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Abstract

This paper tackles the problem of selecting among several linear estimators in non-
parametric regression; this includes model selection for linear regression, the choice of a
regularization parameter in kernel ridge regression, spline smoothing or locally weighted re-
gression, and the choice of a kernel in multiple kernel learning. We propose a new algorithm
which first estimates consistently the variance of the noise, based upon the concept of minimal
penalty, which was previously introduced in the context of model selection. Then, plugging
our variance estimate in Mallows’ C'f, penalty is proved to lead to an algorithm satisfying an
oracle inequality. Simulation experiments with kernel ridge regression and multiple kernel
learning show that the proposed algorithm often improves significantly existing calibration
procedures such as generalized cross-validation.

1 Introduction

Smoothing splines or kernel-based methods are now well-established tools for supervised learning,
allowing to perform various tasks, such as regression or binary classification, with linear and non-
linear predictors [37, 36]. A central issue common to all regularization frameworks is the choice
of the regularization parameter: while most practitioners use cross-validation procedures to
select such a parameter, data-driven procedures not based on cross-validation are rarely used.
The choice of the kernel, a seemingly unrelated issue, is also important for good predictive
performance: several techniques exist, either based on cross-validation, Gaussian processes or
multiple kernel learning [13, 34, 5].

In this paper, we consider least-squares regression and cast these two problems as the problem
of selecting among several linear estimators, where the goal is to choose an estimator with a
quadratic risk which is as small as possible. As shown in Section 2, this problem includes
for instance model selection for linear regression, the choice of a regularization parameter in
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kernel ridge regression, spline smoothing, or locally weighted regression, the choice of a kernel
in multiple kernel learning, the choice of k£ in k-nearest-neighbors regression, and the choice of
a bandwidth of Nadaraya-Watson estimators.

Another motivation for studying linear estimators is their good theoretical properties. For
instance, when the signal belongs to a Sobolev ball, it is known the Pinsker estimator (which is
linear) is asymptotically minimax up to the optimal constant, while the best projection estimator
is only rate-minimax [16, 43]. Furthermore, the set of signals that are well estimated by linear
estimators is very rich: it contains, for instance, sampled smooth functions, sampled modulated
smooth functions and sampled harmonic functions [20]. Finally, convergence rates of some linear
spectral estimators have recently been proved optimal [12, §].

The main contribution of the paper is to extend the notion of minimal penalty [9, 2] presented
in Section 2 to all discrete classes of linear operators, and to use it for defining a fully data-driven
selection algorithm satisfying a non-asymptotic oracle inequality. Our new theoretical results
presented in Section 4 extend similar results which were limited to unregularized least-squares
regression (i.e., projection operators). We also tackle continuously parameterized families of
linear estimators which are typical in ridge regression and spline smoothing (where the one-
dimensional parameter to be estimated is the regularization parameter). In order to do, we derive
novel concentration inequalities which may be useful in other contexts (Section B). Our results
also enlighten the classical elbow heuristics based algorithms—e.g., “L-curve maximum curvature
criterion” for Tikhonov [35] and several others regularization problems [19, 18])—by providing
theoretical grounds to another L-curve based calibration algorithm. Finally, in Section 5, we
show that our algorithm improves the performances of classical selection procedures, such as
GCV [14], for kernel ridge regression, nearest-neighbor regression or locally weighted regression.

2 Linear estimators

In this section, we define the problem we aim to solve and give several examples of linear
estimators.

2.1 Framework and notation

Let us assume that one observes
Y;=f(zi))+e€R  for i=1,...,n,

where €1, ..., &, are i.i.d. centered random variables with E[¢?] = 0 unknown, f is an unknown
measurable function X — R and z1,...,z, € X are deterministic design points. No assumption
is made on the set X' . The goal is to reconstruct the signal F' = (f(z;))1<i<n € R™, with some
estimator F € R"™, depending only on (z1,Y1),..., (zn,Yn), and having a small quadratic risk
nY|F — F|j3, where Vt € R™, we denote by |[|t||2 the fo-norm of ¢, defined as ||¢[|3 := > ¢7.

In this paper, we focus on linear estimators F that can be written as a linear function of
Y =(Y1,...,Y,) € R", that is, F= AY , for some (deterministic) n x n matrix A. Here and
in the rest of the paper, vectors such as Y or F' are assumed to be column-vectors. We present
in Section 2.2 several important families of estimators of this form. The matrix A may depend
on xi,...,%, (which are known and deterministic), but not on Y, and may be parameterized
by certain quantities—usually regularization parameter or kernel combination weights.

Let us also define, for any matrix A € M,,(R), the largest singular value of A:
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2.2 Examples of linear estimators

In this paper, our theoretical results apply to matrices A such that
Ae M,(R) [A] <M tr(ATA) < (2— Kg)tr(A) with Kg € (0,2) , (1)

for some constants M and K4. The main examples we have in mind are the following.

Ordinary least-squares regression / model selection. If we consider linear predictors
(here, linear in the inputs x1,...,z,) from a design matrix X € R" P then F = AY with
A= X(XTX)"1XT which is a projection matrix (i.e., ATA = A); F = AY is often called
a projection estimator. In the variable selection setting, one wants to select a subset J C
{1,...,p}, and matrices A are parameterized by J. If we denote X the matrix of size n x |J|
composed of the columns of X indexed by J, then the matrix Ay is equal to XJ(X}—XJ)_lX}—.
For this matrix, we have tr A}AJ = tr A?] =trAjy.

Kernel ridge regression / spline smoothing. We assume that a positive definite kernel
k: X xX — Ris given, and we are looking for a function f : X — R in the associated
reproducing kernel Hilbert space (RKHS) F, with norm || - ||z. If K denotes the n x n kernel
matrix, defined by Ky, = k(x4, ), then the ridge regression estimator—a.k.a. spline smoothing
estimator for spline kernels [44], or Tikhonov regularization [41]—is obtained by minimizing with
respect to f € F [36]:

2 D0 ) AL

The unique solution is equal to f = S ozl k(-,z;), where a = (K +nAI)~'Y . This leads to
the smoothing matrix Ay = K (K + n\I,)"!, parameterized by the regularization parameter
X € R, . In this case, A is symmetric positive semi-definite, and we have tr A2 < tr A.

Multiple kernel learning / Group Lasso / Lasso. We now assume that we have p different
kernels k; , feature spaces F; and feature maps ®; : X — F;, j =1,...,p. The group Lasso [48]
and multiple kernel learning [21, 5] frameworks consider the following objective function

p p
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Note that when ®;(z) is simply the j-th coordinate of z € RP, we get back the penalization by
the ¢'-norm and thus the regular Lasso [40].
Following [32, 33], by using a'/? = miny>o 3{% + b}, we obtain a variational formulation of
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the sum of norms 2>2%_, || ;]| = min, cpr P {M + 773} . Thus, minimizing J(fi,..., fp)

J=1 n
with respect to (f1,..., fp) is equivalent to minimizing with respect to n € R (see [5] for more
details):
||fy ||2 -1 3
min L(f1,...,fp) +)\Z +)\Z ]—— j 177jKj+n)\In) y+)\Z77j )

f17 JDp

where I, is the n X n identity matrix. Moreover, given 7, this leads to a smoothing matrix of
the form

Apx = (5o miK) O —y mi K +nAL,) (2)
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Method A parameter

Ridge regression K(K + )™t A

Kernel learning K(K+1)™! K
Nadaraya-Watson | WDiag(W1)™! | a where W;; = exp(—allz; — z;]|?)
Nearest-neighbor | A € {0,1/k}V*N k

Table 1: Examples of linear estimators.

parameterized by the regularization parameter A € R, and the kernel combinations in Rﬁ—no‘ce
that it depends only on A~!n), which can be grouped in a single parameter in Rﬁ . Note that it
corresponds to a specific parameterization of the kernel matrix K using 7, and that it can be
extended to other types of parameterization.

Thus, the Lasso/group lasso can be seen as particular (convex) ways of optimizing over 7.
In this paper, we propose a non-convex alternative with better statistical properties (oracle
inequality in Theorem 3). Note that in our setting, finding the solution of the problem is hard
in general since the optimization is not convex. However, while the model selection problem
is by nature combinatorial, our optimization problems for multiple kernels are all differentiable
and are thus amenable to gradient descent procedures—which only find local optima.

Nearest-neighbor regression. If we assume that we are given any similarity measure d :
X xX — R and k a strictly positive integer, then, from n observations x1, . .., x,, we may for each
i=1,...,n, find k-nearest neighbors of x;, i.e., find any set J; of k points z;, j € {1,...,n}\{k},
which are among the k closest to z; according to d (this definition takes into account possible
ties). We can then build an n x n matrix A of nearest neighbors which is equal to 1/k for all
pairs (i,7) such that j € J; for all i € {1,...,n}, and equal to zero otherwise.

Nadaraya-Watson estimators [30, 46]. We know assume that we are given a “window
function” (not to be confused with a positive definite kernel) k : X x X — R, from which we
build the n x n matrix W of pairwise evaluations. The estimator correspond to the matrix A
obtained by normalizing W to have unit row-sums, i.e., A = WD~ where D = Diag(W1) is
the diagonal matrix of row sums. In this situation we have M < \/ max; D;; / min; Dy;. A typical
example is the matrix W defined as W;; = exp(—al|z; — z;|*) where z;, i = 1,...,n, are the
observed input data points, and « is the smoothing parameter to be learned.

Except for the bound on ||A|| in the k-nearest neighbor and Nadaraya-Watson examples,
Eq. (1) holds true with M = 1 and Ky = 1 for all the examples mentioned, as shown by the
following result.

Proposition 1. For any n > 1, tr(ATA) < tr(A) < n for any matriz A € M, (R) among the
following examples:

(i) if A is symmetric with Sp(A) C [0,1], for instance:

(ia) Ordinary least-squares regression: A is an orthogonal projection matriz.

(ib) Kernel ridge regression, Multiple kernel learning: 3x € (0,400) and K € M, (R)
symmetric positive semi-definite such that A= K(K +xI)~!.

(i) if Vi, j, Ay > A;j >0 and > p_ Aip =1, for instance:

(iia) Nadaraya- Watson regression



(1ib) k-nearest-neighbor regression, for some integer k € [1,n]:

1
V1<i,5<n, Ai7j6{072} wz’thke{l,...,n}

. n (kNN)
V1S’L§TL, AZ’Z:E and ZlAi’j:1 .
j:

In example (i), ||A|| < 1. In examples (ia) and (ib), tr(A) = tr(ATA).

Proposition 1 is proved in Section C.

Other examples. Alternative linear estimators are classical in the statistical or learning lit-
erature:

e Pinsker filters [31, 16], that is, A, o = diag ((1 — (k“/w))+, k=1...n) for some param-
eters w, a > 0. This example matches case (i) in Proposition 1.

e Linear spectral methods for statistical inverse problems [10, 26], such as spectral cut-off
(or principal components regression) and /2-boosting.

e Symmetrized k-nearest neighbors [47].

More examples and references can be found in [45, Chapter 5] and [43, Chapter 3], for instance.

3 Linear estimator selection

In this section, we first describe the statistical framework of linear estimator selection, then
introduce the notion of minimal penalty. Finally, we briefly review the related work on linear
estimator selection.

3.1 Unbiased risk estimation heuristics

Usually, several estimators of the form F = AY can be used. The problem that we consider
in this paper is then to select one of them, that is, to choose a matrix A. Let us assume that
a family of matrices (Ax)rea is given (examples are shown in Section 2.2), hence a family of
estimators (F\)\))\EA can be used, with ﬁ)\ := A,Y . The goal is to choose from data some A € A,
so that the quadratic risk of ﬁX is as small as possible.

The best choice would be the oracle:

A" e argmin{n_lﬂﬁ)\ - FH%} ,
A€A

which cannot be used since it depends on the unknown signal F'. Therefore, the goal is to define
a data-driven A satisfying an oracle inequality of the form

By — FIB < o inf {n 7! |By = FIB | + Ry (3)

with large probability, where the leading constant C, should be close to 1 (at least for large n) and
the remainder term R, should be negligible compared to the risk of the oracle. Many classical



selection methods are built upon the “unbiased risk estimation” heuristics: If ) minimizes a
criterion crit(\) such that

VAEA,  E[cit\)]~E |[n Py —F||§] ,

then \ satisfies an oracle inequality such as in Eq. (3) with large probability. For instance, cross-
validation [1, 39] and generalized cross-validation (GCV) [14] are built upon this heuristics.

One way of implementing this heuristics is penalization, which consists in minimizing the
sum of the empirical risk and a penalty term, i.e., using a criterion of the form:

crit(A) = n~ | Fy — Y||3 + pen(A) .

The unbiased risk estimation heuristics, also called Mallows’ heuristics, then leads to the
optimal (deterministic) penalty

peng(A) i=E |n Y |[By — FI3| B [n 7By - V3] .

When F\)\ = A,Y , we have:

1By — FI3 = (Ax = L)FI3 + 1 Axel3 + 2 (Ase, (Ar — L)F) (4)
|By = Y13 = 1B — FI3+ [lel2 — 2 (e, Axe) +2(e. (In — AVF) (5)

where e =Y — F € R" and Vt,u € R", (¢, u) = > tiu; . Since ¢ is centered with covariance
matrix 021, , Eq. (4) and Eq. (5) imply that

202 tr(Ay)
penjg(A) = ———— (6)
n
up to the term —E[n~!||e||3]= —o?, which can be dropped off since it does not vary with \.

Note that df(\) = tr(Ay) is called the effective dimensionality or degrees of freedom [49],
so that the optimal penalty in Eq. (6) is proportional to the dimensionality associated with
the matrix Ay—for projection matrices, we get back the dimension of the subspace, which is
classical in model selection.

The expression of the optimal penalty in Eq. (6) led to several selection procedures, in
particular Mallows’ C, (called C), in the case of projection estimators) [27], where o2 is replaced

by some estimator 02 . The estimator of o2 usually used with C7, is based upon the value of the
empirical risk at some \g with df()\g) large; it has the drawback of overestimating the risk, in a
way which depends on \g and F [17]. GCV, which implicitly estimates o2 , has the drawback of
overfitting if the family (A))yea contains a matrix too close to I, [11], so that examples have
been given where GCV is not asymptotically optimal [25]; GCV also overestimates the risk even
more than Cp, for most Ay (see (7.9) and Table 4 in [17]).

In this paper, we define an estimator of o2 directly related to the selection task which does
not have similar drawbacks. Our estimator relies on the concept of minimal penalty, introduced
by Birgé and Massart [9] and further studied in [2].

3.2 Minimal and optimal penalties
We deduce from Eq. (4) the bias-variance decomposition of the risk:

tr(A] Ay)o?
M = bias + variance (7)
n

E [n 1B~ FIB] = n 7 Ay~ W FI +
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Figure 1: Bias-variance decomposition of the generalization error, and minimal /optimal penal-
ties.

and from Eq. (5) the expectation of the empirical risk:
(2tr(Ay) — tr(A] Ay)) o

n

(8)

Note that the variance term in Eq. (7) is not proportional to the effective dimensionality
df(\) = tr(Ay) but to tr(A] Ay). Although several papers argue these terms are of the same
order (for instance, they are equal when A) is a projection matrix), this may not hold in general.
If Eq. (1) holds for all matrices A € { A },c, , we only have

E [n 7B = Y15~ llel}] = 7" (AN — T FI3 —

o (Al
T 2— Ky

B T
< tr(Ay) < 2tr(Ay) —tr(A4, Ay) < 2tr(Ay) . (9)
Kyt K¢

In order to give a first intuitive interpretation of Eq. (7) and Eq. (8), let us consider the
kernel ridge regression example, where A = K(K + AI)~!, and assume that the risk and the
empirical risk behave as their expectations in Eq. (7) and Eq. (8); see also Fig. 1. Completely
rigorous arguments based upon concentration inequalities are developed in the Appendix and
summarized in Section 4, leading to the same conclusions as the present informal reasoning.

First, as proved by Lemma 2 in Section B.2, the bias =" ||(Ay — I,,)F||3 is a non-increasing
function of the dimensionality df(A\) = tr(A,), and the variance tr(A] A))o?n =1 is an increasing
function of df()\) , as well as 2tr(Ay)—tr(A) Ay). Therefore, Eq. (7) shows that the optimal A re-
alizes the best trade-off between bias (which decreases with df()\)) and variance (which increases
with df(\)), which is a classical fact in model selection (see Figure 1).

Second, the expectation of the empirical risk in Eq. (8) can be decomposed into the bias and
a negative variance term which is the opposite of

pen,;,(\) :=n~! (2tr(A)\) - tr(AIA)\)> o’ . (10)

As suggested by the notation pen,,;, , we will show it is a minimal penalty in the following sense.
If

VD >0, /)\\min(D) € argr)\ni/r\l{n_lﬂﬁ)\ — Y3+ Dpen,, (N } ,
€
then, up to concentration inequalities that are detailed in Section 4.4, /):min(D) behaves like a

minimizer of

A)

min(

9p(\) = E [n7|F\ = Y3+ Dpenysu(V) | — 0% = n~"[[(Ax = L) F|3 + (D — 1) pen

Therefore, two main cases can be distinguished:



e if D <1, then gp(A) decreases with df(\) so that df(Amin(D)) is huge: Amin(D) overfits.

~

e if D > 1, then gp(A) increases with df(A) when df()) is large enough, so that df (Apin(D))
is much smaller than when D < 1.

As a conclusion, pen,;,(A) is the minimal amount of penalization needed so that a minimizer P\
of a penalized criterion is not clearly overfitting.

Following an idea first proposed in [9] and further analyzed or used in several other papers
such as [23, 2, 29], we now propose to use that pen,; ()\) is a minimal penalty for estimating o
and plug this estimator into Eq. (6). Indeed, if we penalize the empirical risk nilHﬁA —Y|3% by
C%&‘()‘) (which does not depend on ¢2), then the argument above suggests that around the
value D = Co~2 =1 (i.e., around C = ¢?), we have a jump in the selected degrees of freedom.
This leads to the algorithm described in Section 4.1.

Note that the minimal penalty given by Eq. (10) is new; it generalizes previous results [9, 2]
where pen,;, (A)) = n~ ! tr(Ay)o? because all Ay were assumed to be projection matrices, i.e.,
AIA)\ = A, . Furthermore, our results generalize the slope heuristics pen;y ~ 2pen,,;, (only
valid for projection estimators [9, 2]) to general linear estimators for which pen;y /pen
(1,2].

min €

3.3 Related work

Several procedures have been proposed in the literature for selecting among linear estimators.
The most classical ones are Mallows’ C, [27] and GCV [14] (which have already been introduced)
and cross-validation (see [4] for references).

Recently, Baraud, Giraud and Huet [7] proposed an estimator selection procedure via pe-
nalization, that applies in particular to linear estimator selection; a possible drawback of their
procedure is that it strongly assumes the noise is Gaussian, since the Gaussian distribution
explicitly appears in the definition of their penalty. Two penalized maximum likelihood criteria
have also been proposed for selecting the ridge regression parameter [42], but they are only
supported by simulation experiments.

Finally, let us mention here an aggregation procedure recently proposed by Dalalyan and
Salmon [15] for affine estimators. Their goal is different from ours (aggregating instead of
selecting), but still related since they prove some oracle inequalities for their final estimator.

4 Main results

In this section, we first describe our algorithm and then present our theoretical results.

4.1 Algorithm

The following algorithm first computes an estimator of C of o2 using the minimal penalty in
Eq. (10), then considers the optimal penalty in Eq. (6) for selecting A.

Input: ¥ € R" and { Ay}, a collection of matrices
1. VC > 0, compute \o(C) € argminyep{||[Fx — Y|2+C (2tr(Ay) — tr(A] Ay))}.
2. Find C such that df(X\o(C)) € [n/10,n/3].

3. Select A € argminyea{||Fx — Y2 4 2C tr(4,)}.



In the steps 1 and 2 of the above algorithm, in practice, a grid in log-scale is used, and our
theoretical results from the next section suggest to use a step-size of order n=1/2. Step 1 can
be solved efficiently (at least when A is finite or A is embedded with a total order) thanks to
Algorithm 2 in [2].

Note that it may not be possible in all cases to find a C such that df(Xo(C)) € [n/10,n/3];
therefore, our condition in step 2, could be relaxed to finding a C such that for all C > C (14+9),
df(Xo(C)) < n/10 and for all C' < C /(14 6), df(Xo(C)) > n/10, with & o \/In(n)/n .

Alternatively, using the same grid in log-scale, we can select C with maximal jump between
successive values of df (XO(C’ ))—note that our theoretical result then does not entirely hold, as
we show the presence of a jump around o2, but do not show the absence of similar jumps
elsewhere. See examples in Section 5.

4.2 Assumptions

Before stating our main results, let us state the main assumptions we make on (Ay)xep and on
the distribution of the noise. We essentially consider a set of linear estimators which corresponds
to a union of a discrete set and a union of matrices obtained from ridge regression (which are
themselves parameterized by a single continuous parameter).

e Assumption on the matrices Ay: some constants Kgr € (0,2) and M > 1 exists such that

VAe A, A€ M,(R) is deterministic, [JA,]| <M (HA,)
tr(Ay) <n and  tr(A]Ay) < (2 — Kqp) tr(Ay) A
e Assumption on A: I € {A)},c, and
Ny
Ac AUl J({j} x[0,40c]) with Card(Ag) < Cin®h N} < Cin
j=1
and Vje{l,...,Nx}, Vo€ (0,4+00), Agn =K;(K;+nal,)™" (HA)
with  Kj; € Mu(R)\ {0, )} symmetric positive semi-definite
and - Ao =TI Ajioo) =0m,®
e Assumption on the noise:
€1,...,ep are iLid. ~ N(0,02) (HNo?)
e Assumption on the bias:
M €A, df(\) <vnoand b(A) < o?/nin(n) . (Abias)

The above assumption set is discussed in details in Section 4.6.

Remark 1. By Proposition 1, under assumption (HA), assumption (HA)) holds with Kaq = 1
and M =1 for all X € J;{j} x [0,+00]. Furthermore, if all matrices (Ax)xen, are among
the examples of Proposition 1, assumption (HA\) holds with Kqr = 1 and M = supygy, [[A]l
which happens to be close to 1 with large probability in all the examples we considered in our
stmulation experiments.



4.3 Minimal penalty
Theorem 1. Let Xo be defined by

o~

VO >0,  A(C)e argr)\nei}r\l{ HE - YHz +C (2tr(4)) - (4] A4) ) } .y

Assume (HA), (HA,)), (HNo?) and (Abias) hold true. Let

150M — ~
7 aA:max{aﬁl\,aR%—Q} Cr=6C{+C% .
df

pfr=2TM [y =

Then, for every § > 2, a constant ny(Kqs, ap + 6,M) exists such that for every n > ng,

In(n)

Y0 < C < <1 — Bi(an +0) ) o2, df(R(C)) > % (12)

lnfln) (13)

sl=

and YC > <1+ﬁ2(@7\+5) )UQ, df(Xo(C)) <

hold with probability at least 1 — CT\TF‘; .

Theorem 1 is proved in Section D.
The first important consequence of Theorem 1 is that under mild assumptions (see Sec-
tion 4.6), with a large probability, the constant C' obtained by the algorithm of Section 4.1

satisfies
(1_ﬁ1(&7\+5) m(Tn)>02§a§<l+ﬁ2(afx+5) ln(Tn)>02.

In particular, C is a consistent estimator of o2 , but Theorem 1 actually provides precise non-
asymptotic multiplicative bounds for C' (with a convergence rate of order /In(n)/n), that are
crucial for deriving a non-asymptotic oracle inequality for the algorithm of Section 4.1, as em-
phasized in Remark 8 below.

Compared to classical estimators of o2, such as the one usually used with Mallows’ Cp,, C
does not depend on the choice of some model assumed to have almost no bias, which can lead
to overestimating o2 by an unknown amount [17].

Remark 2. On the same event and under the same assumptions as Theorem 1,

P2

vC > <1 + E(&K +0) In(n)

nl/4

) o, dfRo(C)) < n®,

by taking by, = n3/* in Proposition 10. Therefore, a clearer jump can be observed by looking at
df(A\o(C)) at a slightly less precise scale, which results in a possible loss in the estimation of 2.

Remark 3. The precise values n/3 and n/10 in Eq. (12)—(13) have no particular meaning:
(n/3,n/10) could be replaced by (n/k,n/k') for any ' > Kk > 2. If all matrices Ay correspond
to k-NN or OLS estimators, we can even take any ' > k > 1, for instance, (9n/10,n/10) .
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4.4 Oracle inequality
Define )
VC >0,  Aop(C) € arg r/\ni{r\1{ H@ - YH2 + QCtr(AA)} . (14)
€
We have the following general theorem.

Theorem 2. Let /)\\Opt(C) be defined by Eq. (14) and assume that (HA), (HA)) and (HN¢?)
hold true. Let

B3 = max { 32M?, 24M* + 1225 } and  Bg = 9928 .

Then, for every § > 2, if n > n1 some absolute constant, with probability at least 1 — CN'An_‘S,
for every C > 0 and every n € (0,2),

N n 2
n_l‘FX —FH2§(1+n)inf n! HFA—FHQ—i—z(C o)+ tr(Ay)

opt (C) 2 XeA 2 n (15)

~\ 2

L2 (Co? - 1)202110<az + <ﬁ3 + @> In(n)(9 + an)o

n - n n
and
s 2 . 1l 2 32 _

n|Bs o~ F, < (1+n)i2£{" A _FHQ} +5- (0o C1)24

. (16)
2
N <ﬁ3 N @) In(n)(0 + ap)o .
n n

Theorem 2 is proved in Section E. Before applying it to the proposed algorithm, let us make
a few remarks.

Remark 4. Note that the two inequalities in Eq. (15) and Eq. (16) differ from their treatment
of underestimation and overestimation of C (compared to o). As shown explicitly in Eq. (15),
overestimation of C leads to a increase of generalization cost which grows as %, which is
small, while underestimation leads to a constant factor, which is more problematic, and requires

greater care when estimating C from data, which we do in this paper.

Remark 5. When C' is deterministic, we can deduce from Eq. (15)—(16) an oracle inequality in
expectation; we refer to the proof of Theorem 8 for details.

Remark 6. Ifn = (In(n))~! and |Co™2 — 1| = O(y/In(n)/n) , the remainder term in Eq. (15)-
(16) is of order (In(n))30?n=", which is negligible in front of the risk of the oracle provided that
va(A*) grows with n faster than (In(n))3, since the risk of Fy« is at least of order vy(A)n=".
This usually holds when the bias is not exactly zero for some A € A with tr(AIA)\) too small,
as often assumed in the model selection literature for proving asymptotic optimality results.

tr(Ax)
tr(A;\rA/\) :
Eq. (15)—(16) actually correspond to the worst-case situation, where no assumption is made. For
instance, if all estimators are least-squares or k-nearest neighbours estimators, this term can be
replaced by ‘00*2 — 1‘.

Remark 7. The term (C’U_2 -1 )2 /6 could be lowered with some assumption on supyea

11



Remark 8. When the noise-level o is known, taking C = o in Theorem 2 (that is, considering
Mallows’ C, penalty) yields the following oracle inequality instead of Eq. (16):

L A (R N R (O

As underlined in previous works [6, 7], dealing with the case of unknown variance is more chal-
lenging, even in the model selection case. In Theorem 2 above, the remainder term (CO'_2 -1 )2 o?
underlines how important it is to have C close to o%. We conjecture this term is essentially unim-
provable in the case where tr(A) Ay) is close to its lower bound n=Ltr(Ay)? for A “close” to the
oracle, since the penalty 20°n~'tr(Ay) can then be an order of magnitude higher than the risk,
which is the sum of the bias and of o?n~! tr(A;\rA)\). Therefore, estimating o2 with a precision
as high as the one guaranteed in Theorem 1 is crucial to derive an oracle inequality valid for all
linear estimators.

4.5 Combined result

As a corollary of Theorems 1 and 2, we get the following non-asymptotic oracle inequality (with
leading constant arbitrarily close to 1) for the algorithm proposed in Section 4.1.

Theorem 3. Let C and \ be defined as in the algorithm of Section 4.1. Assume that (Abias),
(HA), (HA)) and (HN0?) hold true. Then, for every § > 2, a numerical constant 35 and a
constant na(Kgs, 0 + ap, M) exist such that if n > no , with probability at least 1 — CN'An_‘S, for
every n € (0,2),

15 2 14 2 _ In(n)o?
=B =P < em s | B F| M2 5)? 17
n‘ A 2_( +n)>l\relA{n A 2 + BME (@ +9) nn (7
As a consequence, if n > no(Kgg, ap + 2,M), for every n € (0,2),
15 2 15 2 __ In(n)o?
E|=|B-F| | <+mE | —|A-F M2 2)?
[n 5 o | S (LHmE | inf o= , (| T 0sM (an +2) o
(18)

2 6*](202M2+(1+M)27r1 HF;F)
+

n

Theorem 3 is proved in Section F. Its main consequences are detailed in Section 4.7.

e 2
Note that taking n = 5§M2(QA+2A) 1n(n)2¢72
E[lnf)\eA{ HF>\7F||2 }]
equality with leading constant one, that directly implies an asymptotic optimality result when
In(n)o?

in Eq. (18) yields a non-asymptotic oracle in-

is negligible in front of the risk of the oracle.

4.6 Discussion of the assumptions

Assumption (HA,). It holds true with K4 = 1 in all the main examples detailed in Sec-
tion 2.2, as proved by Proposition 1. Note that ||A)| < M barely is an assumption. With
M = 1, it means that Ay actually shrinks Y, which holds true for all examples except nearest-
neighbors and Nadaraya-Watson. In general, since [|Ay] is observable, one only has to check
that M := supycy ||AA|| is not much larger than 1, as we observed in all our simulation experi-
ments. Note that ||A,[| <M < 400 is assumed in [24] for proving asymptotic optimality results
when selecting among nearest-neighbors or Nadaraya-Watson estimators.
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Assumption (Abias). It holds if b(\) < no?cdf(\)~? for some ¢ > 0 and d > 1 (and some
A € A exists with df(A\) < /n close to \/n), a standard assumption in the context of model
selection. Besides, (Abias) is much less restrictive and can even be relaxed, see Appendix D. For
instance, it is sufficient to have b(\) < no2cdf(\)~¢ for one among several families of estimators,
without having to know which one it is.

Gaussian noise and (HA). For proving Theorems 1, 2 and 3, a key ingredient is a uniform
concentration inequality for four functions of A and ¢, that is, a lower bound on the probability of
the event (a5 45)n(n)(A) defined in Section A.2. In particular, assumptions (HA) and (HN ¢2)

are only used for proving this event has a probability at least 1 — Can~%. So, any alternative
assumption set under which a similar uniform concentration inequality could be proved could
be used instead of (HA) and (HN 02), leading to the same results (except for the precise values
of the constants). We refer to the proofs for details.

For instance, kernel ridge regression could be replaced in assumption (HA) by Pinsker filters
(see Section 2.2) with the one-dimensional parameter set w € (0, +00).

When ¢ is sub-Gaussian, the key concentration results (Lemma 8) can certainly be proved
for ¢ = 0~ 'e (possibly with additional small deviation terms that do not change the core of the
proof) at the price of additional technicalities (at least when N} = 0, i.e., A is finite), which
implies that Theorems 1, 2 and 3 would still be valid. Note that assuming the noise is Gaussian
is classical when proving non-asymptotic oracle inequalities [11, 7]; only asymptotic results exist
about linear estimators selection with moment conditions on the noise [25, 24]. Considering
heavy-tailed noise is of clear interest but beyond the scope of this paper.

4.7 Main consequences of Theorem 3 and comparison with previous results

Oracle inequality. The algorithm of Section 4.1 satisfies a non-asymptotic oracle inequality
with high probability, as shown by Eq. (17): The risk of the selected estimator ﬁi is close to the
risk of the oracle, up to a remainder term which is negligible when the dimensionality df(\*) of
the oracle grows with n faster than In(n), a typical situation when the bias is never equal to
zero, for instance in kernel ridge regression.

Eq. (17) is non-asymptotic, meaning that it holds for every fixed n as soon as the assumptions
explicitly made in Theorem 3 are satisfied. Most results (all but the more recent ones for linear
estimator selection [11, 7]) are asymptotic, meaning that n is implicitly assumed to be larged
compared to each parameter of the problem. This assumption can be problematic for several
learning problems, for instance in multiple kernel learning when the number p of kernels may
grow with n .

Another important feature of Eq. (17) is that it holds with high probability, which is stronger
than most results only true in expectation, that is, similar to Eq. (18), or even weaker. As
emphasized by [25], the difference is significant, since some examples exist where a procedure
(GCV) is asymptotically optimal in expectation (like Eq. (18)) but not a.s. (like Eq. (17)).

Several oracle inequalities have been proved in the statistical literature for Mallows’ C', with
o2 known, either asymptotic [25, 24] or non-asymptotic [11]. When o2 is unknown (and replaced
by a consistent estimator), up to the best of our knowledge, guarantees for C, are only available
for the model selection problem (see [9, 2] and references therein).

Comparison with other procedures. Oracle inequalities or asymptotic optimality results
have been proved for several other linear estimator selection procedures.
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Generalized Cross Validation (GCV) [14] was mostly studied for model selection and
(kernel) ridge regression. GCV is asymptotically optimal in expectation under mild assumptions
[14], but additional restrictions are needed for its almost sure asymptotic optimality [25]: some
ridge regression example exists where GCV is not asymptotically optimal whereas Cy, is [25].
Up to the best of our knowkedge, except for model selection, non-asymptotic oracle inequalities
for GCV only exist for (kernel) ridge regression [11]; their result requires a prior upper bound
tr(Ay) < n/5 for all A € A, and it is only valid in expectation, so it is weaker than Eq. (17).
Moreover, compared to [14], our results are applicable to all linear estimators and identify
key assumptions regarding the bias and variance of our collection of linear estimators (i.e.,
Assumption (Abias)).

Asymptotic optimality results also exist for GCV for k-nearest neighbors regression [24], that
require the same assumption ||A,| < M than we have.

Cross-validation methods [4] also satisfy some asymptotic optimality results in the
nearest-neighbor regression case [24]. Compared to GCV or to the algorithm of Section 4.1,
cross-validation methods also suffer from a large computational cost, that can only be lowered
by considering V-fold cross-validation with V' rather small, at the price of an increased risk. See
also the simulation study of Section 5 for a numerical comparison.

Baraud, Giraud and Huet’s penalization procedure [7] also satisfies a non-asymptotic
oracle inequality under mild assumptions (with a leading constant C' > 1 and a remainder term
that can be large) assuming the noise is Gaussian. Compared to our minimal penalty algorithm,
their procedure is more general and can deal with arbitrarily large collections A (putting aside
computational complexity). Nevertheless, their algorithm is slightly more complex, and proba-
bly more dependent on the Gaussian assumption on the noise, since the Gaussian distribution
explicitly appears in the definition of their penalty.

No overfitting. Finally, let us mention a special feature of the minimal penalty algorithm
that may not appear in the comparison of theoretical results, in particular because it plays
an important role only at second order and when n is small. By construction, the algorithm
of Section 4.1 selects A with an effective dimensionality larger than Xo(é) at which the jump
occurs. Therefore, our algorithm never overfits too much, in addition to the theoretical risk
bounds we have proved. This is a quite interesting property compared for instance to GCV,
which is likely to overfit if it is not corrected, because GCV minimizes a criterion proportional
to the empirical risk.

5 Simulations

In this section, we report simulations experiments with examples of fixed design regression to
illustrate our theoretical results. For simulations on random design regression, see [3].

We consider the following example: we take n = 200 and use n points uniformly spaced
in [0,1], ie., x; = (i —1)/(n — 1) € [0,1]. We then consider Y; = sin(25nX;) +¢; or Y; =
sin(257X?) + &;, where ¢; are independent standard Gaussian random variables.

We performed experiments with kernel ridge regression with kernel k(x,y)= ngl e~ lwi—uil
(where the goal is to learn the regularization parameter), with nearest-neighbor regression (where
the goal is to learn the number of neighbors), and with locally-weighted regression (where the
goal is to learn the bandwidth of the kernel).
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Jump. In Figure 2 we study the size of the jump for kernel ridge regression. With half the
optimal penalty (which is used in traditional variable selection for linear regression), we do not
get any jump, while with the minimal penalty we always do. Note that on the left plots, we
may get sharp (but of lower amplitude) jumps away from C' = ¢2. In this particular situation,
this is due to the periodicity of the sine function.

Comparison of estimator selection methods. In Figure 3, we plot model selection results
for 20 replications of data, comparing GCV [14] and Mallows C}, penalty (which assumes the
knowledge of 02). For the minimal penalty, we consider two strategies for finding the largest
jump. We select the set of parameters so that the degrees of freedom are integers in [0,n]. In
the first strategy, we select the value C with the largest jump, while in the second strategy we
select the first C' so that the selected degrees of freedom goes below n/2.

We compare to the oracle (which can be computed because we can enumerate A). We see
in Figure 3 that (a) the largest jump is not a good heuristic as spurrious jumps may occur, (b)
the minimal penalty technique outperforms GCV, and (c) that in some cases, Mallows (which
assumes more knowledge) is outperformed by our minimal penalty strategy. Indeed, when the
signal-to-noise ratio is small, overpenalizing a bit (i.e., multiplying Mallows’ penalty by a factor
k > 1) is often useful, which turns out to be done automatically with the minimal penalty.

6 Conclusion

A new light on the slope heuristics. Theorems 1, 2 and 3 generalize some results first
proved in [9] where all Ay are assumed to be projection matrices. To this extent, Birgé and
Massart’s slope heuristics has been modified in a way that sheds a new light on the “magical”
factor 2 between the minimal and the optimal penalty, as proved in [9, 2]. Indeed, Theorems 1-2
show that for general linear estimators,

peng(A) 2tr(Ay)
penmin()‘) B QtT(AA) - tI'(A;\I—A)\) ’

(19)

which can take any value in (1, 2] in general (assuming K4 = 1 as in all the major examples we
have in mind); this ratio is only equal to 2 when tr(Ay) = tr(A] Ay), hence mostly when A, is
a projection matrix or a k-NN matrix.

Covariance matrix estimation. A natural extension of the present work appears in the
multitask regression example, when p regression problems (the tasks) are solved simultaneously.
Then, a key quantity is the p X p covariance matrix of the tasks, which has to be estimated
for an optimal selection of regularization parameters (for instance). As shown in [38], the
minimal penalty strategy can be used successfully for estimating a covariance matrix under mild
assumptions, by applying the algorithm of Section 4.1 to p(p+1)/2 well-chosen one-dimensional
regression problems.

Future directions. The good empirical performances of elbow heuristics based algorithms
(i.e., based on the sharp variation of a certain quantity around good hyperparameter values
[19, 18, 35]) suggest that Theorem 3 can be generalized to many learning frameworks (and
potentially to non-linear estimators), probably with small modifications in the algorithm, but
always relying on the concept of minimal penalty.
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Figure 2: Selected degrees of freedom vs. penalty strength log(C/o?), for a a fixed design
problem and kernel ridge regression (top), Nadaraya-Watson estimator (middle) and K-nearest
neighbor regression: note that when penalizing by the minimal penalty, there is a strong jump at
C = 02, while when using half the optimal penalty, this is not the case. Left: Y; = sin(257X;)+
&, Right: Y; = sin(257X3}) + &;.
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In the case of projection estimators, the slope heuristics still holds when the design is random
and data are heteroscedastic [2]; we conjecture a generalization of Eq. (19) is still valid for
heteroscedastic data with some (but not all) linear estimators.

Another interesting open problem would be to extend the results of Section 4 to more gen-
eral continuous sets A, such as the ones appearing naturally in multiple kernel learning. We
conjecture that Theorem 3 is valid without modification for a “small” continuous A, that is, of
“small” dimension. On the contrary, in applications such as the Lasso with p >> n variables, the
natural set A cannot be well covered by a grid of cardinality n® with « small, and our minimal
penalty algorithm and Theorem 3 certainly have to be modified.

Appendix

A Notation and first computations

Recall that
Y=—F+¢

where F' = (f(x;))1<i<n € R™ is deterministic, € = (¢;)1<i<n € R™ is centered with covariance
matrix o2I, and I, is the n x n identity matrix.

For every z € R, 1 = max{z, 0} denotes the positive part of z .

In the proofs, we use repeatedly that

Va,b>0,v0 >0, 2Vab<6a+6'b, (20)

with equality for § = /b/a.

A.1 General framework

For every A € A, ﬁA = A,Y for some n x n real-valued matrix A, , so that
~ 2
|5 = F||, = ItAx = L)FIS + 1 4sell3 +2{Ane, (An = L)F) (21)

HE _ YHz - HE ~ FHz +lel? = 2 (e, Axe) +2(e, (In — ANF) | (22)

where Vt,u € R™, (t, u) = 37 t;u; and |[t||5 = (t, t).
Now, define, for every A € A,

bA) = [I(Ax = L)F[l3  o1(A) = tr(Ay)o®  wa()) = tr(A] Ay)o”
510 = (e, Axe) — tr(An)o?  82(\) = [[Axel? — tr(A] Ay)o?
5300) = 2(Ase, (A — L)F)  64(\) = 2(e, (I, — A\F) |

so that Eq. (21) and (22) can be rewritten

|- FHz — B + 02(\) + 65(X) + 55(\) (23)

|- sz = || - FHE — 200 (A) = 260(A) + 6a(0) + [le]2 (24)
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Note that b(\), v1(A) and va(\) are deterministic, and for all A € A and i =1...4, §;()) is
random with zero mean. In particular, we deduce the following expressions of the risk and the
empirical risk of F) :

E [n_l H@ - FHz] = n | (Ay — L) F|2 + M%*'Q : (25)

2tr(Ay) — tr(A] Ay)) o2
- .

E [n_l H@_Yuz] — o2 =n"V|[(Ay — L) F|2 - ( (26)

A.2 The event (2,

In this section, we define the large probability event on which all our main results hold. Let
C? € [0,400)° be fixed. Then, for any = > 0, we define the event

Q= Qu(A) = Q, (A,CP)
on which, for every A\ € A and every 61,05,605,604 € (0,1],
01(N)] < 0107 tr(A) Ay) + (CF +C07 1) 20 (27)
102(N)] < 020° tr(Af Ay) + (CS +CLO5 1) 20 (28)
163(N)] < 03 [|(T, — AX)F|I5 + C5'05 20 (29)
64N < 64 [[(In — AN)F |3 + C§0; 'wo® . (30)
A.3 Splitting assumption (HA)

We actually deal with assumption (HA) by considering separately the case of discrete A (assump-
tion (HAdis)) and the case of ridge regression with a continuous one-dimensional parameter
(assumption (Hridge)):

e The set A is finite (with a polynomial size w.r.t. n):

Card(A) < C9n°4 (HAdis)

e In the kernel ridge regression example:

A= [0, —|—OO] Ag=1, As = OMn(R)
K € My, (R)\ {Opq, () } symmetric positive semi-definite (Hridge)
such that VA € (0,400), Ay = K(K +nAl,)™*

Once the concentration results will be proved under each assumption, an union bound will yield
the desired results under the composite assumption (HA).

A.4 Kernel ridge regression

Let us now prove a few useful elementary results that are specific to kernel ridge regression, that
is, when assumption (Hridge) holds true.
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Under assumption (Hridge), a key remark is the following. Since K is symmetric positive,
non-negative numbers pq, ..., u, and some orthogonal matrix P € M, (R) exists such that
K = P"diag(uy, ..., un)P. Then,

VAeA, Ay,=P'D\P where D, =diag <L> , (31)
pj +nA 1<j<n

with the convention Dy = I, and Dy, =0 M (R) - We also define
(fih<j<n = PF .
Lemma 2. If assumption (Hridge) holds true, then,
tr(Ay) , tr(A)Ay) and 2tr(Ay) —tr(A) Ay)

are decreasing continuous functions of X\ over [0,+0o0], all equal to n for A\ = 0 and to 0 for
A = +o0; b(A) is a nondecreasing continuous function of X, with b(0) = 0 and b(4+o00) = | F||? .

Proof of Lemma 2. According to Eq. (31), for every A € [0, 400),

tr(Ay) = df(A) = jil (ﬁ)
n 2
(A A)) =Y (ﬁ)

j=1
A
pj + nA 1 —l— nA o

2tr(Ay) — tr(A{ Ay) =Y
=1
n ) 2
b(A) = [[(Ay — I >FHQ—Z(1—%) 2

7=1

& MJ (1) +2nA)
(1 +”)‘)

The result follows since p; > 0 for every j. O

A.5 A useful lemma

Lemma 3. Let n > 1 an integer. Then, for any matrizx A € M,(R),

tr(A) < y/ntr(ATA) , (32)

from which we get

56271

40

Proof of Lemma 3. First, since (A, B) + tr(A' B) is a scalar product on M,,(R), by Cauchy-
Schwarz inequality, for every A € M, (R),

VAe M,(R),2>0,0>0, xtr(A)<Otr(ATA)+ (33)

(tr(A))? = <tr(ITA)>2 <tr (ATA) tr <ITI> =ntr (ATA)

Therefore, for every x > 0, 6 > 0,

2 2
ztr(A) < 24 /tr(ATA)% < Otr(ATA) + % by Eq. (20).
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B Key concentration inequalities

In this section, we state the concentration inequalities showing the event €2, has a large prob-
ability. Our main contributions are the following. Proposition 6 slightly extends a result by
Laurent and Massart [22] for the concentration of quadratic forms of a Gaussian vector. In the
kernel ridge regression example, we prove uniform concentration inequalities (over a continuous
set) for some linear forms of a Gaussian vector (Proposition 5 and Lemma 13), and for some
quadratic forms of a random vector (Proposition 7). All results are proved in Section G.

B.1 Linear functions of ¢

In the Gaussian case, concentration inequalities for d3(A) and J4(A\) come from the following
standard result.

Proposition 4. Let £ be a standard Gaussian vector in R", a € R™ and Z = (£, a) =
Z;‘L:1 a;&;. Then, for every x >0,

P (yzy <3z HaHQ) >1—e" .

Proof of Proposition 4. The result is clear when o = 0. Otherwise, (£, a) ~ N (0, HaH2> which
gives the result. O

In the kernel ridge regression case, we get a similar result (with larger constants) uniformly
over A = [0,400]. Up to the best of our knowledge, Proposition 5 is a new result that could be
useful for studying kernel ridge regression in a more general framework.

Proposition 5. Assume that (Hridge) and (HNo2) hold true. Then, for every x > 0, an
event QF of probability at least 1 — exp(—z + 1026 + In(n)) exists on which for every A € A,

[05(N)] < 350 [|(In — AN F | Vz, (34)
04(N)] < 350 [|(In — AN F|| V. (35)

Proposition 5 is proved in Section G.1.

B.2 Quadratic functions of ¢

In the Gaussian case, concentration inequalities for d;(A) and J2(A\) come from the following
result.

Proposition 6. Let & be a standard Gaussian vector in R™ , M a real-valued n x n matriz and
Z = {6, ME) —tr(M) = " ME —tr(M). Then, E[Z] =0 and for every x >0,

P <Z < \/Qx(tr(MQ) +tr(MTM)) + 2| M| x> >1—exp(—z) . (36)
Since tr(M?) < tr(M T M) (by Lemma 15), we get that for every = >0,

P <(§, M¢) <tr(M)+2y/ztr(MTM) +2H\M”\x> >1—exp(—z) . (37)

Proposition 6 extends [22, Lemma 1]; it is proved in Section G.2. The main deviation term in
Eq. (36) is optimal since var(Z) = tr(M?) + tr(M " M) as shown in Section H.2.
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In the kernel ridge regression case, we get a similar result uniformly over A = [0, +o00]. Up
to the best of our knowledge, Proposition 7 is a new result that could be useful for studying
kernel ridge regression in a more general framework.

Proposition 7. Assume that (Hridge) holds true. Then, assumption (HA.)) is satisfied with
M = Kgr = 1, and some Ay C A exists such that Card(A1) < 2n and for every C € [0, 400)°
and x >0, on (Al,CQ) , for every 01,6, € (0,1], for every A € A,

01(N)] < r0? tr(Ay Ay) + (CF +C507 1) 2o? + 202 (38)
02(N)| < 0207 tr(Af Ay) + (C§ +CP0; ) z0? + 202 . (39)

Remark 9. Proposition 7 does not rely on any assumption on the distribution of the noise €.
Therefore, it can be used in the Gaussian case (combined with Lemma 8), but also under any
alternative assumption for which concentration inequalities for §1(X) and d2(N\) can be proved.

Proposition 7 is proved in Section G.3.

B.3 Lower bounds on the probability of Q,(A)

We are now in position to state lower bounds on the probability of Q,(A,C?) provided C® is
well-chosen. First, we consider the case of a finite A.

Lemma 8. Under assumptions (HAdis), (HA,) and (HN ¢2), P(Q,(A,C?)) > 16 Card(A)e™®
with CP=2M C§f=1 Cf=2M> C}=M> C$=2M? and C$=2 .

Lemma 8, a consequence of Propositions 4 and 6, is proved in Section G.4.

In the kernel ridge regression example, we prove a similar concentration result (with slightly
larger constants) uniformly over the continuous set A = [0, +00].

Lemma 9. Under assumptions (Hridge) and (HN02), P(Q,(A,C%)) > 1—exp (1027 + In(n)) e*
if =2 =1 c=2 Cc¥=1 C=30625 and C§=306.25 .

Lemma 9, a consequence of Propositions 5, 6 and 7, is proved in Section G.5.

C Proof of Proposition 1

We consider separately the examples to which Proposition 1 applies.

C.1 Case (i)

Since A is symmetric, it can be diagonalized in an orthonormal basis, with eigenvalues a1, ..., a, €
[0,1] (by assumption), so that

tr(ATA) = Za? < Zai =tr(4) <n .
i=1 =1

In particular, in example (ia), A is an orthogonal projection matrix, so A is symmetric with
Sp(A) € [0,1] and ATA = A implies tr(AT A) = tr(A). For example (ib), by Eq. (31), A is
symmetric and Sp(A4) C [0,1].
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C.2 Case (ii)

n n n

tr(ATA) = Z AJ_ZZAJA“_ZAZ,Z_U gZZAM:n.

1<i,5<n i=1 j=1 1=1 k=1

In particular, if (kNN) holds true, then tr(A) = n/k and

1
3 A= 3 Ai,j:%. 0

1<i,j<n 1<ij<n

D Minimal penalty (proof of Theorem 1)

Let us recall the definition (11) of XO(C):

~

VC20,  Xo(0) € argmin { H@ - YHz +C (2t(4y) - (4] A)) ) } .

We prove in this section Theorem 1, which is actually a corollary of the following proposition:

Proposition 10. Let Ao be defined by Eq. (11). Assume that I € { Ax}ycp, (HAY) holds true,
and let ¢, € [0,n] and B, > \/nln(n) be such that

A €A, df(N) <e¢, and b(A) < 0?6, . (Abiais’)
Let C € [0, +00)® and define
KY =208 408 +3C8 +3¢¢  and K :=6C5+3CS

Then, for every~v > 2, L1 > 0, a constant ns > 0 only depending on K<, Kg,’y,Ll exists such

that if n > ng, for every a, € [0,%) and b, € [f2 max{K97 In(n),2¢,},n)

1 1 ~
VO<CO< |1 < 2KQ + L1> %;f?] o2, dt((C)) > ay (40)
Ve > [1+ (25 =+ 9) 15n } 2 At (3o(C)) < by - (41)
Kqaeby,

hold on the event 1 1,() (A, CY).
In particular, under assumptions (HA) and (HNo?2), if n > ny(y,M), with probability at
least 1 — (6 Card(Ag) + N} exp (1027 +1n(n)))n~7,

Mny+/nIn(n) -
Vane[o,g),vog0< 1—93_—7;;1(”)102, AfRo(C)) > a,  (42)

o € | e mox (K inn), 20, }on | w0 > |14 S 02 atGacen) <0, )
Ky Katbp

Proof of Theorem 1. Taking ¢, = y/n and 3, = y/nln(n), assumption (Abiais’) becomes
(Abias). Let a, = n/3, b, = n/10 (which is possible in Proposition 10 as soon as n/In(n) >
100Ky and n > (200/K4¢)?). Then, choosing v = aj + 0, Eq. (40) becomes Eq. (12), Eq. (41)
becomes Eq. (13), and they hold with probability at least
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1 — (6 Card(Ag) + Nj exp (1027 + In(n) ) ) n =449
>1- <6cgna‘i 4 CFexp (1027 + (o + 1) 1n(n))> =
=1- <60§l\na7ﬁa~A + C exp (1027 + (o} + 1 — ap) ln(n))> n=

>1- <60j‘f + C) exp (1027 — ln(n))) n=°

Y

1-— <6CX + C};) n=0
as soon as In(n) > 1027, since ap > 2+ oy and o > afl\. O

Remark 10. On the event 0 1,,)(A) where Eq. (40) and (41) hold and under the same as-
sumptions, we can derive from Eq. (23), (28) with 62 = 1/2, (29) with 63 = 1, that
tr(A) Ay)o?  (C+2CT + CE)yIn(n)o?

—~ 2
VAEA, n‘luF)\—FH > _
2 2n n

Since tr(A] Ay) > n~ 1 (df(N))? we deduce that for all A € A:
~ 2 1 4 90N 2V~ 1
N nilHF)‘_FH 202< 2_(C3+ Cy +C5)v n(n))
2 2(In(n)) n

n

di(y) = In(n)

Hence, the blow up of df(/):o(C)) holding when the penalty is below the minimal penalty also

~ 2
. . . 71 1. _
implies a blow up of the risk n HFAo(C) FH2
Remark 11. Using assumption (HA)) and Lemma 3, we deduce that for every A € A,
(df(A))?

n

< tr(A) Ay) < 2tr(Ay) = 24df()) .

Therefore, on the event defined by Proposition 10, a jump in tr (A%— (C)Aio(C)) also occurs when
0
C goes through o® . Indeed,

o~

df(Mo(C)) > a,, implies that tr (Ago(C)AXo(C)) > a?
and this lower bound becomes n/9 if an, =n/3. Furthermore,
df(Xo(C)) <b, implies that tr <A§0(C)Axo(0)> < 2b,

3/4 3/4

which is equal to 2n°/* when b, = n>'* | for instance.
Let us now prove Proposition 10. The proof is organized is as follows:

1. Section D.1 makes use of the definition of the event Q. 1, (A, C*) for controlling uniformly
over C' and A € A the criterion critg minimized by /):O(C).

2. Section D.2 considers the case C' < o2, showing that if Ay, = I and A\ € A satisfies
df(M\) < ay, then critc(A2) < crite (M), hence A\g(C) > ay,.

3. Section D.3 considers the case C' > o2, showing that if A € A satisfies df(\) > b, then
crite (A1) < crite(A), hence Ag(C) < by,.
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D.1 General starting point
Combining Eq. (11) with Eq. (23) and (24), for every C > 0, Ao(C) also minimizes over A € A

crite(\) = ||y - sz —Jell3 + 0 (2ux(Ay) — (4] 43) )
=b(\) 4 (672C = 1) (201(N) — v2(N)) — 261 (\) + G2 (A) 4 3(N) + d4(N) .
On the event €2, 1,(,)(A,C?), using Eq. (27), (28), (29) and (30), we get for every A € A
critc(N) > (1 — 03 — 04)b(\) + (02C = 1)(2v01 (\) — v2(N)) — (201 + B2)v2(N)
— (208 + 2050, + C + CPO, + 0 + CEO ) vIn(n)o?
and

Critc()\) < (1 + 03 + (94)[)()\) + (0'720 — 1)(21)1 ()\) — 1)2()\)) + (261 + 62)?)2()\)
+ (20 + 208071 + €S + C0,t + cost + ¢80, ) yIn(n)o?

Taking 6, = 02 = 6/3 for some 6 € (0,3], and 03 = 6§, = 1/3, this implies:
crito(\) > == + (720 — 1)(201(A) — v2 (V) — Ov2(N) — (KF + K50~1) v 1n(n)o? (44)
+ (072C = 1)(201(\) — v2(N) + Ova(N) + (K + KJ0~ 1) yIn(n)o? . (45)

D.2 Below the minimal penalty

We assume in this subsection that C' € [0,02) and a,, € [0,n/2). Let A € A. Three cases can
be distinguished:

1. If K&vyIn(n)/2 < df(\) < a,, then Eq. (44) yields
crito(\) > 2(C — 0?) df(A) — 20 df(\)o? — 07 K8y In(n)o? — Ky In(n)o?

v

2C — 0?)di(N) - 2/2K Sy In(n) df(\)o® — K3y In(n)o?

2(C — 0?)ay, — 24/2K%yIn(n)ayo? — KyIn(n)o? | (46)

by taking 6 = \/Kgfyln(n)/(Q df(n)) < 1.

v

2. If df(\) < K%y1In(n)/2, taking 6 = 1 in Eq. (44) yields

crito(A) > 2(C — o) df(N) — 202 df(\) — (K} 4+ K)yIn(n)o?
> —4df(\)o? — (K3 + K%) vIn(n)o?
> — (3[(% + Kﬂ) yIn(n)o? . (47)

3. For A\g € A such that Ay, = I, df(A\2) = n and b(\3) = 0. So, Eq. (45) yields
critc(Ae) < (C — 0% + 05%)n + (KX + Kgﬂfl) v 1n(n)o?

= (C — oH)n + 2y/nK%yIn(n)o® + K{yIn(n)a? | (48)
by taking 6 = /K$yIn(n)/n < 1, assuming n/In(n) > K%y .
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First condition on C: case 1 vs. case 3. Comparing Eq. (46) and Eq. (48), we get that

crite(A2) < inf {critc(N) } (49)
AEA, Ky In(n)/2<df(N) <an

2(C — 0Y)a, — 24/2K %y In(n)a,o? — K3vy1n(n)o?

> (C = o®)n + 2¢/nKSyIn(n)o? + K9v1n(n)o?
which holds if

(1—0720)(n —2a,) > 2 (vn++V2a,) \/ K&vIn(n) + 2Ky In(n) .
The right-hand side of the above inequality is smaller than
2K
Ly

if

vv/nln(n) [2 2K +

where we used that a,, < n/2 and v > 2, and we assumed that \/n/In(n) > L for some Ly > 0
to be chosen later. Hence, Eq. (49) holds as soon as /n/In(n) > Ly and

K% 1
1—J2C>2[ 2K§+—A] yy/nin(n)

i (50)

n — 2a,

Second condition on C: case 2 vs. case 3. Comparing Eq. (47) and Eq. (48), we get that

critg(A2) < inf {crite(N) } (51)
AEA, df (M) <K $yIn(n)/2

if
- (3[(}%2 + Kf}) yIn(n)o? > (C — o*)n + 24/nK%yIn(n)o? + K{yIn(n)o?

which holds if
(1—072C)n > 2y/nK%yIn(n) + (3K% +2K%) vIn(n) .

The right-hand side of the above inequality is smaller than

3K +2K9
<\/2K§52 + %) v/ n1n(n)
0

where we used that v > 2 and we assumed that \/n/In(n) > Ly. Hence, Eq. (51) holds as soon

as y/n/In(n) > Ly and

1-072C > ( 2K + (52)

3K 4+ 2K > , In(n)
—.

Lo

Combining the two conditions. Finally, we have proved that df (XO(C ) > ap if \/n/In(n) >
Ly and conditions (50) and (52) are both satisfied, hence if

_ 1\ vv/nln(n)
1-o07%C 22K+ — | —>
? >< B+L1> n— 2ay,

and /n/In(n) > Lo = (2K} +3K$) L, .
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D.3 Above the minimal penalty

We assume in this subsection that C' > ¢2. Let A € A. As in Section D.2, we consider three
cases.

1. If K2y1In(n)/2 < df()\) < ¢, , then, using assumption (HA ) in Eq. (45) yields

crito(N) < @ +(C = o) (2df(N) — tr(A} Ay)) + Otr(A) Ay)o? + (KF+ K30~") yIn(n)o?
< @ +2(C — o?) df(N) + 20 df(\)o? + (K$ + K307 ) v 1In(n)o?
= @ +2(C — o) df(\) + 2\/ 2df(\)K2yIn(n)o? + Ky In(n)o?
< @ +2(C = 0?)en + 24/ 2¢, K2y In(n)o?® + KyIn(n)o? | (53)

by taking 6 = \/Kgfyln(n)/(Q df(n)) < 1.

2. If df(\) < K%y1In(n)/2, then, using assumption (HA,) in Eq. (45) with 6 = 1 yields

critg(A) < %)\) +2(C — o2 df(\) + (20% — O) tr(A) Ay) + (KX + Kg) y1In(n)o?
< @ +2(C — o) df(N) +2df(N)o? + (K + K§) vIn(n)o?
< @ +(C - ) Kyn(n) + (K$ +2K%) vIn(n)o? . (54)

3. If df(\) > by, then, using assumption (HA ) in Eq. (44) yields

crite(N) > (O — o) (2df(N) — tr(A] Ay)) — Otr(A) Ay)o? — (KS+ 07 K3 ) v1n(n)o?
> Kar(C — 0?)df(\) — 20 df(N)o? — (K + 07 K$) vIn(n)o?

= Kat(C — ) di() - 2¢/2K % In(n) di(\)o? — K$yIn(n)o”
> Kat(C — 02)b,, — 24/2K %~ In(n)no? — KSyn(n)o? | (55)

by taking 6 = \/Kgfy In(n)/(2df(\)) < 1 since b, > K$¥yIn(n)/2, and using that (HA,)
implies df(\) <n.

Eq. (55) implies

inf {eritc(\) } > Kgt(C — 02)b, — 24/2K 8y In(n)no? — K¢yIn(n)o? . (56)

XEA, df (M) >by,

Let A = A\ given by assumption (Abiais’). Two cases can occur:

If \; matches case 1: If ¢, > df(\) > K%vIn(n)/2, taking A = \; in Eq. (53) implies

5 2
critg(Ar) < U3ﬂn +2(C = 0?)en + 24/ 2¢, Ky In(n)o? + KyIn(n)o? . (57)
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Comparing Eq. (57) and Eq. (56), we get that

. i .
critc (A1) < AeA,flirfl(A)zbn {crite(N) } (58)
hence df(Ao(C)) < by, if
C 2 50°Bn 1/2 Q 2 Q 2
(C —07) (Kqgtby — 2¢, ) > T+2<n —|—\/a> 2Ky3yIn(n)o” + 2K v 1In(n)o” |

which holds if

(0720 = 1) (Kgbp — 2¢,,) > ﬁ +44/2K9ynIn(n) + 2Ky In(n)

since ¢, < n. Using in addition that v > 2 and §,, > y/nIn(n), the right-hand side of the above
equation is smaller than

5
ﬁ +4y/K$yy/nin(n) + 2K9y1n(n) < ﬁ + (4 K¢+ QKXL;) yv/n1n(n)

< [6 + 44/ K +2KXL21} VB

assuming that y/n/In(n) > Lo for some Ly > 0 to be chosen later. Now, since b, > 20c¢,, /K4t ,
Kagby, — 2¢, > 9K g¢by, /10 and Eq. (58) holds as soon as

5[5 AKX ~B
-2 Q A n
C—1>=-|-4+8/K 59
o >9[3+ S+ Lz}debn (59)
If \; matches case 2: If df(\) < K$vIn(n)/2, taking A = A1 in Eq. (54) implies
58n0”
critg(Ar) < ﬁga +(C = 6} K%yIn(n) + (KX + 2Kg) yIn(n)o? . (60)
Comparing Eq. (60) and Eq. (56), we get that
crite (A1) < inf {crite(N) } (61)

AEA, dE(N)>by
hence df(Ao(C)) < by, if

56,02
DT 4 (O~ o) Kfyin(n) + (KS +2K8) 7 In(n)o”

< Kgt(C — 0%)by, — 24/2K 8y In(n)no® — K¢yIn(n)o? |
which holds if

(0720—1)(debn—Kg71n(n)) >ﬂ+(2KA—|—2KB)71n( ) +2¢/2K %y In(n)n .

The right-hand side of the above equation is smaller than

2(KQ + K

since ¥ > 2, B, > /nln(n) and y/n/In(n) > Ly > 0. Now, Katb, — K2yIn(n) > 9K4b, /10
since b, > 10K %y1In(n)/ K¢, so that Eq. (61) holds as soon as
A(KY + K3) } 5 vBn

62
Lo 9 Kgtby, (62)

5
c2C —1> [§+4 Kg+
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Combining the two conditions. Finally, we have proved that whatever the value of df(\y),
df(Ao(C)) < by, holds if conditions (59) and (62) are both satisfied and if y/n/In(n) > Lo,
by, > é—gf max{ K%y 1In(n),2¢,}. Eq. (41) follows by choosing Ly = 3(KS + K$)L; . Merging all
assumptions on n made in the proof, the constant ng is defined by

. n 2
inf {M}ZmaX{ng,lfi(Kg—ng) L%} .

n>ns

D.4 Second part of Proposition 10
We apply Lemmas 8 and 9 and the union bound, taking L; = 3 and noticing that

2 £}+3_52
! 4

< 6M? + max{6M? 918.75} + 918.75 and Kj =6+3M> <9M? . O

K9 = 4M + 2M? + 3 (max{QM

E Oracle inequality (proof of Theorem 2)

Recall the definition (14) of Agpt (C):
~ ~ 2
vC >0, Aopt (C) 6argrgli}r\l{HFA—YHQ—FZCU(A)\)} )
S

We prove in this section Theorem 2, as a corollary of the following proposition.

Proposition 11. Let /)\\Opt(C) be defined by Eq. (14). Assume that (HA)) holds true. Let
Ct € [0,+00)® and define

K& :=40¢  K3:=8(C§+208+2C) and Kit:=2(4C3+Cg)

Then, for every vy > 2, on the event Q. 1,(n) (A, C), for every 0 € (0,1/4),

s 2 1420, s 2 2(C - o) tr(Ay)
P = - o] 2022
" HFAopt(c) FH2 =1-40 igﬁ{” B = Fl+ n (63
+(CU*2 — 1) pcp20?  (KQ+3K860 + K2071) In(n)yo?
6(1—460) 1—46 n '
and
e 2 1440 ERRIPS 2\ (Co2-1)"0
1 1 _ < 1 _
" HFAopt(C) FH2 STo0 i {n HFA FH2 } M TERT) (64)
(K& + K20+ K2071) In(n)yo?
1—46 n '

Corollary 12. Under assumptions (HA)), (HA) and (HNo2), for every v > 2, with prob-
ability at least 1 — (6 Card(Ag) + Nj exp (1027 +1In(n)))n~7, for every C > 0, for every
0 €(0,1/4), Eq. (63) and (64) hold true, with (Kg,K%,Kg) replaced by (P11, P12, F13) where

Bii=8M  Piz =8 (4M? + max {4M? 612.5}) and Pz =620.5 .

We can now prove Theorem 2:
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Proof of Theorem 2. The proof is similar to the one of Theorem 1, starting from Corollary 12
instead of Proposition 10. In addition, we remark that V6 € (0,1/8),

14+20 1446
< <
1—49_1—49_1+169

and we take § = 1/16. Choosing v = ap + d > 2 in Corollary 12, Eq. (63) and (64) become
Eq. (15) and (16), which holds with probability at least 1 — (6C% + C4)n~°, assuming that n
is larger than some numerical constant n; = exp(1027). g

Let us now prove Proposition 11 and Corollary 12. The proof is organized is as follows:

1. In Section E.1, standard algebraic manipulations reduce the problem to bounding ﬁ()\) =
—201(A) 4 04(A) uniformly over A € A.

2. Section E.2 make use of the definition of the event 2.1, (A, C?) for bounding ﬁ()\)

3. In Section E.3, remainder terms proportional to tr(A)) are upper bounded in terms of
tr(AIAA), so they can be compared to the risk of F).

E.1 General starting point
Combining Eq. (24) and (14), we obtain that for every C > 0 and every A € A,

. 2 24
HFXOMC) - FHz +2(C = o) (A, ) + Aopt(©))

< )1\125; { Hﬁ)\ - FHz +2(C = o) tr(4y) + A(N) } .

where

VAEA, AQ):=—-25(A\) +0(\) .

Inequality (65) implies an oracle inequality as soon as A()) is small compared to ||Fy — F||2 and
C — 02 is small enough.

E.2 With concentration inequalities

On the event Q. 1,(n), using Eq. (27) and (30) with 26, = 64 = 0 € (0, 1], we get that for every
0 € (0,1] and A € A,

—~ Q Q
‘A(A)‘ < O[b(A) +va(N)] + (% + 12(_5> y1In(n)o? (66)

Using also Eq. (23), (28) and (29) with 6y = 03 = 1/2, we get that for every A € A,

|- FH2 — BN + 02(\) + 2(A) + G5(\)
> %(b(A) +ua(\) — %%'yln(n)UQ (67)
so that
b(A) + va(A) < 2 H@ ~ FH2 v KTg’yln(n)UZ . (68)
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Combining Eq. (66) and (68), we get

. ~ 2 K2  0KY K%
(A(A)( §29HFA—FH +< ¢, 7D +2—6>Wln(n)02
so that Eq. (65) implies that
(1—26) Hﬁx FH +2(C - ) (A5, )
) N ) HKQ KQ 5 (69)
sigg{(uza) HF,\—FHQ—i—Q(C—a )tr(AA)} (KC+T+ - >'yln( )o? .

E.3 Handling the small terms proportional to tr(A,)
We will now make use of Lemma 3 for handling the terms (C'—o?) tr(A)) that appear in Eq. (69).
By Eq. (33) with x =2 |CJ_2 — 1| l1o<p2 and Eq. (68), for every A € A,

n (CU*2 — 1)2 ]1(;30202
o

2|C — o®|tr(A\) Lo,z < v () +

0K Co=2-1)"02
<20HFA—FH —27mn(n)o? 2 n(Co ~ )01103,2. (70)

Applying Eq. (70) with A\ = /)\\Opt(C), Eq. (69) implies

2 ~ 2 )
(1 46) H _ —FH2gireli{(1+29)HFA—FH2+2(C—0 )tr(A)\)} o
71
Co~2—1)° 02 OK? K9
n( o ; )U]IC§02+<K8+34 —l-T)’yln()Q,

which proves Eq. (63) since # € (0,1/4). Applying again Eq. (68) and Eq. (33) with z =
2 |CJ_2 — 1| 1o>,2, Eq. (71) implies
2 ~ 2
(1 46) H o (©) FH < 1nf{(1+46) HFA—FHQ}

2 = XeA
C —2_1 2 9 KQ
+n( 7 ; )0 +<K8+9K%+7E>fyln(n)az,

which proves Eq. (64) since 0 € (0,1/4). O

E.4 Proof of Corollary 12

The reasoning is the same as for proving the second part of Proposition 10: we take C*? according
to Lemmas 8 and 9, so that the probability of Q(A,C®) can be lower-bounded by the union
bound. 0

F Proof of Theorem 3

Theorem 3 is a straightforward consequence of Theorems 1 and 2. Indeed, let us first remark
the events defined by Theorems 1 and 2 are the same, namely (a3 6)in(n) (A,C®) for some
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well-chosen C*?. So, on Q(@5+6) In(n) (A,C), by Eq. (12) and (13),

|Co™2 = 1| <max {81, B2} (@r + ) lng‘) .

Since Eq. (16) also holds on (55 45)in(n) (A, C), we get Eq. (17) with some numerical constant

Bs > M2 (32max{51,ﬁ2}2+53+%>

~ 2
A=,

IN

We deduce from Eq. (17) an oracle inequality in expectation by noting that if n=! ‘
R, s on Q(&X-HS) In(n) 1 then

El( g 1)
n

Lo i) mm

_r|
. -

o] 2|

~ 2
‘FX—FH ] +E
2

n

(s 2y |5 ]

gE[Rn75]+%\/C~'An5\/IE [Hﬁi_FHﬂ (72)

by Cauchy-Schwarz inequality. Now, remark that for every A € A,

5 2 2 2 2 2 2 2
Bx=F| = 2[Axell” + 2[[(1 = AN FI” < 2M7 [le]]” + 2 (1 + M)” |[£]]

where we used that ||A,[ < M by assumption (HA ). So,

B |-, ] < s A~ £
<48 | (M2l + (14102 1)
=4 (ME | [lel'] +2(1+M)* M2 | FIPE [ [l2]? ]| + (1 +M)* | F|[*)
—4 <M4(n2 +2n)0* +2(1 + M)>M? | F|*> no® + (1 + M)* HFH4>
<4 ((n+1)o’M2 + (14 M) HFH2>2 .

Using also Eq. (72) and (17), Eq. (18) follows, taking 6 = 2. O

G Proof of the concentration inequalities

G.1 Proof of Proposition 5

The proof of Proposition 5 relies on Corollary 14, which is itself a consequence of a general
concentration result (Lemma 13). Both results, which are proved at the end of the subsection,
rely on a rather classical argument: a concentration inequality for the supremum of a Gaussian
process, and an upper bound for its expectation in terms of entropy. Then, the proof reduces
to bounding the length of a C' path inside the unit Euclidean ball, which is done in Eq. (74)
under the assumptions of Lemma 13.
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Lemma 13. Let n € N\{0}, Z > 0. Let £ be a standard Gaussian vector in R", and u :
(0, +00) = R™ be some function such that

Vi e (0,400), |u®)]* = Zn:uj(t)2 <1 vie{l,....,n}, u;€CH(0,+00))
= (Hp)

and either uj; =0 or Card {t € (0,400) s.t. uj(t)=0}<Z

Then, u admits a continuous extension to [0, +oc0], and for every x > 0,

[0,+00]

P ( sup (€, u(t))| < V2x +12¢/In(2 + 4n(Z + 1)) + 6ﬁ> >1—e " . (73)

Corollary 14. Let Dg,Dgs € N, and for every j € {1,...,n}, let R; € R[X] be a polynomial
of degree at most Dg, and S; € R[X] be a polynomial of degree at most Dg with no positive
root. If the polynomials (Rj)1<j<n have no common positive root, then

et 0= (4)

is well-defined and non-zero, so that u : t — ||z (t)|| " z(t) is well-defined on (0,400) . Moreover,
u satisfies the assumption (Hp) with Z = (3Dg+ (3n—2)Dg—1)4, so that Eq. (73) holds true.

We can now prove Proposition 5.

Proof of Proposition 5. Let P be an orthogonal matrix such that Eq. (31) holds true (that is,
P is an orthogonal matrix which diagonalizes K), £ = 071 Pe and PF = (fj)i1<j<n. Then, £ is
a standard Gaussian vector in R™ and for every A € (0,400),

850)] =2 (=, AL (A = L)F )| = 20 (€, DA(Dx — L) PF)| = 20A](€, (V)

: - 1j 1 —ni;fi
with  z(\) = A 1( ( —1>f-> :( ) :
prj +nA \ gy +nA ’ 1<j<n (1) +nA)? 1<j<n
Therefore, Corollary 14 can be applied with Dg = 0 and Dg = 2, hence Z = 6n — 5: for every
y > 0, an event of probability at least 1 — e™¥ exists on which VA € [0, +o00],

165(\)] < 20 HAI(AA _ In)FH (@ +12¢/In(2 + 4n(6n — 4)) + 6\/E)
< 20 |4\ 1(Ax = LF (V25 +12v/2n(n) + (6v7 + 12¢/(24) ) )

2
<20 ||(Ax — I,)F|| V2 + 288 + 1\/y +1In(n) + (6\/77 + 12\/ln(24)>
< 350 ||(Ax — I,)F|| vy + In(n) + 1025.8

by Cauchy-Schwarz inequality. So, for every x > 0, taking y = z — In(n) — 1025.8, an event
of probability at least 1 — exp(In(n) + 1025.8) exp(—z) exists on which Eq. (34) holds true for
every A € [0, 400].

Similarly, for every A € [0, +00],
104(N)] = 2[(e, (In — AN F)| =20 [(§, (In — DA)PF)| =20\ [(§, z(N))]

. _ I nfj
with — 2(\) =\ 1((1— >f> :( ) :
pitnA ) ) icien \ A ) ey
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so that Corollary 14 can be applied with Dr = 0 and Dg = 1, hence Z = 3n — 3: for every
y > 0, an event of probability at least 1 — e™¥ on which VA € [0, +o0],

1640)] < 20 [|(Ln — A F| <\/% +12¢/In(2 + 4n(3n — 2)) + 6\/%)
<2 |(Ay — I,)F| (fer 12,/21n(n) + (6\/E+ 12\/111(12)))

<20 |[(Ay — L)F|| VI 284 Ty + n(n) + (6v/7 + 12¢/I(12) )
< 350 ||(Ay — L) F|| vy +1n(n) + 874 .

So, for every x > 0, taking y = z —In(n) — 874, an event of probability at least 1 — exp(In(n) +
874) exp(—z) exists on which Eq. (35) holds true for every A € [0, +o0].
The result follows by taking an union bound since

exp(1025.8 + In(1 + exp(874 — 1025.8))) < exp(1025.8 + 57471025:8) < (1026
O

Proof of Lemma 13. Let T = {u(t) s.t. t € (0,400)}. Since T is a C* path, its length L(T) is
well-defined (possibly infinite) and satisfies

+o0 n n +o00
:/ <u;2(t))dt < Z/ [ (t)| dt < 2n(Z +1) . (74)
Indeed, for every j = 1,...,n, either u} = 0 so that f0+°° u;(t)‘ dt = 0, or u} has at most Z

o0 u;(t)‘ dt is the sum of the amplitudes of variation of u; over at most (Z + 1)

Zeros, so f0+
intervals, each term being smaller or equal to 2 since |u;(t)| <1 for every ¢ > 0 by assumption.
Eq. (74) also implies u;(t) has finite limits when ¢t — 0 and when ¢t — o0 for every j, so u(0)
and u(+00) can be defined by continuity and L(T) = L(T) with T := {u(t) s.t. t € [0,+o0]}.
For any set S, let H(5,5) = In(N (6, 5)) be the metric entropy of S w.r.t. |-||. Since T is a
continuous path,

V6 >0, N(é,TU(—T))SQN((S,T)SQ[%T)—‘ §2+%(T) : (75)

In particular, /H(-,T U (~T)) is integrable at 0, so Theorem 3.18 in [28] yields

E [sug](& z>\] :E[ sup  {(¢ = ] <12/ \/H 5, TU(-T))ds . (76)

z€T 2€TU(-T)

Combining Eq. (74), (75) and (76), we get that

Z 1)
lsup|£, ]<12/ \/ln + >d5<12\/1n2+4nZ—|—1 —|—12/ \/In
z€T

<12¢/In(2 +4n(Z + 1)) + 67
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since

/ ,/m d5—/+002x exp(— )dx—/0+ooexp( Yda = {

Finally, by assumption (Hp), sup, 7 [|z|| < 1, so by Proposition 3.19 in [28], with probability
1—e™7,

sup (€, Z>\SE[SHB!<§7 )|+ V2, (77)

zeT zeT

hence the result. O

Proof of Corollary 14. First, z(t) is well-defined for every ¢ > 0 since S; has no positive root for
all j =1,...,n. Second, x(t) # 0 for every t > 0 since the R; have no common positive root, so
that u is well-defined on (0, +00) . For every t > 0, let N(t) := [|z(¢)|| > 0. Each coordinate z;
of x is of class C! because it is a well-defined rational fraction, so N also is of class C!, as well

as each coordinate u; of u and for every ¢t € (0,+00) and j € {1,...,n},
1y (), (1)
N = N(t
. (t)N(t) — z;(t)N’
iy = OO SO b (a0 (80 (a0, 20 230
= N(lt)g (96;('5) (zr(t)?) — 25(t) (xk(t)wk(t))>
k=1 k=1
1 [RS8 - Ri0)S)(0) & Rk@)?) Ryt < [ ReORL(OSK(0) — (Ri(t)) Si(0)
NP 5,07 2 \507 ) " 50 & GAGE
by(t)

(N(®)° 8;(t) (IThzy Sk(t))”

for some polynomial P; € R[X], either equal to the null polynomial, or of degree smaller or
equal to
Z =max{0,3Dr+ (3n—2)Dg—1} ,

which proves (Hp) holds true. O

G.2 Proof of Proposition 6

The case where M is a diagonal matrix is Lemma 1 in [22]. Let us prove how the general case
can be reduced to the diagonal case. Let B = (M + M) so that Z = (X, BX) — tr(B).
Since B is symmetric, it can be diagonalized in an orthonormal basis:

3P € O(n) st. B=P'DP with D =diag(dy,...,d,) .
Hence,

Z =X"BX —tr(B) = (PX)"D(PX) — tr(D Z d; (& -1)

where £ = PX € R” is a standard Gaussian vector. By Lemma 1 in [22], we get that for every

x>0,
P <Z > 2\/'51"(BTB)CE+2|”B|”$> <e ™.
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(It is assumed that d; > 0 in [22], but the proof actually does not use it for proving the above
inequality.) The result follows since

151 = M (a7 a0) | < 5 (]| + 1as) = sy
and  tr(BTB) = Ztr [(MT +M) (MT+M)]

_ i {m«<<MT>2> +tr (M?) + 2t <MTM)]

=Sl +u(MTM)| O

1
2
G.3 Proof of Proposition 7

Proposition 1 shows that (Hridge) implies (HA ) with Ml = K4 = 1. Let us now consider the
concentration inequalities (38) and (39) for 6; and d,. By Lemma 2, a sequence \§ > --- >
A, € A exists such that for every j € {1,...,n—1}, tr(A)\?) = j. Similarly, a sequence
N> ..o > A0 € A exists such that for every j € {1,...,n— 1}, tr(AI?AAz;) =j. Let

Alz{O,Xf,..., a AL, ..,)J;L_l} ,

so that Card(A1) < 2n and for every A € A, some Ay, A\_ € A; exist such that

A< A< A (78)
tr(Ay_) — 1 <tr(Ay,) <tr(Ay) <tr(Ax_) <tr(4y, ) +1 (79)
tr(Ay Ay ) — 1 <tr(A), Ay,) S tr(AfA)) < tr(A) Ay ) <tr(Af, Ay, ) +1 . (80)

Using the notation introduced in Section A.4, let ¢ = Pe ~ N(0,021,), so that

2
| Axe|? = Z(Qm) and (g, Aye) = Z<£JM —{—n)\>

Jj=1 Jj=1

both are non-increasing functions of A since p; > 0.

Let us now assume the event Q, (A1,C?) is realized, so that Eq. (27) and (28) hold for any
A€ Ay, Forany A € A, let A_,\; € A; such that Eq. (78), (79) and (80) hold true. Then,
since A — ||Axe||? is non-increasing, for every 6; € (0,1],

51(N) = [|[Axe])? — o” tr(A} Ay)
HA>\+5H2 — o2 tr(A) Ay) by Eq. (78)
HA>\+€H — o2 tr(A; AN - o? by Eq. (80)
=0(\y) —o?
> —f10° tr(ALAM) - (Ci2 +CS07 ) zo? — o* by Eq. (27)
—6102 tr(A] Ay) — (Ci2 +CS07 ) zo? — o* by Eq. (80)

V
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and
01(A) = [|[Axel® — 0™ tr(A} Ay)
< HA;_&HQ — o2 tr(A] Ay) by Eq. (78)
< HAA_EHQ — o2 tr(A) Ay ) + o2 by Eq. (80)
=5 (\) + o?
< 0107 tr(A) Ay )+ (Ci2 + Cgﬂfl) zo? + o* by Eq. (27)
< 0107 tr(AL A)) + (14 61)0% + (C{Z + Cgﬂfl) ro? by Eq. (80).

So, for every 6; € (0,1], Eq. (38) holds true.
Similarly, since A — (g, Aye) is non-increasing, for every 62 € (0,1],

G2(N) > —ba0? tr(A] Ay) — (C§ +C0;" ) 20? — o
and  02(\) < Oa0? tr(A] A)) + (1 + 62)0? + (C + P05 ) wo?

So, for every 6 € (0, 1], Eq. (39) holds true. O

G.4 Proof of Lemma 8

Since A is finite by assumption (HAdis), we use a union bound over A € A. For each A € A,
using assumption (HA¢2), 0~ !¢ is a standard Gaussian vector.

e By Proposition 6 in Section B.2 with M = 4024y and M = :|:O'2AIA)\, we deduce that
for every x > 0,

P <V9 >0, |61(\)] < fo?tr(A) Ay) + (2] AN + 9_1) x02> >1—2e"
P (va >0, [62(N)] < 002 tr(A] Ay) + (24071 \HA,\WZan) >1-27°
; T 2 T A2 2 T
where we used Eq. (20), {HA)\ AA{H < [JAx]|7, and that tr((Ay Ax)%) < [|Ax|I" tr(Ay Ay).
Eq. (27) and (28) follow, using that ||A| < M by assumption (HA ).

e Since 835(\) = (07 ', 204] (I, — A\)F) and 6,(\) = (o7 'e, 20(I,, — A)\)F), Proposi-
tion 4 in Section B.1 shows, for every = > 0,

2 | A))? zo?
P (ve >0, [83(\)] < 01(In — AFI3 + W) >1-e

9 2x02 71
and B (0> 0, [8,(0] < 0( — AVFIE+ 20— ) > 1 e

using Eq. (20). Eq. (29) and (30) follow, using that ||A,| < M by assumption (HA ).
U

G.5 Proof of Lemma 9

Since (Hridge) holds true, we can apply Proposition 7: some A; exists such that Card(A;) < 2n
and for every z > 2/3,
Qo3 (A1,C7) €, (A,C7) . (81)
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Since A; is finite, and assumptions (HA¢2) and (HA) hold true with M = Kg¢ = 1, we get
by the first part of proof of Lemma 8 that for every z > 2/3,

P Qa3 (A1, (2,1,2,1,4+00,400))) > 1 — 6 +2/% (82)
Now, by Proposition 5 and Eq. (20),
P (g (A1, (+00, +00, 400, +00, 306.25,306.25 ) ) ) > 1 — ¢~ 2+1026+In(n) (83)

Combining Eq. (81), (82), (83) and an union bound, we get for every x > 2/3,
P (Q, (A1, (2,1,2,1,306.25,306.25))) > 1 — e~ =+ (61026 + 662/3> > 1 — ematin(m)+1027

a bound also valid when 0 < z < 2/3 (since it is negative). O
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H Supplementary material

H.1 Technical lemmas

Lemma 15. For any M € M, (R),
tr(M?) < tr(M ™M) (84)
Proof of Lemma 15.

n nM2+M2 n

ZZM”MM<ZZ S B —ZZMQ = tr(M " M)

i=1 j=1 i=1 j=1 i=1 j=1

H.2 About the concentration of quadratic forms of Gaussian vectors

Remark 12. By Lemma 16 below (with m = 2), when &1,...,&, are i.i.d. standard Gaussian
variables,
var({(€, M¢)) = tr(M?) +tr(M ™M) < 2tr(M M) .

Therefore, the deviation term +/2x(tr(M?2) + tr(M T M)) cannot be improved in Eq. (36).

Lemma 16. Let &y, ..., &, be independent random variables such that for everyi € {1,...,n},
E[&]=0,E[&] =1 and var(¢Z) =E [&!] —1=m. Let M € M,(R). Then,

var ((€, M) = (m — 2) ZM2 +tr(M?) 4+ tr(MTM) < (2+ (m —2) ) tr(MTM) . (85)

Proof of Lemma 16. On the one hand,

(& M& = > Mij&s

1<4,5<n

so that E[(¢, M&)] = tr(M). On the other hand,

E {(5, M§>2} = Z M; j My, 0B [£:€680]

1<i,j,k,0<n

n
=Y MEE[&]+ > (M My + M7+ MM, ;)
i=1 1<i#j<n

— (m—2) ZM2 o (M2) 4+t (MTM) + (6x(M))?

so that Eq. (85) holds true (using Lemma 15). O

42



