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1 Introduction

As explained in Maronna et al. (2006), any statistical method is based on a number of
assumptions, whether implicit or explicit. The most widely used framework is based on
the idea that observations follow a Gaussian distribution. This hypothesis is essentially
based on one of the fundamental theorem of probability, namely the limit central theorem,
which states that the empirical mean of independent and identically distributed random
variables tends towards a normal distribution. A large number of statistical tools and
methods have been studied in this framework and are, thus, based on solid theoretical
results but also have the advantage of being generally accessible from a computational
point of view. But "real world problems” usually come with datasets that fall outside the
classical statistical framework of independant and identically distributed (i.i.d) observa-
tions with Gaussian or sub-Gaussian behaviours. Indeed, it is common for data from
concrete experiments to be corrupted by outliers or to exhibit heavy-tailed distributions
undermining many of the methods used by data scientists such as the classical empirical
mean or the Maximum Likelihood Estimate. This led to the creation of a new field of
statistics in the 1960s with the work of John Tuckey (Tukey (1962)), Peter Huber (Huber
(1964)) and Franck Hampel (Hampel (1973)) whose implementation was made possible
by the concomitant increase in computing power, which made it possible to envisage
heavier computing methods. These methods have become even more necessary with the
advent of modern machine learning and the very large data sets over which data-scientists
generally have little control.

Through this report, we seek to give an idea of the different issues of robust estimation,
whether for the construction of estimators from corrupted datasets (see 2.1) or for the
detection of outliers (see 3.3). In this purpose, we describe in a first time the broad
outlines of this field of statistics (see 2.2), we then introduce the estimator proposed in
Lecué and Lerasle (2017), describing the theoretical framework on which it is based (see
3.1) and its theoretical properties (see 3.4) and practical apects (see 3.2) .

2 Robust estimation

2.1 Data corruption

Real datasets often contain outliers, that is data that differ more or less greatly from
other observations.

Outliers are often a problem in applications of statistics and machine learning because
they may break classical estimators performance, whose theoretical guarantees are often
derived from assumptions that does not take them into account (like the i.i.d assump-
tion).

Part of those corrupted data are generally removed during the data cleaning step that is
part of every data science project.

However, this process can get very complicated in the following cases :

1. High-dimensional statistic : the peculiarity of high-dimensional spaces makes it
hard to figure out which data is problematic. Even nice gaussian vectors exhibit



odd properties in this setting (see chapter 1 of Giraud (2021))

2. Big Data : a dataset may simply be too big to perform a thorough examination of
each data point.

3. Heavy-tailed distributions : outliers can be part of the data-generating process if
the latter is a heavy-tailed distribution (this is common occurence in finance for
instance).

4. Outliers detection : last but not least, our main goal might be to detect outliers,
like in the case of fraud detection or terrorist activity surveillance. Removing them
is then out of question.

Considering the aforementioned obstacles, we would like to build estimatiors able to
resist (and if possible, to detect) outliers, that is estimators whose performance is as close
as possible as the one we would get without outliers in our dataset. That is the whole
point of the field of Robust Estimation.

2.2 A quick review of robust estimation

With the formalisation of the robust estimation problem, a variety of estimators have
appeared. We focus here particularly on the location estimators of central tendency but
many works have been proposed for the scale estimate (with the interquantile range or
the median deviation) or the correlation estimate (with for example the Spearman rank
correlation).

A very simple idea when trying to estimate the central tendency of a sample that
could potentially have been corrupted by outliers is to remove extreme values, i.e. the
alpha x n smallest samples and the o x n largest samples. This is what is formalised by
the a-trimmed mean, for o € [0, 3) :

3 1 l—OzA .
T, = F=(t)dt
1—2&/a ®)

with F being the empirical cumulative distribution function of the sample. On the other
hand, Peter Huber proposes in Huber (1964) a generalization of the Maximum Likelihood
Estimate, namely the M-estimators. Let us begin by briefly recalling the basic principle
of the maximum likelihood estimator. Let x4, ..., x,, be a sample of observations such that

T = [+ u; (it=1,..,n)

where the errors (u;)!; are random variables with distribution function Fy. Then
X1, ..., Ty are i.i.d with common distribution function F(z) = Fy(z — p). Then the joint
density of the observations is given by

L(wr, i ) = [ ol = 1)
=1

where fo = Fj. And the Maximum Likelihood Estimate x is

fi = argmax,, L(x1, ..., Tn; 1) (1)
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If we knew exactly Fy the MLE would be optimal but as we stated earlier, it is
generally not the case and for this reason we seek estimators that are nearly optimal in
the normal case but also in cases deviating from the Gaussian framework. M-estimators
proposed by peter Huber are then defined by

ji = argmin, 3" pla: — )
=1

where p = —log fo. Thus we see that p(z) = x? is optimal in the Gaussian case and it
leads to the least squares estimator. The Huber function given by

pil(x) = 22 Ljaj i+ (2K]2] — k) Lopse 2)

brings to important M-estimates because it leads to the limit cases of the mean and the
median when K — oo and K — 0.

2.2.1 Quantifying robustness with breakdown points

In order to quatify the robustness of an estimator 7" to the corruption of a dataset
24 by outliers %,, the Machine Learning Community has introduced the notion of
breakdown point. If by an adversarial choice of a corrupted dataset %, one can make
T(Z5 U Pp) — T(Z5) arbitrarly large, we say that the estimator 7" breaks down. We

call breakdown point the minimal proportion #

7] under which the estimator breaks
down :

. : | Do
T.9,) = el T(D, U D) —T(D,)| = 3
(T, 25) rﬁé%{@ﬂﬂ@ﬁ\ %;\S;,f)\:m‘ (D5 UPp) —T(Ds)| = 00 (3)

Thus, in the 1—dimensional case, the empirical mean has a breakdown point of ﬁ
because by adding a single outlier to the dataset one can make this estimator arbitrarily
large. This is therefore the worst breakdown point value that an estimator can take. On
the opposite, the empirical median has a breakdown point de 1/2 since it takes half of the
observations to make this estimator arbitrarly large. We can see with these two trivial
examples that the notion of breakdown point allows us to quantify the robustness of an
estimator confirming the idea that the empirical mean is not very robust to outliers when
the empirical median is the most robust estimator in a unidimensional framework.

Another point of view is proposed in Lecué and Lerasle (2017), focusing on the risk
involved in a certain estimator. They define the breakdown number as the minimum
number of outliers needed in a dataset to break the performance of an estimator.

Definition 2.1. Let § € (0,1),Z > 0,N > 1, F be a class of functions from Z" to R and
P be a set of distributions on & xR. Let T : |J,~,(Z xR)" — F denote an estimator
and let 9 = {(X;, Y)Y} be a dataset made of N i.i.d random variables with a common
distribution in &. For any P € P, let fp € argmin; pExy)p[(Y — f(X))?]. The
breakdown number of the estimator T on the class &2 at rate Z with confidence § is



Ky (T,N,%,6,%) = min{k € Z, : 1;161; @_@NP@n(‘ZL‘lp | T(2V0)—fpllL2(py)<2z) = 1—6}
=k

where Px denotes the marginal on 2 of P.

Minimax rates of c¢v as benchmark rates of cv. For any class &2 containing the Gaus-
sian model for all Z < Z(0, F') (minimax rate) it is clear that K* = 0. On s’intéresse
au ratio Z > (0, I) et plus particuliérement au ratio de 'ordre de Z(9, F') car estima-
teur avec K* > 0 sont minimax (statistiquement optimaux) méme si corrompu par K*
outliers.

Also we may show the following relation between Relation breakdown point and break-

down number : ) i
(T > 4
(T, 2) 1+ K*+ N (4)

The breakdown number of the MOM estimator is given in theorem (5.1) in Appendix.

3 An example of a robust estimator : MOM estima-
tor

3.1 Theoretical framework

Let 2" denote a measurable space and let (X,Y), (X;,Yj),(y denote random variables
taking values in 2" x R. Let P denote the distribution of (X,Y’) and, for i € [NV], let P,
denote the distribution of (X;, Y;)

Let F' denote a convex class of functions f : 2 — R and suppose that F C
L%, E[Y?] < oo. For any (z,y) € 2 x R, let {;(z,y) = (y — f())? denote the square
loss function and let f* denote an oracle

fre ar]%erginPﬁf where Vg € Lp, Pg = E[g(X,Y)].

For any @ € {P, (Pi)z'e[N]} and any p > 1, let HfHng2 = (Q|fI")""” the [%-norm of f

whenever it’s defined. Finally, let || - || be a norm defined on the span of F;|| - || will be
used as a regularization norm.

3.1.1 Interest

Informally, the MOM-estimator can be defined as followed : divide your data into blocks
and estimate the expectation by the median of the empirical means respectively computed
over each block.

The MOM-estimator that we will define in the next section have many upsides, the
most prominent ones being that it is easy to compute and to understand, and that it has
theoretical guarantees under minimal assumptions.

More precisely, we make basically no assumptions over the distribution or the dependance
structure of the outliers. Furthermore, the assumptions we make over the distributions
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of the informative data P and (P;);c;n] only involve that the latter have first and second
moment, which make the MOM estimator particularly adapted to deal with heavy-tailed
processes.

We will now expand on the two key ingredients of the MOM procedure:

1. turn the minimization problem into a minimaximization one, using the linearity of
the expectation:

argmin E((Y — f(X))?) = argmin sup E((Y - f(X))* - (Y — g(X))?)

fer fEF  g€eF

2. estimate the unknown expectation by the empirical Median-of-Means (MOM) in-
stead of the empirical mean.

Let’s start by defining the latter.

3.1.2 Definition

Let K denote an integer smaller than N and let By,..., Bg denote a partition of [V]
into blocks of equal size N/K (w.l.0.g. we assume that K divides N and that B; is made
of the first N/K data, By of the next N/K data, etc.). For all function £ : 2" xR — R
and k € [K], let Pp, .2 = | By~ > ien, Z (X3, Y;) . Then MOMg (&) is a median of the
set of K real numbers {Pp, &, -, Pg, L} .

We will make an extensive use of empirical medians and quantiles in the following.
We now precise some conventions used repeatedly hereafter. For all a € (0,1) and real
numbers 1, ..., rx, we denote by

Qo (z1,...,25)={ueR: [Hke[K|:zx2u}|>2(1—-a)K, [{kelK]:z,<u}|>aK}.

Any element in Q,(x) is a (1 — a)-empirical quantile of the vector z1, ..., zx. Hereafter,
Qo () denotes an element in Q,(x). For all x = (xy,...,2x),y = (y1,...,yx) and t € R,

Qu(z) =1t iff supQu(z) >t
Qu(z) <t iff infQu(z) <t
2= Qu(x) + Quly) iff 2€ Qulx)+ Quly)

where in the last inequality we use the Minkowsky sum of two sets. More generally,
inequalities involving are always understood in the worst possible case.

We can now give a formal definition of the MOM-estimator :

Definition 3.1. Let o € (0,1) and K € [N]. For all functions £ : Z xR — R
the a-quantile on K blocks of £ is Qux (L) = Qq <(P3k$)kem). In particular, the

Median-of-Means (MOM) of £ on K blocks is defined as MOMg (L) = Q1/2,x(ZL). For
all f,g € F, the MOM test on K blocks of g against f is defined by

Tk (g, f) = MOMg ({; — £,)
and, for a given reqularization parameter A > 0, its reqularized version is

Ti (g, [) = MOMi (€5 = £g) + (IS = llgll)-
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3.1.3 From minimization to minimaximization:

One may want plug the estimator directly into the minimization problem instead of the
empirical mean. However, doing so lead to suboptimal minimax rate, mostly because the
non-linearity of the median that prevent to use similar arguments used for the empirical
mean.

Though the minimization and minimaximizations problems are equivalent when the un-
known expectation is involved, it is easy to see that it is no longer the case when the
latter is replaced by the MOM estimator, due (again) to the non-linearity of the median.
We will not expand on this point and invite the reader to dive into a more recent paper of
the authors, Lecué et al. (2018), where they study the MOM-estimator for classification
problems without minimaximization transformation.

3.2 Estimateur MOM en pratique
3.2.1 Algo ADMM/LASSO

In this section, we show an implementation of the MOM estimator in the particular case
of the linear model with LASSO regularization, called MOM LASSO.

We will see that algorithms used to solve the minimization problem to compute the
classical LASSO estimator can easily be adapated to the min-max problem. The MOM
LASSO minimaximization problem is formulated as follow :

tr. € argmin sup Tk (1)
teR?  t/eRd
where Tk 5 (t',t) = MOMg (6 — ) + A (||t]1 — ||t']],) , MOMk (¢ — £y) is a median of
the set of real numbers {Pp, (¢, — {y), -+, Pg, ({; — {y)} and for all k € [K],

Pp, (6= ty) = == Y ((Y; = (X, )" = (Vi = (X, 1)))?

One (among many others) algorithms used to compute the LASSO estimator is the
ADMM (Alternating Direction Method of Multipliers) which belong to the class of the
Douglas-Ratchford convex optimization methods. In figure 1 is presented the MOM
version of the ADMM algorithm. The idea is to turn the original algorithm based on a
sequence of sequence of descents into one based on a sequence of alternating descents (in
t) and ascents (in t').

As we can see in the figure (3.2.1), the addition of a single outlier can significantly
degrade the performance of the classical LASSO algorithm. The MOM ADMM algorithm
seems to be much more robust to different types of data corruption.

3.2.2 Adaptative choice of hyper-parameters

When using the MOM estimator, it is necessary to choose values for the hyper-parameters,
namely the number of blocks K and the regularisation parameter \. The method that
is classically used in Machine Learning to approximate the optimal values of the hyper-
parameters is the V-fold Cross Validation but, in the context of robust estimation, it does



input : (tg,t)) € R? x RY : initial point
€ > () : a stopping criteria
p. a parameter
output: approximated solution to the min-max problem
1 whi?e lltps1 —rtpHQ = €or Ht;,vl - f;:Hz 2Ic do
2 find k € [K] such that MOM (h; - hp) = Ppg, {E‘tp - Et}»}
tp41 = (X Xk + plaxa) ™ (X{ Yi + p2p — up)
Zp1 = ProxXyy, (1 +up/p)
Upt1 = tp + pltpi1 — Zpi1)
3 find & € [K] such that MOM g (F'z; —lyy,) = P (., — fer)
th1 = (XU Xg + placa) (X[ Yy + pz), — up)
Zpe1 = proxyy (B +u,/p)
Uy = Uy + Pty — 2pq)
4 end
5 Return (t,,1})

Figure 1: An ADMM algorithm for the minimaximization MOM estimator
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Figure 2: Performance of ADMM and MOM ADMM in term of Iy error. Adding one outlier
at index 100 (left), evolution of the Iy error regarding the proportion of outlier (right)
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Figure 3: Adaptative choice of K and A with cross validation on sparse data (left). Adaptative
choice of K and A with cross validation on sparse corrupted data (right).

not seem to be optimal because the test sets might have been corrupted by outliers. The
authors of Lecué and Lerasle (2017) therefore propose a more robust procedure, adapted
to the MOM estimator which shows good empirical results. The procedure simply re-
places the empirical mean estimator classically used in the classical Cross Validation
with the MOM estimator and also replaces the mean over the V partitions with a me-
dian. They therefore propose the following hyper-parameter selection procedure: Deux
hyperparamétres K et

Definition 3.2 (Median of Mean V-fold Cross Validation). Let ( Al(é )A K e9e,A€e9)
be a family of estimators with 9 C [N] and 9\ C (0,1]. The Median of Mean V -fold
Cross Validation procedure associated to this family of estimators is given f[(:)/\ where

(K, \) is minimizing the MomCuvy criteria
(K, ) € Gic x Gy = MomCuy (K, \) = Qujo(MOM) (10 Juinir)
where Yv € [V], f € F,

MOM)(Iy) = MOMyr(P ol oo, Py ly)
1 K/
and B§”) U..u B}g,) is a partition of the test set 9, into K' blocks where K' € [N/V]
such that K" divides N/V .

We see that the adaptive choice of K and A seems relevant in the case of uncorrupted
data since it chooses K = 1, i.e. that it does not separate the data and thus that
it computes a traditional LASSO estimation. It also seems to fit well in the case of
corrupted data and we see that the best performances in this case are with A\ = 0.822
and K = 17.
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Figure 4: Adaptative choice of K and A with cross validation on corrupted data. Adaptatively
chosen A (center) for MOM LASSO and LASSO estimators. Adaptatively chosen K for MOM
LASSO estimator (right).

We can observe on figure [3.2.2](left) that the MOM LASSO estimator performs much
better in terms of squared error than the LASSO estimator as soon as the data are
corrupted by outliers. We also notice that the adaptive K selected by Cross Validation
increases with the number of outliers in the data set, which is consistent with the fact
that K must be at least twice as large as the number of outliers.

3.3 Outliers detection

We can improve again the stability and performance of the algorithm by simply shuffling
the K blocks at each step, like in the algotithm in figure 5.

In figure 6 we compare the convergence of the ADMM MOM LASSO algorithm with
fixed blocks versus random blocks. We can see that not only shuffling the blocks at each
step makes our algorithm more stable, but also greatly improves the estimation error.

We can even derive an outlier detection procedure from this. Indeed, provided that
the number of blocks is large enough, we expect that the outliers would not be in the
median block, given that outlier data tend to yield extreme values of the empirical mean.
So, what we can do by shuffling the blocks is to give a score to the data selected in the
median block. More precisely every data start with a score of 0, and at each step the
data selected in the median block are given one point. At the final step, we compare
the score of each data : outliers should have a much lower score than informative data.
Figure 7 shows an example of this procedure on synthetic data.
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input : (to,t)) € R? x R initial point
€ > 0: a stopping criteria
p: parameter
output: approximated solution to the min-max problem

1 while ||ty41 —tpll, = € or ||t;+1 - t;jH2 > edo

2 Partition the datasets into K blocks By,..., Bx of equal size at random.
3 | Find k € [K] such that MOMk (L, — £r,) = Pg, (€, — £u)

lpy1 = (XIXJ: + Pfa‘xa‘)_l(x;cryk + pzp — up)
zp+1 = proxXy| |, (tp41 + up/p)

Upr1 = tp + p(tp1 — 2pt1)

4 Partition the datasets into K blocks B, ..., Bx of equal size at random.
5 | Find k € [K] such that MOM (€ — ) = Pp, (e, — b))

thir = (X0 Xk + plaxa) (XL Yk + p2), — )
Zpp1 = Proxy 1 (tpin + 4,/ p)

) ! ! r
Upp1 = Up + p(t;p+l - zp+1)

6 end
7 Return (tp,1,)

Figure 5: The ADMM algorithm for the minimax MOM estimator with a random choice
of blocks at each steps.
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Figure 6: Fixed blocks against random blocks.
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Figure 7: Outliers detection algorithm. The dataset has been corrupted by 4 outliers at
number 1, 32, 170 and 194. The score of the outliers is 0: they haven’t been selected
even once.

3.4 Theoretical properties

In this section we study the theorectical performance of the MOM estimator. The main
result of this section is given by theorem (3.4) which gives rates of convergence of the
estimator wich are optimal in the minimax sense for the regularization norm and the L%
norm. The minimax optimality will not be proven in this work but evidence can be found
in Lecué and Lerasle (2017).

3.4.1 Assumptions

We only need the following simple assumptions on informative data in order to prove

(3.4).

Assumption 1. There exists 0,0 > 0 such that for all f € F and alli € I,

Pi(f = f)* <0\ P(f — f)%.

Of course, Assumption 1 holds in the i.i.d. framework, with 6,0 = 1 and I = [N]. The
second assumption bounds the correlation between the "noise” (; = Y; — f* (X;) and the
shifted class F' — f*.

Assumption 2. There exists 0,, > 0 such that for alli € I and all f € F,

var (G (f = ) (X)) <6211 — f*]2 -

Assumption 2 typically holds in the i.i.d. setup when the noise { = Y — f*(X)
has uniformly bounded L?-moments conditionally to X, which holds in the classical
framework when (¢ is independent of X and ¢ has a finite L?-moment bounded by 6,,.
In non-ii.d. setups, assumption 2 also holds if for all i € I, [|([|zs < 02 < co— where
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((x,y) =y — f*(x) for all z € 2" and y € R— and, for every f € F, Hf_f*HL‘;,_ <

01 f — f*||L§3, because, in that case,

Vs CF= 7)) <G = g, <€l 1 = Fllgy, < 6u621F = £y

and so Assumption 2 holds for #,, = 6:05. Now, let us introduce a norm equivalence
assumption over F' — f* : we call it a L?/L' assumption.

Assumption 3. There exists 0y > 1 such that for all f € F and all i € 1

1f =l <O llf = f7lly, -

Note that [|f — f*[|l,, < ||f — f*[l;s forall f € F and i € I. Therefore, 1 and 3 are
together equivalent to assume that all the norms L%, L%Di, L}DZ_,Z‘ € I are equivalent over
F— f~

Before stating the main theorem, we still need to introduce some definitions.

3.4.2 Rademacher complexities

We define the balls associated with the regularization norm || - | and the L% norm. For
all p >0,

B(f'p)={feF:\f=fl<pt=rf+pB
where B = {f € span(F), || f|| < p} and for r > 0,
By(f*r)={f € Fillf = Fllps <7}
We now introduce the Rademacher complexities of the sets B (f*, p) N By (f*,7) :

Definition 3.3. Let (&;),cn) be independent Rademacher random variables (i.e. uni-

formly distributed in {—1,1}), independent from (XZ-,Yi)fil. For all f € F,r > 0 and
p € (0,+0c0], we denote the intersection of the || - || — ball of radius r and the L%-norm
of radius p centered at f by

Breg(f0:7) = B o) 0 Balfr) = {g € F i llg = fllig, <rllg = f1l < o}

Let ¢; =Y, — f*(X;) for all i € I and for vg,ym > 0 define

N
rq(pye) =inf qr>0:VJCLJ| > E  sup S e(f =) (X)) <l g,
fEBreg(f*,p,T) eJ
. N .
ra (o) =inf Qr > 0:VI C LI 2 B sup |y G (f = f) (X0)| <l I o
feBng(f*7p9r) ’iEJ

and let p — r (p, 79, Ym) be a continuous and non decreasing function such that for every
p >0,
r(p) =1 (p. v Ym) = max{rq (p,7Q) . rar (p,r)}
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It follows from Lemma 2.3 in Lecué and Mendelson (2016) that ry; and r¢g are con-
tinuous and non decreasing functions. Note that rj/(-),7g(-) depend on f*. According
to Lecué and Mendelson (2016), if one can choose r(p) equal to the maximum of 7 (p)
and 7g(p) then r(p) is the minimax rate of convergence over B (f*, p). Note also that
ro and 7y are well defined when |I| > N/2, which implies that at least half data are
informative.

Theorem 3.4. Grant Assumptions 1, 2 and 3 and let rg,ry denote the functions
introduced in Definition 5. Assume that N > 384 (Ay0,0)> and |0| < N/ (76862). Let
p* be solution to the sparsity equation from Definition 6. Let K* denote the smallest
integer such that
Neé?
K* > 2 *

where € = 1/ (83362) and r2(-) is defined in Definition 5 for vo = (3846p)~" and

vy = €/192. For any K > K*, define the radius px and the regularization parameter

as
3840% K 16er? (px)
— and A\ = ————=
e N PK
Assume that for everyi € I, K € [max (K*,|0]),N] and f € F such that ||f — f*|| <
p for p € [pk,2pK], one has

r? () =

38402

PC(f = ) = PC(f = )] < emax(rmp,m - fHLa)- (5)

Then, for all K € [max (K*,8|01), N/ (96 (6o0,0) )}, with probability larger than
1 —4exp(—7K/9216), the estimator fK,/\ defined in Section 2.3 satisfies

HfK/\—fH 2Pk, HfKA_
R (Jier) < R (f)+(1+526)7" o).

r (2pK)

3.4.3 Quadratic term and multiplier decomposition

In order to control the risk of our estimator, we bound from above Tk \(f, f*) for all
functions f far from f*. For this purpose we recall the quadratic/multiplier decomposition
of the difference of the quadratic losses.

lp(z,y) —lg(z,y) = (y — f(2))* = (y — g(x))?
= f2(z) + ¢*(z) — 2f (2)g(z) — 2(yf () — yg(x)) + 2f (x)g(z) — 2¢°(z)
= (f(z) = g(x))* +2(y — 9(x))(g(x) — f(x))
So we get
Tra(f, [*) = MOMk[2¢(f — f*) = (f = f2T+ MU = 1A

where 2((f — f*) is the multiplier term and (f — f*)? is the quadratic term.
The following two flemmas control the quantiles of the means of those two terms.
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Lemma 3.5 (Granted). Grant Assumptions 1 and 3. Fiz n € (0,1),p € (0,+o0]
and let a,v,7vg,x be positive numbers such that v(1 —a —x — 167g6y) = 1 — 1.
Assume that K € [|0|/(1—7),Na/ (29097,0)2}. Then there exists an event Qg (K)
such that P (Qo(K)) > 1 —exp (—K~y2?/2) and, on Qq(K) : for all f € F such that

1F = 70 < s 3 1F = Flls, > e (prve) then
{kelr): Po (F =1 2 0) I = £ }] = 1=K

In particular, Qux ((f — f*)Q) > (460) || f — f*Hig, .

Lemma 3.6 (Granted). Grant Assumption 2. Fizn € (0,1),p € (0,400], and
let o, yar, 7y, and € be positive absolute constants such that v (1 — o — x — 8y /€) =
1—n. Let K € [|O|/(1—7), N]. There exists an event Qp(K) such that P (Qp(K)) >
1 —exp (—yK2?%/2) and on the event Qp(K) : if f € F is such that ||f — f*|| < p
then

{ke s 2(Po, = Pu) (C(F = 1) S emax (Coe i I = £15) }| = (1= m)K,

with Cie = 505 Py (C(f = 7)) 1= [Bil ™" Sicp, B (G (F5) = £1(X2)

3.4.4 The sparsity equation:

For ||f — f*[|z2 small, the quadratic term (f — 1*)? will not help to bound from above
T (f, f*) and we then only rely on the regularization term. For this we bound from
below (||f*|| — ||f]]) using the saprsity equation. We need in this purpose to introduce
the subdifferiantials of the Ly norm :

@l -y ={z" € " lf + hll = [[f]| + 27(h) for every h € E}
where E* is the dual space of E with norm ||.||*.

Definition 3.7. Let us introduce, for all p > 0,
Alp) = inf sup = (f—f")

fEHP z*EFf* (p)

with H,, the set of function close to f* in the L3, sens and with distance p in the L?
sense, define as

Hy={f € Fillf = [l = pand |[f = [ll,5 <7(p)}

and I'(p) as
Ly-(p) = U @y

FeF:|f=f*ll<p/20

A radius p > 0 is said to satisfy the sparsity equation when §(p) = 4p/5.
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The sparsity equation quantifies the largeness of || f|| — || f**|| for any f** € {f € F:

1/* = fll < p/20} and f € H, such that || f[| — L/} = (LAl = [LF~l = If* = f=[] is large
as well. Then we can bound ||g|| — || f*| for g € F with the lemma :

Lemma 3.8. Let p > 0,14 (p) = Usep|—r(1<(o/20)O - ||) - For all g € F,

lgll =lf = sup 2% (g—f")——=

Z*Grf* (p)

Proof. For z* € (0]|.]|) == we have
gl = L1 = Nl = 11/ = ||f** —
> g - f) - 20 =g 1) = =T~ 5

So—f) = g5 beemuse #(f = ) <F -

WV

3.4.5 Bounding the empirical criterion

In order to up bound the term Ck »(f*) we consider a partition of the space F' according
to the distance between g and f* in term of L, and L norms. We define for x > 1 :

F ={geFillg— 1l < spxc and Jlg = 15 < v (spx) }
Py = {9 € F:llg—fll < rpx and [lg— £ > T(HPK)}v

F ={geF:|g-f|>rpx}

The following flemma gives upper bounds for Ck \(f*) for each of these partitions.

Lemma 3.9. On the event Q(K), it holds for all k € {1,2},

sup Tk (g, /) < (2+ k) er? (kpk) (6)
geFf”)
1
sup Trp (9, /) < {2+ K)e— — | r* (kpK) (7)
(x) 166
geF,
1 11ce 7c e

T 2 — - 2 — 2 8

T 0, < < (26— g+ HeC 2= ) ) (9

when ¢ > 32 and 10¢/4 < e ((490)72 — 2e).

Proof. First by Lemma (3.6) we get that, there exist (3/4)K block By with k € %, for
which,

3840% K

\%W%MMffMEM%@mw) -wffM)
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and by assumption (5) from Theorem (3.4), we get for those blocks that for all f € F
such that [|f — f*| < p,

3840% K

Pay 26 (F — 1)) 1< P2¢ (f — f>]+2emax<r%w<mM> K- f||Lz) )

As f* is a minimizer of P(l; —[,) over F' which is convex, it follows from the nearest
point theorem ' that P [2¢ (f — f*)] <0 for all f € F. So we get that for all f € F such

that [|f — f*|| < p,

Quanc (26 (1 = 1) < 2ema (o) ZHR R ) (a0

Using same arguments as in equation (9) we get for all f € F such that ||f — f*|| < p
that,

38402

P3¢ (f — )] < Poy [-2C(f — )] + 2 max <M (ne) Ky g ||Lz)

Finally by using that || f — f*|| < p we bound from above Pg, [—-2( (f — f*)] b
Quyax [(f — ) =2¢(f - IO AN =111 + Ap and we have,

38492

PI-2C(f — J*)] < Ta (f* ) + 2¢ max (M (o) 0 g g Hm) L (1)

We finally decompose the proof for each partition of F.
1. Bound over F\"). We have by definition of Ty,
T (9, f7) = MOMk (2¢ (9= f*) = (9= £*)*) = A(llgll = 1£*1)
< Q34 (2C(g— 1) +Af7 — 4

Using equation (10), we immediatly get, for all g € Fl(”),

38402

Tk (g, [7) < 2emax (7’34 (0, 7a1) ~o 9= IILz) + A1 =4l

38402

< 2e max (7"]2\4 (py M), — H f*H;) + Aipg by definition of F\*)
p

Choosing the radius px and the regularization parameter as in Theorem (3.4) lead
immediately to (6).

Let S be a non-empty closed convex set in R and let y ¢ S, then 3 a point Z € S with
minimum distance from y, i.e., ||y — Z|| < ||y — z||Vz € S.
Furthermore, # is a minimizing point if and only if (y — #)T(x — ) <0

18



2. Bound over FQ(”). Using the fact that Qq/2(x —y) < Qs/a(x) — Q1/4(y), we have

< Qs/ax (2C (g — f7) — Qjax ((9 — f*)Q) + X =gl
< Ws/ax (2¢(g— 1)) — Q1/4,x ((9 - f*)z) + Akpr

We then bound Q14,5 ((g — f*)2) using lemma (3.5) and Qs/4,x (2¢ (g — f*)) using
(10) and get

TK,/\ (97 f*>

38462,

€2

* K * —_ *
T (g, f7) < 2emax (7"]2\4 (s vM) 5 N lg — f Hi;) — (460)* |lg — f Hig + AKpK

]' * 2 . -2
< (26 — W) llg— f HL% + Akpg  using that 2¢ < (46p)

1
< (26 - F@g) r? (kpK ) + Mepx

Choosing the radius px and the regularization parameter as in Theorem (3.4) and
using that Akpx = c'ker?(px) lead immediately to (7).

3. Bound over Fgf”) is shown using simple homogeneity argument.

Lemma 3.10. Let p > 0. Let g € F be such that ||g— f*|| = p. Define f =
[ +plg=1)/llg=fIl. Then f € F | f— [ = p and,

MOMg ((g—f)?=2C(g—f)+A sup 2z (g—f") >

z*€l ¢+ (p)

g = 7Nz (MOMK ((F =V =20(f = [))+ A sup 2" (f - f*)> -

p Z*Erf* (p)

Proof. The two first propositions are respectively a direct consequence of the convexity
of F and the definition of f.
For the last one, let T = ||g — f*|| /p and note that T > 1 and g — f* = Y (f — f*), so

we have

MOMy ((g — f*)* = 2C (g — f*)) + A Slglp( )z* (g— 1)
zrel s+ (p
= MOMg (Y2 (f = f*)? =2YC(f = f*)) + AT sup 2" (f — %)

z*€l px (p)

>T<M0MK<<f—f*>2—2<<f—f*>)+A sup = <f—f*>>.

27€l g ()
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Now, let us bound SUP, () Tra(g, f*). Let g € F3(H). Applying lemma 3.8 and lemma
3
3.10 to p = pk : there exists f € F such that ||f — f*|| = px and

Tra (g, f7) = MOMg (2¢ (g — f*) = (9= f)*) = Allgll = L1
<MOMk (26 (g—f)—(g—f)*) =X sup 2z (g—f)+

2 €T px (PK)

HPK
10

=11

p (MOMK@df—f»—U—fﬂ%—A sm>,fU—fw>+Aﬂz

€D g (pic) 10
(12)
First assume that || f — f*||L% < r(pk) - Inthat case, ||f — f*|| = px and || f — f*||L§3 <
r (pr) therefore, f € H,, . Moreover, by definition of K* and since K > K*, we have px >
p* which implies that pg satisfies the sparsity equation. Therefore, sup,. €T 1+ (oK) 2 (f—=f) >

A (pg) = 4pk /5. Now, it follows from fact that A = 6/67’;+K) that

4 /.2
SN swp 2 (f— f) < 2 )
€l pr (pi) 5

Moreover, since the quadratic process is non-negative, by 10 applied to p = pg,
MOM (2¢ (f = f*) = (f = f*)") < Qupac [2C(f = f7)]
8492 9
~ I =F 17 ) < 2¢r® (px)

Finally, noting that 2¢ — 4c’¢/5 < 0 when ¢ > 10/4, binding all the pieces together
in 12 yields

Trx (g, f*) < ke (2 —4d/5)r* (pr) + AZPKE 10 = Ke <2 — %) r (pr) .

< 2emax (7’]2\4 (prc,YM)

Second, assume that || f — f*HL2P > r(prk). Since || f — f*|| = pxk, it follows from 3.5 and
3.6 for p = pi that

MOM (2 ( = 1) = (7 = %) < Qupasc (26 (F = 1)) = Quya (= 1)
: 17— 712
B = 1) - S

(46,)
1
< (2 1) 14 - fmz\ck—m%)ﬂ@m

where we used that 2e < (1600) when ¢ > 32 in the last inequality. Plugging the last
result in 12 we get

(0 F) Hg f I (( 1602) (p )+ApK)+MpK
m fH( 1wgrawu SR (o) < (( 1§)E‘E%

when 16 (2 + /) € < 6,

< 2e max (7“]2\/[ (prcs M),
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3.4.6 Statistical performance

Lemma 3.11. Let f € F be such that, on Q(K),CxA(f) < (24 ¢) er? (pk). Then,
on QK), f satisfies < 2pk, < r(20x)  and  R(f) <

2,
R(f*)+ (1 + (4+3c)e)r? (2pk), when ¢ =16 and ¢ > 832.

Proof. Recall that for any = € R¥, Q1/2(x) > —Q12(—x). Therefore,

%K,A(f) = SUPTK,A(%f) = Tk <f*,f> > =T (f, f*> .

geF

Thus, on Q(K),f € {g € F: Tk (g, f*) > —(2+)er?(px)}. When ¢ = 16 and ¢ >
832,

—24+d)e>2(1+)e—

1 11 i
and — (2 + ') e > 2max (26— 1602 —1—%, €— 1006)

1663
therefore, f € Fl(Q) on (K). This yields the results for both the regularization and the
L%-norm. Finally, let us turn to the control on the excess risk. It follows from 11 for
p = Kkpg that
2 .
o P21
3840% K || .

f-
r* (2pK) + Tk ( >+2emaX(T%4(2PK77M)7 2 N f=r

<2 (2pi) + Guen(F) + 26 (2pic) + 2¢er” (pic) = (1 + (4 +3¢) ) r* (2pxc)

R(f) = R(f) = f

2
L2

P

We end the proof of theorem (3.4) using that, by definition of J/C\K, 2

%ﬁnx(ka> < Crn (f*) =supTxa (g, [7) <max sup Tk (g, [")

geF i€[3] ger™®

where {Fl(l), FQ(I), Fyfl)} is the decomposition of F. It follows from 8 (for x = 1 ) tha on
the event Q(K),

Cr.\ <fK/\> <2+ d) e’ (pk).

Therefore, for ¢ = 16 and ¢ = 833 the conclusion of the proof of Theorem 1 follows from
3.11.
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4 Opening

In their article, Lecué and Lerasle (2017) proposed a new estimator for robust machine
learning based on median-of-mean. As we shown in section (3.4), this estimator show
very interesting theoretical properties. In fact it is shown that it optimal in the minimax
sens in both Iy and L% norm. In addition, those optimal rates of convergence are achieved
under minimal assuptions on the dataset, knwoing the informative data are independant
(not necessarly i.i.d) and the outliers are not assumed independant nor independant to the
informative data nor identically distributed, in fact, they can even be adversarial. Also
the authors developp a new notion that quantify the robustness of their estimator which is
non-asymptotic and takes into acount the statistical performances of the estimators and
show that their estimator have a breakdown number of order number of iterationsx rate
of convergence.

In addition, the estimator developped in the article easily computable in practice
and is appliable to, basically, any problem which require to estimate the empirical risk
minimizer (ERM). In fact, we focused on the MOM version of the LASSO estimator in
this work but it can also be used for classical ERM estimation without regulraization or
with other ones, like SLOPE regularization.

Also, the estimator can be used for outliers detection which is an active field of research
in the data science and machine learning community. This come from the randomization
of the blocks at each step of the descent algorithm, which, in addition of improving a lot
the performance of the estimator, gives a measure of singularity of the data which can
be used as an outlier dection tool.
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5 Appendix : Adaptative choice of K with Lepski’s
method

The choice of K in the MOM estimator is of primary importance as all rates in Theorem
(3.4) depends on it. This construction, inspired from the Lepski’s method provides an
adaptative choice of this parameter (see Goldenshluger and Lepski (2011) for more in-
formation about this method). For A > 0, f € F' and a constant c,q > 0, the adaptative
choice of K is given, for all J € [max(K*,8|0|), N/(96(0y0,0)*)]

K., —inf {K € [max (K*,8|61) . N/ (96 (60,0)%)] : Ay 00N o @}

N/(96(006,0)%) 2

and choose f,,, € N J=K.,, JiCaa-

with
Ry, = {f € F:E(f) < Cad 2 (PJ)}

= g2
i

For this choice of K we get the following rates

Theorem 5.1. Grant the assumptions of Theorem 1 and assume moreover that and
10| < N/ (768020%). For any K € [max (K*,8|0|), N/ (96 (846:0)*)], with probabil-
ity larger than

one has

1 —4dexp(—K/2304) = 1 — dexp (—*Nr? (pr) /884736)
| =1 Fuu= 1, <r (o)
R (fs) < R+ (145207 (206)

where coq = 18/833 and ¢ = (83302)"'. In particular, for K = K*, we have
r(2pKg+) = max (r (2p*),\/|ﬁ|/N> Therefore, if r (2p*) < c1r (p*) holds for some

absolute constant cy, then the breakdown number of J?cad 1s larger than Nr (p*)z.

< 2pk,
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