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The remarkable practical success of deep learning has revealed some major surprises
from a theoretical perspective. In particular, simple gradient methods easily find
near-optimal solutions to non-convex optimization problems, and despite giving a
near-perfect fit to training data without any explicit effort to control model complexity,
these methods exhibit excellent predictive accuracy. We conjecture that specific prin-
ciples underlie these phenomena: that overparametrization allows gradient methods
to find interpolating solutions, that these methods implicitly impose regularization,
and that overparametrization leads to benign overfitting, that is, accurate predictions
despite overfitting training data. In this article, we survey recent progress in statist-
ical learning theory that provides examples illustrating these principles in simpler
settings. We first review classical uniform convergence results and why they fall short
of explaining aspects of the behaviour of deep learning methods. We give examples
of implicit regularization in simple settings, where gradient methods lead to minimal
norm functions that perfectly fit the training data. Then we review prediction methods
that exhibit benign overfitting, focusing on regression problems with quadratic loss.
For these methods, we can decompose the prediction rule into a simple component
that is useful for prediction and a spiky component that is useful for overfitting but,
in a favourable setting, does not harm prediction accuracy. We focus specifically
on the linear regime for neural networks, where the network can be approximated
by a linear model. In this regime, we demonstrate the success of gradient flow, and
we consider benign overfitting with two-layer networks, giving an exact asymptotic
analysis that precisely demonstrates the impact of overparametrization. We conclude
by highlighting the key challenges that arise in extending these insights to realistic
deep learning settings.
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1. Introduction

The past decade has witnessed dramatic advances in machine learning that have
led to major breakthroughs in computer vision, speech recognition and robotics.
These achievements are based on a powerful and diverse toolbox of techniques and
algorithms that now bears the name ‘deep learning’; see, for example, Goodfellow,
Bengio and Courville (2016). Deep learning has evolved from the decades-old
methodology of neural networks: circuits of parametrized nonlinear functions,
trained by gradient-based methods. Practitioners have made major architectural
and algorithmic innovations, and have exploited technological advances, such as
increased computing power, distributed computing architectures and the availability
of large amounts of digitized data. The 2018 Turing Award celebrated these
advances, a reflection of their enormous impact (LeCun, Bengio and Hinton 2015).

Broadly interpreted, deep learning can be viewed as a family of highly nonlinear
statistical models that are able to encode highly non-trivial representations of data.
A prototypical example is a feed-forward neural network with L layers, which is a
parametrized family of functions x +— f(x; ) defined on R by

fx;0) :=0c,Wrop-1(Wp_y---o(Wix)--+)), (1.1)

where the parameters are 8 = (Wy,..., W) with W; € Ré*di-1 and dy = d,
and 07: R% — R% are fixed nonlinearities, called activation functions. Given a
training sample (x1, y1), ..., (X, ¥,) € RY x R the parameters @ are typically
chosen by a gradient method to minimize the empirical risk,

- 1 &
LO) := = > L(f(xi:0), ),
=
where { is a suitable loss function. The aim is to ensure that this model generalizes
well, in the sense that f(x; @) is an accurate prediction of y on a subsequent (x, y)

pair. Itis important to emphasize that deep learning is a data-driven approach: these
are rich but generic models, and the architecture, parametrization and nonlinearities
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are typically chosen without reference to a specific model for the process generating
the data.

While deep learning has been hugely successful in the hands of practitioners,
there are significant gaps in our understanding of what makes these methods suc-
cessful. Indeed, deep learning reveals some major surprises from a theoretical
perspective: deep learning methods can find near-optimal solutions to highly non-
convex empirical risk minimization problems, solutions that give a near-perfect
fit to noisy training data, but despite making no explicit effort to control model
complexity, these methods lead to excellent prediction performance in practice.

To put these properties in perspective, it is helpful to recall the three competing
goals that statistical prediction methods must balance: they require expressivity,
to allow the richness of real data to be effectively modelled; they must control
statistical complexity, to make the best use of limited training data; and they must
be computationally efficient. The classical approach to managing this trade-off in-
volves a rich, high-dimensional model, combined with some kind of regularization,
which encourages simple models but allows more complexity if that is warranted by
the data. In particular, complexity is controlled so that performance on the training
data, that is, the empirical risk, is representative of performance on independent test
data, specifically so that the function class is simple enough that sample averages
L(8) converge to expectations L(0) := E{(f(x; ), y) uniformly across the function
class. And prediction methods are typically formulated as convex optimization
problems — for example with a convex loss £ and parameters 6 that enter linearly —
which can be solved efficiently.

The deep learning revolution built on two surprising empirical discoveries that
are suggestive of radically different ways of managing these trade-offs. First, deep
learning exploits rich and expressive models, with many parameters, and the prob-
lem of optimizing the fit to the training data appears to simplify dramatically when
the function class is rich enough, that is, when it is sufficiently overparametrized.
In this regime, simple, local optimization approaches, variants of stochastic gradi-
ent methods, are extraordinarily successful at finding near-optimal fits to training
data, even though the nonlinear parametrization — see equation (1.1) — implies that
the optimization problems that these simple methods solve are notoriously non-
convex. A posteriori, the idea that overparametrization could lead to tractability
might seem natural, but it would have seemed completely foolish from the point
of view of classical learning theory: the resulting models are outside the realm of
uniform convergence, and therefore should not be expected to generalize well.

The second surprising empirical discovery was that these models are indeed
outside the realm of uniform convergence. They are enormously complex, with
many parameters, they are trained with no explicit regularization to control their
statistical complexity, and they typically exhibit a near-perfect fit to noisy training
data, that is, empirical risk close to zero. Nonetheless this overfitting is benign, in
that they produce excellent prediction performance in a number of settings. Benign
overfitting appears to contradict accepted statistical wisdom, which insists on a
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trade-off between the complexity of a model and its fit to the data. Indeed, the
rule of thumb that models fitting noisy data too well will not generalize is found
in most classical texts on statistics and machine learning (Hastie, Tibshirani and
Friedman 2001, Wasserman 2013). This viewpoint has become so prevalent that
the word ‘overfitting” is often taken to mean both fitting data better than should
be expected and also giving poor predictive accuracy as a consequence. In this
paper, we use the literal meaning of the word ‘overfitting’; deep learning practice
has demonstrated that poor predictive accuracy is not an inevitable consequence.

This paper reviews some initial steps towards understanding these two surprising
aspects of the success of deep learning. We have two working hypotheses.

Tractability via overparametrization. Classically, tractable statistical learning
is achieved by restricting to linearly parametrized classes of functions and convex
objectives. A fundamentally new principle appears to be at work in deep learning.
Although the objective is highly non-convex, we conjecture that the hardness of
the optimization problem depends on the relationship between the dimension of
the parameter space (the number of optimization variables) and the sample size
(which, when we aim for a near-perfect fit to training data, we can think of as the
number of constraints), that is, tractability is achieved if and only if we choose a
model that is sufficiently under-constrained or, equivalently, overparametrized.

Generalization via implicit regularization. Even if overparametrized models
simplify the optimization task, classically we would have believed that good gen-
eralization properties would be restricted to either an underparametrized regime
or a suitably regularized regime. Statistical wisdom suggests that a method that
takes advantage of too many degrees of freedom by perfectly interpolating noisy
training data will be poor at predicting new outcomes. In deep learning, train-
ing algorithms appear to induce a bias that breaks the equivalence among all the
models that interpolate the observed data. Because these models interpolate noisy
data, the classical statistical perspective would suggest that this bias cannot provide
sufficient regularization to give good generalization, but in practice it does. We
conjecture that deep learning models can be decomposed into a low-complexity
component for which classical uniform convergence occurs, and a high-complexity
component that enables a perfect fit to training data, and if the model is suitably
overparametrized, this perfect fit does not have a significant impact on prediction
accuracy.

As we shall see, both of these hypotheses are supported by results in specific
scenarios, but there are many intriguing open questions in extending these results
to realistic deep learning settings.

It is worth noting that none of the results that we review here make a case for
any optimization or generalization benefits of increasing depth in deep learning.
Although it is not the focus here, another important aspect of deep learning con-
cerns how deep neural networks can effectively and parsimoniously express natural
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functions that are well matched to the data that arise in practice. It seems likely
that depth is crucial for these issues of expressivity.

1.1. Overview

Section 2 starts by reviewing some results from classical statistical learning theory
that are relevant to the problem of prediction with deep neural networks. Itdescribes
an explicit probabilistic formulation of prediction problems. Consistent with the
data-driven perspective of deep learning, this formulation assumes little more than
that the (x, y) pairs are sampled independently from a fixed probability distribution.
We explain the role played by uniform bounds on deviations between risk and
empirical risk,

sup |L(f) — L(f)],
feF

in the analysis of the generalization question for functions chosen from a class
JF. We show how a partition of a rich function class F into a complexity hier-
archy allows regularization methods that balance the statistical complexity and the
empirical risk to enjoy the best bounds on generalization implied by the uniform
convergence results. We consider consequences of these results for general pat-
tern classification problems, for easier ‘large margin’ classification problems and
for regression problems, and we give some specific examples of risk bounds for
feed-forward networks. Finally, we consider the implications of these results for
benign overfitting: If an algorithm chooses an interpolating function to minimize
some notion of complexity, what do the uniform convergence results imply about
its performance? We see that there are very specific barriers to analysis of this
kind in the overfitting regime; an analysis of benign overfitting must make stronger
assumptions about the process that generates the data.

In Section 3 we review results on the implicit regularization that is imposed by
the algorithmic approach ubiquitous in deep learning: gradient methods. We see
examples of function classes and loss functions where gradient methods, suitably
initialized, return the empirical risk minimizers that minimize certain parameter
norms. While all of these examples involve parametrizations of linear functions
with convex losses, we shall see in Section 5 that this linear/convex viewpoint can
be important for non-convex optimization problems that arise in neural network
settings.

Section 4 reviews analyses of benign overfitting. We consider extreme cases of
overfitting, where the prediction rule gives a perfect interpolating fit to noisy data.
In all the cases that we review where this gives good predictive accuracy, we can
view the predlctlon rule as a linear combination of two components: f fo + A.
The first, fo, is a simple component that is useful for prediction, and the second, A,
is a spiky component that is useful for overfitting. Classical statistical theory ex-
plains the good predictive accuracy of the simple component. The other component
is not useful for prediction, but equally it is not harmful for prediction. The first
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example we consider is the classical Nadaraya—Watson kernel smoothing method
with somewhat strange, singular kernels, which lead to an interpolating solution
that, for a suitable choice of the kernel bandwidth, enjoys minimax estimation rates.
In this case, we can view f(; as the prediction of a standard kernel smoothing method
and A as a spiky component that is harmless for prediction but allows interpola-
tion. The other examples we consider are for high-dimensional linear regression.
Here, ‘linear’ means linearly parametrized, which of course allows for the richness
of highly nonlinear features, for instance the infinite-dimensional feature vectors
that arise in reproducing kernel Hilbert spaces (RKHSs). Motivated by the results
of Section 3, we study the behaviour of the minimum norm interpolating linear
function. We see that it can be decomposed into a prediction component and an
overfitting component, with the split determined by the eigenvalues of the data
covariance matrix. The prediction component corresponds to a high-variance sub-
space and the overfitting component to the orthogonal, low-variance subspace. For
sub-Gaussian features, benign overfitting occurs if and only if the high-variance
subspace is low-dimensional (that is, the prediction component is simple enough
for the corresponding subspace of functions to exhibit uniform convergence) and
the low-variance subspace has high effective dimension and suitably low energy.
In that case, we see a self-induced regularization: the projection of the data on the
low-variance subspace is well-conditioned, just as it would be if a certain level of
statistical regularization were imposed, so that even though this subspace allows
interpolation, it does not significantly deteriorate the predictive accuracy. (Notice
that this self-induced regularization is a consequence of the decay of eigenvalues
of the covariance matrix, and should not be confused with the implicit regulariza-
tion, which is a consequence of the gradient optimization method and leads to the
minimum norm interpolant.) Using direct arguments that avoid the sub-Gaussian
assumption, we see similar behaviour of the minimum norm interpolant in certain
infinite-dimensional RKHSs, including an example of an RKHS with fixed input
dimension where benign overfitting cannot occur and examples of RKHSs where it
does occur for suitably increasing input dimension, again corresponding to decom-
positions into a simple subspace — in this case, a subspace of polynomials, with
dimension low enough for uniform convergence — and a complex high-dimensional
orthogonal subspace that allows benign overfitting.

In Section 5 we consider a specific regime where overparametrization allows a
non-convex empirical risk minimization problem to be solved efficiently by gradient
methods: a linear regime, in which a parametrized function can be accurately
approximated by its linearization about an initial parameter vector. For a suitable
parametrization and initialization, we see that a gradient method remains in the
linear regime, enjoys linear convergence of the empirical risk, and leads to a solution
whose predictions are well approximated by the linearization at the initialization. In
the case of two-layer networks, suitably large overparametrization and initialization
suffice. On the other hand, the mean-field limit for wide two-layer networks, a limit
that corresponds to a smaller — and perhaps more realistic — initialization, exhibits
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an essentially different behaviour, highlighting the need to extend our understanding
beyond linear models.

Section 6 returns to benign overfitting, focusing on the linear regime for two
specific families of two-layer networks: a random features model, with randomly
initialized first-layer parameters that remain constant throughout training, and a
neural tangent model, corresponding to the linearization about a random initial-
ization. Again, we see decompositions into a simple subspace (of low-degree
polynomials) that is useful for prediction and a complex orthogonal subspace that
allows interpolation without significantly harming prediction accuracy.

Section 7 outlines future directions. Specifically, for the two working hypotheses
of tractability via overparametrization and generalization via implicit regulariza-
tion, this section summarizes the insights from the examples that we have reviewed
— mechanisms for implicit regularization, the role of dimension, decompositions
into prediction and overfitting components, data-adaptive choices of these decom-
positions, and the tractability benefits of overparametrization. It also speculates on
how these might extend to realistic deep learning settings.

2. Generalization and uniform convergence

This section reviews uniform convergence results from statistical learning theory
and their implications for prediction with rich families of functions, such as those
computed by neural networks. In classical statistical analyses, it is common to posit
a specific probabilistic model for the process generating the data and to estimate the
parameters of that model; see, for example, Bickel and Doksum (2007). In contrast,
the approach in this section is motivated by viewing neural networks as defining
rich, flexible families of functions that are useful for prediction in a broad range of
settings. We make only weak assumptions about the process generating the data,
for example that it is sampled independently from an unknown distribution, and we
aim for the best prediction accuracy.

2.1. Preliminaries

Consider a prediction problem in a probabilistic setting, where we aim to use data to
find a function f mapping from an input space X" (for example, a representation of
images) to an output space ) (for example, a finite set of labels for those images).
We measure the quality of the predictions that f: X — ) makes on an (x,y)
pair using the loss ¢(f(x), y), which represents the cost of predicting f(x) when
the actual outcome is y. For example, if f(x) and y are real-valued, we might
consider the square loss, £(f(x),y) = (f(x) — y)2. We assume that we have access
to a training sample of input—output pairs (x1, y1), ..., (Xn yn) € X X Y, chosen
independently from a probability distribution P on X x ). These data are used to
choose f: X — )Y, and we would like fto give good predictions of the relationship
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between subsequent (x, y) pairs in the sense that the risk of f denoted

L(f) := BO(f(x), y),

is small, where (x,y) ~ P and E denotes expectation (and if f is random, for
instance because it is chosen based on random training data, we use L(f) to denote
the conditional expectation given f) We are interested in ensuring that the excess
risk of f,

L(f) - inf Lf),

is close to zero, where the infimum is over all measurable functions. Notice that
we assume only that (x, y) pairs are independent and identically distributed; in
particular, we do not assume any functional relationship between x and y.

Suppose that we choose f from a set of functions F C Y*. For instance,
JF might be the set of functions computed by a deep network with a particular
architecture and with particular constraints on the parameters in the network. A
natural approach to using the sample to choose fis to minimize the empirical risk
over the class F. Define

form € argmin L(f), 2.1)
feF

where the empirical risk,
- 1 &
L(f) =~ Z CCFGe, i),
1=

is the expectation of the loss under the empirical distribution defined by the sample.
Often, we consider classes of functions x — f(x;#) parametrized by 6, and we
use L(6) and L(0) to denote L(f(-;0)) and L(f( 9)), respectlvely

We can split the excess risk of the empirical risk minimizer ferm into two com-
ponents,

L(Fem) = inf L() = (LCzem) = inf L)) + (inf L) ~inf L(). 22)

the second reflecting how well functions in the class F can approximate an optimal
prediction rule and the first reflecting the statistical cost of estimating such a
prediction rule from the finite sample. For a more complex function class F,
we should expect the approximation error to decrease and the estimation error to
increase. We focus on the estimation error, and on controlling it using uniform
laws of large numbers.

2.2. Uniform laws of large numbers

Without any essential loss of generality, suppose that a minimizer

fr € argmin L(f)
feF
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exists. Then we can split the estimation error of an empirical risk minimizer ];;rm
defined in (2.1) into three components:

L(ferm) — ;Ielg-' L(f)

= L(form) — L(f)
= [L(form) = L(ferm)] + [L(form) = L] + [L(f2) = L] (23)

The second term cannot be positive since ﬁrm minimizes empirical risk. The
third term converges to zero by the law of large numbers (and if the random
variable €(f(x), y) is sub-Gaussian, then with probability exponentially close to
1 this term is O(n~'/?); see, for example, Boucheron, Lugosi and Massart (2013,
Chapter 2) and Vershynin (2018) for the definition of sub-Gaussian and for a review
of concentration inequalities of this kind). The first term is more interesting. Since
ﬁrm is chosen using the data, Z( f;rm) is a biased estimate of L(f;rm), and so we
cannot simply apply a law of large numbers. One approach is to use the crude
upper bound

L(form) = L(form) < sup IL(f) = L(f)l, (2.4)

and hence bound the estimation error in terms of this uniform bound. The following

theorem shows that such uniform bounds on deviations between expectations and

sample averages are intimately related to a notion of complexity of the loss class

{r = {(x,y) = €(f(x),y): f € F} known as the Rademacher complexity. For a

probability distribution P on a measurable space Z, a sample z1,...,2, ~Panda

function class G ¢ R?, define the Rademacher complexity of G as

1 n

p Z €8(z;)
i=1

R, (G) := Esup
g€y

’

where €1, . .., €, € {£1} are independent and uniformly distributed.

Theorem 2.1. For any G C [0, 1]® and any probability distribution P on Z,

1 log 2 =~
SRu(G) - \/% < Esup [Eg - Bg| < 2R.(G),

Y
where ]Eg =n! -, 8(zi)and z1, . .., z, are chosen i.i.d. according to P. Further-
more, with probability at least 1 — 2 exp(—262n) OVer Zi,...,2Zn,

Esup |Eg — Eg| — € < sup |Eg — Eg| < Esup [Eg — Eg| +e.
g€g geg geg

Thus R,(G) — 0 if and only if SUP, g |Eg — Eg| 0.

See Koltchinskii and Panchenko (2000), Koltchinskii (2001), Bartlett, Boucheron
and Lugosi (2002), Bartlett and Mendelson (2002) and Koltchinskii (2006). This
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theorem shows that for bounded losses, a uniform bound

sup [L(f) = L(f)]
feF

on the maximal deviations between risks and empirical risks of any f in F is tightly
concentrated around its expectation, which is close to the Rademacher complexity
R, (€r). Thus we can bound the excess risk of ﬁ;rm in terms of the sum of the
approximation error infsex L(f) — infy L(f) and this bound on the estimation
error.

2.3. Faster rates

Although the approach (2.4) of bounding the deviation between the risk and em-
pirical risk of ﬁrm by the maximum for any f € F of this deviation appears to be
very coarse, there are many situations where it cannot be improved by more than
a constant factor without stronger assumptions (we will see examples later in this
section). However, there are situations where it can be significantly improved. As
an illustration, provided . contains functions f for which the variance of £( f(x), y)
is positive, it is easy to see that R,({r) = Q(n~'72). Thus the best bound on the
estimation error implied by Theorem 2.1 must go to zero no faster than n~'/2, but it
is possible for the risk of the empirical minimizer to converge to the optimal value
L(f7) faster than this. For example, when F is suitably simple, this occurs for a
non-negative bounded loss, £: ) x ) — [0, 1], when there is a function f; in F
that gives perfect predictions, in the sense that almost surely £(f~(x),y) = 0. In
that case, the following theorem is an example that gives a faster rate in terms of
the worst-case empirical Rademacher complexity,
n

%Zfif(xi)

i=1

R,(F)= sup E

X1,..0Xp €X

sup
feF

X1,...,Xn]l.

Notice that, for any probability distribution on X, R,(F) < R, (F).

Theorem 2.2. There is a constant ¢ > 0 such that for a bounded function class
F c [-1,1]%, for €(3, y) = (¥ — y)* and for any distribution P on X’ x [~1, 1], with
probability at least 1 — ¢, a sample (x1, y1), . . ., (X5, yn) satisfies for all f € F,

7 5 log(1/6
L(F) < (1 + OL(f) + cllog ny* R(F) + S1081/0)
n
In particular, when L(f7) = 0, the empirical minimizer has Z( ﬁrm) =0, and so

with high probability, L(form) = O(R2(F)), which can be as small as O(1/n) for a
suitably simple class F.

Typically, faster rates like these arise when the variance of the excess loss is
bounded in terms of its expectation, for instance

E[E(f(x),y) = ((f£), )P < CEIE(f(x), y) = €(f5(x), p)]-
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For a bounded non-negative loss with L(f7) = 0, this so-called Bernstein property
is immediate, and it has been exploited in that case to give fast rates for predic-
tion with binary-valued (Vapnik and Chervonenkis 1971, 1974) and real-valued
(Haussler 1992, Pollard 1995, Bartlett and Lugosi 1999) function classes. The-
orem 2.2, which follows from Srebro, Sridharan and Tewari (2010, Theorem 1) and
the AM-GM inequality,' relies on the smoothness of the quadratic loss to give a
bound for that case in terms of the worst-case empirical Rademacher complexity.
There has been a significant body of related work over the last thirty years. First, for
quadratic loss in this well-specified setting, that is, when f*(x) = E[y|x] belongs
to the class F, faster rates have been obtained even without L(f*) = 0 (van de
Geer 1990). Second, the Bernstein property can occur without the minimizer of
L being in F; indeed, it arises for convex JF with quadratic loss (Lee, Bartlett and
Williamson 1996) or more generally strongly convex losses (Mendelson 2002),
and this has been exploited to give fast rates based on several other notions of
complexity (Bartlett, Bousquet and Mendelson 2005, Koltchinskii 2006, Liang,
Rakhlin and Sridharan 2015). Recent techniques (Mendelson 2021) eschew con-
centration bounds and hence give weaker conditions for convergence of L(f;rm) to
L( f}), without the requirement that the random variables €( f (x), y) have light tails.
Finally, while we have defined F as the class of functions used by the prediction
method, if it is viewed instead as the benchmark (that is, the aim is to predict almost
as well as the best function in JF, but the prediction method can choose a predic-
tion rule fthat is not necessarily in ), then similar fast rates are possible under
even weaker conditions, but the prediction method must be more complicated than
empirical risk minimization; see Rakhlin, Sridharan and Tsybakov (2017).

2.4. Complexity regularization

The results we have seen give bounds on the excess risk of ﬁrm in terms of a sum
of approximation error and a bound on the estimation error that depends on the
complexity of the function class F. Rather than choosing the complexity of the
function class F in advance, we could instead split a rich class F into a complexity
hierarchy and choose the appropriate complexity based on the data, with the aim of
managing this approximation—estimation trade-off. We might define subsets ;- of
arich class F, indexed by a complexity parameter r. We call each F. a complexity
class, and we say that it has complexity r.

There are many classical examples of this approach. For instance, support vector
machines (SVMs) (Cortes and Vapnik 1995) use a reproducing kernel Hilbert space
(RKHS) H, and the complexity class ;. is the subset of functions in 7 with RKHS
norm no more than r. As another example, Lasso (Tibshirani 1996) uses the set
JF of linear functions on a high-dimensional space, with the complexity classes F;

! The exponent on the log factor in Theorem 2.2 is larger than the result in the cited reference; any
exponent larger than 3 suffices. See Rudelson and Vershynin (2006, equation (1.4)).
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defined by the ¢;-norm of the parameter vector. Both SVMs and Lasso manage the
approximation—estimation trade-off by balancing the complexity of the prediction
rule and its fit to the training data: they minimize a combination of empirical risk
and some increasing function of the complexity r.

The following theorem gives an illustration of the effectiveness of this kind of
complexity regularization. In the first part of the theorem, the complexity penalty
for a complexity class is a uniform bound on deviations between expectations and
sample averages for that class. We have seen that uniform deviation bounds of this
kind imply upper bounds on the excess risk of the empirical risk minimizer in the
class. In the second part of the theorem, the complexity penalty appears in the
upper bounds on excess risk that arise in settings where faster rates are possible.
In both cases, the theorem shows that when the bounds hold, choosing the best
penalized empirical risk minimizer in the complexity hierarchy leads to the best of
these upper bounds.

Theorem 2.3. For each F. C F, define an empirical risk minimizer

fi., € argmin Z(f).
fer,

Among these, select the one with complexity 7 that gives an optimal balance
between the empirical risk and a complexity penalty p,:

f= fer;m, 7 € argmin (Z(f;m) + pr)- (2.5)
r
(1) In the event that the complexity penalties are uniform deviation bounds:
forall r, sup |L(f) - Z(f)| < Prs (2.6)
fer

then we have the oracle inequality
L(f)—infL s'f<'fL —inf L +2,). 2.7
) in (f) <in il (f) in (fH)+2p (2.7

(2) Suppose that the complexity classes and penalties are ordered, that is,
r < s implies F. C F; and p, < py,

and fix f € argmingcz, L(f). In the event that the complexity penalties
satisfy the uniform relative deviation bounds

forall r,  sup (L(f) = LU - 2L - LU < 2p, /7

- ~ (2.8)
and fSll]}g (L(f) = L(fD) = 2(L(f) = L) < 2pr [T,
then we have the oracle inequality
L() = inf L(f) < inf ( Jnf L(f)=inf L(f) + ). Q9
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These are called oracle inequalities because (2.7) (respectively (2.9)) gives the
error bound that follows from the best of the uniform bounds (2.6) (respectively
(2.8)), as if we have access to an oracle who knows the complexity that gives
the best bound. The proof of the first part is a straightforward application of the
same decomposition as (2.3); see, for example, Bartlett ef al. (2002). The proof
of the second part, which allows significantly smaller penalties p, when faster
rates are possible, is also elementary; see Bartlett (2008). In both cases, the broad
approach to managing the trade-off between approximation error and estimation
error is qualitatively the same: having identified a complexity hierarchy {F,}
with corresponding excess risk bounds p,, these results show the effectiveness of
choosing from the hierarchy a function f that balances the complexity penalty p,
with the fit to the training data Z(f;’rm).

Later in this section we will see examples of upper bounds on estimation error
for neural network classes F, indexed by a complexity parameter » that depends
on properties of the network, such as the size of the parameters. Thus a prediction
method that trades off the fit to the training data with these measures of complexity
would satisfy an oracle inequality.

2.5. Computational complexity of empirical risk minimization

To this point, we have considered the statistical performance of the empirical risk
minimizer f;rm without considering the computational cost of solving this optimiz-
ation problem. The classical cases where it can be solved efficiently involve linearly
parametrized function classes, convex losses and convex complexity penalties, so
that penalized empirical risk minimization is a convex optimization problem. For
instance, SVMs exploit a linear function class (an RKHS, ), a convex loss,

((f(x),y) =1 =yf(x))v0 for f: X > Randye {1},
and a convex complexity penalty,

Fo=AfeH: fllu<ry pr=r/vn,

and choosing f according to (2.5) corresponds to solving a quadratic program.
Similarly, Lasso involves linear functions on R¢, quadratic loss and a convex
penalty,

Fr={x=>x.B): Bl <}, pr=rylog(d)/n.

Again, minimizing complexity-penalized empirical risk corresponds to solving a
quadratic program.

On the other hand, the optimization problems that arise in a classification setting,
where functions map to a discrete set, have a combinatorial flavour, and are often
computationally hard in the worst case. For instance, empirical risk minimization
over the set of linear classifiers

F = {x — sign((w, x)): w € R%}
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is NP-hard (Johnson and Preparata 1978, Garey and Johnson 1979). In contrast, if
there is a function in this class that classifies all of the training data correctly, finding
an empirical risk minimizer is equivalent to solving a linear program, which can
be solved efficiently. Another approach to simplifying the algorithmic challenge
of empirical risk minimization is to replace the discrete loss for this family of
thresholded linear functions with a surrogate convex loss for the family of linear
functions. This is the approach used in SVMs: replacing a non-convex loss with a
convex loss allows for computational efficiency, even when there is no thresholded
linear function that classifies all of the training data correctly.

However, the corresponding optimization problems for neural networks appear
to be more difficult. Even when Z( f;rm) = 0, various natural empirical risk
minimization problems over families of neural networks are NP-hard (Judd 1990,
Blum and Rivest 1992, DasGupta, Siegelmann and Sontag 1995), and this is still
true even for convex losses (Vu 1997, Bartlett and Ben-David 2002).

In the remainder of this section we focus on the statistical complexity of predic-
tion problems with neural network function classes (we shall return to computa-
tional complexity considerations in Section 5). We review estimation error bounds
involving these classes, focusing particularly on the Rademacher complexity. The
Rademacher complexity of a loss class {r can vary dramatically with the loss ¢.
For this reason, we consider separately discrete losses, such as those used for clas-
sification, convex upper bounds on these losses, like the SVM loss and other large
margin losses used for classification, and Lipschitz losses used for regression.

2.6. Classification

We first consider loss classes for the problem of classification. For simplicity, con-
sider a two-class classification problem, where )V = {+1}, and define the +1 loss,
£.1(y,y) = —yy. Then, for F c {+1}¥, R,((7) = R,(F), since the distribution of
€ls1(f(x;), y;) = —€y; f(x;)is the same as that of ¢; f(x;). The following theorem
shows that the Rademacher complexity depends on a combinatorial dimension of
F, known as the VC-dimension (Vapnik and Chervonenkis 1971).

Theorem 2.4. For F C [—1, 1]% and for any distribution on X,
2log (211
R, (F) < [M,
n

r(n) = max{|{(f(x1),..., f(x): f€F}H:x1,....x, € X}
If F C {+1}* and n > d = dyc(F), then

where

x(n) < (en/d)?,
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where dy ¢ (F) := max{d: I1x(d) = 2¢}. In that case, for any distribution on X',

R (F) = 0( /dlog}in/d))’

and conversely, for some probability distribution, R, (F) = Q(\/ d/ n)

These bounds imply that, for the worst-case probability distribution, the uniform
deviations between sample averages and expectations grow like OWdyc(F)/n), a
result of Vapnik and Chervonenkis (1971). The log factor in the upper bound can
be removed; see Talagrand (1994). Classification problems are an example where
the crude upper bound (2.4) cannot be improved without stronger assumptions: the
minimax excess risk is essentially the same as these uniform deviations. In partic-
ular, these results show that empirical risk minimization leads, for any probability
distribution, to excess risk that is O(1/dy ¢ (F)/n), but conversely, for every method
that predicts a f € F, there is a probability distribution for which the excess risk is
Q(/dyc(F)/n) (Vapnik and Chervonenkis 1974). When there is a prediction rule
in F that predicts perfectly, that is, L(f7) = 0, the upper and lower bounds can
be improved to @(dvc(]: )/n) (Blumer, Ehrenfeucht, Haussler and Warmuth 1989,
Ehrenfeucht, Haussler, Kearns and Valiant 1989).

These results show that dy ¢ (F) is critical for uniform convergence of sample
averages to probabilities, and more generally for the statistical complexity of clas-
sification with a function class F. The following theorem summarizes the known
bounds on the VC-dimension of neural networks with various piecewise poly-
nomial nonlinearities. Recall that a feed-forward neural network with L layers is
defined by a sequence of layer widths dj, ..., d; and functions oy: R% — R%
for/ = 1,...,L. Ttis a family of R -valued functions on R¢ parametrized by
0 =(W,y,...,Wp);see (1.1). We often consider scalar nonlinearities c: R — R
applied componentwise, that is, oy(v); := o(v;). For instance, o might be the
scalar nonlinearity used in the ReLU (rectified linear unit), o(a) = a vV 0. We
say that this family has p parameters if there is a total of p entries in the matrices
Wi, ..., Wr. We say that o is piecewise polynomial if it can be written as a sum
of a constant number of polynomials,

1[x € I;]pi(x),

k
o(x) =

i=1
where the intervals Iy, . . ., I form a partition of R and the p; are polynomials.

Theorem 2.5. Consider feed-forward neural networks 7, , with L layers, scalar
output (that is, dr = 1), output nonlinearity oz () = sign(e), and scalar nonlin-
earity o at every other layer. Define

dr,o.p = max{dyc(Fr): FL,o has p parameters}.
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(1) For o piecewise constant, dy, -, = O(p).
(2) For o piecewise linear, dy, ), = (:)(pL).
(3) For o piecewise polynomial, dr -, = 0(pL2).

Part (1) is from Baum and Haussler (1989). The upper bound in part (2) is from
Bartlett, Harvey, Liaw and Mehrabian (2019). The lower bound in part (2) and the
bound in part (3) are from Bartlett, Maiorov and Meir (1998). There are also upper
bounds for the smooth sigmoid o-(@) = 1/(1 + exp(—a)) that are quadratic in p; see
Karpinski and Macintyre (1997). See Chapter 8 of Anthony and Bartlett (1999)
for a review.

The theorem shows that the VC-dimension of these neural networks grows at
least linearly with the number of parameters in the network, and hence to achieve
small excess risk or uniform convergence of sample averages to probabilities for
discrete losses, the sample size must be large compared to the number of parameters
in these networks.

There is an important caveat to this analysis: it captures arbitrarily fine-grained
properties of real-valued functions, because the operation of thresholding these
functions is very sensitive to perturbations, as the following example shows.

Example 2.6. For @ > 0, define the nonlinearity 7(x) := (x + a sin x) V 0 and the
following one-parameter class of functions computed by two-layer networks with
these nonlinearities:

Fi = {x > sign(m + F(wx) — F(wx + 1)) w € R}.
Then dy ¢ (F;) = oo.

Indeed, provided wx > a, #(wx) = wx+a sin(wx), hence n+7(wx)—F(wx+m) =
2a sin(wx). This shows that the set of functions in /7 restricted to N contains

{x > sign(sin(wx)): w > a} = {x > sign(sin(wx)): w > 0},

and the VC-dimension of the latter class of functions on N is infinite; see, for
example, Anthony and Bartlett (1999, Lemma 7.2). Thus, with an arbitrarily small
perturbation of the ReLLU nonlinearity, the VC-dimension of this class changes from
a small constant to infinity. See also Anthony and Bartlett (1999, Theorem 7.1),
which gives a similar result for a slightly perturbed version of a sigmoid nonlinearity.

As we have seen, the requirement that the sample size grows with the number
of parameters is at odds with empirical experience: deep networks with far more
parameters than the number of training examples routinely give good predictive
accuracy. It is plausible that the algorithms used to optimize these networks are
not exploiting their full expressive power. In particular, the analysis based on com-
binatorial dimensions captures arbitrarily fine-grained properties of the family of
real-valued functions computed by a deep network, whereas algorithms that minim-
ize a convex loss might not be significantly affected by such fine-grained properties.
Thus we might expect that replacing the discrete loss £.; with a convex surrogate, in
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addition to computational convenience, could lead to reduced statistical complexity.
The empirical success of gradient methods with convex losses for overparametrized
thresholded real-valued classifiers was observed both in neural networks (Martin
and Pittman 1990, Lawrence, Giles and Tsoi 1997, Caruana, Lawrence and Giles
2000) and in related classification methods (Drucker and Cortes 1995, Quinlan
1996, Breiman 1998). It was noticed that classification performance can improve
as the number of parameters is increased, even after all training examples are clas-
sified correctly (Quinlan 1996, Breiman 1998).2 These observations motivated
large margin analyses (Bartlett 1998, Schapire, Freund, Bartlett and Lee 1998),
which reduce classification problems to regression problems.

2.7. Large margin classification

Although the aim of a classification problem is to minimize the expectation of
a discrete loss, if we consider classifiers such as neural networks that consist
of thresholded real-valued functions obtained by minimizing a surrogate loss —
typically a convex function of the real-valued prediction — then it turns out that we
can obtain bounds on estimation error by considering approximations of the class
of real-valued functions. This is important because the statistical complexity of
that function class can be considerably smaller than that of the class of thresholded
functions. In effect, for a well-behaved surrogate loss, fine-grained properties of the
real-valued functions are not important. If the surrogate loss £ satisfies a Lipschitz
property, we can relate the Rademacher complexity of the loss class {x to that of
the function class F using the Ledoux—Talagrand contraction inequality (Ledoux
and Talagrand 1991, Theorem 4.12).

Theorem 2.7. Suppose that, for all y, y +— £(y,y) is c-Lipschitz and satisfies
£(0,y) = 0. Then R,(€r) < 2¢R,(F).

Notice that the assumption that £(0, y) = O is essentially without loss of gener-
ality: adding a fixed function to £ by replacing £(y, y) with £(y, y) — €(0, y) shifts
the Rademacher complexity by O(1/+/n).

For classification with y € {—1, 1}, the hinge loss £(y, y) = (1 — yy) v 0 used by
SVMs and the logistic loss €(y, y) = log(1 + exp(—yy)) are examples of convex, 1-
Lipschitz surrogate losses. The quadratic loss £(3, y) = (y —y)? and the exponential
loss €(y,y) := exp(—yy) used by AdaBoost (Freund and Schapire 1997) (see
Section 3) are also convex, and they are Lipschitz when functions in F have
bounded range.

We can write all of these surrogate losses as £4(y, y) := ¢(yy) for some function
¢: R — [0,00). The following theorem relates the excess risk to the excess
surrogate risk. It is simpler to state when ¢ is convex and when, rather than £, we

2 Both phenomena were observed more recently in neural networks; see Zhang et al. (2017) and
Neyshabur, Tomioka, Salakhutdinov and Srebro (2017).
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consider a shifted, scaled version, defined as €y;(y, y) := 1[y # y]. We use Loi(f)
and Ly (f) to denote Efy(f(x), y) and Ey4(f(x), y) respectively.

Theorem 2.8. For a convex function ¢: R — [0, c0), define £4(y, y) := ¢(Vy)
and Cy(a) := (1 + O)p(a)/2 + (1 — O)¢p(—a)/2, and define g : [0, 1] — [0, o) as
Yp(0) = inf{Cy(@): @ < 0} —inf{Cy(a): a € R}. Then we have the following.

(1) For any measurable f : X — R and any probability distribution P on X x ),
(Lot (F) = inf Lor()) < Lo(D) ~inf Ly(P)

where the infima are over measurable functions f.

(2) For |X| > 2, this inequality cannot hold if 4 is replaced by any larger
function:

sup inf{L¢(]?) —inf L(f) — v (6):
0 f
P, f satisfy Loi([) - inf Loi(/) = 9} - 0.

(3) Y4(0;) — 0implies §; — 0 if and only if both ¢ is differentiable at zero and
¢’(0) < 0.

For example, for the hinge loss ¢(a) = (1—a) V0, the relationship between excess
risk and excess ¢-risk is given by y4(60) = |6|, for the quadratic loss ¢(a) = (1 —a)?,
e (0) = 62, and for the exponential loss ¢(a) = exp(—a), Yed) = 1 - V1-6%
Theorem 2.8 is from Bartlett, Jordan and McAuliffe (2006); see also Lin (2004),
Lugosi and Vayatis (2004) and Zhang (2004).

Using (2.3), (2.4) and Theorems 2.1 and 2.7 to bound E¢ oF infy Ely, y in terms
of R,,(F) and combining with Theorem 2.8 shows that if ¢ is 1-Lipschitz, then with
high probability

-~ 1
o (Lot = inf Loi()) < 4R,(F) + 0 <%) +inf Ly(f) —inf Ly(f). (2.10)

Notice that in addition to the Rademacher complexity of the real-valued class F, this
bound includes an approximation error term defined in terms of the surrogate loss;
the binary-valued prediction problem has been reduced to a real-valued problem.
Alternatively, we could consider more naive bounds. If a loss satisfies the
pointwise inequality £o1(y,y) < €4(y,y), then we have an upper bound on risk
in terms of surrogate risk: L ( f) < Lg( j?) In fact, Theorem 2.8 implies that
pointwise inequalities like this are inevitable for any reasonable convex loss. Define
a surrogate loss ¢ as classification-calibrated if any f that minimizes the surrogate
risk Ly (f) will also minimize the classification risk Lo (f). Then part (3) of the
theorem shows that if a convex surrogate loss ¢ is classification-calibrated then it
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satisfies

LGy _ ¢GY) |

¢(0) ¢(0)
Thus, every classification-calibrated convex surrogate loss, suitably scaled so that
¢(0) = 1, is an upper bound on the discrete loss ¢y1, and hence immediately gives
an upper bound on risk in terms of surrogate risk: Lo (f) < L¢(f). Combining
this with Theorems 2.1 and 2.7 shows that if ¢ is also 1-Lipschitz, then with high
probability

for all y, y, 1[yy < 0] = €013, y)-

- <~ 1
Loi(f) < Ly(f) + 4R, (F) + 0(—) 2.11)
Jn

2.8. Real prediction

For areal-valued function class F, there is an analogue of Theorem 2.4 with the VC-
dimension of F replaced by the pseudodimension of F, which is the VC-dimension
of {(x,y) — 1[f(x) = y]: f € F}; see Pollard (1990). Theorem 2.5 is true with
the output nonlinearity o, of 71, replaced by any Lipschitz nonlinearity and with
dy ¢ replaced by the pseudodimension. However, using this result to obtain bounds
on the excess risk of an empirical risk minimizer would again require the sample
size to be large compared to the number of parameters.

Instead, we can bound R,({r) more directly in many cases. With a bound on
R, (F) for a class F of real-valued functions computed by neural networks, we can
then apply Theorem 2.7 to relate R, (€r) to R,,(F), provided the loss is a Lipschitz
function of its first argument. This is the case, for example, for absolute loss
£(3,y) = |y — y|, or for quadratic loss £(3, y) = (¥ — y)> when ) and the range of
functions in F are bounded.

The following result gives a bound on Rademacher complexity for neural net-
works that use a bounded, Lipschitz nonlinearity, such as the sigmoid function

o (x) 1 —exp(—x)

1+ exp(—x)’

Theorem 2.9. For two-layer neural networks defined on X = [-1,1]¢,

k
Fa= (x> Y bir(racx))s 161 < 1 il < Bk > 1)
i=1

where the nonlinearity o: R — [—1, 1] is 1-Lipschitz and has ¢(0) = 0,

R,(Fs) < B ,21052(1'

Thus, for example, applying (2.10) in this case with a Lipschitz convex loss 4
and the corresponding i defined by Theorem 2.8, shows that with high probability
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the minimizer j.;rm of in Fp Eff satisfies

- logd\ . .
o (Lot o) —inf Lot (f)) < 0(3\/%) + 1€ Lo(f) = inf Ly(f)

If, in addition, {4 is scaled so that it is an upper bound on £y, applying (2.11)
shows that with high probability every f € Fp satisfies

—~ logd
L01(f)sL¢(f)+0(B 05 )

Theorem 2.9 is from Bartlett and Mendelson (2002). The proof uses the contraction
inequality (Theorem 2.7) and elementary properties of Rademacher complexity.

The following theorem gives similar error bounds for networks with Lipschitz
nonlinearities that, like the ReLLU nonlinearity, do not necessarily have a bounded
range. The definition of the function class includes deviations of the parameter
matrices W; from fixed ‘centres’ M.

Theorem 2.10. Consider a feed-forward network with L layers, fixed vector non-
linearities o : R4 — R and parameter 8 = (Wq,..., W) with W; € Réixdi-1
fori =1,..., L, which computes functions

fx:0) = Wrop1(Wr_---o(Wix)---)),

where dy = d and d;, = 1. Defined = dy V - - - V dy.. Fix matrices M; € R4*di-1
fori = 1,..., L, and define the class of functions on the unit Euclidean ball in R?,

L LW =M1 2
7 {f(’m' [ [iwal @1 LREE ) . "}’
where ||A|| denotes the spectral norm of the matrix A and ||A[2,; denotes the sum
of the 2-norms of its columns. If the o; are all 1-Lipschitz and the surrogate loss
{4 is a b-Lipschitz upper bound on the classification loss £y, then with probability
atleast 1 — 0, every f € F, has

_ _ (rblogd + \flog(1/6
L01(f)SL¢(f)+0(r o8 i/ﬁog(/)).

Theorem 2.10 is from Bartlett, Foster and Telgarsky (2017). The proof uses
different techniques (covering numbers rather than the Rademacher complexity) to
address the key technical difficulty, which is controlling the scale of vectors that
appear throughout the network.

When the nonlinearity has a 1-homogeneity property, the following result gives
a simple direct bound on the Rademacher complexity in terms of the Frobenius
norms of the weight matrices (although it is worse than Theorem 2.10, even with
M ; = 0, unless the ratios |W;||r/||W;|| are close to 1). We say that c: R — R is
1-homogeneous if o(ax) = ao(x) for all x € R and @ > 0. Notice that the ReLU
nonlinearity o(x) = x V 0 has this property.
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Theorem 2.11. Let 7: R — R be a fixed 1-homogeneous nonlinearity, and
define the componentwise version o;: R% — R9 via 0y(x); = 0(x;). Consider a
network with L layers of these nonlinearities and parameters 8 = (W1,..., W),
which computes functions

fx;0)=oWrop1(Wp-y---o1(Wix)--)).
Define the class of functions on the unit Euclidean ball in R,

Fp={f(:0): [[W;|[r < B},

where ||W;||r denotes the Frobenius norm of W;. Then we have

VLBY
N-E
This result is from Golowich, Rakhlin and Shamir (2018), which also shows that

it is possible to remove the VL factor at the cost of a worse dependence on 7. See
also Neyshabur, Tomioka and Srebro (2015).

R.(FB) <

2.9. The mismatch between benign overfitting and uniform convergence

It is instructive to consider the implications of the generalization bounds we have
reviewed in this section for the phenomenon of benign overfitting, which has
been observed in deep learning. For concreteness, suppose that ¢ is the quadratic
loss. Consider a neural network function f € F chosen so that L( f) = 0. For
an appropriate complexity hlerarchy F = U, F, suppose that f is chosen to
minimize the complexity r( f ), defined as the smallest r for which f € F;, subject
to the interpolation constraint L(f) = 0. What do the bounds based on uniform
convergence imply about the excess risk L( f) —infrcr L(f) of this minimum-
complexity interpolant?

Theorems 2.9, 2.10 and 2.11 imply upper bounds on risk in terms of various
notions of scale of network parameters. For these bounds to be meaningful for
a given probability distribution, there must be an interpolating f for which the
complexity r( ]?) grows suitably slowly with the sample size n so that the excess
risk bounds converge to zero.

An easy example is when there is an f* € F,. with L(f*) = 0, where r is a
fixed complexity. Notice that this implies not just that the conditional expectation
is in F;, but that there is no noise, that is, almost surely y = f*(x). In that case,
if we choose ]? as the interpolant Z(f) = 0 with minimum complexity, then its
complexity will certainly satisfy r( f) < r(f*) = r. And then, as the sample size n
increases, L( f ) will approach zero. In fact, since L( f ) = 0, Theorem 2.2 implies a
faster rate in this case: L( f ) = O((log n)“R2 (F)).

Theorem 2.3 shows that if we were to balance the complexity with the fit to the
training data, then we can hope to enjoy excess risk as good as the best bound for
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any . in the complexity hierarchy. If we always choose a perfect fit to the data,
there is no trade-off between complexity and empirical risk, but when there is a
prediction rule f* with finite complexity and zero risk, then once the sample size is
sufficiently large, the best trade-oft does correspond to a perfect fit to the data. To
summarize: when there is no noise, that is, when y = f*(x), and f* € F, classical
theory shows that a minimum-complexity interpolant f € F will have risk L( f)
converging to zero as the sample size increases.

But what if there is noise, that is, there is no deterministic relationship between x
and y? Then it turns out that the bounds on the excess risk L(f) — L(f7) presented
in this section must become vacuous: they can never decrease below a constant,
no matter how large the sample size. This is because these bounds do not rely on
any properties of the distribution on &', and hence are also true in a fixed design
setting, where the excess risk is at least the noise level.

To make this precise, fix x1,...,x, € X and define the fixed design risk

1 n
Lix(f) =~ > EI(F@y) | x = xil.
i=1

Then the decomposition (2.3) extends to this risk: for any fand f,
Lie(f) = Lie(f") = [Lie(F) = LT + L) = LU + (L) = Li(f)]-

For a non-negative loss, the second term is non-positive when Z( f) = 0, and the last
term is small for any fixed f*. Fix f*(x) = E[y|x], and suppose we choose f from
a class F,.. The same proof as that of Theorem 2.1 gives a Rademacher complexity
bound on the first term above, and Ledoux and Talagrand (1991, Theorem 4.12)
implies the same contraction inequality as in Theorem 2.7 when y +— (¥, y) is
c-Lipschitz:

1 n
D&l )

i=1

sup
feF,

xl,...,xn]

E sup |L(f) - L(f)| < 2E
feF,
< 4cR,,(]-“r).

Finally, although Theorems 2.9 and 2.11 are stated as bounds on the Rademacher
complexity of F,, they are in fact bounds on R, (F,), the worst-case empirical
Rademacher complexity of F.

Consider the complexity hierarchy defined in Theorem 2.9 or Theorem 2.11. For
the minimum-complexity interpolant f, these theorems give bounds that depend on
the complexity r(f), that is, bounds of the form L(f) —L(f") < B(r( f)) (ignoring
the fact that the minimum-complexity r(f) is random; making the bounds uniform
over r would give a worse bound). Then these observations imply that

E[Ljx(f) = Lix(f)] = EL i (f) = L(f*) < EB(r(f)).
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But then
—~ —~ 1 & —~
EB(r(f)) = E[Lx(f) - L(f")] = p ZE(f(xi) - f*(x)* = L(f).
i=1

Thus, unless there is no noise, the upper bound on excess risk must be at least as
big as a constant.

Bartlett and Long (2020) use a similar comparison between prediction problems
in random design and fixed design settings to demonstrate situations where benign
overfitting occurs but a general family of excess risk bounds — those that depend
only on properties of fand do not increase too quickly with sample size — must
sometimes be very loose. Nagarajan and Kolter (2019) present a scenario where,
with high probability, a classification method gives good predictive accuracy but
uniform convergence bounds must fail for any function class that contains the al-
gorithm’s output. Algorithmic stability approaches — see Devroye and Wagner
(1979) and Bousquet and Elisseeff (2002) — also aim to identify sufficient condi-
tions for closeness of risk and empirical risk, and appear to be inapplicable in the
interpolation regime. These examples illustrate that to understand benign overfit-
ting, new analysis approaches are necessary that exploit additional information. We
shall review results of this kind in Section 4, for minimum-complexity interpolants
in regression settings. The notion of complexity that is minimized is obviously of
crucial importance here; this is the topic of the next section.

3. Implicit regularization

When the model F is complex enough to ensure zero empirical error, such as in
the case of overparametrized neural networks, the set of empirical minimizers may
be large. Therefore it may very well be the case that some empirical minimizers
generalize well while others do not. Optimization algorithms introduce a bias in
this choice: an iterative method may converge to a solution with certain properties.
Since this bias is a by-product rather than an explicitly enforced property, we follow
the recent literature and call it implicit regularization. In subsequent sections we
shall investigate statistical consequences of such implicit regularization.

Perhaps the simplest example of implicit regularization is gradient descent on
the square-loss objective with linear functions:

-~ -~ 1
0rv1 =0, —n,VL(O,), L) = ;IIXG -yl3. 6o=0€eR 3.1
where X = [x1,...,x,]" € R and y = [y, ..., y,]" are the training data, and
n; > 0 is the step size. While the set of minimizers of the square-loss objective

in the overparametrized (d > n) regime is an affine subspace of dimension at
least d — n, gradient descent (with any choice of step size that ensures convergence)
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converges to a very specific element of this subspace: the minimum-norm solution

—~

0 = argmin {||0]|2: (0, x;) = y; foralli < n}. (3.2)
6

This minimum-norm interpolant can be written in closed form as
0=X"y, (3.3)

where X7 denotes the pseudoinverse. It can also be seen as a limit of ridge
regression

1
6, = arg min ;nxe —yl13 + 21013 (3.4)
7]

as A — 0*. The connection between minimum-norm interpolation (3.2) and the
‘ridgeless’ limit of ridge regression will be fruitful in the following sections when
statistical properties of these methods are analysed and compared.

To see that the iterations in (3.1) converge to the minimum-norm solution, observe
that the Karush—-Kuhn—Tucker (KKT) conditions for the constrained optimization
problem (3.2) are X0 = y and § + X 'u = 0 for Lagrange multipliers u € R".
Both conditions are satisfied (in finite time or in the limit) by any procedure
that interpolates the data while staying in the span of the rows of X, including
(3.1). It should be clear that a similar statement holds for more general objectives
L) = n~' Y, £({0, x;), y;) under appropriate assumptions on £. Furthermore, if
started from an arbitrary 6, gradient descent (if it converges) selects a solution
that is closest to the initialization with respect to || - ||2.

Boosting is another notable example of implicit regularization arising from the
choice of the optimization algorithm, this time for the problem of classification.
Consider the linear classification objective

n
L0i(®) = = Y 1 [~yi(6,x:) > 0] (3.5)

e
where yy, ..., y, € {x1}. In the classical formulation of the boosting problem, the
coordinates of vectors x; correspond to features computed by functions in some
class of base classifiers. Boosting was initially proposed as a method for minimizing
empirical classification loss (3.5) by iteratively updating 8. In particular, AdaBoost
(Freund and Schapire 1997) corresponds to coordinate descent on the exponential

loss function
n

0+ > expl-yilfxi) 6

i=1
(Breiman 1998, Friedman 2001). Notably, the minimizer of this surrogate loss
does not exist in the general separable case, and there are multiple directions along
which the objective decreases to 0 as [|@|| — oo. The AdaBoost optimization
procedure and its variants were observed empirically to shift the distribution of
margins (the values y;{f;,x;), i = 1,...,n) during the optimization process in
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the positive direction even after empirical classification error becomes zero, which
in part motivated the theory of large margin classification (Schapire et al. 1998).
In the separable case, convergence to the direction of the maximizing £; margin
solution

0 = argmin {||0]|;: yi{0,x;) > 1foralli < n} (3.7
0

was shown in Zhang and Yu (2005) and Telgarsky (2013) assuming small enough
step size, where separability means positivity of the margin
max min y;{0, x;). 3.8
i R 68
More recently, Soudry et al. (2018) and Ji and Telgarsky (2018) have shown
that gradient (rather than coordinate) descent on (3.6) and separable data lead to a
solution with direction approaching that of the maximum ¢, (rather than ¢;) margin
separator

6 = argmin {||0|>: y;{0,x;) > 1 foralli < n}. (3.9
0

We state the next theorem from Soudry et al. (2018) for the case of logistic loss,
although essentially the same statement — up to a slightly modified step size upper
bound — holds for any smooth loss function that has appropriate exponential-like
tail behaviour, including £(u) = e™ (Soudry ef al. 2018, Ji and Telgarsky 2018).

Theorem 3.1. Assume the data X, y are linearly separable. For logistic loss
L(u) = log(1 + exp{-u}), any step size n < 81, (n~!X7X), and any initialization
6o, the gradient descent iterations

~ ~ 1 &
001 =0, —nVLO,), LO) =~ > l(yi(x;,))
n i=1

satisfy 0, = 0. logt + p;, where 0 is the £, max-margin solution in (3.9). Further-
more, the residual grows at most as || p;|| = O(loglogt), and thus

—~

0, 0

lim = —-—.
t—=e |0l (10|

These results have been extended to multi-layer fully connected neural networks
and convolutional neural networks (without nonlinearities) in Gunasekar, Lee,
Soudry and Srebro (2018a). On the other hand, Gunasekar, Lee, Soudry and Srebro
(2018b) considered the implicit bias arising from other optimization procedures,
including mirror descent, steepest descent and AdaGrad, both in the case when the
global minimum is attained (as for the square loss) and when the global minimizers
are at infinity (as in the classification case with exponential-like tails of the loss
function). We refer to Ji and Telgarsky (2019) and Nacson et al. (2019) and
references therein for further studies on faster rates of convergence to the direction
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of the max margin solution (with more aggressive time-varying step sizes) and on
milder assumptions on the loss function.

In addition to the particular optimization algorithm being employed, implicit
regularization arises from the choice of model parametrization. Consider re-
parametrizing the least-squares objective in (3.1) as

min || X0(u) - y|)2, (3.10)
ucRd

where O(u); = ul2 is the coordinate-wise square. Gunasekar et al. (2017) show that
if 0 (@) is the limit point of gradient flow on (3.10) with initialization a1 and the
limit @ = lim,—0 O () exists and satisfies X0 = y, then it must be that

0c argmin {||0]|;: (0, x;) = y; foralli < n}. (3.11)
9cRr?

In other words, in that case, gradient descent on the reparametrized problem with
infinitesimally small step sizes and infinitesimally small initialization converges to
the minimum ¢;-norm solution in the original space. More generally, Gunasekar
et al. (2017) and Li, Ma and Zhang (2018) proved an analogue of this statement for
matrix-valued @ and x;, establishing convergence to the minimum nuclear-norm
solution under additional assumptions on the x;. The matrix version of the problem
can be written as

. T
min Z; LUV, x:), yi)s

which can be viewed, in turn, as an empirical risk minimization objective for a
two-layer neural network with linear activation functions.

In summary, in overparametrized problems that admit multiple minimizers of
the empirical objective, the choice of the optimization method and the choice
of parametrization both play crucial roles in selecting a minimizer with certain
properties. As we show in the next section, these properties of the solution can
ensure good generalization properties through novel mechanisms that go beyond
the realm of uniform convergence.

4. Benign overfitting

We now turn our attention to generalization properties of specific solutions that
interpolate training data. As emphasized in Section 2, mechanisms of uniform
convergence alone cannot explain good statistical performance of such methods, at
least in the presence of noise.

For convenience, in this section we focus our attention on regression problems
with square loss €(f(x),y) = (f(x) — y)z. In this case, the regression function
f* =E[y|x] is a minimizer of L(f), and excess loss can be written as

L(f) = L(f™) = B @) = [ @) = 1 f = 1] ey
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We assume that for any x, conditional variance of the noise ¢ = y — f*(x) is at

most oé, and we write & = y; — f*(x;).
As in the previous section, we say that a solution fis interpolating it
fx)=y, i=1...,n. 4.1)

For learning rules fexpressed in closed form — such as local methods and linear
and kernel regression — it is convenient to employ a bias—variance decomposition
that is different from the approximation—estimation error decomposition (2.2) in
Section 2. First, for X = [x1,...,x,]" € R andy = [y,..., y,]", conditionally
on X, define

BIAS. = Ep(f*(x) — By f(x))%, VAR = Epy (f(x) —E, f(x))%.  (4.2)
It is easy to check that

Ellf = £*II}, = Ex[B1AS’] + Ex[VAR]. 4.3)

In this section we consider linear (in y) estimators of the form f(x) = Z?:l Viw;i(x).
For such estimators we have

n 2
FIAS” = By (f*(x) - f*(xi)wi(x)> (4.4)
i=1
and
n 2 n
VAR = Ex,§ (Z fia)l-(x)> < 0'; Z E, (a)i(X))z, 4.5)
i=1 i=1

with equality if conditional noise variances are equal to o2 at each x.

In classical statistics, the balance between bias and variance is achieved by tuning
an explicit parameter. Before diving into the more unexpected interpolation results,
where the behaviour of bias and variance are driven by novel self-regularization
phenomena, we discuss the bias—variance trade-off in the context of one of the
oldest statistical methods.

4.1. Local methods: Nadaraya—Watson

Consider arguably the simplest non-trivial interpolation procedure, the 1-nearest
neighbour (1-NN) f (X) = Ynn(x)> Where nn(x) is the index of the data point closest to
x in Euclidean distance. While we could view f as an empirical minimizer in some
effective class F of possible functions (as a union for all possible {x, ..., x,}), this
setis large and growing with n. Exploiting the particular form of 1-NN is, obviously,
crucial. Since typical distances to the nearest neighbour in R? decay as n='/¢ for
i.i.d. data, in the noiseless case (o = 0) one can guarantee consistency and non-
parametric rates of convergence of this interpolation procedure under continuity
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and smoothness assumptions on f* and the underlying measure. Perhaps more
interesting is the case when the &; have non-vanishing variance. Here 1-NN is no
longer consistent in general (as can be easily seen by taking f* = 0 and independent
Rademacher &; atrandom x; € [0, 1]), although its asymptotic risk is at most 2L(f™)
(Cover and Hart 1967). The reason for inconsistency is insufficient averaging of
the y-values, and this deficiency can be addressed by averaging over the k nearest
neighbours with k growing with n. Classical smoothing methods generalize this
idea of local averaging; however, averaging forgoes empirical fit to data in favour
of estimating the regression function under smoothness assumptions. While this
has been the classical view, estimation is not necessarily at odds with fitting the
training data for these local methods, as we show next.

The Nadaraya—Watson (NW) smoothing estimator (Nadaraya 1964, Watson
1964) is defined as

K((x —x)/h)

: 4.6
f K((x = x;)/h) (40

Fx) =) yiwi(x),  wi(x) =

i=1

where K(u): R — Ry is a kernel and & > 0 is a bandwidth parameter. For
standard kernels used in practice — such as the Gaussian, uniform or Epanechnikov
kernels — the method averages the y-values in a local neighbourhood around x,
and, in general, does not interpolate. However, as noted by Devroye, Gyorfi and
Krzyzak (1998), a kernel that is singular at 0 does interpolate the data. While the
Hilbert kernel K(u) = |[ul|; 4 suggested in Devroye et al. (1998), does not enjoy
non-asymptotic rates of convergence, its truncated version

K@) = lull;“1([flulla < 1], ueR? 4.7)

with a smaller power 0 < a < d/2 was shown in Belkin, Rakhlin and Tsybakov
(2019b) to lead to minimax optimal rates of estimation under the corresponding
smoothness assumptions. Notably, the NW estimator with the kernel in (4.7) is
necessarily interpolating the training data for any choice of 4.

Before stating the formal result, define the Holder class H(B, L), for 8 € (0, 1],
as the class of functions f: RY — R satisfying

forall x,x” € R, | f(x)~ f(x")| < L|lx - x|I%.

The following result appears in Belkin et al. (20190); see also Belkin, Hsu and
Mitra (2018a).

Theorem 4.1. Let f* € H(B, L) for § € (0,1] and L > 0. Suppose the marginal
density p of x satisfies 0 < ppin < p(x) < pmax for all x in its support. Then the
estimator (4.6) with kernel (4.7) satisfies?

Ex[61as’] < h*, Ex[Var] < oZ(nh®)™". (4.8)

3 In the remainder of this paper, the symbol < denotes inequality up to a multiplicative constant.
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The result can be extended to smoothness parameters 8 > 1 (Belkin ef al. 2019b).
The choice of & = n~!/#+4) balances the two terms and leads to minimax optimal
rates for Holder classes (Tsybakov 2008).

In retrospect, Theorem 4.1 should not be surprising, and we mention it here for
pedagogical purposes. It should be clear from the definition (4.6) that the behaviour
of the kernel at 0, and in particular the presence of a singularity, determines whether
the estimator fits the training data exactly. This is, however, decoupled from the
level of smoothing, as given by the bandwidth parameter /. In particular, it is
the choice of & alone that determines the bias—variance trade-off, and the value
of the empirical loss cannot inform us whether the estimator is over-smoothing or
under-smoothing the data.

The NW estimator with the singular kernel can be also viewed as adding small
‘spikes’ at the data points on top of the general smooth estimate that arises from
averaging the data in a neighbourhood of radius /. This suggests a rather obvious
scheme for changing any estimator fo into an interpolating one by adding small
deviations around the data points: f (x) = fo(x) +A(x), where A(x;) = y; - fo(x i)
but [|A]| 2@y = o(1). The component fo is useful for prediction because it is smooth,
whereas the spiky component A is useful for interpolation but does not harm the
predictions of f Such combinations have been observed experimentally in other
settings and described as ‘spiked-smooth’ estimates (Wyner, Olson, Bleich and
Mease 2017). The examples that we see below suggest that interpolation may be
easier to achieve with high-dimensional data than with low-dimensional data, and
this is consistent with the requirement that the overfitting component A is benign:
it need not be too ‘irregular’ in high dimensions, since typical distances between
data points in R¢ scale at least as n~'/¢,

4.2. Linear regression in the interpolating regime

In the previous section, we observed that the spiky part of the NW estimator,
which is responsible for interpolation, does not hurt the out-of-sample performance
when measured in L>(P). The story for minimum-norm interpolating linear and
kernel regression is significantly more subtle: there is also a decomposition into
a prediction component and an overfitting component, but there is no explicit
parameter that trades off bias and variance. The decomposition depends on the
distribution of the data, and the overfitting component provides a self-induced
regularization,* similar to the regularization term in ridge regression (3.4), and
this determines the bias—variance trade-off.

4 This is not to be confused with implicit regularization, discussed in Section 3, which describes the
properties of the particular empirical risk minimizer that results from the choice of an optimization
algorithm. Self-induced regularization is a statistical property that also depends on the data-
generating mechanism.
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Consider the problem of linear regression in the overparametrized regime. We
assume that the regression function f*(x) = f(x;6%) = (8", x) with 8", x € R?,
We also assume Ex = 0. (While we present the results for finite d > n, all the
statements in this section hold for separable Hilbert spaces of infinite dimension.)

It is easy to see that the excess square loss can be written as

L(8) - L(8") = E(f(0) — £(8")> = |18 — 67|12,

where we write ||v||§ :=v'2y and ¥ = Exx". Since d > n, there is not enough
data to learn all the d directions of 6" reliably, unless X has favourable spectral
properties. To take advantage of such properties, classical methods — as described
in Section 2 — resort to explicit regularization (shrinkage) or model complexity
control, which inevitably comes at the expense of not fitting the noisy data exactly.
In contrast, we are interested in estimates that interpolate the data. Motivated by
the properties of the gradient descent method (3.1), we consider the minimal norm
linear function that fits the data X, y exactly:

—~

0= arg;nin {101]>: {0, x;) = y; foralli < n}. (4.9)
The solution has a closed form and yields the estimator
fx)=(0.x) =(XTy,x) = (Xx) (XX, (4.10)
which can also be written as f (x) = X7, yiwi(x), with
wi(x) = (x"X"); = (Xx)"(XX ) e, 4.11)
Thus, from (4.4), the bias term can be written as
BIAS” = By (P1x, 07 = |Z12P+0" |2, (4.12)
where P+ =1; — XT(XX ")~ X, and from (4.5), the variance term is
VAR < 0 - B [(XX )M (X0l = 07 - (XX )P XEXT). (4.13)

We now state our assumptions.

Assumption 4.2. Suppose z = £~/?x is 1-sub-Gaussian. Without loss of gen-
erality, assume X = diag(Ay, ..., dq) with 4; > -+ > Aq4.

The central question now is: Are there mechanisms that can ensure small bias
and variance of the minimum-norm interpolant? Surprisingly, we shall see that
the answer is yes. To this end, choose an index k € {1,...,d} and consider the
subspace spanned by the top k eigenvectors corresponding to Ay, ..., d;x. Write

x" =[x, x],] Foran appropriate choice of k, it turns out the decomposition of

the minimum-norm interpolant as (5,x) = <§§k,xsk> + (§>k,x>k> corresponds
to a decomposition into a prediction component and an interpolation component.
Write the data matrix as X = [X <, X>x] and

XX"=X4XL, + XX, (4.14)

https://doi.org/10.1017/50962492921000027 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492921000027

DEEP LEARNING: A STATISTICAL VIEWPOINT 117

Observe that if the eigenvalues of the second part were to be contained in an interval
[v/c, cy] for some vy and a constant ¢, we could write

XX, +yM, (4.15)

where ¢™'I,, < M < cI,,. If we replace M with the approximation I,, and substitute
this expression into (4.10), we see that y would have an effect similar to explicit
regularization through a ridge penalty: if that approximation were precise, the first
k components of @ would correspond to

0 <k = argmin [|X < 6~ y[3 +¥1|0115, (4.16)
OcRk
since this has the closed-form solution X ; X <X ; T )/I,,)‘1 y. Thus, if y is not
too large, we might expect this approximation to have a minimal impact on the bias
and variance of the prediction component.
It is, therefore, natural to ask when to expect such a near-isotropic behaviour
arising from the ‘tail’ features. The following lemma provides an answer to this
question (Bartlett, Long, Lugosi and Tsigler 2020).

Lemma 4.3.  Suppose coordinates of £~'/2x are independent. Then there exists
a constant ¢ > 0 such that, with probability at least 1 — 2 exp{—n/c},

1
- Z Ai = cdgn < /lmin(X>lek) < /lmax(X>lek) <c <Z Ai + /lk+ln> .
¢ i>k i>k

The condition of independence of coordinates in Lemma 4.3 is satisfied for
Gaussian x. It can be relaxed to the following small-ball assumption:

Je > 0: P(c|lx|3 = E[|x]13) > 1-6. (4.17)

Under this assumption, the conclusion of Lemma 4.3 still holds with probability at
least 1 — 2 exp{—n/c} — nd (Tsigler and Bartlett 2020).

An appealing consequence of Lemma 4.3 is the small condition number of
XX ; i for any k such that Yisk Ai = Ar41n. Define the effective rank for a given
index k by

l’k(Z) — Z/i;k /lz )

k+1
We see that r,.(X) > bn for some constant b implies that the set of eigenvalues of
XX, lies in the interval [y/c, cy] for

Y= Z Ai,
i>k
and thus the scale of the self-induced regularization in (4.15) is the sum of the tail
eigenvalues of the covariance operator. Interestingly, the reverse implication also

holds: if for some k the condition number of X . X [, is at most k with probability
at least 1 — 9, then effective rank r¢(X) is at least c,n with probability at least
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1 — 6 — cexp{—n/c} for some constants c, ¢,. Therefore the condition rx(X) > n
characterizes the indices k such that X< X l . behaves as a scaling of I, and the
scaling is proportional to ;- 4;. We may call the smallest such index k the
effective dimension, for reasons that will be clear in a bit.

How do the estimates on tail eigenvalues help in controlling the variance of the
minimum-norm interpolant? Define

Zsk = diag(/ll, ey /lk), Z>k = diag(/lk+1, ey /ld).

Then, omitting o-_,’% for the moment, the variance upper bound in (4.13) can be
estimated by ‘

(XX 72XZX") S (XX )X Xk X 1) + tr(XX D) 72X o4 X X 1)),
(4.18)
It turns out (Bartlett er al. 2020, Lemma 6, Tsigler and Bartlett 2020, Theorem 9)
that the first term is dominated by
(X 4 X L)X e E X 1), (4.19)

and its expectation corresponds to the variance of k-dimensional regression, which
is of the order of k /n. On the other hand, by Bernstein’s inequality, with probability
at least 1 — 2 exp “",

(X Tk X 1) S0 ) A7, (4.20)
i>k
so we have that the second term in (4.18) is, with high probability, of order at most
nYisk /11'2
(Zisk 4>
Putting these results together, we have the following theorem (Tsigler and Bartlett
2020).

Theorem 4.4. Fix ¢ < 1/2. Under Assumption 4.2, suppose for some k the
condition number of X, X, is at most « with probability at least 1 — §. Then

_ 1\ [k nXisxd?

VAR S 0K 10g<—> <— + L";) (4.21)
6)\n (L A)

with probability at least 1 — 24.

We now turn to the analysis of the bias term. Since the projection operator in
(4.12) annihilates any vector in the span of the rows of X, we can write

Bias” = |[2V2PH0° |5 = (Z - D)'2Prer|3, (4.22)

where £ = n~!X7X is the sample covariance operator. Since projection contracts
distances, we obtain an upper bound

I(E - )120%)12 < 167]2 x || - Z||. (4.23)
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The rate of approximation of the covariance operator by its sample-based counter-
part has been studied in Koltchinskii and Lounici (2017), and we conclude

Bias? < 1072 max{w/mf), roiz)} (4.24)

(see Bartlett er al. 2020 for details).
The upper bound in (4.24) can be sharpened significantly by analysing the bias
in the two subspaces, as proved in Tsigler and Bartlett (2020).

Theorem 4.5. Under the assumptions of Theorem 4.4, for n > log(1/6), with
probability at least 1 — 20,

Soor i
BIAS® < K [||0 [ <>Tk +102 15, |- (4.25)

The following result shows that without further assumptions, the bounds on
variance and bias given in Theorems 4.4 and 4.5 cannot be improved by more than
constant factors; see Bartlett ef al. (2020) and Tsigler and Bartlett (2020).

Theorem 4.6. There are absolute constants b and ¢ such that for Gaussian x ~
N(O, X), where X has eigenvalues 4; > A, > ---, with probability at least 1 —

exp(-n/c),
- ko nYp A
VAR = 1 A (0’?(— + Lk;))
no Xk Ai)

where k is the effective dimension, k = min{/: r;(X) > bn}. Furthermore, for
any @ € R, if the regression function f*(-) = (-, @), where 07 = €6; and
€=(e,...,€e1) ~ Unif({x1}4), then with probability at least 1 — exp(-n/c),

Zi /ll' : *
N e R |

A discussion of Theorems 4.4, 4.5 and 4.6 is in order. First, the upper and lower
bounds match up to constants, and in particular both involve the decomposition
of f into a prediction component f(;(x) = <§sk, X <) and an interpolation com-
ponent A(x) := (0., x-r) with distinct bias and variance contributions, so this
decomposition is not an artifact of our analysis. Second, the ||0 k||2 term in

EeBlAs >

the bias and the k/n term in the variance for the prediction component f(; cor-
respond to the terms we would get by performing ordinary least-squares (OLS)
restricted to the first k coordinates of . Provided k is small compared to n, there
is enough data to estimate the signal in this k-dimensional component, and the bias
contribution is the approximation error due to truncation at k. The other aspect of
the interpolating component A that could harm prediction accuracy is its variance
term. The definition of the effective dimension k implies that this is no more than
a constant, and it is small if the tail eigenvalues decay slowly and d — k > n,
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for in that case, the ratio of the squared ¢;-norm to the squared £,-norm of these
eigenvalues is large compared to n; overparametrization is important. Finally, the
bias and variance terms are similar to those that arise in ridge regression (3.4),
with the regularization coefficient determined by the self-induced regularization.

Indeed, define
b
== (4.26)
n i>k
for the constant b in the definition of the effective dimension k. That definition

implies that 4x > 1 > Ag4, so we can write the bias and variance terms, within
constant factors, as

o2

d 240 4\
9 s ~ —= ! .
BIAS Z (l+/l//l)2 VARE ;</l+/li>

i=

These are reminiscent of the bias and variance terms that arise in ridge regression
(3.4). Indeed, a ridge regression estimate in a fixed design setting with X 'X =
diag(sy, ..., sq) has precisely these bias and variance terms with A; replaced by
s;; see, for example, Dhillon, Foster, Kakade and Ungar (2013, Lemma 1). In
Section 4.3.3, we shall see the same bias—variance decomposition arise in a related
setting, but with the dimension growing with sample size.

4.3. Linear regression in reproducing kernel Hilbert spaces

Kernel methods are among the core algorithms in machine learning and statistics.
These methods were introduced to machine learning in the pioneering work of
Aizerman, Braverman and Rozonoer (1964) as a generalization of the Perceptron
algorithm to nonlinear functions by lifting the x-variable to a high- or infinite-
dimensional feature space. Our interest in studying kernel methods here is two-
fold: on the one hand, as discussed in detail in Sections 5 and 6, sufficiently wide
neural networks with random initialization stay close to a certain kernel-based
solution during optimization and are essentially equivalent to a minimum-norm
interpolant; on the other hand, it has been noted that kernel methods exhibit similar
surprising behaviour of benign interpolation to neural networks (Belkin, Ma and
Mandal 2018b).

A kernel method in the regression setting amounts to choosing a feature map
x — ¢(x) and computing a (regularized) linear regression solution in the feature
space. While Section 4.2 already addressed the question of overparametrized linear
regression, the nonlinear feature map ¢(x) might not satisfy Assumption 4.2. In this
section we study interpolating RKHS regression estimates using a more detailed
analysis of certain random kernel matrices.

Since the linear regression solution involves inner products of ¢(x) and ¢(x”),
the feature maps do not need to be computed explicitly. Instead, kernel methods
rely on a kernel function k: X' X X — R that, in turn, corresponds to an RKHS .
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A classical method is kernel ridge regression (KRR)
—~ 1
F=argmin = 3" (£(xi) = o) + A1 (4.27)
fern i
which has been extensively analysed through the lens of bias—variance trade-off
with an appropriately tuned parameter 4 > 0 (Caponnetto and De Vito 2007). As
A — 0%, we obtain a minimum-norm interpolant

—

f =argmin {|| f|lx: f(x;) =y; foralli < n}, (4.28)
feH

which has the closed-form solution
fx) = K(x, X)'K(X, X))y, (4.29)

assuming K(X, X) is invertible; see (4.9) and (4.10). Here K(X, X) € R™" is the
kernel matrix with

[K(X,X)];,j = k(x;,x;) and K(x,X) = [k(x,x1),...,k(x,x,)]".

Alternatively, we can write the solution as

n
Fx) =) yiwix) with  w;(x) = K(x, KX, X) ey,
i=1
which makes it clear that w;(x;) = 1[i = j]. We first describe a setting where this
approach does not lead to benign overfitting.

4.3.1. The Laplace kernel with constant dimension
We consider the Laplace (exponential) kernel on R¢ with parameter o > 0:

ko (x,x") = 0 exp{~|lx = x'|/c}.

The RKHS norm corresponding to this kernel can be related to a Sobolev norm,
and its RKHS has been shown (Bach 2017, Geifman er al. 2020, Chen and Xu
2021) to be closely related to the RKHS corresponding to the neural tangent kernel
(NTK), which we study in Section 6.

To motivate the lower bound, consider d = 1. In this case, the minimum-norm
solution with the Laplace kernel corresponds to a rope hanging from nails at heights
v; and locations x; € R. If points are ordered x(1) < x(2) < ... < X(y), the form of
the minimum-norm solution between two adjacent points x ;), X (;+1) is only affected
by the values y(;), yi+1) at these locations. As o — oo, the interpolant becomes
piecewise linear, while for o — 0, the solution is a sum of spikes at the data points
and zero everywhere else. In both cases, the interpolant is not consistent: the error
Ellf— f *”22 ®) does not converge to 0 as n increases. Somewhat surprisingly,
there is no choice of o that can remedy the problem, even if o is chosen in a
data-dependent manner.
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The intuition carries over to the more general case, as long as d is a constant.
The following theorem appears in Rakhlin and Zhai (2019).

Theorem 4.7. Suppose f* is a smooth function defined on a unit ball in R<.
Assume the probability distribution of x has density that is bounded above and
away from 0. Suppose the noise random variables &; are independent Rademacher.>
For fixed n and odd d, with probability at least 1 — O(n~'/?), for any choice o > 0,

1F = 71172y = Qa(D).

Informally, the minimum-norm interpolant with the Laplace kernel does not have
the flexibility to both estimate the regression function and generate interpolating
spikes with small L?(P)-norm if the dimension d is small. For high-dimensional
data, however, minimum-norm interpolation with the same kernel can be more
benign, as we see in the next section.

4.3.2. Kernels on R¢ with d = n®

Since d = O(1) may lead to inconsistency of the minimum-norm interpolator, we
consider here a scaling d < n® for @ € (0,1]. Some assumption on the inde-
pendence of coordinates is needed to circumvent the lower bound of the previous
section, and we assume the simplest possible scenario: each coordinate of x € R¢
is independent.

Assumption 4.8. Assume that x ~ P = p® such that z ~ p is mean-zero, that
for some C > 0and v > 1, P(|z] = 1) < C(1 +¢)™ for all t > 0, and that p does
not contain atoms.

We only state the results for the inner-product kernel

k(x,x) = h(%) h(t) = Z(; ait’, a; >0

and remark that more general rotationally invariant kernels (including NTK: see
Section 6) exhibit the same behaviour under the independent-coordinate assumption
(Liang, Rakhlin and Zhai 2020).

For brevity, define K = n'K(X,X). Letr = (ry,...,rq) > 0 be a multi-index,
and write ||r|| = Zl‘.‘;l r;. With this notation, each entry of the kernel matrix can be
expanded as

nK;; = Zat <w> = Z cra e pr(x)pr(x;)/d )]
=0

r

with
(At rg)!

Cr = "7 5
1’1!'-'7‘61!

SR = +1)=1/2.
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and the monomials are p,(x;) = (x;[1])"" -+ - (x;[d])® . If h has infinitely many
positive coefficients @, each x is lifted to an infinite-dimensional space. However,
the resulting feature map ¢(x) is not (in general) sub-Gaussian. Therefore results
from Section 4.2 are not immediately applicable and a more detailed analysis that
takes advantage of the structure of the feature map is needed.

As before, we separate the high-dimensional feature map into two parts, one
corresponding to the prediction component and the other corresponding to the
overfitting part of the minimum-norm interpolant. More precisely, the truncated
function h=4(r) = i _, a;t' leads to the degree-bounded component of the empirical
kernel:

nKEJ'SL] = Z crayepr(x)pr(x)/dl nK=Y = 00T

lir <

with data X € R transformed into polynomial features ® € RrxC) defined as
Oiy = (cray ' pe (e fd V2

The following theorem reveals the staircase structure of the eigenvalues of the
kernel, with ®(d") eigenvalues of order Q(d™"), as long as n is large enough to
sketch these directions; see Liang et al. (2020) and Ghorbani, Mei, Misiakiewicz
and Montanari (2021).

Theorem 4.9. Suppose ay,...,a,, > 0 and dlogd = o(n). Under Assump-
tion 4.8, with probability at least 1 — exp™®"/4")_ for any ¢ < 1o, K[=* has (**9)
non-zero eigenvalues, all of them larger than Cd~* and the range of K=Y is the
span of

{(p(x1),...,p(xy)): p multivariable polynomial of degree at most ¢}.

The component K=l of the kernel matrix sketches the low-frequency com-
ponent of the signal in much the same way as the corresponding X <X, in
linear regression sketches the top k directions of the population distribution (see
Section 4.2).

Let us explain the key ideas behind the proof of Theorem 4.9. In correspondence
with the sample covariance operator n X LkX < in the linear case, we define

<] =

the sample covariance operator O! n~1®T®. If the monomials pr(x) were

orthogonal in L?(P), then we would have

E[®!=Y] = diag | C(0),...,C()d™",..., C@d™ ,
———

(dgi’]l) such entries

where C(¢) denotes constants that depend on ¢. Since under our general assumptions
on the distribution this orthogonality does not necessarily hold, we employ the
Gram-Schmidt process on the basis {1,,% ...} with respect to L?(p) to produce
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an orthogonal polynomial basis g, g1, . . . . This yields new features

¥ir = (o) Parn/d 12, g = [ ] a4 LD,
Jjeld]

As shown in Liang er al. (2020), these features are weakly dependent and the
orthogonalization process does not distort the eigenvalues of the covariance matrix
by more than a multiplicative constant. A small-ball method (Koltchinskii and
Mendelson 2015) can then be used to prove the lower bound for the eigenvalues of
YW and thus establish Theorem 4.9.

We now turn to variance and bias calculations. The analogue of (4.13) becomes

VAR < 07 - B [K(X, X) ™' K(X, )| (4.30)

and, similarly to (4.14), we split the kernel matrix into two parts, according to the
degree ¢.
The following theorem establishes an upper bound on (4.30) (Liang ez al. 2020).

Theorem 4.10. Under Assumption 4.8 and compactness of the support of the
distribution of x, if aq,..., @, > 0 and there exists ¢’ > 2¢ + 3 with a,, > 0, and
d‘logd < n < d“*', then with probability at least 1 — exp~(*/4%),

_ dt
VAR < 0 (log(d) 4 dil ) 4.31)

Notice that the behaviour of the upper bound changes as n increases from d*
to d*'. At d = n‘, variance is large since there is not enough data to reliably
estimate all the d* directions in the feature space. As n increases, variance in the
first d* directions decreases; new directions in the data appear (those corresponding
to monomials of degree ¢ + 1, with smaller population eigenvalues) but cannot be
reliably estimated. This second part of (4.31) grows linearly with n, similarly to
the second term in (4.21). The split between these two terms occurs at the effective
dimension defined in Section 4.2.

Two aspects of the multiple-descent behaviour of the upper bound (4.31) should
be noted. First, variance is small when d* < n < d“*!, between the peaks; second,
the valleys become deeper as d becomes larger, with variance at most d~'/? at
n= dl,+1/2'

We complete the discussion of this section by exhibiting one possible upper
bound on the bias term (Liang er al. 2020).

Theorem 4.11. Assume the regression function can be written as

fix) = / k(x,z)p«(z)P(dz) with / pH2)PWdz) < c.
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Let Assumption 4.8 hold, and suppose sup, k(x,x) < 1. Then
_ 1

BlAs < 62 <Ex||K(X, X)'K(X, x)|3 + —) (4.32)
n

with probability at least 1 — §. The above expectation is precisely VAR/ 0'2 and can
be bounded as in Theorem 4.10. '

4.3.3. Kernels on R? withd = n

We now turn our attention to the regime d < n and investigate the behaviour of
minimum norm interpolants in the RKHS in this high-dimensional setting. Random
kernel matrices in the d < n regime have been extensively studied in the last ten
years. As shown in El Karoui (2010), under assumptions specified below, the
kernel matrix can be approximated in operator norm by

T

XX
KX, X) =

+ CZI}’L,

that is, a linear kernel plus a scaling of the identity. While this equivalence can
be viewed as a negative result about the utility of kernels in the d < n regime, the
term c,I,, provides implicit regularization for the minimum-norm interpolant in the
RKHS (Liang and Rakhlin 2020).

We make the following assumptions.
Assumption 4.12.  We assume that the coordinates of z = £~!/2x are independ-
ent, with zero mean and unit variance, so that ¥ = Exx . Further assume there are

constants 0 < n, M < oo, such that the following hold.
(a) Foralli < d, E[|z;|¥*] < M.
) ||IE|| < M,d! Zle /li‘l < M, where 1y,.. ., 14 are the eigenvalues of X.

Note that, fori # j, the rescaled scalar products (x;, x;)/d are typically of order

1/Vd. We can therefore approximate the kernel function by its Taylor expansion
around 0. To this end, define

tr(Z?)
242 °

[A(tr(Z)/d) = h(0) = K’ (O)tr(E/d)].

a = h(0) + 1" (0) B := h(0),

7T w0
Under Assumption 4.12, a variant of a result of El Karoui (2010) implies that
for some ¢ € (0, 1/2), the following holds with high probability:

IK(X, X) - K'™X, X)|| < d™, (4.33)

where
.

. XX
K'"X,X)=p + Byl + 117, (4.34)
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To make the self-induced regularization due to the ridge apparent, we develop an
upper bound on the variance of the minimum-norm interpolant in (4.30). Up to an
additive diminishing factor, this expression can be replaced by

of (XX +dyL) ?XEXT), (4.35)

where we assumed without loss of generality that @« = 0. Comparing to (4.18), we
observe that here implicit regularization arises due to the ‘curvature’ of the kernel,
in addition to any favourable tail behaviour in the spectrum of X X '. Furthermore,
this regularization arises under rather weak assumptions on the random variables
even if Assumption 4.2 is not satisfied. A variant of the development in Liang and
Rakhlin (2020) yields a more interpretable upper bound of
Wﬁsa;1<5+aﬂ> (4.36)
£ y\n
for any k£ > 1 (Liang 2020); the proof is in Appendix A. Furthermore, a high
probability bound on the bias

1 1 k
—2 w112 . - | = T -~
BmssnanOgiin2;@<dXX )+y+¢:} (4.37)

can be established with basic tools from empirical process theory under bounded-
ness assumptions on sup, k(x, x) (Liang and Rakhlin 2020).

With more recent developments on the bias and variance of linear interpolants
in Hastie, Montanari, Rosset and Tibshirani (2019), a significantly more precise
statement can be derived for the d =< n regime. The proof of the following theorem
is in Appendix A.

Theorem 4.13. Let 0 < M,n < oo be fixed constants and suppose that Assump-
tion 4.12 holds with M~' < d/n < M. Further assume that / is smooth in a
neighbourhood of 0 with 4(0), 4’(0) > 0, that || f*|| 4@, < M and that the z; are

M-sub-Gaussian. Let y; = f*(x;) + &, B(£7) = 0'§ and B, := Z7'E[x f*(x)]. Let
A« > 0 be the unique positive solution of

n(l - %) = tr(Z(Z + D). (4.38)

*

Define A(X, B,) and 7' (X) by

tr(Z2(Z + 1,D)72)

Y(X) = s 4.39
) n—tr(Z*E + 1.D)2) (4:39)
2By, (X + LD2EB,)

1=t EXE + 4D2)

BX, By) = (4.40)

Finally, let 5TAs” and VAR denote the squared bias and variance for the minimum-
norm interpolant (4.28). Then there exist C, ¢y > 0 (depending also on the constants
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in Assumption 4.12) such that the following holds with probability at least 1—-Cn~'/*
(here P~ denotes the projector orthogonal to affine functions in L*(P)):

|BIAS” — B(E, Bo) — IP>1 f712,(1 + ()| < Cn, (4.41)
VAR — 02 7/(E)] < Cn™. (4.42)

A few remarks are in order. First, note that the left-hand side of (4.38) is strictly
increasing in A, while the right-hand side is strictly decreasing. By considering
the limits as A, — 0 and A, — oo, it is easy to see that this equation indeed admits
a unique solution. Second, the bias estimate in (4.37) requires f* € H, while
the bias calculation in (4.41) does not make this assumption, but instead incurs an
approximation error for nonlinear components of f*.

We now remark that the minimum-norm interpolant with kernel K™ is simply
ridge regression with respect to the plain covariates X and ridge penalty propor-
tional to y:

- 1
(6o, 0) := arg min 2||y -0y — X0||§ + y||0||§. (4.43)
60,0

The intuition is that the minimum-norm interpolant for the original kernel takes the
form f(x) = 0o+ (5, x)+A(x). Here B0+ <§, x) is a simple component, and A(x) is
an overfitting component: a function that is small in L?(P) but allows interpolation
of the data.

The characterization in (4.38), (4.39) and (4.40) can be shown to imply upper
bounds that are related to the analysis in Section 4.2.

Corollary 4.14. Under the assumptions of Theorem 4.13, further assume that
f7(x) = (B, x) is linear and that there is an integer k € N, and a constant ¢, > 0
such that ri(X) + (ny/c.Ak+1) = (1 + c)n. Then there exists ¢y € (0, 1/2) such
that, with high probability, the following hold as long as the right-hand side is less

than one:
d 2
- 1 _
BIAS” < 4<y =Y A,) B0, <icllz-1 + 1Bosrllg + 17, (4.44)
n .
i=k+1
2ko?  4dno? d 22
AR — &4 ¢ ZF"*; i + <0, (4.45)
n Ce (ny/c. + Zi:k+l A;)?

Further, under the same assumptions, the effective regularization A, (that is, the
unique solution of (4.38)), satisfies

d d

e 1 2

+ - A <A L2y + — Ai. 4.46

YH T A A IR (4.46)
i=k+1 i=k+1
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Note that apart from the n~° term, (4.44) recovers the result of Theorem 4.5,
while (4.45) recovers Theorem 4.4 (setting y = 0), both with improved constants
but limited to the proportional regime. We remark that analogues of Theorems 4.4,
4.5 and 4.6 for ridge regression with v # 0 can be found in Tsigler and Bartlett
(2020).

The formulas (4.38), (4.39) and (4.40) might seem somewhat mysterious. How-
ever, they have an appealing interpretation in terms of a simpler model that we will
refer to as a ‘sequence model’ (this terminology comes from classical statistical
estimation theory (Johnstone 2019)). As stated precisely in the remark below, the
sequence model is a linear regression model in which the design matrix is determ-
inistic (and diagonal), and the noise and regularization levels are determined via a
fixed point equation.

Remark 4.15. Assume without loss of generality X = diag(4y, ..., d4). In the
sequence model we observe y*¢d4 € R¢ distributed according to

.
Y= 4o + g (@)iza ~iia NOD, (4.47)

\/_

where 7 is a parameter given below. We then perform ridge regression with
regularization A,:

B () = argmin ||y - =283 + A.|1BI13, (4.48)
B
which can be written in closed form as
1/2yseq
o8eq i i
() = ————. 4.49
B =5 (4.49)

The noise level 72 is then fixed via the condition
—~seq
T = +EIB (L) - Bolls.

Then, under the assumption that f* is linear, Theorem 4.13 states that

E{(f*(x) = FOOPIX} = BB (A) = BollZ + O(n™ ) (4.50)
with high probability.

To conclude this section we summarize the insights gained from the analyses
of several models in the interpolation regime. First, in all cases, the interpolating
solution fcan be decomposed into a prediction (or simple) component and an
overfitting (or spiky) component. The latter ensures interpolation without hurting
prediction accuracy. In the next section we show, under appropriate conditions on
the parametrization and the initialization, that gradient methods can be accurately
approximated by their linearization, and hence can be viewed as converging to
a minimum-norm linear interpolating solution despite their non-convexity. In
Section 6, we return to the question of generalization, focusing specifically on
two-layer neural networks in linear regimes.
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5. Efficient optimization

The empirical risk minimization (ERM) problem is, in general, intractable even in
simple cases. Section 2.5 gives examples of such hardness results. The classical
approach to address this conundrum is to construct convex surrogates of the non-
convex ERM problem. The problem of learning a linear classifier provides an
easy-to-state — and yet subtle — example. Considering the 0—1 loss, ERM reads

—~ 1 <&
minimize Ly;(6) := - Z 1[y:(0,x;) <0]. 5.1
i=1

Note however that the original problem (5.1) is not always intractable. If there
exists § € R” such that L(#) = 0, then finding @ amounts to solving a set of n
linear inequalities. This can be done in polynomial time. In other words, when the
model is sufficiently rich to interpolate the data, an interpolator can be constructed
efficiently.

In the case of linear classifiers, tractability arises because of the specific structure
of the function class (which is linear in the parameters 6), but one might wonder
whether it is instead a more general phenomenon. The problem of finding an inter-
polator can be phrased as a constraint optimization problem. Write the empirical
risk as

- 1 &
L®) =~ Z;fw;yi,x».
=

Then we are seeking 6 € © such that
{(0;y;,x;) =0 foralli < n. (5.2)

Random constraint satisfaction problems have been studied in depth over the last
twenty years, although under different distributions from those arising from neural
network theory. Nevertheless, a recurring observation is that when the number of
free parameters is sufficiently large compared to the number of constraints, these
problems (which are NP-hard in the worst case) become tractable; see, for example,
Frieze and Suen (1996), Achlioptas and Molloy (1997) and Coja-Oghlan (2010).

These remarks motivate a fascinating working hypothesis: modern neural net-
works are tractable because they are overparametrized.

Unfortunately, a satisfactory theory of this phenomenon is still lacking, with an
important exception: the linear regime. This is a training regime in which the
network can be approximated by a linear model, with a random featurization map
associated with the training initialization. We discuss these results in Section 5.1.

While the linear theory can explain a number of phenomena observed in practical
neural networks, it also misses some important properties. We will discuss these
points, and results beyond the linear regime, in Section 5.2.
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5.1. The linear regime

Consider a neural network with parameters # € R”: for an input x € R? the
network outputs f(x; ) € R. We consider training using the square loss

~ 1 ¢ 1
LO) = 5= > i = fxi:0)F = 2 lly = fu(O)]5. (5.3)
i=1

Here y = (y1,...,yn) and f,: RP — R"™ maps the parameter vector 6 to the
evaluation of f atthe ndatapoints, f,,: 0 — (f(x1:;0), ..., f(x,;6)). We minimize
this empirical risk using gradient flow, with initialization 6y:

de,

1
n

Here Df,(0) € R™P is the Jacobian matrix of the map f,. Our focus on the
square loss and continuous time is for simplicity of exposition. Results of the
type presented below have been proved for more general loss functions and for
discrete-time and stochastic gradient methods.

As firstargued in Jacot, Gabriel and Hongler (2018), in a highly overparametrized
regime it can happen that @ changes only slightly with respect to the initialization
6o. This suggests comparing the original gradient flow with the one obtained by
linearizing the right-hand side of (5.4) around the initialization 6y:

do, 1

T ;Dfn(eo)T(y — f2(80) = D £,(80)(6; — ). (5.5)

More precisely, this is the gradient flow for the risk function

- _ 1 _
Lin() := S-Ily = fu(80) = D fu(80)(6 ~ 00)l13, (5.6)

which is obtained by replacing f,(6) with its first-order Taylor expansion at 6. Of
course, le(G) is quadratic in €. In particular, if the Jacobian D f,(6o) has full row
rank, the set of global minimizers ERM := {0 Lhn(a) = 0} forms an affine space
of dimension p — n. In this case, gradient flow converges to 8, € ERM, which —
as discussed in Section 3 — minimizes the £, distance from the initialization:

0o := argmin {||6 — Bolla: D £,(80)(0 — 8o) = y — f(B0)}. (5.7)

The linear (or ‘lazy’ ) regime is a training regime in which 6, is well approximated
by 6, at all times. Of course if fn(0) is an affine function of @, that is, if D f;,(6)
is constant, then we have 8, = @, for all times 7. It is therefore natural to quantify
deviations from linearity by defining the Lipschitz constant

1D fn(61) _Dfn(HZ)”.

Lip(D f,) := sup (5.8)
" 0120, 161 - 021>
(For a matrix A € R™P, we define ||A|| := sup,., [|Ax]l2/||lx]l>.) It is also useful

to define a population version of the last quantity. For this, we assume as usual that
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samples are i.i.d. draws (x;);<, ~iiq. P, and with a slight abuse of notation, we
view f: 6 — f(0) as a map from R? to L*(P) := L*(R?;P). We let D £(6) denote
the differential of this map at @, which is a linear operator, D f(0): R? — L*(P).
The corresponding operator norm and Lipschitz constant are given by

ID f(O) ]2
yeRP\ {0} [1v1l2
Df(@,)-Df(@
Lip(Df) = sup IDf(0:1)— D f( 2)||‘
0,46, 1601 — 021

IDf(O)] := (5.9)

(5.10)

The next theorem establishes sufficient conditions for @, to remain in the linear
regime in terms of the singular values and Lipschitz constant of the Jacobian.
Statements of this type were proved in several papers, starting with Du, Zhai,
Poczos and Singh (2019b); see, for example, Allen-Zhu, Li and Song (2019), Du
et al. (2019a), Zou, Cao, Zhou and Gu (2020), Oymak and Soltanolkotabi (2020)
and Liu, Zhu and Belkin (2020). We follow the abstract point of view in Oymak
and Soltanolkotabi (2019) and Chizat, Oyallon and Bach (2019).

Theorem 5.1. Assume
. 1
ImwnwyaM%M<Z@mwﬂww. (5.11)
Further define

Omax = Omax(D fu(00)),  Omin := Omin(D fn(00)).

Then the following hold for all # > 0.

.. . . . _ 2 .
(1) The empirical risk decreases exponentially fast to 0, with rate 4o = o, /(2n):

L(6,) < L(6g)e Y. (5.12)

(2) The parameters stay close to the initialization and are closely tracked by those
of the linearized flow. Specifically, letting L, := Lip(D f,,),

2

16; = Oolla < —— lly = £u(80) I, (5.13)
— 320 max 16L,,
Hm—mMS{ Ny = £u00) |l + —5 M—ﬁwmﬂ
min min
180L,02,.,
AN ——"ly = f2(00)l5- (5.14)
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(3) The models constructed by gradient flow and by the linearized flow are similar
on test data. Specifically, writing f"(0) = £(8¢) + D f(680)(0 — 6,), we have

1£@:) = O 2m)
2

< 4L + 15017 @ 2 iy - @0l 619
min min

The bounds in (5.12) and (5.13) follow from the main result of Oymak and
Soltanolkotabi (2019). The coupling bounds in (5.14) and (5.15) are proved in
Appendix B.

A key role in this theorem is played by the singular values of the Jacobian at
initialization, D f,,(8p). These can also be encoded in the kernel matrix K, o :=
D f,,(00)D f,(8y)" € R™". The importance of this matrix can be easily understood
by writing the evolution of the predicted values f,{in(Ot) = f,(00)+D f,,(00)(60,—6)).
Equation (5.5) implies

d flm(a )y 1 o
— = Koy — £,"(6))). (5.16)
Equivalently, the residuals r, = y — f,‘,i“(ét) are driven to zero according to

(d/dry = =Kpor:/n.

Applying Theorem 5.1 requires the evaluation of the minimum and maximum
singular values of the Jacobian, as well as its Lipschitz constant. As an example,
we consider the case of two-layer neural networks:

m
a

x;0) = — bioc{w;,x)), O@=Ww....,wn). 5.17
f()\/%;](M)) Wise s W) (5.17)
To simplify our task, we assume the second layer weights b = (by,...,b;,,) €
{+1,-1}" to be fixed with an equal number of +1s and —1s. Without loss of
generality we can assume that by = --- = by, =+l and by 241 = -+ = by, = — 1.
We train the weights wy,...,w,, via gradient flow. The number of parameters
is p = md. The scaling factor @ allows tuning between different regimes. We

consider two initializations, denoted by 08) and 052) :
0y Wizm  ~iia Unif(s?), (5.18)
00 1 Wii<ms2 ~iid. NS, Wonjni = Wi i < m)2, (5.19)

where S9! denotes the unit sphere in d dimensions. The important difference
between these initializations is that (by the central limit theorem) | f(x; 05)1))| =
®(a), while £(x;65) =0

It is easy to compute the Jacobian D f,,(x; 6) € R™™4;

[D f(x;0)]ij.a) = %bjo',«wj’xi»xiw i €[n], (j,a) € [m]x[d]. (5.20)
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Assumption 5.2. Leto: R — R be a fixed activation function which we assume
differentiable with bounded first- and second-order derivatives. Let

o= we(o)he

20

denote its decomposition into orthonormal Hermite polynomials. Assume p(o) #
0 for all £ < £, for some constant £.

Lemma 5.3. Under Assumption 5.2, further assume {(x;, y;)}i <, to be i.i.d. with
x; ~iid. N(O,1,), and y; B?-sub-Gaussian. Then there exist constants C;, de-
pending uniquely on o, such that the following hold with probability at least
1 — 2exp{-n/Cy}, provided md > Conlogn and n < d% (whenever not specified,
these hold for both initializations 6 € {08), 082)}):

Iy = £:8)2 < C1(B + )V, (5.21)
Iy = 2051 < C1BVn, (5.22)
Tmin(D f(80)) > CraVd, (5.23)
Tmax(D fu(80)) < Cza(Vn + Vd), (5.24)
Lip(D f;,) < C4a/\/g(\/ﬁ +Vd). (5.25)
Further
IDf(B0)l < Cia, (5.26)
Lip(Df) < c;a\/% . (5.27)

Equations (5.21) and (5.22) are straightforward (Oymak and Soltanolkotabi
2019). The remaining inequalities are proved in Appendix B. Using these es-
timates in Theorem 5.1, we get the following approximation theorem for two-layer
neural nets.

Theorem 5.4. Consider the two-layer neural network of (5.17) under the assump-
tions of Lemma 5.3. Further let @ := «/(1 + @) for initialization 8y = 08) and
@ :=aforfy = 082). Then there exist constants C;, depending uniquely on o, such
that if md > Conlogn, d < n < d% and

a>(C (5.28)

md’
then, with probability at least 1 — 2 exp{—n/Cy}, the following hold for all > 0.
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(1) Gradient flow converges exponentially fast to a global minimizer. Specifically,
letting A, = Cy a*d/n, we have

L(O,) < L(Bo)e . (5.29)

(2) The models constructed by gradient flow and linearized flow are similar on
test data, namely

— a | n? 1 n
£ (0:) = fin(@)lL2p) < Cl{;\/% + g\fw}- (5.30)

It is instructive to consider Theorem 5.4 for two different choices of « (a third
one will be considered in Section 5.2).

For a = O(1), we have @ = @(1) and therefore the two initializations {8, 082)}
behave similarly. In particular, condition (5.28) requires md > n’: the number
of network parameters must be quadratic in the sample size. This is significantly
stronger than the simple condition that the network is overparametrized, namely
md > n. Under the condition md > n? we have exponential convergence to
vanishing training error, and the difference between the neural network and its
linearization is bounded as in (5.30). This bound vanishes for m > n’/d*. While
we do not expect this condition to be tight, it implies that, under the choice @ = O(1),
sufficiently wide networks behave as linearly parametrized models.

For @ — oo, we have @ — 1 for initialization 0(()1) and therefore Theorem 5.4
yields the same bounds as in the previous paragraph for this initialization. However,
for the initialization 6y = 082) (which is constructed so that f (082)) = 0) we have
@ = « and condition (5.28) is always verified as @ — oco. Therefore the conclusions
of Theorem 5.4 apply under nearly minimal overparametrization, namely if md >
nlogn. In that case, the linear model is an arbitrarily good approximation of
the neural net as a grows: | f(6;) — ﬁm(ﬁ,)lle(P) = O(1/a). In other words,
an overparametrized neural network can be trained in the linearized regime by
choosing suitable initializations and suitable scaling of the parameters.

Recall that, as t — oo, @ converges to the min-norm interpolant 500; see (5.7).
Therefore, as long as condition (5.28) holds and the right-hand side of (5.30) is
negligible, the generalization properties of the neural network are well approxim-
ated by those of min-norm interpolation in a linear model with featurization map
x — D f(x;00). We will study the latter in Section 6.

In the next subsection we will see that the linear theory outlined here fails to
capture different training schemes in which the network weights genuinely change.

5.2. Beyond the linear regime?

For a given dimension d and sample size n, we can distinguish two ways to violate
the conditions for the linear regime, as stated for instance in Theorem 5.4. First, we
can reduce the network size m. While Theorem 5.4 does not specify the minimum
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m under which the conclusions of the theorem cease to hold, it is clear that md > n
is necessary in order for the training error to vanish as in (5.29).

However, even if the model is overparametrized, the same condition is violated
if  is sufficiently small. In particular, the limit m — oo with @ = ay/+/m has
attracted considerable attention and is known as the mean-field limit. In order to
motivate the mean-field analysis, we can suggestively rewrite (5.17) as

f(x:0) = ap / bo((w,x)) p(dw, db), (5.31)

where p = m™! 27‘:] Ow;,b; i the empirical distribution of neuron weights. If
the weights are drawn i.i.d. from a common distribution (w;, b;) ~ p, we can
asymptotically replace p with p in the above expression, by the law of large
numbers.

The gradient flow (5.4) defines an evolution over the space of neuron weights,
and hence an evolution in the space of empirical distributions p. It is natural to
ask whether this evolution admits a simple characterization. This question was
first addressed by Nitanda and Suzuki (2017), Mei, Montanari and Nguyen (2018),
Rotskoff and Vanden-Eijnden (2018), Sirignano and Spiliopoulos (2020) and Chizat
and Bach (2018).

Theorem 5.5. Initialize the weights so that {(w;,b;)}j<m ~iida. po With pg a
probability measure on R?*!. Further, assume the activation function u > o (u) to
be differentiable with o’ bounded and Lipschitz continuous, and assume |b;| < C
almost surely under the initialization pg, for some constant C. Then, for any fixed
T > 0, the following limit holds in L*(P), uniformly over ¢ € [0, T]:

Tim f(On) = Flp) = ag / ba((w, ) pildw,db),  (5.32)

where p; is a probability measure on R?*! that solves the following partial differ-
ential equation (to be interpreted in the weak sense):

0rp:(w, b) = agV(p;(w, b)VY¥(w, b; p;)), (5.33)
W (w, b; p) := E{ba({w, x))(F(x; p;) — y)}. (5.34)

Here the gradient V is with respect to (w, b) (gradient in d + 1 dimensions) if both
first- and second-layer weights are trained, and only with respect to w (gradient in
d dimensions) if only first-layer weights are trained.

This statement can be obtained by checking the conditions of Chizat and Bach
(2018, Theorem 2.6). A quantitative version can be obtained for bounded o using
Theorem 1 of Mei, Misiakiewicz and Montanari (2019).

A few remarks are in order. First, the limitin (5.32) requires time to be accelerated
by a factor m. This is to compensate for the fact that the function value is scaled
by a factor 1/m. Second, while we stated this theorem as an asymptotic result, for
large m, the evolution described by the PDE (5.33) holds at any finite m for the

https://doi.org/10.1017/50962492921000027 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492921000027

136 P. L. BARTLETT, A. MONTANARI AND A. RAKHLIN

empirical measure p;. In that case, the gradient of p, is not well-defined, and it is
important to interpret this equation in the weak sense (Ambrosio, Gigli and Savaré
2008, Santambrogio 2015). The advantage of working with the average measure p,
instead of the empirical one py is that the former is deterministic and has a positive
density (this has important connections to global convergence). Third, quantitative
versions of this theorem were proved in Mei et al. (2018, 2019), and generalizations
to multi-layer networks in Nguyen and Pham (2020).

Mean-field theory can be used to prove global convergence results. Before
discussing these results, let us emphasize that — in this regime — the weights
move in a non-trivial way during training, despite the fact that the network is
infinitely wide. For the sake of simplicity we will focus on the case already
treated in the previous section in which the weights b; € {+1, -1} are initialized
with signs in equal proportions, and are not changed during training. Let us first
consider the evolution of the predicted values F,,(po;) := (F(x1; 1), - - -» F(X 35 p1)).
Manipulating (5.33), we get

d 1
aFn(pt) = _;Kt(Fn(pt) =y) K, =(Ki(xi,x}))ij<n (5.35)
Ki(x1,x2) := /(xl,xz><f’(<w,x1>)0’(<w,xz>)pt(db, dw), (5.36)

In the short-time limit we recover the linearized evolution of (5.16) (Mei et al.
2019), but the kernel K, is now changing with training (with a factor m acceleration
in time).

It also follows from the same characterization of Theorem 5.5 that the weight w ;
of a neuron with weight (w;, b;) = (w, b) moves at a speed

E{bx o' ({w,x)(F(x; p;) — y)}.

This implies
N _ 2 _ 2 2
Jlim m”Wt+s Willp = valor) s~ + o(s), (5.37)
1
va(py) 1= ;(y — Fa(o0). Ko (y = Fu(p1)))- (5.38)

This expression implies that the first-layer weights change significantly more than
in the linear regime studied in Section 5.1. As an example, consider the setting of
Lemma 5.3, namely data (x;);<, ~iid. N(0,I;), an activation function satisfying
Assumption 5.2 and dimension parameters such that md > Cnlogn, n < d%.
We further initialize pg = Unif(S9~1) @ Unif({+1, —1}) (that is, the vectors w j are
uniform on the unit sphere and the weights b; are uniform in {+1, —1}). Under this
initialization ||Wq ||12F = mand hence (5.37) att = 0 can be interpreted as describing
the initial relative change of the first-layer weights.
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Theorem 5.1 (see (5.13)) and Lemma 5.3 (see (5.21)—(5.23)) imply that, with
high probability,
n

1 1
sup —[|W; = Wollr < Cg — (5.39)

2
>0 ym md

where @ = a/(1 + «) for initialization 0(01) and a = « for initialization 082). In the

mean-field regime @ < @ =< 1/+/m and the right-hand side above is of order \/n/d,
and hence it does not vanish. This is not due to a weakness of the analysis. By
(5.37), we can choose ¢ a small enough constant so that

1 1 1
lim sup —||W, — Wollr = lim —|[|[W. — Wollr > =va(po)*&. (540
Al sup \/ﬁH t = Wollp = lim_ \%ll e = Wollr 5v2(P0) (5.40)
This is bounded away from O as long as v>(pg) is non-vanishing. In order to see
this, note that Anin(Ko) > co d with high probability for ¢y a constant (note that
K is a kernel inner product random matrix, and hence this claim follows from the
general results of Mei, Misiakiewicz and Montanari 2021). Noting that F},(o9) = 0

(because f bpo(db, dw) = 0), this implies, with high probability,

’

1 Cod C, d
Vo) = — (. Koy) = —lyls > =~ (5.41)

We expect this lower bound to be tight, as can be seen by considering the pure
noise case y ~ N(0, 72I,,), which leads to v(pg) = 72tr(K ) /n?(1 + 0,(1)) =< d/n.
To summarize, (5.39) (setting a =< 1/4/m) and (5.40) conclude that, ford < n <

db,
d 1 n
cir/— < lim sup —||W, - W < 4=, 5.42
1\/; m_)ootzg\/mll , ollr 2\/; (5.42)

hence the limit on the left-hand side of (5.40) is indeed non-vanishing as m — oo at
n, d fixed. In other words, the fact that the upper bound in (5.39) is non-vanishing
is not an artifact of the bounding technique but a consequence of the change of
training regime. We also note a gap between the upper and lower bounds in (5.42)
when n > d: abetter understanding of this quantity is an interesting open problem.
In conclusion, both a linear and a nonlinear regime can be obtained in the infinite-
width limit of two-layer neural networks, for different scalings of the normalization
factor a.

As mentioned above, the mean-field limit can be used to prove global conver-
gence results, both for two-layer (Mei et al. 2018, Chizat and Bach 2018) and for
multi-layer networks (Nguyen and Pham 2020). Rather than stating these (rather
technical) results formally, it is instructive to discuss the nature of fixed points of
the evolution (5.33): this will also indicate the key role played by the support of
the distribution p;.
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Lemma 5.6. Assume 7 — o (¢) to be differentiable with bounded derivative. Let
L(p) = E{[y — F(x; p)]*} be the empirical risk of an infinite-width network with
neuron’s distribution p, and define ¢ (w; p) := E{c({w, x))[y — F(x; p)]}.

(a) p. is a global minimizer of L if and only if y(w; p,) = 0 for all w € R?.

(b) p.isafixed pointof the evolution (5.33) if and only if, for all (b, w) € supp(p-),
we have ¢(w; p,.) = 0 and bV, ¥ (w; p,) = 0.

The same statement holds if the empirical averages above are replaced by population
averages (that is, the empirical risk L(p) is replaced by its population version

Lu(p) = E{[y - F(x; p)I*}.

This statement clarifies that fixed points of the gradient flow are only a ‘small’
superset of global minimizers, as m — oco. Consider for instance the case of an
analytic activation function # — o (¢). Let p. be a stationary point and assume that
its support contains a sequence of distinct points {(b;, w;)};>1 such that {w;};>1
has an accumulation point. Then, by condition (b), ¥(w; p.) = 0 identically and
therefore p, is a global minimum. In other words, the only local minima correspond
to p. supported on a set of isolated points. Global convergence proofs aim at ruling
out this case.

5.3. Other approaches

The mean-field limit is only one of several analytical approaches that have been
developed to understand training beyond the linear regime. A full survey of
these directions goes beyond the scope of this review. Here we limit ourselves
to highlighting a few of them that have a direct connection to the analysis in the
previous section.

A natural idea is to view the linearized evolution as the first order in a Taylor
expansion, and to construct higher-order approximations. This can be achieved by
writing an ordinary differential equation for the evolution of the kernel K, (see
(5.36) for the infinite-width limit). This takes the form (Huang and Yau 2020)

%Kt = LKD - (Fap -y, (5.43)
t n

where K §3) e (R™®3 is a certain higher-order kernel (an order-3 tensor), which is
contracted along one direction with (F,,(o;) — y) € R". The linearized approxima-
tion amounts to replacing K 53) with 0. A better approximation could be to replace
K 53) with its value at initialization K 83). This construction can be repeated, leading
to a hierarchy of increasingly complex (and accurate) approximations.

Other approaches towards constructing a Taylor expansion around the linearized
evolutions were proposed, among others, by Dyer and Gur-Ari (2020) and Hanin
and Nica (2020).

Note that the linearized approximation relies on the assumption that the Jacobian
D f,,(6p) is non-vanishing and well-conditioned. Bai and Lee (2020) propose
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specific neural network parametrizations in which the Jacobian at initialization
vanishes, and the first non-trivial term in the Taylor expansion is quadratic. Under
such initializations the gradient flow dynamics is ‘purely nonlinear’.

6. Generalization in the linear regime

As discussed in Sections 2 and 4, approaches that control the test error via uniform
convergence fail for overparametrized interpolating models. So far, the most
complete generalization results for such models have been obtained in the linear
regime, namely under the assumption that we can approximate f (@) by its first-order
Taylor approximation fji,(0) = f(6o)+D f(0)(0—8y). While Theorem 5.1 provides
a set of sufficient conditions for this approximation to be accurate, in this section
we leave aside the question of whether or when this is indeed the case, and review
what we know about the generalization properties of these linearized models. We
begin in Section 6.1 by discussing the inductive bias induced by gradient descent
on wide two-layer networks. Section 6.2 describes a general set-up. Section 6.3
reviews random features models: two-layer neural networks in which the first layer
is not trained and entirely random. While these are simpler than neural networks in
the linear regime, their generalization behaviour is in many ways similar. Finally, in
Section 6.4 we review progress on the generalization error of linearized two-layer
networks.

6.1. The implicit regularization of gradient-based training

As emphasized in previous sections, in an overparametrized setting, convergence
to global minima is not sufficient to characterize the generalization properties of
neural networks. It is equally important to understand which global minima are
selected by the training algorithm, in particular by gradient-based training. As
shown in Section 3, in linear models gradient descent converges to the minimum
{>-norm interpolator. Under the assumption that training takes place in the linear
regime (see Section 5.1), we can apply this observation to neural networks. Namely,
the neural network trained by gradient descent will be well approximated by the
model® fii,(@) = f(0y) + D f(8y)a where @ minimizes ||a||, among empirical risk
minimizers

a :=argmin {||a|2: y; = fin(x;; @) foralli < n}. 6.1)

acRpP

For simplicity, we will set f(x;80y) = 0. This can be achieved either by properly
constructing the initialization @¢ (as in the initialization 082) in Section 5.1) or by
redefining the response vector y’ =y — f,,(6p). If f(x;6¢) = 0, the interpolation
constraint y; = fiin(x;; @) for all i < n can be written as D f,,(8p)a = y.

6 With a slight abuse of notation, in this section we parametrize the linearized model by the shift
with respect to the initialization 6.
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Consider the case of two-layer neural networks in which only first-layer weights
are trained. Recalling the form of the Jacobian (5.20), we can rewrite (6.1) as

m
a := argmin {||a||2: yi = Z(aj3xi>0',(<wj’xi>)}, (6.2)
acRmd j=1
where we write @ = (ay,...,ay), a; € R%. In this section we will study the

generalization properties of this neural tangent (NT) model and some of its close
relatives. Before formally defining our set-up, it is instructive to rewrite the norm
that we are minimizing in function space:

! 1 © ,
£ IINT, 2 = mf{ﬁﬂaﬂzi flx)= . ;<aj,xi>0' «wj,x)) a.e.}. (6.3)

This is an RKHS norm defining a finite-dimensional subspace of L>(R¢, P). We
can also think of it as a finite approximation to the norm

lflInT == inf{IIaIILZ(pO)I fx) = /(d(W),xi)tf’((w,x>)po(dW)}- (6.4)
Here a: R? — R4 is a measurable function with

lalzq, = [ TaOnIPootew) < o

and we are assuming that the weights w ; in (6.3) are initialized as (W ;) <, ~i.ida. Po-
This is also an RKHS norm whose kernel Knt(x1, x2) will be described below;
see (6.13).

Let us emphasize that moving out of the linear regime leads to different —
and possibly more interesting — inductive biases than those described in (6.3) or
(6.4). As an example, Chizat and Bach (2020) analyse the mean-field limit of
two-layer networks, trained with logistic loss, for activation functions that have
Lipschitz gradient and are positively 2-homogeneous. For instance, the square
ReLU o(x) = (x;)* with fixed second-layer coeflicients fits this framework. The
usual ReL.U with trained second-layer coefficients bjo({w;, x)) = b;({w}, x))4 is
2-homogeneous but not differentiable. In this setting, and under a convergence
assumption, they show that gradient flow minimizes the following norm among
interpolators:

Iflle = inf{IIVIITvi fx) = /ff((w,x))V(dW) a-e-}- (6.5)

Here, minimization is over the finite signed measure v with Hahn decomposition
v =vy —v_,and |[v|]jtv = vi(RY) + v_(RY) is the associated total variation. The
norm || f|l is a special example of the variation norms introduced in Kurkova
(1997) and further studied in Kurkova and Sanguineti (2001, 2002).
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This norm differs in two ways from the RKHS norm of (6.4). Each is defined in
terms of a different integral operator,

ars [ (@ x)o (wx) po(ew)
for (6.4) and
vn—>/a((w,x))v(dw)

for (6.5). However, more importantly, the norms are very different: in (6.4) it is
a Euclidean norm while in (6.5) it is a total variation norm. Intuitively, the total
variation norm ||v ||ty promotes ‘sparse’ measures v, and hence the functional norm
|| f1lo promotes functions that depend primarily on a small number of directions in
R? (Bach 2017).

6.2. Ridge regression in the linear regime

We generalize the min-norm procedure of (6.1) to consider the ridge regression

estimator:
_ 1
(1) := arg min {; D 0 = fin(xiz @) + AllaH%}, (6.6)
ackp i=1
fin(xi; @) := (a,D f(x;;00)). (6.7)

The min-norm estimator can be recovered by taking the limit of vanishing regu-
larization lim,_,g @(1) = a(0*) (with a slight abuse of notation, we will identify
A = 0 with this limit). Apart from being intrinsically interesting, the behaviour of
a(A) for A > 0 is a good approximation of the behaviour of the estimator produced
by gradient flow with early stopping (Ali, Kolter and Tibshirani 2019). More pre-
cisely, letting (@gg(1)); >0 denote the path of gradient flow initialized at agg(0) = 0,
there exists a parametrization ¢ +— A(f), such that the test error at agg(t) is well
approximated by the test error at @(A(z)).

Note that the function class { fiin(x;; @) := (@, D f(x;;60p)): a € R’} is a linear
space, which is linearly parametrized by a. We consider two specific examples
which are obtained by linearizing two-layer neural networks (see (5.17)):

Fpg = {flm(x;a) = Z aioc({w;, x)): a; € R}, (6.8)

i=1

m

Far = {fnn(x;a) = Z(ai,x><f’(<wi,x>): a; € Rd}- (6.9)
i=1

Namely, /2t (RF stands for ‘random features’) is the class of functions obtained by

linearizing a two-layer network with respect to second-layer weights and keeping

the first layer fixed, and F(; (NT stands for ‘neural tangent’) is the class obtained by

linearizing a two-layer network with respect to the first layer and keeping the second
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fixed. The first example was introduced by Balcan, Blum and Vempala (2006) and
Rahimi and Recht (2007) and can be viewed as a linearization of the two-layer
neural networks in which only second-layer weights are trained. Of course, since
the network is linear in the second-layer weights, it coincides with its linearization.
The second example is the linearization of a neural network in which only the
first-layer weights are trained. In both cases we draw (W;); <y, ~i.id. Unif(S4-1) (the
Gaussian initialization w; ~ N(0, I;/d) behaves very similarly).

Ridge regression (6.6) within either model JFgr or Fnt can be viewed as kernel
ridge regression (KRR) with respect to the kernels

1 m

Kepm(X1.x2) 1= — 3 0 (Wi x)o((w. x2) (6.10)
i=1
1 m

KNT,m(x1,X2) := - Z(xl,x2>0"(<wi,x1>)0"(<wi, X2)). (6.11)
izl

These kernels are random (because the weights w; are) and have finite rank, namely
rank at most p, where p = m in the first case and p = md in the second. The last
property is equivalent to the fact that the RKHS is at most p-dimensional. As the
number of neurons diverge, these kernels converge to their expectations Kge(x1, X2)
and Kn7(x1, x2). Since the distribution of w; is invariant under rotations in R?, so
are these kernels. The kernels Krr(x1, Xx2) and Knt(x 1, X2) can therefore be written
as functions of ||x ||z, ||x2]|2 and {x1, x,). In particular, if we assume that data are
normalized, say ||x]l» = ||x2]l> = Vd, then we have the particularly simple form

KRrr(x1,x2) = Hrr,a({x1,X2)/d), (6.12)
Knt(x1,x2) = d Hyt,a({x1, x2) /d), (6.13)
where
Hrr.a(q) := Ew{oc(Vd(w, e1))o(Vd(w, g1 + Ge2))}, (6.14)
Hyr.a(q) := qEyw {0’ (Vd(w, e1))o’(Vd(w. qe +Ge2))}, (6.15)

with g := /1 — ¢2.

The convergence Krr,n» — Kgrr, KnT.n — KnT.m takes place under suitable
assumptions, pointwise (Rahimi and Recht 2007). However, we would like to un-
derstand the qualitative behaviour of the generalization error in the above linearized
models.

(i) Does the procedure (6.6) share qualitative behaviour with KRR, as discussed
in Section 4? In particular, can min-norm interpolation be (nearly) optimal
in the RF or NT models as well?

(ii) How large should m be for the generalization properties of RF or NT ridge
regression to match those of the associated kernel?
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(iii) What discrepancies between KRR and RF or NT regression can we observe
when m is not sufficiently large?

(iv) Is there any advantage of one of the three methods (KRR, RF, NT) over the
others?

Throughout this section we assume an isotropic model for the distribution of the
covariates x;, namely we assume {(x;, y;)}i<n to be i.i.d., with

yi = f*x) +e,  xi ~Unif(S4 ' (Va)), (6.16)

where f* € L?(S?!) is a square-integrable function on the sphere and &; is
noise independent of x;, with E{g;} = 0, E{siz} = 72. We will also consider a
modification of this model in which x; ~ N(0, I;); the two settings are very close to
each other in high dimension. Let us emphasize that we do not make any regularity
assumption about the target function beyond square-integrability, which is the bare
minimum for the risk to be well-defined. On the other hand, the covariates have
a simple isotropic distribution and the noise has variance independent of x; (it is
homoscedastic).

While homoscedasticity is not hard to relax to an upper bound on the noise
variance, it is useful to comment on the isotropicity assumption. The main content
of this assumption is that the ambient dimension d of the covariate vectors does
coincide with the intrinsic dimension of the data. If, for instance, the x; lie on a
dp-dimensional subspace in R4, dy < d, then it is intuitively clear that d would
have to be replaced by dj below. Indeed, this is a special case of a generalization
studied in Ghorbani, Mei, Misiakiewicz and Montanari (2020). An even more
general setting is considered in Mei et al. (2021), where x; belongs to an abstract
space. The key assumption there is that leading eigenfunctions of the associated
kernel are delocalized.

We evaluate the quality of method (6.6) using the square loss

L) := B {(f*(x) = fiin(x; @())*}. (6.17)

The expectation is with respect to the test point x ~ Unif(Sd‘l(\/a)); note that
the risk is random because a@(1) depends on the training data. However, in all the
results below, it concentrates around a non-random value. We add subscripts, and
write Lgrr(A) or Lyt(A) to refer to the two classes of models above.

6.3. Random features model

We begin by considering the random features model Fre. A number of authors
have established upper bounds on its minimax generalization error for suitably
chosen positive values of the regularization (Rudi and Rosasco 2017, Rahimi and
Recht 2008). Besides the connection to neural networks, Frr can be viewed as a
randomized approximation for the RKHS associated with Kgr. A closely related
approach in this context is provided by randomized subset selection, also known as
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Nystrom’s method (Williams and Seeger 2000, Bach 2013, El Alaoui and Mahoney
2015, Rudi, Camoriano and Rosasco 2015).

The classical random features model Fgr is mathematically easier to analyse
than the neural tangent model Fyr, and a precise picture can be established that
covers the interpolation limit. Several elements of this picture have been proved to
generalize to the NT model as well, as discussed in the next subsection.

We focus on the high-dimensional regime, m,n,d — oo; as discussed in Sec-
tion 4, interpolation methods have appealing properties in high dimension. Com-
plementary asymptotic descriptions are obtained depending on how m, n, d diverge.
In Section 6.3.1 we discuss the behaviour at a coarser scale, namely when m and n
scale polynomially in d: this type of analysis provides a simple quantitative answer
to the question of how large m should be to approach the m = oo limit. Next, in
Section 6.3.2, we consider the proportional regime m < n < d. This allows us to
explore more precisely what happens in the transition from underparametrized to
overparametrized.

6.3.1. Polynomial scaling

The following characterization was proved in Mei et al. (2021) (earlier work by
Ghorbani ef al. 2021 established this result for the two limiting cases m = coandn =
o). In what follows, we let L(y) denote the space of square-integrable functions
on R, with respect to the standard Gaussian measure y(dx) = Qm)~V 2e=x°/ 2dx,
and we write (-, - )12, || = ll.2(,) for the associated scalar product and norm.

Theorem 6.1. Fix an integer £ > 0. Let the activation function o: R — R
be independent of d and such that: (i) |o(x)| < cgexp(]x|<!) for some constants
co > O0andcy < 1,and (ii) (o, ¢)12() # O for any non-vanishing polynomial g, with
deg(q) < €. Assume max((n/m), (m/n)) > d° and d“*° < min(m, n) < d**'=9 for
some constant § > 0. Then, for any 2 = O4((m/n) vV 1), and all > 0,

Lee(d) = [IPsef*112, + 0a(DULf* N7 + IPse 5117 00y + 7). (6.18)

In words, as long as the number of parameters m and the number of samples n
are well separated, the test error is determined by the minimum of m and n.

e For m < n, the approximation error dominates. If d < m < d’*!, the
model fits the projection of f onto degree-£ polynomials perfectly but does
not fit the higher-degree components at all: f;l ~ P<¢f. This is consistent
with a parameter-counting heuristic: degree-{ polynomials form a subspace
of dimension @(d?) and in order to approximate them we need a network with
Q(d") parameters. Surprisingly, this transition is sharp.

e For n < m, the statistical error dominates. If d/ < n < d‘*!, fi ~ P/ f.
This is again consistent with a parameter-counting heuristic: to learn degree-¢
polynomials we need roughly as many samples as parameters.
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e Both of the above are achieved for any sufficiently small value of the regu-
larization parameter A. In particular, they apply to min-norm interpolation
(corresponding to the case A = 07).

From a practical perspective, if the sample size n is given, we might be interested
in choosing the number of neurons m. The above result indicates that the test error
roughly decreases until the overparametrization threshold m =~ n, and that there
is limited improvement from increasing the network size beyond m > nd®. At
this point, RF ridge regression achieves the same error as the corresponding kernel
method. Indeed, the statement of Theorem 6.1 holds for the case of KRR as well,
by identifying it with the limit m = co (Ghorbani et al. 2021).

Note that the infinite width (kernel) limit m = co corresponds to the setting
already investigated in Theorem 4.10. Indeed, the staircase phenomenon in the
m = oo case of Theorem 6.1 corresponds to the multiple descent behaviour seen
in Theorem 4.10. The two results do not imply each other because Theorem 4.10
assumes f* to have bounded RKHS norm; Theorem 6.1 does not make this as-
sumption, but is not as sharp for functions with bounded RKHS norm.

The significance of polynomials in Theorem 6.1 is related to the fact that the
kernel Kgf is invariant under rotations (see (6.12)). As a consequence, the eigen-
functions of Kgrr are spherical harmonics, that is, restrictions of homogeneous
harmonic polynomials in R? to the sphere S?~!(Vd), with eigenvalues given by
their degrees. Mei ef al. (2021) have obtained analogous results for more general
probability spaces (X, P) for the covariates, and more general random features
models. The role of low-degree polynomials is played by the top eigenfunctions of
the associated kernel.

The mathematical phenomenon underlying Theorem 6.1 can be understood by
considering the feature matrix ® € R

ocx,wy)) o(x,wa) - oc(x,wn))
oc{x,wy)) o(x2,w2)) - oc(x2,Wn))

@ = : : : ) (6.19)
ocxnw1)) oc(xpw2)) - c(Xn,Wn))

The ith row of this matrix is the feature vector associated with the ith sample. We
can decompose ® according to the eigenvalue decomposition of o, seen as an
integral operator from L2(S4 (1) to Lz(Sd_l(\/g)):

a(w) — /U((x,W))a(W)Td(dW)

(where 7, is the uniform measure on S47'(1))). This takes the form

(o)

T, W) = ) sr(X)ge(w) (6.20)

k=0

where (;);>1 and (¢;);>1 are two orthonormal systems in Lz(Sd‘l(\/E)) and
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L3(S91(1)) respectively, and the s; are singular values so > s > --- > 0. (In
the present example, o~ can be regarded as a self-adjoint operator on L2(S4~1(Vd))
after rescaling the w;, and hence the ¢; and ¢; can be taken to coincide up to a
rescaling, but this is not crucial.)

The eigenvectors are grouped into eigenspaces V, indexed by ¢ € Z>, where Vy
consists of the degree-¢ polynomials, and

dim(Vy) = B(d. o) = 1=2+2¢ <d w3 5), B, () = d'J0.

d-2 ¢
We write s for the eigenvalue associated with eigenspace Vy: it turns out that
s = d=t% for a generic o; (s'©)?B(d, ) < C since o is square-integrable. Let
U = Wr(xy),.. ., Uk(x,))" be the evaluation of the kth left eigenfunction at the
n data points, and let ¢, = (dx(wq),.. ., dx(w,)" be the evaluation of the kth
right eigenfunction at the m neuron parameters. Further, let k() := 3}, ., B(d, (’).
Following our approach in Section 4, we decompose ® into a ‘low-frequency’ and
a ‘high-frequency’ component,

D = (I)Sf + D, (6.21)
k(l)
D= s8] =¥ S<cdl, (6.22)
Jj=0
where S <, = diag(sy, - - -, Sk(e)s ¥ <¢ € R™*O is the matrix whose jth column is
Y, and ¢, € R™*O is the matrix whose jth column is ¢ .

Consider, to be definite, the overparametrized case m > n'*%, and assume d‘*° <

n. Then we can think of ¢, ¢ ;, j < k({) as densely sampled eigenfunctions. This
intuition is accurate in the sense that y" V< = nl) and oL 9 <0 = mlge) (Mei
etal. 2021). Further, if n < d“*'79, the ‘high-frequency’ part of the decomposition
(6.21) behaves similarly to noise along directions orthogonal to the previous ones.
Namely, (i) ®.,¢, = 0, tpTS @>¢ = 0, and (ii) its singular values (except those
along the low-frequency components) concentrate: for any 6" > 0,

172 —¢§ 1/2_ ¢
K207 < Gk (@0 /m'? < o(@s0)/m'? < k) Pn?,

where k¢ = Xis ke sJZ..

In summary, regression with respect to the random features o-({w ;, - )) turns out
to be essentially equivalent to kernel ridge regression with respect to a polynomial
kernel of degree ¢, where ¢ depends on the smaller of the sample size and the
network size. Higher-degree parts in the activation function effectively behave as
noise in the regressors. We will next see that this picture can become even more
precise in the proportional regime m < n.
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Figure 6.1. Train and test error of a random features model (two-layer neural net
with random first layer) as a function of the overparametrization ratio m/n. Here
d = 100, n = 400, 7> = 0.5, and the target function is f* = (B0, x), ||Bol = 1.
The model is fitted using ridge regression with a small regularization parameter
A =1073(m/d). Circles report the results of numerical simulations (averaged over
20), while lines are theoretical predictions for the m, n, d — co asymptotics.

6.3.2. Proportional scaling

Theorem 6.1 requires that m and n are well separated. When m, n are close to each
other, the feature matrix (6.19) is nearly square and we might expect its condition
number to be large. When this is the case, the variance component of the risk can
also be large.

Theorem 6.1 also requires the smaller of m and n to be well separated from
d’, with ¢ any integer. For d’ < m < d’*!' the model has enough degrees of
freedom to represent (at least in principle) all polynomials of degree at most ¢
and not enough to represent even a vanishing fraction of all polynomials of degree
¢ + 1. Hence it behaves in a particularly simple way. On the other hand, when m
is comparable to d¢, the model can partially represent degree-£ polynomials, and
its behaviour will be more complex. Similar considerations apply to the sample
size n.

What happens when m is comparable to n, and both are comparable to an integer
power of d? Figure 6.1 reports simulations within the data model introduced above.
We performed ridge regression as per (6.6), with a small value of the regularization
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parameter, 1 = 1073(m/d). We report test error and train error for several network
widths m, plotting them as a function of the overparametrization ratio m/n.

We observe that the train error decreases with the overparametrization ratio, and
becomes very small for m/n > 1: it is not exactly 0 because we are using 1 > 0,
but for m/n > 1 it vanishes as 4 — 0. On the other hand, the test error displays a
peak at the interpolation threshold m/n = 1. For A = 07 the error actually diverges
at this threshold. It then decreases and converges rapidly to an asymptotic value as
m/n > 1. If both n/d > 1 and m/n > 1, the asymptotic value of the test error
is given by ||P~1f*||;2: the model is fitting the degree-one polynomial component
of the target function perfectly and behaves trivially on higher degree components.
This matches the picture obtained under polynomial scalings, in Theorem 6.1, and
actually indicates that a far smaller separation between m and n is required than
assumed in that theorem. Namely, m/n > 1 instead of m/n > d° appears to be
sufficient for the risk to be dominated by the statistical error.

The peculiar behaviour illustrated in Figure 6.1 was first observed empirically in
neural networks and then shown to be ubiquitous for numerous overparametrized
models (Geiger et al. 2019, Spigler et al. 2019, Belkin, Hsu, Ma and Mandal
2019a). It is commonly referred to as the ‘double descent phenomenon’, after
(Belkin et al. 2019a).

Figure 6.1 displays curves that are exact asymptotic predictions in the limit
m,n,d — oo, with m/d — ry, n/d — . Explicit formulas for these asymptotics
were originally established in Mei and Montanari (2019) using an approach from
random matrix theory, which we will briefly outline. The first step is to write the
risk as an explicit function of the matrices X € R (the matrix whose ith row is
the sample x;), ® € R™*d (the matrix whose Jjthrow is the sample 6; = \/ij),
and ® = (X' / Vd) (the feature matrix in (6.19)). After a straightforward
calculation, one obtains

Lrr(A) = Ex[f*(x)*] - %chb@ch/n T M (6.23)
+ izyTtp(cqu)/n + AL, ' U@ "®/n + AL,) '@y,
n
where V € R™, U € R are matrices with entries
Vi = Ex{o((8:,x)/Vd) f*(x)}, (6.24)
Uij = Bx{o((8:,x)/Vd) ({8, x) /Vd)}. (6.25)

Note that the matrix U takes the form of an empirical kernel matrix, although
expectation is taken over the covariates x and the kernel is evaluated at the neuron
parameters (0;);<,,. Namely, we have U;; = HrF 4({(0;,0,)/d), where the kernel
Hpgr 4 is defined exactly” as in (6.14). Estimates similar to those of Section 4 apply

7 The two kernels coincide because we are using the same distribution for x; and 7 while this
symmetry simplifies some calculations, it is not really crucial.
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here (see also El Karoui 2010): since m =< d we can approximate the kernel Hgf, 4 by
alinear kernel in operator norm. Namely, if we decompose o(x) = po+ i x+0 . (x),
where E{c", (G)} = E{Go(G)} = 0 and E{c", (G)*} = 2, we have

U= @117 + 155007 + 11, 1, + A, (6.26)

where A is an error term that vanishes asymptotically in operator norm. Analog-
ously, V can be approximated as V ~ al + @b for suitable coefficients a € R,
b € R4

Substituting these approximations for U and V in (6.23) yields an expression
of the risk in terms of the three (correlated) random matrices X, @, ®. Standard
random matrix theory does not apply directly to compute the asymptotics of this
expression. The main difficulty is that the matrix @ does not have independent
or nearly independent entries. It is instead obtained by applying a nonlinear
function to a product of matrices with (nearly) independent entries; see (6.19).
The name ‘nonlinear random matrix theory’ has been coined to refer to this setting
(Pennington and Worah 2017). Techniques from random matrix theory have been
adapted to this new class of random matrices. In particular, the leave-one-out
method can be used to derive a recursion for the resolvent, as first shown for
this type of matrices in Cheng and Singer (2013), and the moments method was
first used in Fan and Montanari (2019) (both of these papers consider symmetric
random matrices, but these techniques extend to the asymmetric case). Further
results on kernel random matrices can be found in Do and Vu (2013), Louart, Liao
and Couillet (2018) and Pennington and Worah (2018).

Using these approaches, the exact asymptotics of Lgr(1) was determined in the
proportional asymptotics m, n, d — oo with m/d — iy, (i, represents the number
of neurons per dimension), n/d — s (¥ represents the number of samples per
dimension). The target function f* is assumed to be square-integrable and such
that P-; f* is a Gaussian isotropic function.® In this setting, the risk takes the form

Lee() = [IP1fE (17 B, Y s A 1) (6.27)
+ (T + P17 Y (Lot s A/ 12) + P51 ¥ (172 + 0a(D),

where ¢ := |ui|/p.. The functions &, ¥ > 0 are explicit and correspond to
an effective bias term and an effective variance term. Note the additive term
IPs1f* ||22: in agreement with Theorem 6.1, the nonlinear component of f* cannot
be learnt at all (recall that m,n = O(d) here). Further, ||Psf *||iz is added to the
noise strength in the ‘variance’ term: high-degree components of f* are equivalent
to white noise at small sample/network size.

The expressions for %, ¥ can be used to plot curves such as those in Figure 6.1:
we refer to Mei ef al. (2021) for explicit formulas. As an interesting conceptual

8 Concretely, for each £ > 2, let f ¢ = (fk,e)k<B(a.c) be the coefficients of f* in a basis of degree-£
spherical harmonics. Then f, ~ N(0, thl B(d,¢) independently across €.
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consequence, these results establish a universality phenomenon: the risk under the
random features model is asymptotically the same as the risk of a mathematically
simpler model. This simpler model can be analysed by a direct application of
standard random matrix theory (Hastie et al. 2019).

We refer to the simpler equivalent model as the ‘noisy features model’. In order
to motivate it, recall the decomposition o-(x) = po + p1x + o, (x) (with the three
components being orthogonal in L?(y)). Accordingly, we decompose the feature
matrix as

®=0 + Dy = poll" + %G)XT + .z,

where Zl-j =0o,.((x;,0;)/ Vd)/ .. Note that the entries of Z have zero mean and
are asymptotically uncorrelated. Further they are asymptotically uncorrelated with
the entries® of @X " /Vd.

As we have seen in Section 6.3.1, the matrix Z behaves in many ways as a matrix
with independent entries, independent of @, X. In particular, if max(m,n) < d?
and either m > n or m < n, its eigenvalues concentrate around a deterministic
value (see discussion below (6.21)).

The noisy features model is obtained by replacing Z with a matrix Z, with
independent entries, independent of @, X. Accordingly, we replace the target
function with a linear function with additional noise. In summary,

O = 11" + ELOXT 4+ 1, Z, (Zi)i<njem ~ N(O. 1), (6.28)
Vd
y=bol+XB+7.8 (3)izn ~NO,1). (6.29)

Here the random variables (g;)i<n,(Z;j)i<n,j<m are mutually independent, and
independent of all the others, and the parameters by, B, 7. are fixed by the conditions
Poif*(x) = bo+ (B, x)and 72 = 7% + ||P>1f*||iz.

The next statement establishes asymptotic equivalence of the noisy and random
features model.

Theorem 6.2. Under the data distribution introduced above, let Lgr(A) denote
the risk of ridge regression in the random features model with regularization A, and
let Lxgr(A) be the risk in the noisy features model. Then we have, in n, m,d — oo
with m/d — Y, n/d — s,

Lrr(A) = Lnp(A) - (1 + 0,(1)). (6.30)

Knowing the exact asymptotics of the risk allows us to identify phenomena that
would otherwise be out of reach. A particularly interesting one is the optimality of
interpolation at high signal-to-noise ratio.

9 Uncorrelatedness holds only asymptotically, because the distribution of (x;, 0;)/ Vd is not exactly
Gaussian, but only asymptotically so, while the decomposition (x) = oy + o1 x + 07, (x) is taken
in L2(y).
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Corollary 6.3. Define the signal-to-noise ratio of the random features model as
SNRg = [IPLf 17 /(P> 1fF 117, + 72,

and let Lgp(A) be the risk of ridge regression with regularization A. Then there
exists a critical value SNR,. > 0 such that the following hold.

(i) If limy— SNR; = SNR. > SNR,, then the optimal regularization para-
meter is 4 = 0%, in the sense that Lgr «(4) := limg_,o Lgp(4) is monotone
increasing for A € (0, 00).

(i) Iflimy_ SNRy; = SNR. < SNR,, then the optimal regularization parameter
is A > 0, in the sense that Ly o (4) := limg—,o Lrr(A) is monotone decreasing
for A € (0, Ag) with 4p > 0.

In other words, above a certain threshold in SNR, (near) interpolation is required
in order to achieve optimal risk, not just optimal rates.

The universality phenomenon of Theorem 6.2 first emerged in random matrix
theory studies of (symmetric) kernel inner product random matrices. In that
case, the spectrum of such a random matrix was shown in Cheng and Singer
(2013) to behave asymptotically as the one of the sum of independent Wishart
and Wigner matrices, which correspond respectively to the linear and nonlinear
parts of the kernel (see also Fan and Montanari 2019, where this remark is made
more explicit). In the context of random features ridge regression, this type of
universality was first pointed out in Hastie et al. (2019), which proved a special
case of Theorem 6.2. In Goldt, Mézard, Krzakala and Zdeborova (2019) and Goldt
et al. (2020), a universality conjecture was put forward on the basis of statistical
physics arguments and proved to hold in online learning schemes (that is, if each
sample is visited only once).

Universality is conjectured to hold in significantly broader settings than ridge-
regularized least-squares. This is interesting because analysing the noisy feature
models is often significantly easier than the original random features model. For
instance, Montanari, Ruan, Sohn and Yan (2019) studied max margin classification
under the universality hypothesis, and derived an asymptotic characterization of the
test error using Gaussian comparison inequalities. Related results were obtained by
Taheri, Pedarsani and Thrampoulidis (2020) and Kini and Thrampoulidis (2020),
among others.

Finally, a direct proof of universality for general strongly convex smooth losses
was recently proposed in Hu and Lu (2020) using the Lindeberg interpolation
method.

6.4. Neural tangent model

The neural tangent model Fyt —recall (6.9) — has not (yet) been studied in as much
detail as the random features model. The fundamental difficulty is related to the
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fact that the features matrix ® € R no longer has independent columns:

o(xLwiNx] o(xLwa)x] oo o((XLWwe))x]
= 0"(<x2,‘W1>)x§ 0(<x2,'wz>)x; U((xz,?vm»x;‘ 6.31)
(G WX (WXL e (e W)

Nevertheless, several results are available and point to a common conclusion: the
generalization properties of NT are very similar to those of RF, provided we keep
the number of parameters constant, which amounts to reducing the number of
neurons according to mytd = pnT = PRF = MRF.

Before discussing rigorous results pointing in this direction, it is important to
emphasize that even if the two models are statistically equivalent, they can differ
from other points of view. In particular, at prediction time both models have
complexity O(md). Indeed, in the case of RF the most complex operation is the
matrix vector multiplication x — Wx, while for NT two such multiplications are
needed: x — Wx and x — Ax (here A € R"*4 is the matrix with rows (a;); <)
If we keep the same number of parameters (which we can regard as a proxy for
expressivity of the model), we obtain complexity O(pd) for RF and O(p) for NT.
Similar considerations apply at training time. In other words, if we are constrained
by computational complexity, in high dimension NT allows significantly better
expressivity.

A first element confirming this picture is provided by the following result, which
partially generalizes Theorem 6.1. In order to state this theorem, we introduce a
useful notation. Given a function f: R — R, such that E{f(G)?*} < oo, we let
wi(f) := E{Her(G)f(G)} denote the kth coefficient of f in the basis of Hermite
polynomials.

Theorem 6.4. Fix an integer £ > 0. Let the activation function o0: R — R be
weakly differentiable, independent of d and such that: (i) |o’(x)| < coexp(cix?/4)
for some constants ¢g > 0 and ¢; < 1, (ii) there exist k;, k» > 2{ + 7 such
that g, (o), piy(0’) # 0 and pg, (xX20)/ e, (0') # pr, (xX*0)/ i, (o), and
(iii) ux(o) # 0 for all k < £ + 1. Then the following holds.

Assume either n = co (in which case we are considering pure approximation
error) or m = oo (that is, the test error of kernel ridge regression) and d‘*% <
min(md;n) < d“*'~% for some constant § > 0. Then, for any A4 = o4(1) and all
n >0,

Lnt() = Pse fF117 2 + 0a(DALFFIE, + 7). (6.32)

In this statement we abused notation in letting m = co denote the case of KRR,
and letting n = oo refer to the approximation error:

lim Lyr(d) = f“jfm E{[f"(x) - f(x)]*}. (6.33)

NT
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Note that here the NT kernel is a rotationally invariant kernel on S4~!(v/d) and hence
takes the same form as the RF kernel, namely Knt(x1,x2) = d Hnt,a({X1, X2)/d)
(see (6.12)). Hence the m = oo case of the last theorem is not new: it can be
regarded as a special case of Theorem 6.1.

On the other hand, the n = oo portion of the last theorem is new. In words,
if d“*% < md < d*'%, then J\& can approximate degree-¢ polynomials to an
arbitrarily good relative accuracy, but is roughly orthogonal to polynomials of
higher degree (more precisely, to polynomials that have vanishing projection onto
degree-¢ ones). Apart from the technical assumptions, this result is identical to
the n = co case of Theorem 6.1, with the caveat that, as mentioned above, the two
models should be compared by keeping the number of parameters (not the number
of neurons) constant.

How do NT models behave when both m and n are finite? By analogy with
the RF model, we would expect that the model undergoes an ‘interpolation’ phase
transition at md ~ n: the test error is bounded away from 0 for md < n and can
instead vanish for md > n. Note that finding an interpolating function f € F%
amounts to solving the system of linear equations ®a = y, and hence a solution
exists for generic y if and only if rank(®) = n. Lemma 5.3 implies'© that this is
indeed the case for md > Cynlogn and n < d“ for some constant £, (see (5.23)).

In order to study the test error, it is not sufficient to lower-bound the minimum
singular value of @, but we need to understand the structure of this matrix: results
in this direction were obtained in Montanari and Zhong (2020), for m < Cyd, for
some constant Cy. Following the same strategy of previous sections, we decompose

D = (I)o + (1)21, (634)
¥ oxfoeeox
T T ... T

@ =gy |12 T2 2, (6.35)
x; xIL x;

where y; := E{c’(G)] for G ~ N(0, 1). The empirical kernel matrix K = ®®" /m
then reads

1 1 1 1
K=—®®) + —®yP, + =D, D) + —D D, (6.36)
m m - m m -

1
=2XX" + Zcpzlplclﬂzl +A. (6.37)

Here P € R™4*md jg a block-diagonal projector, with m blocks of dimension d x d,
with the ¢th block given by
Pri=wewj, P'=L,—P and A:= (@@, + @, @]+ > POL,)/m.

10 To be precise, Lemma 5.3 assumes the covariate vectors x; ~ N(0, ;).
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For the diagonal entries we have (assuming for simplicity x; ~ N(0, 1))

1
E{E(QZIPL(DLIM} = B{(xi, Mg = PO)x: )0 ((we, xi)) — 1)’}

= E{(xs, Iy — Po)x;)} E{o'((we, x;)) — 11)*}
= (d - DE{(¢"(G) - Ec'(G))*}
=:(d - )v(o),

where the second equality follows because (I;—P¢)x; and (w, x;) are independent
for x; ~ N(0, I;), and the last expectation is with respect to G ~ N(0, 1). As proved
in Montanari and Zhong (2020) the matrix CI)ZlPL(I)T>1 is well approximated by
this diagonal expectation. Namely, under the model above, there exists a constant

C such that, with high probability:
log d)©
< \/w. (6.38)
md

Equations (6.37) and (6.38) suggest that for m = O(d), ridge regression in the
NT model can be approximated by ridge regression in the raw covariates, as long as
the regularization parameter is suitably modified. The next theorem confirms this
intuition (Montanari and Zhong 2020). We define ridge regression with respect to
the raw covariates as per

1
H@%}uqﬂz] —v(o) 1,

- 1
B(y) = argmin {gny —X,B||§+7||ﬂ||§}- (6.39)

Theorem 6.5. Assume d'/€0 < m < Cod, n > d/Cy and md > n. Then with
high probability there exists an interpolator. Further assume x; ~ N(0,I;) and

f*(x) = (B, x). Let
Lin(y) := B{(f*(x) = (B(y), x))*}

denote the risk of ridge regression with respect to the raw features.
Set 1 = Ag(md /n) for some Ay > 0. Then there exists a constant C > 0 such that
with high probability

/ log d)¢
Lnt(A) = Liin(Yet (Ao, 0)) + 0< %) (6.40)

where yeg(do, o) 1= (Ao + v(0))/E{c"(G)}>.

Notice that the shift in regularization parameter matches the heuristics given
above (the scaling in A = Ap(md/n) is introduced to match the typical scale of ®).
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7. Conclusions and future directions

Classical statistical learning theory establishes guarantees on the performance ofa
statistical estimator f by bounding the generalization error L( f ) — L( f ). This is
often thought of as a small quantity compared to the training error L( f ) — L( f ) <
L( f ). Regularization methods are designed precisely with the aim of keeping the
generalization error L(f\) — Z( f\) small.

The effort to understand deep learning has recently led to the discovery of
a different learning scenario, in which the test error L(f) is optimal or nearly
optimal, despite being much larger than the training error. Indeed, in deep learning
the training error often vanishes or is extremely small. The model is so rich that it
overfits the data, that is, L( f ) < infy L(f). When pushed, gradient-based training

leads to interpolation or near-interpolation L( f ) = 0 (Zhang et al. 2017). We
regard this as a particularly illuminating limit case.

This behaviour is especially puzzling from a statistical point of view, that is, if
we view data (x;, y;) as inherently noisy. In this case y; — f*(x;) is of the order of
the noise level and therefore, for a model that interpolates, f (x;) — f*(x;) is also
large. Despite this, near-optimal test error means that ﬂxtest) — f*(Xtest) must be
small at ‘most’ test points X gt ~ P.

As pointed out in Section 2, interpolation poses less of a conceptual problem
if data are noiseless. Indeed, unlike the noisy case, we can exhibit at least one
interpolating solution that has vanishing test error, for any sample size: the true
function f*. Stronger results can also be established in the noiseless case: Feldman
(2020) proved that interpolation is necessary to achieve optimal error rates when
the data distribution is heavy-tailed in a suitable sense.

In this review we have focused on understanding when and why interpolation
can be optimal or nearly optimal even with noisy data. Rigorous work has largely
focused on models that are linear in a certain feature space, with the featurization
map being independent of the data. Examples are RKHSs, the features produced
by random network layers, or the neural tangent features defined by the Jacobian of
the network at initialization. Mathematical work has established that interpolation
can indeed be optimal and has described the underlying mechanism in a number
of settings. While the scope of this analysis might appear to be limited (neural
networks are notoriously nonlinear in their parameters), it is relevant to deep
learning in two ways. First, in a direct way: as explained in Section 5, there are
training regimes in which an overparametrized neural network is well approximated
by a linear model that corresponds to the first-order Taylor expansion of the network
around its initialization (the ‘neural tangent’ model). Second, in an indirect way:
insights and hypotheses arising from the analysis of linear models can provide
useful guidance for studying more complex settings.

Based on the work presented in this review, we can distil a few insights worthy
of exploration in broader contexts.
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Simple-plus-spiky decomposition. The function learnt in the overfitting (inter-
polating) regime takes the form

F0) = folx) + Ax). 7.1)

Here f(; is simple in a suitable sense (for instance, it is smooth) and hence is far
from interpolating the data, while A is spiky: it has large complexity and allows
interpolation of the data, but it is small, in the sense that it has negligible effect on
the test error, i.e. L(]% +A)~ L(]%).

In the case of linear models, the decomposition (7.1) corresponds to a decompos-
ition of finto two orthogonal subspaces that do not depend on the data. Namely,
f(; is the projection of fonto the top eigenvectors of the associated kernel and A is
its orthogonal complement. In nonlinear models, the two components need not be
orthogonal and the associated subspaces are likely to be data-dependent.

Understanding whether such a decomposition is possible, and what is its nature,
is a wide-open problem, which could be investigated both empirically and math-
ematically. A related question is whether the decomposition (7.1) is related to the
widely observed ‘compressibility’ of neural network models. This is the observa-
tion that the test error of deep learning models does not change significantly if —
after training — the model is simplified by a suitable compression operation (Han,
Mao and Dally 2015).

Implicit regularization. Not all interpolating models generalize equally well. This
is easily seen in the case of linear models, where the set of interpolating models
forms an affine space of dimension p — n (where p is the number of parameters).
Among these, we can find models of arbitrarily large norm, that are arbitrarily
far from the target regression function. Gradient-based training selects a specific
model in this subspace, which is the closest in £;-norm to the initialization.

The mechanism by which the training algorithm selects a specific empirical risk
minimizer is understood in only a handful of cases: we refer to Section 3 for pointers
to this literature. It would be important to understand how the model nonlinearity
interacts with gradient flow dynamics. This in turn impacts the decomposition
(7.1), namely which part of the function ]? is to be considered ‘simple’ and which
one is ‘spiky’. Finally, the examples of kernel machines, random features and
neural tangent models show that — in certain regimes — the simple component f(;
is also regularized in a non-trivial way, a phenomenon that we called self-induced
regularization. Understanding these mechanisms in a more general setting is an
outstanding challenge.

Role of dimension. As pointed out in Section 4, interpolation is sub-optimal in a
fixed dimension in the presence of noise, for certain kernel methods (Rakhlin and
Zhai 2019). The underlying mechanism is as described above: for an interpolating
model, f(xl-) — f*(x;) is of the order of the noise level. If fand f* are sufficiently
regular (for instance, uniformly continuous, both in x and in n) f(xtest) — " (Xtest)
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is expected to be of the same order when X is close to the training set. This
happens with constant probability in fixed dimension. However, this probability
decays rapidly with the dimension.

Typical data in deep learning applications are high-dimensional (images, text and
soon). On the other hand, it is reasonable to believe that deep learning methods are
not affected by the ambient dimension (the number of pixels in an image), but rather
by an effective or intrinsic dimension. This is the case for random feature models
(Ghorbani et al. 2020). This raises the question of how deep learning methods
escape the intrinsic limitations of interpolators in low dimension. Is it because they
construct a (near) interpolant fthat is highly irregular (not uniformly continuous)?
Or perhaps because the effective dimension is at least moderately large? (After all,
the lower bounds mentioned above decrease rapidly with dimension.) What is the
proper mathematical definition of effective dimension?

Adaptive model complexity. As mentioned above, in the case of linear models,
the terms fo and A in the decomposition (7.1) correspond to the projections of f
onto Vx and Vkl. Here V) is the space spanned by the top k eigenfunctions of the
kernel associated with the linear regression problem. Note that this is the case also
for the random features and neural tangent models of Section 6. In this case the
relevant kernel is the expectation of the finite-network kernel D £(6¢)"D f(6¢) with
respect to the choice of random weights at initialization.

A crucial element of this behaviour is the dependence of k (the dimension of the
eigenspace V) on various features of the problem at hand: indeed k governs the
complexity of the ‘simple’ part of the model f(;, which is the one actually relevant
for prediction. As discussed in Section 4, in kernel methods k increases with
the sample size n: as more data are used, the model ];6 becomes more complex.
In random features and neural tangent models (see Section 6), k depends on the
minimum of n and the number of network parameters (which is proportional to the
width for two-layer networks). The model complexity increases with sample size,
but saturates when it reaches the number of network parameters.

This suggests a general hypothesis that would be interesting to investigate beyond
linear models. Namely, if a decomposition of the type (7.1) is possible, then the
complexity of the simple part f(; increases with the sample size and the network
size.

Computational role of overparametrization. We largely focused on the surpris-
ing discovery that overparametrization and interpolation do not necessarily hurt
generalization, even in the presence of noise. However, we should emphasize once
more that the real motivation for working with overparametrized models is not
statistical but computational. The empirical risk minimization problem for neural
networks is computationally hard, and in general we cannot hope to be able to find
a global minimizer using gradient-based algorithms. However, empirical evidence
indicates that global optimization becomes tractable when the model is sufficiently
overparametrized.
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The linearized and mean-field theories of Section 5 provide general arguments to
confirm this empirical finding. However, we are far from understanding precisely
what amount of overparametrization is necessary, even in simple neural network
models.
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A. Kernels on R? with d < n

A.1. Bound on the variance of the minimum-norm interpolant

Lemma A.1. For any X € R™ and any positive semidefinite £ € R¥*?, for
n<dandany k <d,

1/ Ak
(XX + dyL) 2 XEXT) < — <L n ak+1),
’}/ n

where A1 > --- > Ay are the eigenvalues of X.

Proof. This deterministic argument is due to Liang (2020). We write X = X +
Xok, withX g = 3%, o4 Aju;u]. Then, by the argument in Liang and Rakhlin (2020,
Remark 5.1),
S Pl
(XX T+ dyl) X2 XT) < At Y —o— < D s
S (dy + 4)? 4dy — vy

where 11; are the eigenvalues of XX ". Here we use the fact that

t

(-}-—I)Q for all t,r > 0.
r

1
< —
4r
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On the other hand,

tr(XX" + dyL) 2 XZ 4 X") < Z AldyI, + XX )7 Xu)?. (A.1)

i<k

Now, using an argument similar to that in Bartlett er al. (2020), we define A_; =
dyl, + X(I,, —u;ul)X",v = Xu; and write
vTA 2y
dyl, + XX ' Xu|)? = (A + v ) )P = ————,
IdyI,, X = )R = e

by the Sherman—Morrison formula. The last quantity is upper-bounded by
1 viATy 1
dy (1+ vTA "y Yk

Substituting in (A.1), we obtain an upper bound of
Z A A1k k
4yd ~ s

assuming n < d. Ul

A.2. Exact characterization in the proportional asymptotics

We let K = (h({x;,x;)/d)); j<n denote the kernel matrix. We also let K; denote
the linearized kernel
.

K, = ,BX;( + Byl + all’, (A.2)
144 (22) ’

o = h(0) + 1”(0)" o B=HO), (A.3)

y = [h(tr(Z)/d) — h(0) — I’ (O)r(Z/d)]. (A.4)

h (0)
We recall Assumption 4.12 and Theorem 4.13.

Assumption A.2. We assume that the coordinates of z = £~'/?x are independent,
with zero mean and unit variance, so that ¥ = Exx". Further assume there are
constants 0 < 1, M < oo, such that the following hold.

(a) Foralli < d, E[|z;|¥*] < M.

) ||IZ]| < M,d! Zl.d:l /11._1 < M, where Ay, ..., A4 are the eigenvalues of X.
Theorem A.3. Let 0 < M,n < oo be fixed constants and suppose that Assump-
tion A.2 holds with M~! < d/n < M. Further assume that % is continuous on R

and smooth in a neighbourhood of 0 with #(0), ~’(0) > 0, that || f*|| L4+77(P) <M
and that the z; are M-sub-Gaussian. Let y; = f*(x;) + &, ]E(fz) = and
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By := Z'E[x f*(x)]. Let A, > 0 be the unique positive solution of

n<1 - %) — r(Z(E + D). (A.5)

*

Define A(X, B,) and 7' (X) by

(X + 1,.D72)
n—tr(E2(E + ,1)2)
2By, (£ + LD2EB)

. _ ' A7
B(E, Bo) 1 - n~ 1t (ZAE + L.D2) ~r

Y(X):

(A.6)

Finally, let B1As” and VAR denote the squared bias and variance for the minimum-
norm interpolant. Then there exist C, ¢y > 0 (depending also on the constants in
Assumption A.2) such that the following holds with probability at least 1 — Cn~'/4
(here P~ denotes the projector orthogonal to affine functions in L*(P)):

|BIAS” — B(E. Bo) — IP>1 7112, (1 + V()] < Cn~,
VAR — 02 //(E)| < Cn™®.
Remark A.4. Theresult for the variance will be proved under weaker assumptions

and in a stronger form than stated. In particular, it does not require any assumption
on the target function f;, and it holds with smaller error terms than stated.

Remark A.5. Notice that by positive definiteness of the kernel we have 4’(0),
h'"(0) > 0. Hence the conditions that these are strictly positive is essentially a
non-degeneracy requirement.

We note for future reference that the target function f* is decomposed as
F7(x) = bo + (Bo, x) + P>1f7(x),

where by := E{f*(x)}, By := Z'E[x f*(x)] as defined above and E{P-f*(x)},
E{xP.;f*(x)} = 0.

A.2.1. Preliminaries
Throughout the proof we will use C for constants that depend uniquely on the
constants in Assumption A.2 and Theorem A.3. We also write that an inequality
holds with very high probability if, for any A > 0, we can choose the constants
C in the inequality such that this holds with probability at least 1 — n~=4 for all A
sufficiently large.

We will repeatedly use the following bound; see e.g. El Karoui (2010).

Lemma A.6. Under the assumptions of Theorem A.3, with very high probability
we have

K=K +A |A| <n.
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In particular, as long as & is non-linear, we have K > c.I,, ¢, = By > 0 with
probability at least 1 — Cn=P

Define the matrix M € R™™ and the vector v € R” by

M;; = Ex{h <$<x,-,x)>h<$(xj,x>> }, (A.8)
V= Ex{h (é(x,-,x))f*(x)}. (A.9)

Our first lemma provides useful approximations of these quantities.

Lemma A.7. Define (here expectations are over G ~ N(0, 1))

1
Vo = aobo + Eh/(O)XZBO,

ii 1

1
My:=aa"+B, B:= EDQD’ (A.10)

10\ 3
e . R Lo 2] (3) 3
ai = aip + ai, al,1—6<—d> <>§ ”21/2 ” B (Al

2

D :=diag(Dy,...,Dy), D;:= E{h’ <\/% G> } (A.12)

Then the following hold with very high probability (in other words, for any A > 0
there exists C such that the following hold with probability at least 1 — n=4 for all
n sufficiently large):

and

ylogd

max [vi = vo,il < IR (A.13)
logd
lr;gax |M;; — M, ljl <C—— 52 (A.14)
d
max [ My — Mol < 289 (A.15)
i<n ’ d?

In particular, this implies ||[v — vo|l» < Cd~'\logd, |M — Myl||r < Cd™3/*logd.

Proof. Throughout the proof we will work on the intersection £ N &, of the
following events, which hold with very high probability by standard concentration
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arguments. These events are defined by
1 1 [log d
& = {C‘l < —|IZzilh £ C; —||Zzil|l £ C4/—— foralli < n} (A.16)
va vda d

] | log d
_ {C‘z < (i Ex) < €% ﬁuz”zxilloo < C,/% forall i < n}

1 & logd 1 log d
. . RY . . . .
& = {E ;_I(ZZL)K(ZZJ)[ < i glanEgpl < Oy =

1 [logd
E|<Zi’222j>| <C % foralli # j < n}

_ 1< 12 2. 2 _ logd 1 logd
= E;(E x;)e(E xj)gSW, 3|<xi,xj)|gc RS

and

| logd
Sl Zxp)] < % foralliqthn}. (A17)

Recall that, by assumption, /& is smooth on an interval [—fg, ], fo > 0. On the
event &, we have (x;, x;)/d € [~to, to] for alli # j. If h is not smooth everywhere,
we can always modify it outside [—#(/2, 79/2] to obtain a kernel / that is smooth
everywhere. Since x is sub-Gaussian, as long as ||x;||/Vd < C for all i < n (this
happens on &) we have (for x ~ P) (x;,x)/d € [-ty/2,ty/2] with probability at
least 1 —e~4/€. Further, using the fact that f is bounded in (A.8) and (A.9), we get

-1 /1
M;j = Ex{h(g(xi,ﬂ) h(a@j’x))} +0(e™%),
Vi 1= Ex{ﬁ<$<xi,x>)f*(x)} +0(@e ),

where the term O(e%/€) is uniform over i, j < n. Analogously, in the definition
of vo, M (more precisely, in defining ag, D), we can replace i with / at the price
of an O(e~4/€) error. Since these error terms are negligible compared to those in
the statement, we shall hereafter neglect them and set # = A (which corresponds to
defining arbitrarily the derivatives of & outside a neighbourhood of 0).

We let h; i denote the kth coefficient of A((Q;;/ d)'/%x) in the basis of Hermite
polynomials. Namely,

y N\ K2 y
hi,k=E{h<,/% G) Hek(G)} = (%) E{h“«d% G>} (A.18)

Here 1®) denotes the kth derivative of 4 (recall that by the argument above we can
assume without loss of generality that 4 is k-times differentiable).
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We write h; - for the remainder after the first k terms of the Hermite expansion
have been removed:

k
ii ii 1
hi st (w/% x) - h(,/% x) - ;:0 o7 hi.c Hee(x) (A.19)
Qii S 0\ Qii
=h< J x) ‘ZE< d > E{h(k)<\' d G>}He"(x)'

=0

Finally, we let fzi,>k(x) denote the remainder after the first & terms in the Taylor
expansion have been subtracted:

k
fior (x) := h(x) — Z [l'h@m) XL
=0 "’

Of course h—hsy is a polynomial of degree k, and therefore its projection orthogonal
to the first K Hermite polynomials vanishes, whence

hi ot <, /% x) (A.20)
-~ Qii S i\~ Qii
= hox (w = x) - ;) o <7> E{h(f,z < = G) } He(x).

Note that by smoothness of /2 we have |fz(>£2 (1) < Cmin([¢[**1¢, 1), and therefore

1 /04 \""? ~o [ Qi
(%) =i (Vo)

We also have that |- (r)] < C min(1, |¢|**!). Define

< cd 2,

vi = 2"2x;/Vd, Ivill; = Qi.

For any fixed m > 2, by (A.20) and the triangle inequality,

1 my 1/m
Z hi> —F—\Vi
el (G500 |

() R 1 my1/m (ka1 k i, z) my1/m
< E{l|h k(—(v-,z)) } + Cd '\t E{’He[< ’ ) }
{ “\va % il
0:\*? —(k+1)/2 —(k+1)/2
<c( % +Cd <Cd : (A21)

where the inequality (a) follows since (v;, z) is C-sub-Gaussian. Note that (A.19)
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and (A.21) can also be rewritten as
1 Zkl 1 1 1
h <—<xi, x)) = ) ShicHee <—<xi, x)) + Rk (‘(xi, x)>, (A.22)
d £=0 4 VdQi; d

E{ hi >k (é(xi,w) :

We next prove (A.13). Using (A.22) with k£ = 2 and recalling Heg(x) = 1,
He;(x) = x, Hea(x) = x> — 1, we get

vi = Ex {h <$<xi, x)) f*(x)}

= hioBx {f* (%)} + (x4, Ex{x f"(x)})

1/m
} < Cd*k+D/2, (A.23)

hl,l
VdQi:
2dQ,, Eo{ £ (x)((x, x;)* - ini)}+Ex{hi,>2($<xiex>>f*(x)}

= /l,"()b() +

hl,] h 1 .
\/@(Zﬂo’x > 2dQ” <x1aF2xl> +E { l>2<g<x,’,x>>f (x)}

Here we defined the d X d matrix F, = E{[f*(x) — bo]xx"}. Recalling the
definitions of A; g, in (A.18), we get h; o = a; 0. Comparing other terms, we obtain
that the following holds with very high probability:

[vi = vo,l < ;‘E{h' (\/ %ii G)} - h’(O)' “[(EBo, xi)]
t {h"<\/ %ﬁ G>H [(xi, Fax;)l
Ex{ l>2< <xtax>>f (x)}’
@ 1

C
< EXEXCIOgd+ |(xl,F2x,)|+Cd 3/2

c _
< E|<x,~,sz,->| +Cd2,

+

Here the inequality (a) follows since [E{A’(Z) — h’(0)}| < CE{Z?} by smoothness
of h and Taylor expansion, max; <, [(XB, x;)| < Cy/logn by sub-Gaussian tail
bounds, and we used (A.23) for the last term.

The proof of (A.13) is completed by showing that with very high probabil-
ity max; <, [{x;, F2x;)| < C||P>1f*|l;2v/d1logd. Without loss of generality, we
assume here [|P~;f*||;2 = 1. In order to show this claim, note that (defining

Psof*(x) := f*(x) —Ef*(x))
E(x;, Fax;) = t(EF2) < CE{Psof*(x)||x |3} < Var(|lx||})'? < CVd.
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Further, notice that

[F2]l = max [(v, Fav)]
v ll2=1

= ”mai( [E{Psof (x){v, x)2}|

”m”ax E{(v,x)"}'? < C.
o

By the above and the Hanson—Wright inequality,

12 t
P((x;, Fax;) > CVd + 1) < 2 exp <—c< = A >> < pecl@/drn),
IFalz lIF-l

and similarly for the lower tail. By taking a union bound over i < n, we obtain
max; <, [{x;, Fox;)| < Cy/dlogd as claimed, thus completing the proof of (A.13).

We next prove (A.14). We claim that this bound holds for any realization in
&1 N &. Therefore, without loss of generality, we can fix i = 1, j = 2. We use

(A.22) with k = 4. Using Cauchy—Schwarz and (A.22), (A.23), we get

1
My —{; AT e Mo, &) + A,
1,t2

1
M (€1, 6) = By {He€| (ﬁ(ﬂJ))Het’z (@(MJ))}

for |Aja] < Cd™>/?. Note that by (A.18), |hy| < Cd™*/?, and My,(f1, 6) is
bounded on the event £} N &,, by the sub-Gaussianity of z. Comparing with (A.10)
and (A.12), we get

1
M2 — Mo,12| < Z o hl€|h2{’2M1 261, 62) = Mo, 12| + Cd™>/?
£ 82=0
+20 30 g M0, )] (A.24)
(61,6)€S
1 _
+2 gh1,0h2,3M1,2(0, 3) —ayoan1| + lar1az| + Cd ™2,

§:={(0,1),(0,2),(0,4),(1,2),(1,3),(2,2)},
where in the inequality we used the identities

h1,0h2,0M1,2(0,0) = hyohoo = aipaz,0

1 , /Qn [0 .\ _
h1’1h2’1M1’2(1, 1) = ﬁ(xl,ExZ)Eh ( d >Eh < 7G> = Blz.

We next bound each of the terms above separately.

and
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We begin with the terms (£1,£;) € S. Since by (A.18), |hix| < Cd*/2, for
each of these pairs, we need to show | My (1, £2)| < Cd“+%5/21og d. Consider
(t1,62) = (0, k), k € {1,2,4}. Set

w=2Y2x2//d0n, Wl =1,

and write Hep(x) = qu:o ck,gx‘). If g is a standard Gaussian vector, we have

EgHer({w, g)) = 0 and therefore

M50, k) = Bz {Her((w, 2))} — Eg{Hex({w, g))}

Il
o
=
~
3
3
~
—_—
€3]
=
&
2
&
p—

|

s}
I~
o0
o9
~
N
—

Note that the only non-vanishing terms in the above sum are those in which all of
the indices appearing in (i1, ..., I¢) appear at least twice, and at least one of the
indices appears at least three times (because otherwise the two expectations are
equal). This immediately implies M;»(0,1) = M;2(0,2) = 0. Analogously, all
terms £ < 2 vanish in the above sum.

As for k = 4, we have (recalling He4(x) = x* = 3x%)

MI,Z(O’ 4) = Z Wi s Wi4{E(Zi1 T Zi4) - E(gil ne 'gi4)}

[ A P, iu<n

< > wHEGEH - 3] < ClwlZ Il <

i<n

Clogd
d b

where the last inequality follows since ||w||> = 1 by construction and

Wl < C/(logd)/d on & N &E,.
Next consider (¢1, £2) = (1,2). Setting w; = 2 2% NdO, i € {1,2}, we get
My >(1,2) = E;{He1({w1, z))He2({w2,2))} — Eg{He1({w1, g))He2({w2, g))}
= B {((w1, 2)((w2, 2))°} = Be{((w1, 8)) (w2, 8))°}
= Z Wi W2,i, W2,is {B(Zi, 20y 2iy) — (81,81, 8i3) }

i1,i3,i3<n

n
3
Z wiiwp iwoE(zZ7).
i-1

Therefore, on £ N &,

[M2(1,2) < C

- d

n
2 | < Clogd
WLiWy i
=1

4
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Next consider ({1, £) = (1, 3). Proceeding as above (and noting that the degree-
one term in Hes does not contribute), we get

MI,Z(L 3) = EZ{Hel(<wl’ z))He3(<w29 Z))} - Eg{Hel«Wle g))He3(<W2, g>)}
= B {((W1, 2))((w2, 2))°} — B {((w1, 8)) (w2, g))°}
= Z Wi, W2,i, W2,i3W2,i, {B(2i, 20, 2, 70y) — B(81 81,813 8i)}

[lyeens iy<d

d
D w3 (B() - 3).
i=1

Therefore, on £ N &,

d
Clogd
IM12(1.3)] < €| D wiawd,| < Cliwillolwallollwal} < =25,
i=1 | d
Finally, for (£, &) = (2,2), proceeding as above, we get
d
Clogd
Mi22.2) = | 3wl wh (B = 3)| < Cliw |2 lIwall} < —==.

i=1

Next consider the term |hy,0h2,3M;2(0,3)/6 — aj paz,1| in (A.24). Using the fact
that /1,0 = a1, is bounded, we get

1
6h1’0h2’3M1’2(0’ 3) —aioaz,1| < ClhozM(0,3) = 6az,1].

Recalling Hes(x) = x3 — 3x, and letting w = £'/2x,/||Z'2x5]1,

Mio0.3)= > wiwiwi {B(zi, 20, 2i) — B8, 8n8i3)}

[lyenn i3<d
= Z w? E(zi3 ).
i<d
In particular, on the event & N &, |M;2(0,3)] < C+/(logd)/d. Comparing the
definitions of ay 1 and Ay 3, we get

|h1,0h2,3M12(0,3) — aypaz,1]

02\
< C|M,2(0,3)| x <—>

wlnd (]2 Vo0
- { Vg 0)
<c logd 1 1 _ C(log d)'/?
- d d3/? dlrz - ds/?
Finally, consider term |a; 1az,1| in (A.24). By the above estimates, we obtain

laz.1| < Cd~*(log d)'/?, and hence this term is negligible as well. This completes
the proof of (A.14).
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Equation (A.15) follows by a similar argument, which we omit. U

A.2.2. An estimate on the entries of the resolvent
Lemma A.8. Let

Z = (zZij)i<n,j<d

be a random matrix with i.i.d. rows z, . .., z, € R¥ that are zero mean and C-sub-
Gaussian. Further assume C~' < n/d < C. Let § € R?*? be a symmetric matrix
such that 0 < § < CI for some finite constant C > 1. Finally, let g: R — R be
a measurable function such that E{g(z1)} = E{z1g(z1)} = 0 and E{g(z)*} = 1.
Then, for any A > 0, there exists a finite constant C such that, for any i # j,

[E{(ZSZ/d + AL,);}g(z)g(z))}| < Cd ™.

Proof. Without loss of generality, we can consider i = 1, j = 2. Further, we let
Zo € R*=2*d be the matrix comprising the last n — 2 rows of Z, and let U € R%*?
be the matrix with columns Ue;| = z;, Ue, = zo. We finally define the matrices
R() S RdXd andY = (Yij)i’jgzl
Ry := AS'2(SV?Z[ZS"?[d + A1) 'S,
Y :=(ZSZ"/d + AL,)"".
Then, by a simple linear algebra calculation, we have
Y = (U'RoU/d + ALp)™!,
_ (z1,Roz2)/d
(A + (21, Roz2) /d)(A + (21, Roz2) /d) — (21, Roz2)*/d?

Note that since Ry > 0, we have (z1, Roz2)> < (21, Roz1){(z2, Roz>), and therefore

Yio =

Yip = YD +v®,
v . (21, Roz2)/d
27 A+ (z1.Roz1)/d)(A + (22, Roz2) /d)’
1
W|<11,Rozz>|3-
Let E, denote expectation with respect to z1, z» (conditional on (z;)2<;<n). We
have

2
V] <

[E+{Y12 g(z1) 8(z2)}
< [EAY),) 8(z1) gz} + B M P B {g(z1)? 8(22)*}
< [EAY)) 8(z1) gz} + B}
< [E{Y) 8(z1) gz)}| + Cd .

Here the last step follows by the Hanson—Wright inequality. We therefore only have
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to bound the first term. Defining

qj = A+(z;, Rozj)/d, q; =E.q;, g =8(zj), Jje{l2}

we have

__o(z1,Roz
A g1} < E+{q 2wglgz}

d

+2

— 1 —2{z1,Roz22)
q 1)‘1 2—8182

E+{(ql_l - d

+

,R
E{w;l ST g ) domglgz}‘

1 —1u -1 —1.{z1,R0z2)
E+{(q11—q "' -1 1)Tglgz

(z1,Roz2)
d

(a)
<

1 _ _
< FE{VII -4qllg2 — 4| |g182|}-

Here (a) follows from the orthogonality of g(z) to linear functions.
We then conclude

1
E{Y)) g1 g2}

(a)
< CE+{lq1 — qI*}Y*E {((z1, Roza) /d)*}'/*
< CE,{[(z1, Roz1)/d — B+(z1, Roz1)/d|®}/*E {((z1, Roz2) /d)*}1*

C cw@ PR xca? < ca.

Here (a) follows from Holder’s inequality and (c) follows from the Hanson—Wright
inequality using the fact that ||Ry|| is bounded. The proof is completed by taking
expectation over (Z;)2<i<n. ]

Lemma A.9. Under the definitions and assumptions of Lemma A.8, let
Y, = (ZSZ"/d + AL,); .
Then, for any tuple of four distinct indices i, j, k, [, we have
IE{Y;Yug(z0g(z)8(z)g(@n}| < Cd—2.

Proof.  The proof is analogous to that of Lemma A.8. Without loss of generality,
weset (i, j, k,[) = (1,2,3,4),letZg € R"=9xd denote the matrix with rows (Ze)ess,
and define the d X d matrix

Ry := AS'2(S'?Z[ZS"?[d + AL, 5)7'S!/%.
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We then have that Y = (Y;;); j<4 is given by
Y = (diag(q) + 4)7,
qgi:=q+Qi, q:=Aa+t(Ro)/d, Qi =(zi,Roz:) —E(zis Roz;))/d,
(zi,Roz;)/d ifi#j,
Ajj = e
0 ifi =j.
In what follows we let E, denote expectation with respect to (z;); <4, With Z fixed.
Note that, by the Hanson—Wright inequality,
E (A1 * < e d'2 B {|0iFYR < e d7V? foreach k > 1.
We next compute the Taylor expansion of Y, and Y3 4 in powers of A to get

_ v (2) (3) 4)
Yo=Y, + Y + Y5 + Y,

H._ _ -1
Yy = —q7" Ang,

2 — — — — — —
YI(Z) =qy 1A13q31A32q21 + 4, 1A14q41A41q21,

3 -1 - -1 _
Y1(2) = Z q, A Q[llAilizqiz Aipgs',

i1 #i, i1 #1ir#2

and similarly for Ya4. It is easy to show that
E+{|Y(§?|k}1/k <cxd™ % forallk > 1.

Therefore, using E{g(z;)>} < C and the Cauchy—Schwarz inequality, and writing
gi = 8(zi),
|E{Y12Y3481828384}| = Z IE{YSVY P g1 828384} | + Cd 2.
b+6<4

The proof is completed by bounding each of the terms above, which we now do.
By symmetry it is sufficient to consider £; < ¢, and therefore we are left with the
four pairs (£, 6) € {(1,1),(1,2), (1, 3),(2,2)}.

Term ({1, () = (1,1). By the same argument as in the proof of Lemma A.8, we
have |E{Aiqu.‘1qu1g,-gj}| < Cd~3/? and therefore
Dy (1 -1 - - _
E{Y)Ys) 81828384} = [Eo{A12a7' 65" 8182} - [E{Assqy ' q; ' g3ga}| < Cd ™.

Term (¢1,6) = (1,2). Note that each of the two terms in the definition of Y;Z)
contributes a summand with the same structure. Hence we can consider just the
one resulting in the largest expectation, say g5 TA3 1q1‘1A14q;1:

1 2
Y)Y 81828384}
= 2B+ {q; ' Anngy ' 45 ' As147  Araq) 81828384} |

(a) _ _ — _ —_ _ —
2 20E (g2 An(gy" 7 Ng5" -7 DA A(g;" - T Dg1g2g3g4)]
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(c) _ .

< CE{|AnlP Y PE{| AP Y PE{|AIPY PEAlg5 " — g7 IPYP
xE{lg;' - 1P} PE{qy - g 1P} P lIglly

(Qcﬂ.

Here (a) holds because g; is orthogonal to z; for i € {2,3,4} and hence the terms
6_1 have vanishing contribution; (c) holds by Holder for p = 12, and using the fact
that ql.‘1 is bounded; (c) holds by the above bounds on the moments of A;;, O;, plus

g7 =g < ClQil.

Term ({1, {») = (1, 3). Taking into account symmetries, there are only two distinct

terms to consider in the sum defining Y;Z), which we can identify with the following:

1 3 — -1 = — _ _
B Y)Y 81828384} < ClEs{qy" A12g5 " 45" A3147 Ay Anaq; ' 81828384} |

+ CIBi{q; " A1ng; ' 5 As1q,  A1a gy ' Asaq) 81828384}
=C-TT+C-T>,.

Notice that in the first term z3 only appears in g3, A3 and g3, and similarly z4 only
appears in g4, Ax4 and g4. Hence

Ty = [E+{q] ' A1ng; ' (q5" — T HA3147 A1ag;  Asa(qy' — T g1grgagal < Cd™3,

where the last inequality again follows by Holder. Analogously, for the second
term we have

T = [Ei{q; ' Ann(ay" =7 a5 As1qy Angs  Ava(ay ' — T g1828384 ] < Cd >
This proves the desired bound for (¢, £) = (1, 3).

Term ({1, {») = (2,2). There are four terms that arise from the sum in the definition
of Yl(Jz) By symmetry, these are equivalent by pairs:

|E+{Y1(22)Y3(f)g1gzg3g4}l
< 2[E+{q; ' A13q5 ' A345 ' 05 As1g Avag ' 81828384} |
+2|E+{q; ' A13¢5 ' A3205 " 45 A3q5  Avagy 91828384}
< 20E.{q;" A13q3 ' Asn(gy' =7 a5 Asiar Awalay! =7 Dgigag3gall
+2[E{(q7" -7 NA1¢;" A05 " 45" Anngy  Ava(ay' — G )g1828384}
<Cd™.
This completes the proof of the lemma. Ul

Lemma A.10. Under the definitions and assumptions of Lemma A.9, further
assume E{|g(z)|**"7} < C for some constants 0 < C, n < co. For any triple of four
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distinct indices i, j, k, we have

[B{Y;Yikg(z:)8(z) gz} < Cd "2, (A.25)
[E{Y;;g(zi) g(z)*}| < Cd™". (A.26)

Proof. This proof is very similar to that of Lemma A.9, and we will follow the
same notation introduced there.

Consider (A.25). Without loss of generality, we take (i, j, k) = (1,2,3). Since
]E{|Yi(j€)|k} < cxd 1%, we have

B+ (Y2Vi3g18383}| < 1B+ Y} Yy 818583} + Cd ™.
Further
Dy (1 _ _ _
B Y}, Yyy 218383} = [B+ {q7 ' A1ngy > Ansq; ' 218383}

= |E+{(q;" — 7 HA1g; 2 An(q;' -7 De1gags)]
< Ccd?

where the last bound follows from Holder’s inequality.
Finally, (A.26) follows immediately by Holder’s inequality since

E{|Y;;|*}!/% < Crd™'?  for all k. O
Theorem A.11. Let
Z = (Zjj)i<nj<d

be a random matrix with i.i.d. rows zi,...,z, € R?, with zero mean C-sub-
Gaussian. Let § € R%*¢ be a symmetric matrix such that 0 < S < CI for some
finite constant C > 1. Finally, let g: R — R be a measurable function such that

E{g(zD)} = E{zig(zn)} = 0 and E{|g(z)[*"} < C.
Then, for any A > 0, with probability at least 1 — Cd~'/*, we have

1
‘3 D @SZ7]d + A jezg(zp)| < CdVE, (A27)

i<j<n

Proof. Let X denote the sum on the left-hand side of (A.27), and define
Y;j:=(ZSZ"/d + AL}, g = g(z)).

Further, let

I =A{Gj. kDi<j<nk<l<n |{ij}n{kjtl=m} me{01}.
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Then we have

1
E{X?} = 7 D0 B{YiYugigiges}
i<j k<l

1

<7 D B{Yagigiear)

(i,7.k,1)€Ly

1 1
0 Z E{YijYugigjgngi} + 5 Z E{Y;g g7}

(iajsksl)ezl l<_]
< Cd*|E{Y12Y3481828384}| + Cd|E{Y12Y23818583}| + CIE{Y}8185 }
<cd ',

The proof is completed by the Chebyshev inequality. Ll

A.2.3. Proof of Theorem A.3: variance term
Throughout this section we will refer to the events &, &, defined in (A.16) and
(A.17). The variance is given by
VAR = 0B {K(x, X)TK(X, X) K (x, X)}.
The following lemma allows us to take the expectation with respect to x.

Lemma A.12. Under the assumptions of Theorem A.3, define M € R™" as in
the statement of Lemma A.7. Then with very high probability we have

- Clogd
d

1 ___
‘—ZVAR - (M, K™2)
o
&
Proof.  First notice that, defining M as in (A.8), we have
|
— VAR = (M,K™?).
o

3
Then with very high probability we have

1 __ _ _
‘—ZVAR—<MO,K )| < KM - Mo, K7?)|
(o

< |M - M|Vl K|
(2) Clogd
U
(;) Clogd ’
d
where (a) follows from Lemma A.7 and (c) follows from Lemma A.6. ]

X Vd x ||[K~'|?

In the following we define By € R’ via

_ ')
By = 7

XIX". (A.28)
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The next lemma shows that B is a good approximation for B, defined in (A.10).

Lemma A.13. Let B be defined as per (A.10). With very high probability, we
have ||B — Bo|| < Cd=3/? and ||B — By||. < Cd~'/2.

Proof. Notice that B = DXXX'D/d’ and, on £ N &,,

’ ’ Qii ’ C
— = _ - < —. .
[|D — h'(O)I]| rlnsali( Eh <\/ 7 G h'(0)] < N (A.29)
We then have
Cc|1 . C 9 C
This immediately implies ||B — By||. < n||B — By|| < C/Vd. ]

Lemma A.14. Under the assumptions of Theorem A.3, let B be defined as per
(A.10) and By as per (A.28). Also, recall the definition of K in (A.2). Then with
very high probability we have

|(B,K™?) - (Bo,Kf2)| <Cn™,

Proof. Throughout this proof, we work under events £ N &, defined in the proof
of Lemma A.7. Recall that max; <, | D;| is bounded (see e.g. (A.29)), whence

C/d ifi =j,

C
Bij| £ < {xi, Xx;)| <
| ]| d2|<x x_]>| {C(logd)l/z/d3/2 lfl :/: j’

whence ||B||F < C+/(logd)/d. Using Lemma A.6, we have
(B,K™?) - (B,K{?)|
< |IBllpn' K~ - K2
< Cy/(log d)/d X n'*[Amin(K) A Amin(K D] |IK = K|
< Clogd||K — K|l < Cn™°. (A.30)

Using again Lemma A.6 together with Lemma A.13, we obtain that the following
holds with very high probability:
(B, K7?) = (Bo.K7%)| < Amin(K 1) | B = Boll.
C

< —.

- d1/2
The desired claim follows from this display alongside (A.30). U
Lemma A.15. Under the assumptions of Theorem A.3, let @ be defined as in
Lemma A.7. Then with very high probability we have

0<{(a,K%a)< %
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Proof.  Notice that the lower bound is trivial since K is positive semidefinite. We
will write

K=ol1"+K,,
a=h01+a.

By standard bounds on the norm of matrices with i.i.d. rows (and using ||Z| < C),
we have 0 < XX "/d < C1, with probability at least 1 — C exp(—n/C). Therefore,
by Lemma A.6, and since By > 0 is bounded away from zero by assumption, with
very high probability we have C~'I < K, < CI for a suitable constant C. Note that
a = (ap — h(0)1) + a;. Under event & N &,, the following holds by smoothness
of h:

llap = h(0)1]|c = max
i<d

On the other hand, recalling the definition of a; in (A.11), we have, always on
EINE,,

I='2x; 13,

X d X max ———

EIENTE

3/2 3/2
(logd> SC(logd) ‘

3/2

1
”al ”oo < CW rlnsadx Qii

1
<C—=XdX

d3/? 42

Therefore we conclude that ||@||. < C/d, whence ||@|l, < C/Vd.
We therefore obtain, again using Lemma A.6,

l{a, K~2a) — h(0)*(1, K1) — 2h(0)(1, K 2a)|
= (@ K7a) < Awn(K) Nl < . (A31)

We are therefore left with the task of controlling the two terms (1, K~21) and
(@, K=*1). We will assume 4(0) # 0 because otherwise there is nothing to control.
Since £ is a positive semidefinite kernel, this also implies 2(0) > 0 and @ > h(0) >
0. By an application of the Sherman—Morrison formula, we get

(LK™1) = (1,(K. + a11M)71)
_ (LK)
(1 +a(1,KI'1))2
1 (LK’1) C 1
< — <=
@ (LK;'1)2 ~ o2 |1])?

c
S_’
d

where we used the above remark C~'I < K, < CL
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Again using the Sherman—Morrison formula,

(a,K;*1) a(LK;*1)(a, K;'1)

(LK %a) = — - 1 :
1+a(LK'1)  (1+a(1,K;'1))?
all,|l1 1lall ¢
(1L Kk2ay) < chalkl 2||2 L I3 4IIz <
all1l; |1l d
Using the last two displays in (A.31) and recalling that d and n are proportional
yields the desired claim. U
Proof of Theorem A.3: variance term. By virtue of Lemmas A.12, A.14 and A.15,
we have
1 ___
— VAR = (Bo, K7?) + Err(n)
Te

= (B, (K¢ + a117)) + Err(n).
Here and below we let Err(n) denote an error term bounded as |Err(n)| < Cn=

with very high probability, and we define

bo. ¢l
K() :Zﬁ

+ Byl,.

By an application of the Sherman—Morrison formula, and recalling that Sy > 0 is
bounded away from zero, we get

1 __
—5 VAR = tr(BoK,?) -

2
C  t(BoK 11K
£ G,’Al

1+
@Ay

-1 -1
+ m tr(B()KO llTKO ) + Err(n),

where Ay := (1K 551), ¢ € {1,2}. By standard bounds on the norm of matrices
with i.i.d. rows (and using ||X]] < C), we have 0 < XX7/d < CI. Therefore
C~'1 < K¢ < CI, for a suitable constant C, with very high probability. This
implies d/C < Ay < Cd for ¢ € {1,2} and some constant C > 0. Further,
|Boll < C|IX||?/d?* < C/d. Therefore, since @ > 0,

1 __
— VAR — tr(BoK?)
Te

C C
vl 1, K;'BoKy*1)| + vl (1,K;'BoK;'1) + Err(n)

IA

IA

C
i + Err(n).

We are therefore left with the task of evaluating the asymptotics of

tr(BoK,?) = tr(XEX (XX " + ydIL,)?).
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However, this is just the variance of ridge regression with respect to the simple
features X, with ridge regularization proportional to y. We apply the results of
Hastie er al. (2019) to obtain the claim. O

A.2.4. Proof of Theorem A.3: bias term
We recall the decomposition
J(x) = bo + (Bo, x) + fo(x) =1 f1(x) + fu(x),

where by, B are defined by the orthogonality conditions

E{fi(x)} = B{x f(x)} = 0.
This yields
by =E{f*(x)} and B,=X'E{f*(x)x}.

We let f* = (f*(x1),..., f*(x,))" denote the vector of noiseless responses, which
we correspondingly decompose as f* = f| + f, . Recalling the definition of M, v
in (A.8) and (A.9), the bias reads

BIas” = (f* KT'MEK ") = 2. K~ f) + 11f7117
We begin with an elementary lemma on the norm of f*.

Lemma A.16. Assume E{f*(x)*} < C, for a constant Cy (in particular, this is
the case if E{| f*(x)|**"7} < Cp). Then there exists a constant C depending uniquely
on Cy such that the following hold.

@) lbol < C.IIZ"2Boll2 < C.E{f5(x)*} < C.

(b) With probability at least 1 — Cn~'/#, we have |||f*||§/n - ||f*||22| <n3/8,

(c) With probability at least 1 — Cn~'/4, we have |||f§L||§/n - ||ﬁ]*L||iz| < n73/8,

Proof. By Jensen’s inequality we have E{f*(x)?} < C. By orthogonality of f*
to linear and constant functions, we also have

E{f*(x)*} = b} + E{(Bo. x)*} + E{ 5 (x)*} = b} + IZ'2B |13 + B{ £ (x)*},

which proves claim (a).

To prove (b), simply call Z = ||f*||§/n - ||f*||iz, and note that

E{Z?} = B{f*(x)*} - E{f*(x)*}})/n < C/n.

The claim follows by the Chebyshev inequality.
Finally, (c) follows by the same argument as for claim (b), once we bound
| follz+- In order to show this, notice that, by the triangle inequality, || fi ||+ <

NF N zs + 1l folls + |l fillze, where fo(x) = bo, fi(x) = (B, x). Since x = Xz, with
z C-sub-Gaussian,

£l < 15l + bo + CIIE2By 12 < C. O
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Lemma A.17. Under the assumptions of Theorem A.3, let M, vo be defined as

in the statement of Lemma A.7. Then, with probability at least 1 — Cn~'/*, we have
2 Clogd
|BIAS” — BIAS%| < o8 ,
Vd

B1ASG = (f " K 'MoK ™' f*) = 2w, K~ f*) + |1 £712..
Proof. We have
|BTAS” — BIASg| < [(f*, K~'(M — MK~ f*)] +2|(v = vo, K" f*)|
< |M = Mollp K~ £713 + 211y = volo K~ £*Il2
< ||M — Mol K P13 + 21w = vol KL 12

<c logd o+ logd \/_<Clogd.
d3/? \/E

Here, in the last line, we used Lemmas A.6 and A.7 and the fact that || f*]|*> < Cn

by Lemma A.16. O

In view of the last lemma, it is sufficient to work with B’I_A\S(z). We decompose it as

BIASO = BIASL + BIAS -+ BIAS2 + ||fNL||L2, (A.32)

BIASL = (fL K" MoK f1) =200, K7 f1) + 17117 2 (A.33)

BiAs. = (f* K "MK~ f*), (A.34)

BIAs., = 2(f5, K "MoK ' f%) = 2(vo, K~ f1). (A.35)

We next show that the contribution of the constant term in f*(x) and My is
negligible.

Lemma A.18. Under the assumptions of Theorem A.3, let M, B, v( be defined
as in the statement of Lemma A.7. Further define

21’ (0
R :=(XByK'BK~ () K'XBo) + By, ZBy). (A.36)
Ry = (.. K'BK'f), (A.37)
R = 2xB0 K BK f1) - 2 xmp, K71 12, (A38)

Then with very high probability we have

|BIAS|_ R| <

|BIAS —Ry| <

|BIAS. — R,.| <

mix

=_I<'3=Io=m
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Proof. The proof of this lemma is very similar to that of Lemma A.15, and we
omit it. Ll

Lemma A.19. Under the assumptions of Theorem A.3, let (X, B,) be defined as
in (A.7), and let R_ be defined as in the statement of Lemma A.18. Leta € (0, 1/2).
Then with very high probability we have

|RL— AB(X, Bp)l < Cn™*.

Proof. Recall the definition of K in (A.2). and define R_ as R_ (see (A.36))
except with B replaced by Bg defined in (A.28), and K replaced by K| defined in
(A.2). Namely,

2h'(0)
d

RL:=(XBo, K{'BoK('XBy) - (XEBo, K7'XBo) + (Bo ZBo)-

Letting u = X8, = ZX'?B,. note that |[u|, < ||Z||||Z"?By|l» < Cv/n with very
high probability (using Lemma A.16). We then have

|[RL— R| < [{(u, K'BK 'u) — (u, K"'BoK 'u)|
+ |(u, K'BoK "u) — (u, K{'BoK ' u)|
C _ _
+ E|<XZﬂO’K 'u) = (XZBo. Ki'u)|
= E+ E, + Es.

We bound each of the three terms with very high probability:
Ei < ||B=Bol - IK~"|* llull3 < C wexen< & (A.39)
4312 nl/2
Ey < (IBoK"ull + ||BoK 7 ull)|u 2 [K ™" — K|
IBoll(IK "1l + K D lelZIK " = Kl

IA

C
7 XCXCnxn 0 <Cn™, (A.40)

C - -
S IXIIEBol [ K 'K

C
i X CyYnx CxCynxCn™ < Cn™, (A41)

&
IA IA

IA

Here in (A.39) we used Lemmas A.6 and A.13; in (A.40) we used Lemma A.6 and
the fact that ||By|| < C/d; in (A.41) we used Lemma A.6 and || X || < CVd. Hence
we conclude that

|RL— RL| < Cn™, (A.42)
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Finally, define I§|_ as R, with K replaced by Ko = S(XX"/d) + 8yl,,, that is,
- ~ _ _ B B C B B
IR — RU| < [(u, (K{' + KgHBo(K ' = Kyhu)| + —I(XZBy, (K, 'Ky Hu)l
=: Gy + Go.
By the Sherman—Morrison formula, for any two vectors w, wo € R we have

(LK 'wi)(LKj'w)l
1+a(LK,'1)

l(wi, (K" =Ky hwa)| =«

C _ _
< E|<1’K01w1>| (LK wa)).
Further, notice that

|(u, Ko D) = 1(Bo, X T(BXXT/d + ByL)™'1)| < Cydlog d,

where the last inequality holds with very high probability by Knowles and Yin
(2017, Theorem 3.16) (see also Lemma 4.4 in the same paper). We therefore have

C _ _ _ _
Gr < —|(u, (7' + K )BoK ' )| - [(u, K1)

C -
< E||BO||||M||2||1||2|<"’K011>|

IA

Cc 1 logd
Exgx\/c_lx\/le\/dlogdsc O§ .
Analogously

C _ _
Gy < EKXZ,BO’KOIIH (u, K D)|

C _ _
< E||X||||Zﬁo||2||K01||||1||2|<M,K011>|
C logd
< EXC\/EXCXCXC\/EXC\/dlogds C\ =
Summarizing,
. logd
IR —R|<C °§ . (A.43)

We are left with the task of estimating ﬁL, which we rewrite explicitly as
R =Y IEXXT +yL) ™ Boll3.

We recognize in this the bias of ridge regression with respect to the linear features
x;, when the responses are also linear (8, x;). Using the results of Hastie et al.
(2019), we obtain that, for any a € (0, 1/2), the following holds with very high
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probability:
IRL — B(E, By)| < Cn~. (A.44)
The proof is completed by using (A.42), (A.43) and (A.44). ]
We next consider the nonlinear term Ry, ; see (A.37).

Lemma A.20. Under the assumptions of Theorem A.3, let #'(X) be defined as in
(A.6) and let R, be defined as in the statement of Lemma A.18. Then there exists
co > 0 such that, with probability at least 1 — Cn~'/4,

Ry = Y E)IP>1/"117.] < Cn~.
Proof. Define
Ry = (fi,Ky'BoKy' 1)

1
= 5 (o (XXT/d + yL) ' XEXT(XXT/d +yL) ' f5)

1
= ﬁ< fr (ZEZT)d +yL) \ZE*ZT(ZEZTd + Y1) f1).

By the same argument as in the proof of Lemma A.19, with very high probability
we have
~ logd
IRy — Ry| < C chz . (A.45)
We next use the following identity, which holds for any two symmetric matrices
A, M and any ¢ # 0,

AT'MA! = ;[A‘l —(A+M)"" ] +tAT"MA'MA + tM)7".
Therefore, for any matrix U and any ¢ > 0, we have
KA™'MA™U)| (A.46)
< KAL)+ 1A + L O+ AT PIMIPICA + ) D
We apply this inequality to
A=ZXZ"/d+yl,, M=2Z%*Z7/d and Ui = fi(x)fi(x)lis.

Note that [|[A™'|l, IM]. I(A + tM)~'|| < C. Further, |U]. < 2|If% |7 < Cn with
probability at least 1 — Cn~'/4 by Lemma A.16. Finally, for any ¢t € (0,1), by
Theorem A.11, the following hold with probability at least 1 — Cd~!/4:

1 1
E|(A‘1,U>| <cd'?, 3|<(A +tM)" Uy < Ccd'B.
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Therefore, applying (A.46) we obtain
1 1
SKaTMATLU) < —caT PPy cr < cal,

where in the last step we selected ¢ = d~'/1°. Recalling the definitions of A, M, U,
we have proved

1 n
Ry -~ DA MAT N fo x| < camM e
i=1

We are therefore left with the task of controlling the diagonal terms. Using the
results of Knowles and Yin (2017), we get

max <cn '8,

i<n

1
[A'MA™]; - —tr(A"'MA™Y)
n

Further
2 2 -1/2
W3 /n=IfeN2,] < CnV

with probability at least 1 — Cn~'/4 by Lemma A.16. Therefore, with probability
atleast 1 — Cd—1/4,

Ru — VerlIfLl2,] < ca'/e,
1 _
Vew = I 2XTXX T d + yL) I

We finally recognize that the term Vgp is just the variance of ridge regression with
respect to the linear features x;, and using Hastie er al. (2019) we obtain

R = VO 2] < ca™e.

The proof of the lemma is concluded by using the last equation together with
(A.45). O

Lemma A.21. Under the assumptions of Theorem A.3, let R, be defined as in
the statement of Lemma A.18. Then, with probability at least 1 — Cd~!/4, we have

|Rmix| S C n_1/16'

Proof. The proof of this lemma is analogous to that of Lemma A.20 and we
omit it. UJ

We are now in a position to prove Theorem A.3.

Proof of Theorem A.3: bias term. Using Lemma A.17, (A.32) and Lemma A.18,
we obtain that with very high probability

_ lo
[BTAS” = (RL+ Ry + R + |21} )] < Cyf =

Hence the proof is completed by using Lemmas A.19, A.20 and A.21. U
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A.2.5. Consequences: proof of Corollary 4.14
Welet 4; > -+ > A4 denote the eigenvalues of X in decreasing order.

First note that the left-hand side of (A.5) is strictly increasing in A, while the
right-hand side is strictly decreasing. By considering the limits as 4, — 0 and
A, — oo, it is easy to see that this equation indeed admits a unique solution.

Next, letting F(x) := tr(X(X + xI)™") denote the function appearing on the
right-hand side of (A.5), we have, for x > c,Ag+1,

0 )
F(x) = > !
o izzllx-i_/li_i;—lx-i-/li

d

Cx
> —— 3 4= F().
(1 +c)x i=k+1

Let A, be the unique non-negative solution of n(1 — (y/4,)) = F(4,). Then the
above inequality implies that whenever A4, > ciAx41 we have A, > A_. Solving
explicitly for 4, we get

d
1+c. x 1
( C)7+rk()z(1+c*) = A =>y+ ¢ - A;.
Cedisl n 1+con .
i=k+1
Next, we upper-bound
d 2
r(Z2E + D)= Yy ——
(Z( )?) ;(aim*)z
2
<k+— = Z A;
*t k+1
—152,2 Zz oy
<k++c, )n . (A.47)

(n)//c* + Zi=k+1 /li)z

If we assume that the right-hand side is less than 1/2, using Theorem A.3, we
obtain that with high probability

1)2 2 Zl k+1 —C()'

1
—ZVAR<k+(1+C +n

O¢ (ny/c. + Zi:k+l A;)?

Next, again considering (A.5) and upper-bounding the right-hand side, we get

d
0% 1
I’l(l—z) Sk+/1_*.z A;.
i=k+1

Hence, using the assumption that the right-hand side of (A.47) is upper-bounded
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by 1/2, which implies k < n/2, we get

) d
L<2y+= ) A
n .
i=k+1

Next consider the formula for the bias term, (A.7). Letting (Bo,;)i<p denote the
coordinates of B in the basis of the eigenvectors of X, we get

d 2208 .
) -2 I N VU
2By (E+ LD EB) = » | RS

i=1

K d
2N -2 2
<X AB b,
i=1 i=1
d

2
1
s4(y+; > ai> 10 k21 + 180 i

i=k+1

Together with Theorem A.3, this implies the desired bound on the bias.

B. Optimization in the linear regime

We recall Theorem 5.1.
Theorem B.1. Assume
LipD ) [ly — fu(00)ll2 < %O_r%ljn(l)fn(a()))' (B.1)
Further define
Tmax 1= Omax(D fn(00)),  Omin 1= Tmin(D f(60)).
Then the following hold for all > 0.

(1) The empirical risk decreases exponentially fast to 0, with rate Ay = O-r%lin /(2n):

L(8,) < L(Bp)e . (B.2)

(2) The parameters stay close to the initialization and are closely tracked by those
of the linearized flow. Specifically, letting L,, := Lip(D f;,),

2

16: = 6ol < —— lly = /u(B0)ll2, (B.3)
min
— 320, 16L
16; —0;ll> < {%IIy — (00|12 + ——=Ily - fn(00)||§}
min min
180L,0°2
AN ——"Ely = f2(00)l5- (B.4)
min

https://doi.org/10.1017/50962492921000027 Published online by Cambridge University Press


https://doi.org/10.1017/S0962492921000027

DEEP LEARNING: A STATISTICAL VIEWPOINT 185

(3) The models constructed by gradient flow and by the linearized flow are similar
on test data. Specifically, writing £"(0) = £(0¢) + D f(00)(6 — 6,), we have

1£8:) = O 2)

, 1 Lo
< {4 LipDf)—— + 180||Df<00)||%}||y ~ 2003 (BS)
min min
Proof. Throughout the proof we let L, := Lip(D f,,), and we use @, to denote the
derivative of quantity a; with respect to time.
Lety, = f.(6,). By the gradient flow equation,

, 1
¥, =Df(0)0, = —;Dfnwt)Dfn(ot)T(yt - y).

Defining the empirical kernel at time ¢, K, := D £,(8,)D f,,(8;)", we thus have
. 1
Y= —;Kz(y, =) (B.6)

d 2
v - yli; = ==y =y Ky, =) (B.7)

Letting 7. := omin/(2Ly) and 1. := inf{¢: ||@; — O¢|| > r.}, we have Anin(K;) >
(Omin/2)?* for all £ < ¢, whence

t<t. = |y, —yl5 <lyo—-ylie ", (B.8)

with Ao = 2. /(2n).

min
Note that, for any ¢ < t., Omin(D f,,(0;)) = Omin/2. Therefore, by the gradient
flow equations, for any ¢ < 1.,

, 1
01> = ;llDfn(atﬂyt -,

LI 1D ()" (v, = I3
TR Ty lyy =yl

o
< —ﬁllbfn(etﬂy, =M.

Therefore, by Cauchy—Schwarz,

d O'min d Omin | ;
— - 6,-6 < — - ;1> < 0. B.
dt(nyt vl + 226, o||z)_dt||yt s+ 220k 0. B)
This implies, for all ¢ < ¢,,
2
16 = 8ol < ——1ly - yoll- (B.10)
min

Assume by contradiction that 7, < co. The last equation together with the assump-
tion (B.1) implies ||#;, — 6|l < r., which contradicts the definition of z.. We
conclude that 7, = oo, and (B.2) follows from (B.8).
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Equation (B.3) follows from (B.10). _
In order to prove (B.4), lety, := f,(60) + D f,(60)(@; — 6p). Note that this
satisfies an equation similar to (B.6), namely

| R
Y =——Ko(y, - y).
n
Define the difference r; := y, —y,. We then have
ir ==K /mr, — (K, — Ko)/n)(y; — y),

whence

d 2 2 _
d—llnll% =—=(r,K,r;) - =(r.,(K; — Ko)¥, - y))
t n n
2 , 2 _
< == AminK)IIr 5+ =l IIK = Kolllly, =yl

—Aot/2

Using 2Amin(K;)/n > Ag and |[y, = y,|l2 < llyo =yl e , We get

d Ao 1 B
allrrllz = _?HrtHZ + ;lle — Kollllyo =yl e~/

Note that

K, — Koll = IDf,(0,)D f,(8,)" — D £,,(80)D £,,(80)" |
< 2|D £, (81D £,(8:) = D £(80)|| + [ID f,(8,) — D £,(80)||?
< 20max L ||6; — 60| + L2116, — 60|
< 2 GuanLal6, ~ ol (B.11)

(In the last inequality we used the fact that L,||0; — 0¢|| < omin/2 by definition
of r,.) Applying Gronwall’s inequality and using r( = 0, we obtain

t
- 1
Il < Py =yl [ 11K~ Kollds

) 1
<e " 24|lys -yl sup —[IKy - Kol

sef0,7] T
—/l()t/4 2 1
<e —llyo =yl sup —[|Ks — Kol|
/10 s>0 1
(@ _ 2 5
<e AOI/4_”y0 - y”Z_LnO'max sup ||0s - 00“2
Ao 2n 5§20
© —Aot /4

2 5 2
<e /l_ollyo_yHZZLno-max r—lyo=ylk

min

_ (oF
<20e 2Ly - yoll3-

min
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Here in (a) we used (B.11) and in (c) we used (B.10). Further, using
Irelle < lly, =yl + 1y, = yll2 < 2llyo = yll exp(=20z/2),
we get

100—mdx

ly, = ¥.ll2 < 2e~0!/4||y —J’o||2{1 Lylly - J’o||2} (B.12)

min

Recall the gradient flow equations for 6, and 0,

b

1
;Dfn(etﬂy )

0,

1 _
;Dfn(aof(y -y

Taking the difference of these equations, we get

d - 1 1 —
g0 = Oell2 < 1D fu(81) = D fu(@0)lllly; = ¥ll2 + — 1D fu@0)lllly: = ¥:ll2

n
L _
7”||0z Ooll2lly, — yll2 + max||)’t Yl
(%) Ly 2o oil2
n min
20, _ 100
+ %e Dot /4]y —}’0”2{1 A maxL lly - )’0||2}

min

where in (a) we used (B.3), (B.8) and (B.12). Integrating the last expression (thanks
to 89 = 0y), we get

10, — 6;]> <

160 16002
>+ { Tmax ly = yolb A —="=Lully —)’0”%}-

min m1n min

Simplifying, we get (B.4).
Finally, to prove (B.5), write

1£0:) = fin@)|I2 < 1F ) = fin@D)|l2 + || fin(0:) = fin(@D]I 12 -

E; Ey

By writing

d
FO) ~ fin(@)) = fo LF00) ~ fin(@,)]ds
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we get

E| = ‘ /o [Df(05) - Df(60)]0, ds

LZ
t
< Lip(D ) sup 16, ~ ol /0 16,2 ds
5>

4y = yoll3
2 :
min
In the last step we used (B.3) and noted that the same argument to prove the latter
indeed also bounds the integral fot 16511> ds (see (B.9)).
Finally, to bound term Ej, note that fji,(6;) — fhn(@) = Df(6)(0; — Et), and
using (B.4) we get

< Lip(Df) -

max

E> < 180D £(8o)]| Iy = yoll3.

L,02
5 .
min
Equation (B.5) follows by putting together the above bounds for E| and E». U

We next pass to the case of two-layer networks:
m
a
x;0):=— ) bioc((wj,x)), 0=Wi....,Wwp). B.13
f()\/%;]«,)) Wise s W) (B.13)

We recall Lemma 5.3.

Lemma B.2. Under Assumption 5.2, further assume {(y;, X;)}i<n to be i.i.d.
with x; ~iiqa. N(O, 1), and y; B2-sub-Gaussian. Then there exist constants C;,
depending uniquely on o, such that the following hold with probability at least
1 — 2exp{-n/Co}, provided md > Conlogn, n < d% (whenever not specified,
these hold for both 6 € {6, 85"}):

Iy = fu0)]l2 < C1(B + )V, (B.14)
Iy = £20$)] < C1BVn, (B.15)
Tmin(D f2(80)) = CraVd, (B.16)
Tmax(D f(80)) < Cza(Vn + Vd), (B.17)
Lip(Df,) < c4a\/%(«/ﬁ +Va). (B.18)
Further
IDf(00)| < Cia, (B.19)
Lip(Df) < Cga\/g . (B.20)
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Proof.  Since the y; are B> sub-Gaussian, we have ||y ||, < C;B+/n with the stated
probability. Equation (B.15) follows since by construction fn(ﬂéz)) =0.

For (B.14) we claim that || fn(ﬂg))llz < Ciav/n with the claimed probability. To
show this, it is of course sufficient to consider & = 1. Let F(X, W) := ||f,,(061))||2,

where X € R™“ contains as rows the vectors x;, and W the vectors w;. We also
write 081) = 0 for simplicity. We have

E{F(X, W)} < B{||£.(80)I13} = nE{f(x1;80)*}
= nVar{oc((w1,x1))} < Cn.

Next, proceeding as in the proof of Oymak and Soltanolkotabi (2020, Lemma 7)
(letting b = (bj)j<m),

1
|F(X,W1) - F(X,W,)| < \/—%na(XWI)b —a(XW)b|

<|lo(XW]) = (XW))||F
< CIIXW] - XW,||F
< CIXIWT =W, llF.

We have || X|| < 2(vn + Vd) with probability at least 1 — 2exp{—(n V d)/C)
(Vershynin 2018). On this event, F(X, -) is 2(v/n + \/E)—Lipschitz with respect
to W. Recall that the uniform measure on the sphere of radius Vd satisfies a
log-Sobolev inequality with @(1) constant (Ledoux 2001, Chapter 5) that the log-
Sobolev constant for a product measure is the same as the worst constant of each
of the terms. We then have

P(F(X, W) > EF(X, W) + 1) < e 4’ /Cn+d) | 9 o=(nvd)/C

Taking ¢ = Cy+/n for a sufficiently large constant C; implies that the right-hand side
is at most 2 exp(—(n V d)/C), which proves the claim.

Notice that all the following inequalities are homogeneous in @ > 0. Hence we
will assume without loss of generality that @« = 1. Equation (B.16) follows from
Oymak and Soltanolkotabi (2020, Lemma 4). Indeed, this lemma implies

S Cn+d)logn
- d/lmin(K)

where K is the empirical NT kernel

O-min(Dfn(HO)) = coV dAmin(K),

1
K = EE{Dfn(ao)Dfnwo)} = (KnT(X4, X))i,j<n-
Under Assumption 5.2 (in particular, o’ having non-vanishing Hermite coefficients

ue(o)forall € < €y) andn < d%, we have Aymin(K) > ¢o with the stated probability;
see e.g. El Karoui (2010). This implies the claim.
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For (B.17), note that for any vector v € R", ||v|» = 1, we have

1 m
IDAODTVIE = — D7 > vior (wesx))vyor' (wex )i x)

i,j<n (=1

=(M,X,X"),
1 L !’ !’
M;; = - Z vio ((We, x )vio ((we, x;)).
=1

Since M > 0, we have

D £,(80)Tv]13 < tr(M)|| X ||?
1 m n
=— > D v we ) - IXIP

=1 i=1
211411211 ¥ |12
< B7v i I1X11°.

Hence omax(D f(0p)) < B||X|| and the claim follows from standard estimates of
operator norms of random matrices with independent entries.

Equation (B.18) follows from Oymak and Soltanolkotabi (2020, Lemma 5),
which yields (after adapting to the different normalization of the x;, and using the
fact that max; <, ||x;|l» < CVd with probability at least 1 — 2 exp(—d/C)):

d
1D £2(01) = D f(62)]| < C\/;”XHHOI - 022.

(Here ||0; — 62]> = ||[W1 — W1||F, where W; € R"™* is the matrix whose rows
are the weight vectors.) The claim follows once more by using || X || < 2(vn + Vd)
with probability at least 1 — 2 exp{—(n V d)/C).

In order to prove (B.19), note that for & € L*(R4,P)

ID f(00) hll> = E{Qn(x1,x2) P(x1,X2)},

m

o' ((we, x1)h(x ) ((we, x2))h(x2),
=1

P(x1,x2) := (x1,x2).

1
On(x1,x2) := p”

Here expectation is with respect to independent random vectors x1,x, ~ P. Let
Q,, and P denote the integral operators in L2(R¢, P) with kernels Qj, and P. It is
easy to see that P is the projector onto the subspace of linear functions, and Q), is
positive semidefinite. Therefore
m

E{0’((we, x1)*h(x1)*}

1
1D 0" hllz < t(Q;) = -
£=1

< B2||ll7.
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This implies ||Df(6)|| < B.
In order to prove (B.20), define

Ae(x) := o' (W10, %)) — ' ((Wa e, x)).
Let i € L*(R4, P) and note that

D f (o) hli3

1 m
— > IB{xh(0)A)M
m =1

IA

1 m
— > E{llxl [h)Ax)]}
n €=1

m

IA

E{|lx 11 Ac(x)*} |1l 2.

1
S

Note that |As(x)| < B |[{w1.¢ — w2, x)|. Using this and the last expression above,
we get

B &
IDFODI> < — > B{IxIP (x,wie —wa )}
mn =1

B N ,_ B 2
< —@d+2) ) Iwie—wael} = = +DIW, - Wall3,
m = m

where the second inequality follows from the Gaussian identity E{||x|?xx"} =
(d + 2)I;. This proves (B.20). ]

We recall Theorem 5.4.

Theorem B.3. Consider the two-layer neural network of (B.13) under the as-
sumptions of Lemma B.2. Further, let @ := a/(1 + ) for initialization 6y = 08)

and a := «a for 6y = 05)2). Then there exist constants C;, depending uniquely on o,
such that if md > Conlogn,d <n < d% and

n2
a>C Pl (B.21)
m

then, with probability at least 1 — 2 exp{—n/Cy}, the following hold for all # > 0.

(1) Gradient flow converges exponentially fast to a global minimizer. Specifically,
letting A, = Cy a*d/n, we have

L(6,) < L(8p)e . (B.22)

(2) The models constructed by gradient flow and linearized flow are similar on
test data, namely

— a [n?2 1 f n’
£ (0r) = fin(@Dl 2y < Cl{g nd + g m} (B.23)
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Proof. Throughout the proof, we use C to denote constants depending only on o,
that might change from line to line. Using Lemma B.2, condition (B.1) reads

aw/@-g n < C(af\/a)z.
m o

which is equivalent to (B.21). We can therefore apply Theorem B.1.

Equation (B.22) follows from Theorem B.1 point (1), using the lower bound on
Omin given in (B.16).

Equation (B.23) follows from Theorem B.1 point (3), using the estimates in
Lemma B.2. L]
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