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Résumé

Nous considérons le probléeme de I'apprentissage supervisé lorsqu’il existe des structures
de données cachées, en nous concentrant sur les cas ol quelques caractéristiques linéaires
pertinentes expliquent la relation entre la réponse et les covariables, comme dans le modele
“multi-index”. Notre objectif est de développer des méthodes qui exploitent ces structures
cachées pour améliorer 'apprentissage. De nombreuses approches existantes reposent sur
des hypotheses fortes concernant la génération de données et se heurtent a la malédic-
tion de la dimensionnalité, présentant souvent une dépendance exponentielle en la dimen-
sion des données. Nous explorons les modeles “multi-index” en utilisant la minimisation
du risque empirique régularisé (ERM), car ce cadre flexible est applicable & tout prob-
leme pour lequel un risque peut étre défini. Tout au long de cette thése, nous explorons
trois méthodes innovantes pour simultanément apprendre les caractéristiques et estimer
la fonction de prédiction dans un contexte non-paramétrique. Chaque méthode integre
des éléments des espaces de Hilbert & noyau reproduisant (RKHS), contient des pénal-
ités d’apprentissage des caractéristiques qui sont adaptables a la sélection de variables,
utilise des procédures d’optimisation basées sur la repondération pour un calcul efficace
et s’appuie sur des hypotheéses limitées sur le mécanisme de génération des données. Nous
avons veillé & la facilité d’utilisation du code développé et a la reproductibilité des ex-
périences. La premiere méthode, KTNGRAD, considére 'ERM dans un RKHS avec une
pénalité de norme nucléaire sur la matrice empirique des gradients. L’analyse théorique
montre que KTNGRAD a des taux de convergence pour le risque attendu dans les con-
textes bien spécifiés qui ne dépendent pas exponentiellement de la dimension, tout en
estimant ’espace des caractéristiques pertinentes d’une maniere stire. La deuxiéme méth-
ode, REGFEAL, exploite les propriétés d’orthogonalité et d’invariance par rotation des
polynémes de Hermite. Cette méthode fait pivoter les données de maniere itérative pour
les aligner avec les caractériques. Le risque attendu converge vers le risque minimal avec
des taux explicites, sans hypotheses fortes sur la véritable fonction de régression. Enfin, la
troisieme méthode, BKERNN, introduit un nouveau modele qui combine les méthodes a
noyaux et les réseaux de neurones. Cette méthode optimise les poids de la premiére couche
par descente de gradient tout en ajustant explicitement la non-linéarité et les poids de la
deuxieme couche. L’optimisation tire parti de ’homogénéité positive du noyau Brownien,
et 'analyse de la complexité de Rademacher montre que le risque attendu de BKERNN
atteint des taux de convergence favorables qui sont indépendants de la dimension, sans
hypotheses fortes sur la véritable fonction de régression ou sur les données.

Mots clés : apprentissage de caractéristiques, noyau reproduisant, minimisation du risque
empirique régularisé, parcimonie, apprentissage supervisé, réseaux de neurones
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Abstract

We tackle the challenge of supervised learning with hidden data structures, focusing on
cases where a few relevant linear features explain the relationship between response and
covariates, as in the multi-index model. We aim to develop methods that leverage these
hidden structures to improve learning. Many existing approaches rely on strong assump-
tions about data generation and struggle with the curse of dimensionality, often exhibiting
exponential dependency on data dimension. We explore multi-index models through regu-
larised empirical risk minimisation (ERM), as this flexible framework is applicable to any
problem where a risk can be defined. Throughout this thesis, we explore three innova-
tive methods for joint feature learning and function estimation in nonparametric learning.
Each method integrates elements from reproducing kernel Hilbert spaces (RKHS), contains
sparsity-inducing penalties for feature learning which are adaptable to the variable selec-
tion setting, uses optimisation procedures based on reweighting for efficient computation
and relies on limited assumptions on the data-generating mechanism. We ensured the us-
ability of the developed code and the reproducibility of the experiments. The first method,
KTNGRAD, considers ERM within an RKHS, augmented by a trace norm penalty on the
sample matrix of gradients. Theoretical analysis shows that KTNGRAD achieves conver-
gence rates that do not depend exponentially on the dimension for the expected risk in
well-specified settings while recovering the underlying feature space in a safe-filter manner.
The second method, REGFEAL, leverages Hermite polynomials’ orthogonality and rota-
tion invariance properties. This method iteratively rotates the data to align with leading
directions. The expected risk converges to the minimal risk with explicit rates without
strong assumptions on the true regression function. Finally, the third method, BKERNN,
introduces a novel framework that combines kernel methods and neural networks. This
method optimises the first layer’s weights via gradient descent while explicitly adjusting
the non-linearity and weights of the second layer. The optimisation leverages the posi-
tive homogeneity of the Brownian kernel, and Rademacher complexity analysis shows that
BKERNN achieves favourable convergence rates that are dimension-independent without
strong assumptions on the true regression function or the data.

Keywords : feature learning, reproducing kernel, regularised empirical risk minimisation,
sparsity, supervised learning, neural networks
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CHAPTER 1

General Introduction

Goal

The aim of this chapter is to establish the theoretical framework and motivation
for this thesis, situating our work within the broader context of current research.
We begin with a review of key concepts in supervised learning and learning
theory, with a particular emphasis on finite-sample generalisation guarantees,
which are essential for evaluating the performance of the proposed algorithms.
The chapter then explores the challenges posed by high-dimensional data, par-
ticularly focusing on the use of sparsity assumptions to manage and reduce the
complexity of learning problems. Subsequently, we turn our attention to the
multi-index model, providing a comprehensive review of existing methodologies
in this domain. The chapter concludes with a summary and analysis of the
three main contributions of this thesis.

Contents
1 Background . . . ... 2
1.1 Supervised Learning Methods . . . . .. .. .. .. ... L oL, 2
1.2 Learning Theory . . . . . . . . . . . o 5
1.3 Sparsity Assumptions . . . .. ..o 7
2 Existing Methods for the Multi-Index Model . . . . . . . ... ... ... .. ...... 8
2.1 Moment-Based Methods . . . . .. .. ... oo o 8
2.2 Optimisation-Based Methods . . . . .. .. .. .. ... ... ... ... 10
2.3 Limitations of Existing Methods and Goals . . . . ... ... ... ... .... 11
3 Overview of Contributions . . . . . . . . . . ... 11
3.1 Trace Norm Penalty on Sample Matrix of Gradients . . . . . . ... ... ... 12
3.2 Group LASSO Penalty on Hermite Polynomials Decomposition . . . . . . . .. 14
3.3 Integrating Neural Networks and Kernel Methods . . . . . . . .. .. ... ... 18




Chapter 1. General Introduction

1 Background

In an era characterised by the exponential growth of data and its increasing complexity,
the ability to extract meaningful insights has become critical. High-dimensional data,
which is prevalent across various fields such as genomics, finance, and image processing,
presents unique challenges that often overwhelm traditional learning methods. The curse
of dimensionality, a phenomenon where the volume of the feature space grows exponentially
with the number of dimensions, often impedes the effectiveness of these methods. This
can lead to models that are either overly complex and prone to overfitting or too simplistic
to accurately capture the underlying structure of the data.

This thesis, titled Betting on Sparsity: Leveraging Hidden Linear Features through
Regularisation for Supervised Learning, investigates innovative methods that harness the
power of sparsity and regularisation to enhance the performance of learning algorithms. By
focusing on sparsity-driven techniques, we aim to exploit hidden linear structures within
high-dimensional data, such as those found in the multi-index model, ultimately leading to
more effective and interpretable models. Regularisation techniques, such as the LASSO,
play a critical role in this context by promoting sparsity in the model parameters, thereby
mitigating the risks associated with high-dimensional data. While the LASSO is for linear
prediction, we tackle non-linear settings and, more specifically, non-parametric prediction.
We also consider variable selection as a by-product of the feature learning framework.

The introduction begins with a review of relevant concepts in supervised learning,
followed by a discussion of the challenges posed by high-dimensional data and the moti-
vation for adopting sparsity-based approaches. We then examine existing methods in the
literature, setting the stage for the novel contributions presented in this work, which are
summarised in the final section of the introduction.

1.1 Supervised Learning Methods

Supervised learning is a fundamental paradigm in machine learning where the objec-
tive is to learn a function that maps inputs to outputs using training data. Given a
dataset (Zi,¥i)ic[n), where [n] := {1,...,n} and each x; € & C R represents an in-
put vector and y; € )Y C R is the corresponding output or label, the goal is to find a
function f: X — ) that accurately predicts the output y for a new input z.

Supervised learning methods can be broadly categorised into parametric and non-
parametric approaches, both of which rely heavily on the principle of empirical risk min-
imisation (ERM) [Vapnik, 1991].

Empirical risk minimisation and regularisation. In supervised learning, the ul-
timate objective can be formulated as finding a function f that minimises the expected
risk R(f), defined as the expected value of the loss function over the joint distribution of
the data

R(f) = Exy) (Y, (X)),

where ¢ : Y x Y — R4 is a loss function that quantifies the discrepancy between the
predicted value § = f(z) and the true label y. However, since the joint distribution is
generally unknown, direct minimisation of the expected risk is infeasible.

Instead, the expected risk is approximated by the empirical risk, which is the average
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loss over the training dataset (z;,yi)ien]

n

R(f) = %Zg(yz’, f(i)).

i=1

The principle of empirical risk minimisation (ERM) is to find a function f that minimises
this empirical risk:

A

f = argmin R(f),

ferF
where F represents the hypothesis space, i.e., the set of candidate functions that the
learning algorithm can explore [Vapnik, 2013].

ERM provides a framework for approximating the best predictor within a given func-
tion class, but it does not guarantee optimal performance on unseen data, leading to a
generalisation gap, the difference between the empirical risk and the true risk. The choice
of hypothesis space F is critical: a complex space may lead to overfitting, while a simpler
one might result in underfitting. Additionally, the choice of loss function ¢ has a significant
impact on the optimisation process, sensitivity to outliers, and the interpretability of the
results.

Regularisation techniques are essential in mitigating the generalisation gap by pe-
nalising model complexity, thereby preventing overfitting while ensuring that the model
remains sufficiently flexible to capture the underlying data patterns. In the context of
empirical risk minimisation, regularisation is incorporated directly into the optimisation
problem, leading to the formulation of regularised empirical risk minimisation (RERM).
The RERM approach modifies the original ERM objective by adding a regularisation
term to the empirical risk, which penalises the complexity of the function f. This can be
expressed as R R

fr = argmin R(f) + AQ(f),
feF
where A > 0 is a regularisation parameter that controls the trade-off between the empirical
risk and the regularisation term, and €)(f) is the regularisation penalty that typically
enforces smoothness or sparsity in the function f.

The choice of X is pivotal: an excessively large A can impose too stringent a constraint
on the model, leading to underfitting, whereas a very small A might fail to adequately
penalise model complexity, thereby increasing the risk of overfitting. To address this,
methods such as cross-validation are frequently employed to determine the optimal value
of A [Arlot and Celisse, 2010]. Regularisation proves to be particularly powerful in high-
dimensional settings, where the potential for overfitting is amplified due to the vast number
of parameters relative to the available data [Bishop, 2006].

(Regularised) empirical risk minimisation is a powerful framework as it can be applied
to a large variety of problems beyond typical i.i.d covariates/response pairs as long as a
risk can be defined.

Parametric methods. Parametric methods assume that the function f can be param-
eterised by a finite set of parameters § € RP, with f typically written as f(z) = f(z;0),
with z € R?. The task is to estimate the parameters § that minimise the empirical risk
[Bishop, 2006].
A classic example of a parametric method is linear regression, where the model is
defined as
fla;0) = 0",
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and the parameters 6 are estimated by minimising the empirical risk with respect to the

square loss
n

0 = arg min ] Z(yz — 0" x;)>.
gerd M T
It is common to regularise by the o norm of 6, yielding ridge regression, which penalises
large weights. This encourages the model to distribute the weight more evenly, reducing
the risk of overfitting by preventing any single feature from having an excessively large
influence on the predictions [Gruber, 1998].

Another powerful class of parametric methods includes neural networks, particularly
feedforward networks, which consist of layers of linear transformations followed by non-
linear activation functions [Goodfellow et al., 2016]. A one-hidden-layer neural network
(also known as a single-layer perceptron) can be represented as

F@:0) = mjo(w] z +by),

J=1

where w; € R? and bj € R are parameters for the j-th neuron in the hidden layer, n; € R
are the weights for the output layer, o is a non-linear activation function (e.g., ReLU for
rectified linear unit, o(z) = max(0, 2)), and m is the number of neurons in the hidden
layer.

The parameters § = (wj, b;, 77j)§”:1 are typically learned through back-propagation and
stochastic gradient descent (SGD), where the empirical risk is minimised iteratively by
updating the parameters in the direction of the negative gradient of the loss function with
respect to the parameters [Rumelhart et al., 1986].

Neural networks have demonstrated exceptional success in capturing complex, non-
linear relationships in data, as they are capable of approximating any continuous func-
tion given a sufficient number of neurons and layers (as per the universal approximation
theorem) [Hornik et al., 1989]. However, this expressiveness often comes at the cost of
interpretability and computational efficiency. Moreover, training neural networks requires
large amounts of data to avoid overfitting, and tuning hyperparameters such as the learn-
ing rate, number of neurons, and network architecture can be challenging. Regularisation
techniques and careful architecture design are crucial for controlling model complexity and
maintaining generalisation to unseen data [Krogh and Hertz, 1991].

Non-parametric methods. Non-parametric methods differ from parametric methods
in that they do not assume a fixed form for the function f. Instead, they allow the model
complexity to grow with the size of the training data, enabling these methods to adapt to
a broader range of functions [Hastie et al., 2001]. This flexibility makes non-parametric
methods particularly useful when the underlying relationship between z and y is highly
non-linear or unknown.

A classic example of a non-parametric method is the k-nearest neighbours (k-NN)
algorithm, which, for a given input x, predicts the output by averaging the outputs of
the k closest points in the training set [Cover and Hart, 1967]. While simple and effective
for small datasets, k-NN suffers from the curse of dimensionality, where the concept of
“closeness” becomes less meaningful as the number of dimensions increases.

A more sophisticated and widely used non-parametric approach, which plays a central
role in this thesis, involves reproducing kernel Hilbert spaces (RKHS) [Aronszajn, 1950].
An RKHS is a Hilbert space of functions where the evaluation of a function at any point
can be represented as an inner product with a fixed function known as the kernel. The

4
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key feature of an RKHS is the reproducing property

f(@) = (f, ka)n,

where k, = k(z,-) with k the reproducing kernel associated with the space H, and (-, )y
denotes the inner product in H. Popular choices for the kernel function include the
Gaussian (RBF) kernel, k(z, ') = exp(—||z — 2% /2).

The strength of the RKHS framework lies in the representer theorem [Aronszajn,
1950, Scholkopf and Smola, 2002], which elegantly simplifies the solution to a regularised
risk minimisation problem. According to this theorem, any solution to such a problem
can be represented as a finite linear combination of kernel functions evaluated at the
training points. In practical terms, this implies that instead of searching over an infinite-
dimensional space of functions, the optimisation can be reduced to finding the optimal
coefficients o € R™ in the expression f (x) = Yitq aky,. This idea can even be extended
to more general settings with convex regularisation [Boyer et al., 2019]. The reduction
induced by the representer theorem not only makes the computation of the estimator more
tractable but also leads to an efficient implementation of the kernel ridge regression (KRR)
problem, which uses the features induced by k instead of the original features as in ridge
regression

A

f = argmin R(f) + Al f|I3,,
fEH

where A > 0 is the regularisation parameter. This method is inherently non-parametric, as
the complexity of the model, determined by the number of effective parameters, naturally
increases with the size of the dataset [Wahba, 1990].

Neural networks can also be interpreted as non-parametric methods, as the number of
neurons in the hidden layer, and consequently the number of parameters, can be scaled
with the sample size. In the infinite-width limit, where the number of neurons is considered
infinite, which consists in replacing the sum of the output layer with an integral, the
method becomes explicitly non-parametric.

1.2 Learning Theory

Learning theory provides a formal framework for evaluating the generalisation capabilities
of supervised learning algorithms, therefore assessing their overall performance. The key
question is how well a model trained on a finite dataset can predict outcomes on unseen
data, typically quantified by the generalisation error, i.e., the difference between the ex-
pected risk (true risk) and the minimal expected risk achievable by any function within
the hypothesis class. To analyse this error, researchers often examine the generalisation
gap, the discrepancy between empirical and expected risk, using tools such as Rademacher
complexity.

Generalisation bounds. Generalisation bounds provide high-probability guarantees on
a model’s performance on unseen data. This can be done by quantifying the generalisation
gap, i.e., the difference between the expected risk and the empirical risk. A common form
of these bounds is then given by

‘R(f) - ﬁ(f)’ < é€(n,d,d) with probability > 1 — 4,

where R(f) denotes the expected risk, 7%( f) represents the empirical risk, and €(n, d, ¢)
depends on the sample size n, the dimensionality d, and the confidence level 1 — 4.
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Another important type of generalisation bound focuses on providing high-probability
guarantees for the difference between the expected risk of an estimator f and the minimal
expected risk achievable within the hypothesis class F, expressed as R( f ) —infrer R(f).
These bounds are particularly valuable because they offer insights into how closely the
learned model approximates the best possible model within the given class, thus directly
linking the estimator’s performance to the inherent limitations of the hypothesis space.

The strength of both of these types of bounds lies in their explicit dependency on
the key parameters of the learning problem, such as the dimensionality d and the sample
size n. Unlike asymptotic convergence results, which, for example, assure that the empir-
ical risk converges to the expected risk only as the sample size approaches infinity, these
bounds offer concrete, quantitative insights into how the generalisation error behaves in
finite-sample settings. This detailed understanding helps elucidate the interplay between
model complexity, data dimensionality, and sample size, thereby enabling a more informed
analysis of how these factors influence the model’s performance on unseen data in practical
cases [Reid, 2010].

Rademacher complexity. Rademacher complexity is a powerful tool for deriving gen-
eralisation bounds by measuring the capacity of a function class G to fit random noise
or binary labels, thereby indicating its potential to overfit. Given a dataset of covariates
only (7;);e[n), the empirical Rademacher complexity is defined as the following expectation

R, (9) = E. (Sup = i&f(%)) ;

feg i

where ¢; are independent Rademacher random variables taking values in {—1,+1} with
equal probability [Bartlett and Mendelson, 2002]. This complexity can also be extended
to include the dataset and the loss function. For the dataset, the Rademacher complex-
ity R,(G) is defined as the expectation over the dataset of R,(G). For the loss, the
presented form can be retrieved via the contraction principle for Lipschitz-continuous
losses [Bach, 2024, Section 4.5.2], see Geoffrey et al. [2020] for a study of high-dimensional
learning with convex and Lipschitz losses using extensions of Rademacher complexities.

The Rademacher complexity of G is crucial for deriving data-dependent generalisation
bounds that adapt to the hypothesis class’s complexity relative to the data. As an example,
for binary error functions, and for any function class G and ¢ € (0, 1), with probability at
least 1 — ¢, the following bound holds

S R(f) ~ RU7) < 2,(0) + 4y ),

as shown by Shalev-Shwartz and Ben-David [2014, Chapter 26|, see also Boucheron et al.
[2005]. This result highlights that the generalisation gap depends both on the empirical
risk and the complexity of the considered function class.

Curse of dimensionality. One of the major challenges in supervised learning is dealing
with high-dimensional data. As the number of features or dimensions increases, the data
points become sparse in the feature space, making it increasingly difficult for learning
algorithms to generalise from training data to unseen examples. This phenomenon affects
various supervised learning methods differently and is known as the curse of dimensionality
[Bellman, 1966, Giraud, 2014].
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The curse is evident in the dependency of generalisation bounds on the dimensionality,
where, for instance, the rates may take the form O(n~/%). This implies an exponential
growth in the required number of samples as the dimension increases in order to maintain
comparable performance. This is typically the case of k-nearest neighbours and other
local-averaging methods [Bach, 2024, Chapter 6]. In practice, this means that some meth-
ods fail to perform effectively in high-dimensional settings, in addition to the increased
computational complexity they entail.

Well-specified models and adaptivity. In well-specified models, it is assumed that
the true underlying prediction function, f*, which minimises the expected risk over all
possible functions, is contained within the hypothesis space F. Under this assumption,
methods like kernel ridge regression can achieve convergence rates that are independent of
the data dimension, effectively circumventing the curse of dimensionality. However, this
benefit relies on the strong assumption that f* is indeed within F. For instance, when
using a Sobolev kernel, this assumption implies that the function must be highly regular,
with square-integrable derivatives up to at least the order d/2 [Bach, 2024, Chapter 7].

In contrast, when dealing with misspecified models where f* does not belong to F, no
function within the hypothesis space can attain the true minimal expected risk. Instead,
the learning algorithm converges to the best possible approximation within F, but an
unavoidable gap known as the approximation error persists between the achievable risk
and the true minimal risk. This error reflects the inherent limitations of the chosen
hypothesis class and cannot be closed by merely increasing the sample size or adjusting
regularisation parameters [Bach, 2024, Section 4.3].

Nonetheless, even in the face of misspecification, certain methods can exhibit adaptiv-
ity, meaning that the rates improve depending on properties of f*. For example, kernel
ridge regression is adaptive to intermediate regularity of the underlying function f* [Bach,
2024, Chapter 7], while neural networks can even be adaptive to the presence of hidden
linear features, with rates depending on the number of relevant linear features instead of
the original dimension of the data [Bach, 2024, Chapter 9].

1.3 Sparsity Assumptions

In high-dimensional settings, sparsity assumptions are practical because not all the infor-
mation contained in the covariates is likely relevant to the prediction task. By focusing on
a small subset of key variables or linear features, sparsity reduces the problem’s dimen-
sionality, preventing overfitting, enhancing computational efficiency, and improving the
model’s generalisation ability while identifying important predictors [Hastie et al., 2015].

Dependency on a few variables. It is often reasonable to assume that the response
variable depends on only a small subset of the covariates. Within the linear regression
framework, this assumption translates to the parameter vector # having many zero entries,
meaning that ||0||o is small, where ||6]|o counts the number of non-zero elements in 6.

However, directly minimising the ||f]|o norm is computationally infeasible due to its
combinatorial nature, making the optimisation problem NP-hard [Natarajan, 1995]. To
circumvent this, a common approach is to employ a convex relaxation of the ||0||p norm
by using the ¢; norm [|f]|; = 3-¢_, |0,| instead. This relaxation leads to the formulation
of the LASSO (Least Absolute Shrinkage and Selection Operator) [Tibshirani, 1996]

. 1 &
0 = arg min < Z(yz — QTwi)Q + )\H9H1> .
feRd ni:
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The LASSO is particularly effective in high-dimensional settings where the number
of variables d is large, as it simultaneously performs parameter estimation and variable
selection. By introducing an #/1-norm penalty, the LASSO encourages many of the coef-
ficients to shrink towards zero, effectively excluding irrelevant features from the model,
which improves both prediction performance and interpretability. However, the model
remains inherently linear, which limits its ability to capture more complex patterns in the
data.

Similarly, in the context of high-dimensional changepoint estimation with heteroge-
neous missing data, one can assume that the changepoint only occurs in a subset of
the coordinates. This sparsity assumption is incorporated into the model through an ¢;
penalty in the optimisation problem, as demonstrated in Follain et al. [2022].

The multi-index model. The multi-index model takes sparsity one step further by
assuming in the context of supervised learning that the relationship between the response
and covariates can be explained by a limited number of linear combinations of the input
variables. Formally, a multi-index model is given by

Vee X, fi(z)=g"(P'z)

where f* is the true regression function, P € R%*¢ is a matrix with s < d (typically s < d)
where s is the number of relevant linear features and ¢* is an unknown potentially non-
linear link function that maps these linear combinations to the response variable. This
model, formally presented by Li [1991], provides a flexible framework for capturing complex
relationships in data while maintaining a focus on a reduced, interpretable set of features.
The estimation of multi-index models can be challenging due to the non-linearity and non-
parametric nature of the link function g*, as well as the difficulty of potentially estimating
the number of relevant features s.

2 Existing Methods for the Multi-Index Model

This thesis focuses on the exploitation of hidden linear features within the context of
supervised learning, as in the multi-index model. To lay a solid groundwork for the contri-
butions presented here, we first review the extensive body of literature that has emerged
on the topic. It is important to note that the objectives of the methods reviewed here may
differ from the ones we propose. While the existing methods primarily focus on recover-
ing the subspace spanned by the matrix P and sometimes estimating its dimension, our
approach is more comprehensive, aiming to simultaneously estimate both the function f*
and the matrix P, as well as its dimension, with a theoretical emphasis on the theoretical
behaviour of the expected risk. Broadly speaking, the existing methods for estimating
multi-index models can be classified into two main categories: moment-based methods
and optimisation-based methods.

2.1 Moment-Based Methods

One of the foundational approaches to estimating multi-index models is rooted in moment-
based methods, where specific moments of the data are exploited to eliminate the influence
of the unknown link function g*. The seminal work by Brillinger [2012] in the context of
a single linear feature, also known as the single-index model, introduced the idea that for
centred Gaussian data with an identity covariance matrix, the expectation E(Y X) is pro-
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portional to the feature vector. This insight laid the groundwork for further developments
in the estimation of multi-index models.

To extend these ideas beyond Gaussian data, Stoker [1986] proposed the use of the
score function, defined as the gradient of the log-likelihood with respect to the parameters
in a parametric family of distributions, in place of the covariate vector X in the expec-
tation. This innovation broadened the applicability of the method to distributions with
a differentiable log density. However, a significant challenge remains: the score function
must be known or estimated, which is itself a non-trivial task. Moreover, this approach
does not generalise from the single-index to the multi-index model.

Sliced Inverse Regression (SIR), introduced by Li [1991], represents a key advancement
in extending moment-based methods to multi-index models. SIR inverts the regression
problem, investigating how the predictors X relate to the response Y rather than the
reverse. By dividing the response variable into slices and examining the conditional ex-
pectation of the predictors within each slice, SIR identifies the directions that explain the
most variation in these expectations as estimates of the matrix P. However, SIR relies
heavily on the assumption of Gaussian-distributed data, and while it can be extended to
elliptically-contoured distribution (where probability density contours are ellipsoids, which
is also the case of Gaussian data), this remains a strong limitation that restricts its appli-
cability. Furthermore, its consistency is guaranteed only when the ratio of the dimension
to the sample size tends to zero, which can be a significant limitation in high-dimensional
settings [Qian Lin and Liu, 2019].

Principal Hessian directions (PHD), introduced by Li [1992], is another significant
moment-based approach that extends beyond single-index models. Unlike SIR, PHD
utilises higher-order moments, such as E(YXX'), to uncover the linear features. By
analysing the Hessian matrix of the predictors relative to the response, PHD can cap-
ture more complex, non-linear relationships. However, this method is computationally
demanding due to the need for second derivative calculations and assumes that the co-
variates follow an elliptically contoured distribution, which is also restrictive.

There have been interesting extensions to these methods, for instance, Babichev and
Bach [2018] extended SIR by integrating score functions, thereby enabling its use for more
general distributions. However, this approach still requires prior knowledge or estimation
of the score function, which introduces additional complexity. The problem of learning
the score function is a non-parametric one and is subject to the curse of dimensionality.
To address this, Babichev and Bach [2018] proposed a method that learns both the score
function and the feature space simultaneously using trace norm regularisation, though the
method lacks theoretical guarantees on its performance. Further advancements include
Qian Lin and Liu [2019], which combined the SIR approach with LASSO-type regulari-
sation to address the consistency issue in high-dimensional settings but still only considers
elliptically-contoured distributions.

These methods primarily aim to identify the hidden linear features, while the link
function can then be estimated in a subsequent step using conventional non-parametric
techniques on the data projected onto the estimated feature space. While these approaches
offer valuable insights and tools for handling multi-index models, their reliance on strong
assumptions about the underlying data-generating process can significantly limit their
practical applicability. Additionally, they focus exclusively on additive noise models, which
effectively restricts their scope to scenarios where the square loss is used in the expected
risk minimisation framework discussed earlier. These limitations underscore the need for
more flexible and robust methods that can adapt to a broader range of data distributions
and loss functions.
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2.2 Optimisation-Based Methods

Optimisation-based methods represent a significant line of research in estimating multi-
index models. Unlike moment-based methods, which focus on extracting linear features
through statistical moments, optimisation-based approaches directly seek to optimise an
objective function that captures the structure of the multi-index model.

One of the most significant contributions in this area is the minimum average vari-
ance estimation (MAVE) method, introduced by Xia et al. [2002]. MAVE tackles the
estimation of the feature space in multi-index models by recasting it as an optimisation
problem, which, while intractable in its original form, is estimated through an efficient ap-
proximation. A notable feature of MAVE is its cross-validation technique for determining
the dimension of the feature space, which has been proven to converge in probability.
Although the conditions imposed by MAVE on the data-generating mechanism are less
restrictive than those required by moments-based methods, they are more technically intri-
cate. However, like many other methods, MAVE is subject to the curse of dimensionality,
with the rate of estimation deteriorating exponentially as the dimensionality of the data
increases. Importantly, MAVE does not focus on estimating the link function and im-
plicitly assumes a squared loss framework, although it is versatile enough to handle time
series data as well.

The structural adaptation via maximum minimisation (SAMM) method, introduced
by Dalalyan et al. [2008], is another optimisation-based approach designed to learn the fea-
ture space in multi-index models with mild technical assumptions on the data distribution.
Unlike traditional methods that typically sum discrepancies across data points, SAMM
focuses on minimising the maximum discrepancy between observed data and model predic-
tions. Additionally, SAMM exploits gradient information to enhance the accuracy of the
feature space estimation, a concept similarly employed by Xia et al. [2002] in the context
of the OPG method, which is distinct from MAVE. One of SAMM’s key strengths is its
ability to achieve y/n-consistency up to a logarithmic factor when the structural dimension
is small (s < 4).

The SEAS (subspace estimation with automatic dimension and variable selection)
method by Jing Zeng and Zhang [2024] effectively bypasses the curse of dimensionality
by simultaneously accounting for both a small number of hidden linear features and a
limited set of relevant variables. This is achieved through the application of nuclear norm
and group sparsity penalties. However, the method assumes the linearity condition, which
holds, for instance, when the data distribution is elliptically contoured.

The application of reproducing kernel Hilbert spaces (RKHS) to multi-index models
has been explored by Fukumizu et al. [2009] and Fukumizu et al. [2004]. These methods
approach dimensionality reduction by identifying a low-dimensional subspace of the input
space that retains the statistical relationship between the input X and the output Y with-
out requiring assumptions about the marginal distribution of X or a parametric model for
the conditional distribution of Y. More recently, neural networks have also been applied
to this problem, as demonstrated by Mousavi-Hosseini et al. [2024] and Bietti et al. [2022]
(for the single-index model), who both focused on the continuous limit of the optimisation
process. Furthermore, Bach [2024, Chapter 9] has shown that one-hidden-layer neural net-
works of infinite width with ReLLU activation are adaptive to hidden linear features. Unlike
earlier methods, these neural network approaches simultaneously learn both the feature
space and the prediction function, a key difference from the other presented methods.

10
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2.3 Limitations of Existing Methods and Goals

As we have seen, the estimation of multi-index models has been approached through a
variety of methods, each designed to address specific assumptions and practical consider-
ations. However, several limitations persist across these approaches. A significant number
of these methods depend on strong assumptions about the data-generating process, such
as the requirement for covariates to follow an elliptically contoured distribution or the need
for the distribution of covariates to be known or pre-estimated. Moreover, many existing
methods are susceptible to the curse of dimensionality, often exhibiting an exponential
dependency on the data dimension, which hampers their applicability in high-dimensional
settings. Another notable limitation is the lack of joint estimation of the link function
and the underlying feature space, as most methods focus solely on recovering the features.
Furthermore, these approaches are typically confined to additive noise models, which ef-
fectively limits them to scenarios that align with the use of the square loss.

In this thesis, we therefore aim to develop methods that operate under minimal as-
sumptions about the data-generating mechanism and avoid overly restrictive assumptions
on the true regression function, which minimises the expected risk for a given loss. We
attempt to move beyond the square loss and to simultaneously estimate the feature space,
its dimension, and the prediction function. Additionally, we strive to design approaches
that mitigate the curse of dimensionality, enhancing their applicability to high-dimensional
datasets. These objectives will be pursued within the framework of regularised empirical
risk minimisation, providing a flexible approach for supervised learning with hidden linear
features.

3 Overview of Contributions

To address the challenges highlighted in the previous subsections, we propose three dis-
tinct methods for non-parametric learning with hidden linear features using regularised
empirical risk minimisation. Before delving into the contributions of each chapter, we pro-
vide a brief overview of the thesis structure. Each chapter introduces a different method,
complete with its own notations (with the majority of them being common) and results,
allowing them to be read independently. The chapters are presented in the order of their
development during the course of this thesis.

In Chapter 2, we explore a novel approach as an extension of the work of Rosasco
et al. [2013] on variable selection. The method incorporates a trace norm penalty on the
sample matrix of gradients within reproducing kernel Hilbert spaces (RKHS) that include
the partial derivatives of their kernel functions. The key idea is to leverage the gradients
of the function as a means to capture the underlying linear structure within the data.

In Chapter 3, we extend the empirical risk minimisation framework by introducing
a derivative-based overlapping group LASSO penalty, applied to functions represented
in a basis of multivariate orthonormal Hermite polynomials. By using the orthogonality
and rotation invariance properties of Hermite polynomials, we iteratively rotate the data,
aligning it with the most informative directions.

In Chapter 4, we introduce a novel method by using averages of Sobolev spaces over
one-dimensional projections of the data. The method combines kernel methods with
infinite-width one-hidden layer neural networks. Our approach, centred around the Brow-
nian kernel, substitutes the non-linearity of ReLLU activations in neural networks with
a kernel-based method. The positive homogeneity of the Brownian kernel is pivotal in
steering the optimisation process.

11
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Finally, the conclusion will address several key unresolved research questions. We now
proceed to a more detailed examination of each contribution, starting with a discussion of
the methods, followed by the main results, and concluding with an analysis of the strengths
and weaknesses of each approach. Relevant references for the complete contributions will
be provided in context.

3.1 Trace Norm Penalty on Sample Matrix of Gradients

Here, we present the yet unpublished work of Chapter 2, while the corresponding code is
available at https://github.com/BertilleFollain/KTNGrad.

Method. In Chapter 2, building on the work of Rosasco et al. [2013] on variable selection,
we introduce a novel method called KTNGRAD. The key idea behind KTNGRAD is
to exploit the information about the underlying feature space that is contained in the
gradients while operating within reproducing kernel Hilbert spaces that are sufficiently
regular. This allows us to avoid computing gradients through finite differences and instead
compute them directly through the intrinsic properties of RKHS.

We begin by noting that if the minimiser of the expected risk (here considered for
the square loss), f*, adheres to the multi-index model, then there exist a function g* and
a matrix P € R such that f* = ¢*(P"-). Assuming all relevant quantities are well-
defined, this implies that for any z € X, the gradient satisfies Vf*(x) = PVg*(P ).
Consequently, the gradient at any given point contains information about the underlying
feature space. More formally, for any function f belonging to the Sobolev space H'(px)
(with px the distribution of the covariates), defined as H'(py) := {f € L?(px) | Va €
[d], 8f(x)/02'¥ € L?(px)}, we can express the covariance matrix of the gradients of f as

cov(Vf) i=cov(VF(X)) = By (VAX)VF(X)) € R

Within this framework, the covariance matrix of the gradients of the true function f*
satisfies cov (Vf*) = Pcov (Vg*(PTX))PT. Assuming that the rank of cov (Vg*(PT X))
is equal to s, the number of linear features, it follows that the rank of cov(V f*) is also s,
which is typically much smaller than d.

However, because the rank is both non-continuous and non-convex, it presents sig-
nificant challenges as an optimisation penalty. Additionally, the direct computation of
the covariance matrix is not feasible since px is unknown. To overcome these issues and
following classical extensions of /1 norm regularisation, we employ a convex relaxation by
using the trace norm (|| - ||«) of the sample matrix of gradients

Vof = (Vi()T, V)T, ..., V()T /v/n e R

which estimates tr ( cov(Vf )), providing a convex alternative to the rank of cov(Vf).
There are still two challenges to address: how to compute the gradients at the data
points, given that finite differences are often unreliable and unstable in the context of ran-
dom covariates, and how to effectively compute the minimiser of the regularised empirical
risk minimisation problem. This is where reproducing kernel Hilbert spaces (RKHS) be-
come advantageous. Let H denote an RKHS associated with a reproducing kernel k. If
we assume that the kernel is twice differentiable, as is the case with the Gaussian kernel,
then for all a € [d], (94k)z :=t — Ok(z,t)/0z, (the derivative w.r.t the a-th component
of x) also belongs to H for any = € X'. Moreover, for any f € H, the partial derivative

of any f € H at x with respect to x, can be computed as %fT(:) = (f,(0ak)z). This

12


https://github.com/BertilleFollain/KTNGrad

3. Overview of Contributions

property allows us to compute the gradients at the data points directly using the RKHS
structure, bypassing the need for finite differences. Additionally, empirical risk minimisa-
tion in an RKHS is typically tractable due to the representer theorem, which ensures that
the minimiser can be expressed as a linear combination of the kernel functions at the data
points.

Formally, the KTNGRAD estimator f is then defined by solving the following optimi-
sation problem R R

Jr = argmin R(f) + 271Vaf |« + vl f1%;

where the loss defining the risk is the square loss and 7 > 0 is a regularisation parameter
that needs to be chosen. The added regularisation using the RKHS norm is used for
computational and statistical stability with a fixed and very small parameter v.

To compute the estimator, we employ an adapted version of the representer theorem,
which allows us to express the estimator as a linear combination of the functions in the
sets {k(z4,-) | i € [n]} and {Ouky, | i € [n],a € [d]}. To handle the trace norm penalty, we
reformulate the problem using a variational approach, resulting in a convex minimisation
problem involving two sets of variables. The optimisation process alternates between
fixing one variable and solving for the other in closed form. This alternating minimisation
is proved to converge, with each iteration incurring a computational cost of O(n3d?).

The features can then be computed by taking the leading right singular vectors of the
sample matrix of gradients V, fT, with their number § estimated by the rank of V, fT
leading to P, or if s is known to P.

Main result. The main statistical properties of KTNGRAD are summarised in the
following informal theorem, which outlines the key assumptions as well as the prediction
and feature learning capabilities.

Theorem 1 (Informal). We assume that the true regression function f* belongs to H,
with a twice differentiable reproducing kernel.

e Convergence of the expected risk: The expected risk of KTNGRAD converges
to the minimal risk R(f*) without exponential dependency in the data dimension d.
Specifically, there exists a universal constant C > 0 such that for any § € (0, 1], with
probability at least 1 — 9,

R . 1 1 2 7 do/4 6+ 2d
R(f»—R(f)sc(ﬁ(ﬁﬂ) +\[n1/4>log -

+r (2AV 1l + VI 1)

e Recovery of the hidden linear features: The method is capable of recovering
the underlying feature space in Frobenius norm when the dimension is known and
otherwise in a safe filter manner, when the sample size increases. For any positive
sequence (Tn)nen such that 7, — 0 and (v/n12)™! — 0 as n — oo, with Il the
projection matrix associated to a matriz Q, we have

0.

1w

P
70 and |Hp(Iy—1p)|7

F

[P —IIp,

Analysis. We summarise the key contributions and insights gained from Chapter 2.

e Rate of convergence: KTNGRAD achieves convergence rates for the expected
risk that do not depend exponentially on the data dimension, addressing a major
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challenge in high-dimensional non-parametric learning. However, this result is based
on the strong assumption that the model is well-specified (f* € H), and there is still
a polynomial dependency on the data dimension.

e Feature recovery: KTNGRAD demonstrates strong capability in recovering the
underlying feature space, as supported by both statistical analysis and experimental
results. However, while the method consistently identifies the correct feature space,
it does not recover its dimension. This is visible in both experiments and theory, as
we only manage to prove that the estimate of the dimension is asymptotically larger
than the true dimension of the feature space due to the lower semi-continuity of the
rank, resulting in a safe filter. However, using an adaptive method might alleviate
this issue.

e Computational complexity: The method requires solving a convex optimisation
problem with a trace norm penalty on the sample gradient matrix. While this
ensures good convergence properties, this comes with a substantial computational
cost of O(n3d*). Although employing Nystrém approximation could help reduce
some of the computational burden, the reliance on the derivatives of all variables
and the context of working in a reproducing kernel Hilbert space make the method
inherently resource-intensive.

e Inadequate function space: A significant conceptual limitation of KTNGRAD
is that RKHS associated with usual kernels are not well-suited to the multi-index
model. The core issue lies in the incompatibility between the assumptions that
f* € H and f* = ¢g*(P'.), a critique which also applies to the variable selec-
tion framework discussed by Rosasco et al. [2013]. For instance, belonging to the
RKHS corresponding to the Gaussian kernel requires that all first-order derivatives
of f* be square-integrable with respect to the Lebesgue measure on R%. How-
ever, in the simple case of one relevant variable f*(z) = ¢g*(z1), this condition is
Jra ((g*)’(:cl))del ...dxg < oo, which is not possible except in edge cases. This
reasoning leads us to explore a Hilbert space of functions with an orthonormal Her-
mite polynomial basis in the next chapter. Decomposing functions in this basis
reveals that the function space aligns well with the multi-index model and variable
selection framework, offering a clear interpretation of dependency on a few variables
or linear projections through the coefficients in the basis.

3.2 Group LASSO Penalty on Hermite Polynomials Decomposition

This contribution corresponds to the contents of Chapter 3, which has been accepted by
the Electronic Journal of Statistics: Follain and Bach [2024b], while the code is available
at https://github.com/BertilleFollain/RegFeal.

Method. The proposed method, REGFEAL, leverages the orthogonality and rotational
invariance of normalised Hermite polynomials to perform either variable selection or fea-
ture learning. First, we highlight the relevant properties of the Hermite polynomials.
The normalised one-dimensional Hermite polynomials (hx(z))r>o form an orthonormal
basis for the standard Gaussian measure on R. The first few polynomials are given

by ho(z) =1, hi(z) =z, ha(x)= %(1'2 —1), hs(z)= %(563 — 3z). These polyno-
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mials are extended to the multivariate case by defining, for o € N¢,

d

H,(x) = H ha, (Tq)-

a=1

This family forms an orthonormal basis for the Hilbert space of squared integrable function
with the distribution ¢, L2(g), where ¢(z) = e~ 171?/2/(27)4/2 denotes the standard normal
distribution on R,

In this context, if a function f € L?(q) is expressed as f = ", cnd f(@)H,, then the
function f does not depend on a variable z, if and only if all coefficients f (o) for o € N¢
such that o, > 0 are zero.! This specific sparsity pattern in the coefficients motivates the
use of an overlapping group LASSO type of penalty. Consequently, the Hermite polyno-
mial basis is well-suited for variable selection. To achieve this, we introduce a sparsity-
inducing penalty, depending on hyper-parameters r € (0,400) and (cg)gen+ (which is
either ¢, = Ly<pr or ¢ = p" with M € N* and p € (0,1))

7./2 ]./’I“
Qvar(f Z Z O‘aif )
a=1 \ae(Nd)* Clal
where |o| = d _1 0. This penalty encourages sparsity in the dependency of f on indi-

vidual Variables. The condition

r/2 9
S o f@?] =0 [ () a=o
ey ol Rt \0%q

highlights that the penalty enforces the nullity of the derivative of f with respect to x,. We
estimate f* in the variable selection setting by solving the following optimisation problem

foskt = argmin R(f) + AR (f) + p, (£),
feF

where A is a fixed parameter for the smoothness-inducing penalty g, p is a hyperparam-
eter to be chosen, and the loss defining the risks is any convex loss. When r > 1 and the
loss function is convex, the objective function is strongly convex, ensuring a unique global
minimiser. For r < 1, which is typically used in practice to bypass the issues arising with
LASSO-type method enforcing too much bias, only a local minimiser can be found.

The rotational invariance property of the Hermite polynomials is central to extending
this method to feature learning. Specifically, for any z,2’ € R? any k € N, and any
orthogonal d X d matrix R,

3N Ho(2)Ho(2') = Y Ho(Rx)Ha(R2).

|laf=Fk laf=k

This property allows for the development of a penalty suited for feature learning, defined

as 1/r
Qeat(f) = (00 (M]?))

Note that here f(a) corresponds to coefficients in the Hermite polynomials decomposition of f, not to
the estimator of f*.
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where the matrix My is given by
1

(Mf)ap =Y Vaa + 1oy F1f(a+ed)fla+ey), a,beld.

a€eNd Clof+1

Again, there is a link between the nullity of the derivatives and the definition of the
penalty, which is described in the main text. The matrix M} is positive semi-definite, and
the penalty Qgeat(f) encourages sparsity by pushing the eigenvalues of My towards zero,
thus promoting a low-rank solution. Importantly, ¢, depends solely on ||, ensuring the
penalty remains rotation invariant, which is crucial to prevent the penalty from favouring
specific directions.

The eigendecomposition My = UDU T reveals that if the rank of D is s, then the
function f depends only on s linear combinations of the original variables, corresponding
to the directions in U with non-zero eigenvalues. Moreover, one can construct a rotated
function g = f(U-) such that the feature penalty on f is equivalent to the variable selection
penalty on ¢g. This shows that feature learning can be seen as an extension of variable
selection that allows for rotations in the feature space.

The estimator for f* in the feature learning setting is thus defined similarly to the
variable selection setting by switching ., for Q¢at. To compute the estimator, we employ
a variational formulation for Qg (f) that reformulates the problem as the minimisation
over two variables: the function f and an auxiliary variable A. Specifically, we solve

fol Apt = argmin  R(f) + A2(f) 4 ptrace(A~ M),
fE]'—, AeRdxd

subject to the constraints that A = RDiag(n)R' with R an orthogonal d x d matrix
and 22:1 772/ @) — 1, with n a positive vector. The optimisation in closed-form (for
the square loss, otherwise we need to use other methods such as gradient descent to
compute the function f) alternates between fixing f and updating A by computing the
eigendecomposition of My and fixing A and updating f by solving a kernel ridge regression
problem, with the reproducing kernel k, defined by Hermite polynomials

CloHa(R"x)Ho (R 2')
A+ paTn~t '

ka(z,2') = Z

ac(Nd)*

This iterative procedure can be viewed as progressively rotating the data to uncover and
align with the underlying features while simultaneously learning the prediction function.

As the kernel function is defined as an infinite sum over Hermite polynomials, direct
computation is infeasible, and it is approximated via sampling. We use a tailored impor-
tance sampling technique where we sample from the distribution of Hermite coefficients «
guided by the auxiliary variable . The whole optimisation process converges rapidly in
practice, typically within a small number of iterations. The complexity of one iteration is

O< nm'd + nd*> + d*(m")? + d? + md + nm' max(n, m’)),

Hermite features 7 ¢ and its eigendecomposition Sampling Kernel Ridge

where m is the number of samples drawn for a (and m’ the resulting unique samples).
This complexity can be substantial, as m’ must be sufficiently large to ensure that the
kernel’s representation is accurate.
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Main result. The primary statistical finding of this chapter is that the REGFEAL es-
timator, under minimal assumptions, achieves convergence of the expected risk to the
minimal risk with high probability despite being sensitive to the dimensionality of the
data. We illustrate this with an informal theorem for the case where the covariates are
bounded and the regularising sequence is chosen as ¢, = p”.

Theorem 2 (Informal). Assume that the covariates X are bounded, i.e., || X|2 < R
almost surely, and that the loss function { is Lipschitz with constant G. Let the true
regression function f* exist and belong to L?(q). The regularisation parameter X is set to
zero and  is chosen based on known problem parameters, and we define the norm Q(f)
as Qgeat () + |£(0)] or Qar(f) + |F(0)]. Then for any & € (0,1), with probability greater
than 1 — ¢, the expected risk R(f*) of the REGFEAL estimator f* satisfies

e 2/ T
R(f“)sn(f*)+9(f*).5ﬁ 1+(1i;)d<16\/g+4f2 log§>,

and the norm of the estimator is bounded by Q(f*) < 2Q(f*).

Chapter 3 presents this result in a more general setting, where the data is not nec-
essarily bounded and where any choice of the hyper-parameter sequence (cg)g>o can be
considered. This informal result underscores the method’s sensitivity to the dimensional-
ity d, particularly due to the exponential dependency introduced by the infinite Hermite
polynomial basis, while still maintaining a favourable dependency on the sample size. The
assumption on the true function f* is mild, given the broadness of the considered function
space.

Analysis. We summarise the key contributions and insights gained from Chapter 3.

e Use of Hermite polynomials: The method leverages the orthogonality and rota-
tional invariance of Hermite polynomials to effectively align the data with its leading
directions. The structure of Hermite polynomials is particularly well-suited for vari-
able selection and feature learning, as it allows for the definition of an overlapping
group LASSO-type penalty that characterises dependencies on a few variables or
linear features. Compared to the previous function space of Chapter 2, the Hermite
decomposition is advantageous because it naturally accommodates functions that
depend on a small subset of variables or linear features.

e Statistical results: The method offers statistical guarantees under minimal as-
sumptions, particularly with respect to the function space in which the true pre-
diction function resides. This broad applicability is a key strength. However, the
reliance on an infinite basis introduces an exponential dependency on the dimen-
sionality of the data, which poses significant challenges in high-dimensional settings
where multi-index models are most relevant. While alternative proof techniques
might reduce this dependency, such an approach is not yet apparent.

e Computational cost: The method’s foundation on an infinite Hermite polynomial
basis necessitates a sophisticated sampling scheme to approximate the kernel at each
iteration of the optimisation process. This approach, while theoretically sound, is
computationally intensive and hinders the method’s practical applicability, especially
in large-scale problems.
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e Function space limitations: The infinite Hermite polynomial basis and corre-
sponding Hilbert space of function are well-suited for capturing the sparsity pat-
terns crucial for variable selection and feature learning. Compared to the RKHS
considered in the previous chapter, the Hilbert space is actually compatible with the
multi-index model and the variable selection setting, and it is also broader, which
allows for milder assumptions on the true regression function. However, this very
expansiveness also introduces significant challenges. The reliance on an infinite basis
leads to an exponential dependency on the dimensionality in the statistical results
and necessitates a complex sampling scheme in the optimisation procedure. This
suggests that alternative function spaces might be more appropriate. In the next
chapter, we consider another function space based on the fusion of infinite-width
one hidden-layer neural networks and kernel methods. Although this space is also
computationally intractable due to its integral-based definition, it can be more effi-
ciently approximated using particles, offering a simpler alternative to the sampling
scheme employed for the Hilbert space used in REGFEAL.

3.3 Integrating Neural Networks and Kernel Methods

This contribution corresponds to the contents of Chapter 4, which are available in the
preprint (under review by the Journal of Machine Learning Research): Follain and Bach
[2024a], while the code is available at https://github.com/BertilleFollain/BKerNN.

Method. In this chapter, we introduce a novel approach called Brownian kernel neural
network (BKERNN), which merges neural networks and kernel methods. The key idea
behind BKERNN is the construction of a custom function space inspired by the infinite-
width limit of single hidden layer neural networks, where the non-linearity is replaced by
a function from a RKHS. The function space, denoted by F., allows each function to
be represented as an integral over linear combinations of input features, weighted by a
probability measure. Specifically, functions in this space take the form

fa)=c+ [ guwTe) du(w)
where ¢ is a constant, w is a direction vector lying on the unit sphere S?~! for a non-
specified norm || - || (either ¢; or ¢2), g, is a function that varies with w and belongs
to a Sobolev space which is also a RKHS H, and g is a probability measure over the
sphere. The space H contains functions with square-integrable weak derivatives, ensuring
a certain degree of smoothness, and such that g(0) = 0. Its inner product is defined
as (9,§) = [zg'§’. The RKHS H is associated to the reproducing kernel k(%)(a,b) =
(la| + 6] — |a — b])/2 = min(|al, |b|)Lap>0, which is the Brownian motion kernel.

In practice, we approximate this infinite-dimensional space with a finite-width ver-
sion F,,, where the integral is replaced by a finite sum over m particles (analogous to
neurons in a neural network). Thus, functions in F,, are expressed as

flz)=c+ % Zgj(w;ra:),
j=1

where (w;);e[m) are direction vectors, and (g;);e[m) are corresponding functions from the
space H. The learning process in BKERNN is guided by a regularisation term that controls
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the complexity of the learned function. The basic regularisation is defined as

(1) = [, louldiw)

where || gy |3 measures the roughness of the function g,,. This regularisation induces spar-
sity in the learned representations by limiting the number of non-zero functions g,,, which
indirectly promotes feature selection. To further enhance the feature learning capability of
BKERNN, other regularisation terms can be introduced. For instance, a variable penalty
encourages the model to depend on only a few variables by penalising the row norms
of the weight matrix containing the (wj)jcm)- A feature penalty, on the other hand,
promotes learning a low-rank representation by applying a nuclear norm penalty to the
weight matrix, encouraging dependency on only a few linear transformations of the data.
These penalties can also be made concave, which, although more challenging to optimise
in theory, can lead to even sparser solutions by promoting boundary solutions.
The optimisation objective is to minimise the regularised empirical risk

F = argmin R(f) + MNueights (f),
fer

where ) is the regularisation parameter and (yeights is any of the considered penalties.
Interestingly, BKERNN can be viewed from two different perspectives: as a kernel

method and as a neural network. From the kernel perspective, the learning process consists

in kernel ridge regression with a kernel that is learnt during training. The kernel matrix

is defined as "
Z K Wi,
j=1

where K (%5 is the kernel matrix associated with the Brownian kernel for the training data
projected onto the direction w;.

From the neural network perspective, BKERNN resembles a one-hidden-layer neural
network where the weights from the input layer to the hidden layer are the direction vec-
tors (wj);em), and the activation functions are the learned functions (g;);ejm)- Unlike
traditional neural networks, where activation functions are predefined and only a multi-
plicative factor is learnt, BKERNN learns the activation functions directly, which adds
flexibility to the model.

The function space F is broader than the space of functions that can be represented
by traditional infinite-width one-hidden layer neural networks with ReLU activations. This
can be observed through Fourier transform analysis, indicating that BKERNN is capable
of capturing a wider variety of functions. Remarkably, this expanded representational
power does not result in increased optimisation complexity.

The computation of BKERNN is based on using an adapted version of the representer
theorem, which yields a parametric formulation for minimisation. We focus on the square
loss here for ease of exposition and the availability of closed-form solutions. However,
the method is generalisable to other loss functions using gradient-based techniques. The
optimisation problem can be formulated as follows

K =

1 A
i Y —Ka—cl, |2+ Za"Ka + AQye
v B e 2] o= clafly + 507 Ko+ Meigis (w1, -, ),

where K is the kernel matrix defined by the weights (w;) e[ (Which are no longer con-
strained anymore after some reformulation) and « appears through the representer theo-
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rem. The optimisation process then alternates between two steps: optimising the coeffi-
cients « and the intercept ¢ while keeping the weights (w;) je[m) fixed, and then optimising
the weights (w;) je[m] using a proximal gradient descent approach.

When the weights (w;) je[m) are fixed, the kernel matrix K becomes constant, allowing
the optimisation of o and ¢ to be solved explicitly, akin to solving a classical kernel ridge
regression problem. The complexity of this step is O(n? + n2d), which can be computa-
tionally demanding for large datasets. To reduce the computational cost, techniques like
the Nystrom method can be employed to approximate the kernel matrix.

The next step involves optimising the weights (wj) ;e[ while keeping o and ¢ fixed.
This is more challenging because the resulting objective function G is not convex with
respect to the weights, and it is only differentiable almost everywhere. The weights are
therefore updated using a proximal gradient descent approach. The proximal operator
depends on the penalty. For instance, the update for the basic penalty g is given by

1
Wj <= Proxy,o (wj - 755) where proxMQ(u) = <1 — M) u,
J +

2m |[ull

where v is the step-size, adjusted through a backtracking line search to ensure efficient
optimisation. Each proximal step is easy to compute using the explicit formulas, with
complexities ranging from O(md) for the basic and variable penalties and O(md min(m, d))
for the feature penalties.

The optimisation procedure leverages the homogeneity of the Brownian kernel, which
ensures well-behaved optimisation dynamics. The method’s convergence is supported by
theoretical insights that align with established results in mean-field neural networks. De-
spite the lack of a formal proof due to the non-differentiability of the Brownian kernel, the
procedure is robust in practice, with experiments confirming its effectiveness.

Main result. The following informal theorem provides insight into the generalisation
capabilities of BKERNN by offering a high-probability bound on the expected risk of the
estimator.

Theorem 3 (Informal). Consider the BKERNN estimator fx with the basic penalty Q.
Assume that the loss is convexr and Lipschitz with constant L, that the true regression
function f* belongs to Foo and that 1 + /|| X||* is subgaussian with variance proxy o2,
with || - ||* the dual norm of the one used to define the sphere S¥™1. Then, with A chosen
using known problem parameters (independent of Qo(f*)), with probability at least 1 — ¢,
the expected risk of f,\ is bounded by

R(f2) < R(f) +Q(f1)CL (\} +Gn+ —= \F log 1)

where C' is a universal constant, and G,, denotes the Gaussian complexity of the function
class with Qg constrained below a certain threshold. The quantity Gy is further bounded
using another universal constant, C’, as follows

G < C'min \/>\/10g \/EXHXH (logd)1/4(EX1 Xn (?é%l!Xi\*f)

1/4

The bound on G, is presented in two forms: a dimension-dependent bound and a
dimension-independent bound. The dimension-dependent bound scales well with the sam-
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ple size and shows only a square-root dependency on the dimension. In contrast, the
dimension-independent bound, while scaling less favourably with the sample size at n=1/6,
depends on the dimension only logarithmically. The dependency of the distribution-
dependent terms in the data dimension is also analysed and is reasonable. This favourable
outcome is achieved without imposing strong assumptions on the true regression function
as the well-specified model assumption is reasonable given the broad function space F.
We conjecture that the true bound might actually be logarithmic in dimension while main-
taining the standard n~1/2 rate with respect to sample size. Additionally, the assumption
of the data distribution’s subgaussianity is mild, making this result widely general.

Analysis. We summarise the key contributions and insights gained from Chapter 4.

e Combining strengths: BKERNN efficiently merges some of the benefits of kernel
methods and infinite-width one-hidden-layer neural networks. This is achieved by
substituting the traditional non-linear activation function with a function drawn
from a reproducing kernel Hilbert space, enhancing the model’s expressive power.

« Efficient optimisation: The optimisation process is straightforward and robust
compared to neural networks, benefiting from the positive homogeneity of the Brow-
nian kernel. This property ensures that the optimisation aligns with insights from
the mean-field analysis of neural networks, making the process theoretically sound.
The approximation of the infinite-width space using particles is easy and principled
compared to the sampling process used for REGFEAL

e Generalisation guarantees: The statistical analysis provides high-probability
bounds on the expected risk, showing that BKERNN achieves competitive rates
of convergence. Two types of bounds are provided: a dimension-dependent bound
that scales well with sample size and a dimension-independent bound that scales less
favourably with sample size but only logarithmically with the data dimension. The
mild assumptions on data distribution and model specification make these results
broadly applicable.

e Practical performance: Extensive numerical experiments validate the theoretical
findings, with BKerNN outperforming traditional kernel methods and competing
favourably with neural networks on real-world datasets.

e Adaptivity in misspecified models: If the model is not well-specified but the
Bayes predictor f* is Lipschitz continuous, neural networks with ReLU activation
and bounded Banach norm achieve a convergence rate of O(n~'/(4*+5)) while kernel
methods achieve O(n~1/(@+1) both constrained by the curse of dimensionality. In
misspecified settings under the multi-index model where f* = g*(P"-), RKHS-based
methods fail to exploit the reduced dimensionality, resulting in unchanged rates.
However, neural networks can adapt to this structure, yielding rates that depend
on the lower dimension of P rather than d. BKERNN shares this adaptivity, as
indicated by the fact that Qo(f*) < Qo(g*), which, along with its strong theoretical
guarantees in well-specified models and excellent practical performance, underscores
its significance in the field of non-parametric supervised learning with hidden linear
features.

This concludes the presentation of the contributions. Each contribution is presented
in detail in the following Chapters 2, 3, and 4. See the Conclusion for perspectives related
to this work.
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CHAPTER 2

Trace Norm Penalty on Sample Matrix of Gradients

The contents of this chapter have yet to be published while the code is available at https:
//github.com/BertilleFollain/KTNGrad.

Abstract

In this work, we tackle the challenges of high-dimensional nonparametric learn-
ing by focusing on multi-index models, i.e., where the regression function is
represented as a composition of a low-dimensional linear projection and a non-
linear function. We are particularly interested in the empirical risk minimisa-
tion framework due to its versatility, as it can be applied to a wide range of
problems beyond traditional square loss and regression tasks. We introduce a
novel method that uses empirical risk minimisation within a reproducing kernel
Hilbert space (RKHS), augmented by a trace norm penalty on the sample ma-
trix of gradients. Our approach is computationally efficient, featuring a convex
optimisation procedure that converges in just a few iterations and offers an
explicit convergence rate via a reweighting technique. We establish the theo-
retical convergence of our method, demonstrating that it achieves convergence
rates that do not depend exponentially on the data dimension for the expected
risk of the function estimator in well-specified settings, while reliably recovering
the underlying feature space in a safe filter manner. The effectiveness of our
approach, named KTNGRAD, is validated through a series of experiments that
highlight its performance and behaviour.
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1 Introduction

We focus on multi-index models [Xia, 2008], which provide an effective strategy for address-
ing the challenges posed by high-dimensional data in nonparametric supervised learning.
In these models, the regression function f*, which captures the relationship between the
response and the covariates, is expressed as f* = ¢g*(P'-), where g* is an unknown non-
parametric function, and P is a low-rank matrix that reduces the dimensionality of the
data. This matrix P can be interpreted as a set of linear features that are relevant to the
learning problem.

The multi-index model is particularly valuable because it mitigates the challenges
associated with high-dimensional nonparametric models, where exponential dependency
on the data dimension is often observed [Dalalyan et al., 2008], a manifestation of the curse
of dimensionality [Bellman, 1961]. By leveraging the structure assumed in the multi-index
model, prediction performance can be significantly enhanced. Additionally, learning the
linear features represented by P offers intrinsic interpretability, making it an attractive
approach for both predictive accuracy and understanding the underlying relationships in
the data.

Related work. Various approaches have been developed to address multi-index mod-
els. One prominent avenue is the method of moments, which constructs specific moments
that eliminate the unknown function, isolating the impact of the features. The foun-
dational work by Brillinger [2012] initially focused on Gaussian data and feature spaces
of dimension 1. This method was later broadened to handle distributions with differen-
tiable log-densities, giving rise to the average derivative estimation (ADE) method [Stoker,
1986]. Further advancements allowed the method to accommodate higher-dimensional fea-
ture spaces through techniques such as slicing (e.g., slice inverse regression, SIR [Li, 1991])
and the use of second-order moments (e.g., principal Hessian directions, PHD [Li, 1992])
under assumptions like elliptical symmetry in the data distribution. Despite these devel-
opments, the efficacy of these methods often hinges on strong, and sometimes impractical,
assumptions about the distribution’s shape, which may also need to be known beforehand.

Beyond moment-based techniques, optimisation-driven approaches have also been ex-
plored. These methods, as seen in the works of Fukumizu et al. [2009] and Xia et al.
[2002], employ local averaging to build an objective function, which is then minimised to
estimate the feature subspace. Although these approaches can theoretically suffer from
exponential dependence on the data dimension, they have demonstrated strong practical
performance. Among them, the MAVE method [Xia et al., 2002] stands out as a leading
tool in practical applications.

We are particularly interested in using regularised empirical risk minimisation due to
its versatility, allowing it to be applied across various contexts beyond traditional square
loss supervised learning. We consider this work as a first step toward expanding multi-
index models to address more complex problems, such as those found in control systems.
Our goal is to develop a method that makes minimal assumptions about the distribution
and has limited dependency on the data dimension. Our approach involves regularising the
empirical risk using derivatives, based on the observation that, under certain smoothness
conditions, the gradient of f* satisfies Vf* = PVg*(P'".), thereby containing crucial
information about the underlying feature space P. This regularisation by derivatives
is common, such as in classical spline regularisation in Sobolev space [Wahba, 1990],
while for linear subspace estimation, it has been used by Babichev and Bach [2018] in
conjunction with the SADE method. We implement our method within reproducing kernel
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Hilbert spaces, which allows us to avoid the potential instability associated with computing
derivatives via finite differences. This use of RKHS has also been see in Cabannes et al.
[2021] for semi-supervised learning or Rosasco et al. [2013] for variable selection. Our
goal is precisely to extend the work of Rosasco et al. [2013] to the linear feature learning
setting, which results in our framework being similar though their penalty is designed to
select variables, whereas ours is focused on identifying linear subspaces.

Contributions. In this chapter, we introduce a novel approach for simultaneously es-
timating the regression function, the underlying feature space, and its dimension within
the context of multi-index models. Our method leverages the regularised empirical risk
minimisation framework with the square loss, working within a reproducing kernel Hilbert
space (RKHS) that includes the partial derivatives of the reproducing kernel. Inspired
by the relationship between gradients and the underlying features, we consider the trace
norm of the sample matrix of gradients as a regularising penalty.

We establish the convergence of the optimisation procedure used to compute the esti-
mators. In a well-specified setting, we demonstrate that the risk of the function estimator
converges to the minimal risk at a rate that does not depend exponentially on the data
dimension. Additionally, we show that our approach reliably recovers the underlying fea-
tures in a safe filter manner. Finally, we present a set of experiments to illustrate the
performance of our method.

Notations. For any n € N*| we denote the set {1,...,n} by [n]. The notation A, 5o
indicates that the random variables A,, converge to 0 in probability. For a vector z € R?
and a € [d], (%) denotes the a-th component of z, and ||z||» represents its £ norm. The
identity matrix of size n is denoted by I,,.

For a matrix M € R™ ™  ||[M||. denotes its trace norm (sum of singular values),
rank(M) its rank (number of non-zero singular values), tr(M) its trace (when n = m),
|| M||op its operator norm (largest singular value), || M| its Frobenius norm (the £ norm
of its singular values), M; ; its (4, j)-th element, and || M|« its infinity norm (maximum
absolute element value). The matrix Diag(M) is diagonal with the diagonal elements of
M as its diagonal, and M > N (or M > N) indicates that M — N is positive semi-definite
(or positive definite), assuming M and N are symmetric.

For a tensor W e Rnxdxm W. .1 represents the matrix in R"*? obtained by slicing
along the third dimension, and W ;. is the vector in R"™ obtained by slicing along both the
first and second dimensions. Multiplication of a tensor W by a vector x € R™ along the
third dimension is defined as Wax = Y;" W’;ka:(k) € R"*4 and for a matrix Q € R¥*?,
WQWT € R™*™ is defined as Y, W/m’;ijlel,:.

In a reproducing kernel Hilbert space (RKHS) H, for functions f,g € H, || f||# repre-
sents the RKHS norm, and (f, g) denotes the inner product in H.

2 Problem Setting and Estimators

We consider a classical supervised learning setting with a training set (x;, y;);c[n) of fac-
tor/response pairs. The training data are assumed to be independent realisations of the
random variables (X,Y’), which have a probability measure p on X x ) C R? x R. The
random variable Y is assumed to have finite variance, and the marginal probability mea-
sure of X is denoted px. Our objective is to find the function f* that minimises the
population risk R(f) = E, ((y — f(z))?) over the class of functions L?(px) := {f : X —
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YV, [y f(@)?dpx < oo}. Tt is known that the minimiser f*(z) is E,(Y|X = z). We then
define the empirical risk as R(f) := % S (v — flm))2.

For convenience, we use the quadratic loss in our analysis, though it could be easily
adapted to any convex loss function, which is a strength of our method. We adopt the
framework of regularised empirical risk minimisation due to its versatility, allowing it to
be applied to a wide range of problems where a risk can be defined. Although we focus
on typical supervised learning scenarios using the square loss for simplicity, our long-term
goal is to extend this approach to other problems, such as in control, which is not so easily
feasible with moment-based methods [Xia et al., 2002, Li, 1991].

We further impose the following multi-index model [Xia, 2008, Yuan, 2011], as dis-
cussed in the introduction.

Assumption 1 (Multi-Index Model). Vo € X, f*(z) = ¢*(PTz), with g* : R® — Y, with
P € R (s < d, unknown) a full-rank matriz, i.c., rank P = s.

This means that the dependency of Y on X is fully characterised by PT X € R® which
has a smaller dimension than X € R?. Tt is therefore of interest to estimate P. Some
methods suffer from first estimating ¢ and then P, leading to stronger bias on P [Xia
et al., 2002]. Instead, we aim to estimate both ¢* and P, or rather f* and P, at the same
time. We further remark that P cannot be exactly recovered, even in the noiseless case,
because multiple (g*, P) pairs can verify equality to f*. We can therefore only hope to
recover the column space of P.

2.1 Low-Rank Penalty

We remark that under Assumption 1, if the gradient is well-defined, we have Vr €
X,Vf*(z) = PVg(PTz). This was first noticed in effective dimension one by Hirdle
and Stoker [1989]. Other lines of work use this idea, like the one started by Li [1992].
Therefore, for any € X', V f*(x) belongs to the column space of P. Furthermore, for any
f € H'(px) := {f € L*(px),Va € [d],0f(x)/0x® € L*(px)}, which is a Sobolev space
[see Adams and Fournier, 2003], we can write

cov(V[) 1= cov(VF(X)) :i= By (VAX)VF(X)T) € R,

and we then have cov (V f*) = P cov (Vg*(PTX)) PT. We therefore make the next as-
sumption.

Assumption 2 (Full-Rank of Covariance Matrix). We assume that f* € H'(px) and
rank cov (V f*) = rank P = s.

This amounts to assuming that rankcov(Vg*(PTX)) = s. The projection Ilp =
P(PTP)='PT ¢ R4 on the column space of P is therefore also the projection on the
column space of cov(V f*).

Following in the footsteps of the Lasso [Tibshirani, 1996] and other sparsity inducing
penalties such as the group Lasso [Yuan and Lin, 2006], the fused lasso [Tibshirani et al.,
2005], a trace norm penalty for matrix estimation [Bach, 2008], and most similar to us a
penalty for variable selection [Rosasco et al., 2013], we consider adding a rank-penalty on
the matrix of gradients to the quadratic loss, yielding the following optimisation problem

argmin R (f) + 27 rank cov(V f),
feH (px)
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with 7 a positive regularisation parameter to be chosen.
However, as the rank penalty is non-convex, we replace it by a convex surrogate, i.e.,

V1l = tr (feor(V )

for ease of optimisation, which is a well-known technique, [see Candeés and Recht, 2009,
Recht et al., 2010, Bach et al., 2012]. We cannot compute this quantity for a fixed f,
since px is not known a priori. We can nevertheless estimate it using the training set. We
define

vnf = (Vf([]}l)T, vf<x2)T7 ce 7vf(xn)T>T/\/ﬁ € Rnxd’

the (normalised) matrix of gradients at the observed data points, or sample matrix of
gradients. We then have that V,, fTV,, f € R¥*? is equal to + %" V f(2;)V f(;)", which
estimates cov (Vf), and is actually also equal to the non-centred covariance matrix of
V f(X) under the empirical measure of the data. We therefore overload the notation and
write cov(Vyf) := VafTV,f. We then have that our penalty is equal to the trace norm
of the sample matrix of gradients

[Vaflls = tr <\/COV(vnf)> .

2.2 Reproducing Kernel Hilbert Space

We decide to restrict the functions we study to a reproducing kernel Hilbert space H, with
a twice differentiable reproducing kernel k. This is motivated by multiple factors. First,
this will allow us to efficiently compute gradients instead of using finite differences which
are unstable, especially in high-dimensions, as in the RKHS we consider, partial derivatives
are bounded linear functionals. An equivalent of the representer theorem (see Lemma 1
below) allows us to actually compute the estimator. Finally, empirical risk minimisation
in RKHS is known to avoid the curse of dimensionality if the problem is well-specified,
which is the setting we will study in Section 4. Estimation in RKHS also naturally adapts
to smoothness, which is an interesting property when considering misspecified settings
[Bach, 2024, Chapter 7].

Let us denote k, the function t — k(z,t) and (9,k), the function t — 9k(x,t)/dx(®).
We recall that (H, || - ||%) is the unique Hilbert space associated to a symmetric positive
definite function k, such that Vf € H, f(x) = (f, kz)%. This is the reproducing property
[Aronszajn, 1950]. More information on RKHS can be found in Appendix B for the
interested reader. We now make a few additional assumptions on the reproducing kernel
k of H and on the data-generating mechanism.

Assumption 3 (Constraints on the Kernel and Outputs).
1. (Bounded features). There exists K1 > 0 such that Vx € X, k(x,z) < K3.

2. (Regular kernel). k is C*(X,X), i.e., twice continuously differentiable, and there

exists Ko > 0 such that Ya € [d],x € X, %L@:x,t:x < K3.

3. (Bounded outputs). Y C [—M, M] for some M € R,.

From Zhou [2008, Theorem 1], because k is at least twice differentiable, (9,k), also
belongs to # for any x € X and further for any f € H,0f(z)/0z® = (f, (Ouk)z)n. We
remark that Assumption 3.1 and 3.2 are verified for many well-known kernels, such as
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Chapter 2. Trace Norm Penalty on Sample Matrix of Gradients

the Gaussian kernel, the Cauchy kernel, and if X’ is bounded, the polynomial, linear and
sigmoid kernels. We also remark that % C H'(pyx), because of Assumptions 3.1 and 3.2,
see Appendix B.

For computational stability and to make the problem strongly convex, we add a penalty
on the norm of f in the RKHS, with small regularisation parameter v, where v is fixed
and 7 has to be chosen in practice, usually through cross-validation. This yields that
the final optimisation problem defining our estimator, which is coined KTNGRAD (for
KERNEL TRACE NORM OF GRADIENTS), is

A A

fr = argmin (R. (f) =R (f) + 7 (VI f13; + 2I VS l)) - (2.1)

feH

We remark that the solution to Equation (2.1) is always defined as the functional
on f is coercive and 27v-strongly convex with respect to the H-norm, so that existence
and uniqueness of the minimiser is ensured [Ekeland and Témam, 1999], for any v > 0,
regardless of assumptions on f*. Our setting is therefore similar to that of Rosasco et al.
[2013], except that they use tr(y/Diag(cov(Vf))), as a penalty (in our notation, where
Diag(cov Vf) is the matrix in R¥? with the diagonal of cov(V f) as its diagonal, and 0
elsewhere), which reflects their different objective to select variables, rather than features.

Through fT, we can estimate P by P, defined as the first s leading eigenvectors of
cov(Vnfr), if s is known. Otherwise s has to be estimated as well, and we can choose to
take § := rank cov(V,, fT) or the number of eigenvalues exceeding a certain threshold as an
estimator of s, see Section 3.3. This yields that the estimator of P is p, which is defined
as the first § eigenvectors of cov(V, fT) Due to the number of notations, we give a recap
of all the quantities in Table 2.1 in Appendix A.

3 Methodology of KTNGrad

In this section, we describe the methodology of the estimator KTNGRAD, which first
consists in rewriting the problem from Equation (2.1) into a parametric problem using an
equivalent of the representer theorem, solving it through an iterative procedure and then
considering the eigenvectors of the empirical covariance matrix of the gradients.

3.1 Parametric Formulation

Closely following a result from Rosasco et al. [2013], there is an equivalent of the representer

theorem, allowing us to transform our problem in the RKHS H into a parametric one in
R7(d+1)

Lemma 1 (Representer Theorem). Under Assumption 3.2, there exists (potentially mul-
tiple) 0, € R™Y) sych that the solution to Equation (2.1) can be written as

RS W0 Sk L Gina)
fr= ; ~0." ke, 0N ~0. (0ak) s, - (2.2)

i=1a=1

The proof can be found in Appendix B. We can then restrict the optimisation to
functions f € H that can be expressed similarly to fT. This allows us to fully rewrite
Equation (2.1) in a parametric form, with a change of variables to improve the conditioning
of the problem.
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3. Methodology of KTNGRAD

Lemma 2 (Parametric Optimisation Problem). Under Assumption 3.2, any 6, € R™d4+1)

from Equation (2.2) is such that V120, = B, with

. Y -UB|3 Tv 2T
B, = argmin L= YPl Ty ge | 2T gy (2.3)
BeRn(d+1) n n vn

where Y == (y1,...,yn)" € R*, U € RV>MAHD 7 ¢ RrldtDxnld+l) g7 ¢ Rrxdxn(dtl) g,
defined in Definition 1. We also have W3, /\/n = an}.

The proof can be found in Appendix C. Remark that Y is the vector of responses and
V is the Gram matrix of the set {ks,, (0uk)s, |t € [n],a € [d]} in H. U and W are extracted
from V1/2. Moreover B4 is unique but 8, may not be if V' is not invertible. We give these
matrix calculations for the Gaussian kernel in Definition 2, which is the choice we use in
practice in the numerical experiments of Section 5.

If B, is known, we can derive f.r using Lemma 1 with any 6, € R™4t1D guch that
B, = V1/26,. Additionally, P can be easily obtained by taking the right singular vectors
(corresponding to non-zero singular values) of V,, fr = W5, /v/n. Therefore, knowing S,
is sufficient to estimate the regression function, the feature space, and its dimension.

3.2 Optimisation Procedure

In this subsection, we address the central problem of estimating S.. Given that it is a
convex problem, there are multiple optimisation methods available. We choose to use a
reweighted method [Bach et al., 2012], for reasons discussed at the end of this subsection.

For computational stability, we modify the optimisation problem of Equation (2.3) to
the following

1 TV 2T
! = argmin —||Y — US|+ — 2—|—tr< W) (w —l—nd>, 2.4
8= axgmin JIY —UBIE + IS+ =t (VOVOTVE) +ncks ), (24)

with € > 0 being a small constant. This transformation converts Equation (2.1) into
fr = argmin g, R/ (f), as defined in Appendix A to account for e.

Reweighted formulation. We follow the reweighted least squares approach as outlined
in [Bach et al., 2012]. The key idea is based on the fact that for any § € R™d+1),

r W (WB)T(WB) + neId) _ % nt (e (WA WB)T) + tr (A -+ nea)).
A>0
where A > 0 denotes that A is positive definite. To minimise this quantity, we alternate
between minimising with respect to § while keeping A fixed, and minimising with respect
to A while keeping 5 fixed. This iterative process continues until the dual gap condition,
parameterised by J, is satisfied. Closed-form formulas for the updates (see Lemma 4 in
Appendix C) and the duality gap (see Lemma 5 in Appendix C) facilitate this process.
The introduction of € ensures that the matrix A does not become singular during
the updates. As a computational trick, € should be chosen to be small to avoid signifi-
cantly disturbing the problem. The optimisation procedure we employ is an example of
a reweighted-fo method. For more details, refer to Argyriou et al. [2008] and Bach et al.
2012].
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We present the pseudo-code for the method in Algorithm 1 below. This algorithm
includes the procedure for selecting the dimension and relevant features, as discussed in
Section 3.3.

Input: k a kernel, X e R™4 Y e R”, 7> 0,v > 0,¢ > 0,6 > 0
1. Compute V € RMd+Dxn(d+1) " the Gram matrix of {ks,, (0uk)s,|i € [n],a € [d]} in
O(n2d?).

2. Compute U € R4+ 1 ¢ Rrxdxn(d+]) a5 in Definition 1 in O(n?d?).
3.t 0

4. B + solution to (UTU + TV ae1))B = UTY in O(n3d?).

while the dual gap for B from Equation (2.7) in Appendiz C' is larger than § do

L Ay (WB)T (W) + nely in O(n?d? + d?).
2. Biy1 < solving (UTU + TV (1) + Var(WATWT)) 8 = UTY in O(n3d?).

3. t+t+1

end

1. van_l — Wﬂt_t,_l/\/ﬁ in O(n2d2)
2. Obtain Singular Value Decomposition of V,, fi4+1 in O(ndmin(n,d)).

3. if s unknown then
§ + rank(V,, fi+1) (potentially computed using some threshold)
P « first § right singular vectors of V,, fi11.

else
‘ P, « first s right singular vectors of V,, fiy1.

end

Output: 3, P or P, in O(n3d?)
Algorithm 1: Pseudocode of KTNGRAD.

Convergence of the optimisation. We now consider the guarantees on the conver-
gence of the optimisation procedure. As our problem satisfies the conditions of Beck [2015,
Theorem 3.3], we obtain the following convergence result.

Lemma 3 (Convergence of the Optimisation Procedure). Let (fi)i>0 be the sequence of
functions in H with coefficients (0;)ien+ generated by Algorithm 1 through the sequence
(Bt)ten+- Under Assumption 3.2, there exists a constant C' > 0 defined in Equation (2.8)
such that for all t € N*,

3 517y < © ; 20
R (fr) = Ry (f7) < N and || fe — filln < \/;

The proof can be found in Appendix C. We note that with the introduction of €, the
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functional from Equation (2.4) becomes differentiable, allowing the use of gradient descent
methods. However, in the setting where 7 = 0, our method achieves minimisation in a
single step, finding the exact solution directly. Given that the penalty is typically small,
convergence is observed in just a few iterations, which is much faster than the theoretical
result might suggest, see the experiment in Section 5.1. Additionally, gradient descent is
sensitive to ill-conditioning, whereas our method is not. This robustness is characteristic
of reweighted formulations [Daubechies et al., 2010].

3.3 Choice of Dimension

We use the leading eigenvectors of cov(V, fT) € R¥? a5 an estimator of P. The number of
eigenvectors to retain must be determined: either s is known, or it needs to be estimated
using the data, which is typically the case in practice.

In Section 4, we discuss the statistical properties of cov(V, fT) We note that its rank,
3, is asymptotically greater than or equal to s (see the proof of Theorem 5). Furthermore,
in practice, we only have access to f;, which converges to f; Therefore, we recommend
computing the singular values of V,, f; and setting § to the number of singular values above
a certain threshold, multiplied by the trace norm. This is the choice we use in practice in
the numerical experiments in Section 5.2, although in the statistical analysis in Section 4
we consider § = rank cov(V,, f;).

3.4 Computational Considerations

The computational complexity of Algorithm 1 is O(n3d*), which can be prohibitive in many
scenarios. To enhance computational efficiency, the well-studied Nystrém approximation
[Drineas and Mahoney, 2005] can be employed. This technique replaces the minimisation
over the space span{ky,, (0ak)z, | i € [n],a € [d]} by minimisation over span{k,, |i € Sp}
for some set S, C [n] of cardinal p < n. As p increases with the sample size n, the span
span{k,, | i € Sp} converges to H, the closure of span{k, | z € support px }.

Furthermore, as demonstrated in Rudi et al. [2015], by choosing p := n¢ log(n) with ¢ €
(0,1] (depending on the RKHS and the regularity of the solution) and using sub-sampling
to select S, the sample complexity is preserved up to a constant factor. This approach
effectively reduces the computational cost of training from O(n®d*) to O(p?nd?), which
simplifies to O(n'T2¢ log(n)2d?+d?). Additionally, the storage requirements decrease from
O(n%d?) to O(nd + p?), equating to O(nd + n** log(n)?).

4 Statistical Properties

In this section, we discuss the statistical properties of the estimators computed by KT-
NGRAD, that is the consistency of f. in its estimation of f* and P in its estimation of
the underlying feature space P and its dimension s.

4.1 Estimation of f*

The estimators fT, p, and § exist whether or not f* belongs to H. However, most of
our theoretical results hold only in the well-specified setting, except consistency of the
expected risk without explicit rates.

Assumption 4 (Well-Specified Model). The model is well-specified: f* € H.
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Nonetheless, we believe our results could be extended, especially for well-chosen regular
kernels such that  is dense in (H'(px), ||-|| H(py))- In particular, if the kernel is universal,
i.e., H is dense in (L?(px), | - 22(px)) (see Appendix B), then infrey R(f) = R(f*), and
we can achieve consistent estimation in the L?(py) norm. We provide most results as
convergence in probability and leave explicit bounds for future work, which should follow
from standard arguments [Caponnetto and De Vito, 2007]. By adapting the proof from
Rosasco et al. [2013] to our penalty, we achieve consistency of the expected risk with the
square loss.

Theorem 4 (Convergence of Expected Risk). Under Assumptions 3 and /, for any n €
(0, 1], with probability at least 1 — n,

A 1 1 2 T d°/* 6 -+ 2d
R(fT)—];g{R(f)SCl (\/ﬁ (ﬁ“) +\/:n1/4>log ;
+ (VI G+ 209 7.,

where C1 does not depend on n,d, T,v, or f*. Under Assumption 3,

s\ P .
R(fr.) = ;g?f{R(f)

or any positive sequence (Tp)nen such that 7, — 0 and (v/n7,)~ ' — 0 as n — oco.
J yp q €

In the well-specified case, it is notable that the rate of convergence does not depend
on d in the powers of n, which is typical of well-specified models in RKHS. Hence we
avoid the curse of dimensionality [Bellman, 1966] but at the cost of a strong assumption
on the function f*. The dependence on n'/* (compared to the usual nl/ 2) appears in the
estimation of the trace norm penalty in our proofs because we did not make additional
assumptions on the smallest eigenvalue of cov(V f*) to remain general.

To obtain results on the estimation of P, we achieve consistency in the H-norm, as
shown in Lemma 7 in Appendix D, in a similar manner to Rosasco et al. [2013].

4.2 Estimation of the Underlying Subspace P

As discussed in Section 2, we cannot recover P exactly, as there may be multiple pairs
(g%, P) that satisfy ¢g*(PT-) = f*. The estimator P is defined as the eigenvectors of
cov(Vy, fT) associated with non-zero eigenvalues, i.e., the first § = rank cov(V,, fT) eigen-
vectors. If s is known, P, is compose of the s leading eigenvectors.

To measure the error between two projectors P and (), where the projections matrices
are lIp = P(PTP)7'PT and Tl = Q(QTQ)'QT, we use the Frobenius norm, as in
Dalalyan et al. [2008]

IT1p — g%, (2.5)

However, we are also interested in safe filters, i.e., those where the image of Ilp is
included in that of Ilg. Therefore, we define the following error, combining Xia et al.
[2002] and Rosasco et al. [2013]

TP (Zs — o) % (2.6)

If we have a safe filter (i.e., no information is lost), the error is 0. In the worst case,
when all information is lost (i.e., Ilg = 0), the error equals s. Note that this error does
not penalise P with higher §; in fact, the error is 0 for any matrix @ of rank d.
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In Appendix D, we use the consistency in the H-norm (Lemma 7) to establish the
consistency of cov(V,fr) as an estimator of cov(Vf*) (Lemma 8). This leads to the
consistency of the eigenvectors (Lemma 9). Consequently, if the subspace dimension s
is known, the Frobenius error converges to zero. If s is unknown, using the estima-
tor § = rank cov(V, fT) and the property that rank is lower semi-continuous ensures an
asymptotically safe filter.

Theorem 5 (Convergence of Subspace Estimator). Under Assumptions 1, 2, 3, and 4,
for any positive sequence (Tp)nen such that 7, — 0 and (v/n72)~!1 — 0 as n — oo, we have

!

P
ITp —Tp I3 =0 and [[Tp(lg—Tp)[% = 0.

A stronger result would be to precisely estimate the projection onto P, achieving

a small Frobenius norm |[[IIp — IIp 2. For this to hold, we need 3 5 s However,

in the literature on low-rank matrix estimation, it is well-documented that square loss
minimisation using the naive trace norm penalty can be inconsistent in certain cases
[Bach, 2008], highlighting the need for an adaptive version of the method.

4.3 Adaptive Method for Consistent Dimension Estimation

To enhance the consistency of our method in estimating the underlying subspace dimen-
sion, we introduce an adaptive version of KTNGRAD, inspired by transformations in the
Lasso framework [Zou, 2006] and low-rank matrix estimation [Bach, 2008].

The process begins by obtaining the ridge estimator fR, defined as

fr =argminR (f) + vg| flZ,
Fen

where, according to the representer theorem, fr can be expressed as fr = i~ %a%) ks,

with agp = (K + vgl,)"'Y € R® and K defined in Definition 1.

Next, we compute the covariance matrix of the gradients cov(V,, fR), which is given
by (Zagr)T Zagr/n, where Z is defined in Definition 1. The eigenvalue decomposition
of this matrix yields cov(anR) = Vrdiag(sg)VZ, with Vi € R4 We then define a
diagonal scaling matrix I' = Vi diag(sg) 7V for some v € (0,1]. The adaptive penalty
is introduced by replacing ||V, f||« with ||V, fT'|«, leading to the adaptive estimator

A

f = argmin (R, (f) == R(f) + 7 (vII 3 + 21 VafTl.)) -
feH

The matrix P4 is then composed of the eigenvectors corresponding to the non-zero eigen-
values of cov(V,,f4), and §4 := rank cov(V,, fA) provides the estimated dimension.

The rationale behind this adaptive approach lies in leveraging the consistent estimation
properties of fR. Since fR already provides a consistent estimator of f*, the eigenpairs of
cov(Vy, fR) can reliably approximate those of cov(V f*). The new adaptive penalty which
uses these eigenpairs through I' further enhances this by penalising smaller eigenvalues
more heavily, effectively pushing them toward zero.

This adaptive method mirrors the strategy used in reweighted ¢; algorithms [Candes
et al., 2007], which iteratively adjust penalties to better approximate a concave objective.
In this case, the adaptive procedure can be seen as a single step of such an algorithm,
making it both practical and theoretically sound. The adaptive method can be combined
with the Nystrom approximation to improve computational costs.
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The theoretical results from the original method can be seamlessly adapted to this new
framework by substituting W with WT'. This modification ensures that the convergence
properties and consistency results remain intact. The only more involved adjustment re-
quires adapting the consistency result in the L?(py) norm (Theorem 4) to accommodate
the new penalty structure. However, achieving stronger consistency results, such as accu-
rate rank estimation as demonstrated in Bach [2008], would require further development.

5 Numerical Experiments

In this section, we discuss the empirical properties of KTNGRAD. The technical details of
the experiments are available in Appendix F. The Python implementation of KTNGRAD
is fully integrated with Scikit-learn [Pedregosa et al., 2011], allowing for easy incorporation
into standard machine learning workflows. The complete source code, including scripts
for replicating the experiments, can be found at https://github.com/BertilleFollain/
KTNGrad. We always consider KTNGRAD with the Gaussian kernel.

We evaluate the performance using three key metrics: the R? score for prediction
performance, the feature learning score and the dimension score.

R? score. This is measured by the R? coefficient of determination, a widely recognised
statistic in regression analysis [Wright, 1921]. The R? value ranges from —oo to 1, where
1 indicates perfect prediction, 0 means the model is equivalent to using the mean of the
target values, and negative values suggest the model performs worse than this baseline.
The R? score is defined as

S (yi — 90)?

Sy — )’
where y; are the true values, §; are the predicted values, 4 is the mean of the true values,
and 7 is the number of samples. We can also evaluate the R? score on the test set.

R*=1-

Feature learning score. This score, ranging from 0 to 1, evaluates the model’s ability
to identify the true feature space, which is represented by the matrix P € R?**. The score
is relevant when all features are equally important and is computed as follows: first, the
feature matrix P; is estimated by extracting the leading s eigenvectors from cov V,, fT. We
then calculate the projection matrices 75 and 7p, and define the score as

lmp —7p 1%

Feature score = 1 — >
normalisation

where the normalisation term is 2s if s < Nfeatures/2, and 2d — 2s otherwise. When d = k,
the score is defined as 1.

Dimension score. This metric assesses the accuracy of the model in estimating the true
dimensionality of the feature space and ranges from 0 to 1. The dimension § is determined
by counting the significant eigenvalues of cov V,, f; using a threshold. The dimension score

is then given by

. . S—s
Dimension score =1 — ‘7,|,
denominator

where the denominator is d — s if s < d/2, and s otherwise.
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5. Numerical Experiments
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Figure 2.1: Primal, dual and scores across iterations during the optimisation procedure.

5.1 Optimisation Behaviour

In this experiment, we present the optimisation behaviour of KTNGRAD and justify the
claim made in Section 3.2 that the optimisation procedure converges in few iterations. We
train KTINGRAD on a single dataset and present the primal and dual value as well as the
dual gap across training in the first sub-figure of Figure 2.1. In the second one, we display
the R? score on the training set and the test set across iterations.

The synthetic data set has n = 200 samples and d = 10 features. The features were
generated uniformly from [—1, 1]¢. We sample P uniformly from the set of d x d orthogonal
matrices before truncating it to size d x s where s = 2. The target values y were generated
as y = ‘22:1 sin (PTX) ’ + €, where € ~ N(0,0.1%) represents Gaussian noise. An
independent test set of ntezt = 100 samples was generated similarly.

We observe that the dual gap closes rapidly, meaning that we have reached the unique
minimiser of our convex minimisation problem in very few iterations. This compensates the
fact that each iteration is quite computationally costly. In terms of prediction performance,
the regularisation benefits the test error which is shown to improve across the iterations.

5.2 Performance dependency on sample size n and data dimension d

We now compare the performance of different estimators against varying sample size and
data dimension. The estimators we consider are KTNGRAD with the Gaussian kernel,
KRR (basic kernel ridge regression with the Gaussian kernel), PYMAVE and KTNGRAD,
RETRAINED. PYMAVE is simply MAVE from Xia et al. [2002] adapted to Python and
combined with the regressor MARS from Friedman [1991] as MAVE is not a predic-
tion method. To fairly compare the prediction performance which stems from the feature
learning, we also consider KTNGRAD, RETRAINED, which consists in a MARS regres-
sor trained on the features learnt by KTNGRAD, which are the leading eigenvectors of
cov(Vy, fT), with their number chosen using a threshold, see Appendix F.

The datasets were all generated as follows. The input data X was uniformly sampled
from [—1,1]%. The projection matrix P was sampled uniformly from the orthogonal group
before being truncated to contain s = 3 projections. The target values were generated as
Yy = ‘2221 sin (PTX )a‘ + €, where € represents Gaussian noise with a standard deviation

of 0.15. An independent test set comprising ntest = 201 samples was generated similarly.
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Figure 2.3: Performance with varying data dimension d.

Each experimental setup was repeated 10 times to ensure statistical reliability, and the
results were averaged across these repetitions.

In Figure 2.2, the dimension d is fixed at 10, while the sample size n varies from 10
to 175. The results show that KRR performs poorly in terms of the R? score. Mean-
while, PYMAVE struggles with small sample sizes but outperforms other methods once a
sufficient number of samples is reached, performing similarly to KTNGRAD, RETRAINED.
This behaviour is expected, as the second sub-figure illustrates that both PYMAVE and
KTNGRAD exhibit comparable performance in feature learning and dimension estima-
tion, with KTNGRAD having a slight edge. Additionally, the significant improvement in
prediction performance due to retraining KTNGRAD highlights a well-known limitation of
regularised methods: the regularisation necessary for effective feature or variable selection
can negatively impact the quality of predictions [Hastie et al., 2001, Section 3.8.5], as seen
in the basic version of KTNGRAD.

In Figure 2.3, the sample size n was fixed to 175 while the data dimension d varied
from 3 to 35. Similarly to the previous figure, we observe that the performance of KRR
is inferior to the others. On the second sub-figure, we observe that the features are
learnt similarly by KTNGRAD and PYMAVE (notice however that PYMAVE did not run
successfully when d = s = 3). Nonetheless the threshold method we have chosen to
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determine the dimension for KTNGRAD is not as effective as that of PYMAVE, which
also explains the discrepancy in terms of R? score between KTNGRAD, RETRAINED and
PYMAVE. The basic version of KTNGRAD is not so robust to high dimension as PYMAVE,
but this law might be alleviated by using KTNGRAD, RETRAINED with a better dimension
selection technique.

6 Conclusion

In this chapter, we introduced a novel method for joint linear feature learning and function
estimation by incorporating a trace norm penalty on the sample matrix of gradients.
Leveraging the unique properties of reproducing kernel Hilbert spaces (RKHS) which
include their own partial derivatives, we developed a computationally feasible approach
based on convex optimisation. Our method, KTNGRAD, avoids strong assumptions about
the data distribution and demonstrates convergence to the minimal risk at a rate that does
not depend exponentially on the data dimension, an expected outcome in well-specified
settings within RKHS. Moreover, KTNGRAD effectively recovers the underlying features
in a safe filter manner.

The numerical experiments showed that KTINGRAD is competitive with state-of-the-
art methods like MAVE in learning features in some settings. However, several challenges
remain. Our statistical analysis relies on the strong assumption that the regression func-
tion belongs to the RKHS. Additionally, KTNGRAD performs less well than MAVE in
selecting the dimension of the underlying feature space and is computationally expensive.
Future work could include deriving explicit convergence rates for feature learning and
studying misspecified settings. The consistency in dimension estimation of the adaptive
method could also be studied. Finally, extending our framework to support additional loss
functions would broaden its applicability to a wider range of problems.

However, the method is inherently slightly flawed, a critique that is valid for the work
of Rosasco et al. [2013] as well, due to the choice of function space. Indeed, we have
made two different assumptions that are not actually compatible when considered with
the usual kernels: first that f* belongs to the regular RKHS H and that the multi-index
model is verified, i.e., that there exists g* and P such that f* = ¢*(P'-). Indeed, in our
work and that of Rosasco et al. [2013], the Gaussian kernel was taken as an example, even
though f* belonging to the corresponding RKHS requires in particular that all first-order
derivatives of f* are square integrable w.r.t the Lebesgue measure on R? [Bach, 2024,
Chapter 7]. In the basic case of one relevant variable f*(x) = g*(x(!)), this means that
Jra ((g*)’(m(l)))2dx(1) ...dz(¥ < oo, which is not possible except in edge cases.

While the two assumptions can be true simultaneously if they are only considered
approximately, this limits the appropriateness and efficiency of the method. Despite these
issues, this work represents a promising step toward developing methods for multi-index
models using the regularised empirical risk minimisation framework. In the next chapters,
we will consider different function spaces that are better adapted to feature learning.
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Appendix

A Notations and Definitions

We first (re-)introduce some notations used in the main text and the appendix in Table 2.1.

Table 2.1: Notations of the main text.

Symbol Definition Space
(X,Y) factor /response pair of random variables X xY
n number of data pairs in training set N
d X c R? N

p Joint distribution of (X,Y)
PxX Marginal distribution of X
L*(px) {f: X =Y, [y f(x)’dpx < +oo}
H'(px) {f € L(px),Ya € [}, 0 () /02 € L(px)}
H Reproducing kernel Hilbert space
k Reproducing kernel associated to H X - X
K, Vo € X, k(z,r) < K? R*
Ky Vi e X, f(lzgié?) ‘szm,t:m < K22 Rt
M Y C[-M,M] R*
covVf E)y (Vf(m)Vf(x)T) R
covV, f LS V@)V f(z)T R
1971l tr (veov V) R
Vo Sl tr (v/cov Vi, f) R
T Penalisation parameter R+*
v Hyper-parameter R+*
€ Hyper-parameter R+*
) Hyper-parameter RT*
R(f) Epy (= f(2)?) R
R-(f) R(f) + 7wl flIF + 21V f].) R
R(f) R (g — f)? R
R+ (f) R() +7WlfIF +20Vafll) R
RL(S) R +7 (VIR + 20 (VYT TVT + ela) ) R
f* arg min sc9; R(f) H
j;.r arg min ey 7A€T(f) H
JiT arg min peyy 7A€T(f) H
4 arg min ey (/) H
B See Equation (2.3) R™d+1)
4 See Equation (2.4) R™(d+1)
By Sequence produced by Algorithm 1 R™(d+1)
ft function represented by any 6; such that V1/20, = 3, H
s rank cov(V f*) N
8 rank cov(V, fr) N
P Projection to estimate, see Assumption 1 Rxs
P, Leading first s eigenvectors of cov V,, fT RIx3
P Eigenvectors of cov V,, fT for strictly positive eigenvalues — R%*#
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We then give the precise form of the matrices used in Equation (2.3) and in Algorithm 1.

Definition 1 (Kernel Matrices). K is the classical (rescaled) kernel matriz
1 nxn
K = E(k(a:i,xj))i,j e R™™,

For all a € [d],

ZCL — (ak(x7x])|m:$1) c Rnxn7

1
n Ox(a) i

combined to give
z=(zF, ...,z e R,

1 [ 0%k(s,t) nxn
Lap _n<6()8t()| e
7’7]

For all a,b € [d],

combined to give
Lo = (Lag,--.,Laa) € R™"

and
L:=(L{,...,L})" e RM>"d,

Combining K, Z, L, we obtain
(K, Z) e Rnxn(d-H)

(?T i) € RA(d+1)xn(d+1)

= (Za, Ly) € Ry e [d]
W= (Wh,..., W) € R dxn(dtl)

U:
V.
W, :

W is obtained by stacking the W, matrices along the second dimension.
For the adaptive version of the method, we also need

Z = (Zy,..., Zy) € R,

where the Z, are stacked along the second dimension.

Since V is positive definite as the Gram matrix of {k,, (04k)z, | © € [n],a € [d]}, it has
a square root V1/2 ¢ RM(d+1)xn(d+1) e define U € R™*™?+1) a5 the matrix consisting of
the first n rows of V¥/2. For W € R*dxn(d+1) e define W..r € R"™*4 a5 the k-th column
of V1/2 with the first n elements removed and then reshaped into an n x d matrix. More
simply, this can be written as W 1 := Vé_/ja’k.

We now provide the characterisation of the matrices K, Z, and L for the Gaussian
kernel with parameter o, which is the practical choice we recommend with ¢ the median

of the euclidean distances between the data points.

Definition 2 (Gaussian Kernel Matrices). For any z,y € RY, the Gaussian kernel is
lz—yl3

defined as k(x,y) = exp (_W) Consequently, the matrices are given by

(a) (a)
1 s — 213 T — T
K= <n exXp <_M g Za = —TKZJ 5 Ya € [d],
l ,L‘?j

)
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a a b b
B (o) 2 ” —a) y
a,b — - 0_4 [ ) a,be[d],a;«éb,
2¥)
(:E(a) - x(a))Q - 02
Loa= (— ( ;4 )Kw , VYa € [d].
%,J

B Reproducing Kernel Hilbert Spaces

We recall that (H, || - ||%) is the unique Hilbert space associated to a symmetric positive
definite kernel k : X x X — R, such that k, := k(x,-) € H and Vf € H, f(z) = (f, kx)n-
This is the reproducing property [Aronszajn, 1950]. k being a positive definite function
means that for any n € N*, (z;);c,) € X", the matrix K = (k(z;,7;)); jein) € R™" is
positive definite. We further remark that # is the closure of the set {k;,x € X'} in H,
meaning that every function in H can be written as the limit when [ grows of quantities
of the form 2321 ajky; where a; € R and x; € X.

One of the key results of reproducing kernel Hilbert space theory is the representer
theorem [Wahba, 1990], which shows that many estimators based on finite data sets in
RKHS can actually be written as a linear combination of the k;,, where the z; are the
data points.

However in our setting, the estimator is defined as the argmin of a quantity mak-
ing use of gradients. From Zhou [2008, Theorem 1], because k is at least twice dif-
ferentiable, we know that for any = € X, (0,k), also belongs to H. Moreover Vf €
H,0f (x)/0x D (f, (Duk)s)7. First, this allows for efficient computation of the gradients,
instead of using finite differences which are computationally costly and unstable. Addi-
tionally, this means that an equivalent of the representer theorem (Lemma 1) is available
for f; too, but using a linear combination of both the kz, and the (04k)q,, for a € [d] and
x; the data points.

Proof of Lemma 1. Let S := span{ky,, (04k)z,|a € [d],i € [n]}. Since S is a closed sub-
space of H, we can write any function f of # as f = f// + f+ with f// € S and (f*,g) =0
for any g € S. We can then rewrite Equation (2.1) as

A ) 1< 2
fe= argmin 7 (v — (@)l B ol £ 20
feH, f=f//+f+ T i3

which is clearly minimised when f+ = 0. This yields that fT belongs to S, hence the
lemma. O

We remark that Assumptions 3.1 and 3.2 imply that for all x € X, ||kz|lx < K7 and
1(0ak) 2|l < Ka. Consequently, for any f € ‘H and z € X, we have f(x) = (f, ky)y <
I l2ellkzllze < N fllnEr and 8f (2)/02') = (f,(@ak)a)r < |f Il (Bak)allre < [If[l2efco-
These inequalities are used frequently in the proofs.

Furthermore, this implies that % C H'(px), since for any f € H, the partial derivatives
01029 = (f,(Dak).) exist and are in L(px), given that [ (& f/@x(“))2 dpx < || f|12,K2.

Universal kernels, such as the Gaussian kernel and the Matérn kernels, have the prop-
erty that the associated RKHS H is dense in L?(px) with respect to the L?(px) norm

[Sriperumbudur et al., 2011}, provided that X" is compact. This density property ensures
that functions in H can approximate any function in L?(px) arbitrarily well.
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C. Optimisation Procedure from Section 3

C Optimisation Procedure from Section 3

Section 3 focuses on the methodology and presents results related to the optimisation
procedure. We provide theoretical results that were instrumental in developing the pseudo-
code for Algorithm 1, as well as proving the parametric formulation and convergence
properties discussed in the main text.

The optimisation problem to solve is given by Equation (2.4), but with the penalty
term rewritten using Equation (3.2), as follows

(Bi,Ay) = argmin *HY UBl3+=~ HBH#*(U((W@ W) ) +tr(A+neA™)).
BeRM(@+D) Vn

AeRIXd A

C.1 Useful Lemmas for the Pseudo-Code of Algorithm 1

We provide an explicit formula for the minimiser of Equation (C) when either A or
is fixed. This enables us to present the alternating optimisation procedure proposed in
Algorithm 1.

Lemma 4 (Closed-Form Updates). Let A € R be fized. If we define B(A) € RMHD

B(A) = ﬁaer]l%nrgirll) fHY UBli3 +Z HﬂHQ + T (tr ((Wﬁ)A_l(Wﬂ)T) + tr(A + neA_l)) ,

then
-1
BN) = (UTUrv L) + Var (WA TWT))  UTY,

Conversely, if B is fixzed and we define A as follows

A(B) = argmin fIIY Uﬁ||2+ 21813+ —=
AERIxd As-0 TV \f

— (tr (WA (WA)T) + tr(A +neA™))

then

A() = \/(WB)T(WB) + el
Proof of Lemma 4. Let A be fixed. We can simplify the definition of B(A) to

ﬁ(A):Bael“ﬂgnf(rdlﬂl)ﬁ||Y UBIE + S I81E + = (WB)AT (W)T).

We note that tr ((Wﬂ)A‘l(W,B)T> = BT(WA-'WT)B. Therefore, the expression
within the arg min is differentiable with respect to £, and setting the derivative to zero
gives

1 1
= (UTU + vl + \/ﬁT(WA_le)> B) = ~UTY =,

yielding the final equation

—1
BIN) = (UTU + vl gy + Var(WATWT)) U7
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Now, if 3 is fixed, we can simplify the definition of A(3) to

A(B) = argmintr (WAA (WB)T) + tr(A + neA™).
AeR*d
A>0

We then set the derivative to zero, yielding
—~(WBT(WB)A™2 + 1 — neA™2 = 0.

Reorganising, we obtain

A(B) = (WB)T(WB) + nels,
which is the desired quantity. O

We provide the duality gap condition used to halt the optimisation procedure, following
Bach et al. [2012, Section 1.4].

Lemma 5 (Duality Gap). For the primal problem

1 TV 2T
! = argmin —||Y —UB|%+ — 2+tr( WpB)Tw +nd),
.= argmin Y —UBIE + IS+ = tr (VAW -+ nel,
the dual problem is
1 1 T
max <||YH§ - = (B +2 tr(ZTW)) Al (B + 2 tr(ZTW)>
ZER™4|| Zlop<27/y/m \ TV n 2 2

— Vetr (\/47’210[ - nZTZ) )

with
A:=UTU + V1 (41,
B:=U"y,
(ZTW) = (0(Z7 W), oo 00 ZTW,any)) € R,
An admissible Z for any [ can be computed using

L
"Vl Zopt(8)llop

with Zep(B) being any solution to tr(Zew(B)TW) = 2(AB — B).
The dual gap used in Algorithm 1 is then equal to

Z(,B) = min < > Zopt(ﬁ)v

1 2
LY —UBI3 + TR+ o v (/W)W + me, )

n T n
- (2= 1 (B putzerw) 4 (54 G uzeiw)

Vet (\/4T2Id - nZ(B)TZ(5)> . (2.7)
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Proof of Lemma 5. The primal problem can be rewritten as

TA
6611%}3(3“) 5||YH2 —BTB + ﬂ 5 + T tr <\/(WB)TWB + neId> .

We add the constraint V = W g, yielding

mnin v 3 - —BTB + ”BTAB + 2 (\/(Wﬂ)TW5+neId> :
5€Rn(d+1) VERMXd Y=W3 N \/>

With the Lagrangian multiplier Z, we obtain

L _ 4T ME T
Zgﬁgan)id ﬁeRn(dw{Ill)lnveRnxd n ”YH2 B 6 n \/ﬁ tr ( V v + nﬁ[d
Ttr (ZT(V - W,B)),

or more simply

ZGR"Xd ﬂeR”<d+l) n
2T
i “—tr(/VTV I) tr (Z71V >)
+vg£7?xd<\/ﬁ r( +nelyg | + r( )

The first minimum is equal to

o> ( win | Liviz- 257 P (7 w)

—|Y BT
semin nH 13— =B"5+

TAD wztw)T,

which, when differentiated, yields
Livpp-1 (B 4o tr(ZTW)>TA_1 (B T tr(ZTW)>
n 2 2 2 ’

For the second minimum, we have

2T
. T T
Juin 7 tr (\/ ViV + ne[d) +tr(Z° V),

which, using the singular value decomposition of Z and V, is equal to

—etr (\/47'2161 - nZTZ> if |Z||lop < 27 and — oo otherwise.

The dual problem is therefore

T
max Y[R o (B G u@ W) A7 (B4 SuEw))

ZeR™X4 || Z||pp<2E M
—\/etr (\/4T2Id - nZTZ>.

2
The duality gap for fixed 8 and Z can be computed. At optimum, there is a link
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between § and Z, which we obtained when differentiating,
2
8= A7 (B4 S u(ZIW)) or w(ZIW) = (45, - B)
n

where Z, is the minimiser of the dual problem.
We can obtain an admissible Z for any S by using

2T

Z(B) = min <17 W opt(/B)

Homf)

with Z,p¢(03) any solution to
2
(Zope(5)W) = (48— B).

We have Z(B.) = Zopt(8.) = Zx. We can obtain Zyy = 3~ (d+1) ¢;W...; by solving

2

Ce= 7(AB - B))

n

with C' = (tr(WE ;W ;)i ; € R@FxndHD) o g Rr(d+l), O

C.2 Proofs of Section 3

In this section, we present the proofs of Lemma 2 and Lemma 3, which are used to
respectively characterise the estimator in a parametric way and the behaviour of the
optimisation procedure. We remark that the proof of Lemma 1 is in Appendix B.

Proof of Lemma 2. Lemma 1 states that f, € S := span{ky.,, (Osk)s, | a € [d],i € [n]}.
Therefore, Equation (2.1) has the same solution as
n

fr = argmin = S (i — F(20))? + o FI3 + 2 Vaflo.

fes n.
We can rewrite these quantities for a function f € S by expressing f as

Z o + Z Z 0(z+na) a k

1
n zlal

using U, V, W defined in Definition 1, the vector of responses Y, and the coefficients 6 :=
(W, 0mN)T gy o= (9UFm, . gCm  gUrdm) - g(@INT “and 0 = (07, 67)7 €
R(d+1)

First, for the data fitting term, Vi € [d], f(x;) = (K60)® + (Z6;)®, therefore
; Zn:(y' — F@)? = S||Y — Kbo— 26,3 = ~I|Y — 09]3
n <= ' n 0 27 p 2

For the H-norm, we have

112, = 0L K6 N 07 L6, N 208 76, _ eTve'
n

n n n
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Finally, for the trace norm, Va € [d],i € [n], %(mi) = (Z400)D +(La61)®. Therefore,
since V,,f = (8x(a)( )/f) we have V,,.f = W6/\/n, yielding

IVaflls = WO/ vn.

We then have the following equality for any f € S

i Y =063 tv8TVe 27
2 n * - = W‘g *9
; )2+ 1| fli3 + 27Vl = - t— fll |

and writing 0, for the coefficients of fT in S, we have

Y =093 TVGTVG 27
0, € argmin +

We
PR (d+1) n n \f IWol..

Now, with the change of variable 8 = V1/20, which is possible since V is positive
semi-definite, we get

Y =up|3 v 27
B« = argmin ¥ = UBla + —IBII5 + == W3,
BeRMd+1) n n \/ﬁ

because U = UB, §7VH = ||||3, and WO = WS. The argmin is unique because the
quantity is strongly convex in 5. O

Proof of Lemma 3. We consider the optimisation problem

(9ho) = argmin |V -UFB+ 2813+ = (1 (WHALWHT) +er(Atne ).
BeRn(d+1) \F

AEREXd Ax(

Since for fixed /3, the optimal A is \/ (WB)T(W ) + nely, we can change the constraint
on A to A = nely without altering the solution to the optimisation problem. We then
define

h(B.A) = Y~ UBIE+ 22815 + T (WA wa)T)
and

g(A) ==tr(A +neA™b) if A > nely

+ oo otherwise.
The problem is now equivalent to

arg min h(B,A) + g(A),
ﬁER"<d+1>,A€RdXd

with

H(8) = sgminh(8,8) = IV~ UBIE+ 2813 + e (/WA (W) +-nel).

AcRdxd

which fits the setting described in Beck [2015]. We now verify the conditions to apply
Theorem 3.3 from Beck [2015].
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1. Condition [A] is verified because ¢ is a closed and proper convex function, differen-
tiable over its domain.

2. Condition [B] is verified because h is continuously differentiable over R™@+1) x dom g.

3. Condition [C] is verified with (note the use of the operator norm | - ||op, and the
infinity norm || - ||c0)
1
L := sup — (UTU + vl ag) + \/ﬁT(WA_IWT)>
AERIXd A=pel, 1T op

L is finite because a rough bound on L is

1

~(UTU +7v1 d*n’/? Wit W 1 Nlopl A oo,

o (U0 )| et W gl

and ||A_1HOO < d

4. Condition [D] is not needed.

5. Condition [E] is verified because H is strongly convex, so (3, exists, and the min-
imiser A, is uniquely defined (see Lemma 4). For fixed 8 or fixed A within the
admissible domain, the optimisation problem in the other variable has a minimiser
(see Lemma 4).

We now define the level set
{(8,A) € R 5 R | A = nely, (B, A) + g(A) < h(Bo, Ao) + g(Ao)},

which is compact because it is closed and bounded (since h is coercive). We also denote
the squared diameter

R = max (18 = BLIE + 1A = Al | (5, 4) + 9(A) < h(o, Ao) + g(Ao))

We can now apply Theorem 3.3 from Beck [2015]. Let (8¢, A¢)t>0 be the sequence
generated by Algorithm 1, then for all t € N*,

3max (h(Bo, Ao) + g(Ao) — h(BL, Av) — g(Ay), LR?)

h(Be, Ar) + g(Ar) < ; :

We then have that for all 3,

H(B) = h(B,A(B)) + g(A(B)),

where A(f) is defined in Lemma 4 and is always in dom g. We also always have Ay = A(5;)
by construction. Therefore, we obtain the inequality

3max (H(Bo) — H(B.), LR?) _C

H(6) ~ H(B.) < : ==,

where

C'i=3max (H(f) — H(B.), LR?). (2.8)
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Using the strong convexity of H, we get
TV C
o 1B = BLlS < H(B) — H(B) < —.
n t
Transposing this inequality to the RKHS , since H(3;) = R.(f;) and H(B.) = R.(f")
by construction, we get

R(f1) — RLFL) <

+|Q

Now, using the strong convexity of 7@’7 with a constant at least 27v, we get the in-
equality

2 - 2 ’
N 2C
Ife = Frllw <\ =
TVt

D Consistency of fT from Section 4.1

Ro(f) | Re(fD) 5 (f’+ft> ~ Ro() = Re(FD)
2 T\2 2

yielding

Section 4.1 deals with the consistent estimation of infscy R(f). We also consider the
consistency of the estimation of f* = argmin ey R(f) in H-norm, as long as f* € H, as
stated in Lemma 7 below.

Lemma 6 (Consistency of Trace Norm Penalty). Let r € RT. Then under Assump-
tion 3.2, ¥n € (0,1],

2/9 2d
p( suwp_[[Vnfl. = V7| = Wd”{@ ) "

I fll#<r

Proof of Lemma 6. For any f € H,

tr (\/cov(an) — \/cov(Vf)> ’

< Vd|\Jeov(Vuf) = \Jeor(V )

< Vay/[|cov(Vf) — cov(V )l
(using the Powers—Stgrmer inequality [Powers and Stgrmer, 1970])

< \/;1\/\/&\\ cov(Vnf) = cov(V ) r

N ) ) ) 2
< (Z (Z () s () ~ By o0 <x>6jb)<x>> ) .

a,b=1 \i=1

IVaflls = IV Fll+| =

We then take the supremum over functions such that ||f||% < r and apply standard

47



Chapter 2. Trace Norm Penalty on Sample Matrix of Gradients

concentration inequalities [Pinelis and Sakhanenko, 1986]. For each a,b € [d],

O (23 (5 ~E, 2! 23,
IIfslllvligT ;6%( l)axb( i)~ Eox O:Ua( )3331;( 7| < Vi

with probability at least 1 —n, n € (0,1]. Applying this d? times yields

r2K2log

2v2 2d
sup |IVaflls = IV« §d5/4\/ r2K2log —
Vo flls = IV £l n e

£l <r

with probability at least 1 — 7. Therefore, Vn € (0, 1],

22 2d
o ( g w1 0 Vv, )<

I fll#<r

D.1 Proof of Theorem 4

Using Lemma 6, we can now prove the result from the main text on the consistency of the
expected risk of the estimator.

Proof of Theorem 4. We have

R(fr) = inf R(f) < [R(Fr) = Ro(f)] +

feH

R (fr) — ;Iel?f_[ R(f),

where R, (f) = R(f) + 7 (| £, + 21V /]l.) and f, = argmin ey, R-(f).
First, we note that

vl fol3 < Re (£r) < Ry (0) = IV |2/ < M2,

and therefore || fr|j3 < % Similarly, we get || fr|lx < VE (y?) /7v < Af_y.
For the first term,

ﬁ

[R(F) = Ro(f)] < [RUE) = RUF)| + [R(F) = Ro (£7)
<|R(fr) = RU)| + | Re(fr) = R (fr)
< [R(fr) = RU)| + [Re(fr) = Re(f7)
< [R(f7) = R(F)| + [RU2) = RO | + 7 IVafr e = [V £l
<2 s |R() =R +7  swp [[Vafl— [VFIL].
Ifll<M/v/Tv I fllnsM/y/Tv

Using Rosasco et al. [2013, Lemma 19] (with n = 31/(3 4+ d)) and Lemma 6 (with
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n=dn'/(3+d)), we have

44/2 K2 2K 2
<\[M2<1+1+1>10g6+ d

\/2vV2

+7 /4 N 24/108 "

with probability at least 1 — 7/’.
We can further bound this term by the simpler quantity

R M? (K} 2K VT MK, 6 + 2d
- <{Ooi=— =L+ =22 +1 1 :
R(Fr) = Relf)] < (clﬁ (7'1/ SV B vyl L

Now for the second term, if Assumption 4 holds, we have that

Re(fr) = inf R(f) =Rr(fr) = R-(J7) + T3+ 20Vl < 7@l 15+ 20V ).

Therefore, with probability at least 1 — 7/,

. M? (K2 2K SIAMK 2
R(f7) — inf R(f) < <01 <1+1+1>+02ﬁd 2>1Og6+ d

feH % TV ATV nt/4 /v /
+r (VI 3+ 21 7).

Thus, if 7, — 0 and (7,,/n) ! — 0, then R(fﬂl)—inffeq.[ R(f) tends to 0 in probability.
If Assumption 4 does not hold, we still have that R, (f-,) —infrey R(f) = 0if 7, = 0
as n goes to infinity, which is a standard result in regularisation theory [see Dontchev and
Zolezzi, 2006, Rosasco et al., 2013, Proposition 20]. The condition (7,,/n)~! — 0 still
ensures that the first term converges to 0 in probability, yielding the final result. O

D.2 Consistency in H-norm

For the results on the estimation of the subspace that follow, we need the estimation of
f* by fr to be consistent in the H-norm, which we prove in the lemma below.

Lemma 7 (Consistency in H-Norm). Under Assumption 3 and Assumption 4, for any
positive sequence (Tn)nen such that T, —n o0 0 and (v/n72) 1 =5 00 0,

A~ « P
[ frn = F7ll# = 0.

Proof of Lemma 7. The proof follows almost directly from that of Rosasco et al. 2013,
Theorem 9]. The primary difference is our penalty term, but Lemma 6 mirrors Theorem 7
from Rosasco et al. [2013], with the same bound except that d is replaced by d®/* in our
case. Consequently, all of the equations can be modified with this minor adjustment,
yielding the desired result. O

E Estimation of Feature Space P in Section 4.2

Section 4.2 focuses on recovering the lower-dimensional subspace generated by the columns
of P. Since P is always estimated through the eigenvectors of cov(V,, f;), we first need
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consistency results for the eigenvectors of cov(V,, f}) in their estimation of cov(V f*) before
we can establish results of the main text.

E.1 Estimation of Eigenvectors of cov(V f*)

We begin by showing that the matrix cov(Vf*) is well-estimated by cov(V, f-, ) asymp-
totically under certain conditions on the sequence 7,.

Lemma 8 (Consistency of Covariance of Gradients). Under Assumptions 3 and 4,

HCOV (anm> —cov (Vf*)

P
— 0
F
for any positive sequence (Tp)nen where 7, — 0 and (v/n72)~t — 0 as n — .

Proof of Lemma 8. We can decompose the difference into two parts

Hcov (an7n> — cov (Vf*)HF < Hcov (an7n> — cov (Van)
+ Hcov (Van) —cov (V")

-

=
For the first part, since || f, ||y < % using the proof of Lemma 6, if (7,v/n)~! — 0,

TV’
we get

Hcov (an7n> — cov (Vﬁn) ‘F —P> 0.
For the second part, for any a,b € [d],
n * aan 5an Bf* af*
(cov (Vr,) —cov(VF"))  <E, B (@555 () = 22 (m)ax(b)(az)’
Ofr, of , .\ 9fn,
< Ep (’ <8:C(a) (:U) - Hx(@ ($)> 9x® (:U)‘

+

0fr, of of
( pon(a) — 535 (@) W(a:)‘)
< = £l (1| Fralloe + £ 1)
< frw = £ loeEE (1 Fr = £l + 202

We then have

A d o AT b AT o f* of* 2
Hcov (Van) —cov (Vf*) o Z (Ep 6J;: (x) 62: (x) - E, 8£a (x) 8?;, (ﬂv)>

a,b=1

< dllfr = K3 (1Fr = £l + 2017 120) -

From Lemma 7, for any positive sequence (7, )nen such that 7, — 0 and (y/n72)~! — 0
as n — oo, we have || fr, — f*||n £ 0, yielding the desired result. O

We note that the proof of the above result requires only that fT is consistent in the
H'(px) norm, rather than in the H# norm. Convergence in the 7 norm is a much stronger
condition and directly implies convergence in the H'(px) norm.
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Using matrix perturbation theory, the previous lemma enables us to achieve consistency
in estimating the eigenvectors of cov(V f*).

Lemma 9 (Consistency of Eigenvectors). Let Vj be the first s eigenvectors of cov(V f*)
and Vi be the remaining d — s eigenvectors (in descending order of eigenvalue). Similarly,

let Vi be the first s eigenvectors of cov (an.r) and Vy be the remaining d — s eigenvectors.

Under Assumptions 1, 2, 3, and /, with A as the minimal eigenvalue of cov(V f*), we
have

Hcov (Vifr) — cov (V£*)
A

F

max (|[VoVy = %oV I, ViV = AV r) < V2

Hence, for any positive sequence (Ty)nen such that 7, — 0 and (v/n72)™t = 0 as n — oo,
we have

VoV LVl and vivih S v
Proof of Lemma 9. Under Assumptions 1 and 2, Vj are the eigenvectors corresponding
to the non-zero eigenvalues, and V; are those corresponding to the zero eigenvalues. Let
A = g, where (A1,...,\g) are the eigenvalues of cov(V f*) in descending order. Thus, A

represents the eigengap between the non-zero and zero eigenvalues of cov(V f*).
From matrix perturbation theory [Stewart and Sun, 1990, Theorem 3.4], we know that

Hcov (anT) —cov (Vf*) .
A )

VoV = VoVl llr = V2|VoVy (1a — VoViD)|lr < V2

which also implies

Hcov (anT) —cov (Vf*) h
A )

Vv =iVl |lr < V2

since VoVl = Iy — ViV and VoVl = I, — VL.
Using Lemma 8, we know that for any positive sequence (7, )nen such that 7, — 0 and
(ynr2)~t = 0asn — o,

A % P
Hcov (anTn) —cov (Vf¥) e 0.
Therefore,
IVoVs" = VoV llr = 0 and  [ViVi" = ViV | = 0,
yielding the desired result. O

E.2 Limit of the Errors when the Subspace Estimator Dimension is
Fixed

In this section, we fix the number s’ of leading eigenvectors of cov(V, fT) to form the
estimator, denoted as P,. This approach aims to illustrate why accurately estimating s is
essential for achieving consistency in the Frobenius norm. Additionally, it provides results
for a data-independent choice of dimension, which might be applicable when a reasonable
upper bound on s or its exact value is known and used. We present the following lemma
on the asymptotic behaviour of the Frobenius error.
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Chapter 2. Trace Norm Penalty on Sample Matrix of Gradients

Lemma 10 (Frobenius Error with Fixed Dimension). Under Assumptions 1, 2, 3, and
4, for any positive sequence (Tp)nen such that T, — 0 and (/n72)™t — 0 as n — oo, we
have

% £ |s — §'|.

TP —1Ip,

We observe that the error converges to the difference between the true dimension of
the subspace and the dimension of the estimated subspace. Therefore, s’ must be exactly
equal to s for the error to be asymptotically null.

Proof of Lemma 10. Let Vj be the first s eigenvectors of cov(V f*) and V; be the other
d — s ones (in descending order of eigenvalue). Similarly, let Vo be the first s eigenvectors
of cov(anT) and V4 be the remaining d — s ones.

We recall that IIp = VOVOT and I = ]SS/PST/ , where 155/ are the first s’ eigenvectors of

cov(anT). We denote by ‘A/ISH:S/ the first s’ — s columns of V; and VO‘S/H:S the last s — s’
columns of Vj when those quantities make sense.
Now if s’ > s,
T = Mg [ = VOV = VoV — V7712 (V)T
= [VoVy" = VoV I3 + V3 (1) T 3
_ 2<V0VbT _ %%Ta ‘A/—ls+1:s’(vls+1:s’)T>
= [VoVe" = VoV llfe + 5 — s
_ 2<Vv0‘/0T’ Vls+1:s’(vls+1:s’)T>
= VoVg" = VoV I3 + s — s
_ 2<HV0?H‘“/18+113'>'
By Lemma 9, the first and third terms of the above inequality tend to 0 in probability,
yielding s’ — s as the limit.
If s < s,
ITp — T |7 = IVoVE = VoV + Vg 1 (V5 )TII%
= [[VoVG" — VoV I + V5" (V5 1) T 3
+ 2<V()V0T _ ‘70‘70T’ A05’+1:s(‘7()s’+1:3)T>
= [VoVe" = VoV llfe + s = &'
_ 2<Vv1‘/1T, %s’+1:s<%s’+l:s>T>
= VoVy' = oWl Il + s — &'
_ 2<HV1 , HVOS+1:S/>.

By Lemma 9, the first and third terms of the above inequality tend to 0 in probability,
yielding s — ¢" as the limit. We then have that |[IIp — II5 || converges to |s' — s| in
probability. O

As discussed in the main text, we are also concerned with the safe filter error defined
in Equation (2.6). We now present the following result regarding its asymptotic behaviour
when the dimension of the estiamted subspace is fixed.

Lemma 11 (Safe Filter Error with Fixed Dimension). Under Assumptions 1, 2, 3, and
4, for any positive sequence (Tp)nen such that 7, — 0 and (v/n72)~10 as n — oo, we have
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o if s’ > s, then
P

P (g —p )7 =0,
o if s’ <s, then
P
HHP(Id — HPS/)H%’ — S — SI.

We note that it is only necessary for s’ to be larger than s to achieve an asymptotically
safe filter. Therefore, any choice of s’ that exceeds s but remains small enough to effectively
reduce the dimensionality of the problem is appropriate.

Here’s an improved version of the proof with better phrasing and clarity:

Proof of Lemma 11. Let Vj be the first s eigenvectors of cov(V f*) and V) be the remaining
d — s eigenvectors (in descending order of eigenvalue). Similarly, let Vg be the first s
eigenvectors of cov(V, fT) and V; be the remaining d — s eigenvectors.
We have
ITp(Ig — 11, )% = s — te(TTpTT )
where IIp = VOVOT and HPS/ = ]55/]53.

Let ‘715“:51 denote the first s’ — s columns of Vi and VOS/'H:S denote the last s — s
columns of V[, when these quantities make sense.
If s > s:

ITp(Ia —Tip IIF = s — tr(VoVg (VoVy + Vit (1))
— 5 tr(%‘/on/Of/OT) o tr(%‘/oT‘A/lsqu:s’(‘A/lerl:s’)T).
By Lemma 9, the second term tends to s and the third term to 0 in probability, yielding

the desired result.
If s < s:

TP (L =10y )17 = s — tr(VoVy (VoVg" — Vi e (Vg H1)™))
= s — r(VoVg Vo Vi) + tr((Lg — ViV Vs (V1))
— 5 tr(‘/o‘/oT%f/OT) + tI‘( A05'+1:S(‘705’+1:5)T) _ tI‘(Vvl‘/lT AOS/+128(%S/+1:S)T).
By Lemma 9, the second term tends to 1, the third term to s — s’, and the fourth term
to 0 in probability, yielding the desired result. O
E.3 Proof of Theorem 5

We now have all the necessary components to prove the main result on the consistency
of the subspace estimator. When considering the estimated dimension of the estimated
subspace, the result crucially depends on the lower semi-continuity of the rank.

Proof of Theorem 5. For the first result, we apply Lemma 10 with s’ = s.
For the second result, we have

M (1g = 11p)

% = s — tr(IIpllp).

We denote by Vf+1:§ the first § — s columns of V; and by VO§+1:S the last s — § columns of
Vo when these quantities make sense.
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Now, we have

|% —5— tr(%‘/oT%%T) + ]1325 tr(%%Tf/ls—{—l:Lé(Vls—l—lﬁ)T)
+ 1ses (tr( AQ§+1:5<%§+1:5)T) _ tr(VlvlT A0§+1:s<‘70§+1:s>T)) .

ITIp(Iq —1Ip)

By Lemma 9, we know that

tr(VO%T%VOT) £ ¢ and tr(%%Tvls+1:§(vls+1:§)T) o
Additionally, we know that (tr( AO§+1:8(%§+115)T) — tr(V VT A0§+1:8(‘70§+1:8)T)) is bounded.

. . . . i\ P .
Since the rank is lower semi-continuous and cov(V, f7) — cov(V f*), we necessarily

have
P (rank cov(Vyfr,) > s) 51,

which can also be written as 13> 51 Therefore,

P
Ip(Iy —I1p)||7 = O.

F  Numerical Experiments

In this section we provide technical details of the numerical experiments. Recall that the
code is provided at https://github.com/BertilleFollain/KTNGrad/.

In the first experiment presented in Section 5.1, the regularisation parameters were
set as follows: v = 1076, 7 = 8%, p = 10716 (used simply to avoid issues with the
Cholesky decomposition, see the code) and ¢ = 1078, The optimisation process used a
convergence threshold § = 107% and a maximum of 10 iterations. The Gaussian kernel
was parameterised by o, chosen as the median of the pairwise Euclidean distances between
the training samples.

In the second experiment presented in Section 5.2, we evaluate and compare the per-
formance of several methods using synthetic datasets generated with varying sample sizes
and dimensions. The experiment uses a range of values for both sample size n and dimen-
sion d. The sample sizes n were set to 10, 20, 50, 75, 100, 125, 150, and 175, while the
dimensions d explored were 3, 5, 10, 15, 20, 25, 30, and 35. The fixed values were d = 10
when varying n, and n = 175 when varying d.

For KTNGRAD and KTNGRAD, RETRAINED, the regularisation parameters were set
asv =107 u = 1078 and e = 1078, while 7 was defined as ﬁ The convergence threshold
was 0 = 1073, with the optimisation process capped at a maximum of 5 iterations. For
KRR, the regularisation parameter A was set as % PYMAVE and MARS were run using
their default settings.

The threshold used to select the dimension of the features, either for the dimension
score, or for training MARS in KTNGRAD, RETRAINED is actually used on the singular
values of V,, f;, with the threshold above which values are kept set to tr(V,.f;)/(2d).
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CHAPTER 3

Group Lasso Penalty on Hermite Polynomials Decomposition

The contents of this chapter are available in the article B. Follain and F. Bach. Nonpara-
metric Linear Feature Learning in Regression Through Regularisation. Electronic Journal
of Statistics, 18(2):4075-4118, 2024, while the code is available at https://github.com/
BertilleFollain/RegFeal.

Abstract

Representation learning plays a crucial role in automated feature selection, par-
ticularly in the context of high-dimensional data, where non-parametric meth-
ods often struggle. In this study, we focus on supervised learning scenarios
where the pertinent information resides within a lower-dimensional linear sub-
space of the data, namely the multi-index model. If this subspace were known, it
would greatly enhance prediction, computation, and interpretation. To address
this challenge, we propose a novel method for joint linear feature learning and
non-parametric function estimation, aimed at more effectively leveraging hidden
features for learning. Our approach employs empirical risk minimisation, aug-
mented with a penalty on function derivatives, ensuring versatility. Leveraging
the orthogonality and rotation invariance properties of Hermite polynomials, we
introduce our estimator, named REGFEAL. By using alternative minimisation,
we iteratively rotate the data to improve alignment with leading directions. We
establish that the expected risk of our method converges in high-probability to
the minimal risk under minimal assumptions and with explicit rates. Addition-
ally, we provide empirical results demonstrating the performance of REGFEAL
in various experiments.
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1. Introduction

1 Introduction

The increasing availability of high-dimensional data has created a demand for effective
feature selection methods that can handle complex datasets. Representation learning,
which aims to automate the feature selection process, plays a crucial role in extracting
meaningful information from such data. However, non-parametric methods often struggle
in high-dimensional settings.

A sensible approach is to consider that there are a lower number of unknown relevant
linear features, or linear transformations of the original data, that explain the relationship
between the response and factors. A popular way to model this is to consider the multi-
index model [Xia, 2008], where we assume that the prediction function is the composition
of few linear features which form a linear subspace (the effective dimension reduction
(e.d.r.) subspace) and a non-parametric function. The multi-index model has been used
in practice in many fields, such as ecology [Stenseth et al., 2022] or bio-informatics [An-
toniadis et al., 2003]. If the features were known, learning would be much easier due
to the lower dimensionality of the problem, and their low number allows for a simpler,
more explainable model, as well as a lesser need for computational and storage resources.
Although these relevant features are not known a priori, recognising their existence en-
ables the development of methods that incorporate them, potentially resulting in better
estimators for prediction.

Related work. A wide range of methods have been proposed to estimate the e.d.r. space
in the context of multi-index models. Brillinger [2012] introduced the method of moments,
initially designed for Gaussian data and an e.d.r. of dimension one. This method uses
specific moments to eliminate the unknown function and focuses solely on the influence
of the e.d.r. space. Extensions of this approach for distributions with differentiable log-
densities have been provided, resulting in the average derivative estimation (ADE) method
[Stoker, 1986].

To incorporate subspaces of any dimension, several methods have been proposed. Slic-
ing methods, such as slice inverse regression (SIR) [Li, 1991], use second-order moments to
account for subspaces. Principal Hessian directions (PHD) [Li, 1992] extend the approach
to elliptically symmetric data. Combining these techniques, sliced average derivative es-
timation (SADE) [Babichev and Bach, 2018] offers a comprehensive approach. However,
these methods heavily rely on assumptions about the distribution shape and require prior
knowledge of the distribution, limiting their applicability.

Iterative improvements have been suggested for both the one-dimensional latent sub-
space case [Hristache et al., 2001] and the general case [Dalalyan et al., 2008]. Other
optimisation-based methods, such as local averaging, aim to minimise an objective func-
tion to estimate the subspace [Fukumizu et al., 2009, Xia et al., 2002]. Although these
procedures exhibit favourable performance in practice, particularly the MAVE method
[Xia et al., 2002], the theoretical guarantees provided by Xia et al. [2002] show exponen-
tial dependency in the dimension of the original data. Nonetheless, the recent work by
Jing Zeng and Zhang [2024] has made significant contributions to sufficient dimension re-
duction (SDR) by providing robust theoretical results for high-dimensional data that do
not exhibit exponential dependency. However, their method, designed primarily for di-
mension reduction and variable selection in the specific setting of the square loss, relies on
the linearity condition, which holds for example under the assumption that the covariates
follow an elliptically contoured distribution.

In our work, we consider regularising the empirical risk by incorporating derivatives, a
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technique employed in various contexts. Classical splines, such as Sobolev spaces regulari-
sation [Wahba, 1990], have used derivative-based regularisation. More recently, derivative
regularisation has been employed in the context of semi-supervised learning [Cabannes
et al., 2021], as well as in linear subspace estimation using SADE [Babichev and Bach,
2018].

Contributions. We propose a novel approach for joint function estimation and effective
dimension reduction space estimation in multi-index models.

We employ the empirical risk minimisation framework, compatible with a wide range
of loss functions, which is regularised by a penalty on the derivatives of the prediction
function. The proposed regularisation enforces dependence on a reduced set of projected
dimensions. Our method addresses the discussed limitations of previous methods. Indeed
the assumptions on the distribution of the covariates are minimal (typically subgaussianity
of the norm), and does not require said distribution to be known a priori. We are also
able to provide explicit rates for the high-probability convergence of the expected risk of
our estimator to the minimal risk, again with limited assumptions.

To construct our estimator, which we coin REGFEAL, we exploit the advantageous
properties of Hermite polynomials, which exhibit orthogonality and rotation invariance.
By incorporating alternative minimisation on a variational formulation of the problem, we
enable iterative rotation of the data to better align with the leading directions, as well as
easy computation of the unknown relevant dimension of the e d.r. space. Furthermore,
for the specific case of the variable selection problem, that is, when only a subset of the
coordinates of the original data is relevant, we can simplify our proposed penalty term
which yields a computationally more efficient algorithm.

While our primary objective is to leverage the existence of a dependency on only a
few variables or features, we also offer principled ways to estimate the dimension of the
feature space and select the relevant features.

We provide detailed explanations about the efficient computation of our estimator,
ensuring its practical usability. Additionally, we present theoretical results that establish
the high-probability convergence to the minimal risk of the expected risk of our estimator,
with limited assumptions on the loss and data distribution. This allows for a deeper un-
derstanding of the performance of the method and the dependency on certain parameters
such as the dimension of the original data and the number of samples.

To demonstrate the strengths of our approach, we conduct an extensive set of exper-
iments focusing on training behaviour, dependency on sample size and dimension, and
comparison to other methods.

Importantly, our regularisation strategy is applicable to a wide range of problems
where empirical risk can be formulated, making it a versatile tool for feature learning and
dimensionality reduction tasks, potentially extending beyond statistics to fields such as
signal processing and control.

In summary, our contributions encompass the introduction of a novel empirical risk
minimisation framework with derivative-based regularisation for prediction and e.d.r. sub-
space estimation in multi-index models. We provide efficient computational techniques,
theoretical insights, and empirical evidence, highlighting the advantages of our proposed
method.

Chapter organisation. The chapter is organised as follows: we begin by describing
the problem, our penalties, and the use of Hermite polynomials in Section 2. Then, we
address the question of effectively computing our estimator REGFEAL in Section 3. In
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Section 4, we discuss the convergence of the empirical risk of our estimator. In Section 5, we
present numerical studies to illustrate the behaviour of REGFEAL. Finally, in Section 6, we
summarise our findings, highlight the contributions of our research, and discuss potential
future directions.

Notations. Let N denote the set of non-negative integers and N* the set of positive
integers. For d € N, let [d] = 1,...,d. Given x € R? and a € [d], x, represents the a-th
component of z. Similarly, for S C [d], zg denotes (z4)qscs. Let p,d € N* and consider
a matrix A € RP*? The matrix Ag corresponds to the columns of A extracted using
indices from S, while A; ; represents the element of A in the j-th position of row i. The
cardinality of a set S is denoted by |S|. I; represents the d x d identity matrix, and Oy
denotes the set of d x d orthogonal matrices. For any d x d matrix A, tr(A) denotes its
trace, and Diag(A) represents the diagonal matrix of size d x d with the diagonal elements
of A. The transpose of a matrix B is denoted by BT. For an invertible matrix A, A~
represents its inverse. Given n € R?, Diag(n) is the diagonal matrix of size d x d with 7

as its diagonal. For > 0, |||, = (29, |77a|7")1/r. For any o € N, |a| = 20| ay.

2 Preliminaries

2.1 Problem Description

We consider a standard regression problem, where we have a dataset (a:(i), y(i))ie[n], n €
N*consisting of independent and identically distributed (i.i.d.) realisations of a pair of
random variables (X,Y’) with probability measure v on X x ) C R? x R. Our objective is
to estimate the regression function f* := argmin . R(f), where R(f) := E, (¢(Y, f(X)))
is the risk, £ is a loss function and F a space of functions from R? to R. At this stage, we do
not impose any assumptions regarding the choice of loss function or the data distribution.

We consider the multi-index model [Xia, 2008], i.e., a model where the regression
function depends on a low-rank linear transformation of the original variables.

Assumption 5 (Feature Learning). We assume that the regression function f* can be
expressed as the combination of a rank s linear transformation P and a function g*
from R — R, i.e.,

Jseld, IPe R, PTP =1, 3¢g* :R* - R, Vz € RY, f*(z) =g*(P"x).

We do not assume any prior knowledge about the value of s. The model is nonpara-
metric hence it remains broad. Our objective is to simultaneously estimate both f* and
the associated linear transformation P, as well as the dimension s, by means of regu-
larised empirical risk minimisation. Recall the definition of the empirical risk ﬁ( f) =
% m L l(y®, f(x®)). This approach offers versatility, allowing its application to various
scenarios. Although our focus lies on the regression setting, we acknowledge the potential
of the regularisation-based method for future work in any setting where a risk can be

defined.

2.2 Penalising by Derivatives

With these assumptions, it is common to employ derivative-based regularisation techniques
[Babichev and Bach, 2018, Rosasco et al., 2013]. Under mild regularity assumptions, if
we express f as f = g(Q7:) with @ € R¥**, then for all z € R? Vf(z) - Vf(z)' =
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QVg(x)-Vg(z)TQT, where V f(x) € R? denotes the gradient of f at point 2. Consequently,

we observe that 9 &
/VfoTl/:( ffy>
X x 024 0z / o pej

has a rank of at most s. This observation motivates us to employ the rank of [, VfV fTv
as a penalisation. However, the discontinuous nature of the rank makes this approach chal-
lenging for optimisation. To address this, we could penalise instead by tr ( [, VfV ny)
as a convex relaxation [Recht et al., 2010].

This strategy would extend the work of Rosasco et al. [2013], which focuses on variable
selection, a special case of feature learning. It corresponds to the constraint that P from
Assumption 5 only contains 0 and 1 (with exactly a single one in each column), resulting
in a model where the regression function depends on a limited number of the original
variables.

Assumption 6 (Variable Selection). We assume that f*, the regression function, actually
only depends on s of the d variables, 1i.e.,

Iseld, 3Sc[d], |S|=s, 3g":R* =R, Vz € RY, f*(z) = g*(xs).

In this variable selection setting, we can remark that it suffices to penalise by a simpler
quantity. Specifically, under some mild regularity assumptions on the function f, f does
not depend on variable z, if and only if the partial derivative of f with respect to z,
denoted by aana? is null everywhere on X. Hence, the task is to design a penalty that
enforces sparsity in the dependence on different variables.

To address this, we can draw inspiration from the group Lasso [Yuan and Lin, 2006],
which extends the Lasso method to enable structured sparsity. The group Lasso encourages
groups of related quantities to be selected or excluded together by penalising the sum over
each group using an appropriate penalty. For example, the derivatives with regard to a
variable z, at data points z(¥) should all be null if the function does not depend on variable
x,. Hence, they constitute a relevant group for group Lasso.

Combining these observations, Rosasco et al. [2013] proposed a strategy using the

2
fact that for all a € [d], f does not depend on z, if and only if [, (%(m)) v =0.
They introduced penalties on each variable and summed them to obtain the penalty

S (S ( aamfa (x))zu(:r)dx) /2 However, since these quantities are intractable due to
the unknown nature of v, they use a data-dependent penalty instead

(5 )

a=1 =1

1/2

By assuming that f belongs to some regular reproducing kernel Hilbert space (RKHS),
the partial derivatives are easily computable, and so is the penalty [Rosasco et al., 2013]
[for a good introduction to RKHS, see Aronszajn, 1950]. However, this regularisation
by an estimate of the L? norms of derivatives in the context of RKHS is not suitable.
Functions that depend on a single variable, such as z1, do not belong to the RKHS,
making it an inappropriate space for addressing this type of problem. Additionally, another
regularisation by the norm in the RKHS is required, introducing an extra hyperparameter.
Moreover, using derivatives only at the data points limits the exploitation of the power of
regularity.

We are confronted with two challenges here. First, how can the penalisation scheme be
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improved for variable selection? Second, how can it be adapted for feature learning? While
our primary goal is the latter, we consider the former as a by-product of our methodology.

To address both challenges, we employ Hermite polynomials [Hermite, 2009], although
it is worth noting that various other alternatives could have been considered for the first
problem where rotation invariance is not needed.

2.3 Hermite Polynomials for Variable Selection

To facilitate understanding, let us first consider the simpler case of variable selection.
We employ multidimensional Hermite polynomials due to their suitability for both vari-
able selection and feature learning. The normalised one-dimensional Hermite polynomi-
als (hy(x))r>0 form an orthonormal polynomial basis for the standard Gaussian measure
on R with density \/%6*5”2/ 2. The first few polynomials are given by!

ho(x) = 1, hy(z) = 7, ha(z) = \}ﬁ(ﬁ 1), ha(z) = \}g(xS _ 3a).

These polynomials possess useful properties that allow their recursive computation and
characterise their growth and their derivatives?

T n+1

h =—=-h —|——="h 3.1
n+2(7) NCES) n+1(2) nt2 n(T) (3.1)
hl () = v/n - hp_1(x) (3.2)
[P ()] < exp(2?/4). (3.3)
Next, we define the multivariate polynomials as follows
d
(Ha),ene Where Vo € R?, H,(z) = H ha, (Tq). (3.4)
a=1

This family forms an orthonormal basis of the space L?(q) := {f : R? = R, [pa f?q <

+00} where ¢(z) = We‘”x“gm denotes the standard normal distribution on R?. We
now present a Lemma which justifies the use of the multivariate Hermite polynomials in

the variable selection setting.

Lemma 12 (Equivalence for Dependency on Variables). Let f € L%(q) and express it
as [ = qena f(@)Hy.? Then for any b € [d],

f does not depend on variable v, <= Va € (Nd)*, ap #0 = f(a) =0.

!Given the regular “physicist” Hermite polynomials Hy (not to be confused with multivariate polyno-

mials defined in Equation (3.4)), we have hy(z) = \/%H;@(aj/\/ﬁ) for any k£ € N and for the “probabilist”
2k k!

Hermite polynomials Hey, we have hy(z) = \/%Hek(m).

2The last property can be proved using Hermite functions and Cramer’s inequality [Szegd, 1939].
3Note that in this chapter f corresponds to coefficients in the Hermite polynomials decomposition of
f, not to the estimator of f*.
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Proof of Lemma 12. For x € R%, we have ho(z) = 1 and

f@y=fo)+ 3 @) II ha@d+ > @) ] had(@a),

a€(N9)*, ap=0 ac[d)\{b} a€(N4)*, ap>0 a€ld]

does not depend on xy depends on xp,

i.e., f can be decomposed into two additive components, one of which does not depend
on zp. For the component that depends on xy, it is the sum over o € N such that «y, is
non-zero, yielding the result. O

We observe that when f does not depend on a variable, it corresponds to a specific
sparsity pattern in the coefficients f(a) with respect to the basis (Hq),ene. Indeed, if f
does not depend on zy, all coefficients f(a) for a in the group {« € (Nd)*7 ap > 0} must be
null. These groups overlap for different variables, and a similar argument holds for feature
learning as we will see in Section 2.4. This specific sparsity pattern motivates the use of
a penalty based on group Lasso [Yuan and Lin, 2006], and more specifically overlapping
group Lasso [Jenatton et al., 2011].

Hence, the Hermite polynomial basis is well-suited to this variable selection setting,
while the space L?(q) is sufficiently large to describe a wide range of functions. However,
it is worth noting that other spaces and well-adapted bases, such as any orthonormal basis
of square-integrable functions, could also be used. Moreover, we use the Gaussian measure
only to define the basis, and our method can be applied to all distributions.

To define a penalty relevant to variable selection, we examine the derivatives of H,.
Here, we decompose any f € F as f = > cnd f(a)Ha. Let e, denote the a-th element
of the canonical basis of R?, for a € [d]. Using Equation (3.2), we obtain the following
identities

T ., (3.5)
IS Vaf(@)Ha, (3.6)
Ta ae(Nd)*
A 2 12
L (GE) a- 3 wfr (37

However, we remark that Equation (3.7) corresponds to the expected version of the
penalty proposed by Rosasco et al. [2013] (when v = ¢), which we deemed not suitable
for our problem: indeed, penalising the L?-norm of derivatives does not impose enough
regularity for statistically efficient non-parametric estimation and thus requires extra reg-
ularisation, as specified by Rosasco et al. [2013].

We consider instead introducing a sequence (cg)r>o of non-negative reals, to further
regularise and avoid the need for additional regularisation. We consider the space F,
spanned by the family composed of H, for a = 0 or o € (N%) such that Clo| >0, ie., F 1=
Span ({Ho} U{H,, for a € (N%)* such that c|4~0}) and consider two penalties. First, we
define a sparsity-inducing penalty, which depends on a hyper-parameter r € (0, +00)

Qv (f) = (zd: ( T aalf(OC)Q)T/Q)l/r'

a=1

This penalty encourages sparsity in the dependence of f on individual variables, as it
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pushes quantities of the form (3= ,¢way- aaﬁf(a)Q)T/2 to be 0. When this is the case,

we obtain that Vo € (N9)*, a, # 0, f(a) = 0, i.e., f does not depend on variable xz,
(Lemma 12). When r > 1, Qua, is a norm, which makes the problem easier to study
from a theoretical point of view because if the loss is convex, this will yield a convex
optimisation problem. However, estimators obtained through regularised empirical risk
minimisation often suffer from bias due to the strong shrinkage associated with sparsity.
Convex penalties can inadvertently reduce the significance of essential variables or features
by excessive shrinkage to enforce sparsity. To address these issues, one can retrain on
the set of selected variables or use concave penalties, which, despite presenting more
analytical challenges, frequently deliver superior results by pushing the solution towards
the boundary and enhancing sparsity [Zhang, 2010, Bach et al., 2012]. In this work, we
adopt this strategy through the hyper-parameter » when r < 1, which is the choice used
in practice, while r = 1 is used in the theoretical analysis.
The link with the nullity of the derivative can be seen using Equation (3.7)

( Z aalf(a)2>T/2:O — » (ggi)zqzo.

C
ae(Nayx  led

Next, we introduce a smoothness-inducing norm, which penalises higher-order polyno-
mials, i.e., those with large |a| (the dependence only on |a] is needed for future rotation

invariance)
- X i)

(rvey- el

It is important to note that €y is not integrated into the theoretical analysis and will be
used with a much smaller and fixed parameter compared to y,,. Its primary purpose is
to enforce numerical stability during the optimisation procedure, as discussed in Section
3.

The choice of (cg)ren+ significantly influences the behaviour of the penalties. In this
work, we will consider two specific choices: ¢, = 1< for some M € N and ¢ = pF for
some p € [0,1). Both choices ensure that all three penalties are well-defined. Notably,
when M = 1, Qya, considered with the quadratic loss reduces to the basic Lasso problem
with linear features [Tibshirani, 1996].

It is worth mentioning that the coefficient f (0), which corresponds to the constant
function Hy = 1, is never penalised because it does not depend on any of the variables.

We then consider estimating f* in the setting described in Assumption 6 by

folt = argmin R(f) + AR (f) + uu(f), (3.8)
feF

with A\ a fixed parameter and p a hyper-parameter to be estimated. When r > 1 and the
loss is convex, we obtain a strongly-convex objective function, hence with a unique global
minimiser. When r < 1, which we use in practice, only a local minimiser can be reached.

2.4 Hermite Polynomials for Feature Learning

We now turn to the feature learning setting described in Assumption 5. The Hermite
polynomials are particularly well-suited for feature learning, as they allow us to bridge
the gap between variable selection and feature learning with only a minor modification of
the previous penalties. This suitability is visible in some important properties which we
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now describe. First, the multivariate Hermite polynomials possess a rotation invariance
property.

Lemma 13 (Rotational Invariance Property of Hermite Polynomials). For any x,2’ € R?,
any k € N and any orthogonal matriz R € Oy,

> Hu(x)Ha(z') = ) Ho(Rx)Ha(Rz').
|a|=k |a|=k

The proof of this lemma is available in Appendix A.1. This property will be extremely
useful to characterise the statistical behaviour of our methods, as discussed in Section 4.
Another key property is that for any R € Oy, the family (Ha(R-)),, cna also forms a basis
of L%(q). Consequently, we can express any f € F in this basis.

Moreover, we can characterise the derivatives of functions in L?(q) as in Equation (3.7).

Let f € F be written as f = > cpa f(®)Hq, then using Equation (3.6), we have the
following expressions for the derivatives

/Rd ((;Z) <§g£,>q = 3 Ve t+ Dyl + 1) f(e+e) fla+e). (3.9)

a€eNd

As before, we aim to enhance the regularisation using the sequence (cx)g>o For r €
(0, +00), we define

Qeas(f) = (tr (M)

with (Mp)ap = 3 —vag ¥ Ivay T1f(a+ea)flatep), abe[d.  (3.10)

It is worth noting that My is a positive semi-definite matrix (see the proof of Lemma 14).
The penalty e, pushes the eigenvalues of of M towards 0, and since the rank of M is
equal to the number of its non-zero eigenvalues, the penalty encourages the rank of My
to be low. It is crucial that ¢|,| depends solely on |a] and not on any other quantities
depending on a (e.g., max,c[q @ for example). This property allows us to leverage the
rotation invariance property described in Lemma 13, which is needed for our estimation
algorithm in Section 3 and for obtaining statistical consistency results in Section 4.

Let us now examine some important properties of the proposed regularisation.

Lemma 14 (Properties of the Regularisation). For any f € F, the following properties
hold

1. Let R € Og, if we define g = f(R-), then My = RMgRT and Qeat () = Qeat(9)-
Quar(f) = (tr (Diag(M,)/2))"",
3. If My is diagonal, Qear(f) = Qvar(f).

b

4. Let My = UDUT be the eigendecomposition of My, where U € Oq and D is a diag-
onal matriz. If we define g = f(U-), then My = D is diagonal and thus Qear(f) =
Qvar(9)-

5. Let My = UDU be the eigendecomposition as above. If the rank of D is s, then g =
f(U-) only depends on variables x, where D, > 0 and f = g(U'-) only depends

on s linear transformations of the original coordinates, namely of (U x)q for a such
that D, > 0.
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6. If r=1,
Dear (£) = 1nf Qv (f(R)).
Proof of Lemma 1. We proceed by proving each assertion separately.
1. We have for z € R?

d
zTMfz: Z Z

a,b=1 aeNd Clal+1

d 1 of of
=2 > Z“Z”<8T:a’H“>L2<q)<87cz)’Ha>L2<q)

a,b=1 qecNd Clal+1

! ZaZbV 0 + 1V ap + 1f(a + ea)f(a + ep)

2
L3(q)

_ Lo
= Z P~ 1<z V[, Hp)
aeNd ||+

This shows that M is positive semi-definite, writing A (0, I;) for the standard nor-
mal distribution on R%, we then have

1

2
zTMgz = (EXNN(o,Id)(ZTVQ(X)Ha(X)))

aeNd CIaH—l

1 2
= Y ——(Bxenory (zTRTVF(RX) Ha(X)) )

as Vg(X) = R'"Vf(RX)

=2 : (]EXN/\/(O,M)(ZTRTVf(RX)H‘%(RX)))2

by Lemma 13,

1 2
= Y ——(Exenioun (zTRTVI(X) Ha (X))
aeNd lal+1

by rotation invariance of the standard Gaussian,
=2"R"M;Rz,

that is My, = R™M rR. The second assertion follows by the rotation invariance of
the trace.

2. It suffices to see that for any a € [d]
1

. ~ 1 ~
Dlag(Mf)a,a = (aa + 1)2f(04 + ea)2 = Z 704af(a)27
aend Clal+1 aeNd o, >0 1o
and therefore
d 1.

tr (Diag(Mf)T/Q) = Z ( Z ag—f

a=1 " qeNd Claf

3. This is a direct consequence of the previous result, because of the definition of geyt.

4. By applying the first result, we find that Qgeat(f) = Qeat(9) and My = D. Then,
using the third result, we conclude that Quar(9) = Qeat(g). This establishes the
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desired result.

5. Consider the function g = f(U-). From the previous result, we know that M, = D
is diagonal. According to the definition of {)y,., we have D, = 0 if and only if g does
not depend on variable x,. Consequently, if the rank of D is s, then g only depends
on s variables, specifically those for which D, > 0. As a result, we can conclude that
f=g(UT.) depends solely on (U'x), for a such that D, > 0.

6. Let us examine Qfeat and Qvar as follows
Upeas( 1) = (11 (M), Quae(f) = (1 (Diag(My)'%)).

We can decompose My as My = UDU" using its eigendecomposition. If we define
g = f(U-), then My, = D is diagonal, and we have Qgeat(f) = Qeat(9) = Qvar(9)-
Consequently, we obtain the inequality

Qfeat(f) > Riél(gd Qvar(f(R'))'

O]

The rotation invariance of {2, is crucial in the context of feature learning, as it ensures
that the penalty is not biased towards specific directions. Similarly, Qg is also rotation
invariant, as can be seen using Lemma 13.

We observe that given a function f and its associated matrix My, we can construct a
function g consisting of a rotation of the data and f in such a way that the feature penalty
on f is equal to the variable selection penalty on g. This highlights that the feature learning
setting extends the variable selection problem by allowing data rotation. Furthermore, we
can easily determine if g depends only on a few variables, and therefore if f depends only
on a few linear transformations of the data, which aligns with our assumption for f*. The
last assertion of Lemma 14 will be useful to show that the proof of the consistency for the
variable penalty easily extends to the feature learning setting, see Section 4.

With these considerations, we proceed to estimate f* in the setting described by As-
sumption 5 by solving

folt = arg min R(F) + AQZ(f) + e (F), (3.11)

with A a fixed parameter and p a hyper-parameter. We refer to this estimator as the
REGFEAL (regularised feature learning) estimator. As for the relevant features or variables
and dimension, we discuss their computation in Section 3.1.

3 Estimator Computation

The computation of the solution for the optimisation problems delineated by (3.8) and
(3.11) requires the employment of several strategic methodologies, which we will now
discuss.

3.1 Variational Formulation

We first use the following quadratic variational formulation, similar to the approach pre-
sented in Bach et al. [2012]. This formulation is necessary since it is not possible to directly
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optimise Equation (3.8) and Equation (3.11) due to the absence of closed-form solutions.
Using other classical optimisation methods such as gradient-based methods would be less
efficient as the overlapping group Lasso penalty we propose does not have efficient projec-
tion algorithms. Indeed, the variational formulation allows us to rewrite our optimisation
problems as the minimisation over two variables of a specific quantity. Subsequently, we
can alternate the minimisation with respect to each variable, leading to rapid convergence
in practice.

We first give the following Lemma which is adapted from Jenatton et al. [2010], which
provides a variational formulation of sums of powers.

Lemma 15 (Variational Formulation). Let r € (0,2) and u € R%, then
d

d
r r Ug
= (X wl) =, min 3o
a=1

n€R+7 Hn”r/Q r)= 1a 1 77(1
with minimum attained at n,Ya € [d], n, = ,12 " /2/(Zb LU 7/2) n/r.

Now, let us apply this approach to the penalty used for variable selection.

Lemma 16 (Variational Formulation of Variable Selection Penalty). Let f € F written
as f =3 end fla)Hy, and r € (0,2), then

()= min Z( > aa—f 2 )i

ﬂ€R+, Hn”r/(Q r)— la 1 OéG Nd)

= min ( Z ot — 1 f(oz)2>,

UGR(}H Hn”'r/(er)zl aE(Nd) C|a‘
where n=t = (1/n1,...,1/nq) and where the minimum is reached for n such that
o (2—r)/2
(ZaG(Nd)* O‘aﬁf(a)Q)
Va € [d], e = : (3.12)

(22:1 (ZaE(Nd)* abﬁf(a)z)’ﬂ) (2=r)/r

Proof of Lemma 16. Recall Quar(f) = (291 (X e a—lf( @) )T/2) Y7 and use Lemma 15
with ug = 3 4 (nay aaﬁf(a)? O

We can then rewrite (3.8) as

Mot = argmin R(f)+ Y. —f(a)?)(A+panh) (3.13)
feF, neRL aG(Nd) \a|
subject to f = Z f Ho,  nllrje-ry = 1.
aeNd

Recall that Quar(f) = (29, (X aemay- aaﬁf(a)Q)r/Q)lm. Each term
(Zae(Nd)* aaﬁf(ocf)?ﬂ quantifies the dependency of f on the variable z,. We then
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remark from the definition of n};# in Equation (3.12), that

A

(Caeqwy oz Fat(@)?)”?

va e [d, ()] = WS
Y (Lo avg foit (@)2)"

ar /g

Hence ( 3,‘;;)@ represents the variation of fX* which is due to x,. We can use n3# to es-

timate the relevant underlying variables by using conventional techniques such as thresh-
olding. Specifically, we can consider a variable x, to be relevant only if 7, is above some
predetermined threshold, i.e. S := {a € [d], ( )"“)a > t} for some ¢ > 0.

var
We can proceed in a similar manner for the feature learning setting.

Lemma 17 (Variational Formulation of Feature Learning Penalty). Let f € F, My from
Equation (3.10), with My = UDUT its eigendecomposition and r € (0,2), then

() = i tr(A7 M)

subject to A = R Diag (n)R"
R e Oda ne Ri? ||77”7”/(2—r) = 17

where the minimum is attained for

A = U Diag (n)U" (3.14)
DE-"/2

Va € [d], ne = .
(Siy Dy

This allows us to rewrite Equation (3.11) as

A, A, . ~ B
fent> Meny = argmin  R(f) +AQF(f) + ptr (A7 My)
FEF, AcRdxd

subject to A = R Diag(n)R"
R € 04, n€RE, |nllyj@-r) = 1.

Moreover, with A = RDiag(n)R" as above, if we write f in the rotated basis
as [ = ZaeNd f(a)Ha(RT')v and g = f(R) = ZaENd f(a)Hq, we have Mf = RMgRT
(Lemma 14). Therefore

d
tr (A_le) = tr (Diag (n_l)Mg) = Zn;l Z —2 f(a)?
a=1
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We can then rewrite Equation (3.15) as

A, A, .
fiokes ARhi = argmin D 2N+ pa Ty (3.15)
feF, AeRdXd e ) C\a|

subject to A = R Diag(n)R"
R € Oqg, ne Riv HnHr/(2—r) =1

f=3 flH.(R").

aeNd

We see then that the feature learning problem can be viewed as an extension of the
variable selection problem, where we additionally optimise over any possible data rotation.
Conversely, the variable selection problem can be seen as a particular case of the feature
learning problem, where the rotation matrix R is fixed to the identity matrix.

To estimate the dimension of the underlymg feature space P and the features them-
selves, we use the eigendecomposition of Afeat = (Rfeat) Diag(nfeat)Rf By using
the columns of Rfeat corresponding to the selected features, denoted as S = {a €

[d] | (n?eft) > t} for some threshold ¢ > 0, we construct our feature estimator P, i.e.,

P .= (Rfeat) . We see that by employing alternating minimisation, we are able to simul-
taneously learn the regression function and the underlying features.

3.2 Optimisation Procedure

We now discuss how to solve the optimisation problem using alternative minimisation,

drawing on techniques described in Bach et al. [2012]. In the following discussion, we will

focus on the feature learning setting. However, it is important to note that by simply

fixing R = I; in each equation, we can easily revert back to the variable selection case.
To solve Equation (3.15), we have observed that when the function f is fixed, the

optimal A can be determined using Equation (3.14), which involves the matrix M;.?
When A is fixed, we seek to solve the optimisation problem

argminR )+ Z 7f )\‘i‘MCV nt)
fer ag( Nd)

subject to f = Z Fl@)Hu(RT),

a€Nd

where A = RDiag(n)R". However, this can only be solved if R is known, i.e., for some
chosen loss function £. Until the end of Section 3, we consider the quadratic loss which
is commonly used in regression problems and allows for closed-form solutions. Otherwise,
iterative optimisation algorithms need to be employed. The problem is then

n

1 .
argmin — » (y® — >4 P— 2N+ pa'nh (3.16)
fer "4 ac(Nd)* Cla \
subject to f = Z Fl@)Hu(RT).
aeNd

=3 f(a)Ha(RT-), to compute My, we can remark that with g = f(R-) = PN f(a)H,, we have
the usual formula for M, from Equation (3.10) and My = RMyR".
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If we write for any z, 2’ € R?

Clo)Ha(R"z)Ho (R 1)
A+ paTn=t

ka(z,2") = Z , (3.17)

ae(Nd)*

the function k verifies all properties required to be a reproducing kernel [Aronszajn, 1950].
The condition for a function to be a reproducing kernel is that it is symmetric and that
the associated kernel matrix is positive definite for any set of points. Specifically, for any
n e Nand 2z, ... 2 the matrix K = (kA(x(i),x(j)))i,je[n} must be positive definite
(where A > 0 is useful in this context). We can then apply the theory of reproducing
kernel Hilbert spaces (RKHS). In this case, ky serves as the reproducing kernel for the
space F, with associated norm || - ||5, given by

2= 3 = f@P+ pa Ty

ae(Nd)* lo

(note that f depends on A through R). We can interpret the problem as a standard
kernel ridge regression, which we refer to as the “kernel point of view.” By applying the
representer theorem [Aronszajn, 1950], we know that the solution to Equation (3.16) takes
the form

F=" 002D, ) + 65,
=1

where §* and &) can be obtained in closed form using Y = (yD, .. ,y)T and K =
(ka (2, l‘(j)))ide[n} as the minimisers of

1
6N, 60 = argmin —||Y — Kx6 — doll||3 + 6T K0 (3.18)
SER™, joeR T

It is worth noting that the shape of the kernel defined in Equation (3.17) implies
that features corresponding to o € N¢ with large values of a'n~! are penalised more. If
7ne is small, indicating that it has been pushed down in the previous optimisation steps,
it suggests that variable z, or the direction (R'z), may not be particularly useful for
prediction. In such cases, for these variables/directions to be retained, they would need
to contribute significantly more to the fit compared to others.

Furthermore, we observe that the parameter A serves the purpose of ensuring numerical
stability when solving linear systems, particularly when a' =1 can be null. We recommend
setting A\ to a significantly smaller value than p to achieve this desired stability (e.g,
A=10"8%/ d@=")/" in our experiments). In fact, it is possible to fix A as a predetermined
value, eliminating the need for it to be treated as a hyper-parameter.

3.3 Sampling Approximation of the Kernel

We remark that the kernel described in Equation (3.17) is defined as an infinite sum,
which means it is not computable in practice. To overcome this challenge, we adopt an
approximation approach using sampling.

Let us define C(n) = > ,cma)- ﬁ By defining h(a) = ﬁﬁ, for all

a € (N?)* we obtain a probability distribution on (N%)*. Consequently, we can express
the kernel kp(x,2') as C(n)Eamn(Ho(RT2)Ho(RT2')).
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3. Estimator Computation

Sampling from the distribution h can be challenging, particularly in high-dimensional
settings. Therefore, we employ importance sampling techniques. For the first choice ¢, =
1<, the kernel kp(z,2") can be expressed as

H,(RTz)H,(R"2)
A+ paTn=t

ka(z,2') = Z

a€(N)* o] <M

M+d H,(RT2)Ho(R'2')
= p Eo~tt{jaj<m} A+ paTn~1 7

where U{|a| < M} is the uniform distribution over {a € (N%)*, |a| < M}. Sampling from
this uniform distribution can be achieved by selecting a subset B of size d uniformly from
the set [M + d], sorting the subset into By < .-+ < By, setting By = 0, and using the
differences between consecutive values to construct a. Specifically, for each a € [d], we set
aq, = By, — B,—1 — 1. If the resulting « is the null tuple, it is rejected, and the sampling
process is repeated.

For the choice ¢|o) = plol the kernel is

ka(z,2)= > LHQ(R%)H&(R%’).

We have developed a methodology called “group sampling” that addresses the chal-
lenges of sampling from the distribution h. To initialise the sampling, we set all compo-
nents of 17 to be equal. This choice ensures unbiasedness among the possible directions
while satisfying the constraint [[n||,/2—r) = 1. As a result, the kernel takes the form

laf
N P T T
]{A(.’L',.f ) - aei(Nd:)* \ 'Ul|a|d(2fr)/rHa(R x)Hoz(R €T )

We can directly sample from the distribution proportional to %. The sam-

pling process involves two steps. First, we sample an integer k from the distribution

i k+d—1 oF
d—1 )X+ pud@"n/rk’

To perform this sampling, we can precompute a table of probabilities for different values
of k up to a chosen maximum value (e.g., 40). We then normalise these probabilities and
use them to sample the value of k. Once we have obtained k, it represents the cardinality
of a. In the second step, we sample o uniformly from the set o € (N9)*, |a| = k. This
sampling procedure is exact, except for the controlled approximation introduced by the
choice of the maximum value.

We can develop an importance sampling scheme for the other optimisation steps when
the components of n are not equal. Here are the steps.

1. Sort the components of 1 in ascending order and find the largest gap between consec-
utive values. Divide the set [d] into two groups: Group 1, containing the components
above the top of the gap, with size di, and Group 2, containing the remaining com-
ponents, with size ds.

2. Define 7j; as the minimum value among the components in Group 1, and 72 as the
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Chapter 3. Group Lasso Penalty on Hermite Polynomials Decomposition

maximum value among the components in Group 2.

3. Sample k1 and ko from the distribution

ki+di—1\ (ko +dy—1 kiths
kl,k2~<1+1 )(2-1—2 ) P

do — 1 do — 1 )‘+M(7’;1+%)’

where k; and ky represent |a(V)| and |a(?)| respectively, and ") corresponds to the
components in Group 1.

4. Sample o) uniformly from the set o € (N): = ki1, and sample o? uniformly

from the set a € (N92): |a| = ko.

5. This yields
-1

lat] A
c@m  p + pa i T T
THo(R x)Ho(R
ae%l C) A+ paTig P X+ paTn=1 (R o)Ho(R o)

= EQNGroup sampling <C(7~7)

Hy(R" HaRT’>,
pE— (R z)Hu(R ')

with C'(7) a normalising constant.

By using this importance sampling scheme, we can approximate the desired distribution
accurately, even when the components of 7 are not equal.

We observe that with the group sampling approach, the distribution of « is influenced
by n through the grouping process, as well as through the values of 7; and 7j2. As the
optimisation progresses, the sampled tuples exhibit specific patterns: in directions that
are deemed unimportant (corresponding to small values of 7,), o, tends to be close to
zero, while in directions that are considered important (corresponding to large 7,), oy is
more widely distributed.®

No matter the sampling scheme, we sample a®, ..., o™ from some distribution with
importance weight w(«), yielding

o) = Y w(a)H, ) (R @) Hy) (R 7).
Jj=1

We use this formula to compute the kernel matrix Ky = (ky (x(i),x(j)))ij el Instead of

approximating the matrix Ky to use in Equation (3.18), we can also consider the equivalent
explicit “feature point of view” by writing f in the form

f= Z gjw(a(j))Ham(RT') + 0o Ho,
j=1

where

1
0r, 0} = argmin —||Y — @0 — 61l ||3 + ||0]|3, (3.19)
feR™, gpeR T

5Tt is worth noting that using the geometric distribution independently on each dimension of o would
have been a simpler approach. However, this method becomes highly inefficient as the dimensionality

increases, since it would involve sampling numerous « tuples with low importance weights (as determined
by Ho(RTa)Ho (R )

P~ ) due to their alignment with directions where 7 is very small (i.e., «'n~! is small).

72



4. Statistical Properties

with & € R™ ™ the matrix filled with w(a(j))Ha(j>(RT:U(i)). This is computationally
advantageous when n > m. Otherwise, we use the kernel point of view. In both cases, we
can use (6,0y) or (d,00) to rewrite f as Y cna f(@)Hy(RT-). We remark that f(a) =0
when « has not been sampled.

The pseudo-code for the REGFEAL method is provided in Algorithm 2.

for i € [nier] do
if 1 =0 then
0 e 1)dCT,

R+ I
else
if feature learning then

‘ Update R and 7 as in Equation (3.14);

else
‘ Update n as in Equation (3.12);
end
end
Sample a®, ..., a(™ using group sampling as in Section 3.3 with 7 ;
Compute importance weights w(a(),. .., w(al™);

Compute Hermite features ® € R™™ &, ; = w(a W) H, ;) (R z®) ;
if n > m then
‘ Update 6 as in Equation (3.19);
else
‘ Update 4 as in Equation (3.18);
end

end
Algorithm 2: REGFEAL pseudocode.

In terms of numerical complexity, each iteration has a cost of

(’)( nm'd +nd® + d*(m')? + d&* + md + nm' max(n, m’)),

Hermite features M and its eigendecomposition Sampling Computing 6 or §

where m' is the number of unique tuples sampled (which is necessarily smaller than m,
and can be much smaller when 7 is sparse). The parameter m can be chosen to achieve a
balance between computational cost and performance, but selecting an excessively small
value for m may adversely affect performance. In practice, the number of iterations
required for convergence is typically very small (less than 10), as demonstrated in Section 5.
Additionally, it is worth noting that the computation cost of § in the feature point of view
could be reduced through the use of the Nystrom approximation [Rudi et al., 2015].

4 Statistical Properties

We now consider the statistical properties of REGFEAL. We always take r = 1 and we do
not consider the approximation due to the computation of the estimators in this section.
Our goal is to provide a high-probability bound on the expected risk of REGFEAL to gain
insights into its generalisation properties under minimal assumptions to obtain a very
general result. We do not consider the consistency of the e.d.r. space estimation, as this
usually requires much stronger assumptions, such as the linearity condition, the gradient
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Chapter 3. Group Lasso Penalty on Hermite Polynomials Decomposition

along the relevant directions to be large enough in norm, or constraint on the loss to be
the square loss, for example Cook and Weisberg [1991], Jing Zeng and Zhang [2024].

We leverage the results presented in Bach [2024], which provide bounds on the max-
imum difference between empirical and expected risk, in terms of the expectation over
the class of functions with bounded norm. These bounds are expressed in terms of the
Rademacher complexity of the set {f € F, Q(f) < D}, where D > 0 is a fixed bound. By
employing these results, we can obtain a probabilistic bound on the constrained estimator
and apply McDiarmid’s inequality [Boucheron et al., 2013] to establish a result in proba-
bility. Ultimately, Theorem 6 provides a probabilistic bound for the REGFEAL estimator,
leveraging the aforementioned results as well as the optimality conditions satisfied by the
estimator.

4.1 Setup

We start by making assumptions about the data used to train the model.

Assumption 7 (Data). D = (:c(i),y(i))ie[n} is a set of i.i.d data, with (X,Y) a pair of
random variables such that Vi € [n], (2, y®) ~ (X,Y).

Notice that we do not make strong assumptions on the distribution of the data, such as
independence of the covariates or constraint to be elliptically contoured, nor do we require
is to be known a priori.

Let us introduce some definitions. Let (cg)r>o be a non-null sequence of positive reals.
We define the function space F as Span ({Ho} U {Hq, for a € (N?)*such that cjq)~0}).-

Let ¢ be a loss function on R x R, and let the expected risk R and the empirical risk R be
N 1 , .
R(f) = Exy ((Y. (X)) and R(f) = > ¢y, f(z™)).

We define the functional norm Q(f) for any f € F as Q(f) := Quear(f) + |f(0)] or
Q(f) := Quar(f)+]£(0)], where f(0) represents the constant coefficient of f. It is important
to note that the constraint on the constant coefficient is not necessary in practice, but
we include it for the purpose of theoretical analysis (we could also add a small weight on
|7(0)| to this effect). We define the regularised empirical risk Ryu(f) for > 0 as follows

n

S, f(@D)) + u(f).

i=1

Ru(f) =

1
n
We denote our estimator as f# := arg min . » 7%“. In order to establish theoretical results,
we will rely on the following assumptions.
Assumption 8 (Problem Assumptions).

1. The true regression function f* := argminscrR(f) erists.

2. For some D > 0, the loss function ¢ is G-Lipschitz continuous in its second argument
for any wvalue of its first argument, i.e., Yy € YV, Vx,2' € X, Vf € F such that

Q(f) <D, [y, f(x) = Ly, f(@)] < G- |f(z) = f(@)].
3. For some D > 0, loo 1= SUP(, yyexxy, fera)<p LY, f(x)) is finite.

4. The loss £ is conver on R X R .
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4. Statistical Properties

For our main result, we will use D = 2Q(f*). These assumptions are commonly used
in the analysis of nonparametric regression [Gyorfi et al., 2002]. Many commonly used loss
functions in regression problems, such as the quadratic loss, absolute mean error, Huber
loss, or logistic loss, are convex. The Lipschitz continuity condition holds for all of these
losses, except for the quadratic loss, which we handle separately, for example by exploiting
the boundedness of the data. If the data is bounded (i.e., X x ) is bounded in R? xR), then
SUPgex, fer,a(f)<p |f ()| is bounded for any D > 0. We can then use the convexity of the
loss ¢ and boundedness of ) to justify that £ is well-defined. For the quadratic loss, in this
setting, it satisfies Assumption 8.2 because (y — f(2))? — (y — f(2'))? = (f(2) — f(2))(y —
f(x)+y—f(2')), and we can then take G := sup(, ,\exxy,rer.o(f)<p [y — f(x)+y—f(z')].

4.2 Rademacher Complexity

First, we apply the Lipschitz continuity assumption to bound the supremum over a set
of functions of the difference between the empirical risk and expected risk, in expectation
over the dataset.

Lemma 18 (Use of Gaussian Complexity). Let G be any set of functions, then under
Assumption 7, and Assumption 8.2,

Ev(fgelg (R(f) = R(f)) + sup (R(f) - R(f))) < 4\/;G -Gn(9),

where

1 & -
Ga(9) = Ep ooy (sup 1 D eif o))
feg Mo
is the Gaussian complexity of the set G [see Bartlett and Mendelson, 2002].

See Appendix A.2 for the proof, which we include for the sake of completeness. This is
a close variation of the work presented in Bach [2024]. We now need to bound the Gaussian
complexity, when we consider subsets of the working space F with bounded norm.

Lemma 19 (Bound on Gaussian Complexity). Let D > 0, with G := {f € F, Q(f) < D}
with Q0 defined as in Section 4.1, under Assumption 7, we have

Gn(g)SD-\l;t(lﬁ— > c;'EX(Ha(X)Z))

We remark that the result depends heavily on the data distribution through the ex-
pectations Ey (H,(X)?) and the design of the norm through (c;)g~o. We discuss these in
more details in Section 4.4.

Proof of Lemma 19. We first consider the norm Q,,. Let f € G, we have

2yt = ¥ fo)(; Sata) = X faé),
i=1 =1

a€eNd acNd

This can be seen for Q.. by noticing that Q(f) can be written as |f(0)] + 22:1 O.(f) >
(|f(0)|2 + Zzzl @a(f)2)1/2, with the latter being an RKHS norm with reproducing kernel k(x,z’) =

1+Za€<Nd>* %Ha(w)Ha(w/) It follows that f(z) = (f, k(X,-)) < f(0)+Q(f)\/k(z, z) which is bounded
if x is bounded.
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with ¢ an infinite vector indexed by (N%),¢(a) = L5 eiHo(2) . Therefore

sup — Z&f =sup > e =D -7, (6)
feg aeN’i
Now since 2y, is the sum of d + 1 semi-norms ©g, 01, ..., 04, with
Oo(f) =1/(0)

)2>1/2,Va € [d],

(

Qar(§) = inf sup 0 (&a)-
¢= Za o éa a€{0,...d}

This is an extension of the fact that the set Q. () < 1 is the subdifferential of Qy,;
at f = 0, and thus the sum of the d subdifferentials of Qg,...,Q4 at f = 0. We consider
a € [d], we have

Nd)

we have

Q2= Y a2l

(6%
a€N? a5 >0 a

and Q3(€)? = £(0)°.
If we choose Yo € (Nd)*, fa(a) = Zm 5(@), &o(a) =0, éa(o) =0 and éo(o) = é(O),

we have:

E(a)?—el_ £(0)?
S fer s o)

ZNf ( Liaj>0 + Ljo)= o)

Let W2 = Diag ( |a“ Liaj>0 + Ljo= o) and @ the design matrix of all H, (™) (with n rows

and infinitely many columns indexed with a € N¢). We have f = %@Ts, and
U (§)? <ETW = eTon?ele.
We compute the expectation of Q% (£)? for e ~ N(0,1,,), and get

E. (€}

var

(€)?) <E. (aT<I>W2<1>T ) = ;2 tr (PW2dT)

3P > T Har

N‘i*’b 1

76



4. Statistical Properties

We now take expectations with regards to the data D and get

1 a
EDE(Qvar(§)2) S E Z C|04’|EX (Ha(X)Q) + E
ae(Nd)*

Using Cauchy-Schwartz, Ep . (Q%,,(€)) < \/% (14 YXaemay- %Ex (Ho(X)2)).

From Lemma 14, we have

Qfeat(f) > Rlélgd Qvar(f(R'))'

Then, for an infinite vector ¢ indexed by N?, with &(a) = Ly LeiHo (@) and &g
an infinite vector indexed by N? with ég(a) = s eiHo(R2z) | we have QF ,(€) <

SUPRreo, War(§R)-
Therefore

1
Sup Qvar(gR) < sup 7€T<I>RW2(I)RE
ReOy ReOy M

with ®p the design matrix of all H,(Rz") (with n rows and infinitely many columns
indexed with a € N¢). Therefore using Lemma 13,

eTDRW2dfe = ZE,’%’S]( Z Rz H (R:c(])))
i,J

= Zfiié‘j (1 + Z % Z Ha(Rx(i))Ha(Rx(j)))

k=1 aeN? |a|=k

= Z&‘@]( + Z Z H,( (.))) = W2 e,
,J

I\k

which is independent of R, therefore yielding exactly the same result as for Qy,, once
expectation with regards to € and the data is taken. O

4.3 Statistical Convergence

To gain insight into the proof technique, we initially establish an expectation-based result
for the constrained estimator instead of the regularised estimator. We bound the expected
risk of the function that minimises the empirical risk over the set of functions with a
bounded norm, in expectation over the dataset. To accomplish this, we use Lemma 18
and Lemma 19.

Lemma 20 (Expe@ed risk of Constrained Estimator). Let D > Q(f*) and let fP =
argminger, o(p)<p R(f), under Assumptions 7, 8.1 and 8.2,

Ep(R(fP)) < R(f*) 4GD\f J Y gy (H(X)2).

Nd)* ’a‘

Proof of Lemma 20. With G :={f € F, Q(f) < D}, we have the classical decomposition
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of the excess risk

<R(fP) = R(fP) + R(f*) — R(f*)
<supR(f) — R(f) +sup R(f) — R(f)
feg feg

We then take the expectation over the data on both sides and use Lemma 18 and
Lemma 19

Ep(R(f7)) — R(f*) < Ep(sup R(f) — R(f) + sup R(f) — R(f))

feF feF

<4/ 3G Gul9)

4GD [« Cla

—/= |1+ E —Ex(Hy(X)?),
B \/ﬁ Q\I ag(Nd)* ‘a‘ X( ( ))

hence the desired result. O

In addition to the expectation-based result, obtaining a result with high probability
for the constrained estimator is also of interest. This is achieved in Lemma 23, presented
in Appendix A.3, by using McDiarmid’s inequality [Boucheron et al., 2013]. To apply this
inequality, an additional assumption is required: the boundedness of the loss (Assump-
tion 8.3). However, the most significant and relevant result is the one obtained for the
estimator that minimises the regularised empirical risk. This result is more realistic and
imposes the additional requirement of convexity of the loss function.

Theorem 6 (High-Probability Bound on Expected Risk of Regularised Estimator). Under
Assumption 7 and Assumptions 8.1, 8.2, 8.3 with D = 2Q(f*), 8.4, then for any 6 € (0,1),
with the choice of reqularising parameter

8G o loe2V2
=T J b3 (007 + gl s

ag(N9)*

with probability larger than 1 —§

R(f*) < R(f7)
(16(;\/*J14r 3 C'“‘Ex )2))+£mjﬁﬂ

Nd)*
and Q(f*) < 20(f7).

We now discuss the meaning of Theorem 6. The theorem states that with high prob-
ability, under the appropriate choice of the regularisation parameter, the norm of the
estimator fH#, Q(f*), is bounded by twice the norm of the true regression function f*,
Q(f*). We remark that the choice of regularisation parameter depends on Q(f*), how-
ever, this is not the case in the bounded setting, see the discussion in Section 4.4. Under
Assumption 5 (feature learning setting) or Assumption 6 (variable selection setting), we
know that Q(f*) does not depend explicitly on d but only on s, the underlying number of
variables or dimension of the linear subspace.
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The norm Q(f*) also helps us bound the difference between the expected risk of the
estimator R(f*) and the expected risk of the true regression function R(f*). This dif-
ference, denoted as R(f*) — R(f*), has a dependency on the number of samples n, with
a convergence rate of n~1/2 as expected for a Lipschitz loss and a well-specified model.
However, the dependency on the dimension d of the original data is somewhat concealed
in \/ 1+ 3 e (nd)s %E x (Ha(X)?). We provide a detailed analysis of this dependency for
specific choices of the data distribution X and the sequence (cg)k>o in Section 4.4.

Proof of Theorem 6. The proof is adapted from Bach [2024]. Define f#* as the minimiser
of R, :== R + pf) over F. Now, for D > 0,7 > 0 define the following convex set

Cpr ={f € F,Q(f) < D,Ru(f) = Ru(f*") < 7}
It has boundary
aCD,T = {f € ]-",Q(f) < DaR,u(f) - Ru(]w*) = 7_}7

i.e., the second constraint is the saturated one, for well chosen D and 7. This is because,
if we consider a f such that Q(f) = D, since the optimality conditions for f** give
that Q*(R/(f**)) < p, (with R’ any subgradient of R which necessarily exists because R
is convex since ¢ is convex) we have

Ry(f) = RulF*) = R(F) + QU f) = R(F™) = u Q)
> (R, (f = 7)) + 1) — ()
by convexity with (-, ) associated to €2
> QRIS — 1) + U f) — pQ( )
by Holder’s inequality
> —pQ(f — 1) + p(f) — pQ(f**) by optimality of f**
> 2u2(f) — 2uQ(f**) by the triangular inequality
> 2uD — 2uQ(f**) since Q(f) = D,
> 2u82(f*) by choosing D = 2Q(f*), since Q(f*) > Q(f**)
> 1, by choosing 7 = uQ(f*),

hence the desired result on the active constraint of the boundary. We now fix 7 = uQ(f*)
and D = 2Q(f*).

Now if f# does not belong to Cp -, since fH* does, there is an element f in the
segment [f#, f**] that belongs to OCp -, i.e, Q(f) < D and R,(f) —Ru(f**) = 7. Because
the loss is convex, we have that ﬁﬂ(f) < max{ﬁ“(f“),ﬁ“(f’“‘*)} = ﬁﬂ(f“*). Therefore

7= Ru(f) = Ru(f*) < Ru(f) = Ru(f) + Ru(f) = Ru(f)
< R(f) = R(f) + R(f*) — R(f*). (3.20)
From the proof of Lemma 23, for all § € (0,1)

sup  R(f)=R(f)+ sup  R(f)—R(f)
feF, Q(f)<D feF, Q(f)<D

4GD [ Clal lso2V/2 1
< . /= i} 2 —
SN 2\J1+QE(ENUZ)* |a|EX(Ha(X) )+ T log6
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with probability larger than 1 — §.
We apply this to the RHS of Equation (3.20) (as Q(f) < D and Q(f**) < D), which

is smaller than 4%)\/2\/1 + D ae(Ndyr ToE v (Ho(X)?) + % log 3 with probability

|af

larger than 1 — 6.
Now if 7 is such that

4GD 7 Clal lso2V/2 1 ,

— /= |1+ S Ex(Hy(X)?2) + log~ <7, ie.,
vn V2 ae%i)* ol x (Ha(X)?) NG 5
8G [ la| 0os24/2 1

QUf ) —7=1/5 |1+ Ex (Ha(X)?) + ——F=—1/log = < pu(f")

vV ay 1t 2 e P (0w s g

8G [ Cla lou2V/2 1

— /= |1+ —Ex(Ha(X)2) + ————<1/log= < p

vn Q\I QE(ZN;)* al X (Ha(X)?) VRQ(f )V e

then f* belongs to Cp, with probability larger than 1 — 4.
If we choose p = %\/%\/1 + D aemay %EX (Ho(X)?) + ng})g)\{/iﬁ log 3, then

and Q(f*) < D = 2Q(f*) with probability larger than 1 — 4. O

4.4 Dependence on Problem Parameters

As we have seen, Theorem 6 depends on some quantities we detail now. First, we provide
a definition of subgaussian real variables, as given by Vershynin [2018].

Definition 3 (Subgaussian Variables). Let Z be a real-valued (not necessarily centred)
random variable. Z is subgaussian with variance proxy o if and only if

+2

Vit > 0,max (P(Z > t),P(Z < —t)) < e 2.2.

Data distribution. To begin, we aim to establish an upper bound for the expectation
of the squared Hermite polynomials over the covariates.

Lemma 21 (Analysis of Data-Dependent Terms in Theorem 6). Let o € N

1. If X ~ N(0,14), then
Ex(Hqo(X)?) = 1.
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2. If X is such that || X |2 < R a.s., then

R2

Ex(Ho(X)?) <ez.

3. If X is such that | X ||2 is a subgaussian variable with variance proxy bounded by 0% <
1/(36¢), then
Ex(Ho(X)?) < €0¢7° < ¢,

The proof of this lemma is provided in Appendix A.4. Note that independence between
the coordinates is not required, except in the first case, which is an illustration of the
definition of the Hermite polynomials. It is worth noting that except in the Gaussian
case, the bounds may not be ideal with respect to their dependency on d. However, these
bounds rely heavily on the bound for Hermite polynomials in Equation (3.3), which is valid
for all points on the real line and for all one-dimensional Hermite polynomials. Thus, it
is expected that better bounds in expectation are possible.

Choice of (cg)r>o0. The quantities in Theorem 6 are influenced by the design of the
penalty, which is determined by the choice of the sequence (cg)r>o. This dependency is

observed in Q(f*), fs, and \/1 + P ac(nd)s |a| 2l Ex(H,(X)2). It is worth noting that the
bounds provided in Lemma 21 do not rely on the specific value of a. Therefore, our focus

is now on bounding the summation term > ¢ na)- %

Lemma 22 (Analysis of Terms Depending on (c;)g>o in Theorem 6). If ¢y = plel,

with p € (0,1)
> < i
— _ p)d
aG(Nd)* ’a’ (1 p)

5 c|a<M+1<M+d>
e (N al = d M+1

and Zf Cla| = ]l|a\§M7

The proof of this result can be found in Appendix A.5. By combining the different
results, in the case of bounded data, for example, we can derive a corollary of Theorem 6
as follows

Corollary 1 (High-Probability Bound on Expected Risk of Regularised Estimator for
Bounded Data). Under Assumption 7 and Assumptions 8.1, 8.2, 8.3 with D = 2Q(f*),
84, if | X]l2 € R a.s., (ck)r>0 = (0PF)rx>0, then for any § € (0,1), with the choice of
regularising parameter

G eR?/2 T 2
= —3/1 4+ —— — +2v24/log =
h= +(1—p)d(8V2+ v2 Oga)’

with probability larger than 1 — §

R(f") < R(f*) + Q(f )\F (eR/;)(lﬁ\fo 1og§>

and Q(f") < 20(f").

The proof is provided in Appendix A.6. We note that the choice of the regularisation
parameter is independent of the unknown norm Q(f*) or the distribution of X, as long
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as R is known. In the derived bound, the value of G can be independent of d for certain
loss functions such as the logistic loss. We observe that Q(f*) does not depend on the
dimension d, but solely on the number of variables or the dimension of the linear subspace
s. It is important to note that the method exhibits a strong dependence on the dimension,
which does not overcome the curse of dimensionality. However, this is merely the first step
towards solving the multi-index model through regularised empirical risk minimisation,
leaving room for future work and improvements.

5 Numerical Study

In this section, we present the numerical results that demonstrate the behaviour and
performance of REGFEAL. The implementation of the estimator, as well as the code
to run the experiments, can be accessed online at https://github.com/BertilleFollain/
RegFeal. The REGFEAL estimator class is designed to be compatible with the Scikit-learn
API [Pedregosa et al., 2011], ensuring seamless integration with existing machine learning
workflows.

5.1 Setup

We describe the experiment setup, which includes data simulation, training procedure and
metrics for evaluation.

Data. In each generated dataset, depending on whether we consider feature learning or
variable selection, we construct the linear subspace P differently. In the feature learning
case, we sample a matrix from the set of d x d orthogonal matrices Oy and select its first
s columns to form P. For variable selection, we simply consider the first s variables to be
the relevant ones. Note that while our experiments were conducted with independently
generated covariates, our method is invariant to rotations (in the feature learning case)
and sign changes of the data (in both feature learning and variable selection). As such, it
is robust to potential correlation between the covariates. The i.i.d dataset (x(i),y(i))ie[n]
is then generated as follows

X ~U{[-V3,V3]}

() =sin(2(Px)1) +sin(2(P " z)s), Ve € R? (sinus dataset)

f(x) = (PTa)1+ (P a)s = (PT2)f — (P o)} +2(P o)y (P 2)] — 4,
vz € R? (polynomial dataset)

Y = f(X) 4 oe, e ~N(0,1).

Each component of X has mean 0 and variance 1. Notably, in both datasets, the true
regression function f* depends on s = 2 linear combinations of the original variables.
The importance of the noise can be controlled through the parameter o. The test set
(xé?st, yt(?st)ie[mest] is generated in a similar manner as the training set.

Training. The loss that we consider is the quadratic loss. We train REGFEAL on the
training set with fixed values of A and r, and we cross-validate on p and p. The number
of iterations njier depends on the experiment. Some of the parameters are the same in all
experiments, such as ngest = 5000, 8 = 2, \ = 10_8/d(2_7”)/r7 r = 0.33.
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The values of the grid used for cross-validation can be found in Appendix B. The
training pipeline differs between Experiment 1 and Experiments 2 and 3.

In Experiment 1, for each parameter tuple (p, 1), we estimate the number of relevant
dimensions § using § := |{a € [d], (nf)‘e’;)g/m_r) > 1/d}|. Recall that 772/(2_T), represents
the importance of feature a, and at initialisation, it is set to 1/d for all a € [d]. We then
select P as the set of § eigenvectors of A?e’at corresponding to the 5§ largest eigenvalues.
Finally, we train a final regressor using Multivariate Adaptive Regression Splines (MARS)
[Friedman, 1991] on the dataset (P2, y(i))ie[n].

In Experiments 2 and 3, we simply use the output ff);;t of Algorithm 2 as the prediction
function. In both cases, the R? score is used as the evaluation metric, which is described
in Equation (3.21).

Metrics. We evaluate the performance of REGFEAL using two metrics: the R? score
[Wright, 1921] for regression performance and an adapted Grassmannian distance for fea-
ture learning performance.

The R? score is computed as

es ( ) ( )
Z?;f(ytést - ?Jpzred)z
Zzn;elst (yt(é)st - gtest)2

where fest is the mean of the test response values. The R? score can be computed on
both the training and test sets. A score of 1 indicates the best possible performance, while
a score of —oo indicates the worst performance. A constant estimator that predicts the
average response value corresponds to a score of 0.

For the feature learning score, we compute the Grassmannian distance between the true
subspace P and the estimated subspace P, which corresponds to the s largest eigenvalue
for the score computation. Note that the knowledge of s is only necessary to compute this
score and not necessary for training. Note also that this is not the same P that was used
to retrain MARS in Experiment 1, as the dimension of that one is estimated. The score
is defined as

1—

(3.21)

|P(PTP)~IPT — P(
|P(PTP)"1PT — P(

P)LPT|2/(2s) if s < d/2

f)T
PTPYIPT|2/(2(d - s)) if s > d/2,
where s is the number of relevant dimensions. The best possible score is 1, indicating a
perfect match between the true and estimated subspaces, while a score of 0 indicates no
correspondence between the subspaces.

In the setting of variable selection, this discussion can be adapted as discussed in
Section 3. The omitted details of the experiments can be found in Appendix B.

5.2 Results

We now provide the results of the experiments.

Experiment 1. In this experiment, we investigate the dependence on the dimension of
the variables d and the number of samples n. We perform the training procedure described
earlier, including the retraining step using MARS [Friedman, 1991] on the projected data.
We evaluate the performance on both the sinus dataset and the polynomial dataset with
noise levels 0 = 0.5 and o = 2.5 respectively. For the sinus dataset, we consider both the
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variable selection and feature learning settings. We conduct a total of nje = 5 iterations,
and the grid used for cross-validation can be found in Appendix B.

To provide a comparison, we also include the performance of the state-of-the-art
method MAVE [Xia et al., 2002], which is based on local averaging and does not use
regularisation. In our implementation, we follow the recommended procedure for MAVE,
which involves first training the Outer Product of Gradients (OPG) method to determine
the effective dimensionality reduction (e.d.r) space. We use cross-validation to select the
underlying dimension of the space and then retrain the model using MARS on the pro-
jected data. This allows us to compute the R? score. For the feature learning score, we
compute it based on the learned effective dimensionality reduction (e.d.r) space. Specif-
ically, we choose s = 2 as the dimension of the subspace to compute the score, following
the same approach as REGFEAL.

Additionally, we include the R? score for KERNEL RIDGE, which uses kernel ridge
regression with the kernel k(z,2') = 3 ¢ ndy» €ja|Ha(2)Ha (") and the hyperparameter
A, which we cross-validate over. To provide a comprehensive analysis, we also display the
noise level, which represents the best achievable score considering the noise level . We
repeat the entire experiment five times, each time with different data, and present the
average results with error bars of *oexp/ /5, where Oexp 1s the standard deviation of the
scores across the repetitions. The results of the experiment can be found in Figures 3.1,
3.2, and 3.3.

o J]
— —
o (o]
(%) (9]
0.0 — ]
g MAVE E MAVE
Kernel Ridge Kernel Ridge
-0.5 —— Noise Level -0.5 —$— Noise Level
—+— RegFeal —4— RegFeal
200 400 600 800 1000 200 400 600 800 1000
Number of samples n Number of samples n
(a) R? score d = 10 (b) R? score, d = 40

Figure 3.1: Performance dependency on d and n for the sinus dataset in the variable
selection setting.

In all figures, we observe that the performance improves with a higher number of
samples (n), which is expected, while it deteriorates with a larger dimension (d), which is
typical behaviour.

In Figure 3.1, we focus on the R? score for the sinus dataset in the variable regression
setting. We observe that REGFEAL performs well in both dimensions (10 and 40) without
requiring a large number of samples. However, KERNEL RIDGE fails in dimension 40 as
the kernel cannot effectively capture the dependency on only 2 variables. As for MAVE,
it does not benefit from the knowledge that this is a variable selection problem, unlike
RECFEAL, resulting in a higher sample requirement, particularly in dimension 40.

In Figure 3.2, we examine the R? score and the feature learning score for the sinus
dataset in the feature learning setting. We observe that MAVE and REGFEAL exhibit
similar behaviour in dimension 10, reaching the noise level for the R? score and achieving
a perfect feature learning score with enough samples. However, in dimension 40, MAVE
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Figure 3.2: Performance dependency on d and n for the sinus dataset in the feature
learning setting.

struggles significantly when the number of samples is low, while REGFEAL requires a
substantially larger sample size to accurately learn the e.d.r. space. Our interpretation is
that in this setting, where the true regression function uses a sinus, REGFEAL is hindered
by its definition using a basis of polynomials.

In Figure 3.3, we investigate the R? score and the feature learning score for the polyno-
mial dataset in the feature learning setting. The feature learning performance of MAVE
and REGFEAL is similar in this scenario. Regarding the R? score, KERNEL RIDGE en-
counters difficulties in dimension 40 as it does not benefit from the underlying hidden
structure. In dimension 10, REGFEAL performs similarly to MAVE, but in dimension 40,
it outperforms MAVE as MAVE tends to be overly restrictive and consistently underes-
timates the number of linear features required to provide a good fit when the e.d.r. space
is not perfectly learnt. In contrast, REGFEAL is less conservative, allowing us to leverage
more features when the number of samples is too low to accurately estimate them.

Experiment 2. In this experiment, we investigate the impact of the number of random
features m (as discussed in Section 3.3) on the R? score and feature learning score for
different values of n. The dimension d is fixed at 10, while the true underlying dimension s
is 2. We consider the noiseless setting ¢ = 0 and use the sinus dataset. The same
methodology is applied for error bar computation as in Experiment 1. The results are
presented in Figure 3.4.
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Figure 3.3: Performance dependency on d and n
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We observe that both the R? score and feature learning score improve with an increase
in the number of random features m. This observation aligns with the discussion in
Section 3.3, where a larger value of m leads to a better approximation of the kernel kj,
and allows for a wider range of a and H,, resulting in enhanced descriptive power and
improved fit and prediction of the subspace. However, we note that beyond a certain value
of m, the performance improvement levels off while computational costs continue to rise.
This suggests that choosing excessively large values of m does not provide any significant
benefit.

Experiment 3. In this experiment, we maintain the number of samples n = 5000,
the number of random features m = 2500, the dimension d = 10, and the underlying
dimension s = 2 fixed. We work with the noiseless sinus dataset, i.e., o = 0, and examine
the training behaviour of REGFEAL over the iterations. We train the model using cross-
validation based on the R? score and set niter = 10. The results are depicted in Figure 3.5.
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0.8 508
O
q) w
= 0.6 @
S —e— Test set ; 0.6
@ —=— Train set b
~ 0.4 0.4
“ g
0.2 $oz2
0.0 0.0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
lteration Iteration
(a) R? score (b) Feature learning score
0
0-250 10 = 1), small, last iter
0.225 w1, large, lastiter
0.200 s 1), small, first iter
107! w1, large, first iter
- 0175 o
! =
20150 %
< -2
10
0.125 e
0.100 %
0.075 == — 7 10 | | || | |
0.050 B || I 1
1 2 3 4 5 6 7 8 9 10 o 5 4 6 s 10
Iteration Value of a,
r/(2-r) .. . .
(€) Na ,Va € [d] (d) Empirical distribution of «

Figure 3.5: Training behaviour.

In Figure 3.5a, we observe that the R? score improves across the iterations on both
the test set and the training set. However, the behaviour is not strictly increasing on the
training set. This can be attributed to the fact that the kernel approximation differs at
each iteration, leading to variations in the fit.

Figure 3.5b demonstrates that the features are learned more rapidly than the fit. It
is important to note that the feature learning score assumes knowledge of the underlying
dimension s = 2. Hence, an important question is whether the estimated value of s is
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accurate.
In Figure 3.5¢c, we observe the values of 772/ =) for all a € [d] across the iterations.

Recall that Zg:1 772/ =1 — 1 and that 772/ 2-7) represents the relative importance of fea-

ture (R"z),. Initially, all 772/ =) are equal to 1/d. As the training progresses, most of the
components of 7/ (2=7) decrease, while two components increase, surpassing the threshold
of 1/d. These two components correspond to the relevant dimensions, indicating that the
correct number of dimensions would be easily predicted. Additionally, we observe that
these two components of n have relatively similar values, which aligns with the symmetry
of the regression function in this example.

Figure 3.5d displays the empirical density (in log scale) of o, for two different values of
a € [d] (specifically, agman := arg MiN,¢[q) Ta A0 Qlarge = arg Max,¢(q 7o for the final n) at
two different iterations: the first and last iteration. During the first iteration, the distri-
butions of ag for ajarge and agman are equal, which aligns with the initialisation discussed
in Section 3.3 (all components of 1 are equal). However, at the end of the optimisation,
we observe that the distribution of oy, ,,, corresponding to a non-important linear fea-
ture, remains almost constant at 0. Conversely, the distribution of ay,,,,., representing an
important linear feature, is more widely spread, which is beneficial to the fit.

6 Conclusion

We addressed the challenge of prediction function estimation in multi-index models by
proposing a novel approach REGFEAL. Our method combines empirical risk minimisation
with derivative-based regularisation to simultaneously estimate the prediction function,
the relevant linear transformation, and its dimension. By leveraging the orthogonality and
rotation invariance properties of Hermite polynomials, REGFEAL captures the underlying
structure of the data. Through alternative minimisation, we iteratively rotate the data to
better align it with the leading dimensions.

Theoretical results support the statistical consistency of the expected risk of our esti-
mator and provide explicit rates of convergence. We demonstrated the performance and
effectiveness of our method through extensive empirical experiments on diverse datasets.
One of the strengths of our approach is that it does not rely on strong assumptions about
the distribution shape or prior knowledge of the subspace dimension.

However, we acknowledge that our method is still subject to the curse of dimension-
ality, as indicated by the theoretical results showing an exponential dependence on the
dimension of the covariates. Nonetheless, we believe that our findings will contribute to
further developments in representation learning and high-dimensional data analysis. Reg-
ularisation is a versatile approach that can be applied to a wide range of problems where
an empirical risk can be formulated, foregoing the limitations of some methods solely based
on the square loss in supervised learning.

There are several interesting directions for future research. One possibility is explor-
ing alternative bases other than Hermite polynomials. Additionally, investigating more
efficient algorithms and strategies for handling high-dimensional data could be valuable.
Furthermore, examining the applicability of our approach to various types of problems
and datasets would also be worth pursuing.
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Appendix

A Additional Proofs and Results

A.1 Proof of Lemma 13

Proof of Lemma 13. We denote by N (0, I;) the d-dimensional normal distribution with
mean 0 € R? and covariance matrix I;. For any k € N, z,2’ € R%, using Vz € R, hi(z) =
ﬁ]}zy,\/ N0, (2 + iY)* (which can be shown by recurrence), we have

d
ST Ho(@)Ho(z) = 3 ] haw(Ta)ha, ()

|a|=k \oe|*k’ a=1
=Ey v (0,14) ( Z H xa—l—zY ) (al, +iY,) )
jal=k a=1
1 . k
k'EYY/NN(O Id) (( / — YTY/ + Z(LUTY/ + YT.T/)) )

This shows rotational invariance, that is, for any orthogonal matrix R € Oy,

SN Ho(x)Ha(a') = Y Ho(Rz)Ho(R2)).

|laf=k laf=k

A.2 Proof of Lemma 18

Proof of Lemma 18. Define H = {h : (z,y) € X x Y — {(y, f(x)), for f € G}. We have
that

~

sup (R(f) — R(f)) +sup (R(f) — R(f))
feg feg

— sup (E(h(z)) - ;z:; h(zm)) 4w (;

heH

We define the Rademacher complexity of the set H by

_ ()
R,(H) = IEDﬁN(u{_l ) (sup ZE h(z )

he%nz 1

where ¢ ~ (U{—1, 1})” means that each component of ¢ is independent and follows the
uniform distribution over the set {—1,1}.
Using Proposition 4.2 from Bach [2024], we obtain

su z — l 3 Z(Z)
Ep<h€5 E(h(2)) ~ -~ ;:1:]1( )) < 2R, (H)
sup + Z” L0\ _B(h(x
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Now from Assumption 8.2 and using Proposition 4.3 from Bach [2024]
Rn(%) <G- Rn(g)a
with

RO =By, iy (5000 S ar@).

We have from Exercise 4.9 from Bach [2024] that R,(G) < G (G). Combining all
inequalities yields the desired result. O

wol3

A.3 Lemma 23 and its Proof
Lemma 23. Under Assumption 7, Assumptions 8.1, 8.2, 8.3, with D > Q(f*), and fP =
argminger, o(p)<p R(f), for any § € (0,1), with probability larger than 1 — ¢

«  4GD 7 Claf 0o2V/2 1
R(fPY < R(f )+\/ﬁ\/;\ll+a€%\]:d)*a‘EX(Ha(X)2)+ N logg.

Proof of Lemma 25. Define G := {f € F, Q(f) < D}. We apply McDiarmid’s inequality
[Boucheron et al., 2013] to supseg R(f) — R(f) +supseg R(f) — R(f), which has bounded
variation with constant 44, /n, yielding that for all 6 € (0,1)

Pp(sup R(f) - R(f) +supR(f) - R(f) <
feg feg

loo2V2 1>21_5.

log —

E(supR(f)—ﬁ(f)-I—Supﬁ(f)—R(f))"‘ S

feg feF vn

We recall that

~

R(fP) = R(f*) < supR(f) — R(f) +supR(f) — R(f)
feg feg

and from the proof of Lemma 20

E(sup (R() ~ R() +sup (R() - R(1)))
feg feg

4GD |« Cla|
< —/= |1+ —Ex (Hy(X)?),
\/5V2J 2o Tal X (LX)

yielding the final result. O

A.4 Proof of Lemma 21

Proof of Lemma 21. The result for centred normal data with identity covariance matrix
is by the construction of the Hermite polynomials [Hermite, 2009].
If || X]|2 is bounded by R, using the bound from Equation (3.3), we get that

Ex(Ha(X)2) < E(XIP/2) < Ex (eR/?) < %

If X is such that || X| is subgaussian with variance proxy o2, we know that VA <
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1/(6v/2€0), then Ex (elXI*2*) < ¢72eA%® [Vershynin, 2018, Proposition 2.5.2]. Therefore,
using the bound from Equation (3.3), we have

]EX(HQ(X)Q) < E(e”X”2/2) < 63660'2 <e

This concludes the study of Ex (Ha(X)?). O

A.5 Proof of Lemma 22

Proof of Lemma 22. Using d-dimensional geometric random variables, we know that

|al 1
Z (1-— p)dp|a| =1, and therefore Z r < 5
aeNd e (Nd)* |Oé| (1 - IO)

For the other setting,
1 Xifd-1 M+1(M
S ok d—1+k) _ M+ +d\
|| kE\ d—1 d M+1

which concludes the proof. O

A.6 Proof of Corollary 1

Proof of Corollary 1. First, we note from Lemma 21 that for any o € N¢ we have
Ex (Ha(X)?) < /2. Additionally, from Lemma 22, we know that D ae(Nd)* % < ﬁ.

Next, we aim to improve the use of McDiarmicl’s inequality by bounding the deviation
of supserap<p R(f) — R(f) + subseraiy<p R(f) — R(f) when a single data point
(2™, y@) is changed to (2, (")) changing the dataset from D to D. In the original proof
of Theorem 6, we used 4l /n as our bound, but we can provide a tighter bound. We write
Rp(f) to specify the dependency on the dataset. We also write G := {f € F, Q(f) < D}.

Specifically, we have

sup R(f) — Rp(f) — supR(f) — Rp(f)

feg feg

= supR(f) - Rp(f) + ~£@GD, ED)) — LoD, f@®)) — supR(f) - Rp(f)
feg n n feg

< sup = (519, fE0)) 0y, f(2)),
feg n n

and similarly

supRo (/) ~ R(F) — supRp(f) ~ RAF) < sup €y, f2®)) — (5D, fz).
feg feg fegn n
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Combining both and taking the argmax functions f; and fs, we obtain

supR(f) — Rp(f) — sup R(f) — Rp(f) +supRp(f) — R(f) —supRp(f) — R(f)

feg feg feg feg

1 ~(1 ~(1 1 7 7 1 7 7 1 ~(1 ~(1
n n n n
G i (i

< 5(|(f1 — )@+ (A — f)ED))
4

< -G sup |f(z)]
N feFQ(f)<D.ax€R4||z]|2<R

<36 s O ((Hu@))
. zeRd||z|2<R

4 c
—GD  sup 1+ Z MHa(az)2
n z€R4 ||z||2<R aE(Nd)* |a|

4 el?/2
< —-GDy|/14+ ——.
< ~GDy/ +(1—p)d

We can obtain the same exact bound for the opposite quantity of

supR(f) — Rp(f) — sup R(f) — R(f) +sup Rp(f) — R(f) — sup R(f) — R(f)
feg feg feg feg

IN

by using the same arguments. We use this bound for D = 2Q(f*). The result follows by
employing the proof of Theorem 6. 0

B Technical Details of the Numerical Experiments

Experiment 1. For MAVE and REGFEAL, the MARS final training used the default
parameters provided by the py-earth python package (https://contrib.scikit-learn.
org/py-earth/), except for the maximum degree, which was taken as the estimated dimen-
sion for both methods. MAVE was run using the provided CRAN package in R (https:
//cran.r-project.org/web/packages/MAVE/index.html) and the default parameters.

The number of iterations njter was set to 5. For REGFEAL, the cross-validation
for p x p was done over the grid defined by (0.01,0.05,0.1,0.2,0.4,0.6,0.8) for p and
(1000, 100, 10,1, 0.1,0.01,0.001) /dC=")/") for .

The cross-validation for KERNEL RIDGE was done on parameter A\, with the set of val-
ues (1000, 100,10,1,0.1,0.01,0.001)/d((>=")/7) The score of the noise level was estimated

2
by 1 — ng )
Z?:l (ytgéit _gtest)2

Experiment 2. For each value of n, we used cross-validation for the largest value of m
and then used the selected p and A for all other values of m. The cross-validation was done
over the grid defined by (0.2,0.4,0.6,0.8,1.0) for p and (100, 1,0.1,0.01,0.001) /d((2=")/7)
for u. The number of iterations njer was 3.

Experiment 3. The cross-validation for p x © was done over the grid defined by the
sequences (0.2,0.4,0.6,0.8,1.0), for p and (100, 1,0.1,0.01,0.001) /d(?=")/") for .
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CHAPTER 4

Integrating Neural Networks and Kernel Methods

The contents of this chapter are available in the preprint (under review by the Jour-
nal of Machine Learning Research) B. Follain and F. Bach. Enhanced Feature Learn-

ing via Regularisation: Integrating Neural Networks and Kernel Methods, 2024. URL

https://arxiv.org/abs/2407.17280 while the code is available at https://github.

com/BertilleFollain/BKerNN.

Abstract

We propose a new method for feature learning and function estimation in su-
pervised learning via regularised empirical risk minimisation. Our approach
considers functions as expectations of Sobolev functions over all possible one-
dimensional projections of the data. This framework is similar to kernel
ridge regression, where the kernel is E, (k) (w 'z, w"2")), with kB (a,b) =
min(|al, |b])L4p>0 the Brownian kernel, and the distribution of the projections
w is learnt. This can also be viewed as an infinite-width one-hidden layer neu-
ral network, optimising the first layer’s weights through gradient descent and
explicitly adjusting the non-linearity and weights of the second layer. We in-
troduce an efficient computation method for the estimator, called BROWNIAN
KERNEL NEURAL NETWORK (BKERNN), using particles to approximate the
expectation. The optimisation is principled due to the positive homogeneity of
the Brownian kernel. Using Rademacher complexity, we show that BKERNN’s
expected risk converges to the minimal risk with explicit high-probability rates
of O(min((d/n)"/?,n=1/6)) (up to logarithmic factors). Numerical experiments
confirm our optimisation intuitions, and BKERNN outperforms kernel ridge
regression, and favourably compares to a one-hidden layer neural network with
ReLU activations in various settings and real data sets.
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1. Introduction

1 Introduction

In the era of high-dimensional data, effective feature selection methods are crucial. Repre-
sentation learning aims to automate this process, extracting meaningful information from
complex data sets. Non-parametric methods often struggle in high-dimensional settings,
making the multi-index model, which assumes a few relevant linear features explain the
relationship between response and factors, an attractive alternative. Formally, the multi-
ple index model [Xia, 2008] is expressed as Y = f*(X) +noise = g*(P ' X) +noise, with ¥’
the response, X the d-dimensional covariates, ¢* the unknown link function, P € R%** the
features and k < d, the number of such relevant linear features'. The components PT X
are linear features of the data that need to be learnt, reducing the dimensionality of the
problem, which may allow to escape the curse of dimensionality, while the more general
function g increases the capacity of the model.

Multiple index models have been extensively studied, leading to various methods for
estimating the feature space. Brillinger [2012] introduced the method of moments for
Gaussian data and one feature, by using specific moments to eliminate the unknown
function. For features of any dimension, several methods have been proposed. Sliced
inverse regression (SIR) [Li, 1991] uses second-order moments to identify effective di-
mensions by slicing the response variable and finding linear combinations of predictors,
while improvements have been proposed [Yang et al., 2017], these methods heavily rely on
assumptions about the covariate distribution shape and prior knowledge of the distribu-
tion. Iterative improvements have been an interesting line of work [Dalalyan et al., 2008],
while optimisation-based methods like local averaging minimise an objective function to
estimate the subspace [Fukumizu et al., 2009, Xia et al., 2002]. Despite their practical
performance, particularly the MAVE method [Xia et al., 2002], the theoretical guarantees
show exponential dependence on the original data dimension, making them less suitable
for high-dimensional settings.

In this work, we tackle feature learning and function estimation jointly through the
paradigm of empirical risk minimisation. We consider a classical supervised learning prob-
lem. We have i.i.d. samples (7, y;);c[n) from a random variable (X,Y) € X x ) C R x R.
Our goal is to minimise the expected risk, which is defined as R(f) := Ex y [¢(Y, f(X))]
over some class of functions F, where £ is a loss function mapping from R x R to R. This
can be achieved through the framework of regularised empirical risk minimisation, where
the empirical risk is defined as R(f) := LS l(yi, f(x;)). Our interest in regularised
empirical risk minimisation stems from its flexibility, allowing it to be applied to a wide
range of problems as long as the objective can be defined as the optimisation of an ex-
pected loss. Our primary objective is to achieve the lowest possible risk, which we study in
theory and in practice, while we explore the recovery of underlying features in numerical
experiments. Our method draws inspiration from several lines of work, namely positive
definite kernels and neural networks with their mean field limit, which we briefly review,
together with the main limitations we aim to alleviate.

Kernel methods and multiple kernel learning. A well-known method in supervised
learning is kernel ridge regression [KRR, Vovk, 2013], which implicitly maps data into
high-dimensional feature spaces using kernels. It benefits from dimension-independent
rates of convergence if the model is well-specified, i.e., if the target function belongs to
the related Hilbert space. However, KRR does not benefit from the existence of linear
features in terms of convergence rates of the risk when the model is misspecified [Bach,

I'Note that in all other chapters, this was called s.
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2024, Section 9.3.5], as it relies on pre-specified features. To address the limitations
of single-kernel methods, multiple kernel learning (MKL) optimally combines multiple
kernels to capture different data aspects [Bach et al., 2004, Génen and Alpaydin, 2011].
However, MKL suffers from significant computational complexity and the critical choice
of base kernels, which can introduce biases if not selected properly. Furthermore, MKL
does not resolve the issue of leveraging hidden linear features effectively.

Neural networks. Now consider another type of supervised learning methods, namely
neural networks with an input layer of size d, a hidden layer with m neurons, an activation
function o, followed by an output layer of size 1. Functions which can be represented are
of the form f(x) = >0, nja(w}—x—l—bj), where o can be the ReLU, o(z) = max(0, z) or the
step function o(z) = 1,-9. Neural networks benefit from hidden linear features, achieving
favourable rates dependent on k, the number of relevant features, rather than on the data
dimension [Bach, 2024, Section 9.3.5]. However, this formulation requires multiple b values
to fit a function with the same w, particularly in single-index models f*(x) = g*(w'x),
which is inefficient.

Regularising by adding a penalty term to the empirical risk minimisation objective
guides specific estimator behaviours. In the context of feature learning, Rosasco et al.
[2013] used derivatives for regularisation in nonparametric models, focusing on variable
selection. While their method reduces to classical regularisation techniques for linear func-
tions, it faces limitations: functions depending on a single variable do not belong in the
chosen RKHS, using derivatives at data points limits the exploitation of regularity, and
there is no benefit from hidden variables in the misspecified case. An improvement over
this method was studied for both feature learning and variable selection by Follain and
Bach [2024b], where a trace norm penalty [Koltchinskii et al., 2011, Giraud, 2014] on the
derivatives was used for the feature learning case. However, the dependency on the dimen-
sion of the rate did not allow high-dimensional learning. We can justify the use of trace
norm penalties by considering the structure of neural networks. Under the multiple-index
model, the weights w1, ..., w,, of the first layer are expected to lie in a low-rank subspace
of rank at most k. However, directly enforcing a rank constraint is not practical for optimi-

sation. Therefore, we could use a relaxation such as Q(f) = tr (( 271, ij;-—)l/ 2), which
is the trace norm of a matrix containing the weights, to approximate the rank constraint
effectively. However, there is still the issue of multiple constant terms for a single weight.

We will see specialised penalties for feature learning for a different family of functions.

Mean-field limit. To apply a similar framework to our future estimator, we introduce
the mean-field limit of an over-parameterised one-hidden layer neural network [Nitanda
and Suzuki, 2017, Mei et al., 2019, Chizat and Bach, 2022, Sirignano and Spiliopoulos,
2020]. When the number of neurons m is very large, the network can be rescaled as follows

m
fx) = % Z nja(w;-rx + b;), which approximates /na(wT:B +b)du(n,w,b), (4.1)
j=1
where p is a probability distribution, and we can take the weights and constant terms
(w,b) to be constrained when the activation is 1-homogeneous,? such as the ReLU or
step function. This approach is valuable because, as noted by Chizat and Bach [2022],
under certain conditions (convexity of the loss and penalty functions, homogeneity of the
activation function), the regularised empirical risk problem optimised via gradient descent

2A function & is positively 1-homogeneous if, for any x > 0, ®(kw) = £®(w).
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in the infinitely small step-size limit converges to the minimiser of the corresponding
problem with infinitely many particles. This allows us to use a finite number of particles
m in practice while still leveraging the theoretical benefits derived from the continuous
framework.

Plan of the chapter and notations. In this chapter, we introduce the Brownian kernel
neural network (BKERNN), a novel model for feature learning and function estimation.
Our approach combines kernel methods and neural networks using regularised empiri-
cal risk minimisation. Section 2 presents the theoretical foundations and formulation of
BKERNN. Section 3 details the practical implementation, including the optimisation algo-
rithm and convergence insights. Section 4 provides a statistical analysis using Rademacher
complexity to show high-probability convergence to the minimal risk with explicit rates.
Section 5 evaluates BKERNN through experiments on simulated and real data sets, com-
paring it with neural networks and kernel methods. Finally, Section 6 summarises the
findings and suggests future research directions.

We use the following notations. For a positive integer m, we define [m] := {1,...,m}.
For a d-dimensional vector o and i € [d], «; denotes its i-th element. For a matrix A,
tr A denotes its trace when A is square, A~! its inverse when well defined, while A; j the
element in its i-th row and j-th column, and A" its transpose. Iy is the d x d identity
matrix. We use S?! to denote the unit sphere in RY for || - || a generic norm and || - ||« its
dual norm. The #5, {1, and ¢, norms are denoted as ||||2, ||-||1, and || ||co respectively. We
use O(+) to denote the asymptotic behaviour of functions, indicating the order of growth.
The set of probability measures on a given space S is denoted by P(S). A normal random
variable is denoted as following the law N (mean, variance). 1 is the indicator function.
For two spaces S1, 59, Sng is the set of functions from S5 to Sj.

2 Neural Networks and Kernel Methods Fusion

Building on the limitations of current methods discussed in the introduction, we propose
a novel architecture that integrates neural networks with kernel methods. This approach
can be interpreted in two ways: as learning with a kernel that is itself learned during
training, or as employing a one-hidden layer neural network where the weights from the
input layer to the hidden layer are learned through gradient descent, while the weights and
non-linearity from the hidden layer to the output are optimised explicitly. In this section,
we introduce the custom function space we propose, revisit key properties of reproducing
kernel Hilbert spaces (RKHS), and explore the connections between BKERNN model,
kernel methods, and neural networks. Additionally, we present the various regularisation
penalties we consider throughout our analysis.

2.1 Custom Space of Functions

We begin by considering the continuous setting, which mirrors the mean-field limit of
over-parameterised one-hidden layer neural networks discussed in Section 1.

Definition 4 (Infinite-Width Function Space). Let
Fim {F 10 = et [ ou@ ) dutw), R0() < oo}

where ¢ is a constant in R, S is the unit sphere for some norm || - || on R? (typically
either o or {1 ), u € P(S¥1) is a probability measure on S, and Yw € S¥1, g, : R = R
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belongs to a space of functions H. We define H as {g: R — R | g(0) = 0, g has a weak
derivative g', [p(¢')* < oo}. H is a Hilbert space and a Sobolev space, with the inner
product defined as (g, 9)n = [ §'g’. Note that g, vary for each w and that

Qo(f) == inf / G |3 dpe(w), (4.2)
CER7(gw)w€H‘sd 1,#6’])(Sd—1) Sd—1

such that f = c+ [sa1 gw(w ') du(w), where ||gwl?, = [T (9,,)?.

Foo is well-defined using a “variation norm” on couples (g, w) integrated w.r.t a Borel
measure on H x S 1. The details of the equivalence with the version presented above
are available in Appendix A.1. It follows from similar arguments to those of Kurkova and
Sanguineti [2001] and Bach [2024, Section 9.3.2].

The function space F is inspired by infinite-width single hidden layer neural net-
works: with the addition of the intercept ¢, each function in this space can be seen as the
integral of a linear part w and a non-linearity g,, over some probability distribution, as
in Equation (4.1) where the non-linearity is no(-). Thus here the activation functions are
learnt.

The approximation of F,, with m particles can then be obtained as follows.

Definition 5 (Finite-Width Function Space). Let

{f|f y=c+ — Zgj jesdl,ngH,CeR}.

Remark that Vm € N*, F,,, C F, by taking the discrete probability measure uniformly
supported by the particles wy, ..., wp,.

We now consider regularised empirical risk minimisation starting with the basic penalty
Qo. This penalty enforces the regularity of the function and, because we use penalisation
with non-squared norms, limits the number of non-zero g,,. While this penalty is not
specifically aimed at feature learning, by limiting the number of non-zero particles, it
indirectly promotes feature learning to some extent. This serves as a starting point, and we
introduce more targeted penalties in Section 2.5 with a stronger feature learning behaviour.

For f € F,, written as in Definition 5, the penalty simplifies to Qo(f) = + 1 g e
The learning objective is thus defined as
f:=argmin R(f) + AQ(f), (4.3)

feF

where A > 0 is a regularisation parameter and € is currently Qo from Equation (4.2). The
function space F is either Fo, or F;,. For statistical analysis in Section 4, we consider
Foo, While in practice, we compute the estimator using JF;, as discussed in Section 3. The
rationale for using F,, and expecting the statistical properties of F., is elaborated in
Section 3.2.

In the continuous setting, Equation (4.3) corresponds to

min Zﬁ(yl,ch [ gu@zduw)) 3 [ lgalhdutw),

CER,(guw)w €HSI! pep(Sa-1) N
(4.4)
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while in the m-particles setting, Equation (4.3) becomes

min ze(y@,w zg]w D)+ A ZHQJHH (4.5)

cERw1,...,wm €S g1,....gmEH T

2.2 Properties of Reproducing Kernel Hilbert Space H and Kernel k&

In this subsection, we succinctly present some properties of reproducing kernel Hilbert
spaces (RKHS) that are essential for our analysis. See Aronszajn [1950], Berlinet and
Thomas-Agnan [2011] for an introduction to RKHS. Recall that we defined the Hilbert
space H as

H = {g:R%R|g(0)=O,/}R(g/)2<+oo},

with the inner product (g, g) = [z §’¢’. This space is a reproducing kernel Hilbert space
with the reproducing kernel k(%) (a,b) = (|a| + [b| — |a — b])/2 = min(|a|, |b])Lap>0. This
kernel, which can be referred to as the “Brownian” kernel, corresponds to the covariance
of the Brownian motion at times a and b [Mishura and Shevchenko, 2017, Chapter 3].
Consequently, we have the reproducing property

Vg € H,Ya € R, g(a) = (g, k{P)),

where k( ) b e R = kB (a,b) € R. As a reproducing kernel, it is positive definite,
meaning that for any n € N, o € R", and a € R", we have > /', a;k®) (ai,a;)a; > 0.

Additionally, we observe that ||l<:§B)H,2H = |a| and ||k£B) - k,()B)H%_[ = |a — b|]. It is also
noteworthy that by definition, the functions in H are necessarily continuous, in fact even
1/2-Hoélder continuous as we see in Lemma 24.

The usual Hilbert/Sobolev space is W12(R) (also written as H') with inner product
equal to (f,g9) = [ fg+ [ f'g’. This space is also an RKHS for the reproducing kernel
kP (a,b) = exp(—|a —b|) [see, e.g., Williams and Rasmussen, 2006]. We demonstrate that
for optimisation purposes, the Brownian kernel is more advantageous due to its positive
homogeneity in Section 3.2.

2.3 Characterisation of F_

In this subsection, we discuss the properties of the function space F, and its relationship
to other relevant spaces, such as the space of functions of one-hidden-layer neural networks
presented in Section 1. We first present the following lemma.

Lemma 24 (Properties of Functions in Fu,). Foo is a vector space and max(f(0), Qo(f))
is a norm on Fu. For f € Fu, the function f is 1/2-Holder continuous with constant

Q(f), i-e., [f(x) = f(@)] < Qo(f)VIlz —2']*.

The proof can be found in Appendix A.2.1. This lemma indicates that the space of
functions F is contained within the space of 1/2-Hélder continuous functions. Recall
that on a compact, all Lipschitz functions are Hoélder continuous functions, indicating
that the Holder condition is less restrictive.

Now, we consider the relationship of Fo, to other function spaces. Starting with
the one-dimensional case, BKERNN reduces to kernel ridge regression with the Brownian
kernel, which is also equivalent to learning with natural cubic splines [for an introduction to
splines, see Wahba, 1990]. For multi-dimensional data, we use the Fourier decomposition of
functions to bound the defining norms of function spaces, enabling us to make comparisons.
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Lemma 25 (Functions Spaces Included in Fu). Assume we only consider functions f
with support on the ball centred at 0 with radius R and norm || - ||*. Assume f has a
Fourier transform and can be written using the inverse transform® as

1 n iwlx
F@) = gyt [, F@)e™ 7 de
then, it follows that
\/2
Q0 f / ]| e,
R4

Hence, if [pa |f(w)] - ||lw| dw < oo, then f belongs to Foo

The proof is given in Appendix A.2.2. We remark that the condition [ga |f(w)| .
lw]| dw < oo is a form of constraint on the regularity of the first-order derivatives.

According to Bach [2024, Section 9.3.4], the space of one-hidden-layer neural networks
with ReLU activations in the mean-field limit with ||w||2 = 1, |b] < R can be equipped with
the Banach norm v (f) = [ |n|du(n, w,b), which can be then bounded as in Lemma 25 by

2
o dR/ (14 2R w|f3) d (4.6)

Now remark that the bound on Q¢ contains a factor ||w|| in the integral, whereas for ReLU
neural networks with v, norm it is 1+ 2R?||w||3. Hence, the constraint is stronger on the
neural network space, no matter what norm || - || corresponds to, suggesting that F is a
larger space of functions.

Also note that the bound from Equation (4.6) can be shown to be smaller (up to a
constant) than the norm defining the Sobolev space penalising derivatives up to order
s 1= d/2 +5/2, which is [ga |f(w)[>(1 + 2R?|wl|3)* dw. [Bach, 2024, Section 9.3.5]. This
space is an RKHS because s > d/2, and the inequality on norms yields that the space of
neural networks with ReLU activations equipped with the norm 7; (which is a Banach
space) contains this RKHS. Another interesting remark is that if we used the norm ~o(f) =
[ n?du(n,w,b) instead of 71, the space that we would obtain is an RKHS and is strictly
included in the one defined by 71 [Bach, 2024, Section 9.5.1]

For neural networks with step activations, i.e., 0(z) = 1,50 in the mean-field limit, a
similar bound holds for the v; norm

1

@t Joa TN Rlllz) o (&.7)

This can be seen by applying the same proof technique as for Equation (4.6) from Bach
[2024, Section 9.3.4]*. Learning with this space is not practically feasible due to optimisa-
tion issues as the step function is incompatible with gradient descent methods. However,
the bound from Equation (4.7) is similar to the one on €, hinting that F, is comparably
large even though learning is possible with F, as discussed in Section 3. For a discussion
on this topic, see Bach [2024, Chapter 9] and Liu et al. [2024].

3A sufficient condition is that both f and f belong to L' (R%).
4The only difference being that we use e?*I*l2 = 1—|—fOR i||w||2e*1* 121, <, dt instead of Taylor’s formula,

LT
yielding 1 (z — €' ) <1+ R|wl|2.
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2.4 Learning the Kernel or Training a Neural Network?

We first transform the optimisation problem before considering our setup from two differ-
ent perspectives: one through kernel learning and the other through neural networks. To
transform the optimisation problem, we use the representer theorem, a well-known result
in RKHS that allows us to replace the optimisation over functions in the RKHS with
optimisation over a finite weighted sum of the kernel at the data points.

Lemma 26 (Kernel Formulation of Finite-Width). Fquation (4.5) is equivalent to

A
min —ZE vi, (Ka); +¢) + aTKoH— Z llw;l|, (4.8)

W1 ooy W ERY cER, e ER™ TV —

where K = =1 K@i and K" € R™™ s the kernel matriz for kernel k®) and

projected data (w] x1,...,w/ xy,), ie., Ki(j;j) = (lw] x| + |w] zy| — |w] (x; — x)])/2.
Notice that there are no constraints on the particles (w;);c[m) to belong to the unit sphere

anymore.

The proof is provided in Appendix A.3.1. This lemma shows that we only need to
solve a problem over finite-dimensional quantities. For computational complexity consid-
erations, see Section 3.1. We can view Equation (4.8) using kernels. In a classical kernel
supervised learning problem with an unregularised intercept, we would have a fixed kernel
matrix K and consider

A
(K K
Bl S () G

For infinitely many particles, the analogue of Lemma 26 is Lemma 27.

Lemma 27 (Kernel Formulation of Infinite-Width). Equation (4.4) is equivalent to:

A A
. - Zf vir (Ka)i +¢) + Sa" Ka+ 5 /Rd lolldv(w),  (49)

with K = [pa K™ dv(w) and and K™ € R™" is the kernel matriz for kernel kP) and
data (w'xy,...,w'x,). At the optimum, the support of u from Equation (4.4) can be
obtained from that of v from Equation (4.9) by normalising all vectors.

Notice that there is shift in spaces, as v is a probability distribution on R?, whereas
was a probability distribution on S%~!. The proof is provided in Appendix A.3.2.

2.4.1 Kernel Perspective

Lemma 26 shows that we are solving a regularised kernel ridge regression problem where
the kernel 1 il (]wa\ + |wTa:’| — |wT(a: — 2')])/2 is also learnt through the weights
(wj) jepmy» and the third term 3 711 721 llw;| serves as a penalty to improve kernel learning.

The homogeneity of the kernel k(B) leads to well-behaved optimisation, as we discuss
in Section 3.2 and see in Experiment 1 in Section 5.2. The kernel matrix K is indeed
positively 1-homogeneous in the particles (w;) je[m]- If we had chosen H to be the RKHS
corresponding to the exponential kernel (or the Gaussian kernel), we would have faced
the challenge of learning the kernel 37" e~ w] (@=21 " \which exhibits a complex and non-
homogeneous dependency on the weights (w;) je[,). By using the Brownian kernel instead
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of the exponential kernel, we only slightly change the regularisation, regularising with
Jr(g")? instead of [z ¢ + [z(¢')* while making the optimisation more tractable.

Compared to multiple kernel learning, BKERNN offers notable advantages. MKL
involves combining several predefined kernels, which is prone to overfitting as the number
of kernels increases. Additionally, selecting the optimal kernel combination is challenging
and often requires sophisticated algorithms. In contrast, BKERNN adapts the kernel
through the learned weights (w;) jc[m], making the optimisation process simpler and more
efficient, as discussed in Section 3.

2.4.2 Neural Network Perspective

Our architecture can also be interpreted as a special type of neural network with one hidden
layer. Recall that F is inspired by neural networks as it involves linear components w
followed by a non-linear part. In neural networks, this non-linear part is typically no(-),
which we replaced with ¢, () € #H in our setting. The functions in F,, are expressed
similarly with the number of particles m equivalent to the number of neurons in the
hidden layer.

As we discuss in Section 3.1, we learn the weights (w;) ;e[ through gradient descent,
while the functions (g;);ec[m) are learned explicitly, leveraging a closed-form solution. This
approach resonates with the work of Marion and Berthier [2023] and Bietti et al. [2023].
Marion and Berthier [2023] examine a one-hidden layer neural network where the step-sizes
for the inner layer are much smaller than those for the outer layer. They prove that the
gradient flow converges to the optimum of the non-convex optimisation problem in a simple
univariate setting and that the number of neurons does not need to be asymptotically large,
which is a stronger result than the usual study of mean-field regimes or neural tangent
kernel. Bietti et al. [2023] consider learning the link function in a non-parametric way
infinitely faster than the low-rank projection subspace, which resonates with our method,
although they focus Gaussian data.

We have also established that the function space F is more extensive than the space
of neural networks with ReLU activations in Section 2.3. In Section 3.2, we demonstrate
that this enlargement is compatible with efficient optimisation.

2.5 Other Penalties

We now present other penalties designed to achieve different effects. The three terms in
Equation (4.8) correspond to the empirical risk, the standard penalty from KRR on the
RKHS norm of the function, and an extra regularisation term on the learnt kernel weights.
This additional term, ﬁ 71 llwjl|, originates from the penalty Qo(f) in Equation (4.2).
However, we can explore other penalties on w,...,w, that induce various additional
sparsity effects, even if they do not directly correspond to penalties on f € F,,. Let
W € R¥™ be the matrix with (w1,. .., w,) as columns, denote by W the a-th row of
W, and let W = USVT be its singular value decomposition, with S a diagonal matrix
composed of Sy, ..., Syin(m,q)- Recall that v is a probability distribution on R,

1 xm
2m &~j=1
tion 2.1. In the continuous setting, it corresponds to 3 [pa [|[w|/dv(w). This penalty,
which does not target any specific pattern in the data-generating mechanism, is the
one for which we provide theoretical results in Section 4. However, it does not work
as well in practive as the following penalties.

1. Basic penalty: Q.gc(wi,...,wn) = |wj|, which we discussed in Sec-
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2. Variable penalty: Quariaple(W1, ..., W) = %22:1 (% ;”Zl(wj)g)m, which is also

min(

equal to ﬁ )t m.d) |W(@)||. This penalty, inspired by the group Lasso [Yuan

and Lin, 2006], is designed for variable selection, pushing quantities ||W (%) || towards
zero, thus encouraging dependence on a few variables. In the continuous setting, it

corresponds to %Zmin(m’d) (fRd |wa|2d7/(w))1/2-

a=1
3. Feature penalty: Qgeature(W1, ..., W) = %tr((% i) ij;-—)lm), which is also
equal to %Egl:hi(m’d) % and to the nuclear norm of W divided by 2/m. It is

used for feature learning as it is a convex relaxation of the rank, encouraging W
to have low rank and thus dependence on only a few linear transformations of the
data. Regularisation using the nuclear norm in the context of feature learning is
well-established in the literature, as demonstrated by Argyriou et al. [2008]. It

corresponds to  tr (( fga wadl/(w))l/Q) in the continuous setting.

4. Concave variable penalty: The concave version of the penalty for variable se-
lection, Qconcave variable (W1, - « -, Wiy) = % Egzllog (1+ ﬁHW(G)HZ), with s > 0.
The appeal of the added concavity is discussed below. In the continuous setting, it
corresponds to o >4 log (1 + s [za (wa)gdy(w))lm).

5. Concave feature penalty: The concave version of the penalty intended for fea-

ture learning, Qconcave feature (W1, -« - W) = 2% leiri(m’d) log (1 + ﬁSa) for feature
selection, with s > 0. The appeal of the added concavity is discussed below. In the

continuous setting it corresponds to 5= >7_; log (1 + s(( Jga wadu(w))1/2)a W)

The first penalty is convex in both v and W, making it straightforward to optimise.
The second and third penalties, while not convex in v, are convex in W due to the
presence of squared and square root terms on the components of W, easing optimisation
in the m particles setting. The fourth and fifth penalties are neither convex in v nor
W, instead, they are concave in W. As s approaches zero, these penalties revert to
their non-concave versions. Convex penalties, while easier to handle, can be detrimental
by diminishing relevant variables or features to achieve sparsity. Mitigating this effect
can involve retraining with the selected variables/features or employing concave penalties,
which is the choice we made here. Although concave penalties are more complex to analyse,
they often yield better performance because they drive the solution towards the boundary,
promoting sparsity [Fan and Li, 2001, Bach et al., 2012]. We discuss the impact of the
choice of regularisation in Experiment 3 in Section 5.3.

3 Computing the Estimator

In this section, we detail the process of computing the estimator for each of the penalties
presented in Section 2.5. We then discuss the importance of the homogeneity of the
Brownian kernel and how the optimisation with particles relates to the continuous setting.

3.1 Optimisation Procedure

In this section, we focus on the square loss £(y,y’) = %(y —1/)2, which allows for ex-
plicit computations. However, the method can be extended to other loss functions using
gradient-based techniques, [see Bach, 2024, Chapter 5]. Recalling Equation (4.8) and the
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penalties described in Section 2.5, the optimisation problem we aim to solve is

1 A
min — Y = Ka—cl,|?+ Za" Ka + Ay Wiy eeey Win), 4.10
w1,y wm ERE cER, . ER™ 2n” nllz 2 cighs (11 m),  (4.10)

where K = % }n:l K®5) and Qweights Tepresents any of the penalties from Section 2.5.

To solve this problem, we alternate between minimisation with respect to a and c,
which is done in closed-form, and minimisation with respect to ws, ..., w,, which is done
using one step of proximal gradient descent.

3.1.1 Fixed Particles wi,...,wy,

When the weights w1, ..., w,, are fixed, the kernel matrix K is also fixed, allowing us to
find the solution for the constant ¢ and the coefficients « in closed-form. By centring both
the kernel matrix and the response Y, we transform the problem into a classical kernel
ridge regression problem, for which explicit solutions are well-known.

Lemma 28 (Optimisation for Fixed Particles). For fized wy,...,w,, and hence a fized
K, define

1 A
G(wi,...,wy) = min —]]Y—Kog—c]ln\\%+§aTKa.

a€eR™ ceR 2N
The optimisation problem defining G is solved by

. . 1"y 17K
a=(K+n\)"'Y and c=— — a,
n n

where K :==TIKIl and Y :=Y — MJY, with Il =1 — % being the centring matrix. The
objective value is then

Ao - 3
G(wi, ..., wy) = §YT(K+ D)7y,

The proof is provided in Appendix A.4.1. Lemma 28 allows us to optimise « and ¢
explicitly during the optimisation process. The complexity of this step is O(n® + n?d),
which can be challenging when the sample size n is large, a common drawback of kernel
methods. However, techniques like the Nystréom method [Drineas and Mahoney, 2005],
which approximates the kernel matrix, can help mitigate this issue. Alternatively, we
could use gradient descent techniques, but as shown in Marion and Berthier [2023], it may
be beneficial to learn the weights from the hidden layer to the output layer (corresponding
to learning g¢i,...,gm and hence «) with a much larger step-size than the weights from
the input layer to the hidden layer (corresponding to learning ws,...,w,,). Learning «
and c explicitly represents the limit of this two-timescale regime.

3.1.2 Proximal Step to Optimise the Weights wy,...,w,,

Next, we focus on optimising w1, . . ., w,, while keeping ¢ and « fixed. The goal is to solve

min  G(wi, ..., wn) + AQweights (W1, - - - s W), (4.11)

w1,...,wm ERD

where the dependence on (wj) ey in the first term is through the kernel matrix K.
Note that G is convex in K but not in wi,...,w,. Additionally, G is differentiable
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almost everywhere, except where w,

; (xi — ) for some j € [m],i # i’ € [n]. However,
standard practice assumes that these non-differentiabilities average out with many data
points. Meanwhile, the penalties Qyeights are not differentiable at certain fixed points,
independently of the data, similarly to the Lasso penalty. Therefore, we use proximal

gradient descent to solve Equation (4.11). With a step-size 4 > 0, this involves minimising

m
0G
Z T(wdd)—r(u}j - Old )+ oo Z Jw; — wOIde + Aweights (W1, - - - Win),
j=1 Wi ’}/ 7j=1
over wi,...,wy, € R% This corresponds to the simultaneous proximal gradient descent

steps w; < prOXMQ(wj - fyg—gj). We therefore compute the gradient and the proximal
operator. For the gradient, we have the following lemma.

Lemma 29 (Gradient of G). Let j € [m], then

oG A
4

1
ow; m,

n
Z zizy sign(w (:UZ —xy)) (g — xy),

where z = (K +n\I)~1Y,

The proof is in Appendix A.4.2. Note that G is not differentiable around 0, which is
also the case of common activation functions in neural networks such as the ReLU, but
this is not an issue in practice.

Next, we compute the proximal operator for the described penalties. Recall the defi-
nition of the proximal operator

proxo(W) = argmin Z Jw; — w13+ Qut, - - - s Uum).
(U1 yeee Uy ) ERIX T 2

We use W € R>™ and (wy, . .., wy,) interchangeably, with W = USV T (SVD). We denote
the rows of W by W(® as before. The following lemma provides the proximal operators.

Lemma 30 (Proximal Operators). We describe the proximal operators.

A
1. For Qbasic(W) = 5= S0 [|wyll, then (prox)\,yQ(W))j =(1- %W)erj'

2. For Qyariaple(W) = ﬁ 25:1 ||W(a)H2; (prox/\,yQ(W))(a) = (1 - %M).‘_W(G)'

3. For Qfeature(W) ? trace((+ i ij]T)l/2)7 then we have prox,,q(W) = Usvr’
4. For Qconcave variable(W) = 2% d_ log (1+ %HW(“)H ), then with ¢ obtained from
(W@ |, )acld) by an explicit (albezt lengthy) formula (prOX,WQ(W))(“) =W,

5. For Qeoncave feature(W) = o= >4 log (14 \FS ), then with ¢ which obtained from

S by an explicit (albeit lengthy) formula proxy,qo(W) = USVT with S = ¢S.
The proof is in Appendix A.4.3. Each proximal step is easy to compute using the
explicit formulas above, with complexities O(md) for the basic, variable, and concave

variable cases, and O(md min(m,d)) for the feature and concave feature cases, due to the
SVD computation.
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3.1.3 Algorithm Pseudocode

We now have all the components necessary to provide the pseudocode of the proposed
method BKERNN, specifically for the square loss. For other losses, the main difference is
that o and ¢ might not be solvable in closed-form and would need to be computed through
alternative methods such as gradient descent.

Data: X,Y,m, A, v, Queights

Result: wq,...,wy, ¢«

W = (w1, ..., wm) € R  (N(0,1/d))>™;

for i € [njter| do

Compute K;

a (K+nA\)7Y ¢« ILTTY - %Koz;

Compute g—g/;

vy x 1.5;

while G(prox,,q(W — VEE) > GW) = 5% - Gy (W) + 3]G, (W)][3 do
|y /2

end

W« proxo(W —v5%);

end

Algorithm 3: BKERNN pseudocode.

To select the step-size « for the proximal gradient descent step appropriately, we use a
backtracking line search, assuming G is locally Lipschitz. Starting with the previous step-
size, we multiply it by 1.5. If the backtracking condition is not satisfied, we divide v by 2
and repeat. The backtracking condition is that G(prox,o(W — VgT?/)) should be smaller
than G(W) =i - G5 (W) + 3Gy (W) |3, where G (W) = (W — prox,,o (W —v55)) /7-
This method was taken from Beck [2017].

With the outputted wi,...,wm, ¢, and « from the algorithm, the estimator is the
function fy defined as fi(z) = ¢+ 307 i 354 %(|wj—rasz| + \w;—x\ — |ij(x —z)])/2.

This formulation enables us to perform predictions on new data points and facilitates the
extraction of meaningful linear features through the learned weights (w;);cm). Remark
that we do not take into account the optimisation error in the rest of the chapter.

3.2 Convergence Guarantees on Optimisation Procedure

In this section, we discuss the convergence properties of the optimisation procedure. Al-
though we do not provide a formal proof due to differentiability issues, we highlight the
importance of the homogeneity of the Brownian kernel and present arguments suggesting
the robustness of the optimisation process.

We aim to apply the insights from Chizat and Bach [2022] and Chizat and Bach [2018],
which state that under certain assumptions, in the limit of infinitely many particles and an
infinitely small step-size, gradient descent optimisation converges to the global optimum
of the infinitely-many particles problem. Key assumptions include convexity with respect
to the probability distribution in the and homogeneity of a specific quantity ¥, which we
define below. We reformulate our problem in line with Chizat and Bach [2022].

Considering the square loss with the basic penalty Qpasic, the optimisation problem
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with m particles from Equation (4.10) can be rewritten as

. . AT
min (aER"CERQ'rLHY Ko —cl, ”2+ e Ka—i—ZHw]H)

d
W ,...,Wm ER =1

Aot - 1 ) —

= min =Y (K+Anl) 'Y+ — will |,
W1 ,..., W ERE (2 ( ) 2m; H jH

where K = % S K (3) is the final kernel matrix, K(®) € R™*" is the kernel matrix for

kernel Zf(B) with projected data (w'xq, ... ,ufxn), n=1r- ]lnlljl is the centring matrix,

while Y = IIY is the centred output, and K = IIKII is the centred kernel matrix. We

solve this using proximal gradient descent. For the continuous case, the problem is

min
veEP(R?) aeRn CER 2n

2 v i
~ i, (2y (& + nl) Y+§/Rd Hdeu(w)),

A
HY Ka —cl,|j3 + aTKa—i—Q/ |w|| dv(w ))

where K = g4 K() dv(w) and v is a probability measure on RY.

In both cases we minimise F(v) (defined right below) over P(R?) for the continuous
case and over Pn(]Rd), which is the set of probability distributions anchored at n points
on R%, in the m-particles case. F is defined as

—Q( [, vwavw)),

where Q : R xR —» R, Q(K, ) = 3Y T (K + Anl)~ 'Y+ 3¢/, and ¥ : R? — R™" x R,
U(w) = (K™, ||w||). Note that ¥ is indeed positively 1-homogeneous, as the necessary
condition Yw € RY Yk > 0, U(kw) = k¥ (w) is verified. Moreover, @ is convex in v,
indicating the optimisation is well-posed (while we perform computations for the square
loss, we would also obtain a convex function for any convex loss).

Our method employs proximal gradient descent instead of basic gradient descent, which
is acceptable as both methods approximate the differential equation arising in the infinites-
imal step-size limit. Gradient descent is an explicit method, whereas proximal gradient
descent combines implicit and explicit updates [Siili and Mayers, 2003]. Moreover, it al-
lows to deal efficiently with the non-smoothness of the sparsity-inducing penalties (no
additional cost and improved convergence behaviour).

While our framework aligns with that of Chizat and Bach [2022], we cannot directly
apply their results due to the non-differentiability of ¥ around zero, a common issue in
such analyses. Despite this, our setup meets the crucial assumptions of convexity in @
and the homogeneity of ¥. See Experiment 1 in Section 5.2 for a numerical evaluation of
the practical significance of the homogeneity assumption.

4 Statistical Analysis

In this section our objective is to obtain high-probability bounds on the expected risk
of the BKERNN estimator to understand its generalisation capabilities. To achieve this,
we bound the Gaussian complexity (a similar concept to the Rademacher complexity,)
of the sets {f € Fx | max(f(0),Q(f)) < D} for D > 0. Recall that F is defined in
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Definition 4. We begin by introducing the Gaussian complexity in Definition 6, followed
by Lemma 31, which is used to simplify the quantities for subsequent bounding. We then
bound the Gaussian complexities using two distinct techniques in Sections 4.1.1 and 4.1.2.
The first technique yields a dimension-dependent bound with better complexity in sample
size, while the second provides a dimension-independent bound. Finally, in Section 4.2, we
derive the high-probability bound on the expected risk of BKERNN with explicit rates for
data with subgaussian square-rooted norm, using an extension of McDiarmid’s inequality
from Meir and Zhang [2003], before detailing the data-dependent quantities of the rates.
All of these results require few assumptions on the problem, and on the data-generating
mechanism in particular.

While our method resembles multiple kernel learning, the theoretical results from
MKL, which are often related to Rademacher chaos [e.g., Lanckriet et al., 2004, Ying
and Campbell, 2010] are not directly applicable. This is because, in our approach, the
learned weights are multi-dimensional and embedded within the kernel, rather than being
simple scalar weights used to combine predefined kernels. Thus, the unique structure of
our model requires different theoretical considerations.

4.1 Gaussian Complexity
Recall that the estimator BKERNN is defined as

fa —argmln—ZE Vi () + AQ(f),
fer nz 1

where F is Fp, = {f | f(z) = ¢+ = Z 1gj(w z),w; € S¥1 g; € H,c € R} in
practice for optimisation and F := {f | f(2) = ¢+ [si-1 gw(w x) du(w), g € H,p €
P(S¥ 1), c € R, Q(f) < oo} for statistical analysis. Although we considered vari-

ous penalties in Section 2.5, here we focus on f € Fuo with Q(f) = max(Q(f),|c]) =
max(Q0(f),|f(0)]), where Qo(f) was defined as

Qo(f) = it guleduw),
c€R,LEP(SI=1),(guw)w EHS §d-1

such that f(-) = c+ [ga gw(w"-)dp(w) and corresponds to the basic penalty for Quweights-
This is made possible through a well-defined mean-field limit; we leave the other penalties
to future work.

We now introduce the concept of Gaussian complexity [for more details, see Bartlett
and Mendelson, 2002].

Definition 6 (Gaussian Complexity). The Gaussian complexity of a set of functions G is
defined as

Gn(g) - EE ,Dn, (SUP Zng 'Ccz >
feg
with € a centred Gaussian vector with identity covariance matriz, and Dy, := (x1,...,Ty)
the data set consisting of i.i.d. samples drawn from the distribution of the random wvari-
able X . Note that it only contains the covariates, not the response.

We aim to bound G,,({f € Foo | Q(f) < D}) for some D > 0. The discussion on the
Gaussian complexity of the space Fo, would yield the same bounds if F;, were considered
instead. However, since we demonstrated in Section 3.2 that optimisation in F,, and
optimisation in Fo, are closely related, we focus exclusively on F, in this section.
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First, we note that we can study the Gaussian complexity of a simpler class of functions,
as indicated by the following lemma, which allows us to deal with the constant and remove
the integral present in the definition of F.

Lemma 31 (Simplification of Gaussian Complexity). Let D > 0. Then,

Gul{f € Foo | Q(f) < D}) < D (jﬁ + Gn)

with G == Gn({f | f() = g(w), gl < 1,w € S},

The proof can be found in Appendix A.5.1. We now need to bound G,, which we
approach in two different ways. First, in Section 4.1.1, we use covering balls on the sphere
S9! resulting in a dimension-dependent bound. Then, in Section 4.1.2, we approximate
functions in F. by Lipschitz functions, before using a covering argument, leading to a
dimension-independent bound at the cost of worst dependency in the sample size n. With
these bounds on G,,, we will derive results on the expected risk of the BKERNN estima-
tor, providing explicit rates depending on the upper bounds of G, without exponential
dependence on dimension.

4.1.1 Dimension-Dependent Bound

First, we note that the supremum over the functions g with ||g|[%y < 1 can be obtained in
closed-form (see Lemma 34 in Appendix A.5.2). This reduces the problem to considering
the expectation of a supremum over the sphere, which we address using a covering of S¢1.

Theorem 7 (Dimension-Dependent Bound). We have

d
n < 81/ —4/1 DVEx || X%,
G < 8y = flog(n + 1)y/Ex| X |

where || - ||* is the dual norm of || - ||. Recall that || - || defines the sphere ST1.

The bound on the Gaussian complexity obtained here is dimension-dependent due to
the covering of the unit ball in R?, but it has a favourable dependency on the sample size.
For ease of exposition, we have replaced the original factor \/log(1 + n/(2d)) + 1/(2d) + 1
with 8y/log(n + 1). Recall that || - [|[* = || - ||2 for the f3 sphere and || - ||* = || - ||oo for the
f1 sphere. Note that the dependency on the data distribution is explicit and can be easily
bounded in different data-generating mechanisms, as discussed in Lemma 33 at the end
of Section 4.

Proof of Theorem 7. First, using Lemma 34, we have

—
el Kwle
Gn =E.p, ( sup > ,
weSd—1 n
where K () is the kernel matrix for the Brownian kernel with data (w'z1,...,w"z,).

We bound the supremum inside of the expectation using covering balls. Let M € N*
and WM be such that Vw € ST, Jw € WM C 841 such that ||w — @[ < ¢, i.e., we have
a (-covering of the sphere with its own norm in d dimensions. Fix w € S~ ! and @ such
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that [jw — @[ < (. We then have

IVeT Kw)e — \/eTK (@)

n n
Zgikme — Z5ik@Tz |
i=1 H i=1 H
n
) \ < S Jeil - ke, — Fara
H i=1

=1
n n
= el lwTz — @ 2] <3 Jeily/llw — @ [Ja |+
i=1 =1
n n
< Vlw =3 Y e/l < 23 Jeily/ I
i=1 =1

(kwT:ri - kﬁ)Txi

Next, we get

VeTKWe = VeTK@e 4 VeTKwe — Vel Ke < \/5TK(“7)5+C1/QZ leil\/ |||
i=1

Taking the supremum and dividing by the sample size n,

Vel K(w) Vel K@)
sup Ye A8 ¢ sup ve ~e 1/22:|<€1|\/ ||xs ||*

4.12
weSd—1 n wEWM ( )

Considering the expectation over € of Equation (4.12), we get

el Kwle VeTK(@)e 1 &
e sup YR <k s YRS} w0 (13l ).

weSI—1 n weWM n

VeT K(@)g
n

We now handle E, (SupwewM ) using standard concentration tools for supre-

mum of infinitely many random variables. Consider ¢ > 0, then

IEE< sup ngK(@)e> < ¢E5< sup 5TK(@)5>

wewM wewM

S Y ).
1 TR (@)
=,|-log |E.| sup et €
t weWwM

1 @
2log (Es< Z eteTK( )€>

wewM

IN

= 1log( > E (eteTK<w>e)>

wewM

Fix @ € WM and consider E, ( teTK ) Diagonalising K@) o UU;Du;Uu];, we have that

UJ e is still a Gaussian vector with identity covariance matrix. When ¢ is small enough,
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ie, Vi€ [n],2t(Dg);i < 1,ort< L

2 maxi(Dﬁ,)i ’

Ee (etsTK(@)s) —E

)
~/

et Z?:l(Dm)iszz) = ﬁEg(et(Dib)iE?)

i1 /R V21
n 1 2 i

_ (2t(Da)i—1)+4 _ 1—2t(Dyg);) " Y/?
z:l_Il/R 27re z:l_[l( e

Re-injecting this, we obtain

o (5. (7)) = 1oz T - 200007

To bound this further, take ¢t < m, which implies both 2¢t(Dg); < 1/2 and

—log(1 — 2t(Dy);) < 4t(Dy)i, leading to

- n
log (E. (e K¢)) < QtZ i < 2ttr(KW) < 275; [

Taking t < minﬁ)ewM m, we obtain

sup
weWM n

Vel K(@) n .
E. ( ve Re 6) < 1\/1 log (Me%zz‘:l el )
n

1
n\l (logM—|—2tZHxZ|*>
i=1

Taking t = W, which fulfils the previously required conditions, we get
=1 5

VeTK@e |2 Hfl? [
E. | sup iz [l V4log M + 2.
© (weWM n ) \F

In the end, we obtain

T (’LU) n NIES n I *
E( sp €K€>§1 Sl s 4 o2, | S il
wesd—1 n Vn n n

where we have used E.|e;| < /E.(g;)? = 1 and 2 1Y s 2 L lesll”

| /\
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We know that M < (14 2/¢)¢ [Wainwright, 2019, Lemma 5.7], yielding

T W) n i+ [ 1/Adlog(1+ 2) +2
&<Sq) : e>§/zzwan(¢ D+
wGSd*1 n n
o [l (VAdlos( + 5 2 faa
- n n
iy il Vd ( n> 1
=l 2 Y2 log (14 — ) + — + 1
n v \\s\tTag) Tag T
i il Vd ( n)
=l I V2 Nog (1 + 1
- Jn og +
[0 Nl vV
<8 Tﬁ log(n + 1),

where to get the second line, we took ¢ = 4d/n. By taking the expectation over the data
set Dy, since Ep, (v/n= 1Y, |zi[[*) < VE([X]*), we have the desired result. O

—

B

B

l\')
Q.

4.1.2 Dimension-Independent Bound

We now bound the Gaussian complexity with a quantity that does not explicitly depend
on the dimension of the data. Recall that we aim to bound

Gn:Ee,Dn< *Z&gw -rl)a

|Igllu<1 wESd 1na4

where ¢ is a centred Gaussian vector with an identity covariance matrix. First, recall that
the functions in H with norm bounded by 1 are not Lipschitz functions but are instead
1/2-Holder functions (Lemma 24). Specifically, let g € H, |||l < 1, then for any a,b € R,
we have [g(a) — g(b)]| < [lka — ks ll3 = v/fa = bl

An interesting result for a fixed 1-Lipschitz function A is that we can apply the con-
traction principle [Bach, 2024, Proposition 4.3] to the Rademacher complexity. Informally,

this yields
5< sup ZEZ (w xz> 5< sup ZE,U) xl>,

weSd—1 n weSd—1 n

where exceptionally € is composed of independent Rademacher variables. The supremum
in the second term can then be taken explicitly. We will make use of this idea by first
approximating the functions in the unit ball of H with Lipschitz functions, before using
Slepian’s lemma [Ledoux and Talagrand, 1991, Corollary 3.14] to obtain similar results on
the Gaussian complexity.

Lemma 32 (Lipschitz Approximation). Let g € H with ||g||lx < 1, and let ¢ > 0. There
exists a (1/C)-Lipschitz function g¢ : R — R with g¢(0) = 0 such that ||g — g¢|loo < C.

The proof can be found in Appendix A.5.3. This lemma indicates that we can approx-
imate functions in the unit ball of the RKHS H up to any precision in the infinite norm
by Lipschitz functions with a Lipschitz constant equal to the inverse of the precision.
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Theorem 8 (Dimension-Independent Bound). If S~ is the ¢ or the {5 sphere, then

1/4
6 1/4 1%\ 2
Gn < 6 ((10g2d) Tieoo + 1*:2) (EDn<IZ%?;§]((HXZH ) )) :

Recall that in the ¢; sphere case, || - ||* = || - ||co, and in the £5 case || - ||* = || - ||2.
Here, we obtain a bound on the Gaussian complexity that depends only mildly on the
data dimension d, either not at all in the case of the ¢3 sphere or logarithmically for
the /1 sphere. This means that the estimator BKERNN can be effectively used in high-
dimensional settings, where the data dimension may be exponentially large relative to the
sample size. This improved dependency on the dimension d comes at the cost of a worse
dependency on the sample size n compared to Theorem 7. Note also that there can be an
implicit dependency on the dimension through the data distribution, which we discuss in
Lemma 33 at the end of Section 4 under different data-generating mechanisms.

Proof of Theorem 8. By applying Lemma 32, we have for any (; > 0

~ 12
G :=E. ( sup — Z sig(wTa:Z-)>

weSI1 gl <1 T ;5

E. ( sup 1 > e (gcl (w'z) + glw ;) — ge, (wT%‘))>

weSI—1 gl <1 T ;5

1 n
Ee ( sup < ZgigCl(wai) +llg - & ”OO)) .

weSI1 [lglly<1 \" ;=3

IN

We can then change the supremum over the unit ball of H to a supremum over Lipschitz
functions

N 1z
Gn < E. sup =Y eige (W) | +G
weSI1, g, (1/¢1)—Lip, g¢, (0)=0 " ;=54

1 IS
= ?Ea ( sup sup — E €ih(le’i)> +(
1

h 1-Lip, h(0)=0weSd—1 T ;|

1 n
= 2$ E. ( sup sup — Zsih(wTazi))

h 1-Lip, h(0)=0 wesd-1 T ;|

by choosing the best (;. Technically, we can restrict ourselves to the following class

of function: Fi_pip := {h : [~ maxep, |lz:[|", max;ep [|2:]|*] — R | A(0) = 0,h is 1 —
Lipschitz}.
We then use a covering argument. To cover Fi_r;, up to precision (o > 0 in || - [|oo

8 max; [ |l:* Amaxiepn loill”

norm with M functions from Fi_rp, one needs M < (T + 1) 2 C2
[Luxburg and Bousquet, 2004, Theorem 17]. Let h1,...hys be such a covering. This yields

113



Chapter 4. Integrating Neural Networks and Kernel Methods

that

R 1 &
Gn, <2 Ea< sup  sup Zsih(w—'—xi)>

heF1_rip weSd—1 T ;=1

<2 IE€< sup sup Zgz w $z>+C2a

he{hi,....hps } wesd—1 T

by proceeding as with the covering of the unit ball of H.
We then use Lemma 35 to bound the expectation on the supremum of the finite set of
Lipschitz functions, which is inspired by Bartlett and Mendelson [2002]. This yields

E€< sup 1 Zn:f:‘z'h(waz’)>

he{hl,...,hM},wGSd—l n i=1

We then consider each term of Equation (4.13) separately, while also taking expectation
with regards to the data set. For the second term, using the bound on M [Luxburg and
Bousquet, 2004, Theorem 17] and basic inequalities to simplify the term, we have

+ 8¢\/21og ) (4.13)

- ( i) W)

n =)\2 | 4 . [ 8 , e
gEDn( . 1:1<u;%u>d macp i 10g2+10g< macp i +1>)

n G2 C2

S uxzu )2 ¢maxie[n] i *
Co

7L max(||z; 3/2 ii max(||z;]]*)? "
< Ly, ( i) )g . (EDnQeM(” m)) .

G2 \/5 n * ] 1 ) 3/4
n < D( IR )wﬁ <2< Dn<gé%5]<<uxu>>> +6
2/3
\/5 n * 8 . 3/4
SEE,Dn< 7;&,% +2 7 Ep, IE%(H%H )
\/§ n * 4 .
SEE,Dn< e )+ 2y Bo (maiel 2 )

3/4
Ep, (max,-e[n](HxiH*)Z)) / in the second line.
erm from Equation (4.13) which we have to deal with still, consider

by taking QS/Q ==
Now for the firs

=
-+
-+
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first the case || - ||* = - ||2 then,

Eep, <||\7/1i Zﬁwz’llz) < \JEE,Dn <||\7/f§n:€z'$i||%>
=1 i=1
= \f\lEDn (Z ||in|%> = \\/g\/EX (I1X113).
i=1

In the other case where || - ||* = || - ||oo, We can use Boucheron et al. [2013, Theorem 2.5],
as for a fixed data set Dy, > ; £;5(x;)q is a centred Gaussian vector with variance equal
to Y71 ((%i)a)? which is smaller than max,eq > iy ((#:)q)? This yields that

V2 & \f
E - 1L || oo =—EF 7 za
. (nn > <l - m%{@e zi
V2 -
- YE
n o obn d]se{ 11Z

=1

< \fEDn (max&i((xi)a)ﬂog@d)) .

We then have

V2 & 2 -
E.p, <||n;5ixi|w < Vlog2dEp, max ((2i)a)?

2
—+/log 2dEp
n

IN

[]=

=
E:%d) Il

oy

&

S

S
~_

2 n
< = Viog2dEp, [\ Hxiugo)
=1
2
—+/log2d\/E X|%).
VIR Ex (IXR)

This yields that the last term of Equation (4.13) can be bounded

<

G% 2 \/§ *)2 4 *)2
< <ﬁ¢log 201 1o + ﬁn*ﬂ) Ex ((1X])2) + 2MJE% @%waziu )

(\/10g2 Ticoo + Tue 2) 7 \IEDn (m?X(szH ) )

hence

1/4
6
Gn S (log 2d]l*=oo + ]1*=2)1/4 W (EDn <?€1[3;L)}((Hxl||*)2>> ’

which concludes the proof. O
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4.2 Bound on Expected Risk of Regularised Estimator

We now use the bounds on the Gaussian complexity we have obtained in Section 4.1 to
derive a bound on the expected risk of BKERNN. We show that, with explicit rates, the
expected risk of our estimator converges with high-probability to that of the minimiser for
data with subgaussian norms, which includes both bounded data and data with subgaus-
sian components. First, we provide a definition of subgaussian real variables, as given by
Vershynin [2018].

Definition 7 (Subgaussian Variables). Let Z be a real-valued (not necessarily centred)
random variable. Z is subgaussian with variance proxy o if and only if

+2

Vt > 0,max (P(Z > t),P(Z < —t)) < e 22.

We now present the main theoretical result of the chapter.

Theorem 9 (Bound on Expected Risk with High-Probability). Let the estimator
function be f) = argmin;cr R(f) + AQ(f). Assume the following:

1. Well-specified model: The minimiser f* :=argminger _ o(f)<+oo R(f) ewists.
2. Convexity of the loss: For any (x,y) € X x Y, [ € Foo — Ly, f(x)) is convex.

3. Lipschitz condition: The loss { is L-Lipschitz in its second (bounded) argument,
e, Vy € Vya € {f(x) |z € X, [ € Fo, Qf) < 2Q(f")},a — Ly, a) is L-
Lipschitz.

4. Data distribution: The data set (i, Y;)ic|n) consists of i.i.d. samples of the random
variable (X,Y) where 1+ /[ X[[* is subgaussian with variance proxy o>.

Then, for any § € (0,1), with probability larger than 1 — 4§, for A = 12L (ﬁ + Gn) +

288\%0 log 5
R(f)) < R(f*) +24Q(f*)L ( LIS L 2o log 1)
A) < —
Vin T n
With the bounds on G, from Theorem 7 and Theorem 8, recall that if || - || is either
II-1l2 or || - |1, we have

' 6 1/4
G < i (575 (08 20)" /1. + 1) (B, (max(|1X) )

8\/5\/105:{(12 + 1)\/IEX|XH*>.

Proof of Theorem 9. This proof is primarily based on Bach [2024, Proposition 4.7].

Let fy be a minimiser of Ry := R + A2 over F,. Consider the set C; := {f € Fu |
RA(f) — RaA(fX) < 7} for some 7 > 0 that will be chosen later. C; is a convex set by the
convexity assumption on the loss ¢.

First, we show that C; is included in the set B, := {f € Foo | Q(f) < Q(f*) + 7/A}.
This inclusion follows from the optimality of f* and fy. Let f € C;, then

RA(f) S RAUR) +7 S RAU) +7 S R(F) + A7) + 7
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yielding f € B-.

Next, set 7 = /\Q(f*) with A to be chosen later. We show that f) belongs to C; with
high probability. If f\ ¢ C., since fY € C; and C, is convex, there exists a f in the segment
[/x, £%] and which is on the boundary of C;, i.e. such that Ry(f) = Ra(f;) + 7. Since the
empirical risk is convex, we have Ry (f) < max(ﬁ,\(f)\),ﬁ)\(f;)) = 7%,\(fj\‘) Then,

R(f3) = R(F) = R(F3) + R(f) = Ra(£7) — Ra(f) = RAR) + Ra(f)

> —Ra(f) +RA(f) =T (4.14)

Note that Q(f) < 2Q(f*) and Q(fy) < 2Q(f*). Combining Lemma 36 and Lemma 38,
for 6 € (0,1), with probability greater than 1 — §, we have for all f € F such that

Q(f) < 29(f%):
R(f3)-R(f) — R(f3) + R(f)

gm( sup R(f) = R(f) + sup R(f)—ﬁcf))
FEF, QU f)2Q(f*) FEF 0, f)<29(f*)

S

< 120(f)L (\}ﬁ 4 Gn> 4 Q(f*)%‘r;;”,/log;

Now, choose A such that 7 = AQ(f*) > 12Q(f*)L (ﬁ + Gn) + Q(f*)20VZLe  flog .

This yields a contradiction with Equation (4.14). Thus, with such a A, with probability
greater than 1 — d, we have f) € C,, hence

R(
R(

For A = 12L (ﬁ + Gn) + 288\/7%" log %, this yields

R(f) < R(*) + Q(f) (24L <\/15 + Gn) . 576\/? M) ,

) < Ra(fX) +AQ2(f7),

A
H) SR +20Q(f7).

O]

We now provide insightful comments on Theorem 9. We first remark that the result
could be proven more directly for bounded data using McDiarmid’s inequality, resulting
in a better constant.

The chosen A does not depend on unknown quantities such as Q(f*), but only on known
quantities such as the Lipschitz constant of the loss, the sample size, or the dimension of
the data. This allows A to be explicitly chosen for a fixed probability d, although it is
usually computed through cross-validation.

Classical losses typically satisfy our assumptions. For instance, the square loss is always
convex and L-Lipschitz if the data and response are bounded, with L = 2sup,cy [y| +
AQ(f*) supgen ||z||*. Similarly, the logistic loss is always convex and L-Lipschitz with
L =1 (in the context of outputs in {—1,1}).

Our approach stands out by requiring minimal assumptions on the data-generating
mechanism, which is less restrictive compared to other methodologies in the multi-index
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model domain. This emphasis on general applicability is also why we do not include
feature recovery results, as such outcomes typically necessitate strong assumptions about
the data and often require prior knowledge of the distribution.

The rates obtained depend explicitly on the dimension of the data through the bound
on the Gaussian complexity. Considering the first term in the minimum, we observe
that the bound is independent (up to logarithmic factors) of the data dimension, mak-
ing BKERNN suitable for high-dimensional problems. However, this bound has a less
favourable dependency on the sample size compared to the dimension-dependent bound,
which is the second term in the minimum. We conjecture that the actual rate has the
best of both worlds, achieving an explicit dependency on dimension d and sample size n
of n=1/2 (up to logarithmic factors).

Comparing the rate between BKERNN, neural networks with ReLLU activations, and
kernel methods, we find that in well-specified settings (where the Bayes estimator belongs
to each function space considered), KRR yields a O(n_l/ 2) rate independent of dimension,
but require very smooth functions, for example, a Sobolev space of order s (i.e. the
derivatives up to order s are square integrable) is only a RKHS if s > d/2 [Bach, 2024,
Chapter 7]. Neural networks with ReLU activation achieve a similar rate with fewer
constraints, as their function space is typically larger than RKHS spaces [Bach, 2024,
Chapter 9].

If the model is not well-specified but we consider the Bayes predictor f* to be Lips-
chitz continuous, the rates for neural networks with ReLLU activation and bounded corre-
sponding Banach norm 1 (O(n~Y(@+9))) and kernel methods (O(n~(@+1)) [Bach, 2024,
Section 7.5, Section 9.4] do not beat the curse of dimensionality, and neither does our
setup.

However, in the case of linear latent variables, i.e., under the multiple index model
where f* = ¢g*(P"z) with P a d x k matrix with & < d and orthonormal columns, the
RKHS cannot take advantage of this hypothesis and the rates remain unchanged. In
contrast, the neural network can, assuming that ¢* has bounded Banach norm, then we
only pay the price of the k£ underlying dimensions and not the full d dimensions [Bach,
2024, Section 9.4]. BKERNN also has this property, which is visible by using the simple
arguments presented in the discussion in Bach [2024, Section 9.3.5], which show that
Q(f*) < Q(g*). Moreover, the optimisation process for BKERNN is much easier than
that of neural networks, and our function space is larger, underscoring the attractiveness
of BKERNN.

There is also an implicit dependency on the dimension in Theorem 9 through data-
dependent terms, namely the variance proxy o? or the expectations in the bound of G,,.
We now examine these quantities under two data-generating mechanisms: bounded and
subgaussian variables.

Lemma 33 (Analysis of Data-Dependent Terms in Theorem 9). The following inequalities
hold.

1. If X is bounded, i.e., || X||* < R almost surely, then

1/4
VExIX < VR, (B, (mxi 7)) < VR

Moreover, 1+ /|| X|[[* is subgaussian with variance prory o> <1+ VR.

2. If X is a vector of subgaussian variables (not necessarily centred or independent)

118



5. Numerical Experiments

with variance proxy o2 for component X,, then

d 1/4
VEx(1X[2) < V6 (Z 03) » VEx([X o) < 4(log d)*/* M /T,
a=1 a

1/4

1/4 d
Ep, (max HXiH%) < 4(1 +log(n))"/* (Z 03) ;
a=1

i€[n]

1/4
Ep, (mz[ui:HXiHm) < 4(1 + log(nd))"* max \/7g.
€N

a€ld]
Furthermore, 14+/|| X ||z is subgaussian with variance prozy o* < (14+3°%_, 04)2, and
1+ /[ X oo is subgaussian with variance prozy o < 2 +max,e[q) o2(1+/log(2d))?.

See the proof in Appendix A.5.5. Note that R usually does not implicitly depend on
the dimension in the || - |* = || - || case, and R can typically be O(d/?) in the || - ||2 case.
For the subgaussian mechanism, each o, typically does not depend on the dimension.

5 Numerical Experiments

In this section, we present and analyse the properties of BKERNN. The BKERNN im-
plementation in Python is fully compatible with Scikit-learn [Pedregosa et al., 2011], en-
suring seamless integration with existing machine learning workflows. The source code,
along with all necessary scripts to reproduce the experiments, is available at https:
//github.com/BertilleFollain/BKerNN. We define the scores and other estimators in
the section below.

5.1 Introduction to Scores and Competitors

In the experiments below, we use two scores to assess performance. The prediction score
is defined as the coefficient of determination, a classical metric in the statistics literature
[Wright, 1921], R?, which ranges from —oco to 1, where a score of 1 indicates perfect
prediction, a score of 0 indicates that the model predicts no better than the mean of
the target values, and negative values indicate that the model performs worse than this
baseline. Mathematically, the R? score is defined as follows

i1 (Yi — ﬁi)z
Sy —9)?’

where y; are the true values, 4; are the predicted values, 4 is the mean of the true values,
and n is the number of samples.

The feature learning score measures the model’s ability to identify and learn the true
feature space (1 being the best, 0 the worst). It is computable only when the underlying
feature space (in the form of a matrix P € R¥* with k the number of features) is known
and relevant only when features are of similar importance, which we have ensured in the
experiments below.

Depending on the regularisation type, the estimated feature matrix P is computed via
singular value decomposition (SVD) for Qfeature, concave feature OF basic regularisation,
or by selecting the top k variables for Qyariable OF Qconcave variable Fegularisation. We then
compute the projection matrices mp and mp and calculate the feature learning error as the

R?=1- (4.15)
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normalised Frobenius norm of their difference

m5=P(PTP)'PT and 7p=P(P'P)'PT,

(4.16)

_ mp=mpl%
2Nfeatures — 2K

2
1— IIWP—T([DHF lfk' < Nfeatures
score = 2k - 2
lfk > nfeaéures ,

where the score is 1 if kK = Nfeatures-

In several experiments, we compare the performance of BKERNN against RELUNN
and BKRR. BKRR refers to Kernel Ridge Regression using the multi-dimensional Brown-
ian kernel k(4B (z, 2') = (||z| +||2’|| - ||z —2'||) /2. RELUNN is a simple one-hidden-layer
neural network with ReLLU activations, trained using batch stochastic gradient descent.

5.2 Experiment 1: Optimisation Procedure, Importance of Positive Ho-
mogeneous Kernel

In this experiment, we compare BKERNN with two methods that differ from BKERNN
only through the kernel that is used. We wish to illustrate the importance of the homogene-
ity assumptions discussed in Section 3.2. Specifically, we consider EXPKERNN with the
(rescaled) exponential kernel kP (a,b) = e~1¢~/2 and GAUSSIANKERNN with the Gaus-
sian kernel kGaussian (g p) = ¢~la=b/2 Unlike the Brownian kernel used in BKERNN, the
exponential and Gaussian kernels are not positively 1-homogeneous.

We trained all three methods on a simulated data set, using cross-validation to select
the regularisation parameter A\ while keeping other parameters fixed (m = 100, basic
regularisation, more details are provided in Appendix B.1). The training set consisted of
214 samples and the test set of 1024. The data had d = 45 dimensions with k& = 5 relevant
features, and Gaussian additive noise with a standard deviation of 0.5. An orthogonal
matrix P of size d x d was sampled uniformly from the orthogonal group before being
truncated to size d x k. The covariates were sampled uniformly from [—1, 1]d, and the

target variable y was computed as y = 27 ’Zgzl(PTx)a + noise.

We displayed the mean squared error (MSE) on both the training and test sets for
the selected A for each method in Figure 4.1. While all three methods perform very well
on the training set, the test set performance of EXPKERNN and GAUSSIANKERNN is
significantly worse compared to BKERNN. This discrepancy is not due to suboptimal
regularisation choices, as cross-validation was used to select the best A for each method.

Instead, the superior test performance of BKERNN underscores its effective opti-
misation process, avoiding the pitfalls of local minima that seem to trap EXPKERNN
and GAUSSIANKERNN. Qur observations in Figure 4.1 strongly support our discussion
in Section 3.2 on the critical role of the positive homogeneity of the kernel in ensuring
convergence to a global minimum.

5.3 Experiments 2 & 3: Influence of Parameters (Number of Particles
m, Regularisation Parameter )\, and Type of Regularisation)

In these experiments, we explore the impact of various parameters on the performance of
BKERNN. Detailed descriptions can be found in Appendix B.2, the results are presented
in Figure 4.2 and the R? score is described in Equation (4.15).

Experiment 2. The first two subplots of Figure 4.2 illustrate the effects of the number of
particles m and the regularisation parameter A\ while keeping the data generation process
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BKerNN ExpKerNN GaussianKerNN
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Figure 4.1: MSE across optimisation procedure for different kernels.

consistent. The data set is the same for the two subplots. We used 412 training samples
and 1024 test samples, with a data dimensiona of d = 20 and k& = 5 relevant features. The
standard deviation of additive Gaussian noise was set to 0.1. The covariates were sampled
uniformly from [—1,1]¢. The target variable y was computed as y = z’;zl |27z, | + noise.

Number of Particles (m): the first subplot shows that with too few particles, the
estimator struggles to fit the training data, leading to poor performance on the test set.
However, beyond a certain threshold, increasing the number of particles does not yield
significant improvements in performance.

Regularisation Parameter (A): the second subplot demonstrates the typical behaviour
of a regularised estimator. When A\ is too small, the model overfits the training data,
resulting in poor test performance. Conversely, when A is too large, the model underfits,
performing poorly on both the training and test sets. Optimal performance on both sets
is achieved with an intermediate value of A.

Experiment 3. The third subplot in Figure 4.2 examines the influence of the type of
regularisation across three distinct data-generating mechanisms: (1) without underlying
features, i.e., where all of the data is needed, (2) with few relevant variables, (3) with
few relevant features. We used 214 training samples and 1024 test samples, with a data
dimensionality of d = 20 and k = 5 relevant features. The standard deviation of additive
Gaussian noise was set to 0.5, and the data set was generated 20 times with different
seeds. The covariates were always sampled uniformly on [—1, 1]d but the response was
generated in three different ways. In the “no underlying structure” data set, we had y =
524, sin(X,) +noise. In the “few relevant variables” data set, we had y = Y°F_, sin(z,) +
noise. In the “few relevant features data set”, we sampled P a d X d matrix from the
orthogonal group uniformly, truncated it to size d x k and the response was generated as
y=>F_ sin((PTz),) + noise. The mean and standard deviation of the R? score on the
test set are reported.

When there is no underlying structure, all regularisers perform somewhat similarly.
However, for data sets featuring relevant variables, the Qyariable a0d Qconcave variable Fegular-
isations shine, delivering superior performance. Similarly for the Qfeature a0d Qeconcave feature
regularisations on data sets with few relevant features. Remarkably, for data with underly-
ing structure, the concave versions of both Qqariable and Qeature regularisations outperform
their non-concave counterparts. This demonstrates their superior ability to effectively se-
lect relevant information in the data while maintaining strong predictive power.
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Figure 4.2: Influence of parameters: left: m, middle: A, right: type of penalty.

5.4 Experiment 4: Comparison to Neural Network on 1D Examples,
Influence of Number of Particles/Width of Hidden Layer m

In Experiment 4, we compare the learning capabilities of BKERNN against a simple
neural network, RELUNN. We study three distinct functions, corresponding to each row
in Figure 4.3. In all rows, the training set is represented by small black crosses, while
the target function is shown in blue. The first two columns depict BKERNN using two
different numbers of particles: m = 1 and m = 5. The last three columns show results
for RELUNN with varying numbers of neurons in the hidden layer: 1, 5, and 32. See
Appendix B.3 for more experimental details.

Notably, BKERNN demonstrates great learning capabilities, successfully capturing
the functions even with just one particle. Increasing the number of particles (second
column) offers minimal additional benefit, underscoring BKERNN’s efficiency. In stark
contrast, RELUNN struggles significantly when limited to the same number of hidden
neurons as BKERNN’s particles. However, once the hidden layer is expanded to 32 neu-
rons, RELUNN begins to show satisfactory learning capabilities. These results highlight
BKERNN'’s superior efficiency in learning functions with a minimal number of particles,
outperforming RELUNN, which requires a more complex architecture to achieve compa-
rable performance.

5.5 Experiment 5: Prediction Score and Feature Learning Score Against
Growing Dimension and Sample Size, a Comparison of BKerNN
with Brownian Kernel Ridge Regression and a ReLU Neural Net-
work

In Experiment 5, we evaluate the performance of BKERNN, BKRR and RELUNN across
varying sample sizes and dimensions on simulated data sets. The estimators are presented
in Section 5.1. The R? and feature learning score used to assess performance are described
in Equations (4.15) and (4.16) respectively. The results are presented in Figure 4.4. For
more details about the experiment, see Appendix B.4.

The two subplots on the top row of Figure 4.4 show the effect of increasing the sample
size while keeping the dimension fixed. In the two subplots of the bottom row, the sample
size is fixed, and the dimension is increased. For each combination of sample size and
dimension, ten data sets were generated. We display the two scores of each method on
each data set, as well as the average score across data sets. The feature learning score
for BKRR is not defined and, therefore, not displayed. The number of particles (for
BKERNN) and hidden neurons (for RELUNN) is fixed at 50 across all experiments.

For all the data sets, the covariates were uniformly sampled in [~1,1]%, the underlying
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Figure 4.3: Comparison to neural network on 1D examples.

features matrix P was uniformly sampled from the orthogonal group, then truncated to

have k = 3 relevant features, and the response was set as y = ‘Z’;:l sin ((PTaz)a> .

In the first two subplots, the dimension is fixed at 15. As the sample size increases,
we observe improvements in the prediction scores of all three methods. However, the
prediction score of BKRR improves at a much slower pace. Both BKERNN and RELUNN
achieve high prediction scores more rapidly, with BKERNN requiring fewer samples to do
so. Notably, BKERNN excels in feature learning, effectively capturing the underlying
feature space, while RELUNN fails regardless of the number of samples.

In the last two subplots, where the sample size is fixed at 212, we notice a general
decline in performance as the dimension increases. BKRR shows the most rapid deteri-
oration because it cannot learn features, struggling significantly with higher dimensions.
In contrast, BKERNN demonstrates resilience to increasing dimensionality, maintaining
better performance compared to the other methods. RELUNN falls somewhere in be-
tween, neither as robust as BKERNN nor as weak as BKRR. Similarly, for the feature
learning score, both BKERNN and RELUNN show decreased performance, but BKERNN
is slightly less affected, underscoring its ability to handle high-dimensional data.

5.6 Experiment 6: Comparison on Real Data Sets Between BKerNN,
Brownian Kernel Ridge Regression and a ReLU Neural Network

In Experiment 6, we evaluate the R? score (Equation 4.15), of four methods: BKRR,
BKERNN with concave variable regularisation, BKERNN with concave feature regular-
isation, and RELUNN, across 17 real-world data sets. These were obtained from the
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Figure 4.4: Performance comparison across varying sample sizes and dimensions.

tabular benchmark numerical regression suite via the OpenML platform, as described by
Grinsztajn et al. [2022]. Each data set was processed to only include numerical variables,
cropped to 400 training samples and 100 testing samples, rescaled to have centred covari-
ates with standard deviation equal to one, with dimensionality varying across data sets as
shown in Figure 4.5. For both BKERNN and RELUNN, the number of particles or hidden
neurons was set to twice the dimension of each data set, while the training parameters
were fixed. Details are available in Appendix B.5.
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Figure 4.5: Comparison of R? scores on real data sets.

The results indicate that BKRR often performs the worst among all methods. In
contrast, BKERNN with concave feature regularisation and RELUNN frequently emerge
as the best estimators, performing similarly well on average across the various data sets.
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6. Conclusion

6 Conclusion

To conclude, we have introduced a novel framework for feature learning and function es-
timation in supervised learning, termed Brownian kernel neural network (BKERNN). By
leveraging regularised empirical risk minimisation over averages of Sobolev spaces on one-
dimensional projections of the data, we established connections to kernel ridge regression
and infinite-width one-hidden layer neural networks. We provide an efficient computa-
tional method for BKERNN, emphasising the importance of the positive homogeneity of
the Brownian kernel. Through rigorous theoretical analysis, we demonstrated that, in the
well-specified setting for subgaussian data, BKERNN achieves convergence of its expected
risk to the minimal risk with explicit rates, potentially independent of the data dimension,
underscoring the efficacy of our approach. We have extensively discussed the relationship
between the space of functions we propose and other classical functions spaces. Numerical
experiments across simulated scenarios and real data sets confirm BKERNN’s superiority
over traditional kernel ridge regression and competitive performance with neural networks
employing ReLU activations, achieved with fewer particles or hidden neurons. Future
research directions include the development of more efficient algorithms for the compu-
tation of the estimator, improved analysis of the Gaussian complexity, and theoretical
investigation of other penalties.
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Appendix

A Extra Lemmas and Proofs

In this appendix, we present and/or prove some of the results needed in the main text.

A.1 Well-Definition of F
Recall the definition of Fo, given in Definition 4. Let

= {f 1=t [ gu@duw), 90(s) < oo},

where ¢ is a constant in R, S¢~! is the unit sphere for some norm, u € P(S%1) is a
probability measure on S, and Vw € S, g, : R = R € H, with

() = inf o gullndntw),
CER,(gu)wHSI! ueP(sd-1) /841

such that f = c+ [ga1 gw(w'-) du(w).

Now consider a different and more formal definition, which we show to be equivalent.
We define Fuo to be the space of functions f : R? — R such that there exists a Borel
measure fi such that f = ¢+ [5,, a1 g(w')dfi(g, w) with Qo(f) < oo,where Qg on f is
defined as the infimum of [}, ga-1 ||g|lndfi(g, w) over all measures defining f. This is the

variation norm associated to the map (g,w) € H x S~ — g(w'-) (which is a function
from R? to R), see Kurkova and Sanguineti [2001] and Bach [2024, Section 9.3.2].
Since [, ga-1 ||gllndfi(g, w) does not depend on w, we can write

f=et [ ([ gt ditgl)) dae),

where we then see that if we define for w € S¢! the function g,, := [, gdfi(g|w), it indeed
belongs to H and ||gw |3 < [3 lgll#dii(glw). For any optimal measure 4i* in the definition
of Qo(f), we must have the equality ||gwlln = [y |g/lndi*(glw), as otherwise we could
take a Dirac at g,, for i*(g, w) and improve the infimum defining £y. We then have

(N = [, lolwdatg.w) = [ ([ stw™datghe)) dntw) = [ louludae),

with the measure p of the first definition being equal to the marginal of ji, which ends the
presentation of the equivalence between the two definitions.

A.2 Proofs of Section 2.3 Lemmas

Here we give the proofs of the lemmas describing characteristics of the function space F.

A.2.1 Proof of Lemma 24

Proof of Lemma 24. We first check that F is a vector space.
Let f € Foo with f(-) = ¢+ [ga-1 gw(w ' )dpu(w) and 7 € R then 7f(-) = 7c +
[si-1 Tgw(wT-)dp(w) and 7g, € H. We also see that Q(7f) = |7|Q(f), hence 7f € Fu.
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Now let f, f € Foo, then (f+£)(-) = e+ [sa1 gu(w ) dp(w)+ [ga-1 Gu(w)dfi(w) =

c+E+ fsd—l(d% Guw + d%gw)( T )d(“gﬂ)(w). We also have that
- 2p(w) ilw) | futi
Qo(f+1)= /Sd—l d,u(w) + fi(w) Gu dﬂ(w) + A(w) g ’Hd( 2 )(w)
2p(w) 2u(w) p+fi
< [ gl A g (S ) )

< Qo(f) + Q(f) < o0,

hence f + f belongs to Foo. This yields that Foo is a vector space. We also see that
Q(f + f) = max(f(0) + f(0),2(f + f)) < Q(f) + Q(f). Since Q(f) =0 <= f =0, we

have that 2 is a norm on Fg,.
We now check the Hélder continuity property

F@) = f@) =t [ gutoToduw) —e— [ gulw")dpw)

= a1 <guh kme - ksz’>dM(w)

7@ =L@ [ Ngulallbure = kure i) < [ lgula/ o™ @ = 20)ldpw)

_ pl||* e
< [, Noulbey/lle =l du(w) < Qo()y/llo = o]

A.2.2 Proof of Lemma 25

Proof of Lemma 25. Let us assume now that we only consider functions f with support
on the ball with centre 0, radius R and norm || - ||*, which we denote B(0, R). Then we
can actually consider the functions g,, which define F, to belong to H' := {g: R — R |
g(0) = O,fFR(g'(t))2dt}, and it is still a RKHS with the same reproducing kernel. Let

f € Foor f = c+ [si-1 gw(w'-)du(w). We have assumed it has a Fourier decomposition,
such that

= (27T)d/Rd f(w)ewadw,

and then we have

()< oy L 1F)10( )0

and we can then study Qo(ei“%).
We have ¢@'® = gw(”u“j—”Tx) with g, : t € [-R,R] — ¢*I*l which belongs to (the

complex version of) H, with g, |l% = \/ffR |w]]2|eitlll|2dt < v2R||w]|.
This yields

|- [lwl|de.

0 g e
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A.3 Proofs of Section 2.4 Lemmas

In this section we present the proof of lemmas used to transform the optimisation problem
defining BKERNN.

A.3.1 Proof of Lemma 26

Proof of Lemma 26. Our goal is to transform Equation (4.5). We begin with the following
trick for the m particles setting

1 ||93||H
ZHQJHH—BleRQO 1( + 5 |-

J

Fix (wj) jem) and (B;) je[m) in Equation (4.5), yielding the following minimisation prob-
lem on the functions (g;) e[m)

n

min 1 0(y; c—i—iig-(wa iii HQJ”H (4.17)
CER g1 smgmEH 1 Y m = 5w i) 2m '

Using the representer theorem [Scholkopf et al., 2001], we express each z — g; (ij x)
as

n
x — Zagj)k(B) (w;—xi,w;x),
i=1
which leads to
”g]H’H = Z 04 04 ij%w;rﬂ?z")-
[ Z =
Rewriting the norm and evaluation in kernel form with KZ(Z? ) = k(B) (w;rxi, w;r;vi/), we
obtain
lgill3, = (N T K Wil ),
and

g;(wj] wi) = (K“alD);.

Thus, we transform Equation (4.17) into

fZ yz,az Jito)+5—3 5

ceR, a(l) a(m)ERd n — =1

We show that minimisation is attained for vectors al?) equal to Bja for a single vector a.
Consider the convex problem

1 Bi ’

min
a(l) a(m) E]Rd 2 m j
subject to % ZT:l K@il = 2 where z € R% We define the Lagrangian

™ (a0 T Kwi)a) 1 .
+al [z—= =Y KW |,
S el -z

Jj=1

E(a(l), .. ,a

1\9\»—\
S\H
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By taking the differential of £ with respect to a9 at the optimum, we get

L@ZLK(%‘) (O;;j)_a> —0.

Aald) m '

The differential with respect to « yields that at the optimum, the constraint is verified,
ie, z= % > K®i)a(), We note that for o) = Bja, all equations are satisfied, yielding
the desired result.

We can then write Equation (4.5) as

A 1 Al &
min - Uy, (Ka); +c¢)+ a Ka+ —— i
wi,.. ,meRd CERBGR"" OZER"TL; yl ) ) m]z::lﬁj

with the constraints Vj € [m],w; € S9! and K = L i) B K (W),
We notice that §;K (w;) = KBiw;i) due to the positive homogeneity of the Brownian
kernel. We therefore introduce the change of variable 3;w; = w;

AT A1
min = Uy, (Ka);+¢) + -« Koz—i——— il
.y Wm ERD,cER,BER™ ,a€R™ TV ; Yi ) ) 2 2m ; || J ”

with K = % e K (®3) and no constraint on the norm of w;. For ease of exposition in
the main text, we replace w by w. O

A.3.2 Proof of Lemma 27

Proof of Lemma 27. The proof follows the same steps as the proof of Lemma 26, system-
atically replacing any % Z}”:l with the appropriate integral over S?~! with respect to
measure p. Before the change of variables, the problem is

A
min *ZE Yi, (Ka); +¢) + ozTKa—l— / Buwdp(w),
PEP(S4-1) ceR, (Buw)w RS aeRr T 5

where K = [sa1 Bu K™ du(w) = [ga1 KPe®) du(w). The change of variables S,w = w
transforms the problem into

min - Uy, (Ka)i+c)+ aTKa+ / ||| dv (@
(Bw)w€ de ! VEP({Buww,weSI—1}) ceER,acR™ n; ' 2

with K = [pa K ®)dv(w). We can consider the integral over R instead of {B,w,w € S¥1}
by extending v with v(R% \ {B,w,w € S¥1}) = 0. This is equivalent to considering
the minimum over v € P(R?) instead of the minimum over (By)yecsi-1 € Ry and v €
P{Buw, w € ST1}).

The first minimum is smaller as it is considered over a larger space, but they are equal
because both the norm || - || and the kernel K are positively homogeneous. Hence, the
problem finally becomes

min — > Uy, (Ka); +¢) + ozTKoz—i— / wl||dv(w
Vep(Rd)vceRaeRnnZ Yi )i +¢) 5 [, 12l

with K = [a K@ dy (). Learning an optimal v yields an optimal p by taking du(w) =
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dv({w € R? | @/||w|| = w}). For ease of exposition in the main text, we replace w
by w. O

A.4 Proofs of Section 3.1 Lemmas

In this section, we provide the proofs of the lemmas used to compute the estimator.

A.4.1 Proof of Lemma 28

Proof of Lemma 28. For a fixed «, the optimal ¢ is given by ¢ = ILTTY — %. Substituting
this back into the objective function, we obtain

min %HHY —IKao|?+ %@TKa,
which is minimised for « satisfying (KIIK + nAK)a = KIIY. We can further simplify
this by observing that if (IIK + nA\l)a = I1Y, then the previous condition is satisfied.
From the equation nAa = IIY — IIK«, we can deduce that I = o because 11?2 = II.
Therefore, we can express « as o = Ila. Substituting this change of variable into the
original problem, we define K := IIKII and Y := IIY, transforming the problem into

min %HY — Kal?+ %&TKd.

This is a standard kernel ridge regression problem (noting that K is still a valid kernel
matrix), for which the solution is known to be & = (K 4+nAI)~'Y. We also have Ila = &,
implying a = @& because one can show that 1Ta& = 0. To see why, note that 1" & = (1, &) =
(K 4+ nAXI)~',Y). Since (K 4 nAI)~'1 is proportional to 1 (as 1 is an eigenvector of
K +nAI and its inverse), and (Y, 1) = 0, we obtain the desired result.

Finally, we verify the optimal condition (KIIK + nAK)a = KIIY. Given (IIKTI 4+
nAl)a = IIY by definition, multiplying by K yields (KIIKII + nAK)a = KIIY. Since
& = a = Ila, the desired result follows. ]

A.4.2 Proof of Lemma 29

Proof of Lemma 29. First, we compute the derivative of G = %?T(f( + Anl)_lf/ with
respect to wy

0G  n 9G OKiy
awj N i=1 8Km'/ 8wj

(sign(w}—xi)xi + sign(w;zi/)xi/ - sign(w;r (x; — ) (z; — :cl/))

(IATe
:E;::l 0K, . 2

;!
NA

(4.18)

We know that
oG A

m —§(K+)\HI)71Y/YT(K+)\HI)71,
n
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thus

5 oG O(IIKTL + ),
0Ky “~ (K + \nl)y 0K

(K +MD) YYY (K 4+ And) ™Y 410,10

~5 (MK + anD) VY T(K + AnI)’IH)i
—Z(I(K + And) YY), (I(K + M) 71Y),.

Substituting this back into Equation (4.18) and introducing S; € R™"*"™ with (5;); =
(51gn(mel)x2 + 51gn(wT;1:Z )y — sign(w T(xz — ) (i — x)) /2, we get

G A ~ —1v o 1y A
Dy = o MZﬂ(H(K + AnD) 7Y ) (THK + And) ™Y )i (S5)i

=~ At (I + AnD) 79 TS, (1K + and) ')

2m
A - ~ - ~
=~ tr (K + D)™ V) TOSI((K + AnD)7'Y))
2m
This implies that we can replace (.S; )Zﬂ" with th§ i-th, #’-th component of any matrix
with the same centred version, such as S; where (S;);» = —sign(w T(xl — i) (x; — ),
yielding the desired result. O

A.4.3 Proof of Lemma 30

Proof of Lemma 30. We consider each penalty separately.

1. For Quasic(W) = 5 71 llw;ll, the penalty corresponds to a group Lasso penalty
on W € R¥™™_ where the groups are the columns. The proximal operator is given
by:

Ay o1
W), =(1-o— '
(proxy,o(W)); ( 2m\|ij)+wJ7

as detailed in [Bach et al., 2012, Section 3.3].

2. For Quariable(W) = 5 Z ( ;” 1 |(wj)a]2)1/2, this is a group Lasso setting where
the groups are the rows Of W. The proximal operator is:

A 1
X (a) _ (1 i > (a)
pro w WA,
( )\’YQ( )) 9 /* HVV ”2

also found in Bach et al. [2012, Section 3.3].

3. For Qpeature(W) = 3tr (( i 1ij;r)1/2), this penalty corresponds to a Lasso

penalty on the singular values. Given W = USV T (SVD), we have:

- ~ Ay
T .
proxy,o(W)=USV with S < 2\/ﬁ|5|>

using results from Bach et al. [2012, Section 3.3].
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1/2 )
4. For Qconcave variable(W) = 2% 2:1 log (1 + S(% i) [(w})al?) / ), the loss is sepa-

rable along the d dimensions. Considering each W@ separately, we compute the
proximal operator:

a a A S 11,
PIOX 3 g1 ey (W) = min 3 S — )+ 5 o8+ o ul2)
The subgradients of £(u(®) := 1||[W(®) — (9|3 —|— Tlog(1+ \/%Hu(“”b) are:
oL Ay s 1
_ (W@ _ @ (@
oula) ( (% ) + 5 2s v/m 1+ f”u(a)HQ ’

where Hv(“)||2 < 1if ul® =0, and otherwise v(® = u(® /|ju(®)||,.

For u(® #£ 0, there is a scalar ¢ € Rt such that u(®) = ¢W (@ yielding:

(1 P L ) 1
c _
2y/m c|[W@ 2 1+ Z&[[W@)]l
This is a second-order polynomial in ¢ that can be solved explicitly. The determinant
A is
A

Ay 1 S
1— ——|[W@]y)* - -1 W@||,.
( f“ HZ) (2\/m HW(G)HQ > \/m” ”2

When A < 0, the proximal operator is u(* = 0. Otherwise, it suffices to compare
the two possible values of ¢ and choose the one for which £ is the smallest.

5. For Qconcave feature(W) = % Zgzl log (1+ﬁaa(w1, ..., Wy)), we combine the results
of the third and fourth items above. The proximal operator is

prox,q(W) = Usv',

where S is obtained by replacing all ||W(®||y by o, in the computations of the
pr oximal of QConcave variable-

O]

A.5 Extra Lemma and Proofs Related to Section 4 Except Section 4.2

Here we provided the proofs of the lemmas used to bound the Gaussian complexity.

A.5.1 Proof of Lemma 31
Proof of Lemma 31. Recall that

Gullf € FoorQ(f) < DY) = wn(f sup 1isif<xi>).

€Foo,Q0(f)<D,c<D T ;4
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We start by considering the expectation over € only. Using the definitions, we obtain

EE< sup —Zelf mz)

fEF,UNID T i

_ Eg< sup 1 zn:si <c + /Sd_1 gw(wT:ci)du(w)»

n -
1el<D, [y lgwllndu(w)<D ™ i1

1 1 &
=E, (D sup - Z € /Sdil (Gws k;]i)wi)dﬂ(w))

n
oo+ "
i=1 Jsa—1 lguwlludu(w)<D " i=1

1 i B
< D% —|—E5< sup /Sd n Zez Juw, k wT u(w))

Jsa—1 lgwllzdu(w)<D i=1

For the second term of the equation right above, we then have equality to

:Es( sup . /Sd 1|EZ€Z Guw, k me Y dp(w )

fsd_l llgwllzdp

B
=E, sup sup ]* 251 G, kfu )z >’)
fsd—l [lgw || dp(w)<D weSd—1 i

EE( sup |*Z€z g9,k >

weSa1 |lglly<D ™5

1 n
= Es( sup Z 5zk(B ) = Ee( sup <g’ . Z gzkius;)%))
=1

wESd‘l,llgl\HSD weS 1 ||glu<D T

1 n
:DIE5< sup —Z <g,k( ) )) :D]Es( sup —Zslg w' x; )

weSI1 [lglla <1 ™ 2 weSI1||glly <1t ™2y

Taking the expectation over the data set on both sides yields the desired result. O

A.5.2 Lemma 34 and its Proof

This lemma provides an explicit formula for computing the supremum over functions
within the unit ball of H, which we can then use for the calculation of Gaussian complexity.

Lemma 34 (Optimal g in Gaussian Complexity). For any data set (z1,...,2,), w € R?,
with K™ € R™ " the kernel matriz of k) with the data projected on w and £ € R™,

1
sup Zazg w' ;) eTKw)e
lgllae<1 ™355 n

Proof of Lemma 3. By applying the definitions, we obtain

1 1 B 1
sup — > eig(w'z) = sup = > eilg kL7 )= sup (g,= > ekl
lglln<1 ™3 lglle<1 ™55 lgllx<t T3

n (B)
1 i sikw n
| 325 1€zwxll¢z]1 ’

1
= 113k = S VETE@E
ni= ' n
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which is the desired result. O

A.5.3 Proof of Lemma 32

Proof of Lemma 32. Define g such that g¢(0) = 0 and g¢(z) = min(|g'(z)],1/¢) sign(g'(x)).
Note that || gé||OO < %, thus g¢ is %-Lipschitz. Additionally, for any a € R,

l9¢(a) I—’/ )dt‘

+oo
< [aew -9 <>\dts | (g 0] - 1/¢)
< -i-oo]l , d < +o00 , 2d
< | Lgazycle @)dt < Clg' ()" dt

< (¢ since /+Oo (g'(t))zdt <1,

—00

yielding the desired result. O

A.5.4 Lemma 35 and its Proof

Lemma 35 (Gaussian Complexity of Finite Set of Lipschitz Functions). Let hy,...hys
be 1-Lipschitz functions from R to R and let € be a random centred Gaussian vector with
identity covariance matriz. Then

EE( sup S iEih(wT%‘O

he{h1,...,hpr }wesSd—11 14
(H ZEZ:UZ

This lemma is inspired by Bartlett and Mendelson [2002].

*

2l W)

Proof of Lemma 35. We use Slepian’s lemma [Ledoux and Talagrand, 1991, Corollary
3.14]. For h € {h1,...har},w € S41, let

\/§ n M ~ s |1%)2

Xhow Zsl w a:z) and Y, = — Zeinazi + Zﬂh:h]fj 8M,
i=1 N j=1 "

where € is a centred Gaussian vector with identity covariance matrix independent of e.

Notice that for h,h € {hi,...hyr}, w,w € S¥1, we have

n

Ee((Xi — Xj)) = 3 D (0w ) — @ )
=1

(h(w " 2;) — h(@ ;) + h(w " 2;) — h(w " 2;))?

3&7"“

@
Il
—_

<

(h(w ;) — h(w " 2:))? + (h(w " 2;) — h(w " 2;))>.

IA
3{\3‘ )

.
Il
—
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We can then deal with the two terms separately. For the left term, the fact that h is
1-Lipschitz yields that

0o, 2 & )
ﬁ;(h(u} ;) — h(w' z;)) Sn—gw z— b x)2.

Then, using the fact that k — h is 2-Lipschitz and h(0) = h(0) = 0, we have

% zn:(h(u?T:m) — h(w" ;)% = 32 S (W@ @) — h(@ " x;) — (R(0) — A(0))?
i=1 i=1
< % Zﬂh¢h’4(w—r$i)2 < ]lh;ﬁ;l% Z(IIaziH*)2.
=1 i=1

All in all Ec((Xp0w — Xﬁ,w)Q) < Eo(Yhw — Yh,m)2) therefore we can apply Slepian’s
lemma and obtain

E. ( sup = iEih(wT%‘)>

he{hi,....,hp hweSd—1 V2

SEE( sup —Zszw $1+25]]1h h; \/ Li- ”%H )

he{hl, ,hM}wGS’i 1 n i=1

We then remark that the first term of the expectation does not depend on h and that
we can take the supremum over the sphere explicitly, while the second term does not
depend on w and we can also take the supremum over {hi,...,hps} explicitly

E,g( sup —Zez (w :cz>

he{hi,....hpr }wesSd—1 1]

n NIEAV
sBe| sup Zelw i+ Zé‘a hj\/gzz:ﬂ?z”))

wesSd-1 N he{hl, :hM}j 1
n 2 ||* 2
<E| sup \fzaw z; + sup & ,\/821_1(Il2z|!)
wesd-1 T 55 jeM] n

*

<E. H\fzezxz

1l W)

A.5.5 Proof of Lemma 33

Proof of Lemma 33. We begin with the bounded case. The bounds on the expectations

are clearly valid. Then, since 14-+/]| X ||* is a bounded variable, it is necessarily subgaussian

with a variance proxy bounded by (;{O\g{ < (1 + v/R)? [Vershynin, 2018, Proposition

2.5.2 (iv)].
Next, we consider the subgaussian case. Using the Cauchy-Schwarz inequality, we
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handle the case where || - ||* = || - ||2 using Vershynin [2018, Proposition 2.5.2]
1/4 1/4
Ex(IX]l) < (Ex(IX3)" < VB(_ o)
a=1

For the || - ||oo case, applying Vershynin [2018, Exercise 2.5.10] with the constant made
explicit yields the desired result.

For the second expectation with || - ||* = || - ||2, we have
d d )
Ep, (max | Xill3) = Emax Z F <D Emax ((Xi)a)
€N a1 a—1 €N
d d
Zl tmaxze[n]((X) )2)) < Z }log (nE(et((Xi)a)Q))
) sy ’

for all t > 0. We can then bound this by ¢_, %log(net(ﬁ\/%(’“)z) for t < 1/(6v/2e0,)?,
yielding:

EDn(%%f](HXiH%) < 72e(1 + log(n Za

The same proof technique applies to Ep, (max;ep, | Xil|2,), yielding the desired result.

Finally, we consider the subgaussianity of 1 + /|| X||*. Note that the sum of two
subgaussian variables is subgaussian. Using Vershynin [2018, Proposition 2.5.2 (ii)], for
two real random variables Z and Z with variance proxies o2 and 2 respectively, we have
that Z + Z is subgaussian with variance proxy (o + &)2. Additionally, the absolute value
of a subgaussian variable is also subgaussian with the same variance proxy [Vershynin,
2018, Proposition 2.5.2].

For ||-|| = || - ||2, we have 14+ /[[X[l2 < 14+ 3¢_; | X,|. Since 1 and X, are subgaussian
variables, this yields the desired result.

For || - ||oo, for all t > 0,

(v/20210g(2d)+1)2
P(|X|loo > /202 log(2d) +1) < 2de™ 202

+2 _ ty/log(2d) /2
<2 7 V2 < 2¢ 27,

Thus, || X||e — v/20210g(2d) is subgaussian with variance proxy o2. Therefore, || X||co
is subgaussian with variance proxy bounded by o?(1 + /log(2d))?. Then, 1 + /[ X]x
is subgaussian because it is less than 2 + || X ||oc, which is subgaussian [Vershynin, 2018,
Proposition 2.5.2] with a variance proxy bounded by that of 24 || X ||s0, yielding the desired
result. O

A.6 Lemmas Needed for Section 4.2 and their Proofs

Here we provide lemmas necessary for the proof of Theorem 9 and the analysis of its
distribution-dependent terms.

A.6.1 Lemma 36 and its Proof

Lemma 36 relates the Gaussian complexity to useful quantities to bound the expected
risk.
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Lemma 36. (Use of Gaussian Complezity) Let D >0 and the data set Dy, = (Zi, Yi)icn)
consists of i.i.d. samples of the random variable (X,Y) € X x ). Assume that the loss
¢ is L-Lipschitz in its second (bounded) argument, i.e., Yy € Y,a € {f(x) |x € X, f €
Foor Qf) < D},a— l(y,a) is L-Lipschitz. Then, we have

EDR< sup  R(f)—R(f)+  sup R(f)—ﬁ<f>)<6DL(1

+ Gn> .
FEFoU(f)<D FEFao,Uf)<D Vn

Proof of Lemma 36. By Bach [2024, Proposition 4.2], we have

EDH< sup  R(f)—R(f)+  sup R(f)—@f))

fE€F QU f)<D FE€F QU f)<D
§4E5,Dn< sup 7261 Yi, f (1) )
fE€F o, UNSD M T

where € consists of i.i.d. Rademacher variables.
Next, applying the contraction principle from Bach [2024, Proposition 4.3], we get

1
Esp, ( sup - ZEz (i, f(4) > < E:p, ( sup - Zng(xz)> .

feFoo UMD i feF Q<D M i

Then, using Wainwright [2019, Exercise 5.5], we have

) (fefooﬂ(f)ﬂ?n; l ) Fe, fefoo,ﬂ(f)<Dn; f ()

where ¢ ~ N(0, I).
Finally, by applying Lemma 31 and combining all these results, we obtain the desired
inequality

~ ~ 1

A.6.2 Lemma 37 and its Proof

Lemma 37 describes a useful property on the expectation of the hyperbolic cosine of a
subgaussian random variable.

Lemma 37. (Technical Lemma on Subgaussian Random Variables) Let Z be a real-valued
random variable (not necessarily centred) that is subgaussian (see Definition 7.) Then, for

all X € R,
E (cosh(A\Z)) < e(6V2e)%022%

Proof of Lemma 37. An equivalent definition of subgaussianity is that for all A\ € R, if
6v/2ea|\| < 1, then E(e}Z%) < e(6v20)%0*X? 506 Vershynin [2018, Proposition 2.5.2].
First, in the case |\| < c \/» Using the inequality e* < x + e® for all z € R, we get

272
e s

)\Z o )\Z >\2z2
E (cosh(A\Z)) < E < t te ) <6A222) < o(6V2€)20°\2

2
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Next, consider the case |\| > 5 f We can bound the expectation as follows

\ \
E(Cosh()\Z)) <E (e|/\Z\> ( 6\ﬁa|)\| Z ) ( (6v2e)20 2)\2/2—5-2(6\/%)2 2)

6(6\/%)202/\2/261/2 < 6(6\/%)202)\27

where we use the fact that (61/2€)202A% > 1 to justify the final inequality.

Thus, in both cases, we have shown that E (cosh(AZ)) < e(6V29?*} " proving the
lemma. O

A.6.3 Lemma 38 and its Proof

Lemma 38 is an application of McDiarmid’s inequality (a specific version by Meir and
Zhang [2003] for subgaussian random variables) to our learning problem.

Lemma 38. (Use of McDiarmid’s Inequality) Let D > 0 and § € (0,1). Assume that
1+ /[ X]|* is subgaussian with variance proxy o and that the loss { is L-Lipschitz in its
second (bounded) argument, i.e., Vy € Y,a € {f(z) |z € X, f € Fx, Qf) < D},a —
U(y,a) is L-Lipschitz. Then, with probability greater than 1 — 0,

~

sup  R(f)-R(f)+ sup  R(f) —R(f)

fEF0, QU f)<D fEF Q)LD
<Ep, ( sup  R(f)—R(f)+ sup  R(f) - ﬁ(f))
fEF,QUf)<D fE€F,f)<D
48+/2eL Do 1
+ ———"/log .
vn 5

Proof of Lemma 38. We use a specific version of McDiarmid’s inequality [Meir and Zhang,
2003, Theorem 3]. First, we show that the conditions for applying the theorem are met.
Let H := {h: (z,y) € X x Y — Ly, f(x)) — £(y, f(z)) | Q(f) < D,Q(f) < D}. For any
A > 0, we have

Exy ( sup cosh(2A(h(X,Y) — E(X,Y))))

h hEH
=Exy sup  cosh(2A(U(Y, (X)) — (Y, f(X))))
FQANSD,FH<D
<Exy sup cosh(2AL|f(X) — f(X)])
FUNSD,F)<D
<Exy sup cosh(4NLD(1 + ||X||*)))

£QUAHED,F(H)<D
=Exy (cosh(4)\LD(1 + ||X||*))> < U8V LED?aA2/2.

where the last inequality follows from Lemma 37. Hence, the condition is verified with M =
48/eLDo and applying Meir and Zhang [2003, Theorem 3] yields the desired result. [
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B. Numerical Experiments

B Numerical Experiments

In this section, we detail the parameters and methodology used in the different experi-
ments. The code needed to run the experiments can be found at https://github.com/
BertilleFollain/BKerNN.

B.1 Experiment 1: Optimisation procedure, Importance of Positive Ho-
mogeneous Kernel

Each method was tuned using 5-fold cross-validation with grid search, using negative mean
squared error as the scoring metric. The training was set for 20 iterations and the step-
size parameter () was set to 500, with backtracking enabled. Regularisation parameter
candidates were A = {0.05,0.1,0.5,1, 1.5} X 2maX;¢[,| [|zi[|2/n. Once the regularisation
parameters had been selected, we trained from scratch for 200 iterations, with the other
parameters kept as before.

B.2 Experiments 2 & 3: Influence of Parameters (Number of Particles
m, Regularisation Parameter )\, and Type of Regularisation)

For Experiment 2, in the first subplot, we set the step-size parameter v to 500 and the
number of iterations to 50. The regularisation type was set to Qp.sic and the regularisation
parameter to A = 0.02. The tested values of m were 1, 3, 5, 7, 10, 15, 20, 30, 40, and 50.

In the second subplot, we varied the regularisation parameter A in 0.0005, 0.001, 0.005,
0.01, 0.02, 0.05, 0.1, 0.3, and 0.5, while keeping the number of particles fixed at m = 10.

In Experiment 3, the BKERNN model was instantiated with a fixed number of particles
m = 20, step-size parameter v = 500, and number of iterations 25. The regularisation
parameter A was set as 2max;cy, ||z;||2/n.

B.3 Experiment 4: Comparison to Neural Network on 1D Examples,
Influence of Number of Particles/Width of Hidden Layer m

In Experiment 4, we investigated the performance of two learning methods, BKERNN and
RELUNN, on three different 1D functions. The training set always consists of 128 samples,
with z sampled uniformly between -1 and 1, while the target function/test set without noise
consists of 1024 equally spread out points. The response was then generated as follows.
For the first function, y = sin(27x) + noise, for the second y = sign(sin(27z)) + noise,
for the third y = 4|z +1—-0.25 — [z + 1 — 0.25] — 0.5/ — 1 + noise, where the noise is
always normal, centred and with standard deviation equal to 0.2. For BKERNN, the
regularisation parameter A was selected from [0.005, 0.01, 0.02, 0.05] using 5-fold cross-
validation and the negative mean squared error score. RELUNN was trained using a
batch size of 16, a number of iterations equal to 400,000 and a step-size of 0.005.

B.4 Experiment 5: Prediction Score and Feature Learning Score Against
Growing Dimension and Sample Size, a Comparison of BKerNN
with Kernel Ridge Regression and a ReLU Neural Network

In Experiment 5, data sets were generated with input data uniformly sampled within
the hypercube [—1, 1]d. The feature matrix P was generated from the orthogonal group.
For each configuration, training and test sets of sizes n and nist = 201, respectively,
were created. Output labels y were computed as y; = | YF_, (sin((P"x;),))|, with & = 3
relevant features.
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The first two plots fixed the dimension at 15 and varied sample sizes across [10, 20, 50,
100, 150, 200, 300, 400, 500]. The last two plots fixed the sample size at 212 and varied
dimensions across [3, 5, 10, 20, 30, 40, 50]. Each configuration was repeated 10 times with
different random seeds.

For BKERNN: X\ was set to 2max;cpy(|[zi]|2)/n, the number of particles was m = 50,
the regularisation type Qfeature, the number of iterations 20, and step-size v = 500 with
backtracking line search. For BKRR, A was chosen similarly to BKERNN. For RELUNN,
the number of neurons was set to 50, learning rate to 0.05, batch size to 16, and number
of iterations to 1500.

B.5 Experiment 6: Comparison on Real Data Sets Between BKerNN,
Kernel Ridge Regression and a ReLU Neural Network

In Experiment 6, BKRR and both versions of BKERNN had regularisation parameter
fixed equal to max;cp,(|[zil|2)/n, where n is the number of training samples (i.e. 400).
Backtracking line search was used for BKERNN and the starting step-size was 500, while
the number of iterations was 40. For RELUNN, the batch size was 16, while the number
of iterations was 2500 which corresponds to 100 epochs, and the step-size was set to 0.01.
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Conclusion

In this thesis, we addressed the challenge of supervised learning, where it is assumed that
the prediction function is composed of a non-parametric function and hidden linear fea-
tures, as described by the multi-index model. Our research was dedicated to developing
algorithmic methods that enhance learning in this context, with the added benefit that
these methods can be adapted to the variable selection setting. We exclusively employed
the regularised empirical risk minimisation framework, given its versatility across various
learning problems where a risk can be defined, thus possibly extending its applicability
beyond standard supervised learning. We focused on making minimal assumptions about
the data-generating process and ensuring our algorithms were computationally feasible.
Moreover, we sought to provide explicit convergence rates that do not suffer from expo-
nential dependency on the original data dimension and to limit the assumptions about the
true prediction function.

Overall, our work highlights the potential of leveraging hidden linear structures within
data to significantly enhance the learning process within a regularised empirical risk min-
imisation framework. By exploring these structures, we lay the groundwork for developing
more computationally and statistically efficient methods that can be applied to a broader
range of problems. Below, we briefly summarise the contributions of each chapter.

In Chapter 2, we introduced KTNGRAD. This method employs regularised empirical
risk minimisation within a reproducing kernel Hilbert space (RKHS) that includes the
partial derivatives of the kernel, with regularisation applied through a trace norm penalty
on the sample matrix of gradients. The optimisation procedure for KTNGRAD is based on
a convex problem with an explicit convergence rate, though it is computationally intensive.
Our theoretical analysis of well-specified settings demonstrated that KTNGRAD achieves
convergence rates for the expected risk that do not exponentially depend on the data
dimension. While the method reliably recovers the underlying features in a safe filter
manner, it does so without explicit rates and without recovering the dimensionality of the
hidden linear features. Numerical experiments confirmed that KTNGRAD is competitive
with the state-of-the-art method MAVE in estimating the features when the dimension
is known. However, further enquiry showed that the assumption for the true regression
function to belong to usual RKHS is not compatible with the multi-index model, which
led us to study a broader space of functions that is better adapted to both the multi-index
model and the variable selection framework in the next chapter.

Indeed, in Chapter 3, we introduced REGFEAL, a method that leverages the decom-
position of functions in an orthonormal Hermite polynomials basis of the Hilbert space
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of square-integrable function w.r.t. the multidimensional normal measure. This approach
provides a clear interpretation of dependency on select variables or linear projections
through the basis coefficients, which allows the introduction of a derivatives-based over-
lapping group LASSO penalty. By exploiting the orthogonality and rotational invariance
of Hermite polynomials, REGFEAL iteratively aligns the data with the leading directions
through an alternative minimisation process. However, the method requires a complex
sampling technique to approximate the kernel at each optimisation step, which adds com-
putational difficulty. Despite this, and without making strong assumptions about the true
regression function, we demonstrated that the expected risk converges to the minimal
risk, albeit with an exponential dependency on the data dimension. Numerical experi-
ments showcased the ability of REGFEAL to effectively learn features in a similar manner
to MAVE in some settings. Nonetheless, using an infinite-dimensional basis introduces
computational burdens due to the sampling process and results in exponential terms in
the theoretical analysis. Consequently, in the next chapter, we explored an alternative
infinite-dimensional function space, which, while also computationally intractable due to
its definition using an integral, is easily approximated by particles with theoretical justi-
fications.

Consequently, in Chapter 4, we introduced BKERNN, a novel approach combining
the strengths of kernel methods and neural networks. Our method represents functions
as expectations over Sobolev spaces across all possible one-dimensional projections of the
data, bridging the gap between kernel ridge regression and infinite-width one-hidden-layer
neural networks. By leveraging the positive homogeneity of the Brownian kernel, we devel-
oped a principled optimisation procedure using particles to approximate the expectation.
Theoretical analysis shows that BKERNN achieves convergence of the expected risk to
the minimal risk in well-specified settings, with rates that are independent of the data
dimension up to logarithmic factors, though this comes at the cost of increased sensitivity
to sample size. We briefly discussed the adaptivity of the method to misspecified settings.
Extensive experiments on both simulated and real datasets demonstrated BKERNN'’s su-
perior performance compared to traditional kernel ridge regression and its competitive
advantage over neural networks with ReLLU activations.

Throughout this thesis, a consistent theme has been the careful design of an appro-
priate function space for non-parametric supervised learning with hidden linear features.
This journey led us through various infinite-dimensional spaces, starting with reproducing
kernel Hilbert spaces, progressing to Hilbert spaces with a Hermite polynomials basis, and
ultimately culminating in a non-Hilbertian space.

We now present some perspectives of interest related to the presented work.

Computational savings for BKerNN from Chapter 4. Although already applica-
ble to relatively high-dimensional settings, as seen in the numerical experiments of Chap-
ter 4, the complexity of BKERNN remains high: O(n® + mn?d + md min(m, d)) (with m
the number of particles). Computational savings could be obtained through techniques
such as the Nystrom approximation [Drineas and Mahoney, 2005, Rudi et al., 2015] or
random features, which have been routinely used in the context of kernel methods, for
example by Rahimi and Recht [2007]. This would extend the scope of applications of
BKERNN to higher-dimensional contexts where it is most relevant.

Explicit adaptivity results for BKerNN from Chapter 4. We have briefly dis-

cussed the adaptivity of BKERNN to hidden linear features in misspecified settings. This
aspect is crucial because, in practical scenarios, we cannot be certain whether we op-
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erate within a well-specified framework. The adaptivity of BKERNN arises from the
fact that, under the standard multi-index model (f* = g¢*(P'-)), the norm inequal-
ity Qo(f*) < Qo(g*) holds, which implies that the estimation of f* benefits from the
reduced dimensionality of ¢g*. However, this relationship is not entirely explicit. Fu-
ture research could aim to develop more explicit theoretical results on the adaptivity of
BKERNN to latent linear variables, building on the work done for neural networks by
Bach [2024, Chapter 9].

Extensions to other function estimation problems with latent linear features.
In this work, we focused on supervised learning with covariate/response pairs, where the
goal is to infer the relationship between them. However, by employing the regularised
empirical risk minimisation framework, we have developed methods that remain relevant
whenever a risk function can be defined. This includes areas like control theory [see Dorf
and Bishop, 2000] and reinforcement learning [see Sutton and Barto, 2018], where problems
such as estimating the value function could benefit from leveraging latent linear features.

Exploration of non-linear feature learning. The empirical success of deep neural
networks is largely attributed to their ability to learn complex non-linear features [Good-
fellow et al., 2016, Chapter 15]. A logical next step in relation to the present thesis is
extending our framework to encompass non-linear feature learning by, for instance, in-
vestigating neural networks with two hidden layers. This is a promising area of research,
with introductory works such as Moniri et al. [2024]. This extension would allow to retain
the benefits of the smaller-dimensional features, as in the multi-index model and methods
presented in this thesis, while also enhancing the model’s ability to capture more complex
patterns.
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Résumé des Contributions

Nous résumons ici en francais les contributions présentées dans la thése. Afin de compren-
dre les enjeux auxquels répondent ces contributions, nous conseillons fortement la lecture
de l'introduction donnée dans le Chapitre 1 (en anglais), qui contient également les in-
formations présentées ici. Nous proposons trois méthodes distinctes pour I'apprentissage
non-paramétrique avec des caractéristiques linéaires cachées, en utilisant la minimisation
du risque empirique régularisé. Avant d’aborder les contributions de chaque chapitre, nous
fournissons un apergu de la structure de la these. Chaque chapitre introduit une méth-
ode différente, avec ses propres notations (dont la majorité est commune) et résultats,
permettant une lecture indépendante. Les chapitres sont présentés dans l’ordre de leur
développement au cours de cette these.

Dans le Chapitre 1, 'objectif est d’établir le cadre théorique et les motivations de cette
these, en situant notre travail dans le contexte plus large de la recherche actuelle. Nous
commencons par un examen des concepts clés de ’apprentissage supervisé et de la théorie
de 'apprentissage, en mettant particulierement ’accent sur les garanties de généralisation
pour des échantillons finis, qui sont essentielles pour évaluer les performances des algo-
rithmes proposés. Le chapitre explore ensuite les défis posés par les données de grande
dimension, en se concentrant particulierement sur l'utilisation des hypotheses de parci-
monie pour gérer et réduire la complexité des problémes d’apprentissage. Ensuite, nous
nous intéressons au modeéle multi-index, en fournissant une revue des méthodologies ex-
istantes dans ce domaine. Le chapitre se termine par un résumé et une analyse des trois
principales contributions de cette theése. Cette partie résumant les contributions est ici
retranscrite en francgais.

Dans le Chapitre 2, nous explorons une approche novatrice en tant qu’extension du
travail de Rosasco et al. [2013] sur la sélection de variables. La méthode incorpore une
pénalité de norme nucléaire sur la matrice empirique des gradients dans des espaces de
Hilbert a noyau reproduisant (RKHS) qui incluent les dérivées partielles de leurs noyaux.
L’idée clé est d’exploiter les gradients de la fonction pour capturer la structure linéaire
sous-jacente des données.

Dans le Chapitre 3, nous étendons le cadre de la minimisation du risque empirique
en introduisant une pénalité de type LASSO groupé basée sur les dérivées et appliquée
aux fonctions représentées dans une base de polyndémes de Hermite orthonormaux multi-
dimensionnels. En utilisant les propriétés d’orthogonalité et d’invariance par rotation des
polynémes de Hermite, nous faisons pivoter les données de manieére itérative, les alignant
avec les directions les plus informatives.
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Dans le Chapitre 4, nous introduisons une méthode novatrice utilisant des moyennes
d’espaces de Sobolev sur des projections unidimensionnelles des données. La méthode
combine des méthodes a noyaux et des réseaux de neurones avec une couche cachée
de largeur infinie. Notre approche, centrée sur le noyau Brownien, remplace la non-
linéarité des activations ReLLU dans les réseaux de neurones par une fonction issue d’un
RKHS. L’homogénéité positive du noyau Brownien est essentielle pour guider le processus
d’optimisation.

Enfin, la conclusion aborde plusieurs questions de recherche importantes restées ou-
vertes. Nous passons maintenant & un examen plus détaillé de chaque contribution, en
commencant par une discussion des méthodes, suivie des principaux résultats, et en termi-
nant par une analyse des forces et faiblesses de chaque approche. Les références pertinentes
pour les contributions completes sont fournies dans les chapitres correspondants.

Pénalité de Norme Nucléaire sur la Matrice Empirique des Gradients

Ici, nous présentons le travail non encore publié du Chapitre 2, tandis que le code corre-
spondant est disponible & https://github.com/BertilleFollain/KTNGrad.

Méthode. Dans le Chapitre 2, en nous appuyant sur les travaux de Rosasco et al. [2013]
sur la sélection de variables, nous introduisons une méthode novatrice appelée KTNGRAD.
L’idée clé derriere KTINGRAD est d’exploiter les informations sur I’espace des caractéris-
tiques sous-jacent contenues dans les gradients tout en opérant dans des espaces de Hilbert
a noyau reproduisant suffisamment réguliers. Cela nous permet d’éviter le calcul des gra-
dients par différences finies et, a la place, de les calculer directement grace aux propriétés
intrinseques des RKHS.

Nous commengons par noter que si le minimiseur du risque attendu (ici considéré
pour la perte quadratique), f*, satisfait le modele multi-index, alors il existe une fonction
g* et une matrice P € R%** telles que f* = ¢*(P'-). En supposant que toutes les
quantités pertinentes soient bien définies, cela implique que pour tout x € X, le gradient
satisfait Vf*(z) = PVg*(P'z). Par conséquent, le gradient en un point donné contient
des informations sur ’espace des caractéristiques sous-jacent. Plus formellement, pour
toute fonction f appartenant a I'espace de Sobolev H!(px) (avec px la distribution des
covariables), défini comme H'(px) := {f € L*(px) | Va € [d], 0f(x)/0z'?) € L?(px)},
nous pouvons exprimer la matrice de covariance des gradients de f comme suit

cov(V[) = cov(VF(X)) = B,y (VA(X)VF(X)T) € R

Dans ce cadre, la matrice de covariance des gradients de la véritable fonction f* satisfait
cov (Vf*) = Pcov (Vg*(PTX))PT. En supposant que le rang de cov (Vg*(PTX)) est
égal & s, le nombre de caractéristiques linéaires, il en résulte que le rang de cov(V f*) est
également s, qui est typiquement bien plus petit que d.

Cependant, comme le rang est a la fois non continu et non convexe, il présente des défis
significatifs en tant que pénalité d’optimisation. En outre, le calcul direct de la matrice
de covariance est irréalisable puisque px est inconnu. Pour surmonter ces problemes et
en suivant des extensions classiques de la régularisation par norme ¢, nous utilisons une
relaxation convexe en employant la norme nucléaire (|| - ||«) de la matrice d’échantillons
des gradients

Vof = (V)T V()T ...,V ()T /v/n e R
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qui estime tr (\/COV(V f )), fournissant une alternative convexe au rang de cov(V f).

Il reste deux défis a relever : comment calculer les gradients aux points de données,
étant donné que les différences finies sont souvent peu fiables et instables dans le contexte
des covariables aléatoires, et comment calculer efficacement le minimiseur du probléme
de minimisation du risque empirique régularisé. C’est ici que les espaces de Hilbert a
noyau reproduisant (RKHS) deviennent avantageux. Soit % un RKHS associé & un noyau
reproduisant k. Si nous supposons que le noyau est deux fois différentiable, comme c’est
le cas pour le noyau Gaussien, alors pour tout a € [d], (0gk), = t — Ok(z,t)/0z, (la
dérivée par rapport a la a-ieme composante de x) appartient également a H pour tout
x € X. De plus, pour toute fonction f € H, la dérivée partielle de f en x par rapport a z,
peut étre calculée comme %(":) = (f,(0ak)s)n. Cette propriété nous permet de calculer
les gradients aux points de données directement en utilisant la structure du RKHS, sans
avoir besoin de différences finies. En outre, la minimisation du risque empirique dans un
RKHS est généralement abordable grace au théoreme de représentation, qui garantit que
le minimiseur peut étre exprimé comme une combinaison linéaire des fonctions noyau aux
points de données.

Formellement, 'estimateur KTNGRAD f est défini par le probleme d’optimisation
suivant

fT = arg%iﬁﬁ(f) + 27|V fll« + TV“f”%—Lv

ou la perte définissant le risque est la perte quadratique, et 7 > 0 est un parametre de
régularisation a choisir. Une régularisation supplémentaire consistant en la norme du
RKHS au carré est utilisée pour garantir la stabilité computationnelle et statistique, avec
un parametre fixe et tres petit v.

Reésultat principal. Les principales propriétés statistiques de KTNGRAD sont résumées
dans le théoreme informel suivant, qui décrit les hypotheses clés ainsi que les capacités de
prédiction et d’apprentissage des caractéristiques linéaires.

Théoréme 1 (Informel). Supposons que la véritable fonction de régression f* appartient
a H, avec un noyau reproduisant deuz fois différentiable.

e Convergence du risque attendu : Le risque attendu de KTNGRAD converge vers
le risque minimal R(f*) sans dépendance exponentielle a la dimension des données
d. Plus précisément, il existe une constante universelle C' > 0 telle que pour tout
6 € (0,1], avec probabilité au moins 1 — ¢,

. . 1 1 2 T d°/* 6+ 2d
R(fT)R(f)§C<\/H(\/T—y+1> Jr\/:711/4)1()% 5

+ (291 s + w11

e Récupération des caractéristiques linéaires cachées : Lorsque la taille de
l’échantillon augmente, la méthode est capable de récupérer ’espace des caractéris-
tiques sous-jacent en morme de Frobenius lorsque la dimension du sous-espace des
caractéristiques est connue et, sinon, en tant que filtre stir. Pour toute suite positive
(Tn)nen telle que 7, — 0 et (v/n12)™1 — 0 lorsque n — oo, avec I la matrice de
projection associée a une matrice (), nous avons

P P
Ip —Ip |2 50 et |p(Ly—11)|3 5o,
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Analyse. Nous résumons les principales contributions et les enseignements tirés du
Chapitre 2.

e Taux de convergence : KTNGRAD atteint des taux de convergence pour le risque
attendu qui ne dépendent pas de maniére exponentielle de la dimension des données,
répondant a un défi majeur dans I'apprentissage non-paramétrique en grande di-
mension. Cependant, ce résultat repose sur I’hypothese forte que le modele est bien
spécifié (f* € H), et il existe encore une dépendance polynomiale & la dimension des
données.

e Récupération des caractéristiques : KTNGRAD démontre une forte capacité a
récupérer 'espace des caractéristiques sous-jacent, comme le confirment les analyses
statistiques et les résultats expérimentaux. Cependant, bien que la méthode identifie
systématiquement les caractéristiques linéaires, elle ne parvient pas a récupérer sa
dimension. Cela est visible a la fois dans les expériences et dans la théorie, car
nous prouvons seulement que l’estimation de la dimension est asymptotiquement
supérieure a la dimension réelle de ’espace des caractéristiques en raison de la semi-
continuité inférieure du rang, conduisant a un filtre stir. Toutefois, une méthode
adaptative pourrait pallier ce probléme.

e Colit computationnel : La méthode nécessite la résolution d’un probléeme d’opti-
misation convexe avec une pénalité de norme nucléaire sur la matrice empirique des
gradients. Bien que cela assure de bonnes propriétés de convergence, cela entraine
un cofit computationnel substantiel de O(n3d*). Méme si I’emploi d’une approxima-
tion de Nystrom pourrait aider a réduire une partie de la charge computationnelle,
la dépendance aux dérivées de toutes les variables et le contexte de travail dans un
espace de Hilbert a noyau reproduisant rendent la méthode intrinséquement gour-
mande en ressources.

« Espace fonctionnel inadéquat : Une limitation conceptuelle importante de KT-
NGRAD réside dans le fait que les RKHS associés aux noyaux usuels ne sont pas bien
adaptés au modele multi-index. Le probleme central provient de I'incompatibilité
entre les hypothéses f* € H et f* = g*(P'-), une critique qui s’applique également
au cadre de sélection de variables discuté par Rosasco et al. [2013]. Par exemple,
appartenir au RKHS correspondant au noyau gaussien impose que toutes les dérivées
premieres de f* soient de carré intégrables par rapport & la mesure de Lebesgue sur
R¢. Cependant, dans le cas simple d’une seule variable pertinente f*(z) = ¢*(z1),
cette condition devient [pa ((g*)’(xl))2da:1 ...dzgy < o0, ce qui n'est possible que
dans des cas tres particuliers. Ce raisonnement nous conduit a explorer dans le
chapitre suivant un espace de Hilbert de fonctions ayant une base orthonormée de
polynémes de Hermite. La décomposition des fonctions dans cette base révele que
lespace fonctionnel s’aligne bien avec le modeéle multi-index et le cadre de sélection
de variables, offrant une interprétation claire de la dépendance a quelques variables
ou projections linéaires a travers les coefficients de la base.

Pénalité de LASSO Groupé sur une Décomposition en Polynémes de
Hermite

Cette contribution correspond au contenu du Chapitre 3, qui a été accepté par le journal
Electronic Journal of Statistics: Follain and Bach [2024b], tandis que le code est disponible
a https://github.com/BertilleFollain/RegFeal.
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Méthode. La méthode proposée, REGFEAL, exploite I'orthogonalité et I'invariance par
rotation des polyndémes de Hermite normalisés pour effectuer une sélection de variables ou
un apprentissage des caractéristiques linéaires. Tout d’abord, nous mettons en évidence
les propriétés pertinentes des polynémes de Hermite. Les polynémes de Hermite normal-
isés unidimensionnels (hg(z))g>0 forment une base orthonormale pour la mesure gaussi-
enne standard sur R. Les premiers polynémes sont donnés par ho(z) =1, hi(z) = =z,

ha(z) = %(xQ —1), hz(x)= %(x?’ —3z). Ces polynémes sont étendus au cas multivarié

en définissant, pour o € N,
d

H,(z) = H ha, (2a)-
a=1
Cette famille forme une base orthonormale pour ’espace de Hilbert des fonctions au carré
intégrable avec la distribution ¢, L2(q), ot ¢(z) = e~ 121°/2 /(27)4/2 désigne la loi normale
standard sur R%.

Dans ce contexte, si une fonction f € L?*(q) est exprimée comme f = 3", cnd f(@)H,,
alors la fonction f ne dépend pas d’une variable z, si et seulement si tous les coefficients
f (o) pour a € N? tels que g > 0 sont nuls.” Ce motif particulier de parcimonie dans les
coefficients motive l'utilisation d’une pénalité de type LASSO groupé superposé (overlap-
ping group LASSO). Par conséquent, la base des polynémes de Hermite est bien adaptée
a la sélection de variables.

Pour ce faire, nous introduisons une pénalité induisant de la parcimonie, dépendant
des hyperparametres r € (0,+00) et (cx)ren+ (soit ¢ = Lp<ps, soit ¢ = pF avec M € N*
et p€(0,1))

/2 1/r

Qvar(f) = Z Z Ofaif(O‘)2 )
a=1 ae(Nd)* Cla‘
ou |a| = Zgzl aq. Cette pénalité encourage la parcimonie dans la dépendance de f aux
variables individuelles. La condition

r/2

Z ag— f(a)? =0 <~ Rd(;jﬂ>2q:0

met en évidence que la pénalité impose la nullité de la dérivée de f par rapport a x,.
Nous estimons f* dans le cadre de la sélection de variables en résolvant le probléme
d’optimisation suivant

foult = argmin R(f) + AR(f) + p(£),
feF

ol A est un parametre fixé pour la pénalité induisant la régularité g, p est un hyper-
parametre a choisir, et la perte définissant le risque est une perte convexe quelconque.
Lorsque r > 1 et que la fonction de perte est convexe, la fonction objectif est fortement
convexe, garantissant un minimiseur global unique. Pour r < 1, typiquement utilisé en
pratique pour éviter les biais trop importants des méthodes de type LASSO, seul un
minimiseur local peut étre trouvé.

La propriété d’invariance par rotation des polyndémes de Hermite est centrale pour
étendre cette méthode a ’apprentissage des caractéristiques linéaires. Plus précisément,

5Tci, f(a) correspond aux coefficients dans la décomposition en polynémes de Hermite de f, et non a
lestimateur de f~.
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pour tout z,2’ € R% tout k € N, et toute matrice orthogonale R de taille d x d, nous
avons

> Ho(z)Ho(2') = Y Ho(Rw)Ho(Ra').

|laf=Fk laf=k

Cette propriété permet le développement d’une pénalité adaptée a l'apprentissage des
caractéristiques, définie comme suit

1/r
Qreat () = (tr (17%)) ",
ou la matrice My est donnée par

! Vag+ 1oy F1f(a+ed)fla+ey), a,beld.

(Mf)a,b = Z

Encore une fois, il existe un lien entre la nullité des dérivées et la définition de la pénalité,
décrit dans le texte principal. La matrice My est semi-définie positive, et la pénalité
Qfeat (f) encourage la parcimonie en poussant les valeurs propres de My vers zéro, favorisant
ainsi une solution de faible rang. Il est important de noter que ¢, dépend uniquement
de |a, ce qui garantit que la pénalité reste invariante par rotation, un aspect crucial pour
éviter que la pénalité ne favorise des directions spécifiques.

La décomposition spectrale M; = UDU" révele que si le rang de D est s, alors
la fonction f dépend uniquement de s combinaisons linéaires des variables originelles,
correspondant aux directions dans U avec des valeurs propres non nulles. En outre, on
peut construire une fonction pivotée g = f(U-) telle que la pénalité des caractéristiques
sur f soit équivalente a la pénalité de sélection de variables sur g. Cela montre que
I’apprentissage des caractéristiques peut étre vu comme une extension de la sélection de
variables permettant des rotations dans ’espace des caractéristiques.

L’estimateur de f* dans le cadre de 'apprentissage des caractéristiques est donc défini
de manieére similaire a celui de la sélection de variables, en remplacant Qya par Qfeat-
Pour calculer l'estimateur, nous employons une formulation variationnelle pour Qgeat(f)
qui reformule le probléme comme la minimisation sur deux variables : la fonction f et une
variable auxiliaire A. Plus précisément, nous résolvons

fol ApR = argmin R(f) + AR(f) 4 ptrace(A~ M),
feF, AcRdxd

sous les contraintes que A = RDiag(n)R' avec R une matrice orthogonale d x d et
Z, 7];/ @) _ 1, avec i un vecteur positif. Le processus d’optimisation alterne en-
tre la mise a jour de A & f fixée par calcul de la décomposition spectrale de My, et la la
mise & jour de f & A fixée en résolvant un probleme de régression ridge a noyau, avec le

noyau reproduisant k, défini grace aux polynéomes de Hermite

CloHa(R"x)Ho (R 1)
A+ paTn=t '

ka(x,2') = Z

ac(Nd)*

Cette procédure itérative peut étre interprétée comme une rotation progressive des don-
nées pour découvrir et s’aligner avec les caractéristiques sous-jacentes tout en apprenant
simultanément la fonction de prédiction.

Etant donné que le noyau est défini comme une somme infinie sur les polynoémes de
Hermite, un calcul direct est impossible. Nous approchons donc le noyau par échantillon-
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nage. Nous utilisons une technique d’échantillonnage adaptative ou les coefficients « sont
tirés d’une distribution guidée par la variable auxiliaire . Le processus d’optimisation
converge rapidement en pratique, typiquement en quelques itérations. La complexité d’une
itération est donnée par

O< nm'd+nd*>  + &) +d + md + nm’ max(n, m’)),

Polynémes de Hermite A7, et sa décomposition Echantillonnage Ridge Kernel

ol m est le nombre d’échantillons tirés pour a (et m’ le nombre d’échantillons uniques
obtenus). Cette complexité peut étre substantielle, car m’ doit étre suffisamment grand
pour garantir que la représentation du noyau soit précise.

Résultat principal. Le résultat statistique principal de ce chapitre est que ’estimateur
RECGFEAL, sous des hypotheses minimales, atteint la convergence du risque attendu vers
le risque minimal avec une haute probabilité, malgré une sensibilité a la dimensionnalité
des données. Nous illustrons cela par un théoréme informel dans le cas ou les covariables
sont bornées et ou la séquence de régularisation est choisie comme ¢, = p¥.

Théoréme 2 (Informel). Supposons que les covariables X soient bornées, c’est-a-dire que
I X2 < R presque sirement, et que la fonction de perte £ soit lipschitzienne avec une
constante G. Supposons que la véritable fonction de régression f* existe et appartienne
a L?(q). Le paramétre de régularisation \ est fivé a zéro, et pu est choisi en fonction de
parameétres connus du probléme. Nous définissons la norme Q(f) comme Qeear(f) + | £(0)]
ot Quar(f) + | F(0)]. Alors, pour tout & € (0,1), avec une probabilité d’au moins 1 — 6, le
risque attendu R(f*) de Uestimateur REGFEAL fF satisfait

el?/ T
R(f“)SR(f*)—i-Q(f*)jﬁ 1+(1}i:)d<16\/;+4\/§ log§>,

et la norme de 'estimateur est bornée par Q(f*) < 2Q(f*).

Le Chapitre 3 présente ce résultat dans un cadre plus général, ou les données ne sont
pas nécessairement bornées et ou tout choix de la séquence d’hyperparameétres (cx)r>o
peut étre considéré. Ce résultat informel met en évidence la sensibilité de la méthode a la
dimensionnalité d, en particulier en raison de la dépendance exponentielle introduite par
la base infinie des polynémes de Hermite, tout en maintenant une dépendance favorable
a la taille de I’échantillon. L’hypothese sur la fonction vraie f* est modérée, étant donné
la grande généralité de I'espace fonctionnel considéré.

Analyse. Nous résumons les principales contributions et les enseignements tirés du
Chapitre 3.

o Utilisation des polynémes de Hermite : La méthode exploite I'orthogonalité et
I'invariance par rotation des polynémes de Hermite pour aligner efficacement les don-
nées avec leurs directions des caractéristiques. La structure des polyndmes de Her-
mite est particulierement bien adaptée a la sélection de variables et a I’apprentissage
des caractéristiques, car elle permet la définition d’une pénalité de type LASSO
groupé superposé (overlapping group LASSO) qui décrit la dépendance & quelques
variables ou projections linéaires. Par rapport a l’espace fonctionnel précédent du
Chapitre 2, la décomposition en polynémes de Hermite est avantageuse car elle
s’adapte naturellement aux fonctions qui dépendent d’un petit sous-ensemble de
variables ou de caractéristiques linéaires.
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« Résultats statistiques : La méthode offre des garanties statistiques sous des hy-
pothéses minimales, notamment par rapport & ’espace fonctionnel auquel appartient
la véritable fonction de prédiction. Cette large applicabilité est une force majeure.
Cependant, la dépendance & une base infinie introduit une dépendance exponentielle
a la dimensionnalité des données, ce qui pose des défis significatifs dans les contextes
de grande dimension ou les modéles multi-index sont les plus pertinents. Bien que
des techniques de preuve alternatives puissent réduire cette dépendance, une telle
approche n’est pas encore évidente.

o Colit computationnel : Le recours a une base infinie de polynémes de Hermite
nécessite une méthode d’échantillonnage sophistiquée pour approximer le noyau a
chaque itération du processus d’optimisation. Bien que cette approche soit théorique-
ment fondée, elle est cofiteuse sur le plan computationnel et limite 'utilisation pra-
tique de la méthode, en particulier dans les problemes de grande dimension.

o Limitations de I’espace fonctionnel : L’espace de fonctions proposé, basé sur
les polynomes de Hermite, est bien adapté pour capturer les motifs de parcimonie
nécessaires a la sélection de variables et a ’apprentissage de caractéristiques linéaires.
Comparé aux RKHS envisagés dans le chapitre précédent, cet espace est réellement
compatible avec le modele multi-index et la dépendance en un nombre limité de
variables, tout en étant plus large, ce qui permet des hypotheses plus modérées sur
la véritable fonction de régression f*. Cependant, cette expansivité introduit égale-
ment des défis significatifs. La dépendance exponentielle a la dimensionnalité dans
les résultats statistiques, ainsi que la nécessité d’'une méthode d’échantillonnage com-
plexe dans la procédure d’optimisation, suggerent que d’autres espaces fonctionnels
pourraient étre plus appropriés. Dans le chapitre suivant, nous considérons un autre
espace fonctionnel basé sur la fusion de réseaux de neurones & une couche cachée
de largeur infinie et des méthodes a noyaux. Bien que cet espace soit également in-
traitable sur le plan computationnel en raison de sa définition utilisant une intégrale,
il peut étre approximé plus efficacement a I’aide de particules, offrant une alternative
plus simple a échantillonnage utilisé dans REGFEAL.

Intégration des Réseaux de Neurones et des Méthodes a Noyaux

Cette contribution correspond au contenu du Chapitre 4, disponible dans le preprint (en
cours de révision pour le Journal of Machine Learning Research) : Follain and Bach [2024a],
tandis que le code est disponible a https://github.com/BertilleFollain/BKerNN.

Méthode. Dans ce chapitre, nous introduisons une approche novatrice appelée Brown-
ian kernel neural network (BKERNN), qui fusionne les réseaux de neurones et les méth-
odes a noyaux. L’idée clé derriere BKERNN est la construction d’un espace fonctionnel
sur mesure inspiré par les réseaux de neurones a une seule couche cachée de largeur in-
finie, ou la non-linéarité est remplacée par une fonction issue d’un espace de Hilbert a
noyau reproduisant (RKHS). Cet espace fonctionnel, noté F,, permet a chaque fonction
d’étre représentée comme une intégrale sur des combinaisons linéaires des caractéristiques
d’entrée, pondérées par une mesure de probabilité. Plus précisément, les fonctions de cet
espace prennent la forme

f@)=c+ | gu(w z)dp(w),
Sd 1
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oll ¢ est une constante, w est un vecteur directionnel situé sur la spheére unité S pour
une norme ||-|| donnée (soit 1, soit £2), g, est une fonction qui varie avec w et appartient a
un espace de Sobolev qui est également un RKHS H, et p est une mesure de probabilité sur
la spheére. L’espace H contient des fonctions avec des dérivées faibles au carré intégrables,
garantissant un certain degré de régularité, et telles que g(0) = 0. Le produit scalaire
de H est défini par (g,§) = Jg 9’7, et son noyau reproduisant est donné par kB)(a,b) =
(la|4|b] = |a—b|)/2 = min(|al, |b])Lap>0, également connu sous le nom de noyau Brownien.
En pratique, nous approchons cet espace de dimension infinie par une version de largeur

finie F,,, ou 'intégrale est remplacée par une somme finie sur m particules (similaires aux
neurones dans un réseau de neurones). Ainsi, les fonctions dans F,,, sont exprimées comme
suit

13

flz)=c+— Zgj(wj ),

m i
ott (wy)jefm) sont les vecteurs directionnels, et (g;) je[m) sont les fonctions correspondantes
issues de l'espace H. Le processus d’apprentissage dans BKERNN est guidé par un terme
de régularisation qui controle la complexité de la fonction apprise. La régularisation de
base est définie comme suit

() = [, louldiw)

ol ||gwl||% mesure la rugosité de la fonction g,. Cette régularisation induit de la parci-
monie dans les représentations apprises en limitant le nombre de fonctions non nulles g,,,
ce qui favorise indirectement la sélection de caractéristiques. Pour renforcer davantage la
capacité d’apprentissage des caractéristiques de BKERNN, d’autres termes de régulari-
sation peuvent étre introduits. Par exemple, une pénalité sur les variables encourage le
modele & dépendre de seulement quelques variables en pénalisant les normes des lignes de
la matrice de poids contenant les (w;) ;e[ Une pénalité pour les caractéristiques, quant a
elle, favorise 'apprentissage d’une représentation de faible rang en appliquant une pénalité
de norme nucléaire a la matrice des particules, encourageant la dépendance a seulement
quelques transformations linéaires des données.
L’objectif d’optimisation est de minimiser le risque empirique régularisé

F = argmin R(f) + MNyeights (f),
feF

ol A est le parameétre de régularisation et Qyeights est 1'une des pénalités considérées.

BKERNN peut étre vue sous deux perspectives différentes : comme une méthode a
noyau et comme un réseau de neurones. Avec le point de vue des méthodes a noyaux, le
processus d’apprentissage consiste en une régression ridge a noyau avec un noyau appris
pendant I'entrainement. La matrice de noyau est définie comme suit

K = iK(wj)7
j=1

ott K("i) est la matrice de noyau associée au noyau Brownien pour les données projetées
dans la direction w;.

Avec le point de vue des réseaux de neurones, BKERNN ressemble & un réseau de
neurones a une seule couche cachée ou les poids de la couche d’entrée a la couche cachée
sont les vecteurs directionnels (w;);c(m], et les fonctions d’activation sont les fonctions
apprises (g;)je[m). Contrairement aux réseaux de neurones traditionnels ot les fonctions
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d’activation sont prédéfinies, BKERNN apprend directement les fonctions d’activation,
ajoutant ainsi de la flexibilité au modele.

L’espace fonctionnel Fo, est plus large que I'espace des fonctions représentables par les
réseaux de neurones traditionnels & une seule couche cachée avec des activations ReLU.
Cela est visible grace a une analyse de transformée de Fourier, indiquant que BKERNN
peut capturer une plus grande variété de fonctions. Cette puissance de représentation
élargie ne se traduit pas par une complexité d’optimisation accrue.

Le calcul de BKERNN repose sur une version adaptée du théoreme de représentation,
qui fournit une formulation paramétrique pour la minimisation. Nous nous concentrons ici
sur la perte quadratique pour simplifier I’exposé et permettre des solutions en forme close.
Cependant, la méthode est généralisable & d’autres fonctions de perte en utilisant des
techniques basées sur le gradient. Le probleme d’optimisation peut étre formulé comme
suit

1 A
min — Y — Ka—cl,,||?+ Za" Ka + AQyei W
W1, wm ERY,CER, A ERP 2nH nll2 + 2  Aweighis (W1, -, Wm),

ot K est la matrice noyau définie par les poids (wj);ec(m (qui ne sont plus contraints
apres reformulation) et « apparait grace au théoréme de représentation. Le processus
d’optimisation alterne entre deux étapes : optimiser les coefficients a et l'intercept ¢ en
gardant les poids (w;) je[) fixes, puis optimiser les poids (w;) je[,) en utilisant une descente
de gradient proximal.

Lorsque les poids (wj)je[m] sont fixes, la matrice noyau K devient constante, per-
mettant de résoudre explicitement I'optimisation de a et ¢, comme dans un probléeme
classique de régression ridge & noyau. La complexité de cette étape est de O(n? 4+ n?d), ce
qui peut étre cotliteux pour des ensembles de données volumineux. Pour réduire ce cofit,
des techniques telles que la méthode de Nystrom peuvent étre employées pour approximer
la matrice de noyau.

La deuxieme étape consiste a optimiser les poids (w;);c(m] tout en gardant a et c fixes.
Cela est plus difficile, car la fonction objectif résultante G n’est pas convexe par rapport
aux poids et elle est seulement différentiable presque partout. Les poids sont donc mis a
jour en utilisant une descente de gradient proximal.

L’opérateur proximal dépend de la pénalité. Par exemple, la mise a jour pour la
pénalité de base )y est donnée par

0G . Ay o1
’LU] < prOXMQ w] — ”)/TUJ] ou prOXMQ (U) =(1-— %m . u,

ou 7 est le pas, ajusté via une recherche linéaire avec retour en arriere pour garantir une
optimisation efficace. Chaque étape proximale est facile a calculer a ’aide des formules
explicites, avec des complexités allant de O(md) pour les pénalités de base et de variable,
a O(mdmin(m,d)) pour les pénalités sur les caractéristiques.

Le processus d’optimisation tire parti de I’homogénéité positive du noyau Brownien,
qui garantit le bon comportement de la dynamique d’optimisation . Les perspectives
théoriques issues des réseaux de neurones dans la limite de champ moyen (mean-field)
soutiennent la convergence, bien qu’une preuve formelle fasse défaut en raison de la non-
différentiabilité du noyau Brownien. En pratique, la procédure s’avere robuste, avec des
expériences confirmant son efficacité.
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Résumé des Contributions

Résultat principal. Le théoreme informel suivant fournit un apercu des capacités de
généralisation de BKERNN en proposant une borne de haute probabilité sur le risque
attendu de l’estimateur.

Théoréme 3 (Informel). Considérons [’estimateur BKERNN fx avec la pénalité de base
Qo. Supposons que la perte soit convexe et lipschitzienne avec une constante L, que la véri-
table fonction de régression f appartienne 4 Foo et que 1+ /|| X||* soit sous-gaussienne
avec un proxy de variance o2, ou || - ||* est la norme duale de celle utilisée pour définir
la sphére S*1. Alors, avec )\ choisi en fonction de paramétres connus du probléme (in-
dépendant de Qo(f*)), avec une probabilité d’au moins 1 — ¢, le risque attendu de fA est
borné par

R 1 1
R(fr) < R(fT) + Qo(f7)CL < +Gn log )
\/> \/>
ou C' est une constante universelle, et Gy, désigne la complexité gaussienne de la classe de

fonctions avec Qg contrainte sous un certain seuil. La quantité G, est en outre bornée, en
utilisant une autre constante universelle C', comme suit

) 1/4
Gn < C'min \[ Vioen) BxIXIF, 175 tog )/ (Ex,..x, (max | X,17)°)

La borne sur G,, est présentée sous deux formes : une borne dépendant de la dimension
et une borne indépendante de la dimension. La borne dépendant de la dimension évolue
bien avec la taille de I’échantillon et montre seulement une dépendance quadratique a
la racine de la dimension. En revanche, la borne indépendante de la dimension, bien
que moins favorable en termes de taille d’échantillon (n~'/6), dépend uniquement de la
dimension de maniere logarithmique. Les termes dépendant de la distribution des données
ont également une dépendance raisonnable a la dimension.

Analyse. Nous résumons les contributions clés et les enseignements tirés du Chapitre 4.

e Fusion des forces : BKERNN fusionne efficacement certains des avantages des
méthodes & noyaux et des réseaux de neurones a une couche cachée de largeur infinie.
Pour ce faire, la fonction d’activation non linéaire traditionnelle est remplacée par
une fonction tirée d’'un espace de Hilbert a noyau reproduisant, ce qui améliore le
pouvoir d’expression du modéle.

e Optimisation efficace : Le processus d’optimisation est simple et robuste par
rapport aux réseaux de neurones classiques, bénéficiant de 'homogénéité positive
du noyau Brownien. Cette propriété permet d’utiliser les idées tirées de I’analyse
des réseaux de neurones dans la limite de champ moyen, ce qui rend le processus
théoriquement fondé. IL’approximation de l’espace de largeur infinie a I'aide de
particules est facile comparée au processus d’échantillonnage utilisé pour REGFEAL.

« Garanties de généralisation : L’analyse statistique fournit des bornes de haute
probabilité sur le risque attendu, montrant que BKERNN atteint des taux de con-
vergence compétitifs. Deux types de bornes sont fournis : une borne dépendant de
la dimension qui s’adapte bien a la taille de I’échantillon et une borne indépendante
de la dimension qui s’adapte moins favorablement a la taille de I’échantillon mais qui
dépend seulement de maniére logarithmique de la dimension des données. Les hy-
potheses 1égeres sur la distribution des données et la spécification du modele rendent
ces résultats largement applicables.
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e Performance pratique : Les expériences numériques confirment les résultats
théoriques, BKERNN surpassant souvent les méthodes classiques a noyaux et ri-
valisant favorablement avec les réseaux de neurones sur des ensembles de données
réels.

e Adaptabilité dans les modeéles mal spécifiés : Si le modele est mal spécifié
mais que le prédicteur de Bayes f* est lipschitzien, les réseaux de neurones avec
des activations ReLLU et une norme de Banach bornée atteignent un taux de conver-
gence de O(n~1/(4+5)) tandis que les méthodes & noyaux atteignent O(n~/(4+1),
toutes deux limitées par la malédiction de la dimension. Dans les modeles mal
spécifiés sous le modele multi-index ot f* = g*(P'-), les méthodes basées sur les
RKHS ne parviennent pas a exploiter la réduction de dimensionnalité, ce qui en-
traine des taux inchangés. Cependant, les réseaux de neurones peuvent s’adapter a
cette structure, produisant des taux qui dépendent de la dimension inférieure de P
plutét que de d. BKERNN partage cette adaptabilité, comme I'indique le fait que
Qo(f*) < Qo(g*), ce qui, avec ses garanties théoriques solides dans les modeles bien
spécifiés et ses excellentes performances pratiques, souligne son importance dans
le domaine de 'apprentissage supervisé non-paramétrique avec des caractéristiques
linéaires cachées.

Cela conclut le résumé des contributions proposé en francais. Le Chapitre 1 (correspon-
dant a l'introduction) décrit le contexte et les enjeux dans lesquels s’inscrivent cette these.
Chaque contribution est présentée en détail dans les Chapitres 2, 3 et 4. La Conclusion
présente des perspectives liées a ce travail.
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RESUME

Nous considérons le probléme de I'apprentissage supervisé lorsqu'il existe des structures de données cachées, en nous
concentrant sur les cas ou quelques caractéristiques linéaires pertinentes expliquent la relation entre la réponse et les
covariables, comme dans le modéle “multi-index”. Notre objectif est de développer des méthodes qui exploitent ces
structures cachées pour améliorer I'apprentissage. De nombreuses approches existantes reposent sur des hypothéses
fortes concernant la génération de données et se heurtent a la malédiction de la dimensionnalité, présentant souvent
une dépendance exponentielle en la dimension des données. Nous explorons les modeles “multi-index” en utilisant la
minimisation du risque empirique régularisé (ERM), car ce cadre flexible est applicable a tout probléme pour lequel un
risque peut étre défini. Tout au long de cette these, nous explorons trois méthodes innovantes pour simultanément
apprendre les caractéristiques et estimer la fonction de prédiction dans un contexte non-paramétrique. Chaque méthode
intégre des éléments des espaces de Hilbert a noyau reproduisant (RKHS), contient des pénalités d’apprentissage des
caractéristiques qui sont adaptables a la sélection de variables, utilise des procédures d’optimisation basées sur la
repondération pour un calcul efficace et s’appuie sur des hypothéses limitées sur le mécanisme de génération des
données. Nous avons veillé a la facilité d’utilisation du code développé et a la reproductibilité des expériences. La
premiére méthode, KTNGRAD, considere 'TERM dans un RKHS avec une pénalité de norme nucléaire sur la matrice
empirique des gradients. Lanalyse théorique montre que KTNGRAD a des taux de convergence pour le risque attendu
dans les contextes bien spécifiés qui ne dépendent pas exponentiellement de la dimension, tout en estimant I'espace des
caractéristiques pertinentes d’'une maniére sdre. La deuxiéme méthode, REGFEAL, exploite les propriétés d’orthogonalité
et d’'invariance par rotation des polynédmes de Hermite. Cette méthode fait pivoter les données de maniére itérative pour
les aligner avec les caractériques. Le risque attendu converge vers le risque minimal avec des taux explicites, sans
hypothéses fortes sur la véritable fonction de régression. Enfin, la troisieme méthode, BKERNN, introduit un nouveau
modéle qui combine les méthodes a noyaux et les réseaux de neurones. Cette méthode optimise les poids de la premiere
couche par descente de gradient tout en ajustant explicitement la non-linéarité et les poids de la deuxiéme couche.
Loptimisation tire parti de ’'homogénéité positive du noyau Brownien, et I'analyse de la complexité de Rademacher montre
que le risque attendu de BKERNN atteint des taux de convergence favorables qui sont indépendants de la dimension,
sans hypothéses fortes sur la véritable fonction de régression ou sur les données.
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ABSTRACT

We tackle the challenge of supervised learning with hidden data structures, focusing on cases where a few relevant linear
features explain the relationship between response and covariates, as in the multi-index model. We aim to develop meth-
ods that leverage these hidden structures to improve learning. Many existing approaches rely on strong assumptions
about data generation and struggle with the curse of dimensionality, often exhibiting exponential dependency on data di-
mension. We explore multi-index models through regularised empirical risk minimisation (ERM), as this flexible framework
is applicable to any problem where a risk can be defined. Throughout this thesis, we explore three innovative methods
for joint feature learning and function estimation in nonparametric learning. Each method integrates elements from re-
producing kernel Hilbert spaces (RKHS), contains sparsity-inducing penalties for feature learning which are adaptable to
the variable selection setting, uses optimisation procedures based on reweighting for efficient computation and relies on
limited assumptions on the data-generating mechanism. We ensured the usability of the developed code and the repro-
ducibility of the experiments. The first method, KTNGRAD, considers ERM within an RKHS, augmented by a trace norm
penalty on the sample matrix of gradients. Theoretical analysis shows that KTNGRAD achieves convergence rates that do
not depend exponentially on the dimension for the expected risk in well-specified settings while recovering the underlying
feature space in a safe-filter manner. The second method, REGFEAL, leverages Hermite polynomials’ orthogonality and
rotation invariance properties. This method iteratively rotates the data to align with leading directions. The expected risk
converges to the minimal risk with explicit rates without strong assumptions on the true regression function. Finally, the
third method, BKERNN, introduces a novel framework that combines kernel methods and neural networks. This method
optimises the first layer’s weights via gradient descent while explicitly adjusting the non-linearity and weights of the second
layer. The optimisation leverages the positive homogeneity of the Brownian kernel, and Rademacher complexity analysis
shows that BKERNN achieves favourable convergence rates that are dimension-independent without strong assumptions
on the true regression function or the data.

KEYWORDS

feature learning, reproducing kernel, regularised empirical risk minimisation, sparsity, supervised learning,
neural networks
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