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Abstract

Until recent years, the common wisdom among statisticians and machine learning
researchers was to consider overfitting as a universally bad phenomenon. Research
had shown that overfitting on training data led to poor generalization performances
in many general settings. One incarnation of this phenomenon is the so-called bias-
variance trade-off which implies that by reducing the bias of a model, necessarily, the
variance of the model increases. However, with the emergence of deep learning, re-
searchers have come to notice that some deep learning models are able to perform
very well despite heavily overfitting the data, seemingly contradicting the common
wisdom. This led researchers to investigate the concept of benign overfitting, overfit-
ting that does not hurt generalization capabilities. In particular, in order to analyze
this surprising phenomenon, they tried to understand under which circumstances it
would arise in classical models that are simpler than neural networks. In this paper,
we review a variety of results concerning benign overfitting that have been recently
uncovered in the context of minimum /;—norm interpolators for linear regression and
ridge regression. Along the way, certain tools that are not in the traditional toolbox of
researchers in the field such as the Dvoretzky-Milman theorem are presented in order
to prove some of the results. These tools might provide a novel perspective on the
way to approach certain problems in statistical learning theory. Finally, we make an
attempt to generalize the results for minimum /,—norm interpolators by adapting the
geometric approach based on Dvoretzky-Milman theorem.
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Chapter 1

Introduction

1.1 The framework of function approximation

In this section, we set the framework of the general problem of function approxima-
tion. To this end, we draw inspiration from the second chapter of the book [HTF09].

We start by presenting the general framework. Let X be the space of all possible in-
puts and ) the space of all possible outputs. Assume that there is some unknown joint
probability distribution P on the set X x ). Given an random vector (X,Y) € X x )
We are looking for a function f : X — ) from a given function class F, that predicts
outputs Y from inputs X. In order to discriminate functions in terms of their predic-
tion performance, we must introduce some notion of metric allowing us to quantify
how well a function predicts the output. This motivates the definition of a loss func-
tional [(Y, (X)) whose purpose is to penalize the errors in predictions incurred by the
choice of a certain function. The risk of f is defined as R(f) = Ex y)~p[(Y, f(X))]. It
measures how far the prediction f(X) is from Y with respect to the loss in expectation,
for a randomly drawn pair (X,Y) ~ P. The goal is then to find a prediction function
f € F that minimizes the risk R(f):

f*€arg minR(f). (1.1)
ferF

This framework is defined with the following situation in mind: we have limited
data {(z1,v1),- .., (Tn, yn)} C X x Y that are input-output pairs drawn from an under-
lying unknown joint distribution P. We wish to find a function f that is able to predict
new outputs y € Y from new inputs + € X. In this setting, we do not have access
to the risk since we do not know the probability distribution P; hence, we define the
empirical risk that is designed to estimate the true risk, R(f) = LSS (i), pi). In
order to get as close as possible to solving the problem (1.1) with our limited data, we
look for a solution

f € arg minR(f). (1.2)
feF
This is the problem of empirical risk minimization (ERM).

From now on we will restrict our attention to the setting where X = R?,and Y = R
for simplicity. Now that the general setting has been introduced, let us present some
classical examples that fit into this framework.
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1.2 Linear regression

Linear regression consists in predicting real-valued outputs y from an affine function
of inputs z in R?. Consider data (z;,v;)7_; C R? x R coming from an unknown proba-
bility distribution P. The loss that is commonly considered in linear regression is the
squared error loss, given by [(Y, f(X)) == (Y — f(X))?. As announced, the function
class we restrict to in the linear model is F, = {f : R? — R|f is affine}. F}, can equiv-
alently be written as F;, = {(3,-) + (|8 € R?, By € R}. Moreover, we assume that the
data obeys the relationship

yi = [M(xi) +& =By + (B85, 2) + &, Vie{l,...,n}, (1.3)

where ¢ € R" describes an unobserved noise that we model to be random, from a
known probability distribution. In words, we assume there is a linear relationship be-
tween the inputs and outputs, modulo some noise . For the remainder of the text,
unless stated otherwise, we assume centered o¢ —subgaussian noise.

Now, let us turn our attention to what the linear regression solution looks like.
For the remainder of this exposition we will use the convention that the input vector
z; = (1,z;)" € RP foralli € {1,...,n} to simplify the notations by accounting for an
intercept term. First of all, let X € R™*? denote the matrix with i—th row being the
observation z; forall i € {1,...,n}, and y € R" denote the output vector (yy,...,y,)".
Notice that F;, = {(5, )| € RP} and thus,

n

1 9
e ) —?;;%D o) = ol 2 s = @)
LS g = (B)? = L minly - X812
= min — Yy — AP, Ty = — min
BERP N, 4 n BERP y= 2

=1

Due to the convexity of the objective, the solution to this minimization problem is
obtained by setting the gradient with respect to 3 to zero. This derivation gives the

so-called normal equation which the minimizer 5 must fulfill:
XT'X3 = Xy.

The solution to the normal equation depends on the rank of the matrix X, as well as on
the relationship between the dimension of the feature space p and the number of ob-
servations n. We distinguish the cases as follows. If p = n or in the underparametrized
regime, that is when p < n, if X has full rank p, then the normal equation has a unique
solution given by B = (XTX)"!Xy. If X does not have full rank, then the normal equa-
tion has infinitely many solutions. In the overparametrized regime, when n < p, if X
has full rank n, the normal equation does not have a unique solution and in this case
we can use regularization techniques to find a suitable solution. If X does not have
full rank, then the normal equation has no solution. In this paper, we will explore the
behaviour of the linear model exclusively in the overparametrized regime, with full
rank design matrix X; we will discuss certain regularization techniques that will help
us choose particular solutions.



1.2.1 Squared error loss and bias-variance trade-off

In the context of the squared error loss, suppose that the class function F is unre-
stricted. Then the solution to the minimization problem (1.1) is given by

ff(z) =EY|X = 2), (1.4)

that is, the solution is defined as the expected value of Y given X. However, we do
not have access to this expected value since the conditional probability distribution of
Y given X is unknown. The next best thing that we have at our disposal is arguably
the k—nearest-neighbor prediction, which is given by

f(x) :_% Z Yis

2, ENg(z)

where Ny (z) denotes the neighborhood of = given by the & closest points x; with re-
spect to the Euclidean norm, and where k is a parameter to be chosen a priori. This
solution might seem satisfactory at first glance but it has a major drawback. In order
to maintain a certain density of points in the feature space R” as the dimension p in-
creases we need the number of observations n to grow exponentially with p. This is
known as the curse of dimensionality. The solution above provides us with the best
local estimate but in high dimension, with a limited number of observations, this local
estimate turns out to be downright bad. This motivates the seemingly strong structural
assumption on the function space that is made in the linear model. On top of that, the
solution to (1.2) with respect to this function class is easily interpretable, which also
explains the ubiquity of the linear model in applications.

The situation above illustrates the necessity of choosing the right amount of structural
assumptions in order to find meaningful and robust solutions. To make this choice op-
timally and resolve the tension between expressivity and restrictiveness of the model,
one popular formalism is given by the bias-variance trade-off.

The squared error loss has the particular property that its associated risk R(f) =
Exyy(Y — f(X))?, also called the mean squared error (MSE), admits a useful de-
composition into bias and variance terms. The bias of a one-dimensional statistical
estimator 6 of a parameter § € © is defined as Biasy (0, §) = E4(f — #) and the variance
as Vary(0) = Eq(0 — Ey[f])? where the 6 in the subscript of the expectation is to indicate
that the expectation is taken only over 0. The decomposition of the MSE into bias and
variance terms in the one-dimensional case is the following.

MSE, () = Biasy(0, 6)* + Vary(6). (1.5)
In higher dimensions, say for § € © = RP?, the bias is still defined the same way, but
instead of the variance, the term that will appear in the bias-variance decomposition is

some value depending on the covariance matrix of §. The bias-variance decomposition
is given in this case by the following.

MSE,f = ||Biasy(8,0)|? + tr(cov(h)). (1.6)
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Proof.

p p
MSE,0 = E||6 — 0] = Y E[f — 0> = > (Biasa(éi, 0,)% + Vargi(éi)>
=1 =1
— ||Biasg(, 0)|2 + tr(cov(h)).
u

The softer the structural assumptions made on the function class F the lower the
bias because the model is able to find functions that are closer to the true function.
However, the variance tends to be larger in that case, because the model is more sensi-
tive to noise, as it has more freedom to fit to the observations. Conversely, the stronger
the structural assumptions, the larger the bias and the lower the variance become be-
cause the model finds a solution from a restricted function class, and is thus less sen-
sitive to noise and more prone to find solutions further from the observations. This is
known as the bias-variance trade-off.

In the case of the linear model, we restrict ourselves to affine functions and therefore
the bias will increase when the linear relationship between X and Y that we assume
in (1.3) does not reflect the reality.

Therefore, the bias-variance trade-off is telling us that we should expect an algo-
rithm that perfectly fits the training data (and minimizes the bias) to perform poorly
on new unseen data. However, it has been observed in practice, that there are algo-
rithms that generalize well on new data, despite interpolating the training data. In
this manuscript, we review some papers and try to understand when and why this
peculiar phenomenon can be observed in linear regression.

1.3 Ridge regression and LASSO

Ridge regression is a learning algorithm akin to linear regression coming with a reg-
ularization parameter A\ € R. The minimization problem of ridge regression is the
following.

. . 2 2
minlly — XB5[lz + M5l

where )\ is a regularization hyperparameter that must be chosen a priori. The parame-
ter A produces a penalty in term of the norm of the estimator 5. As A tends to +o0o, the
estimator  must shrink to 0 and thus the minimization problem finds solutions that
have small l,—norm. Conversely, as A tends to 0, the regularization constraint on the
estimator 3 vanishes and the minimization problem’s solution coincides with linear
regression. The case when A = 0 is called the ridgeless case. In the overparametrized
regime (p > n), the solution to the ridge regression minimization problem is the fol-
lowing.
B=XT(XX" 4+ AI)"Yy.
LASSO is another regularized learning algorithm, where this time the penalty is in
the [; —norm of the estimator. The minimization problem of LASSO is the following.
min |y — XB(3 + Al Bl

BERP



LASSO favors sparse solutions, that is, estimators that have only a few non-zero
entries. At a heuristic level, this is due to the fact that the [; —norm can be thought of
as a convex surrogate to the so-called /y,—norm (which is not a norm) which is defined
as follows.

Given any vector 3 € R?,

1B]lo = ‘number of non-zero entries of 3’

Introducing a penalty in term of the /[j—norm would make the minimization problem
non-convex and therefore hard to solve, that is why we resort to an /; —penalty. The
fact that the [; —norm can serve as a surrogate to the [,—norm can be understood at the
intuitive level thanks to the observation that the shape of the /; —ball favors sparsity,
when compared to the geometry of the /,—ball.

1.4 Minimum norm interpolators

In 1.2, we mention the need for regularization techniques to differentiate between so-
lutions to the normal equation in the overparametrized regime; in the present section,
we discuss the regularization consisting in picking a solution which has minimal norm
among all possible solutions to the normal equation. Given a norm ||-||, a minimum
norm interpolator is an estimator 3 that is a solution to the minimization problem

min||A]. (1.7)
s.t. X =y (1.8)

There are multiple reasons for being interested in minimum norm interpolators.
A motivation for studying the interpolating regime is the observation of certain deep
neural networks that perfectly fit the data and are still capable of good generalization,
as in [ZBH*16], [ZBH"21], and [BHMM19a]. Another motivation, this time for study-
ing interpolating estimators that have minimal norm, is the example of basis pursuit
in compressed sensing that we are going to develop in 1.4.2.

1.4.1 [s—norm

In the case of the [;,—norm, this problem admits a closed form solution given by the
Moore-Penrose pseudoinverse, that is,

B =Xy =X"(XX")"y. (1.9)
Proof. Let 3 = X'y, and let 8 € R”, then,
X8 —y=X(8—Xy) + ([ — XXT)(—y).

Since I — XX is the orthogonal projector onto Ker(X") = Ker(X), the two terms in the
right-hand side of the equation above are orthogonal. Therefore, by the Pythagorean
theorem,

IXB = ylI* = [IX(8 = X'y)|* + (1 = XX (=) |I* = [|X(8 = B)II* + X8 — yl* > X8 —y]*
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]

The minimum [,—norm interpolator is relevant beyond the fact that it admits a
closed-form solution. For example, as discussed in [BHMM19b], there are certain
types of neural networks for which the stochastic gradient descent (SGD) algorithm,
with weights initialized at 0, converges to the minimum /,—norm interpolator.

In the case of other /,—norms, the minimization problem (1.7) is harder to ap-
proach. Let us now take a look at the case of the [; —norm, this is the so-called problem
of basis pursuit (BP).

1.4.2 [;—norm and basis pursuit

Historically, this problem arose in the field of compressed sensing, whose goal is to
find recovery guarantees of compressed signals. Hence, this part is inspired by lec-
tures notes on compressed sensing [Tao09] and the paper [CW08]. The setup of com-
pressed sensing is the following. In order to relate this problem to our setting, we use
the same notations as before, which are perhaps more traditional to statistics and ma-
chine learning.
Let X € R™?, withn < p, 8 € RP, and y € R". Suppose we want to measure a high-
dimensional vector /3 that can be thought of as an observation of a signal from the
real world such as an image or a video. Now, if we restrain ourselves to linear mea-
surements, how many measurements do we need to recover the observation? That is
the question compressed sensing is interested in answering. In mathematical terms,
viewing the matrix X as a matrix whose rows perform linear measurements of /3, the
question can be formulated as the following. For which n can we solve the system of
equations

XB=y (1.10)

for 3. The key assumptions made in compressed sensing are about the sparsity of the
signal captured by 3 as well as the incoherence of the measurement matrix X. We
assume that 3 is s—sparse, for some positive number s, where s—sparsity of a vector
is defined as the vector having at most s non-zero coordinates. If the support of the
vector 3 was known, the problem would be trivial, as one could simply reduce the
problem to the recovery of an s—dimensional signal. But if the support is unknown,
apart from the fact that it is s—dimensional, then what can we say about the numbers
of measurements n required to reconstruct exactly 3 from the linear measurements in
(1.10)?

Before answering this question, let us ask ourselves another one. Why would we
assume sparsity in the first place? We can argue that most of what we do in statistics
and machine learning is trying to uncover the underlying low-dimensional structure
of noisy data with different techniques. On a more philosophical level, if there was
no low-dimensional structure to be found in high dimensional data, it would make
the search for meaning in the data foolish. This presupposes that there exists a certain
basis or representation in which the data would be low-dimensional, and hence sparse.
Going back to our previous question, compressed sensing gives a surprising answer;
it states that the number of measurements required to exactly recover the signal 3
needs only be proportional to the sparsity level of the signal, that is n 2 s. Of course,
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to obtain this conclusion, we need to make some assumptions. Let us state a result
from [Tao09].

Proposition 1.4.1. Suppose that any 2s columns of the X are linearly independent. Then any
s—sparse signal 5 € RP can be reconstructed uniquely from Xp5.

Proof. For a contradiction, suppose it is not the case. Then there exist two s—sparse
signals 3, f’ € R? that satisfy X3 = X/3’, which implies that X(5 — 3') = 0. But 5 — §'
is a 2s—sparse vector, and hence there are 2s columns of X that are dependent. This
gives a contradiction. [

The assumption in the proposition above is a quantification of the incoherence of
the measurement matrix, and it is reasonable once n > 2s. Moreover, the proof shows
how the s—sparse signal 3 can be reconstructed. It is the unique solution to the mini-
mization problem

B = arg min{[|B|lo : X8 =y}, (1.11)
BERP

where || 5]|o denotes the [(—norm of /5 that we define in 1.3. However, this optimization
problem is not convex and is computationally intractable. Therefore, we must resort
to another way of finding the signal 3. This leads to basis pursuit, which consists in
solving the surrogate convex optimization problem

B = arﬂgegiin {181l - X8 =y}, (1.12)

which can be solved by reformulating it as a linear program. However, basis pursuit
does not always recover the solution, so let us expand a bit on one case in which it can
recover a solution, without going into the details. This leads to the introduction of the
restricted isometry property (RIP).

Definition 1.4.1. For any integer s > 0, define the isometry constant J, of a matrix M
as the smallest number such that

(1= d)llvllz < [Moll5 < (1+65)llvll3
holds for all s—sparse vectors v € RP.

This constant basically quantifies how close to an isometry the matrix M is for
s—sparse vectors. We say that a matrix M obeys the RIP of order s if J; is not too close
to 1. When this property holds, we are able to recover an approximation of the original
signal. This is captured in the following result from [CRT05].

Theorem 1.4.2. Assume that 5y, < /2 — 1, then the solution to (1.12) obeys

18" = Bllz < cllB = Bslli/v/s and ||B" = Blls < c]|B = Bsllx,

for some constant c, where (s is the vector [ with all but the largest s components set to 0, and
B* denotes the true signal.

10



In particular, if 5 is s—sparse, then 3 = 3, and we achieve exact recovery. There are
many interesting matrices that satisfy some RIP with value s close to n. Some notable
such matrices are random matrices that satisfy that kind of RIP with high probability:
for example, the matrix consisting of column vectors drawn uniformly from the unit
sphere in R", or the matrix whose entries are i.i.d standard Gaussian random variables.
These obey the condition of the above theorem with high probability, as soon as

n > c¢islog(n),

for some constant ¢; > 0.
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Chapter 2

Benign Overfitting

Benign overfitting refers to the phenomenon of learning algorithms that fit to the train-
ing data very closely but still manage to generalize well on new data. In this chapter,
we look at several results that try to uncover what characteristics the problem must
have in order for benign overfitting to happen. We restrict ourselves to the specific
case of linear regression as well as ridge regression, in high dimensions, and to the
situation where the estimator B of the true parameter 3* interpolates the data (X, y).
We first make an exposition of the results of Bartlett et al. from [BLLT20] that focus
on linear regression. Then we discuss the results of Tsigler et al. from [TB20] focusing
on ridge regression and compare them with [BLLT20] in the absence of regularization.
Next, we analyze the paper of Lecué and Shang [LS22], devoted to the linear regres-
sion model as well, and contrast their results with the previous two papers, and the
differences in their approach.

2.1 Notations

This section regroups a few notations that we use throughout the paper. Every quan-
tity denoted by ¢, C, ¢;, C; for some ¢ € Z is a positive constant if not specified other-
wise. For two vectors a,b € R!, for some [ > 0, we interchangeably denote their inner
product by a"b or {a,b). We denote the operator norm of a matrix M by ||M]||,,, and
if it is a square matrix, we denote its trace by tr(A). We use < and 2 for inequality
up to a constant and write a ~ b if both @ < band a 2 b hold. Given p the dimension
of the feature space R?, we denote f(p) =< g(p) as p — +oo if there exist two positive
constants C, C; and two positive integers p;, p2 such that

|f(p)| = Cig(p) Yp=p1, and |f(p)| < Cog(p) Yo > po. (2.1)

2.2 Benign Overfitting in linear regression

The paper [BLLT20] examines in which regime benign overfitting can or cannot occur
in the linear regression model with subgaussian assumptions on the data (see A.1.1).
The main tools it uses are concentration of subgaussian and subexponential random
variables as well as classical generic chaining results for empirical processes to provide
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sharp upper bounds on the excess risk, a measure of the generalization error. In order
to do that, the excess risk is split into two terms that are analyzed separately. The
results they obtain only depend on the covariance matrix ¥ and not on the interplay
between the true parameter 8* and ¥; as we will see later, this may not provide the
full picture.

2.2.1 Setup of the paper of Bartlett et al.

In [BLLT20], they consider a general feature space H that is a separable Hilbert space.
However, we will only present their results for H = R because it is the most interest-
ing case for our purpose. The linear regression setup is the following.

We consider an input-output pair (X,Y) € R? x R coming from a centered distribu-
tion P. We assume that Y = X " 3* + ¢ where 3* € R? is defined as in the introduction,
and e is some centered random noise coming from a distribution that will be speci-
fied below. We let the covariance ¥ have the spectral decomposition ¥ = UAU " with
eigenvalues \; > ... > )\, > 0 and corresponding eigenvectors u, ..., u, We assume
that X = UAY/2Z where Z has components that are independent o x —subgaussian ran-
dom variables, for some positive constant ox. Now let’s specify the distribution of the
noise. We assume that € is 0 —subgaussian conditionally on X, that is, for all A € R,

E[Xe|X] < exp (CogA?),
and that the conditional noise variance is bounded from below by some constant o,

E[e’|X] > o2

Now let us consider a training sample (z;,v;)7; of n independent random variables
coming from P. Define X € R? x R and y = (y1,...,y,)" € R" as in the introduction,
and £ = (¢, ..., €,) € R". With these notations, we are in the setup of linear regression
where y = X3* + £. The last assumption is that, almost surely, the projection of X on
the space orthogonal to any eigenvector of 3 spans a space of dimension n.

Remark 2.2.1. Notice that in particular all the assumptions made in the setup are ful-
filled for (X,Y’) coming from a centered multivariate normal distribution and when
rank(X) > n.

The situation they are interested in is the one where the parameter 3 interpolates
the data and hence they consider the minimum /;—norm interpolator that is intro-
duced in 1.4 and which admits a closed form solution.

Notations

Let us fix some more notations that will become handy when we discuss the pa-
pers [TB20], [LS22]. Given k < p, let us denote the subspaces of the feature space
R? spanned by the first k eigenvectors uy, . . ., uj, of ¥, respectively the last p — k eigen-
vectors w41, . . ., u, by Vi, respectively Viii.,. Accordingly, let P, and Py, denote
the orthogonal projections onto V;.;, and V1., respectively, and let 5y = P03 and
Bri1p = Pri1,8- Letusalso denote ¥y, = UA .U where Ay, := diag(\y, ..., M\, 0, ...

13
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and X1, analogously. Finally let X, = XP;;, and Xy11,, = XPjy1, so that X =
Xl:k + Xk—i—l:p-

Definition 2.2.1. Given a covariance matrix ¥ € RP*? with eigenvalues \; > Ay >
.. > )y >0, and given k such that A\;; > 0, we define the effective ranks

YiskAi . tr(EkH:p)

re(2) = = , and, 2.2

() = S T sl 22)
(Sisx i) (tr(Spsrp))?

R.(Y) = = ) 2.3

k() Yok A2 (37, ) (2.3)

2.2.2 Excess risk and bias-variance decomposition

Definition 2.2.2. The excess risk of an estimator 3 is defined as the difference between
the risk of 5 conditioned on the data (X, y) and the risk of the true parameter 5*.

R(B) = R(B) — R(5") = E[(Y — XT5)*|(X,y)] - E[(Y — XT8)%].

In our setting, the excess risk can be decomposed into a bias and variance term
which allows us to nicely decouple the noise and the signal in the analysis of the excess
risk. In the following lemma we show how the decomposition is made in the case of
data X ~ AN(0,%) . Then in Lemma 2.3.2, we present a similar decomposition with a
proof that is more technical due to the weaker assumptions. Nevertheless, we think
Lemma 2.2.1 is as enlightening if not more for the understanding of the decomposition
and the quantities involved.

Lemma 2.2.1. For X ~ N(0,%),Y = X "3* +¢,§ ~ N(0,0¢1), and e ~ N(0,v¢) indepen-
dent of X,

R(B) = |=2(8 - )3 = =2 (X" (XXT) 'K — D)1 + ISV2(XT(XXT)7)¢|l3,
and moreover,
ER(B) = |2YA(XT(XXT) X — I)5* 15 + vZ tr(XXT) T'XEXT(XXT) )

Proof. Let us start by proving the first equality.

R(B) =

A

(Y = XTB)|(X, )] —E[(Y = X8’ =E[(X (8" = B) + €)’|(X,y)] — E[¢’]
(XT(B8" = B)[(X, )] + 2E[(X (8" — B)(X,)] - Ele] = E[(X (8" — $)*(X, )]
XT3 = B)(B" = B)TX|(X, )] = Elte(X (8" = B) (8" — B) T X)|(X, y)]

(8 = B) XX (8" = B)I(X,y)] = tr((8* — B)"E[XX](8* - B))

(8" = B)'S(8" = B) = (8" = B)'2(8" = B) = I="*(8 — 875

For the second equality, we plug in the value of /3, the minimum I/,—norm interpolator.

E[
E[
E[
E[

ISY2(8 - 893 = (8- B) (B - ) =4 (XT(XX")'X - )TE(XT(XXT)"'X - [)B*
+NXTEXT) ™ TEXT(XXT) e
= | ZVAXT(XXD)TIX - DB+ |ZVAXT(XXT) e,
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For the last equality, we use the same trick with the trace as for the first equality.

Ee| =12 (XT(XXT) el = tr(S(XT(XXT) HEele ) (XT(XXT) ™) T)
= v tr((XXT) ' XEX T (XXT) ).

Definition 2.2.3. We define the bias of the excess risk as
B = ||SA(XT(XXT) "X — 1)8*I3
and the variance of the excess risk as
Vo= tr((XXT)TIXEXT(XXT) ) fog.

Remark 2.2.2. Notice that the quantities in Definition 2.2.3 do not depend on the noise
§. Furthermore, Lemma 2.2.1 and Definition 2.2.3 give us the nice expression

EcR(B) = B + v2V.

Remark 2.2.3. It turns out that the effective ranks of the covariance matrix are the right
notions to control the excess risk.

2.3 First sharp bound on the excess risk

We have now all the necessary tools to state the main theorem of the paper of Bartlett
et al. ([BLLT20, Theorem 4]).

Theorem 2.3.1. For any ox, there are b,c,c; > 1 for which the following holds. Consider a
linear regression problem satisfying the conditions listed above. Define

E* = min{k > 0: rp(X) > bn}, (2.4)

where the minimum of the empty set is defined to be co. Suppose that 6 < 1 with log(1/J) <

~

n/c. If k* > n/cy, then ER(B) > o*/c. Otherwise,

R(B) <l 5] ma {, ) i) sl }

*

+ clog(1/0)0? (% * R—<Z>>

with probability at least 1 — §, and




Overview of the findings

Bartlett et al. were able to show in [BLLT20] that under suitable assumptions on the
covariance matrix, specifically on its effective ranks r, and Rj, benign overfitting is
observed with constant probability, that is, there are good sharp upper bounds on the
excess risk R(3). Informally, the spectrum of the covariance matrix must be such that
the eigenvalues that are more attributable to noise than signal do not decay too fast, in
order for the estimator to spread the noise over the dimensions of these eigenvalues.
In that setting, the estimator 3 will exhibit benign overfitting properties. The most
important contributions of this work are probably the definition of £* and the implicit
feature space decomposition that happens in the proof of Lemma 2.3.3.

Theorem 2.3.1 motivates the following definition.

Definition 2.3.1. Let ¥J,, denote the covariance matrix for data with n observations and
let k! == min{k > 0 : r,(X,) > bn}. We say that a sequence of covariance matrices %,
is benign if

n—o0 n n— o0

Remark 2.3.1. When the sequence of covariance matrices is benign, the excess risk of
the estimator 3 converges to 0 as n tends to +oc.

The proof of Theorem 2.3.1 relies on a handful of lemmas, ranging from linear alge-
bra and convergence results to concentration of probability arguments. We are going
to examine parts of the proof more in detail to understand the phenomenons at play
and get a sense of the proof technique. Although the proof of the lower bound on the
excess risk is of interest, we focus our attention to the proof of the upper bound since
the purpose of the lower bound is only to show we cannot expect a much better upper
bound.

The proof starts by finding bounds on the excess risk, depending on two random ma-
trices that depend on the data. It is some kind of bias-variance decomposition that is
of the same nature as the one we perform in Lemma 2.2.1.

Lemma 2.3.2 (Lemma 7 in [BLLT20]). The excess risk of the minimum norm estimator sat-
isfies
R(B) < 28" DB* + co*log(1/5) tr(C)
with probability at least 1 — § over €, and
ER(B) > 8* ' DB* + o2 tx(C),
where

D=(-X"XX")"'X)2( - X"(XX)'X), and O = (XX")'XEX"(XXT)~.

The proof of Lemma 2.3.2 mostly consists in algebraic manipulations that are not
enlightening so we skip it; it must be noted however that it requires a high probability
upper bound on some quadratic form of C by its trace that is outside the scope of this
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exposition. Now that we have control over the excess risk with respect to quantities
depending on B and C, the rest of the proof of Theorem 2.3.1 consists in bounding
them efficiently.

The upper bound on 3*" D3* relies on standard arguments and directly uses a re-
sult from another paper. Since I — X' (XX")"!X is a projection, it has operator norm
bounded by 1. Then by rearranging the quadratic form, we can obtain

n

18* 13-
op

From there, using [KL14, Theorem 9], we immediately recover the bound that makes
Theorem 2.3.1 work. Note that [KL14, Theorem 9] is not trivial at all and relies on tools
such as generic chaining for empirical processes. The same kind of tools are needed in
some part of the proof of the main theorem of [LS22].

The crux of the paper of Bartlett et al., however, is bounding the trace of C. The upper
bound they obtain is the following.

Lemma 2.3.3 (Lemma 11 in [BLLT20]). There are constants b,c > 1 such that if 0 < k <
n/c,rp(3) > bn, and | < k, then with probability at least 1 — Te m/e,

<o (LonZor )

Then to be able to piece everything together to obtain Theorem 2.3.1, we also need
to find which [ minimizes the upper bound of Lemma 2.3.3. This is elucidated by the

next lemma whose proof relies solely on clever rearrangements and on the definition
of k*.

Lemma 2.3.4 (Lemma 17 in [BLLT20]). For any b > 1 and k* as in Theorem 2.3.1, if
k* < oo, we have

min (L + bn

Zi>l )‘12 . k* b Zi>l )‘12 . k* bn
1<k* \ bn ()\k*+1rk* (Z))2

=—+bn =+ —.
n ()\k*ﬂrk* (E))2 bn Rk* (Z)
By putting together the bound on 3*" B3* and the one on tr(C) from Lemma 2.3.4
into Lemma 2.3.2, we obtain the upper bound in Theorem 2.3.1. We now spend some
time on the proof of Lemma 2.3.3.

2.3.1 Proof of Lemma 2.3.3

The first part of the proof consists in writing the trace of C' as a function of independent
subgaussian random variables, thanks to the assumptions on our model. The tech-
nique to perform this rephrasing of tr(C') is purely algebraic; it relies on the Sherman-
Morrison-Woodbury formula, see [BLLT20, Lemma 20] for the proof.

Lemma 2.3.5 (Lemma 8 in [BLLT20]). Consider the covariance matrix ¥ with eigenvalues
A > ... > N, such that A, > 0 and spectral decomposition ¥ = . Ajuju) where the
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orthonormal vectors u; € RP are the eigenvectors corresponding to the eigenvalue \;, for all
j€{1,...,p}. Foriwith \; > 0, define z; = Xu;/\/N;. Then,

-2
tr(C’):Z Mzl <Z)‘J'ZJ'ZJT> zil,
J

)

and these z; are independent o x —subgaussian with unit variance. Furthermore, for any i with

\; > 0, we have )
- A2zl A2z,
Azt Niziz! 2 = Bt Bl
. (; I (14 Nz A7} z;)2

_ T
where A_; =3, N\jzjz; -

With this new expression of tr(C'), we can now make use of probabilistic arguments
to find high probability bounds by exploiting the subgaussianity. Let us introduce the
following quantities.

A= Z )\12’7,22—, A_i = Z )\jzjzj—‘r, Ak = Z >\7,ZZZZT7

i i>k

and denote the i—th largest eigenvalue of a matrix M by pu,;(M). We arrive now at
the heart of the proof which consists in controlling the spectrum of these matrices
as well as the squared norms of multiple random vectors with subgaussian entries
simultaneously, both with high probability. This is done in the two following lemmas
that eventually conclude the proof of Lemma 2.3.3.

Lemma 2.3.6 (Lemma 9 in [BLLT20]). There is a universal constant c such that with proba-
bility at least 1 — 2e~"/¢,

EZ)V —chn < pp(A) <m(A) <c <Z A+ /\ln) )
€5 i

Proof. We give now a proof sketch of Lemma 2.3.6. Let us first sketch the reasoning
of an e—net argument. To obtain the result, we want to control the operator norm of
A which corresponds to controlling the quadratic form v Av for any vector v € Sj ",
the l,—sphere of dimension n — 1. The strategy is to find a high probability upper
bound on the quadratic form for a single vector v. Then we would like to simply use
a union bound over all such vectors v but we cannot do that over all of S*~*. We are
therefore using an e—net to control the operator norm of A with the maximum of the
quadratic forms v Av, only for v in the e—net V.. According to [BLLT20, Lemma 25],
foralle < 1/2,
i1 (A) = [ Allop < (1 = ) max|fv" Av].

Note that an e—net of S ' has cardinality |V,| = (C¢)", for some constant C' > 0.

The second step consists in noticing that for any v and i, v 2; is a ¢ ||v||ox —subgaussian
random variable (see Example A.1.2), for some constant ¢; and thus the quantity
v Av = 3. \i(v'2;)? can be controlled via Bernstein-like bounds. Indeed notice that
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since v' z; is ¢1]|v||20x —subgaussian, (v'z;)? is ¢ ||v||30% —subexponential (see Lemma
A.1.1), Now we are able to show that v" Av concentrates with high probability around
tr(¥) = Y, \i. In order to do that, we can use Corollary A.1.4 for X; = \i((v'z)* — 1)
and a; = 1, forall 0 < i < nand (X;,a;) = (—\;, 1) otherwise to obtain that for all
t > 0, with probability atleast 1 —2e7",

v Av — Z Ai| € coo% max | Ait, tz A2

for some constant cs.

The last step is to union bound over the vectors in N, to get the high probability bound
on the eigenvalues of A that we need. Notice that a union bound is now possible since
it is over a finite number of vectors. Without getting into the details, this yields the
result of the lemma. O

Corollary 2.3.7 (Lemma 10 in [BLLT20]). There are constants b,c > 1 such that for any
k > 0, with probability at least 1 — 2e~"/¢,

1. foralli>1,

pier1(Ai) < g1 (A) < pa(Ay) < (Z/\ + )\k—l—ln) :

i>k

2. forall1 <i <k,

Nn(A) > ,un(A—z) > Mn Ak Z )\ - C)‘k+1n

]>k

3. if rg(X) > bn,
1
E)\k+17“k(2) < pn(Ak) < p(Ax) < cAppari(2).

Remark 2.3.2. The proof of the corollary relies on Courant-Fischer Theorem and does
not provide any deep insight so we skip it.

The second lemma is the following.

Lemma 2.3.8 (Corollary 24 in [BLLT20]). There is a universal constant c such that for any

centered random vector z € R™ with independent o —subgaussian coordinates with unit vari-

ances, any random subspace L of R™ of codimension k that is independent of z, and any t > 0,
t

with probability at least 1 — 3e™",

Izl5 < n+co?(t+Vin), and ||Tgz|3 >n—co?(k+t+ Vnt),
where 11 is the orthogonal projection onto L.

Remark 2.3.3. Lemma 2.3.8 shows how the the sum of squares of subgaussian ran-
dom variables behave and concentrate, as well as how much information or energy
of the vector is preserved with high probability by a random projection onto a lower-
dimensional subspace.
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Proof. Let us sketch the proof of Lemma 2.3.8. The first inequality relies on Corollary
Al4, for X; = 22 —1and q; = 1 for all 0 < i < n to obtain for an absolute constant ¢
and for all ¢ > 0, with probability at least 1 — 2¢77,

n

DCAY

)

3 = nl = < co® max(t, V/nt).

Then the second inequality relies on an upper bound on the the quadratic form 2" Mz
by the trace of M, where M = II,II.., This upper bound is out of the scope of this
exposition and is the same as the one we allude to when we present Lemma 2.3.2. It
allows us to obtain, with a union bound to control ||z||3 simultaneously,

ITez)2 = |2]|2 = [|Teez||2 > ||2]3 — 0(2k + 4t) > n — 02(2k + 4t + cmax(t, Vnt),
with probability at least 1 — 3e™". O
Now we are ready to provide a proof sketch of Lemma 2.3.3.

Proof. The proof relies on rewriting the trace of C' with the expression in Lemma 2.3.5
and by splitting the sum as follows

2T 4-2 : Nzl ATl 2T 4—2
w(C) = Nzl A2 =) T ATs) +y N AT (2.5)

7 7 >l

The terms on the right-hand side are handled separately by leveraging the low dimen-
sionality of the first term and the small magnitude of the last p — [ eigenvalues of the
second. For the first one, thanks to the assumption on the effective rank r(3) > bn,
we can use Lemma 2.3.7 to bound the following quadratic forms with high probability
forall0 < <|.

2 2
HZHQ and ZTA—I > ||H£7, 2

T 4-2
Tat g oz el
(App17i(X))? Nt 1TED

where £, is the span of the n — k eigenvectors of A_; corresponding to its smallest n — k
eigenvalues. All in all, we obtain

NTA
(L+ Nz AZj2)2 ™ Mg, 23

Then, by applying Lemma 2.3.8 | times, and taking the union bound over all z; for
0 <1 <[, we obtain that with high probability,

! 2, T A2

7

N

L (2.6)
n

For the second term in Equation (2.5), we use again a combination of Lemma 2.3.6 and
Corollary A.1.4 to obtain the high probability bound

A2
by A2 P < L 27
Z Z'L z Nn()\k_l,_lrk(Z))Q ( )

>l
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The first step is to notice that with high probability p,(A) 2 Ap+17%(2) and thus,

Z)\Q TA 5 Zl>l z||ZZ||2
& (Merare(2))?

>l
and then to realize that the \?||z;||3 are subexponential random variables for all i > [
and use Corollary A.1.4 to upper bound their sum. Assembling the two bounds in
Equations (2.6) and (2.7) together gives us the result. Il

2.4 Benign Overfitting in ridge regression

In this section, we briefly review the work of Tsigler et al., in the paper [TB20]. We do
not look at it in its full generality but only consider non-negative regularization. Let us
introduce the setup. We want to upper bound the excess risk of the minimum /,—norm
estimator of ridge regression as introduced in 1.3 in the overparametrized regime, that
is, when p > n. Its solution is given by 3 = X" (XXT 4 AI)~'y. The assumptions
made on the model are the same as the ones in 2.2.1, except for the fact that we do not
assume independence of the observations, but instead assume some regularity in the
form of a bound on the condition number of the tail of the matrix XX + AI.

Definition 2.4.1. We define a new quantity, similar to the effective rank but that takes
into account the regularization .

Zi>k Ai + A

Pr= NAk41

2.4.1 Main result
According to Tsigler et al., [TB20, Theorem 1],

Theorem 2.4.1. Fix any constants b > 0,L > 0. Let k* = min{x > 0 : p, < b} and
Ak = Xk-+1:le;|—+1:p + Al.

There exists a constant ¢ which only depends on ox,b, L such that the following holds.
Suppose that for some k < n/cand § < 1 — ce™"/°, with probability at least 1 — § the matrix
Ay, is positive-definite (PD) with condition number at most L. Take k = min{k, k*}. Then
with probability at least 1 — ce™/¢ — §,

_ A3
¢ <”lecflp6k+1pH2 + 13 1/251 kHQ <—>k) ) , and

Ve (M(AZ%;%))‘

where B and V' are the quantities defined in 2.2.2.
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Remark 2.4.1. Therefore, we obtain an upper bound on the excess risk by following the
excess risk decomposition in 2.2.2.

Remark 2.4.2. In the ridgeless setting, the similarity between the results of [TB20] and
[BLLT20] becomes more evident as the bounds become

1/2 * 2 1/2 >\k+17“k(2) ’
B<c |’Ek+1:p6k+1:pH2+H2 51k”2 o , and

V§c<§+%).

Let us describe some of the main differences between Theorem 2.3.1 and Theorem
2.4.1 in the ridgeless setting. First of all, Tsigler et al. relax the independence condi-
tion on the data and focus instead on the condition number of the tail of the matrix
XXT + A, in an attempt to generalize the results of [BLLT20]. Then, they proceed to
show that the conditions given by Bartlett et al. make the assumption on the condi-
tion number hold with high probability. However, they do not provide compelling
evidence that their assumption on the condition number can be fulfilled in other in-
teresting regimes. Secondly, contrary to [BLLT20], whose main feat is the sharp bound
on the variance term, Tsigler et al. manage to additionally control the bias term in a
sharper way. Their bound relies upon the realization that the implicit feature space
decomposition into two components that takes place in the proof of Lemma 2.3.3 can
also be used to control the bias. As can be seen in Theorem 2.4.1, the upper bound
on the bias-which could potentially be dominated by the behavior of the norm of 5*
in [BLLT20]-now depends on two norms in terms of 3}, and ;. Furthermore,
these norms exploit the entanglement of the pair (X, 3*). This relationship, that is ab-
sent in [BLLT20], gives a richer picture of the phenomena at play. Moreover, the I»-
norm of 3* that appears in [BLLT20] can be significant in the setting we examine, since
the dimension of the feature space is assumed to be large. Concerning the variance
term however, the result of [TB20] and [BLLT20] coincide. All things considered, from
our perspective, the two major contributions of Theorem 2.4.1 are the exploitation of
the feature space decomposition into a low-dimensional and a high-dimensional part
for both the bias and the variance, and the appearance of the relationship between the
covariance matrix and the true parameter.

Example 2.4.1. Let us build an example where the bias term in [TB20] is much better than the
bias term in [BLLT20] to illustrate the improvement made in [TB20]. Let 3* = (1,...,1)7,

€ (0,1), ¥ =diag(1,...,1,¢,...,¢€), and let k denote the number of eigenvalues of ¥ that
are equal to 1. Therefore, k* = k since r(X) = p — k = nbut r;_,(X) = (p — k)e, and thus,
by taking e small enough, we cannot have rj_,(X) 2 n. We have that ro(X) = k* + (p —

k*)e, |8%]13 = pand ||2||,, = 1. Therefore, we obtain the following bias term in Theorem 2.3.1,
as € goes to 0.

18 21 o m{ &) et } M= ke

which tends to p* as e goes to 0. However, in Theorem 2.4.1, we obtain the following bias

22



term.

n

* - * >\+Zz )\Z ? * « [ € 2
(Hz,iflzpﬁm:pué =5l (—> ) = (= k)4 (2]

which tends to 0 as € goes to 0.

2.4.2 Feature space decomposition

We decompose the feature space as R =V}, @ V1., according to the notations from
2.2.1 and analyze £, and f3;1., separately. 3., corresponds to a prediction component
whereas [ 1., corresponds to an overfitting component. Indeed, it turns out that the
role of 3, is to estimate the essential part of the true parameter given by £, while
the role of Bk—i-l:p is more or less to fit to the noise. This is shown in Proposition 2.5.1 in
the next section. Moreover, we also go over the notion of implicit regularization that
is discussed in [TB20] in the next section as well.

2.5 The geometric viewpoint of Benign Overfitting

In this section, we look at the techniques and results introduced in [LS22]. This paper
restricts to the case of a design matrix X with independent centered Gaussian entries
and anisotropic covariance matrix Y. In this context, it improves the main theorems
from [BLLT20], [TB20] (Theorems 2.3.1 and 2.4.1) and perhaps more importantly it pro-
vides a new geometric perspective on these results. The main result of [LS22] relies on
very different tools, namely Dvoretzky-Milman theorem and some type of restricted
isomorphy property.

2.5.1 Setup of the paper of Lecué et al.

We consider the now familiar linear regression problem in the overparametrized regime,
but this time with Gaussian assumptions on the data instead of the subgaussianity as-
sumed previously. That is, y = X3* 4 ¢, where X € R™*? is a Gaussian matrix with
iid. NV(0,%) row vectors, £ ~ N(0,v¢]) is some independent Gaussian noise, 5* € R”
is the unknown true parameter of the model, and p > n. We write

X = G(nxp)zl/Q’

where G™*?) is an n x p random matrix with i.i.d. A/(0, 1) entries.
In the context of [LS22], as discussed in Lemma 2.2.1, the excess risk has the form

R(B) = 52(5 — 87)I5-
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2.5.2 Feature space decomposition and self-induced regularization

According to [LS22, Proposition 3], we can split the minimum /;—norm interpolator as
follows.

Proposition 2.5.1. We have B = Bm + Bkﬂ:p where

B € g min (XL, (Xii1p Xia) 0= XaB)E + IAIE) and @8
1ERP

BkJrlip = Xl;rJrl:p(Xk%*lipXkTJrl:p)il(y - Xlikﬁlik)' (29)

Proof. The minimum /,—norm interpolator is given by 3 € arg ming.g, (|8]3 : X6 = y).
Since for all 3 € R”, [|8]13 = [|B1:k/l5 + | Brr1pl3, B = Brix + Brr1sp and
(Bm, Bk—i—l:p) € arg min (||51H% + 182015 : X1kB1 + Xps1:pB2 = y)
(B1,82)EV1e X Vi 1:p

= argmin (|83 + |53 : X1aBr + Xns1p02 = y) -
(B1,02)€ERP xRP

For the last equality, one inequality is trivial since we search over a larger space, and
for the other inequality, suppose that there exists (01, 32) ¢ Vi X Vit1,, for a contra-
diction. Without loss of generality, suppose that 8, ¢ V., then

Bl - Bi + 31/7 Where Bi S ‘/lzk’ 0 7é /81, S ‘/k—&—l:p-

X, w3 = Gxp) 1/261 Gnxp 21/2 G(”XP)EI/Q " — G("Xp)Zm . Therefore, using
61 instead of ﬁl, we obtain a solut10n to X101+ X k+1;p52 = y that has strictly smaller
l,—norm and we get a contradiction. Now, optimizing separately, first in 3, for a fixed

51/

Bkzﬂ:p(ﬁl) € arg min(|| 3215 : Xes1p82 =y — X1aB1),
B2eRP

and a solution is given by X} 11U — X1 1) where X i 1., denotes the Moore-Penrose
pseudoinverse of X 1., which is given by Xk+1:p(Xk+1.pXk+1zp)_1. Thus,

Bre1n(B1) = X1 (X1 X 1,) 7 (1 — XauB).

Optimizing in 3,

o € ang min (118118 + 1550 )

B1ERP

= arg mln (”/81”2 + ||Xk+1:p(Xk+15pX];|—+1:p)_1(y - Xlkﬁl)”%) )

B1ERP

and thus,

Bk+1:p = Bk+1:p(Bl:k> = X]L_l;p(Xk—l—l:pX]L_l;p)_l(y - Xl:k:Bl:k)-
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Remark 2.5.1. Proposition 2.5.1 has a deep meaning. It demonstrates how the solu-
tion to the minimum /;—norm interpolation problem decouples into two components
whose interpretations are different.

First of all, Bl:k is the solution to a minimization problem that is reminiscent of ridge
regression but that does not quite coincide with it. Later, we formally see that Bl:k ap-
proximately corresponds to a ridge estimator with regularization coefficient tr(Xx1.,),
that is, Bl: r is approximately a solution to

arg min (|ly — X163 + tr(Spr1) 18113)
B1ERP

This formalization is achieved through the use of Dvoretzky-Milman theorem, which
in this case allows us to say that with high probability, under some conditions on the
the number of observations n and the covariance matrix ¥, || X, ;. (X415 X 1.,) 7]l
is isomorphic (that is, equivalent up to absolute constants) to tr(3x,1.,) */?||-||2. This
ridge regression appearing seemingly out of nowhere is an incarnation of the so-called
self-regularization property of the estimator B, (see [BMR21]). The fact that we can
think of Bl:k as a ridge estimator means we have at our disposal many tools to find the
solution, as the regularized least squares problem has been extensively studied and
is solvable in a variety of settings. In 2.5.5, we use classical techniques to arrive at a
solution.

Secondly, Bkﬂ;p corresponds to the solution to the ordinary linear regression prob-
lem, as an estimator of y — X MBM. Notice that y — X7, Bl:k essentially corresponds
to the noise, because X 1:165’1:;C is an estimator of y as k is chosen in a way that implic-
itly states that the data is essentially only £—dimensional, that is, most of the energy
of the parameter resides in V;.;. This reflection leads to the following interpretation:
Bk—H:p perfectly fits the noise and hence corresponds to the overfitting component of
the estimator /3. Therefore, we end up with a solution 3 to the linear regression prob-
lem which decouples into two parts; the first one behaves like a ridge estimator-and
acts as a prediction of the true parameter S*—while the second one behaves like an
overfitting component.

Excess risk decomposition

Following the feature space decomposition, we make the excess risk decomposition

~ * 1/2, 4 * 1/2 2 *
128 = B3 = 122 Bua = B3 + 12800 B = B

The plan for the remainder of the section is to present the main theorem of [LS22]
together with a sketch of its proof. In the latter, we display a proof technique to find
solutions to regularized linear regression problems. We start by introducing the central
theorems used by Lecué et al. to derive their main result.

2.5.3 Dvoretzky-Milman theorem and restricted isomorphy property

Dvoretzky-Milman theorem was initially a statement about the existence of Euclidean
sections of convex bodies. More specifically, it was about finding the largest dimension
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guaranteeing the existence of an Euclidean section in a fixed convex body K, say in
R?. Roughly speaking, an Euclidean section of a convex body K C RP” is a subset of K
that is the intersection between a subspace of R? and K, and that approximately looks
like a Euclidean ball. The largest dimension for this to hold is called the Dvoretzky
dimension.

Definition 2.5.1. Let ||| be a norm on R? and denote by B* the dual ball with respect
to the norm ||| (see B.1). The Dvoretzky dimension d,(B) is defined as follows.

d.(B) = (%)2

where diam(B*, %) = sup(||v||2 : v € B*) and w(B*) is the Gaussian width of B* (see
C.2).

Remark 2.5.2. Notice that this notion of Dvoretzky dimension is analogous to the no-
tion of stable dimension discussed in C'.2, and thus the intuition built for stable dimen-
sion carries over.

Example 2.5.1 (Dvoretzky dimension of an ellipsoid). Given ¥ € RP*? g positive semi-
definite (PSD) matrix and the unit lo—ball BY C RP, consider the ellipsoid ¥~*/?B} = {v €
RP : ||XY2y|| < 1}. Then the Dvoretzky-Milman dimension of S~Y/2BY can be bounded as
follows.
tr(3)
413 op

tr(2)
1Elep

< d.(Z7V2BY) <
Proof. Fist of all,

diam((72B3)", ) = diam (X" B3, 1) = v/ A1 = /[ E]p-

Secondly,

w((Z7V2BY)") = w(B2BE) = E sup (X'/?v, g) = E sup (v, X'/?g)

veBY vEBY

= E[I="2gll2 < \/E[Z12g]3 = Vtx(D),

where g ~ N (0, I) and we use Jensen's inequality.

It can also be shown that E||X1/2g]|, > /tr(3)/2 but this requires tools that are outside
the scope of our exposition.

Assembling everything together gives us the required bound. O

Remark 2.5.3. Notice that the quantity

tr(X)
[p| P

coincides with the effective rank r((3) introduced in the review of the paper [BLLT20].
Therefore, we can now give a new meaning to the condition r,(X) 2 n corresponding
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to the interpretation of Dvoretzky-Milman in terms of Euclidean sections. This con-
dition is equivalent to asking that the Dvoretzky dimension is larger than n (up to a
constant), and hence, that there exists a Euclidean section of that dimension of the el-
lipsoid X ki{Q Bj. This means that a certain projection of this ellipsoid in lower dimen-
sional space looks like a Euclidean ball. Moreover, the statement of Dvoretzky-Milman
we give here also shows that we can find such a projection with high probability, and
thus that this phenomenon happens most of the time. This captures geometrically the
behavior of the random matrices XX and X' (XX")~! that we care about in the linear

regression problem, as demonstrated in Corollary 2.5.3 below.

The statement of Dvoretzky-Milman we present follows a more modern viewpoint,
but is equivalent to the original statement. It is a probabilistic statement that empha-
sizes an important caveat of Dvoretzky-Milman theorem shared by several results of
the same flavour, like Johnson-Lindenstrauss lemma (see for example [Ver18, Theo-
rem 5.3.1]); even though the existence of such an Euclidean section is guaranteed, we
don’t know of any deterministic way to find it, and thus we resort to the use of prob-
abilistic methods. These can often be stated in terms of random matrices that can be
interpreted as random projections of vectors onto lower dimensional subspaces, and
that is the case here.

According to [LS22, Theorem 3],

Theorem 2.5.2 (Dvoretzky-Milman). Let ||-|| be a norm on RP. Denote by G := G"*P) the
n X p matrix with i.i.d. N'(0,1) Gaussian entries. There are absolute constants kpy; < 1 and
co such that the following holds. Assume that n < kpyd.(B), then with probability at least
1 — exp(—cod«(B)), for every v € R",

1 3
D lle(5) < 167 < St

The proof of Theorem 2.5.2 can be found in [Ver18] but must be adapted to hold
with high probability.

Corollary 2.5.3. Given G defined as in Theorem 2.5.2 and I" € RP*P a semi-definite matrix,
let Xy = GT'Y2. Assume that n < kppd.(T~Y2BY), then with probability at least 1 —
exp(—cod, (T7/2BY)),
1
XX —w(T?BY)1|| < 5w(rl/ng)Q,

which implies that

\/51(XoXT) = 51(Xy) < V/3/2w(EV2BE) < \/3tx(T)/2
50 (XoXT) = 5,(Xy) > 1/V2 w(BY2BY) > /tr(T) /2,

and

2 T Ty— T T 2
D) > 51(Xy (XoX5)™h) 2> 5a(Xp (XX, )71 2 3t(T)’

where for any matrix M, s;(M) denotes its i—th singular value.
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Proof. The proof is an immediate consequence of Theorem 2.5.2 together with the
bound on the Dvoretzky dimension of an ellipsoid detailed above in Example 2.5.1.
O

Remark 2.5.4. In particular, Corollary 2.5.4 allows us to express Bl:k:r the prediction
component of the minimum /,—norm interpolator, as a ridge estimator since we get
that, for all v € R™,

130 1 (K10 X 1)~ 0ll2 = (Er (Siep) ™72 0]l

as previously discussed in Remark 2.5.1.

The other tool we need to understand and prove the main theorem of [LS22] is the
following. According to [LS22, Corollary 1],

Theorem 2.5.4 (Restricted Isomorphy Property). There are absolute constants 0 < ks, <
1, co, and ¢, such that the following holds. If I' is a semi-definite p x p matrix of rank k such
that k < kison, then for Xy = GMPITY2 with probability at least 1 — cyexp(—cin), for all

v € range(I),
1 3
LAl < ol < 4/ S0l

Remark 2.5.5. The proof of Theorem 2.5.4 can be obtained by using an e—net argument.

2.5.4 Main theorem

We state the main theorem of Lecué et al., in [LS22] and discuss with varying degrees
of details its proof as well as the tools that are required to understand its assumptions
and proof. According to Lecué et al., [LS22, Theorem 4],

Theorem 2.5.5. There are absolute constants cy, c; and Cy such that the following holds. We

assume that n 2 logp and that there exists k < kj,on such that n < mDMd*(E,;iprg ). We

also assume that \yn > tr (Xy11.,). Then the following holds for all such k. We define

n={semon 2 MY g fye i, < Ml

n n

and E;tlh/ris =U Aitl,fesU T where U is the orthogonal matrix appearing in the SVD of 3 and

_ tr (Spary)) V2 tr (S )\ V2
Alj,{f%::diag<()\1vw) (wg) 00

n n

With probability at least 1 — ¢ exp <—C1 <|J1| +n (Zjng )\j) / (tr (Ekﬂ;p)))),

ntr (Ez—s-lzp)
tr (ZkJrl:p)

2 (5-7)

’ SD—{—’U&
2

1/2 *
+ ”Ek+1:pﬂk+1:p 9
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where

tr (Ek+1:p)
n

0 = Cymax ¢ ve ]Eb Y H21/2

tI‘ Ek—‘rlp k+1:p~Mk+1:p 9

5172
H 1 thresﬁl k

Remark 2.5.6. As discussed and proven in [LS22], the best feature space decomposition
RF =V, @V, isgivenby J; = {1,...,k}, Jo = {k+1,...,p}, thatis, R? = V1., & Vij1,.
However, Lecué et al. show that similar results still hold for any decomposition into
two subspaces of eigenvectors. Moreover, it is also shown that the best % is given
by k* defined in Theorem 2.3.1. This means that the best feature decomposition only
depends on X and not on 3*. In that case, Theorem 2.5.5 resembles the earlier results
Theorem 2.3.1 and Theorem 2.4.1.

Remark 2.5.7. The result also holds for the case when A\jn < tr (X;41.,), but in this case
the quantity U is equal to something else.

tr (Z1) tr (Zkt1:p)
0= Cym > . 2
) max {vé\/tr( 1)’ \/tr (Eka 1811l 0

However, this case must be thought of as pathological for us because it is the case
where the ridge regularization coefficient tr (X1, is so large that the regulariza-
tion term dominates the least squares term ||y — X1.xf1./|3. This leads the general-
ization error to come from a mixture of errors in the prediction component 7, and
the overfitting component ;. , to which the prediction component contributes sig-
nificantly.This is not the regime we are interested in understanding.

12 ok
‘Ek+1:p5k+1:p 9’

Theorem 2.5.5 leads to a more refined definition of the benign overfitting regime
(in the context of Theorem 2.5.5).

Definition 2.5.2. Overfitting is benign for the pair (X, %) if there exists k* = o(n) such
that

Aen < tr(Speg1p),  Ain > tr(Speg1p)  and ntr(SRe, ) = o((tr(Sket1p))?),

1/2 “ —1/2 tr(Sgep1p)
I B sl = 0(1) and (|88l fo——" 2

=o(1).

The notable addition of this definition is that it depends not only on the covariance
matrix ¥ as was the case in the definitions provided in [BLLT20] and [TB20], but also
on the true parameter 5*.

Let us now discuss the main differences of the approach in [LS22] with respect to
what is done in [BLLT20] and [TB20]. The main distinction is the fact that Theorem
2.5.5 does not rely on the bias-variance decomposition that is made in both [BLLT20]
and [TB20], but instead relies on a splitting into a prediction component and an overfit-
ting component. Also, the fact that the phenomenon of benign overfitting depends on
both ¥ and /3* is an idea that is not captured in the other two previous papers. Further-
more, Theorem 2.5.5 shows that as soon as we are in the regime of benign overfitting,
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we will see it happen with high probability. Lastly, although restricted to the case of
anisotropic Gaussian design matrix, the results obtained by Lecué et al. may be gen-
eralizable to other regimes. Indeed, they mainly rely on Dvoretzky-Milman theorem,
a result of geometric flavor that can be extended to random matrices whose entries
come from other distributions. However, the results from Bartlett et al. and Tsigler et
al. cannot be generalized in the same way because their proofs entirely rely on certain
subgaussian assumptions.

2.5.5 Proof of the main theorem

We provide a sketch of the proof to get a big picture of how the main arguments fit
together.
The goal is to control the square root of the excess risk which is given by the quantity

I="2(8 = 7).

Following the excess risk decomposition in 2.5.2, the proof consists of two main
parts; the first part is concerned with controlling HE}/,S (B — Br4)|l2 while the sec-
ond consists in controlling ||E,1€f1:p(5k+1:p — Bii1p)|l2- In both parts, the control will be
achieved on a certain high probability event where Dvoretzky-Milman theorem and a
restricted isomorphy property hold simultaneously.

To simplify notations, we define 3, = (. and (5, = [i41, for all B € R? such that
ﬁ = 51:k + 6k+1;p, where ﬁl:k € Vi, and Bk—l-l:p S Vk+1;p, and X; = Xy, Xy = Xk+1:p-
We also use the notation £ = X4, X9 == X1,

Bound on the prediction component

This part is devoted to find a high probability upper bound on the prediction compo-
nent. First of all, we place ourselves on a high probability event where we have strong
control over the norms of X, v for all v € R" and X3, thanks to Theorems 2.5.2 and
2.5.4 as follows.

Let €y be the event onto which the following hold.

1. forall v € R", ﬁ\/tr(Zg)HvHQ < || XSl < %\/tr(Eg)Hng,
2. forall f; € Vi, 35181l < ZXip < =181 le.
By Theorems 2.5.2 and 2.5.4, if n < /{DMd*(Zgl/ng) and k < Kieon, then P[] >

1 — ¢oexp(—cin).
Let A == X, (X,X, )™, then by Proposition 2.5.1,

By € arg min (| Ay — X183 + [151113) , (2.10)

ﬁl EVik

because the minimizer Bl actually lives in V;.;, C R”.

Now let us give an overview of what the proof technique to bound HZi/ *(By — B9 |2
consists of. We define a certain convex function £ of 3, whose minimum is attained
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at f; and that admits a ‘quadratic + multiplier + regularization” decomposition. Then
the goal is to show that necessarily, 51 lives in a ball around ] with respect to a certain
norm that tells us something about HE}/Q(Bl — B9z and ||8; — Bf||2. In order to do
so, we assume that ; lives outside this ball and show that this 8; does not attain the
minimum of £. Therefore, by definition of Bl, this 5; cannot be BI, and that implies
that f3; lives in the ball around 5*. Coincidentally, this yields a bound on =128, —
B7)]|2 thanks to the careful choice of norm. The delicate part is showing that 3; does
not attain the minimum of £ for all f; outside the ball centered around f;; this part
actually splits into two distinct cases that embody two different behaviors and that
must be treated distinctly. Let us now define the function £, its decomposition, as well

as the norm whose ball we want to show j3; belongs to.

Definition 2.5.3. Let £ : R? — R, 5, — L((;) with

L(B1) = Ay — X1B)llz + 18112 — (1A — XuB)z + 1187112)-

It can be rearranged to obtain the decomposition

L(Br) = (X X)) ™2X1 (B B3 +2(X, (X X5 )™M (X +6) =51, B1—B7) + 1181 — 5113,
(2.11)
where (-, -) denote the usual inner product.

Remark 2.5.8. L() is the empirical excess risk of the estimator 3, for the ridge regres-
sion problem (2.10). The decomposition (2.11) enables us to simultaneously control

HZ}/Q(Bl — B))|l2 and || 31 — B2, as is argued below. More precisely, we use it to prove

that with high probability HE%/Q(Bl — B9)|l2 < Oand |8y — Bf]]s < A where O and A
are real-valued parameters to be determined later.

Definition 2.5.4. For all 5; € Vi, let

1/2
Hﬁﬂm::nmx<ﬂﬁld&uan€§b>'

Moreover, let B,, denote the intersection between V;.;, and the unit ball with respect to
|||, that is,
Bm = {61 S %:k : Hﬁl“m < 1}

Therefore, with Definition 2.5.4, we wish to prove that Bl € B1+ B, that s, ﬁl lives
in the unit ball with respect to our ‘max norm” centered at ;. In order to do so, we
show that if a vector 5, € Vy is such that 3, ¢ 5 + B,,, then necessarily, £(5;) > 0.
Note that by definition of £, £(3) < 0 and thus proving that £(3,) > 0 shows that
By € Bt 4 B,,. By a homogeneity argument that we do not detail here, we can restrict
our attention to vectors 3, that live on the boundary 5*+0B,,. Hence, by the definition
of the norm ||-||,,,, the analysis must be split into two cases, namely,

L5728 — 87)|l. = Oand [|51 — B, < A,

2. =120 — B)lla < Dand |61 — Bill2 = A.
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Therefore, our goal is to show that in both cases, £(3;) > 0. Let us give names to the
different quantities in the decomposition of L. Let

Q(f) = [[(XaXy )~ 2X1(B1 — B3,

M(Br) = 2(X[ (Xo Xy ) TH(Xafl; +€) — B1, B — BY),

C(B1) = |61 = Bill5-
Notice that only M can take negative values, and thus to show that £(f;) > 0, we
show that either Q(3;) > |M(S;)| (which holds in case 1.), or C(f;) > |M(f1)|(which

holds in case 2.).
For all 5, € 8} + 0B,,, we have the following control over M.

IM(B1)| <2 sup ‘ (X (XX )M (Xaf5 + €) _ﬁfﬂ)”-

vEBm

Then, by using some equivalence of norms, and the fact that for any symmetric matrix
I" the dual norm of ||T'-|| is given by ||[I'!-|| (see Example B.1.3), we can get the following
bound.

M) < 2v2 (1572 XT (6XT) " X e + 1502 XT (6XT) ¢l + 15728112 )
(2.12)
where 212 .= UA}?UT and

" Vgl V1
A —dlag(max(D,A),...,max<D ,A,O,...,O .

Now we present two Lemmas which are used to control the first two terms of
(2.12) by using classical concentration tools along with Dvoretzky-Milman theorem
by placing ourselves on the high probability event ).

Lemma 2.5.6. On the event €, the following holds with probability at least 1 — cy exp(—cin).

na([] A)

1/2
tI‘(Z ) HZ BZH

152X T (X X)) XoB3]l2 S

where
] >
o(d,A) = - lfA\/)\_l =,
AV otherwise.

Proof. We provide a proof sketch to show how we can use Theorem 2.5.2 and Theorem
A.1.2 to control the quantity of interest.
Bernstein’s inequality gives us that with probability at least 1 — ¢ exp(—cin),

\/_

1X285 )12 < X2 5Y285 . (2.13)

To simplify notations, we show that | Xz < 2Y%||S1/24|, for any § € R” instead. Let
X; ~ N(0,X) denote the i—th row of X. Also note that

\/_

IXBll2 < —=—[1526]l2 = —HXBHQ IIE”?BH%.
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Since (X;, 8) ~ N(0, 5T28) = N(0, | 2/25]12)
1 1 «
—[IXB]; = 52 Xi, B)* ZIIEl/QﬁHng
=1

where g; ~ N (0, 1) are i.i.d. standard Gaussian random variables. Therefore,

n n

CIXBIE — EIIXBIE = = S (X ) — ELX: 7)) = = S (I 281342 — I1522618)

=1 =1
1 n
= E“Emﬁﬂgz:(f -
i=1

Notice that g7 — 1 is a subexponential random variable (see Lemma A.1.1). Now we
want to show that with high probability,

5
E[IIXB115] = ZII=" A1

| Ot

1 1
—IXBIE — /2813 = ~ X813 — EIIXSI3] <

This is equivalent to showing that with high probability,

which comes immediately from Bernstein’s inequality thanks to the fact that g7 — 1 are
independent subexponential random variables.

Now that we understand how (2.13) is proven, we can use the fact that we are on the
event (), to get the following.

op»

5—1/2 5—1/2 3V 1/28-1/2
172X oy = 1057 lop < == 121757

where the equality comes from the fact that the operator norm of a matrix is equal to
the operator norm of its transpose and the inequality comes from the following.
By definition of the operator norm, there exists 5 € V. such that,

S—1/2 \/_ 1/2 3V C1jee-1y2
1052l = 16012 < == 115128 lle < =5 121757

op»

where the inequality comes from the isomorphic assumption on X;.
Furthermore, since X, satisfies the Dvoretzky-Milman property, by Theorem 2.5.3,

1(X2X5 ) Hlop < A(tr(22))7"

The end of the proof consists in putting all these high probability bounds together to
obtain the result.

172 X0 (X X)) T Xa B 2 < IS X onll (X2 X)) ™ lopl| X552

n 1/2 1/2 1/2
< I opl| 25
~ tr(EQ) H 1 H pH /82”2

n

tr(Eg)

1/2 Hx
12575 2.
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Lemma 2.5.7. On the event , the following holds with high probability.

t ,
J€J2

5—1/2 _ Vv
=772 X (X0 X5) 'el2 S r(zj)\/uﬂD?—l—A?Z)\j,

where
Ji={je{l,...k}: N\ > @/ and Jy={1,... kNS ={j € {1,.. . k}: Aj < (@/A)?).

Proof. We also provide a proof sketch to show how the classical Borell-TIS theorem
(Theorem C.1.1) can be used to provide the bounds we want. Let us use Borell-TIS
theorem to show that for all ¢ > 0, conditionally on X, with probability (with respect
only to the noise ¢) at least 1 — exp(—t/2),

IS 2XT (X2 X]) €|z < v (Vir(DDT) + VEIDlloy ) (2.14)
where D = $72 X[ (X, X, )~!. Indeed,

ISP X T (X X)) 7le]ls = |DE|la = sup (DE,A) = sup (£, DTA),
AeSk—1 AeSk—1

where S*~! denotes the (k — 1)—dimensional sphere, that is, S*! = {\ € R*! :
Al = 1}. Then, Gy == (£, D)) for all A € S*~! form a centered Gaussian process.
Note that here, the index set is not countable as stipulated in Theorem C.1.1, however
the theorem actually holds for a much broader class of index sets that contains S*~*.
Now,

E sup Gy=E sup (D¢ N =E|DE||, < (E||DE)3)
/\ESk71 Aesk—l

= VEt((TDTDE) = /te(DTDE[EET]) = ve\/tr(DDT),

where we successively use Jensen’s inequality and the linear and circular properties
of the trace. Moreover,

o= sup E(¢,D'N)?= sup v}> (DA = sup of|D"A3 = vZ||D"|2, = vZ| D2,
AeSk—1 AeSk—1 i—1 AeSk—1

Plugging everything in Theorem C.1.1, for r = v¢| D||,,v/t yields that

P ( sup Gy —E sup G, < 7’> > 1 —exp(—1?/(20%)) =1 — exp(—t/2),
AeSk-1 AeSk—1

which gives
P (ID€llz < ve (VEIDllop + ir(DDT) ) ) 2 1= exp(~1/2),

Now that we have (2.14), the only thing that remains is to bound tr(DD") and || D||,p-
For that, we can use the fact that we are on the event 2, to bound these quantities in a

34



way that is analogous to what is done in the proof of Lemma 2.5.6. Here we just write
down the bounds we get.

tr(DD") < vn \/|J1m2+NZAj and \|D||OP§M.

tr(Xs) tr(2z)

JEJ2
Then to conclude the proof, there only remains to take the right parameter ¢. O

Now that we have both Lemma 2.5.6 and Lemma 2.5.7 available to control | M ()|,
what remains to do is to choose A and [ to ensure that, in case 1., Q(3;) > |M(51)],
and in case 2., C(f1) > |[M(p1)|. This choice of parameters A and [J relies again on
being on the event €, to control Q(3;) and C(;) in a way that is similar to what is
done to control the various quantities in the proof of Lemma 2.5.6 and we do not go
into the details, since they do not contain any deep insight. One thing that is worth
mentioning is that to constrain the choice of J and A further, we first fix [J, and then
choose A so that /A = /tr(Xy)/n.

Bound on the overfitting component

The first thing is to write the crude upper bound

1252 (B = B3) 12 < 1125 Balla + 1125 B3 o, (2.15)

which indicates that we have no ambition to approximate 3; by f,, due to the fact that
Bz is the minimum /,-norm interpolator of X,3; + £, which we interpret as noise. The
quantity || 52 (By — B)]|2 is the price we pay for overfitting the data.

The strategy is more straightforward than for the prediction component. Neverthe-
less, it similarly relies on bounding a decomposition of ||Z§/ ?By |2 with high probabil-
ity. This decomposition is the following. Using the closed form solution of 3, from
Proposition 2.5.1, and denoting X, (X5X, )~ by A,

125 Balla = 11257 Aly — X082 = |27 AX1Bf + Xofs +€— XiB)lla (2.16)
<SPAXL(B; = B)lla + 125 AXoB5]lo + (|25 2 AL . (2.17)

Our goal is now to control the three quantities appearing in (2.17) separately. First
of all, we place define the high probability event 2, as the event onto which for all

v € R"Y,
1/2
12Xl < 6 <\/tr<z§> i ﬁannop) ol

It follows from a result that is similar to Dvoretzky-Milman theorem that 2; holds
with probability at least 1 — exp(—n) (see [LS22, Proposition 2]). For the remainder
of the proof sketch of the bound on the overfitting component, we place ourselves
on the high probability event {2y N €; where we have access to the same inequalities
as in the proof of the bound of the prediction component, on top of the control over

[ Zé/ X v||,. Without going into the algebraic details, this yields

VE(E) + 1 Sallo

tr(Eg)

1S5 2AX4 (8 — Bu)ll2 S ( 11288 — B1)l2- (2.18)
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Moreover, as shown in Lemma 2.5.6,

[RETEH [P

3v/n .
W 54253

holds with high probability by Bernstein’s inequality, which yields that the following
holds with high probability.

(VoD + Vilal,)

»2851,. 2.1
tr(22> || 2 /62”2 ( 9)

ISy 2AX585|2 <

Finally, using Borell-TIS theorem as in Lemma 2.5.7, we have that for all ¢ > 0,

|Dg]l2 < ve (V/o(DDT) + VA Dlloy) (220

holds with probability at least 1 —exp(—t/2), where D = E;/ ?A. Then in a similar fash-
ion as for Lemma 2.5.7, \/tr(DDT) and || D||,, can be bounded with high probability,
thanks to Bernstein’s inequality and Dvoretzky-Milman theorem, as follows.

n tr(33)
(tr(32))

By assembling the three bounds (2.18), (2.19), and (2.20), we get the bound on || E;/ *(Bo—
B3l

(DDT) < and D], < ( tr(23)+\/ﬁ||22||op>-

tr(3y)

End of proof of Theorem 2.5.5

The only thing that remains is to put the bounds on the prediction component and the
overfitting components together, and to choose a suitable parameter £ for the feature
space decomposition, as well as to choose the right parameter ¢ in (2.20).

We choose parameter k such that it satisfies

tI'(EQ)
||E2||0p7

n <

which makes Theorem 2.5.2 hold by the bound on Dvoretzky dimension of the el-
lipsoid given in Example 2.5.1. In particular, y/ntr(3%) < tr(X;). Furthermore, by
choosing t = ntr(X;)/ tr(3s), we get the result of Theorem 2.5.5, namely

e (BR,) N Hzl/z

k+1:p62+1:p
tr (Ek—l-l:p)

= (5-7)

SD—FU&

’2 - (2.21)

Remark 2.5.9. By choosing t differently in the pathological case mentioned in Remark
2.5.7, we recover the form [J must take in that case.
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Chapter 3

Towards a general treatment of Benign
Overfitting

This chapter is devoted to the presentation of tentative results towards a generaliza-
tion of the benign overfitting analysis in the context of minimum /,—norm interpola-
tors, for ¢ € [1,2) U (2, +oc]. It mainly consists in an effort of generalization of the
key results of [LS22] for the [,—norm. The main difficulties of this approach are the
absence of a closed-form solution for the minimum /,—norm interpolator, as well as
the identification of the best entanglement of (¥, 3) in an optimal basis. To circumvent
the first difficulty, we make use of Dvoretzky-Milman theorem to find an approximate
expression of the minimum /,—norm interpolator. Concerning the second difficulty,
we do not address it but we try to consider an unspecified basis as much as possible.
We also specifically look at the canonical basis and the basis formed by the eigenvalues
of the covariance matrix .

In the case of the [,—norm, for ¢ € [1,00],q # 2, the feature space decomposition
cannot be done so easily because we do not have access to the Pythagorean theorem.
What we can do however, is the following decomposition.

P k P
181G =181 =D 181"+ Y 181" = [ PraBlE + || PrsrBlI2, (3.1)
=1 =1

i=k+1

where P, is defined to be the orthogonal projection onto the first £ vectors of the
canonical basis, and Py, ., is the orthogonal projection onto the last p — k vectors of
the canonical basis. However, one major caveat of this approach is that our split no
longer occurs along the eigenvectors of the covariance matrix. Another idea would
be to assume [ is written in the eigenbasis already. In that case, we would obtain the
same decomposition as in equation (3.1) but the split would be performed along the
eigenvectors of the covariance matrix. In what follows, as long as we can afford to, we
assume that Py, and P, ., are orthogonal projection matrices that satisfy the relation
(3.1), without specifying their form.
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Notations

We denote Py..3 by B and Py11.,0 by Bit1,p, and in a similar way to what is done in
the previous chapter, we write

XB = X(Prk + Prr1p)B = XP1yf + XPyp1,,0 =: Xi8 + Xof.

3.1 Decomposition of the estimator for minimum /,— in-
terpolation

In this section, we attempt to achieve a decomposition of the estimator /3 in predic-
tion and overfitting components, analogous to what is performed in Proposition 2.5.1,
but for the minimum /,—norm interpolator. The minimum [,—norm interpolator is a
solution to the minimization problem

min | 5]fg. (3.2)
st. X =y (3.3)

Following the split done in (3.1), we start by doing the following.

arg min{ |5l : X5 =y} = arg mind[| Pl + 1 FeriBlly : X5 =y}
= arbg Rmin{”ﬁlzkﬂg + | Bes1plld - XaB + Xoff =y}
cRP

= argmin {817 + [|B2|T : X181 + X2 =y},
(B1,B2) ERP X RP

where in the last equality, one inequality is trivially true and for the other one, by
definition of X; and X5, the minimizers /5, and /5, must take values in range(P;.;), re-
spectively range(Py1.,) (Which are orthogonal subspaces of R”), or else they would
not minimize the /,—norm. This argument is similar to what we do in the proof of
Proposition 2.5.1. This allows us to decouple the minimization problem as in Proposi-
tion 2.5.1 and to optimize over 3, first. Given 5, € R? fixed,

Brp1p € arg minf|Bal|? - XoBo =y — X181}

B2ERP

Although in the I;—case, this problem is easy to solve since it admits a closed form
solution, it is not the case here. To simplify the notations, let y := y — X, 5;. We use the
dual formulation of the minimum norm interpolating problem, that we cover in detail
in B.2 and obtain the following.

; . _ iy — AN xT
Join {[|Ballq - XaoBz = §} = maxi(y,4) : [|1X; 9lly < 1},
where ¢’ is the Holder conjugate of ¢, that is % + 4 =1, and where we use the fact that

the dual /;,—norm is equal to the [, —norm (see Example B.1.2).
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In essence, our idea is to use Theorem 2.5.2 to transform the condition || X, 7|, < 1
into something more amenable.

First attempt
The first thing we may try is to do something similar to the proof of Corollary 2.5.3.
Consider the norm ||-|| := HEé/ % |ly/, then by definition of X5,

1X2 Ylle = 1G],

where G is a Gaussian matrix with i.i.d standard Gaussian entries. Hence, by Theorem
2.5.2,if n < kpad.(E; "/*BY), we have that with high probability,

1 1/2 3 2
5w (Z78) Il < 1XT 9y < \/;w (5:B1) I

Therefore,
max d (7,5 1l < /o ¥ < max {(r.5) ¢ XT3y < 1)
v€R™ ’ “ V3, (Z;/2B5> T yerr S 2=
i 1
<max ¢ (1,9) : [l £ V2———<
7 w(22 sz)
which yields the following,
Vil < max ) < 1Tl <1} € VE— il (34
= A ) : 2 g = = :
Sw(=y*BY) 1R w (3 B})

by noticing that the maximum on the left-hand side is achieved by the vector

. \/5 1 g
Y= Y ~
3w (2%”]35) 17112

and analogously, the maximum on the right-hand side is achieved by

1 y

F =2 LA
w (25/235) 1712

Therefore, (3.4) implies that with high probability,

1
min : X =gt =<
6261Rp{||52||q 22 =} <

|
— Ml = ———lly = Xi5l, (3.5)
w 2§/235> )

w (z;/QBg
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because the lower and upper bounds in Dvoretzky-Milman theorem can actually be
made arbitrarily tight as p goes to co. Thus, we can express the norm of the estimator

Brs1:p as a function of f; as follows. With high probability,

A 1
”5k+1:p”q = THZJ—XﬁlHQ, (3-6)
w (EQ 5)

Moreover, this leads the minimization problem (3.2) to take the form

1
4. e _ q q
suin {19117 X6 =y} = min, w@mBg)quy XuBulg + 16 (37)

:Wﬁ%{ny Xl +w (55°82) 161} 6.9)
W\ 29

The minimization problem on the right-hand side of the equation above is similar to
a regularized least squares minimization problem, apart from the fact that the least
squares term is raised to the power ¢g. Unfortunately, it is not possible to get rid of this
power ¢ since it is vital for the decomposition of the [,—norm of 5 into two compo-
nents. This prevents the use of results such as the one from Chinot in [Chil9] because
the loss does not satisfy the typical regularity conditions we would expect, specifically
in that case, because it is not Lipschitz. However, the function class we restrict to is
not a general convex set as in [Chil9] but consists only of linear functions, which may
facilitate the matter.

The approach taken in this first attempt seems interesting at first as it comes as a more
or less natural generalization of what is done in [LS22]. Indeed, in the paper of Lecué
etal., ¢ = ¢’ = 2, and that allows us to make the effective rank appear with the bounds
on the Dvoretzky dimension (see Example 2.5.1 and remark below). Furthermore, it

generalizes the observation in Remark 2.5.1 that /3,4 is approximately equal to

arg min (|ly — X163 + tr(Spr1p) 151]3)

B1ERP

as in that case, \/tr(Xy41,5)/2 < w(E,lﬂ/fl:pBg) < AV r(Zgt1p)-

However, this approach actually comes with caveats, and one of them is consider-

able. First of all, the Dvoretzky-Milman condition n < kpyd, (X5 1/ 2Bé’,) is difficult to
understand, because
1/2 1\ 2
w (3 By)

d (3, PB)y = ————
(2 ) diam (B?, 15)?

q/

and neither the Gaussian width, nor the diameter of the ellipsoid %y ng, are easy to
compute, as they involve the /,—norm. Indeed, the Gaussian width is given by

w(237By) = E sup (0,54 g) = B|I5 gl

veBY
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where g ~ N(0, I). Moreover, the diameter is given by

diam (B2, 15) =  sup  |[jv]fa.

—1/2
155 20llg<1

Secondly, since computing the Gaussian width of Eé/ ng is hard, it means that we do

not have access to the regularization parameter w(E;/ ZBg ).
The major drawback of this approach however, is the simple fact that the Gaussian

width of £}/ 28{; does not give in general a useful Dvoretzky regime. Indeed, for ¢ = 1
for example, in the case of /; —regularization, the Dvoretzky condition we would have
to satisfy is the too restrictive

n S log(p).

Second attempt

Another idea we explore, in order to avoid the impractical Dvoretzky condition from
the first attempt, is to use some localization argument to obtain another asymptotically
equivalent formulation of the minimization problem. This time we want to show with
the help of Dvoretzky-Milman theorem that with high probability,

1

gggg{m@ XS Al <13 = MHZ;H% 3.9)
where K, := BY N uBj is the intersection between the unitary /,—ball and an /,—ball
for some y that we define later. The use of the term ‘localization” must be understood
in the sense that we try to localize a certain vector with high probability in the set K,
instead of the whole [,—ball. As before, the right-hand side in (3.9) gives us an approxi-
mation of || x41,||4 in terms of 3; which provides an easier minimization problem akin
to a regularized least squares minimization problem in place of the minimum /,—norm
interpolation problem.
Let us explain how we arrive at the expression (3.9). We must take + as large as pos-
sible, with the added constraint that || X, v||, < 1. Therefore, we take some ~ that is
parallel to § and we want to argue that the maximizer is of the form

Ly
w(E) 19l

In order to do that, we must analyze the condition || X, ||, < 1. This time, we go one
level further than in the first attempt. Instead of using Dvoretzky-Milman theorem
immediately to make the constraint nicer, we are using it later. By the dual formulation
of the norm,

v o=

152 Yy = max(X, 7,b).
We would like to be able to localize the b that maximizes the quantity above in the
following way. We would like to say that the typical b actually lives in a possibly
much smaller space than BY. Therefore, we observe that

{yc IXT 1y < 1) € {’yr max <X;%b>§1},

beBYNuBY
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for any ;1 > 0. Hence, for any i > 0,

(00 13Tl < 1} < maxc{ 0| _max 07200 <1

Next, we use Dvoretzky-Milman theorem to control the quantity max,ecx, (X, 7, b).

gn;a{X<X2 7,0) = max(y, Xob) = max {y,n).

By Dvoretzky-Milman theorem (Theorem C.2.2), we have that with high probability,

Xoly = GO K, & w(Sy " K,) By (3.10)
and hence, when p tends to oo, with high probability,
ma .n) = ma ) = w /2 .
g o= max Gn) = 0@ Kl

Therefore, still with high probability,

1 .
1—/2H?JH2,

o\ /2
max {(v,7) : [|[XJ ]y <1 <maX{<%y>-w(21 K)hlzél}:
weRn{ 1 X5 Y]l <1} oK)l WK

€R”

which yields the high probability upper bound
ly — X152

Brrplly € ——75—
|| +1PHq w(E;/QK#)

In order for (3.10) to be correct, the Dvoretzky condition must hold, that is, we must
have

1/2
n< w(Zy Ky) .
~ diam(2y°K,,)
Observe that
. 1/2 1/2 1/2
diam (3, I5,,) = e [l = a5 b2 < (155 lop macxblls = s

Therefore, to ensure Dvoretzky condition is satisfied, we can enforce the stronger
condition " 12
Vi < w(Xy "K,) _ w(Xy K,

1522 llopse Akt

which can be equivalently stated as

)

_ w(3y’K,)

e Vi et

This provides a sophisticated constraint on the choice of 1, since i appears on both
sides of the expression. The idea would be to pick p that saturates Dvoretzky condi-
tion, that is, to take y such that

w(s,’K,) w(Kn

\/_\/ A1

However, there remains to find a matching lower bound, and this inevitably puts fur-
ther restrictions on the choice of localization parameter .

(3.11)
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Remark 3.1.1. As indicated in [Ver18, Exercise 7.5.4], it can also be shown that
w (2;/2}(#) < ||2§/2||0’pw (Ku) = VArw (K,) .

We need the matching lower bound

18119l > ly — Xa51 ]2,

w(Sy K,
to be able to conclude that, with high probability,

1

——lly — XiBi2-
1/2
w(%y?K,)

1Prsrpllg =

In order to find such a lower bound, we must tackle an issue that we initially
avoided when deriving the upper bound. Indeed, for a lower bound of this type to
hold, we need to relate the maximum over the /,—ball with the maximum under the
localization constraint in a precise manner. That is, we must actually choose ; such
that

max(X, v,b) = max (X, 7,b). (3.12)

beBY be BEnNuBY

For this equality to hold in general, we must pick p > ||b*(7)||2, where

b* () == arg max(X, 7, b).
beBY

However, this creates a dependence of ;1 on v. But then, if 1 depends on v, it means
that the localization we perform depends on 7 as well. To fix this issue, we define for
all suitable =,

() = (2, and = max{u(y) [ Xy Al < 1} (3.13)

Note that we can express b*(7y) in terms of X, and v, by arguing as in Example B.1.2.
For all 1 < i < p, define z; as follows.

-1
Zi = sgn((XQTy)Z-) ‘(XQTVMC] ;
where sgn denotes the sign function. Then

. 2
S Em
Unfortunately for us, the quantity /i still depends on the condition || X3 7|, < 1, so it
seems like we have just displaced the problem.
Another thing we could try is to not be aiming for the equality (3.12) to hold in general,
but only with high probability. By Borell-TIS, we can obtain that the maximum of the
Gaussian process

(X3 7,0)
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concentrates around its mean, that is, with high probability,

X3l = max(Xy'y,b) = Emax(Xy,b).

€eBl

Then, we can focus our attention on making the following equality hold with high
probability instead of (3.12).

Emax(X, 7,b) =E max (X, ~,b),

beBY be BINuBY
for a suitable p. This equality holds if

Elo* ()2 < w,
for all 4. Therefore we could adapt the definition of /i to become
i = max{B 6" (7)l2 : B Xy vl < 1} (3.14)

Or, going even further, exploiting the form of b* we could also assume that j(7)
must only fulfill

Elllzllg1u(y) = El[]2,

that is,
E[lz]2
wy) = =——-
]EHZHq’
and hence define
i = max{u(y) : E[ Xy 1y < 1} (3.15)

We are unable to find a way to guarantee that a /i defined as in (3.13), (3.14), or (3.15)
and that simultaneously fulfills Dvoretzky condition (3.11) exists at this moment. But,
assuming that such a fi exists, we would reach the goal of this section which is to get
that the following holds with high probability.

. 1
Hﬁk+1:qu = T’ly - XlﬁlHQ'
w(syK,,)

3.2 Control of the excess risk

In this section we assume that the [,—minimum norm interpolator asymptotically be-
haves like a ridge estimator as follows, for some suitable ; (assumed to exist).

. . 1
min {1813 X6 = v} = min { sl — X151 + 13113 (316
1

= ey n = sl +w (K I} Ga7)

We direct our focus on trying to show that the minimum /,—norm interpolator is close
enough to the true parameter 5%, and that its excess risk is small enough. In order
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to control the excess risk, we try to proceed as in the proof of Theorem 2.5.5. We
would like to confine the estimator /3; in a ball centered at the true parameter 37 whose
associated norm provides control on the excess risk. In order to do that, we attempt to
tind a decomposition of a certain function £ of 3, similar to the decomposition (2.11).
However, since we are working with the /[,—norm as well as expressions raised to the
power ¢, the decomposition we are looking for necessarily looks nothing like the one
in [LS22]. Let’s try to do this decomposition with the function

L(B1) = lly = X141l15 + w K BullE = (Ily — Xa85015 + w(E )55 N12) (3.18)

which would yield £(5;) < 0 by definition. We immediately notice that in order for
a term of the form ||3; — 37||7 to appear in our decomposition, we would need to use
very loose bounds such as

18 = Bil1§ = (1B2llg = 185 1l)* = 182G — N8BT3

Not only is this bound loose, but more importantly, in order to imitate the proof tech-
nique of [LS22], we need to find a decomposition that is an equality. It may be possible
to find ways to analyze the regularized least squares problem through the means of
the methods presented in [Chil9] and [Men14]. The results of the paper of Mendel-
son [Menl4] may be able to help us define a decomposition thanks to its minimal
assumptions on the loss. Indeed, its results do not rely on the traditional contraction
arguments that require a Lipschitz condition on the loss; it replaces it by asking for
a small-ball property. However, the paper of Mendelson is only concerned about the
setting with no regularization. The paper of Chinot deals with regularized empirical
risk minimization for a wide range of regularization functions but assumes a Lipschitz
condition on the loss, which is not satisfied in our setting. Regardless, the fact that the
terms in (3.18) are raised to the power ¢ simply does not allow us to express it in a way
that enables the use of the classical statistical framework of regularized empirical risk
minimization (RERM). Indeed,

n

/2
ly = XaAll3 = <Z (yi — <$i751>)2>

i=1

where z; denotes the i—th row of X;. However, in order for the problem to at least fit
the framework of RERM, we would need to get rid of the power ¢ to have the classical
term

lly — X1/51]|2s

in which case we would be in the setting of regularized least squares. We unfortu-
nately do not find a way to circumvent this major issue in our essay but there might
be other functions £ that would clear the problem.
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Chapter 4

Conclusion

In this essay, we reviewed the relatively new concept of benign overfitting and uncov-
ered the mechanisms that lie at the heart of this surprising phenomenon.

We first introduced the framework in which we examined benign overfitting and pro-
vided motivation for the study of this particular framework.

Then, we went through the main results of the papers in a chronological manner and
presented how they get proven by highlighting the important steps in the proofs. We
focused on the upper bounds on the excess risk of the minimum /;—norm interpolator
for the overparametrized linear regression problem, but the papers we studied also
provide lower bounds demonstrating the sharpness of the control they obtain, and the
paper [TB20] extends the results to the ridge regression setting. The papers [BLLT20]
and [TB20] rely on a bias-variance decomposition of the excess risk, whereas the pa-
per [LS22] takes an arguably more general approach, that is rooted in a geometric
understanding of Gaussian random matrices. At the heart of the three papers resides
the phenomenon of concentration of measures (see for example [Led01], [Ver18]) that
is exploited to yield control over random quantities with high probability.

Finally, we attempted to build upon the approach of [LS22] to generalize the analysis
of benign overfitting to the case of minimum /,—norm interpolators. Our core idea to
attack this problem was to use the fact that under Dvoretzky condition, the random
projection of the unit /[,—ball by a Gaussian matrix looks like the unit /;—ball thanks
to Dvoretzky-Milman theorem. Hence, even for the /,—norm, we expected the mini-
mum [,—norm interpolator to behave like an estimator for regularized least squares.
There were two major obstacles that we would need to overcome to bring this idea
to life. The first one was that, in order to leverage this property without imposing
a too restrictive Dvoretzky condition on n, we had to use a localization trick. As it
turned out, finding the right localization parameter p is challenging. We found condi-
tions that such a  needed to fulfill but we did not show that this i existed. The second
challenge was that, due to the impractical decomposition of the minimum /,—norm in-
terpolator into prediction and overfitting components, the resulting regularized min-
imization problem did not have a satisfactory form, as it resembled the problem of
regularized least squares but with the least squares term raised to the power ¢q. As
a result, it proved difficult to find some sort of ‘quadratic+multiplier+regularization’
decomposition, crucial for the idea behind the proof of [LS22] to be adapted. If we
were to investigate the generalization of benign overfitting in the context of minimum
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l;—norm interpolators further, these two issues are the ones we would need to tackle
tirst.

From the analysis made in [BLLT20], [TB20], and [LS22], we were able to convey why
the notion of benign overfitting does not contradict the traditional viewpoint on over-
fitting leading to poor generalization; rather, it enriches the picture by providing expla-
nations for linear regression models, and heuristics more generally, for the existence
of benign overfitting in particular regimes. Furthermore, in the work of Lecué et al.,
it is demonstrated that when the right conditions are aligned, benign overfitting takes
place with high probability and therefore we should expect to witness it consistently.
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Appendix A

Random variables and random vectors

This appendix is considerably influenced by Chapter 2 and 3 from the remarkable
book [Ver18].

A.1 Concentration of random variables

A11 Subgaussian random variables

As their name suggest, subgaussian random variables are dominated my Gaussian
random variables in some sense. Roughly speaking, the tail of a subgaussian random
variable is smaller than the tail of a Gaussian random variable. Therefore, subgaussian
random variables are at least as concentrated around their mean as Gaussian random
variables are. Let us first define the notion of subgaussian norm before we formally
introduce subgaussian random variables.

Definition A.1.1. The subgaussian norm ||-||;, on the space of subgaussian random
variables is defined as

| X ||, = inf {t > 0: Eexp(X?/t?) < 2}.

Definition A.1.2. A random variable X is subgaussian if it satisfies one of the follow-
ing equivalent properties:

i) P(IX|>1) <2exp(—ct’/||X||y,) forallt>0,
ii) [|X[|r < Ol X|ly,y/p  forallp >1,
iif) Eexp(X?/[X[[7,) <2,
iv) if EX = 0 then Eexp(AX) < exp(CA?||X][7,), forall X € R.

In the above, C, c are some absolute constants. Furthermore, up to absolute constant
factors, ||.X ||y, is the smallest possible number for which these inequalities are valid.

Example A.1.1. A Gaussian random variable X ~ N (0, o?), for some o > 0, is a subgaussian
random variable with || X ||, < Co.
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Example A.1.2. Given a random vector X = X, ..., Xn with c—subgaussian independent
entries, and a vector v € RY v X is a c;o0—subgaussian random variable, for some constant
c > 0.

Proof.

N N N
Eexp (\'X) =Eexp (AZUJ'XJ) = HEeXp(/\Uij> < HEeXp(/\2v]2~cla2)

J
< o Zv ) Eexp(Aei0?||v]]3).

]

Remark A.1.1. The smaller the subgaussian norm, the faster the tail of the distribution
decays and the smaller the variance of the distribution becomes.

A.1.2 Subexponential random variables

We now introduce a notion capturing the behaviour of distributions that have heavier
tail than the Gaussian distribution, but that still have thinner tails than the exponential
distribution. We first introduce the subexponential norm, which is analogous to the
subgaussian norm.

Definition A.1.3. The subexponential norm ||-||,;,, on the space of subexponential ran-
dom variables is defined as

| X |y, = inf{t > 0: Eexp(|X]/t) < 2}. (A.1)

Definition A.1.4. A random variable X is subexponential if it satisfies one of the fol-
lowing equivalent properties:

i) P(|X]>1t) <2exp(—ct/||X]ly,) forallt>0,
ii) || X < C|X|[y,p forallp >1,
iif) Eexp(|X[/[[X[ly,) <2,

iv) if EX = 0 then Eexp(AX) < exp(CA*||X||7,), forall X such that [A| < \X\M
In the above, C, c are some absolute constants. Furthermore, up to absolute constant
factors, || X ||, is the smallest possible number for which these inequalities are valid.

Remark A.1.2. A recurrent example of subexponential random variables that will be
relevant for us is given by the sum of squares of subgaussian random variables. It often
appears when we consider the squared norm of a random variable with subgaussian
entries. For example the y?—distribution is a subexponential distribution arising as
the squared norm of a Gaussian random vector.
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Lemma A.1.1. A random variable X is subgaussian if and only if X?* is subexponential.
Moreover,
XMl = 11X 11,

Proof. This can immediately be seen by comparing the definitions of subgaussian norm
and subexponential norm. O

Remark A.1.3. It can also easily be shown that if a random variable X is subexponential,
then sois X — EX and
HX - EXH% < C||X||¢1’

where C is an absolute constant.

A.1.3 Bernstein’s concentration inequality

Bernstein’s inequality illustrates the concentration phenomena in high dimension in
the case of subexponential random variables. Its proof relies on bounding the moment
generating function (MGF) of each random variable individually. In this subsection,
we will present a few different forms of Bernstein’s inequality that will be useful to
follow the proof of multiple results presented in our paper.

According to [Ver18, Theorem 2.8.1],

Theorem A.1.2 (Bernstein’s inequality). Let X1, ..., Xy be independent mean-zero subex-
ponential random variables. Then for every t > 0, we have

N
t? t
Py | X;| >t] <2exp | —cmin , , (A.2)
( Zl > < (ZiJ\LlHXinQ/;l max; ||Xi||¢1>>

where ¢ > 0 is an absolute constant.

Let us also write down another version of Bernstein’s inequality, [Verl8, Theorem
2.8.2] that is more adequate for the proof of Theorem 2.3.1.

Theorem A.1.3 (Bernstein’s inequality, alternative version). Let X, ..., Xy be indepen-
dent mean-zero subexponential random variables and let a = (ay ...,ax) € RY. Then for
every t > 0, we have

al 2 t
P a; X;| >t | <2exp| —cmin , ,
| Z | max;,|| X;||3, N a2’ max; || X[y, max; a;

= Z (A.3)

where ¢ > 0 is an absolute constant.

Corollary A.1.4. There exists an absolute constant ¢ > 0 such that, for any X,..., Xn
independent mean-zero o —subexponential random variables, any a = (a; ..., ay) € RY such
that ay > ... > ay > 0,and any s > 0, with probability at least 1 — 2e™?,

< comax | saq,

N
Z CLZ'XZ'
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Proof. Take s = cmin {t—QNam Uial} in Theorem A.1.3 and observe that

DY

A.2 Miscellaneous

Definition A.2.1. The covariance matrix of a random vector X € RP is defined as
cov(X) = E(X — u)(X — p)? = EXXT — puu” where i == EX. The second moment
matrix of a random vector X is defined as

N(X)=EXXT. (A4)

Remark A.2.1. We will often assume that the random vector X is centered (EX = 0) as
it is easy to go back to the general case from the centered case. Therefore, we will often
have that cov(X) = X(X) and for simplicity we will denote the covariance matrix of
X as ¥, when it is unambiguous.

Remark A.2.2. Note that the covariance matrix and the second moment matrix are pos-
itive semi-definite symmetric. Hence all their eigenvalues are non-negative.
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Appendix B

Dual formulation of minimization
problem

B.1 Dual norm

Definition B.1.1. Given a norm ||-|| on a Banach space X, we define the dual space X*
to be the space of continuous linear functionals X — R. Moreover, we define the dual
norm ||-||, : X* — R to be given by

[fll+ = sup [f ()],
reB

where B denotes the unit ball in X with respect to the norm ||-||.

Example B.1.1. Given a norm ||-|| on R?, (RP)* is the space of linear functionals R? — R. In
this case, one can observe that the linear functionals on RP can be characterized by vectors in
RP, that is, for any linear functional f on RP, there exists a unique vector y in R such that
forall z in R?, f(x) = y'x and thus (RP)* can be identified with RP. Moreover, with a slight
abuse of notations, the dual norm ||-||. : (R?) — R then becomes

1yl —bup!y x| =supy'z,
zeB

where B denotes the unit ball in R? with respect to the norm ||-||.

Example B.1.2. More generally, given real numbers p,,ps > 1 such that pl + = p =1, the
dual norm of the ["* —norm ||-||,, on R? is given by the [">—norm ||-||,, on RP. Moreover, the
dual norm of the 1°°—norm is the ' —norm, and vice-versa. Furthermore, the vector & € BY'
that achieves

(yllp)s = sup y'@ = [lyllp,

zeB),

is the following.
Forall 1 < i < p, define z; as follows.

‘P1—1

2 = sgn(yi) |y

where sgn denotes the sign function. Then T =

12115y
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Example B.1.3. Given |-y the *—norm on R? and a symmetric matrix T € RP*P, define the
norm ||-|| = ||T"-||2. Then its dual norm is given by ||-||. = [T~

Proof. Given a vector y in R?,

lyll« = sup (y,x) = sup (y, )

llz]| <1 ITz]|2<1
= sup <y,F_1F1’): sup (' 'y, Tz)
ITz[|2<1 ITz|l2<1

= sup (I' 'y, z) = [Ty,

[[z]l2<1
where the last equality holds by the dual characterization of the norm. O

In particular, we will use this result for positive definite diagonal matrices.

B.2 Derivation of the dual problem

Given a norm |-|| on R?, a matrix X € R"*? with independent rows with p > n, and
given vectors 3 € R? and y € R", the primal minimization problem we want to solve
is given by

min || (B.1)
st.Xp =y (B.2)

It can be stated as Lagrange dual maximization problem. We show what the dual
problem is and that the duality gap is zero, that is, the primal and dual problems are
equivalent.

In what follows, we more or less adapt the exposition in [CLvdG22, Proof of Lemma
221.
The Lagrangian is defined as

LR —R, (8,7)— L(B,y) =B+~ (X8 -1y).

The primal problem can be rewritten as

min max L(B,7), (B.3)
and the dual problem is given by

max min L(3,7) (B.4)

YER™ BeRP

Let us first rewrite the problem mingcgr £(3,v) in a more suitable form.

min £(6,7) = min (8]l +7" (X6 —y)) = —7'y —max ({8, ~X"7) —18l) ~ (BS)

BERP

where in the second equality we use the fact that (v,Xg) = (3,X"v). Now let us
introduce the notion of convex conjugate of a function.
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Definition B.2.1. Given a function f : R — R, the convex conjugate f* of f is defined
as

R — R,y f(y) = su]g((y,w) — f(x)). (B.6)
reRP

0 if § € B*,

400 otherwise,

where B* is unit the ball with respect to the dual norm. Indeed, by definition of the
dual norm and from the discussion in Example B.1.1,

Let us consider f(5) = ||3|, then f*(6) =

||5H* = SUP 5T‘r7
[lz]|<1

Thus if ||d]|. < 1,(d,z) < ||z| for all z in R? and in particular, for x = 0, (J,z) = 0,
which implies that f*(6) = 0. On the other hand, if ||J||. > 1, there exists = such that
|z|]| < 1and (0, z) > 1. Therefore, for all t > 0, f*(0) > (9, tx) — |[tx| = t((0,z)) — ||z,
and the right-hand side tends to infinity as ¢ goes to infinity.

Hence, (B.4) becomes

max(—y 'y — max (B, =X = 18ll), (B.7)
and from our analysis of the behaviour of the convex conjugate, we notice that the
dual problem becomes

max v 'y

yER™
st Xl <1

where ||-||. denotes the dual norm of ||-|| as defined in B.1. Therefore, by weak duality,
we have that the following holds.

min||fl| > max y'y

BERP yERR

st.Xp=y st X9, <1

Moreover, since by assumption, p > n and the rows of X are independent, the Moore-
Penrose pseudoinverse exists. This implies that Slater’s condition (see for example
subsection 5.2.3 in [BV04]) is fulfilled and that strong duality holds, that is, the primal
problem and the dual problem coincide. Therefore we obtain the following.

: _ T
gglﬁg“ﬂ” = max 7y

st.Xf=y st X9 <1
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Appendix C

Complexity measure and
Dvoretzky-Milman theorem

Most of the content of this appendix is drawn from the exposition in the book [Ver18].

C.1 Random processes

Definition C.1.1 (Random process). A random process is a family of random variables
(Xt)ier on the same probability space, indexed by the elements of some set 7.

Given a set 1" that indexes the random process (X;):cr, we can define the canonical
metric on T to be given by

d(t,s) = | X — Xl = (B(X, — X)) (C1)

There are two main quantities characterizing random processes, the covariance func-
tion X(s,t) and the increments || X; — X||2. These two quantities are related to one
another by the following relations

E(X, — X))V = (2(t, 1) — 25(t, s) + 2(s,5))"*  and

N(t, s) = i (E(X: — (—X,))*) —E(X; — X,)%)) Vt,seT.

C.1.1 Gaussian processes

A Gaussian process is a random process (X;); indexed by a set T" such that for every
finite subset Ty C T', (X})ser, is @ Gaussian random vector. The quintessential Gaussian
process is the canonical Gaussian process.

Definition C.1.2. The canonical Gaussian process is a Gaussian process of the form
Xt: <g,t>, tET,
where T is a subset of R and ¢ is a standard Gaussian random vector in R” .
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All Gaussian processes can be written in the form of a canonical Gaussian pro-
cess, because for any Gaussian random vector Y = (Y},...,Yxy), there exists points
t1,...,t, € RY such that Y and ({(g,t;))", have the same law, where g is a standard
Gaussian random vector in R”.

There is a wide range of tools to bound Gaussian processes, one of them being
the so-called Borell-TIS theorem. We give here a version corresponding to [Led01,
Theorem 7.1].

Theorem C.1.1. Let (G})ier be a centered Gaussian process indexed by a countable set T' such
that sup,cr Gy < 400 almost surely. Then

Esup Gy < 400,
teT

and for all r > 0,

P (sup Gy > Esup Gy + 7‘) < exp (—r2/202) ,

teT teT

where 0% = sup,.p E(G?) < +o0.

C.2 Gaussian width

The Gaussian width of a set 7" is a fundamental characteristic of the set, comparable in
informativeness with the volume or the surface area. It naturally arises as an overall
bound on the canonical Gaussian process on 7.

Definition C.2.1 (Gaussian width). The Gaussian width of a subset 7" C R" is defined
as
w(T) = Esuplg, ), (C2)

teT

where g is a standard Gaussian vector in R”.

It has strong properties of invariance and linearity directly coming from the invari-
ance properties of the normal distribution.

Stable dimension

The standard notion of dimension of a subset 7" of R" is very sensitive to small per-
turbations of the set 7. Imagine if 7" lives in a one-dimensional subspace of R", for
example imagine that it’s a collection of points on a line. Then, if T"is a set of data,
with some small measurement error (perturbation), maybe 7" would still be very close
to being enclosed in the line, its diameter and its Gaussian width would not change
much. However, its dimension would immediately jump from 1 to n with high prob-
ability, assuming that the noise is i.i.d. Gaussian for example. Therefore the usual
notion of dimension captures poorly the complexity of 7. That motivates the defini-
tion of stable dimension. This concept relies on a notion that is very closely related to
Gaussian width.
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Definition C.2.2. 1/2
hT) = (E sup(y, t>2) ) 3
teT

where ¢ is a standard Gaussian vector in R".
We have the following relationship between Gaussian width and this new quantity:

Theorem C.2.1.
2w(T) < h(T -T) <2Cw(T). (C.4)

Definition C.2.3 (Stable dimension). For a bounded subset 7" in R", the stable dimen-

sion is defined as WT — T)? (T)2
— w
d(T) = a7~ Fam(TT (C.5)

Let us give a statement of Dvoretzky-Milman theorem, following the exposition
of [Ver18, Theorem 11.3.3]

Theorem C.2.2. Let G be an n x p Gaussian random matrix with i.i.d. N(0,1) entries, let
T C RP be a bounded set, and let € € (0,1). Suppose that

_w(Ty
"= diam(T)

for some constant c. Then with high probability,
(1 —€e)w(T)BY C conv(GT) C (1+ e)w(T)BS,
where conv(GT') denotes the convex hull of the set GT.

There are multiple proofs of Theorem C.2.2, and the approach chosen in [Ver18]
is to prove it via a two-sided Chevet’s inequality that is obtained through the tools
provided by generic chaining and Talagrand’s majorizing theorem.
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