization methods for the problem of sparse recovery. We first recall
the setup of this problem then recall a result from [29] on the LASSO and then state our result for this
example.

We assume that X is an isotropic random vector in R? (i.e. E(X, t>2 = HtH% for all t € R%) and Y is a
real-valued random vector. We define t* € argmin,cpa E(Y — (X, ¢))?. We are given a dataset (X;, Yi)ien)
of independent (not necessarily identically distributed) random variables which has been contaminated by
outliers: that is a set of data (X, Y;);co such that the distribution of (X;,Y;) for i € O C [N] has nothing
to do with the distribution of (X,Y’). We denote by I = [N]\O, the set of indices of the informative data
(Xi,Yi)ier and we assume that for all i € I, (X;,Y;) is distributed like (X,Y).

In the high-dimensional statistics setup, one has N < d but it is believed that t* has a small support
of size s such that s < N. For the reconstruction of such a vector, one may use the ¢;-norm ||-||; for the
regularization norm because it promotes zero coordinates by thresholding and therefore induces sparsity.
It follows from Theorem 1.4 in [29] that for 0 < § < 1 if t* is s-sparse, N > ¢pslog(ed/s),

i) [I] = N and so |O] = 0 (there is no outliers in the dataset),
i) £E=Y — <X,t*> € L, for some ¢y > 2

iii) for all t € R? and every p € N, H<X,t>HLp < L\/ﬁH<X, t>HL2



then the LASSO estimator

1 & log(ed)
t € argmin (NZ(E—<X1'J>)2+C1(5) Il ., gN ||t||1>
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is such that with probability at least 1 — 4, for every 1 < p < 2,
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Compare with the MOM LASSO {1 that we introduce later: we obtain that if ¢* is s-sparse, N >
coslog(ed/s),

i) |I| > N/2 and |O| < c¢;slog(ed/s) (the number of outliers may be proportional to the sparsity),
i) £E=Y — <X,t*> € L, for some ¢p > 2

iii”) for every 1 < p < Cplog(ed), ||(X, ej>HLp < L./p where (€;);e|q is the canonical basis of R¢ and Cj
is some absolute constant,

iv) var(§(X,t)) < CZ||t|3 for all t € R,

the MOM LASSO estimator 1 x is such that with probability at least 1 — ¢ exp(—cszslog(ed/s)), for every

1<p<2,
. . 1 ed
tre —t Hp < ca(L) ||fHLq0 Sl/p\/ N log (S >

Note that iv) holds with C¢ = |||, if a Ls4/Lo assumption holds: for all ¢ € R, H<X,t>HL4 <
i3
co H <X , t> H ;2 — which is a much weaker requirement than condition iii) for the LASSO.
P

One may pinpoint several differences between the LASSO ¢ and the MOM LASSO #;, »: the estimation
rate obtained for the later is the exact minimax rate; the deviation parameter § for the LASSO is obtained
using a Chebyshev’s inequality and is like 1/N (@0/2=1) whereas it is exponentially small for the MOM
LASSO - note however that when the noise ¢ is assumed to be subgaussian (i.e. [¢], < C\/pl¢],, for
all p € N), the deviation parameter 0 for the LASSO is the same as the one for the MOM LASSO that
is § = coexp(—csslog(ed/s)) — finally, the MOM LASSO allows for a number of outliers proportional to
the sparsity s whereas such property is either unknown or simply not true at all for the LASSO. As a
consequence, the theoretical properties of the MOM LASSO outperforms in several way the one of the
LASSO.

From a mathematical point of view, our results are based on a slight extension of the Small Ball
Method of [23] to handle non-i.i.d. data. The SBM is also extended to bound both the quadratic and
the multiplier parts of the decomposition of the quadratic loss. Otherwise, all other arguments have been
made simple, which makes the approach very attractive and easily reproducible in other frameworks of
statistical learning.

The paper is organized as follows. Section 2 briefly presents the general setting and our main illustrative
example. Section 3 present Birgé’s construction of estimators based on tests. We also show why many
learning procedures may be seen as Birgé’s estimators. The construction of the estimators and the main
assumptions are gathered in Section 4. Our main theorems are stated in Section 5 and proved in Section 6.

Notation For any real number x, let |x| denote the largest integer smaller than = and let [z] =
{1,..., x|} if z > 1. For any finite set A, let |A| denote its cardinality. For every vector t = (t;)¢ € R?

1/p
and 1 < p < 400 denote the £4-norm of ¢ by 1tll, = <Z§-l:1 \tj\p) and the associated unit ball by B
and unit sphere by Sg_l.



2 Setting

Let X denote a measurable space and let (X,Y), (X;, Y;);e[n) denote independent random variables taking
values in X x R, with respective distributions P, (P;);c(nv)- Given a probability distribution Q, let Lé
denote the space of all functions f from X to R such that

1/2
1£lg <00 where |l 2 = (@F)"* .
Let F' C L%D denote a convex class of functions f : X — R. Assume that Y € L% and let, for any f € F,

R(f) = P[(Y — f(X))?], f*Eal"];gHP{inR(f), §=Y - f1(X) .
€
We want to estimate f* based on (X, Y;);ein]- Let ||-|| denote a norm defined onto a linear subspace E of
L% containing F', that will be used as a regularization function.

Example : /;-regularization of linear functionals

As a proof of concept, we apply our results to ¢ regularization of linear functionals, which has been one of
the most studied regularization method in high-dimensional statistics during the last decade (cf. [20, 141]).
For this problem, F is the class of all linear functionals indexed by R¢ and the regularization function is
(with a slight abuse of notation) the ¢;-norm over R?. That is

Fo () ite®Yy and (.0 = e,

For this example, t* denotes the “coefficient” oracle that is f* = <-,t*> € F, where

t* e aige;gzin {P [(Y - <X,t>)2}}

The aim of this example is to show that the parameters introduced can be computed in particular examples
and to present typical results that follow from our analysis in a well studied case. For this example, we
focus on the rates of convergence and the confidence bounds. In particular, we do not consider the non-i.i.d.

setup even if it directly follows from our analysis. We always assume that P = P; for all i € [N] and we
shall write LY for L%, to shorten notations.

3 Learning from tests

3.1 General Principle

Our approach is based on pairwise comparisons between elements of F'. More precisely, given two functions
f and g in F, we would like to prefer f to g if P[(Y — f(X))?] < P[(Y — g(X)?], or, equivalently, if

0< P[(Y = g(X))? = (Y — f(X))*] = P[(9(X) — F(X))* = 2(Y — f(X))(9(X) — f(X))] = Tia(f. 9) -

As the distribution P is unknown, such a direct comparison is impossible and our purpose is to design test
statistics T'(f, g, (Xi, Yi)ie(n)) = Tn(f, g) that is, real random variables such that Tn(f,g) +Tn(g, f) =0,
Tn(f,g) being an estimation of Tiq(f, g). These statistics are used to compare f and g, simply by saying
that f Tn-beats g iff Ty (f,g) > 0.

The next step of our construction is to use Birgé’s idea (see for example [9] and the references therein),
which is also sometimes attributed to Le Cam (see [25] and the references therein). Define

VfEF:  Br(f)={g€F:Tn(g.f) >0},



or more generally, to compare only the elements of a subset F C F, typically a maximal e-net, define
vieF: B (f,F)={g9e€F:Tn(g.f) =0} . (1)

Notice that, from the assumption Tn(f,g) + Tn(g, f) = 0, one has always f € Br,(g) or g € Br,(f)
(both happen if Tn(f,g) = 0). Therefore, if one is given a pseudo-metric d and if we set Cry(f) =
SUDgeBy, (9) d(f,g), we always have d(f,g) < Cr,(f)V Cry(g), thus, from the definition of fr,,

d(fTN7 f*) < CTN(fTN) v CTN(f*) < CTN(f*) : (2)

To upper bound the risk of fTN it is therefore sufficient to upper bound the radius of Bz, (f*). The
definition of “radius” depends on the distance d that should be chosen according to the properties we seek for
our estimators (see Section 4.4 for details regarding the different norms we use and the corresponding results
on the estimators). More precisely, we are interested with at least two natural norms : the regularization
norm || - || measuring the “sparsity” and the norm |.|| 12, measuring the excess risk. We intend to design
an estimator that is performant for both norms and we will slightly extend Birgé’s construction to that
purpose. Assume first that the norms || f|| 12, for f € F' can be computed (which is the case, for example,
if the distribution of the design is known). Since, we have two different norms at hands, it is not clear
which one we should use to compute the radius of Br, (f). To deal with this issue, we first rewrite Birgé’s
criterion (for || - ||) by

Cry(f)= sup |[f—g|ll=min{p>0:Vg e Br,(f), lg—fll <p} .
g€BT (f)

A minimizer of this criterion is well localized but may have a large excess risk. To control also the excess
risk, we use a function 7 : Rt — RT (r will be defined in Definition 1 in Section 4.3) that basically maps
the optimal rate of convergence in the reference norm || - || to the optimal rate in || - || 12~ The extension of
Birgé’s criterion is then defined by

CR)(f) =min{p = 0: Vg € By (), llg = £Il < pand I = gllz, < 7o)} - 3)

In general, the L%g-norm between two functions cannot be directly computed, so we have to estimate the
L%-distance between elements of Bry, (f). Moreover, we shall also be interested in proving “exact” oracle
inequalities. This involves a third distance, and a third criterion that extends again a bit Birgé’s criterion
using the same ideas (see Section 4.4 for details).

Birgé’s approach has been used to define T-estimators [5, 9, 10], p-estimators [3, (] (although the
aggregation of tests is a bit different there) and to build general estimator selection procedures [4, 7]. This
procedure is in general computationally expensive. It also extends many common procedures in statistical
learning theory under some assumptions on the tests the procedure relies on. To illustrate this purpose,
we present now three examples of estimators that could be seen as Birgé’s estimators.

3.2 Examples

Example 1 : Empirical (penalized) minimizers. Assume that T can be decomposed Tn(f,g) =
In(g) — n(f) and denote by f = arg minsep {n(f) (provided that such minimizer exists and is unique).
Then it is easy to check that Br, (f) = {f}, so its radius is null, while the radius of any other point f is
larger than d(f, f ) > 0 (whatever the non-degenerate notion of pseudo-distance used for d). It follows that
Birgé’s estimator coincide with f .

In particular, any possibly penalized empirical risk minimizer f = arg min fer{Pnls+pen(f)} is a Birgé
estimator corresponding to the tests T (f, g) = Py (¢y—{f)+pen(g) —pen(f), where £(z,y) = (y— f(z))?
in this paper.



Example 2 : Median Of Means estimators of the mean Another, perhaps less obvious example
is the median of means estimator [I, 22, 38] of the expectation PZ of a real valued random variable
Z. Recall that this estimator is built using a sample Zi,...,Zy of i.i.d. copies of Z and a partition
By,..., Bk of [N] into bins of equal sizes N/K. This estimator is then defined as the (empirical) median
of the set of empirical means {PBkZ = ‘B—lﬂ diep, Zitk € [K]} and is denoted by MOMg (Z). To see why
this estimator can be obtained from Birgé’s procedure, we remind that the expectation is the minimizer
PZ = argmin,,cg P(Z —m)?. A natural way to define a test comparing two real numbers m and m’ is
thus to define

Tn(m,m') = MOMg[(Z — m/)* — (Z —m)?] .
Using basic properties of the median (recalled in Equations (4) and (5) in Section 4.1), we have

Tn(m,m') = (m')*> —m? + MOMg[—2Z(m/ — m)]
= (m')? = 2m'MOMg (Z) — [m?* — 2mMOM (Z)]
= (m' = MOMg(Z))* — (m — MOMk(Z))? .

Defining ¢ (m) = (m — MOMg (Z))?, the test Ty is decomposed as in the previous example T (m, m’) =
In(m') — £ (m) and the unique minimizer 7 of £ (m) is MOMg (Z).

Example 3 : “Champions” of a Tournament In a recent paper, Lugosi and Mendelson [32] intro-
duced the notion of median of means tournaments. More precisely, they used the median of means tests
(see Section 4.1) to compare the elements of F. Notice that these tests, as well as those used by Birgé
[9, 10] don’t satisfy a relation of the type Tn(f,g) = ¢n(g) — ¢n(f) in general, and Birgé’s estimator over
the all class F' cannot be obtained as a minimizer f = arg min rer {n(f). Lugosi and Mendelson [32] used
the following (a priori different from Birgé) strategy to overcome this issue. They compute a tractable
upper bound on the radius of the oracle and call “champion” any element of F' with a radius smaller than
this upper bound. They prove that any champion has a radius smaller than the upper bound. It is clear
that, by definition the radius of Birgé’s estimator is smaller than the one of the oracle and Birgé’s estimator
is therefore a champion.

4 Construction of our estimators

4.1 Quantile of means processes and Median Of Means tests

In this paper, we used Median Of Means (MOM) tests of [32]. To introduce these tests, useful quantities and
basic properties in our analysis, we start with a general presentation of the quantiles of means processes.
For any a € [0,1], £ > 1 and any z € R, denote the set of a-empirical quantiles of z by

l l
1 1
Qa(z) = {x eR: 7 kgl It i<y > @ and 7 kgl Iysey 21— a}

For any non-empty subset B C [N] and any vector z = (21,...,25)7 € RV, let Pgz = |—]13| Y icp % Let
K € [N] and let (By,...,Bgk) denote an equipartition of {1,..., N} with bins of size |B;| = N/K. Note
that when K does not divide IV, one can remove a few data from the dataset. For any real number a € [0, 1]
and any vector z = (z1,...,zn)" € RV, we denote the set of a-quantiles of empirical means by

Qo (2) = Qa ((PBkZ)kG[K])

With a slight abuse of notations, we shall repeatedly denote by Q. i (z) any element in Q, x(2) and
write Qa,K(Z) =yify € Qa,K(Z)7 Qa,K(Z) > y if sup Qa,K(Z) > Y, Qa,K(z) < y if inf Qa,K(z) < v,

7



and Qu Kk (2) + Qo k(7") any element in the Minkowski sum Qq x(2) + Qu k(2'). Let also MOMg (z) =
Q1/2, k(%) denote the empirical median of the empirical means on the blocs By. Empirical quantiles are
not linear processes, but they satisfy nevertheless the following properties

YA>0,Vz e RV Va e [0,1],  Qax((2) = AQarx(z) , (4)
Vz e RN Va e [0, 1], Qorx(—2) = —Qi—ar(2) , (5)
Vz,2 € RY, Q/a,k(2) + Q/ak(2") < MOMk (2 4 2') < Q34 k(2) + Q3/a.k(2) (6)

To balance the empirical risk and the regularization norm, it is classical to introduce a parameter A > 0
called a regularization parameter that needs to be fit in a proper way to achieve an optimal trade-off
between adequacy to the data and regularization. Define respectively the (quadratic) loss and regularized
(quadratic) loss as the functions from F' x X x R to R by

Cila,y) = (y— F@)? =L+ A|fll,  for every (f,z,y) € F x X xR .
To compare/test functions f and g in F', the median of means test between f and g of [32] is defined by
Ti(f,9) = MOMy (€5 — £7) = MOMy (b — £5) + Mgl = I £11) - (7)

Notice that, from (5), T x(f,9) + Tr (g, f) = 0, therefore, T ) is a test statistic as defined in Section 3.

4.2 Main assumptions

One of our motivations in this paper is to show the robustness properties of median of means estimators in
statistical learning. We shall therefore denote by I UO a partition of [N], where O has cardinality K,. The
data (X;,Y;)ico are considered as outliers, that is the set of data for which no assumptions on F; is made.
The remaining set (X, Y;);cs is the set of informative data, that is the ones one can use for estimation.
And, of course, given the data (X, Yz)f\il no one knows in advance which data is informative or not.

Even for the informative data, we do not assume that (Xj;, Y;);cr are i.i.d. ~ P, but that the moments
of order 1 and 2 of all functions f € F' are close to those of P as well as the correlations between f and
the noise £. Let 7 > 0.

Assumption 1 (R(7)). Property R(t) holds when, for anyi € I and any f,g € F, P;(f—g)* < m2P(f—g)>.

Of course, property R(1) holds in the i.i.d. framework, with I = [N]. The second assumption bounds
the correlation between the noise { =Y — f*(X) and the design on the class F' — f*.

Assumption 2. There exists C¢ > 0 such that, for every f € F and any Q € {P, (F;)ier},

Vvara(6(f — 1) = VREF — 1) — (@& — I < Cellf — £z

If an% < oo and, for every f € F, | f — f*HL4Q <collf— f*HL%, then, by Cauchy-Schwarz inequality,

VY€ = 1) < I = 1) g, < 18l 17 = s < o lellzg, 1 = £ g

so Assumption 2 holds for C¢ = ¢y maxge(p,(p));c 1 Hé‘”Lé.

The last assumption essentially states that the distribution of X uniformly spreads in the directions of
F. Tt has been introduced in [24, 3] and it’s called the small ball property.

Assumption 3 (The small ball property (SBP)). There exist constants 0 < f <1 and 0 < u < 1, such
that, for any Q € {P, (Picr} and any f,h € FU{0}, Q (1f bl > BIIf — i3 ) >



Numerous examples satisfy SBP, we refer to [23, 28, 33, 35, 36, 39] for some of them. Let us give
here a classical example where it can be checked. Assume that there exists co > 0 such that ||f — hl[;4 <

colllf — hllgz AF —hlly) and [ =Rl < 17— Bl for every f,h € F and any @ € (P, (P)ier}, then
Assumptions 3 holds (and we’ve seen that Assumption 2 also). Indeed, let 5 be such that ¢o8 < 1, denoting
by p=0Q (]f —h| > B|f - hHL%>, the Paley-Zygmund argument [17, Proposition 3.3.1]) shows that

1f = hlZs < @ If—hlz < (QU = 9°T(f =l < BIF = hllie) + QU — WL(f — bl = BIf Bl 2))
< (8211 — glifa, + VBIIf —hllLs ) < B IIF = hllTs (82 + VP)
therefore, Assumption 3 holds with u = (1 — ¢23?)?/c3.

4.3 Complexity parameters

The main purpose of this section is to define the function r connecting the norms in our extension (3) of
Birgé’s criterion. Let us start with some notations : for any r,p > 0 and any f € L%;, let

Bafir) ={g €13 If —gls <7} Sa(fr)={g€ L If —gllps =7} -
Let also rBy = Ba(0,r) and 7Sy = S2(0,7). For any f € E, let

B(f.p)={9€E:|f-gll<pt, S(fip)={9€E:|g—fll=pt, pB=B(0,p), pS=S50,p) .

Definition 1. Let (¢;)ics be independent Rademacher random variables, independent from (X;, Y;)Y.,. For
any vQ,Ym > 0 and p > 0 let

I
rQ(p,vg) = sup inf ¢ r>0:VJ C I,|J]| 2’2’, E  sup Zei(f—g)(Xi)
frer F9€FNB(f*,p) | c 7
IF=gll 2, <r

SPYQ‘J‘T )

<umlJIr*

1
rar(p,yavr) = sup inf ¢ > 0:VJ C I,|J| > u, E  sup Zﬁifi(f — )(Xi)
frer 2 FEFNB(f*0) |
IF=F* N, v

and let p — r(p,vQ, M) be a continuous and increasing function such that for every p > 0,

r(p, g, ym) > max{rq(p,vq), ra(p, i)}

Explicit computations of the complexity parameters rg(-) and rj/(-) may follow from classical results
on the expectation of symmetrized empirical processes. For instance, upper bounds can be obtained using
Gaussian mean widths : for any V C R?, the Gaussian mean width of V is defined by

d
(V)=E sup Zgjvj, where (915---594) ~ Na(0,1y) . (8)
v:(v]-)EV j=1

Now, the complexity parameters rg(-) and rp(-) in the ¢¢-regularization example are computed in [37,
Theorem 1.6]. Since the dual norm of the ¢{-norm is I-unconditional with respect to the canonical basis
of R? (cf. [37, Definition 1.4]); [37, Theorem 1.6] applies under the following set of assumptions.

Assumption 4. There exist constants qo > 2 and L such that:

Al § € Ly,



A2 X is isotropic : E<X,t>2 = Ht||§ for every t € RY,
A8 the coordinates of X have Cplogd sub-gaussian moments: for every 1 < j <d

H<X, ej>HLp < Ly/p for every 1 < p < Cplogd

where (e1,...,eq) is the canonical basis of R? and Cy is some absolute constant.

The unit ball of the regularization norm plays a central role in our analysis. For the Eil—regularization
example, this ball is the unit ¢¢-ball B¢ = {t € R?: |||/, < 1}. Under Assumption 4, [37, Theorem 1.6]
shows that, for every p > 0 the expectation of the symmetrized empirical process satisfies

N
1 *(pB¢NrBY
E sup —Zei<v,Xi> < c2"(pB N1 By) 9)
vaBfﬂng N i=1 vIN
and for the multiplier process
N * d d
1 2 [|€ll, €*(pBf NrBS)
E oswp |+ a6(v ) < ko (10)
vEpB‘f’ﬂng N; o ’ vV N

As a consequence, it only remains to bound from above the local Gaussian mean widths ¢*(pB{ N rBg).
This is done in [29, Lemma 5.3] and therefore the computation of the fixed points ) and rg follow (note
that we drop off vy and ¢ since they will play the role of constants later)

2
HE

2 () < it p°N > ||€])7, o 2 ({70 itN > d
TM\P) Lo el d ro(p 2 (L) .
it s () terv o s (459)  terin
In this example therefore,
ellél,, dy €7, d .
max | pl¢|,, \/}vlog( o ) a ) if N >pd

r’ (p) ~L,q0

éll,, d
max | p ||§]|Lq0 \/J{[ log (e”p‘\l/L]iVO ), ’]’V—Z log (C(]%,)d)) otherwise

4.4 The estimators

As explained in Section 3, our procedure build on Birgé’s construction of T-estimators (cf. [9, 10]) and
uses the radii of the sets Bx A(f) = {9 € F : Tk A(g, f) > 0}, where Tk ) has been defined in (7), as criteria
to deduce our estimators. These radii are evaluated using different norms depending on the results one
wants to obtain. More precisely, we shall prove deviation bounds w.r.t. the regularization norm and the
L%—norm as well as prediction result by proving sharp oracle inequalities. For each of these results, we
design a way to measure the size of the sets By x(f) for f € F.

Let us first start with the regularization norm and define Birgé’s criterion R;;gA (f) = supges, () {llg — fII}-

Denote the corresponding estimator f I((l))\ € argminsep R;ég)\( f). The risk of this estimator will be bounded
w.r.t. the regularization norm.

To get estimation results for both the regularization norm and the L%—norm, one needs to add another
way to measure the size of the sets By (f) related to this norm. Given that P is unknown in general,
we have to introduce an empirical way to measure the L% diameter of By (f). The classical empirical
L%,N—metric would work under strong assumptions on the design, like a subgaussian property or any other
property insuring some isometry between L%DN and L% metrics above some level (usually given by r¢(-), cf.
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[27]). We want to relax also this assumption and consider therefore another “empirical norm”. Instead of
taking the empirical mean, we simply take the empirical median, that is, we define the empirical pseudo-
norm: for every f € F, |[f|l1,y = MOMy(f) and the radius of Bk x(f) w.rt. Loy is denoted by

L o .
RK%’)\N(f) = SUPycBe (/) {llg = fllzo.x } - The second criterion is then given by

CO(f) =min{p>0: BE(S) < p. B (F) <mro)}

where 7 is defined in Theorem 1 below and 7(p) = r(p, vQ, Ym) for the choice of constants vg and vy in

Theorem 1 below. The estimator associated to this criterion is fK \ € argmingep 0(2)( ).
Finally, we want to design an estimator satisfying snnultaneously a sharp oracle inequality and optimal
risk bounds for both the regularization and L% norms. We introduce a third pseudo-distance :

the radius of Br A(f) w.r.t. dg is denoted by R?{K)\(f) = Supgeg, ,(f) 14k (g, f)}. The third criterion is
given by

COf) =min{p>0: BE(S) < po RE () <o), BRI (F) < r%(0) }

where 7 and ~ are specified in Theorem 1 below and the associated estimator is f 1((3))\ € argminsep cO(f).

4.5 The sparsity equation

As shown in ( ), the performances of our estimators are bounded by those of the oracle f*. To control for
example C®(f*) and deduce estimation bounds for f* with respect to || - || and || - || 12> we have to prove
that T A (f*, f) > 0 for any f such that || f — f*|| or ||f — f*HL%) is large. Recall that

T (f*, f) = MOMK|[(f — f*)? = 26(f — f)1 + A = ILF1D) -

Given f € F and a radius p such that ||f — f*|| = p. When ||f — f*||L§) is small, the quadratic term

(f — £*)? in this decomposition may be small as well and therefore of little help if one wants to prove that
Tr(f*, f) > 0. Therefore, we need to use the term A(|| f|| — || f*||) coming from penalization to prove that
T (f*, f) > 0 when || f — f*HL% is small. The sparsity equation [29] connects ||f — f*|| with ||f|| — ||/l

for all f closed to f* in L%. To bound from below || f|| — || f*||, we introduce the subdifferentials of ||-|| :
Vf eF, @ON-hf=1{z"€ E* - ||f + | > || f|| + 2" (Rh) for every h € E}

where (E*, ||-]|*) is the dual norm space of (E, [|-||).
For any p > 0, let H, denote the set of functions "closed” to f* in L% and at distance p from f* in
regularization norm. Let I'f«(p) denote the set of subdifferentials of vectors ”closed” to f* :

Hy={feF:|f=fll=pand|f— [ <r(p)}and [y (p) = U @11y
feF:|f=f*II<p/20
Now, the idea underlying the sparsity equation is that, if there exists a “sparse” f** vector in {f € F :
Il f* — fll < p/20}, this vector will have a ”large subdifferential” meaning that || f|| — || f**|| is large for any

feH,so | fll—|If*|| can be lower bounded by || f|| — ||f**|| — || f* — f**|| and thus be large as well. More
precisely, let us introduce

Vp >0, A(p) = inf sup 22"(f-—f") .
(0= nf s 1)

A(p) is the uniform lower bound over all f € H, of what can be interpreted as the maximal lower bound
on || f|l = [[f**|| for f** € T'p«(p). The maximal value of || f|| — ||f*|| when f € H, is p by the triangular
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inequality. According to our previous analysis, we will have ||f|| — ||f*|| = p if there exists ¢g > 1 such
that, for all f € Hp, suppeep,. o ULFI=1F1) = cop. As explained, A(p) will be used to lower bound

SUD pereT o (p o LFI = 1Lf*) and our goal will follow from the following inequality, introduced in [29] and
called the spar81ty equation.

Definition 2. A radius p > 0 is said to satisfy the sparsity equation when A(p) > %p.

One can check that, if p* satisfies the sparsity equation, so do all p > p*. Therefore, one can define
4
p*:inf<p>0:A(p)25p).

Example (continued): (¢-regularization

In this example, the sparsity equation has been solved in [29]. The key idea is that the E‘f—norm has
singularities at sparse vectors. Therefore, if the oracle t* is close to a sparse vector then the size of I'«(p)
(for f*(-) = < t*> ) will be large because the subdifferential in this neighbor of f* is large when p is large
enough Let us recall this result.

Lemma 1. [20, Lemma 4.2] If there exists v € R% such that v € t* + (p/20)B¢ and 100|supp(v)| <

e(p/r(p))? then

Ap) = inf sup (h,g—t*) > —’0

hepSTtnr(p) BE g€l 'y« (p)
where S41 is the unit sphere of the (¢-norm and BY is the unit Buclidean ball in R?.

When N 2 slog(ed/s), it follows from Lemma 1 and the choice of the function r(-) in (11) that

. ed
o o €, 5 Nlog( )

if t* is “close” to a s-sparse vector (i.e. there exists a s-sparse vector in t* + (p*/20)B{). With this p*,

1€l ., s ed
r2(p*) ~ qulog <s> .

5 Main results

5.1 Performances of the estimators
Theorem 1 gathers the properties of the estimators f for j =1, 2,3 defined in Section 4.4.

Theorem 1. Assume that F satisfies Assumption 3 (SBP) with constants 0 < B < 1 and 3/4 < u <1,
that & satisfies Assumption 2 and that property R(T) holds for some T > 1 (see Assumption 1). Assume
that there exists positive absolute constants ¢; € (0,1), such that

s 16c,\ 3 40 10 /3
Toe) (1248 . 224 52 2 o 20 (20 _4ey) . (12
( c2)< 2 T g >—4’ 7B =11 g0 (12)

(1 —c2)(1—cq)(u—3c1) >

»b\C«O

Let vg = c18, Yym = caff?, c = 05%4, let, for all p > 0, 7(p) = r(p,vQ,Ym) and let K* = [eNr?(p*)] v Ic{—;
For any K > 1 define pg as the solution of ryr(pr) \/ . Let

40 1 2
*035274 x{K) <A< TO <3C6 - 403) 52M :



Assume that for every i € I, every integer K € [K*, N| and every f € F N B(pxk, f*),
(P = PYES = )] < eaB?maxc (I1f = f1F, . r(px)?) - (13)

There exists Q1(K) such that P(Q1(K)) > 1 — 2exp(—3 min(ciN, 2K)), where the estimators f[(é)/\ for
Jj =1,2,3 defined in Section 4.4 withn = T1/\/c1 and v = %Tﬁ satisfy

1 .
1. ;(g),\*f < pK

2(2 " (2 "
2. ||F\ = 1] < pic and Hfé,)k—f

-
12 < 5ﬁr(pK)

—r(pk) and R(fi\) < R(f*) + Cur®(px) where Cy =

(3 . (3 .
3. [((,))\_f < Pk, ‘f}(g),\_f 12 < ENG
P

(57e +2c38% + %57).

One cannot hope to get any result if the probability distributions {P;};c; are not related to the prob-
ability distribution of the “new” data (X,Y’), which is P. As mentioned, Assumption 1 is automatically
satisfied in the i.i.d. case; this is also the case for assumption (13). In the i.i.d. setup one just may forget
about those two assumptions.

Our aim is to go beyond the i.i.d. setup and the standard strong subgaussian assumptions by designing
procedures having the same statistical properties as in the i.i.d. setup when the data satisfy the Gaussian
regression model (that is for a subgaussian class of functions and a subgaussian noise £ independent of
X). To that end, we relax the i.d. assumptions by saying that, for most data (those with i € I), the
L%gi moments of the functions in F' are close to those for the distribution P, and that the noise is not two
weirdly correlated to the design.

More precisely, our aim is to estimate in L?D the oracle f* which is defined as the best L%g approximation
of Y in F from data distributed according to the probability distribution given by the P;’s. Note that the
best L%Di approximation of Y; in F' may be different from f*. It seems unavoidable to assume that for most
data, these oracles are not too far from each other, which is the role of Assumption (13). Finally, note

that Assumption (13) is used only to prove the exact oracle inequality for fz(?)/\

Example (continued): (¢ regularization

Let us compute explicit value of the radius px and the associated regularization parameter A ~ r2(pg)/px
in the ({-regularization case. Let K € [N] and denote by o = H§||Lq0. We have K = cr?(pg )N when

K [1  _, (0%
PK ~L,qo U\/N log 1 (K) (14)

Therefore, the regularization parameter should be taken as

2 (prc) 1 eod 1 eo?d
A~ ~ —1 —_— |~ —1 . 1
e PO\ Og(me> b PN °g< K ) )

As usual the regularization parameter depends on the “variance” of the “noise” which is played here by
the Lg,-norm of £. This parameter is not known in general. In practice, one may use a cross-validation
approach to fit the regularization parameter. In theory, one may construct an estimator ¢ of o as in |
Sections 5.4 and 5.6.2] and simply replace o by this estimator in the regularization parameter.

)
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5.2 Adaptive choice of K by Lepski’s method

The main drawback of Theorem 1 is that we only get the optimal rates of convergence for our estimators
when we can choose K =~ K* which is unknown in general. In this section, we use a Lepski method to
select K.

For any 1nteger K € [er(p*)?N, N], let pg and X be defined as in Theorem 1 and for every j = 1,2,3

denote by fK = fK)/\ for this choice of A. These estimators are the building blocks for the following
confidence sets. Let f € F. The empirical “balls” centered in f associated to L y is defined by

~

BN (f)={g€F: g Fllron < pripr)}

and the one associated to dg is defined by

BI(f) ={g € F:dk(g, f) > —vr’(pK)},

where p and v will be set in Theorem 2. The notion of proximity w.r.t. dx used here to define B?(K (f) is

somehow the opposite of the one used to criteria C'3)(-) and the associated estimator f [((3). Now, let

R = BU pw0), B = BURL i) 0 BEN D) and R = BIRY, prc) 0 B2 () 0 B (72)

and for every j = 1,2, 3, let
N
KO = inf{K e [N]: () RY # @}
J=K
Finally, define adaptive (to K) estimators via the Lepski’s method: for j = 1,2, 3, fgg € ﬂ]}fzk(j) Ry).
Theorem 2. Grant the assumptions and notations of Theorem 1. There exist an absolute constant ¢y such
that Lepski’s estimators fg]% for 5 =1,2,3 defined for p = \/%, V= 303 ﬁT satisfy for every K € [K*, N,

with probability 1 — coe*K/CO,

-

H FO g

< (1+3) Fr2ox)

3. if, denoting by ¢ = (1 + %) ﬁ, for everyi € I, every K € [K*, N| and every f,g € FONB(f*,2px)N
Ba(f*,¢r(2pK)),

~(2 «
<2pk and HfébZ —f L2

IPi(Y —g)(f —g) — P(Y — g)(f — 9)| < cr(2pK)* (16)

then || ff3) — fE2= 17|, < ¢r2ox) and RUE)) < RUF)+Csr*(pic), for some Cs > 0
independent from K and N. "

S QPK;

In particular, if K* > K,/ca and K = K*, with probability 1 — coe_c’"g(pK*)N/CO,

1785 - ()~ £7|| |, < ¢r@pxe) and R(FE)) < R(*) + Cor(2px).
P
To comment Theorem 2, recall an optimality result from [27]. Assume that all (X;,Y;) are distributed

according to (X,Y /"), where f* € F and Y/ = f*(X) + ¢ and ¢ is a centered Gaussian variable with
variance o independent of X. Assume that F' is L-subgaussian i.e. that, for every f € F: |[|f]|;, <
L\/p||fll;2 for every p > 2. Then, [27, Theorem A'] proves that, for every r > 0, if fy is a procedure
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such that, for every f* € F, with probability at least 1 — cgexp(—o~1r2N/cp), HfN —f* o < (n, then,
P
necessarily, its rate of convergence ( must satisfy
¢y 2 min (r,diam(F, L})) . (17)

In the case where the statistical model Y/ = f*(X)+¢ is true, ¢ ~ 1/C¢ ~ 1 /0. As a consequence, [27,
Theorem A'] with r = r(pg) for some K > K* shows that no procedure can estimate f* in L% uniformly
over F' with confidence at least 1 — cpexp(—K/cp) at better rate than r(px) (we implicitly assumed that
r(px) < diam(F, L%) since r(pr) can obviously be replaced by 7(px) A diam(F, L%) in all the results).

Moreover, [27, Theorem A] also shows that the ERM over px B, fﬁRM € argmingc,, g Pnly, satisfies,
fﬁRM _ f*
proves that, when the noise level is non trivial (that is ¢ 2 rg(px)), the ERM is a minimax procedure
over pi B in the exponentially high confidence regime.

Therefore, Theorem 2 shows that the procedure f 1.5 achieves the same rate of convergence with the same
exponentially high confidence as a minimax estimator in the Gaussian regression model (with independent
noise) whereas Theorem 2 grants only a very weak stochastic assumption (a simple Ls/Ls assumption
is enough, for instance), no statistical model like the Gaussian regression model with independent noise
Y/ = f*(X) + € is assumed, the data may not be i.i.d. and even contain a few outliers.

Recall that we have seen in Section 3.2 that the fK » are champions of a MOM’s tournament in the
sense of Lugosi and Mendelson [32]. In this sense, their result is stronger than ours since they prove that
any champion has a properly controlled risk if K is adequately chosen. On the other hand, the main
advantage of our approach is that the definition of Birgé’s estimator does not require the computation of a
theoretical upper bound on the radius of the oracle. Moreover, if the upper bound is pessimistic, as might
be the case because they have to consider a supremum over F' to get rid of the dependence in f* of their
original bound, then their control of the risk will be pessimistic too. Moreover, using a Lepski method, we
don’t have to choose the integer K in advance, we let the data decide the best choice and automatically
get an estimator with the correct rate of convergence.

with probability at least 1 — coexp(—o = r2(pr)N/co),

; S r(pk) when o 2 rg(pr). This
2

Example (continued): (¢ regularization

Finally, let us turn to the main result concerning the E{l regularization example. The following result follows
from Theorem 2 together with the computation of p* and r() for this particular example.

Theorem 3. We assume that the design vector X and the noise £ =Y — <X, t*> satisfy the following:
there exist cy,u > 3/4, 3, C¢ such that, for everyt € RY,

1. E(X, t>2 = ||£]I3, PI(X,t)] > B||tlly] > u and for every 1 < j < d, H<X, ej>HLp < L/p for every 1 <

p < Cylogd where (e1,...,eq) is the canonical basis of R? and Cy is an absolute constant,
2. 0= HfHLqO < 00 for some qo > 2 and \/var (§(X,t)) < Ce||t]|,

3. there erists s € [N] such that N > c1slog(ed/s) and for p* ~ os+/log (ed/s) /N, there exists v € RY
for which ||t* —v||; < p*/20 and |supp(v)| < s.

Then, there exists a constant co depending only on ci,Co,u > 3/4, 3, C¢ such that with probability at least
1 — coexp (—oslog(ed/s)/co), the estimator trp built using Lepski’s method on the family of estimator

(f(]?))KE[N] satisfies, for every 1 < p < 2,

Jive = ], Sran o7y |5 108 ()
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Proof. 1t follows from Theorem 2, the computation of r(-) in (11) and pg in (14) that with probability at
least 1—cq exp(—cr?(px+)N/co), ||tre — t*“l < pg+ and HtALE — t*H2 < r(p*). Then, the result follows since

prs ~ "~ €]z, v/ & log (%) and because of the interpolation inequality [[v]|, < [|vll;

forallvERdand1§p§2.
| ]

Theorem 3 is a sub-Gaussian deviation bound obtained under a limited moment assumption and no
independence between the noise and the design. The noise £ only needs to have gy moments for some
qo > 2, which is almost the minimal assumption one needs to get a Ls-estimation result. Moreover, the
rate of convergence is the minimax one, that is we really get the y/log(ed/s)/N rate of convergence and
not only the “classical” \/(logd)/N which is usually found in the literature on the LASSO even under
stronger assumption like a statistical model with subgaussian design and independent gaussian noise.

6 Proofs

The proof of Theorem 1 follows from the next three lemmas.

Lemma 2. Grant the conditions of Theorem 1. There exists an event Q1 (K) such that P(Qq(K)) >
1 — 2exp(—3 min(ciN, 2K)), where

BK7/\(f*) - FﬁB(f*apK) N BQ(f*7T(pK)) 5
in particular, on Q1 (K), C’g’))\(f*) < pK.

Lemma 3. Grant the conditions of Theorem 1. Let p > 0. For any x such that %(u —x—c) > %,

then, for every f,g € F 0 B(p, f*) such that || f — gHL% > rg(p), there exists an event Qg(p,z) such that
22
Pgalpa) > 1= wher 1f —lliay > 911 - oliz
For any A > 1 and x > 0 such that % <1 - p —x— 2jlf> > %, there exists an event Qg 2(p,x) such
Z2
that P(Qq2(p,x)) = 1 — e~ 2™ where, ¥(f,g9) € FNB(f*,px) : |If = 9llz, , < AT(If —9lz2 Vrop).

C2
, x =c1 and f < 1/8, with probability larger than 1 — 2¢ 2N, for any (f,9) €

For example, if A =
FNB(f*, pk),

C

——(If = gllzz, vV ro(ox)) and, if |f = gll 2 > roox), If = dllp, , > BIF —allsz,

Jr

In particular, on Qo(K) = Qg(pr,c1) N Qg2(pK, 1),

If =gl , <
(18)

<4LMMH}

CH{FNB(f*, pr) N Ba(f*,

{FOB(f", pr) N Ba(f*,7(px))} C{B(f" px) N {g € F :

fﬁ( K))} -

Lemma 4. Grant the conditions of Theorem 1. On the event Q1(pk) of Lemma 2, for every f € F N
B(f*»PK) N BZ(f*a \/%T(pK));

L di(f, f*) < J2Brr3(pK)

2. Q3p/47K (Y =) =N < \2/%57'7“2@1(), where, for any function G : X x R — R

Qb k|IGX,Y)| € Qu(ll(PB, — P5)Gllkeir)  and  Pp,G EZPG
ZEBk
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In the proof, X is fixed according to Theorem 1 and the dependence in A of the estimators is omltted.
Proof of point 1. of Theorem 1: On Q;(K) defined in Lemma 2, C(f*) < pg so C1 (fK ) < px,

thus || F — 4| < cO () v e (FY) < pre. m

Proof of point 2. of Theorem 1: Let Q;(K) and Q9(K) denote the events defined in Lemmas 2 and 3
respectively. On Q;(K) N Qa(K),

Bra(f*) € FOB(f*, pi) N Ba(f*7(pk)) € {B(f*,p) N {g € F g = fllan < —=r(pi)}}

o
therefore C’g)/\(f*) < pxr and by definition of ff(?), Cr( }((2)) < pr. Thus
£ * T * * T
12 B o) N {g € F: | < ——r(pr)}} C {F N B(f*,p1) 0 Balf*, =7 (pxc))} -
C1 ﬁ\/a
In other words ||f(2) — f*]] € px and ||f(2) —f* "—r(pK) ]
K = K 2> B/a \PK)-

Proof of point 3. of Theorem 1: Let Q;(K), Q2(K) denote the events defined respectively in Lemmas 2
and 3. On Q;(K) N Qy(K), by point 7. in Lemma 4, C®)(f*) < pg. As seen in the proof of point 2. of
A(3 « 2(3 «
Theorem 1, we have thus ||f}(<) — " < pxg and ||f](() —f HL?D < ﬂ%ﬁr(,o;().
Let us now turn to the proof of the oracle inequality. We have

RUD) - R = ||F2 = ||, +2P0r = 1307 = 1) < 5 T=rou) + 2P0 = )8~ )
" L3, K= ﬁ\F K
From Assumption (13), for every f € F N B(f*, px) N Ba(f*, %ﬁr(p[()), Vk € [K] such that BN O =0,
(P = PrOIE(” = ) = T3 3 (P= PG = NI < car (o)
i€By

Thus, for any K > 4K,,

R(fiE) = R(f) < <ﬁ7 +2¢38%)r%(prc) +2Qu/a((P [ = Fiker))
< (57 \r 2)r?(px) + 2MOMg[6(f* — )]
—2Q14([(Ps, — P, )IE(f* — [ Ikei))

(67+2C362> (p) + 2dxc (£, £ + 208 4 (6 — P)

(7 + 263B2

10c3
Byl Ve

)TQ(PK) :

In Section 6.1, we recall the small ball method of Mendelson by presenting a lemma that will be
repeatedly used afterwards in the proofs of Lemmas 2, 3 and 4. Section 6.2, we prove an “empirical small
ball” result (Corollary 1) for the quadratic process Pp, (f — f*)? and a similar result for the multiplier
process Pp £(f — f*) in Section 6.3. The proofs of Lemmas 2, 3 and 4 are given in Section 6.4, using a
strategy similar to the proof of [29, Theorem 3.2]. Finally, Theorem 2 is proved in Section 6.6.

6.1 Mendelson’s small ball method (SBM)

We will repeatedly use the following lemma.
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Lemma 5. Let Wy, ..., W, denote independent random variables with respective distributions Q1, ..., Qn,
let G be a class of functions, b € (0,1) and h > 0. Let Z C [n], let ey, ..., €, be i.i.d. Rademacher random
variables, independent of the W;’s and (v;)icz be nonnegative functions such that

inf Qi(lg| > 2vi(g9)) > b and E sup eig(Wi) < h|Z| .
i€Z 9€G |ieT 7i(9)
Then 2
Ve >0,  P({ien], [g(Wi)l =@} >IZI(b—x—2h)>1—e 2% . (19)

If the first condition is replaced by inf;c7 Q;(2|g| < vi(g)) > b, then,

17l .2
2

V>0,  P({ieln], [gWi)l <9} = [Z](b—2z—4h)) 21— ="

Proof. Define ¢ for all t > 0 by
0 ifo<t<1
oty =4 t—1 if1<t<2
1 otherwise.

Let F ={g/vi(9): g€ G} and for all f e F,let Z(f)=>",I(|f(W;)] > 1),

I ’I‘Zdwl and PI ’I’ZQZ

€L 1€

For all f € F, we have

(f) =D I(f W) = 1) = |Z| (P£I(1f] = 2) + PrI(|f| = 1) = PrI(|f] = 2))
1€L

> |Z| (b~ (Pr — P1)o(|f])) > IZ] (b - ?22(& - Pz)cb(!fl))

By the bounded difference inequality (see, for instance [12, Theorem 6.2]), for any x > 0, with proba-

uxz

bility larger than 1 —e™ 2

sup(Pr — P7)o(|f]) < Esup(Pr — P1)o(|f]) +
fer fer

Denote by Pr. = [T |-t > icT €i0w; the symmetrized empirical measure then, by the symmetrization argu-
ment,

Esup(Pr — P1)¢(|f]) < 2Esup Pr.o(|f])
fer JeF

Note that ¢ is Lipschitz with Lipschitz constant equal to one and ¢(0) = 0. By the contraction principle
(see, for example [30, Chapter 4] or [12, Theorem 11.6])

|I\ Z€z|g '

Esup Pr¢(|f]) < Esup Prlf| = ESUP
fer fer

Gathering these results yields (19).
For the last claim, observe that, for all f € F,

Z (FOV) <) =D T(IFWo)| < 1) = [Z] = > I(f(Wi)] > 1)

=1 1€L €L
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and

%ZI(If(Wi)I >1) =PI (IfI=1) =Pz (If| 21/2) + Pz (If| 2 1/2) <1 = b+ (Pr — Pz) ¢(f])

2l i
where 9 is defined for all ¢ > 0 by
0 if0<t<1/2

P(t) = 2t—-1 if1/2<t<1
1 otherwise.

Using the same arguments as in the first part of the proof (note however that v is 2-Lipschitz), we obtain
1Z] .2

that for all z > 0, with probability larger than 1 —e™ 2 %,

sup (PI — FI) (| f]) < 4h + .
fer

This concludes the proof.

6.2 Control of the quadratic process via the SBM

The following result is a slight extension of a result in [23] that we reproduce to highlight the small ball
method and its robustness properties.

and 0 < u < 1. Let p > 0, then for any x > 0, on an event Qg(p, x) satisfying P(Qq(p,x)) > 1—e | ,

Jor every f,g € F N B(p, f*) such that || gl 5 = ro(p),

Theorem 4 ([23]). Assume that F satisfies Assumption 3 (small-ball condition) with constants 0 < < 1
2
2

{i e 1 - )1 2 817 ~ i} 2 Ml -2 - T12)

In particular, if %(u —z— MTQ) > 1, then, for every f,g € F' N B(p, f*) such that ||f — gHL% > rq(p)

Hf _gHLz,N > BHf _gHLfD

Proof. The proof follows from Lemma 5 forn =N, G={f—g: f,g€ FNB(p, f*), || f — gHL% >rq(p)},
W; = X, for any ¢ € [N], Z = I and, for any g € G, v;(g9) = HgHL% /2.

It follows from the small ball property that Condition 1 of Lemma 5 is satisfied with b = u. Therefore,
it only remains to bound the expectation in Condition 2 of Lemma 5. We have

W, —o\(X, — (X,
E sup eig( ) =K sup 617(16 9)(X:) =E sup eli(f 9)(X:)
9€G |'ier Yi(g) 1.9€FNB(p.f*) |27 Yi(f —9) F9€FNB(p.f*) |ie] Yi(f —9)
||f*g||L§) >rq(p) ||f*9HL%):TQ(P)
2 27Q
< E sup &(f—9)(Xi)| < —=|1| .
/BTQ(P f.9€FNB(p,f*) zezl ‘ ’ B
I f=gll ;2 =rq(p)
P
Therefore, Condition 2 of Lemma 5 holds with h = %TQ and the result follows. [ ]
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Corollary 1. On the event Qg(p, z) of Theorem 4, for any f,g € FNB(p, f*) such that || f — g||L2P > ro(p),
one has

I
Ul

wen, |{relr): ot -op 6o - T - gt }] > 0-o-o- D

B B
In particular, if 6 = cs, x = c1, g = 18 and %l >1- % >1—cy as in Theorem 1, then (1 —9)(u—z —
4 I *
%)% > 3/4, so, on Qg(p,c1), for any f,g € F'NB(p, f*) such that || f —gHL%D > rq(p), one has

Quakl(f -9 2 *06/82Hf alizz,

Proof. Denote by J = {i € [N] : |[(f —¢)(Xi)| > B f —gHL%}. On the event Qg(p,x), |J| > N, with
a=(u—z— 477’9)%'. If there were less than (1 — §)aK blocks containing more than da® elements in J,
there would be at most

N N
(1- 5)04KE +(1-(1- 5)04)K(5aE < aN

elements in J. Therefore, there must be at least (1 —d)aK blocks By, containing more than (5(1% elements
in J. For these blocks, one has

Pou(f =92 e 30 (=00 > o0 e 1 = ol = 5082 1 =l

1€JN By
|
Lemma 6. Assume that property R(7) holds (see Assumption 1) for some T > 1 and let A > 1. For any

x >0 and p > 0, there exists an event Qg o(p,x) satisfying P(Qg2(p,x)) > 1 — exp(—%m), where, for
every f,g € FNB(f*, p), one has

{i € V1417 = 001 < AT(1F = gl v ralo) } 2 11 (1= g =2 = 72

. . 4
In particular, if % (1 - % —z— %) > 1, on Qqalp,z), ||f — g||L2’N < A7(||f — gHL% Vrg(p)).

Proof. We apply Lemma 5ton=N,G={f—g: f,g€ FNB(f*p)}, Wy =X, fori € [N] and Z = I.
Define, for any g € G, 7i(g) = (AT/Q)(HQHL% Vrg(p)). It follows from property R(7) that, for every ¢ € I,

vi(g) > (A/2) ||g||L% and, by Markov’s inequality, inf;e; P; (2|g| < 7i(g)) > 1 — -z. Therefore Condition 1

(bis) of Lemma 5 holds with b =1 — A2
From the convexity of F' and the definition of g (p),

g(Wi) 4 4
Esup|) ¢ < sup &(f—9)(Xi) | < =M -
g€G zezl ’ Yi(g) ATTQ(p) F,9€FNB(p,f*) zezl ’ ’ AT
Hf—QHLQ(p):TQ(P)
Therefore, Condition 2. of Lemma 5 holds with A = 42—8 and Lemma 6 is proved. [ |
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6.3 Control of the multiplier process via the SBM

In this section, we provide bounds on the multiplier process via an adaptation of Mendelson’s (SBP).
The SBP is usually used to control the quadratic process (or any process with nonnegative terms) as in
Theorem 4. In this section, we show that SBP can be adapted to control also the multiplier process.

Theorem 5. Suppose that the noise £ satisfies Assumption 2. For any p > 0, x > 0, K > 2K, there
22
exists an event Qay(p, ) such that P(Qy(p,x)) > 1 — e~ T E=K) yhere, Vf € F N B(p, f*), YAz > 0,

kek: |B | Z fz - f )( ) Pz(f(f_f*))) SAzmaX(TM(ﬂ)2,Hf—f*||%%)

1€By,
4Ce K 64vns
>k (1- 8 g — oK |
> K1 (1 v ) =

where KK = {k € [K] : B N O =0} denote the set of blocks containing only informative data.

Proof. Let K > 2K,. Obviously, by the pigeonhole principle, || > K — K,. We apply Lemma 5 ton = K,
Wi = ((Xi,Y3))iep, for k € [K], F* ={f—f*: f€e FNB(p, f*)} and Z = K. For any f € F* and k € [K],
define

T 2 (6F(X0) = RAEN) mnd vulay) = 24amax (sl 111, )

i€By,
Let f € F* and k € K. It follows from Markov’s inequality that

2
E [(wi Sien (67(X) = PED)) ] 45 i, vare ()
< k :
AZmax(rar(p)*, |1 £1I72) ~|Bi[2 A3 max(rar(p)4, |1 f1l72)

) 4CE| 12 _ice K
= [Bul A3 max(ras (0)%, [£]l}2) ~ A3 Nras(p)?

P [2]gr(Wi)| = (gp)] <

Hence, Condition 1 (bis) of Lemma 5 applies with b =1 — %W.

Let J = Ugex By, |J| = |K| & = £752N > & By definition,

o, 9 (W) B 2uien, (&if (Xi) — Fi(§f))
. (;eug ,;C “lay) ) A2EfeF* 2

2
ek max (rM(p)27 HfHLfD )

4 €k
< [ ) sup fz 7, gf))
Aorar(p)? SEF*Nra(p) B2 ;;c zGZB;
(& f(Xi) — Pi(€S))
+ A—2JE sup Z Z |f|
feF* S.t.llfIIL% >ra(p) keIC lEBk ‘ f ’LQ(P

Therefore, by convexity of F' and the symmetrization argument,

1% K
E( sup - 95 (Wk) < 8 5E sup
rerf " mlgr) AsNTai(p)? fersnrn(p)Ba

D e Gif(X) - szf)‘

i€
16K < 6K m|J| _ 167m
<—E sup e&if < = K| .
AQNTM(P)2 feF*nrp(p)Ba ZGZJ o AsN As

where, in the first inequality of last line, we used a classical symmetrization argument on the family of
independent and centered random variables (& f(X;) — Pi¢f)Y,. The result now follows from Lemma 5. m
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6.4 Proof of Lemma 2

Reduction to bounds on the quantiles of mean processes. We want to prove that, with large
probability, for any f such that ||f — f*Hsz >r(pk)or || f — f*| > px,

MOMk [(f = f)? = 26(f = f9)] + A = IF*) =0 (20)
Using properties (4), (5) and (6), one can lower bound
MOM [(f = f*)? = 26(f = )] = Qujax[(f = F)?] = 2Qaa  [E(f — )] - (21)

Now, since K C K, Q3/4 5 [§(f — f*)] < Q3/ac[£(f — )], where K = {k: BN O = 0}, and, Vz € RN,

: 3
Qs/ax[?] = inf{z € R: %I(PBM <)z K} .

Then, by (13), for any i € I, BE(f = f7) < esB(Ilf = 175 V 7(px)?), s0

Qspaxcl€(f = 1)) < QY cle(f = £+ esB2(1f = sz VoK)
< Qe = PO+ esB2(f = F12 V(o)) - (22)
It follows from these bounds that (20) holds if

Quaxl(f = )71 = 2Q5 1€ = FON+MUF = 1£71) = esB>(IIf — Fillze Vrler)®) - (23)

Conclusion of the proof when the excess risk is large and the regularization distance is
small Assume first that ||f — f*HL?, > r(pr) and || f — f*|| < pk, then, by the triangular inequality,
Il =W = =llf = f*ll = —pK, therefore, (23) holds if

Quaxl(f = )% = 205, 1€ — )] = Mpxc + 3B f - Flzs, - (24)

By Corollary 1, if (12) holds, then, on the event Qg(pk,c1), since f € F N B(f*, pk) and ||f —gHL% >
ro(pK), one has

Quakllf = 9> Seos” 15 ~ gl

By Theorem 5, for Ay = ¢332 as in Theorem 1, on Qu/(px, c7),

Qb xcllE(f — ] < e max (ras (px) . I f = £122,) < esB2IIF — 17122

Therefore, (24) holds on Qg (pk,c1) N Qar(pk, c7) thanks to the upper bound assumption on A. ]

The homogeneity argument when ||f — f*| is large Assume from now on that ||f — f*|| > px. One
has for every f** € f*+ (px/20)B and every z* € (O ||-||) f==,
LI 2 A = 7> 2 ()2 = 2 ()t (P )2 5 ()25
where the last inequality follows from z*(f** — f*) < || f** — f*||. As this holds for any 2* € I« (px), (21)
holds if i

Quakl(f = £V~ 2Quail€(f — P +A swp (7= ) 2 A5 (25)

z*€l g+ (pxc)
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Assume that (25) holds for any g € S(f*, pr). Let g = f* + pKllﬁ%ﬁH so g € S(f*, pk), therefore,

Quaxl(g =1 = 2Qs/axl€(g = [+ A sup  2"(g—f) > )\% '

z*€T p+ (px)
Hence, if k = pr_;{*” >1,
Quakl(f = )] = 2Qa/ar[(f — [ +X  sup  2°(f—f")
2*€l ¢ (pKc)
= "52Q1/4,K[(9 - f*)2] - 2”@3/4,1([5(9 — )] +rX sup 2" (g— )

z €T ¢+ (pK)

> K (Q1/4,K[(9 — )’ = 2Qs/ak6(g — f)]+ X sup )Z*(g - f*)> > 22K

2*€l ¢+ (pK 10

Therefore, (21) holds for any f such that ||f — f*|| > px if it holds for any f € S(f*, px). Using the bound
(22) shows finally that (21) holds for any f such that || f — f*|| > pk if, for any f € S(f*, px),

Q1/4,K[(f_f*)2]_2Q3ﬁ/4,lc[|€(f_f*)”+)\ lgurz )z*(f—f*) 2)\%—i—Zac(Hf—f*H%%\/r(pK)Q) . (26)
zxel’ s« (pK

Conclusion of the proof when || f— f*| is large and Hf—f*HL% is small Suppose now that f € H,,
ie. that ||f — f*|| = px and || f — f*HL2p < r(pk). Then, by definition SUD €T 1 () 2(f = f*) > Alpk)
and, since pg > p*, pk satisfies the sparsity equation and thus, SUD«eT o (o) 2(f—f") > %pK. Moreover,
Qu/axl(f — *)?] > 0 and by Theorem 5, for As = c3/3?, with the parameters set in Theorem 1, on
Qi (oK, c7),s B

Q3yaxcllECf = )] < eamax (ras(pr), If = F¥1I72 ) < eaBPr(pr)®

Therefore, (26) holds on Qs (px, c7) by the lower bound condition on A. [ ]

Conclusion of the proof when both |f — f*|| and ||f — f*HL% are large Assume finally that

|f—f*|l = px and ||f—f*||L§) > r(pr). Then we always have SUD_* T 1. (o) HF—1%) > —|If—Fl = —pk.
Moreover, by Corollary 1, by condition (12), on the event Qg(pk,c1), since f € F N B(pk, f*) and
If - gHLfD > rQ(pK ), one has

3
Quaxl(f = 9)°) = {28 If — gllZz
and, by Theorem 5, for Ay = ¢332, with the parameters set in Theorem 1, on Qs (px, c7),
Q5 xcllE(f = )] < eapmax (rar(pr), 1 f = f¥1[72) < eaB 1S = f7172, -

Therefore, (26) holds on Qs(pk, c7) N Qg(pk,c1) from our upper bound assumption on A. ]

6.5 Proofs of Lemma 3 and Lemma 4

Proof of Lemma 3: The first part of the Lemma is stated in the conclusion of Theorem 4. The second
part is stated in the conclusion of Lemma 6. [ |

Proof of Lemma 4: It follows from (22) that, for the parameters set in Theorem 1, on Qs (px, ¢7),

QR cle(f = 1)1 < 2e3% max (v (prc), IF = £ 2,0))
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Therefore, on Q/(px, c7), from (13),
dic(f, 17) = MOMk[£(f* = )] < max P &(f = ) + Q3 €/ = 1)
< PE(f = 1)+ Bes P max (v (ore), I = 3 )

By convexity of F' and the definition of f*, P&{(f — f*) < 0, which concludes the proof of the first point.
The second point follows from (22).
[ ]

6.6 Proof of Theorem 2

Proof of point 1. of Theorem 2: It follows from Theorem 1 that for every integer J € [K™*, N]|, the
event {f* € Rgl) = B(pyJ, AL(,l))} has probability larger than 1 — 2exp(—Cr7J), where C7 = 1(c} A ¢2). For
every K € [K*, NJ, the event {f* € N/_ KRgl)} has probability

N
P|f*e ﬁy:KR(JI)] >1- Z 2exp(—C7J) > 1 — cgexp(—C7K), cg =297 /(1—e 7).
J=K

On this event, KM < K and so ng) € R%) implying that Hng) — f*l < 2pk. [ |

The proof of points 2 and 3 of Theorem 2 rely on the next result which follows from a straigforward
modification (just replace px by 2pk) of the proofs of Lemmas 3 and 4.

Lemma 7. Grant the conditions of Theorem 1. There exists an absolute constant cg and an event Q(K)
such that P (Q(K)) >1—2exp(—cgK) where, for any (f,g) € F'NB(f* 2pK),

_
NG

On the same event, there exists n, independent from K and N such that

1f = 9llp, y < —=Ulf = 9llz VreQRex)) and, if [[f =gl = rq2ox), If = 9llp,y = BIF =gl -

(27)

Vi,g € FNB(f*,20k) N Ba(f*.Cr(20)). Qb (Y = Ng— DI < nr(2pc) -

Proof of point 2. of Theorem 2: It follows from Theorem 1 that for every integer J € [er?(p*)N, N1,
there exists an event €(J) with probability larger than 1 — 2 exp(—C7.J), such that on €2(.J), we have both

f& - f (28)

< and |70 5

< T
L%;. - B\/ar(pJ)

Now, consider the event 3(J) (resp. Q(J)) as defined in Lemma 3 (resp. Lemma 7) and denote
QJ) = QJ)NQJ)NQ(J). On Q(J), we have from (28) and Lemma 3 that

T

ﬁr(m) : (29)

17D = £l < % (Hﬂm _p WQ(pJ)> .

La(P)
This implies that f* € Rf]2).

LAet now K € [K*, {\7] On N ,-Q(J), which has probability 1 —cpe™//<, we have f* € ﬁf,V:KRSZ) therefore
K® < K and so fg% € Rg?). This means that

< ——r(py).

| 762 7P| < s ana || 73 - 7P| xS TE
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In particular, both fg% and ff) belong to B(2pys, f*) and one has either Hfﬁ% — f}z)‘

< r(2py) or, by

5
Ly

Lemma 7,

(2) fJ ‘

eI ) T
%‘ S 7||fLE_fJ ||L2,N S /B\/ar(2pJ) .

Together with (28), this gives

N 1 T
f L% < <1 + B) ET(QpJ) .

| = 7]y < = 22 + 2
|

Proof of point 3. of Theorem 2: It follows from Theorem 1 that for every integer J € [K*, N], there
exists an event ((.J) with probability larger than 1 — 2exp(—C+7J), such that on Q(J), we have

| <5y
Ly~ Byea

Now, consider the event Q3(J) (resp. Q(J)) as defined in Lemma 3 (resp. Lemma 7) and denote Q(J) :=
QJ) N Q(J) N Q(J). On Q(J), by Lemma 4, dK(fI(?),f*) > —\3}%767'2(/)[(), thus, f* € RS3). Then let

| £ - r(ps) and R(FP) ~ R(fY) < Cir(ps) . (30)

K € [K*,N]. On n)_,Q(J), we have f* € ﬂf}[:KR(g), therefore K(®) < K and so ffg € Rg). This implies
by points 1. and 2. that

7 r

1 S <1 + ;) T 2p) | (31)

|72 - i

and, by definition that dK(fg%, fl(?)) > —vr?(p). By (30),
R(fE) - R(f™) = E[(Y = f;‘?( X)+ f2(X) — F0) — R(fY)
f<3> , 2P - FNED - ) + R(FE) — R(f)

<2P(y — f& )(fK f(3))+(ﬁ+04) (PK) -

then, the third point in Theorem 2 hold on NJ_ () if there exists at least one block By, such that

PY = D = FE) = (P = P )(Y = FN(FY — F)
+ (Pg, — Pe)(Y — FOVFED = FO) = P, (v — FOVFEL - FE) < r?2px). (32)

Since d( Afg,f[(?)) > —vr?(pk), the last term in (32) is properly bounded on K/2 blocks By at least.
From (31) and assumption (16), the first term of (32) is properly bounded for every k € K, that is, on
at least 3K /4 blocks By under the conditions of Theorem 1. Finally, the second term in (32) is properly
bounded on 3K /4 blocks by the last item of Lemma 7, which applies thanks to (31). As a consequence,
there exists at least one block k where (32) holds.

|
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