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Abstract

The task of learning an objective function that characterizes a deep, non-linear neural network is
tackled, focusing on training the complete set of network parameters. Our investigation is conducted
within a scenario where the number of samples, input dimension, and network width are all notably
large. The neural networks under study operate in a teacher-student framework, where the data gen-
erated by the teacher network are classified by a student network with an identical architecture. Our
main goal is to carry out an information-theoretical analysis of deep neural networks, building upon
established results on two-layer networks. Recent conjectures, followed by partial rigorous proofs,
show that it is possible to reduce two-layer networks to simpler one-layer networks, commonly re-
ferred to as generalized linear models. Remarkably, fundamental information-theoretic quantities
such as the mutual information between training data and teacher network weights, as well as the
Bayes-optimal generalization error, are well-understood for such simplified networks. Consequently,
our strategy involves extending this reduction using a recursive argument. This involves progress-
ively simplifying the network by replacing the last two layers with an equivalent one-layer neural
network. The recursion continues until we identify an equivalent one-layer model for the entire
network. This recursive approach is expected to provide us with a comprehensive understanding of
the network’s behavior and performance.
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I(A)

generic quantity, a scalar if not specified otherwise.
column vector.
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transpose of the matrix or vector A.

i" component of a.

element at the i*" row and 5" column of A.
estimate of the quantity a.

equal by definition.

a given b.

d-dimensional identity matrix.

multivariate Gaussian distribution with mean g and covariance
matrix 3.

Dirac delta function, that is formally a distribution, it is a prob-
ability density that assigns infinite weight to the single value
x = 0.

Kronecker delta, it is equal to 1 if ¢ = j, and 0 otherwise.
scalar product between two vectors of dimension 7.
L5 norm of the vector x of dimension n.

indicator function, which is 1 if the condition A is true, 0 other-
wise.
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Chapter 1

Introduction

Machine learning [1, 2, 3] is a field within artificial intelligence that focuses on recognizing patterns
and extracting information from data. Specifically, it refers to the methods and techniques that enable
automated learning from data. This automation allows for predictions to be made when new data is
introduced, without the need for explicit programming tailored to each specific task. This form of
implicit learning, heavily dependent on the data available, has led to machine learning models being
characterized as data-driven. The ultimate goal of a learning algorithm is to achieve generalization.
This means it should be capable of extracting information from the samples or examples it analyzes
and applying this knowledge to new, unseen data.

The recent advancements in technology and the availability of computational resources have
demonstrated the success of these algorithms in learning from data. Consequently, machine learn-
ing has become pervasive in today’s world. Its applications are extensive and diverse, spanning
from personalized recommendations in e-commerce and predictive diagnostics in healthcare to al-
gorithmic trading in finance and route optimization in transportation.

A class of algorithms that has gained significant attention in recent years is defined by neural net-
works (NNs). These models were initially introduced to describe as a biologically plausible model
of computation. Today, they have become a crucial area of study within machine learning, owing
to their generalization capabilities and efficiency. Despite the successful applications of neural net-
works, the pace of understanding their underlying mechanisms and explaining the reasons of their
success has not kept up. Due to this, learning algorithms have often been exploited in various fields
where the primary focus is on the output rather than the underlying process or the explainability of
the results. To address this gap in understanding, a new field within computer science has emerged,
known as explainable artificial intelligence (xAI) [4].

To explain the behavior of neural networks, however, also statistical mechanics, and specifically
physics of disordered systems, plays a crucial role. In statistical physics, disordered systems [5, 6]
are those in which the constituent particles are not arranged in a regular, repeating pattern. These
systems, which include glasses and spin glasses, are characterized by metastable states and are de-
scribed by complex energy landscapes. A neural network can be viewed as a disordered system [7, 6,



CHAPTER 1. INTRODUCTION

8] where the neurons are the constituent particles and the synaptic weights represent the disorder.
The state of the network is determined by the activation of the neurons, and the energy of the state
is given by the loss function. The training of the network, which involves adjusting the weights to
minimize the loss function, can be seen as a process of navigating the complex energy landscape of
this disordered system.

Notably, the mapping from a machine learning problem to a statistical mechanics framework
has opened up new avenues for the application of techniques commonly used in the statistics of
disordered systems [9, 10, 11, 12, 13, 14, 15, 16]. The replica method, mean-field approaches, and
interpolation method are examples of techniques rooted in mathematical physics and physics of dis-
ordered systems that are now applied to machine learning [11, 17, 13, 18, 19]. Specifically, disordered
systems methods are particularly useful in studying the performance of machine learning models,
their algorithmic limits, and thresholds [20, 14]. Moreover, the concept of phase transitions, which
is central to the study of disordered systems in statistical physics, can be applied to neural networks,
thus playing a crucial role in understanding their behavior [14, 15] and the relevant scalings. For
instance, the transition from a phase where the network can memorize the training data to a phase
where it can generalize to unseen data can be studied using the tools of statistical physics [21, 15].

Simple models such as perceptrons, generalized linear models, and committee machines have
been studied for more than thirty years, demonstrating the success of physics in studying such mod-
els [10, 12, 11, 22, 14, 23, 21, 24, 25, 17, 26, 15]. Therefore, the perspective of statistical mechanics
provides a powerful framework for understanding the structure, dynamics, and limitations of neural
networks, and contributes to the ongoing efforts to make these models more interpretable and robust.

With this foundation laid, the focus is now directed towards studying the capabilities of neural net-
works and exploring the fundamental limits in their performance within the statistical mechanics
framework. A significant challenge in understanding neural networks lies in the dependence of the
learning process on various interacting factors, each with intricate individual effects. These factors
include the architecture of the network, the structure inherent to the datasets on which the network
is trained, and the algorithms and optimization procedures employed.

To address this complex nature of neural network learning, a teacher-student setup [10, 11, 12,
20] within a Bayes-optimal framework can be exploited, where a student network classifies the data
generated by the teacher network with an identical, fully connected architecture.

This framework allows for the disentangling of contributions from different aspects of the learn-
ing process, primarily focusing on the network’s architecture and the impact of available data on
prediction performance. Indeed, in this teacher-student setup, the results obtained are not confined
to a specific learning procedure. Instead, they represent the fundamental limits of the network’s
performance, leading to what are known as information-theoretic bounds. This approach effectively
separates the impact of the training procedure from the analysis.

In the context of this Bayes-optimal setup, recent advancements in the analysis of deep neural net-
works (DNNs) using a statistical mechanics framework have been substantial [27, 28, 29, 19]. The
initial analysis by [27] focused on linear networks, excluding nonlinearities. Specifically, a technique
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was introduced to evaluate the generalization error of deep linear networks with finite width when
these networks are trained on a fixed set of data. Building on this, [28] expanded the analysis by
formulating conjectures for the generalization error in empirical risk minimization. Further pro-
gress was made by [29], who employed a Gaussian equivalence principle (GEP) for both shallow and
deep nonlinear neural networks to obtain Bayes-optimal limits. The GEPs are grounded in a well-
known concept in high-dimensional probability: appropriately rescaled low-dimensional projections
of high-dimensional vectors with weakly correlated components exhibit Gaussian behavior.

Subsequently, the recent analysis by [19] rigorously proved the Bayes-optimal limits obtained
by [29] for a 2-layer neural network. Specifically, [19] established information-theoretic limits in
an overparametrized regime, where the dataset size, input dimension, and network width are all
large, eventually approaching infinity. The results were presented as a bound connecting the mutual
information between the teacher network weights and the training data for both a 2-layer neural
network and a generalized linear model (GLM) [30, 31, 32], which is a one-layer neural network and
a generalization of a perceptron [33]. By examining the conditions under which this bound tends
to zero, it becomes possible to identify the scaling regimes, in terms of numerosity of data available
and the number of neurons, in which the 2-layer neural network effectively reduces to the GLM,
making the two models equivalent. The importance of this reduction lies in the fact that the mutual
information between the dataset and the teacher network weights is linked to the network’s general-
ization error, and these quantities have been extensively studied for GLMs [10, 12, 11, 22, 34, 35, 14].
Consequently, the GLM can serve as a simpler proxy for studying more complex neural networks,
providing valuable insights into their behavior.

This thesis is rooted in the results obtained in [19]. An information-theoretic analysis of a deep
neural network is conducted here, addressing the task of learning an objective function for a deep,
nonlinear neural network. Our investigation focuses on training the complete set of network para-
meters within a scenario where the size of the dataset, input dimension, and network width are all
large. A teacher-student setup in a Bayes-optimal framework is utilized, allowing for the estimation
of information-theoretic bounds.

The primary goal is to extend the analysis of deep neural networks by generalizing the results
from [19] to networks with an arbitrary number of layers L, thereby establishing bounds in terms of
information theory, and specifically mutual information, that relate a deep nonlinear network to a
generalized linear model. Once the bounds are established, the objective is to explore how the sizes
of the dataset, input dimension, and hidden layers influence these bounds. Specifically, the aim is
to identify the scaling conditions under which the bounds tend to zero as all parameters approach
infinity, thus allowing the reduction of the deep neural network to a generalized linear model.

The main contribution of this thesis are the bounds presented in 4.2. These bounds allow to find
the different scalings of network layers and dataset size such that the deep neural network can be
mapped into a generalized linear model. Moreover, the parametrization of the GLM found through
the reduction is consistent with the result provided by [29]. An additional finding pertains to the
concentration of measure phenomenon. Specifically, it is observed that Gaussian random vectors,
when processed through layers of a neural network, retain Gaussian-like statistical properties, des-
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pite no longer being Gaussian. Initially derived as a technical result to complete the proofs for the
information-theoretic bounds, this finding stands as an intriguing mathematical property in its own
right, independent of the proof for the bounds.

The strategy to derive the bounds in terms of mutual information involves extending the reduc-
tion performed in [19] using a recursive argument. This method progressively simplifies the network
by replacing the last two layers with an equivalent one-layer neural network. The recursion contin-
ues until an equivalent one-layer model is identified for the entire network, effectively reducing the
full network to a generalized linear model, whose properties are known.



Chapter 2

Framework and background

In this chapter, the foundational framework and background of our investigation are examined, fo-
cusing on the intersection of several key areas: statistical inference, information theory, statistical
mechanics, Bayesian inference, and machine learning. These fields provide the theoretical basis and
methodologies essential for the investigation. Specifically, the aim of the chapter is to define the
specific quantities relevant to the models under study, establishing a clear understanding of their
behavior and properties.

2.1 Information theory

The objective of our investigation is to conduct an analysis based on information theory [2, 36,
37]. Information theory is concerned with the concepts of surprise and the amount of information
that can be associated with observations. It specifically enables the study of data compression and
transmission properties. The central study that attracted interest in this topic was conducted by
Claude Shannon, culminating in his most renowned paper published in 1948. The paper, titled “A
Mathematical Theory of Communication” [38], is often referred to as the foundation of the field
information theory field. In the context of our study, the focus is on comprehending the information
that the data provides about the model parameters and quantifying this relationship.

2.1.1 Information

Information is a quantity that represents the knowledge gained once the outcome of a random exper-
iment becomes known. Conversely, it can also be thought of as the uncertainty associated with the
revelation of the outcome. Intuitively, information is acquired from an observer if that information
was not previously known.

The aim here is to formalize this concept with a focus on information for events, that are tied to
their probabilities [39]. This forms the mathematical foundation for constructing the information,
or surprisal. The object needed to start the discussion is a probability space S. A probability space
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S = (Q, F,P) is a triple where
« () corresponds to the sample space, and contains all the possible outcomes;

« F is the o-algebra of the events, meaning that it is a family of subsets of () closed under
countable union, complement, and €2 belongs to it. Any element of the o-algebra is an event
E e F;

« P is a probability measure that goes from the o-algebra F to [0, 1] such that P(2) = 1 and it
satisfies the o-additivity.

Intuitively, events with a probability equal to one are expected to provide no information, as these
events are certain to occur. Additionally, events that happen more frequently should convey less
information than rare events: in the latter case, the surprise is significant when the event is realized.
Another aspect that needs to be considered is the conditionality of the events. If two events, denoted
as E; and Es, are independent, then

P(E\N Ey) = P(E)P(E2)  implying  P(Ey|E») = P(EL), P(E2|Ey) = P(Ey)  (2.1)

When the events are independent, the information of the intersection of the events is desired to
be the sum of the information gained from F; and E respectively. These considerations translate
into requirements that information must satisfy.

« I : F — R* is a function f of the probability of the events: I = f o P, namely I(F € F) =
f(B(E));

« f is a monotonically decreasing function of P;

« For independent events F and Es, f(P(E1NEy)) = f(P(E))P(Ey)) = f(P(E1))+ f(P(E2)).

This leads to the following definition of information, also called information content or surprisal:
f(z) = —aln(z) I:F—R" I(E)=—aln(P(E)) (2.2)

where « is chosen arbitrarily. If & = 1 the information is computed in terms of "nats" or natural units.
Another common choice is « = log, e, yielding I(E) = — log,(IP(E)). In this case, the information
content is expressed in terms of "bits" or binary digits, where one bit quantifies the information
gained when the outcome of a random experiment with two equiprobable outcomes is revealed.

2.1.2 Entropy

The definition of information content associated with an event was introduced, describing it as the
information gained about the outcome of a random experiment. This raises the question of what
amount of information is required to fully describe the outcome. The problem is approached by

6
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considering the average information needed to specify the outcome. Since the average is taken
over the outcomes, this quantity can be interpreted as the overall average amount of information
associated with the probability space S.

In the case of a discrete probability space, every outcome can be associated with an event £/ =
{w} € F, and the average information needed to specify the outcome of the random process is
defined as follows:

H(S) = (1) = = 3 P({w}) nB({w}) (23)

we

where this quantity H(S) takes the name of Shannon entropy.

Based on the explanation provided, the definition of entropy can be generalized to random vari-
ables.

Let E be a set, £ a o-algebra of subsets of E, given a probability space (€2, F, P). Then, the
function X : Q — F is a random variable if for any A € £, X '(A) € F. Defining

Py:€—0,1],  Py(A)=P(X € A) =P(X'(4)) (2:4)

it can be verified that this is a probability on the measurable space (E, &), called distribution of X.

In the context of real-valued random variables, the sample space is £ = R, and the considered o-
algebra is called Borel o-algebra ¢ = B(R). Elements of this Borel o-algebra are known as Borel sets.
Additionally, a continuous random variable X has a probability density function py if its distribution
is absolutely continuous with respect to the Lebesgue measure, namely, if there exists a function px
such that

Px(A)=P(X € A) = /px(x)dx VA € B(R) (2.5)
A
where dx represents the Lebesgue measure on R.

In general, the notation dP(x) =: Px(dx) is used in order to be able to consider in the analysis
also the cases in which the probability density function cannot be defined. When the density can be
defined, there is the actual correspondence dP(x) = px(x)dzx.

If X is discrete, the distribution of it is defined as the following map:

Px : E —[0,1], Px(z) =P(X =2) = P(X *(2)) (2.6)

Through this construction, the entropy associated to the discrete random variable X can be intro-
duced. To simplify the notation, the elements of the set £, corresponding to the outcomes, are de-

noted as (1, %2, . . ., ¥|g|), allowing the probability P; := Px(x;) to be associated with each outcome
fori=1,..|F|:
|E|
H(X):=-> Px(x)lnPx(x)=-Y PP, (2.7)
zelk i=1
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This quantity describes the average information needed to specify the outcome of the random vari-
able. Its interpretation is of crucial importance, as entropy can be considered as a measure of the
lack of information, or ignorance, about the outcome of X. Being an expectation, higher entropy
indicates greater unpredictability of the outcome on average. This implies little knowledge before
the experiment, with substantial information gained once the outcome is revealed.

Entropy thus serves a dual role as a measure of information and uncertainty or lack of informa-
tion. As a measure of ignorance, H(X) represents the amount of knowledge missing to determine
the outcome of X on average before observing it. In this scenario, no experiment or observation
has taken place, so entropy is interpreted as a measure of uncertainty associated with a process that
never occurred. From the other perspective, H (X) is also the amount of information that on average
is gained once the outcome is observed. In this case, the process has happened and the outcome can
be observed, making entropy the expected information content associated with the random variable.

Properties of the entropy. Some useful properties of the entropy of a discrete random variable
X, that will be exploited in our study, are now remarked.

« H(X) > 0 with H(X) = 0 if and only if there exists an index ¢ such that P, = 1. This
implies that a deterministic quantity or random variable has no uncertainty, and provides no
information;

« H(X) is maximized if the probability over the outcomes is uniform. Maximising H (X) with
respect to p; under the constraint ) . P, = 1, leads to P, = \_;JI and H(X) = In |E|. Since the
entropy is maximized, H(X) < In|E] also holds true;

« H(X) is concave with respect to the distribution of X. Consider two random variables X7, X,
with values in the same set F. Define P, := Py, (z;) and Q; := Qx,(x;). A new random
variable Z can be constructed, with values in the same space as X; and X,. Let Pz(x;) =
AP; + (1 — X\)@;. This means that Z = X, with probability A\, and Z = X, with probability
1 — A. Then,

H(Z)=HMP+(1-X)Q) > H(P)+ (1 -MNH(Q) = H(X)+ (1 -NH(Y) (28)

The interpretation of the concavity of the Shannon entropy lies in the fact that a distribution
defined as the mix of two probability distributions has a higher entropy than the sum of the
entropies: this implies that mixing two probability distributions increases entropy.

2.1.3 Joint entropy and conditional entropy

Consider now two different random variables X and Y that take values {z;}, {y;} in the sets Ex, Ey.
The joint entropy of the random variables can be defined as the Shannon entropy of the joint distri-
bution Pyy (x, ).

H(X,Y):=H(Pxy)=— Y  Pxy(x,y)InPxy(z,y) (2.9)

(:t,y)GEX x By
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The conditional entropy of X given Y is introduced next. This quantity corresponds to the
expected information gained by evaluating the outcome of X given that the outcome of Y is known.
Equivalently, this can be read from the perspective of the uncertainty interpretation of the entropy:
the conditional entropy represents the remaining lack of knowledge about X given that the variable
Y has been observed.

H(X|Y):=—= Y Py(y)Pxy(zly)n Pxy(zly) (2.10)

(z,y)€EEx X Ey

Properties of the conditional entropy. Some useful considerations about these quantities that will
be exploited in the analysis are presented:

« Similarly to the construction made for the information content for events, the joint entropy
of two independent random variables is just the sum of the entropy of the two variables. This
implies that learning the outcome of the two variables together does not provide additional
information compared to learning the outcomes separately. Furthermore, since the variables
are independent, the knowledge of the outcome of one variable does not affect the knowledge
about the second variable. As a consequence, the conditional and unconditional entropy are
the same. Formally, since the two variables are independent,

Pxy(2,y) = Px(z)Py(y) — Pxyy(z|ly) = Px(7), Pyix(ylz) = Py (y) (2.11)
and it follows that

HX,Y)=H(X)+H(Y) — HX|Y)=H(X), HY|X)=H®Y) (2.12)

+ The joint entropy of two random variables cannot exceed the sum of the entropies associated
with the two random variables. This implies that the information gained by knowing the
outcomes of both variables simultaneously cannot be greater than the information obtained
by revealing the outcomes separately:

HX,)Y)<HX)+H®Y) (2.13)

+ The joint entropy of a pair of random variables corresponds to the information gained on
average by revealing the outcomes of the two random variables simultaneously, and this is
equivalent to the sum of the information gained revealing the outcome of the first variable
and the information generated from knowing the outcome of the second one provided that the
outcome of the first one is known. What stated can be interpreted as a chain rule applied to
entropy:

HX,)Y)=H(X|Y)+H(Y)=H(Y|X)+ H(X) (2.14)
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« Consider a function f. Then, applying it to a random variable yields H(f(X)|X) = 0. Ex-
ploiting (2.14) leads to H(X) + H(f(X)|X) = H(f(X)) + H(X|f(X)), implying:

H(f(X)) < H(X) (2.15)

The equality holds only if f is invertible.

2.1.4 Kullback-Leibler divergence

Another key quantity in our framework is the Kullback-Leibler divergence Dy, or relative entropy.
Consider two discrete random variables X and Y taking values in the same sample space E, with
discrete distributions P and (). The KL-divergence from () to P is defined as

P(z
Dics(X[[Y) i= Dis (PI|Q) = 3 Pla)n (L12)) (2.16)
= Q(x)
This quantity satisfies Gibbs’ inequality, meaning that
Dkr(P||Q) >0 (2.17)

where the equality holds if and only if the two distributions are the same. It is worth noting that the
Kullback-Leibler divergence is not symmetric, namely, Dy (P||Q) # Dkr(P||Q), implying that
this object is not a distance. Nonetheless, the Kullback-Leibler diverge Dy, can be interpreted as
a measure of discriminability between two distributions, or a distance in the space of distributions.
Moreover, the Kullback-Leibler divergence is convex with respect to both arguments, meaning that
considering the probability densities P, P», P;, ()5 on the same space FE it holds

Drr(AP 4+ (1 = NP [AQy + (1 = N)Q2) < ADgrn(P1]|Q1) + (1 — N Dgr(P)|Q2)  (2.18)

The definition of Kullback-Leibler divergence can easily be adapted to the case of continuous dens-
ities replacing the sum with an integral:

dz P(z)In (P (x)) (2.19)

Dica(PlIQ) = | 7

zel

2.1.5 Mutual information

Another crucial quantity is the mutual information between two random variables X and Y. Its aim is
to measure the information that one variable provides about the other one. Specifically, when dealing
with the probability distributions of the random variables, the mutual information can be understood
as the Kullback-Leibler divergence between the joint probability distribution of the random variables
and the product of the marginal probabilities. It can be interpreted then as a measure of how much the
joint distribution is actually comparable to the product, thus indicating how much the two variables

10
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X Y

H(Y|X)
} HCxy) H(Y)

A

H(X)

I(X;Y)

Figure 2.1: The total information required to specify X can be divided into the information provided
by Y, denoted as I(X;Y’) and the residual information H(X|Y"). This relationship is reciprocal,
applying similarly when specifying Y in terms of X.

are uncorrelated. Indeed, if two random variables are independent, the divergence is zero. Expressing
it formally:

[(X;Y):= Dxr(Pxy|Pxpy) = Y, Pxy(z, y)(ln Pi?;)(;j)w)
(zy)€Ex X By
= -H(X,Y)+ H(X)+ H(Y) (220

= H(X) - H(X]Y)

=HY)-HY|X)>0
where the last two equalities can be obtained using (2.14). From the definition, it can be observed
that if X and Y are independent, namely Pxy (z,y) = Px(z)Py(y), then I(X;Y) = 0. It is also
worth noticing that the mutual information is symmetric with respect to the exchange of the vari-

ables X and Y, aligning with the interpretation that the mutual information gives an estimate of the
information that a variable provides about the other.

Properties of the mutual information. Other useful properties of the mutual information are
the following:

« Similarly to what stated for the entropy, considering two functions f; and f> it holds that

I(f1(X); oY) < I(X;Y) (2.21)

11
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i.e., applying a function to the random variables cannot increase the information they provide
one about the other;

« The mutual information satisfies the data processing inequality. This inequality states that
the processing of the data does not lead to an increase in information. Such a concept can be
formalized in the following statement. Let X, Y, Z be three random variables such that Z
depends only on Y. Then I(X; Z) < I(X;Y);

« A chain rule for mutual information can be introduced:
(XY, 2)=1(X;2)+ I(X;Y]|Z) (2.22)

based on the definition of conditional entropy and conditional mutual information. The con-
ditional mutual information is defined as:

I(X; Y’Z) = ]EZDKL(PXY|ZHPX|ZPY|Z)

P x,y|z
- 2 E X”(x’y’”@“ P Z\f)(p y|<>\z>>
(xvyvz)eEXXEYXEZ X‘Z Y‘Z y
=-H(X,Y|Z)+ H(X|Z)+ H(Y|Z) (2.23)

H(X,Z)+H(Y,Z)- H(X,Y,Z) — H(Z)
H(X|Z) — H(X|Y, Z)
H(Y|Z)—H(Y|X,Z) >0

The concept of entropy can be generalized and adapted to continuous random variables with
some care. Indeed, substituting the discrete probability densities by the probability densities and the
sums by integrals leads to the definition of differential entropy:

hMX)=— /EE dx Px(x)In Px(x) (2.24)

with Py (x) being the probability density of the random variable X. In the same fashion, the condi-
tional entropy and the mutual information can be generalized to the continuous case.

If a resolution € is used to discretize the space, the entropy and the differential entropy differ in
the following way:

H.(X)=h(X)+ ln% + O(e) (2.25)

and the analogous holds for the conditional entropy of X given Y.

What illustrated implies that the differential form of the mutual information, being a difference
of entropies as shown in (2.20), does not depend on the resolution. Hence, its differential expression
coincides with the definition already given of mutual information. This implies that the mutual
information maintains its properties when moving from a discrete to a continuous setting. Moreover,
also its definition in terms of Kullback-Leibler divergence can be preserved, exploiting the definition
of the latter in the case of continuous densities in (2.19).

12
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2.2 Statistical mechanics

In our analysis, the language of statistical mechanics [40, 41, 42, 43, 37] is borrowed, and connections
to it are drawn.

Statistical mechanics is one of the most important branches of modern physics. In this discipline,
concepts and tools are borrowed from probability theory, with the aim of describing many-body sys-
tems. Specifically, statistical mechanics was born in the 19" century to understand the link between
the macroscopic observables associated with a physical system, such as pressure, temperature or
magnetization, and its microscopic quantities. Indeed, the dimension of the system makes it im-
possible to give a description using only microscopic properties: the systems of interest in statistical
mechanics are typically characterized by a high number of degrees of freedom, representing particles
or more generally components or constituents of the system. Furthermore, the degrees of freedom
can interact: the simplest type of interaction is pairwise interaction, but other possibilities exist.

One of the advantages deriving from the study of statistical mechanics is the possibility of analyz-
ing a physical system as a whole. This holistic approach opens the way to the study of a wide range of
phenomena, referred to as emergent phenomena, that could not be understood solely by examining
the individual components of the system. Indeed, under the appropriate conditions and hypotheses,
the system reacts globally to perturbations, yielding results that differ from those obtained when only
a single component is affected. These emergent phenomena and collective behaviors are observable
across various models and fields of physics, ranging from disordered systems to active matter. A
prime example of this can be found in living systems, such as flocks of birds or schools of fish. When
a predator approaches, the behavior of the animals changes, not necessarily because they perceive
the threat directly, but because they sense the behavioral change in their neighbors [44, 45]. Such
change in behavior and how this occurs is what statistical mechanics aims to study.

In general, these types of emergent phenomena are described as phase transition of the system,
which correspond to changes in the macroscopic properties of the whole system when an external
parameter changes. In particular, quantities called order parameters are used to describe phase trans-
itions: they are macroscopic observables that are zero above the critical point and non-zero before.
Near phase transitions, systems exhibit critical behavior, which is characterized by slow relaxation
after perturbation and the generation of spatially correlated fluctuations. These fluctuations do not
remain local but propagate throughout the system, implying that distant points become highly cor-
related. This is common to both inanimate and living systems, and it is indeed what happens for
example in the case of the flock of birds, which reacts cohesively to the movement of the predator.
Importantly, phase transitions and thus the associated emergent phenomena typically depend only
on the dimensionality of the system, its symmetries, and the type of interactions present rather than
specific microscopic details. This concept is called universality in statistical physics and enables the
study of diverse systems using simplified models known as null models, which focus on essential
aspects while neglecting specific details.

Concerning then the dynamics of the system, statistical mechanics studies two types of systems,
equilibrium and out of equilibrium systems, with equilibrium systems being the primary focus of the
investigation. In the second case, non-reversible processes characterized by imbalances are usually
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modeled. In equilibrium systems, on the other hand, there are no macroscopic flows or currents, and
macroscopic thermodynamic variables suffice to describe the system’s state.

Quantities and terminology are now introduced in order to provide a more precise description of
these states. The system is conceptualized as a microstate, representing a point in the phase space
of microscopic degrees of freedom. These microstates, also called configurations, are drawn from
an ensemble: this represents an ideal set of multiple copies of the system, generated according to
specific criteria, and therefore characterized by constraints and a probability distribution on the mi-
crostates. The number of instances in the ensemble is infinite, and each configuration represents a
possible state of the system. The constraints imposed on the system can be of two types: hard and
soft.

« Hard constraints force the ensemble to follow the prescription, therefore all instances of the
ensemble exhibit the same characteristic. These constraints characterize microcanonical en-
sembles, where each state has the same probability of being drawn. Such conditions can be
interpreted as exact conservation laws, which are satisfied for all times. For example, consid-
ering an isolated system, energy &, volume V/, and number of particles NV remain fixed;

« Soft constraints represent observables that are fixed on average. This implies that microstates

have a non-uniform probability of being observed, resulting in fluctuations within the system’s
characteristics. The presence of soft constraints is associated to canonical ensembles.
A typical example of this type of constraint is called thermal bath. In this case, the system of
interest is immersed in a much larger one called environment; they can exchange energy, but
not volume and particles. The purpose of the environment is to allow the system to maintain a
constant temperature. Thus, the total energy is conserved, but that of the system under study
is free to fluctuate around an average value.

In terms of probability theory introduced earlier, a microstate or configuration corresponds to
the vector of outcomes associated with a random vector X € X'V describing the state of the system,
and each random variable X; represents a component or degree of freedom, of which there are N
in total. A configuration or microstate is denoted by C = (x1,...,xy), where each z; represents
a possible outcome associated with the corresponding degree of freedom. X represents then the
set of possible system configurations. Slightly generalizing what was previously done, a distribution
Px (dx) can be introduced for the random vector. The distribution can also depend on other external
parameters y, which can be random but whose randomness is fixed, hence they are called quenched
variables. These can be, for example, the coupling parameters between the degrees of freedom.
Each microstate is then characterized by an energy H(x;y), with 7 the Hamiltonian describing the
configuration.

In our investigation the interest lies in soft constraints, and specifically in fixing the average
energy of the system. Formally, this implies

£ = (H(X;y)) = / AP Hy) (2.26)
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The equilibrium distribution is then obtained by exploiting the maximum entropy principle. This
principle is a widely used method in statistical mechanics and information theory to find the prob-
ability distribution that best fits the imposed constraints, such as conservation laws, normalizations,
or system-related measures. By maximizing the Shannon entropy, this principle ensures that the
resulting distribution contains enough information to meet the constraints without adding extra as-
sumptions or biases. In particular, if there is no control over a variable, the principle of maximum
entropy dictates that all its values are considered equivalent and equally probable, thereby maxim-
izing ignorance with respect to this quantity. This approach removes any potential bias beyond the
given constraints, ensuring the most unbiased representation of the system’s state. Practically, this
method is applied by exploiting the Lagrange multiplier technique, associating a multiplier to each
constraint.

In our case, the equilibrium distribution of the system is obtained using the constraint (2.26)
along with the normalization condition [ dPx(x) = 1. The resulting distribution is called the
Gibbs-Boltzmann distribution:

exnN

e~ BH(xY)
Z(y)

The normalization constant or partition function is defined as

dPy(x) = dPy(x;y) = dPx(x) (2.27)

2(y) = / e=PHO) 1Py (x) (2.28)
xexXN

In the expressions above, [ = %, and can be considered as the Lagrange multiplier associated
with the energy constraint, for the adjustment of randomness in the system. For instance, the limit
f — 07, corresponds to not imposing any constraint on the average energy, and maintaining the
only constraint that the sum of the probabilities gives one. This leads all microstates to be equally
probable. This leads back to the discussion of a microcanonical ensemble, in which all states are
equally probable as they are characterized by exactly the same values of the variables that define it.

lim dPy(x) = x(x) _ dPx(x)

Jim = Zly) @) (2.29)

where Q(X?) is used to indicate the volume of the configuration space. Conversely, for 3 —
+00, only states minimizing the system’s Hamiltonian have non-zero probability, and the states
are defined as x* € {argmin_#(x';y)}. In this case, the system is in a minimum energy state or
ground state, with no possibility of changing configuration or microstate.

lim dPy(x) = = — > §(x — x*)dPx(x) (2.30)
Frrtoc (Y) x*€e{argmin,, H(x';y)}

The system can therefore be characterized by multiple phases, and the behavior of the system, as
seen, can change between them.
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From the partition function, fundamental quantities that can be defined are the free energy and
the free energy density:

Fy)i= —5m2)  Ily) = =55 2() @3
These quantities are fundamental for studying phase transitions, which are defined by singular-
ities in the derivatives of the free energy (and therefore also of the partition function) with respect
to the external parameters, including for example beta, namely the temperature, magnetic or electric
field, and pressure. Furthermore, from the partition function, or equivalently from the free energy,
other quantities of interest for the system can be obtained, such as its energy or magnetization. How-
ever, in finite systems, the partition function, being a sum (or integral) of exponentials and thus an
analytical function, lacks discontinuities. Therefore, the regime of interest is that of the thermody-
namic limit, where the system’s volume and number of particles tends to infinity:

fly) == lim -

Jim S5 Z() (2.32)

Furthermore, the so-called quenched free energy and quenched free energy density can be defined:
they are obtained by taking the average over all the possible realizations of the parameters y. The
quenched averages are denoted with the overbar:

fv =Efxly) = —NLBEIH Z(Y) f= _N]iIEOO NLBEIHZ(Y) (2.33)

Having introduced this, it is now possible to consider another desired aspect of the free energy
density: its concentration around the average. This property is also called self-averaging property,
and it is particularly desirable as it implies that in the thermodynamic limit as the system size N
approaches infinity, the value of the free energy density becomes independent of the specific real-
ization of the external parameters y. This means that the value of such a quantity depends only on
the statistical properties of y, not on its particular realization.

It is worth noting that this self-averaging property is desirable, yet there exist models where this
property is not observed, and consequently, the free energy density does not concentrate. From a
mathematical standpoint, the self-averaging property of the free energy density can correspond to
different types of convergence of the free energy density to its expectation. In some models, the
convergence to the mean is in probability:

Nlirg P(|fn(Y) — fx] >€) =0, VeeR>0 (2.34)

For some other systems, the convergence occurs almost surely or in a L, sense, namely:

lim E[(fy(Y)~ fv)’] =0 (2.35)

N—+o00
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This is the case for example of the Sherrington-Kirkpatrick (SK) model [46], the prototypical spin
glass [5, 6]. Additionally, the model studied in [19], upon which our investigation is based, also par-
tially exhibits this type of convergence.

Spin glasses, in which our analysis is rooted, are the paradigmatic systems in statistical mechan-
ics where quenched random variables, in the form of disorder, appear. These disordered magnetic
systems exhibit complex behaviors due to random interactions between their constituents, called
spins. Among these models, the SK model stands out as the most important, representing a corner-
stone and seminal contribution to the field of glassy physics. The SK model is a mean-field version
of the Edwards-Anderson spin glass model [47]. Initially introduced as a straightforward solvable
model, it later revealed a structure that was far more complex and rich, particularly concerning the
quenched free energy density. The quenched free energy density is a crucial concept in the study of
spin glasses, describing the average free energy of the system taken over all possible realizations of
the disorder.

Sherrington and Kirkpatrick’s initial solution for the free energy density of the SK model was not
well-defined in the thermodynamic limit, leading to a negative entropy and an unphysical solution.
Giorgio Parisi addressed this issue with his replica symmetry breaking solution, obtained using the
replica method [48, 49], ensuring the existence of the thermodynamic limit for the quenched density
of free energy. Formulating a proof for the Parisi formula for the free energy of the SK model,
however, remained an open problem in the field for almost three decades.

The proof of the Parisi formula came in two different steps. First Francesco Guerra proved a
uniform bound with his ground breaking replica symmetry breaking uniform bound [50], based on
the interpolation technique previously introduced with Toninelli which allowed to prove the exist-
ence of the limit in the first place [51]. Then, Michel Talagrand [52] managed to find a matching
converse bound with remarkable technical effort. Dmitry Panchenko [53] later simplified the proof
proving a connection between the ultrametricity conjecture by Parisi to the Ghirlanda-Guerra iden-
tities [54]. Since the introduction of the SK model, the study of spin glasses has seen remarkable
growth, evolving into a flourishing area of research. The insights gained from this field have not
only deepened our understanding of disordered magnetic systems but have also influenced various
other domains, including optimization, and machine learning [20, 14].

2.3 Statistical and Bayesian inference

Statistical inference, especially within the Bayesian framework, serves as a fundamental cornerstone
to our investigation. Statistical inference can be viewed as the process of extracting information from
data. It involves using the data to make estimations, predictions, or to test hypotheses, providing a
framework for modeling and understanding the randomness and variability in observations. Com-
plementing this, Bayesian inference introduces a probabilistic perspective to inference, allowing to
incorporate prior knowledge and uncertainty into the model considered. Together, these methodo-
logies form the foundation of our analysis.
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2.3.1 Statistical inference

Statistical inference [36, 55, 56, 57] plays a key role when studying modeling problems. When tack-
ling a modeling problem, two primary frameworks may emerge: forward problems and inverse prob-
lems. In general, these problems involve data or observations y and a model or process that generates
the data. The model can be thought of as a map from the set of input parameters x, also known as
signals, to the data. Additional parameters @ of the model, referred to as hypotheses, may be present.

In the context of forward problems, both the model and hypotheses are known, and data is gener-
ated accordingly. The primary aim is usually to study the properties of the generated data. Forward
problems frequently arise in probability theory, a branch of mathematics that, within this context,
aims to quantify the likelihood of the occurrence of the event given a specific model. In these prob-
lems, the event has not yet taken place, and the goal is to predict future outcomes, which means
predicting the data from the model.

Conversely, inverse problems involve having the data or observations, and the task revolves
around estimating the parameters or the model that can describe the system. Inverse probability
problems and statistical inference can also be viewed as inverse problems. Specifically, in statistical
inference, the task is to use data or observations to determine properties of the signal, effectively
reconstructing the model or hypotheses that explain the data. In this context, the main objects of
interest are probability distributions: the aim is usually to reconstruct the conditional probability
distribution of the model given the observed data. Typically, inverse problems are more complex
compared to forward problems; obtaining observations from a model is generally simpler than the
task of reconstructing the model itself.

Concerning now the applications of statistical inference, its primary objectives are prediction and
estimation. In the case of prediction, the aim is to determine a model that can accurately respond
to new data, assuming the new data and the training data are statistically equivalent. This does not
necessarily mean that the estimator of the model that is found will be identical to the true model.
Instead, the trait of interest is the predictive ability of the model. Specifically, when the model is
applied to a new signal, the goal is for it to make an accurate prediction of the data.

The focus of our study is on the estimation feature of statistical inference. In this context, statist-
ical inference can be employed to understand the relationship between the parameters themselves
or between the data and the parameters.

2.3.2 Bayesian inference

Bayesian inference [36, 55, 56, 57], a powerful statistical method, has recently become the basis of
many modern computational and analytical techniques. Its applications span a wide range of fields,
from artificial intelligence and signal processing to bioinformatics and social sciences, demonstrating
its versatility and robustness.

At its core, Bayesian inference is a method of statistical analysis that integrates prior knowledge
about a phenomenon into a mathematical model. This approach also provides a systematic way to
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update beliefs based on new data and new observations, making it a dynamic and adaptable tool for
understanding complex systems. Furthermore, it enables the incorporation of existing knowledge
about the system or phenomenon being studied, or the hypotheses imposed on it.

Despite its significant strengths, Bayesian inference has its limitations. In fact, it requires careful
consideration of the a priori information and hypotheses that are incorporated into the model. If
chosen inappropriately, they can alter the estimates obtained with this method. Nevertheless, its
ability to incorporate previous knowledge and new data, make it an adaptable and flexible method,
and therefore of particular interest in our discussion.

The notation that will be used is the same as 2.3.1, denoting the data y, the signal x, and any addi-
tional system parameters 8. Again, the model that generates the data can be considered as a map of
the signal and the additional parameters f(x, 0).

The basis of Bayesian inference and Bayesian statistics is Bayes’ formula:

Pyix(y [ x)dPx(x) _ Pyx(y | x)dPx(x)
Py (y) J Pyx(y | x)dPx(x)

In this expression, each component has a specific meaning:

dPxjy(x|y) = (2.36)

« Likelihood function (Pyx(y | x)): describes the probability of observing the data obtained
given the parameters. It should be emphasized that likelihood is not a probability distribution
over the parameters; it is instead a function of the parameters for a given set of data, which
are fixed and are what has been measured. Notice that the likelihood is a probability density:
this is needed for the posterior to be well defined,;

« Prior distribution (Px(dx)): represents the initial assumptions about the parameters before
observing any data. The prior is data-independent and does not change once the data is col-
lected;

« Posterior (Pxy(dx | y) ): is the updated belief about the parameters after looking at the data.
It is calculated using Bayes’ formula, combining the prior belief and evidence from the data;

« Evidence (Py(y)): represents the probability of obtaining the observed data. The term then
measures how well the model predicts the data, averaging over all possible parameter values.
It acts as a normalization constant to ensure that the posterior distribution is a properly defined
probability distribution.

This process of updating beliefs is iterative: as more data is collected, the posterior can be up-
dated, which then becomes the new prior for the next round of data collection. This iterative process
facilitates the continuous refinement of beliefs as more data becomes available.

When the model is defined also by the additional parameters or hypotheses 6, they can be in-
cluded in the formula as follows:

dPxiye(x|y,0) = Pyixe(y | x,0)dPxje(x | 6) _ Pyxe(y|x,0)dPxe(x|0)
. | Pyie(y | 0) fPY\X@(y | X,0)dPxje(x | 0)

(2.37)
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Having introduced this framework, the expectation with respect to the posterior or posterior mean
of a function g, denoted using the Gibbs brackets (-), can be defined as

(9(X)) == Elg(X)|y. 0] = / 0Py o(xly. 0)g(x) (2.38)

Notice how this expectation still depends on the data y, which corresponds to quenched random
variables using the statistical mechanics terminology introduced in 2.2.

When considering the Bayesian statistics framework, two common scenarios emerge. Traditional
statistical analysis often deals with situations where the number of parameters to be inferred is sig-
nificantly less than the number of data points. In such scenarios, the prior often plays a marginal
role and the likelihood represents the dominant term due to the abundance of data. This determines
a posterior very similar to likelihood. Conversely, high-dimensional inference scenarios occur when
both the number of parameters and the volume of data are large, even tending towards infinity, pos-
ing non-trivial inference challenges. This scenario often arises in data science and machine learning
applications, where the amount of data is enormous, but so is the number of model parameters, or
neural network weights.

Our analysis will involve scenarios of the second type, necessitating a high-dimensional inference
framework.

2.3.3 Bayesian inference as a statistical mechanics problem

Note that statistical physics is mainly applied in the context of forward problems, while Bayesian
inference is applied in the context of inverse problems. Indeed, the primary goal of statistical physics
is to understand and predict the macroscopic behavior of systems starting from their microscopic
laws and constituent parts. This involves determining the emergent properties of a system based on
known microscopic interactions and statistical laws, such as predicting the pressure and temperature
of a gas given the interactions between its molecules. This aligns with the nature of direct problems,
which infer properties of the system given the model or parameters.

On the other hand, Bayesian inference focuses on updating the probability of hypotheses or
model parameters based on observed data and can therefore be framed as an inverse problem, as it
involves deducing underlying causes or parameters from observed outcomes. Nonetheless, the tech-
niques and methodologies of statistical physics, especially those used to calculate thermodynamic
averages over a given disorder, are particularly useful in the context of Bayesian inference. In this
framework, the spins represent the parameters to be inferred, and the interactions are replaced by
the constraints derived from the observations that these variables must satisfy.

In the following table, a parallel is drawn between the terms of statistical mechanics and the
terminology used in Bayesian inference, connecting the two domains.
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Statistical Physics Bayesian Inference

Hamiltonian Cost function

Particles, atoms, spins System components, parameters
Microstates All possible measurable parameters
Macrostate Final estimate of the parameters x
Equilibrium distribution Posterior distribution

Partition function Z(y) Probability of the data P(y)
External field Prior distribution

Quenched disorder (external parameters,

. . . Data
particles interactions)

Bayesian inference can thus be equivalently formulated as a statistical mechanics problem. This is
achieved by recasting the posterior distribution, as defined in equation (2.36), within the framework
of statistical mechanics. Specifically, the posterior can be rewritten as a Gibbs-Boltzmann distribu-
tion by setting 8 = 1 and transforming the multiplication of the likelihood and the prior into the
exponential of their logarithm. Consequently, the Hamiltonian corresponding to this distribution is
determined as follows:

H(x;y) = —In Pyix(y [ x) (2.39)

where the first term is related to the prior and the second represents the log-likelihood. The evidence
can be also rewritten as a partition function:

2() = Py(y) = [ Prxly | x)dPx(x) (2.40)

Furthermore, the average free energy density corresponds to the differential entropy of the data (or
the Shannon entropy if the data is discrete) divided by the number of parameters, or signals, to be
inferred:
- 1 1 1 1
fvi=—gpEZ(Y) = -5 [dy2(y)In2(y) = —% [ dyPy(y) In Py(y) = L H(Y) (241)
It is worth noticing that, in an analogy with (2.33), the external parameters, that are quenched,
are in this case represented by the data points obtained. The entropy of the data, or free energy,
is a quantity of primary interest as it quantifies the uncertainty linked with the data: it provides a
measure of how much information can be extracted from the data given the model. In the context
of statistical physics, this is similar to understanding the behavior of a system at equilibrium. The
free energy, in this case, provides information on the stability of the system and how it responds to
variations of the external parameters. Likewise, in the context of Bayesian inference, the entropy
associated with the data helps describe the robustness of the inference. In both cases, however, the
objective is to minimize the free energy (or, equivalently, maximize the entropy). This is done by
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changing the parameters of the model to better fit the data. In the context of Bayesian inference, this
occurs through the process of learning or training the model.

It becomes now evident how statistical physics, Bayesian inference, and information theory are
deeply intertwined, dealing with the extraction of information from data and subsequent inference
based on this information.

By relating the free energy to the entropy, it is also possible now to link the mutual information
to the free energy. The * notation is introduced to differentiate between a sample from the pos-
terior distribution X ~ Pxy(- | y) and the signal to be inferred X* ~ Px(-) which is drawn from
the prior distribution and is also referred to as the ground-truth signal. Utilizing this notation, the
mutual information between the ground-truth signal and the data is computed as follows:
LX) = SH(Y) - SH(YIXY) = fy — —H(Y|X" 2.42
SIX5Y) = H(Y) - FH(Y[XY) = fy — FH(Y[XT). (2.42)

In the context of the inference problem, the goal is to recover the parameters given the data
y = f(x), where the map f is unknown. The mutual information is the total information carried
by the data minus the remaining uncertainty or lack of knowledge about the data when the signal is
known. Therefore, this last contribution can only be attributed to noise. From (2.42) then the mutual
information depends on the free energy contribution and a contribution due to the noise.

Usually, the noise is assumed to be different and independent for each data point. Hence, its
contribution can be computed as the conditional entropy of one data point given the data multiplied
by the number of data points. Considering M data points and an N-dimensional signal, and calling
7, the noise associated to the data point Y}, the following is obtained:

H(Y|X*) = MH(Y,|X*) = MH(Z) (2.43)

Once the noise is modeled so that its entropy can be computed, the main task remaining is comput-
ing the total entropy associated with the data, or borrowing the statistical physics language, the free
energy.

The setting in which our investigation is performed is called Bayes-optimal setting. Bayes-optimality
is a crucial concept in statistical inference, particularly when dealing with high-dimensional prob-
lems. In this optimal Bayesian framework, it is assumed that both the prior distribution and the noise
distribution are known, which permits the determination of the exact posterior distribution, which
can be then fully used. This knowledge allows for a comprehensive analysis of inference problems,
while at the same time simplifying many aspects of the analysis.

By operating under Bayesian optimal conditions, the limits of information theory can be identi-
fied and phase transitions can be studied. This approach establishes the absolute fundamental limits
of inference, independent of any specific algorithm, providing a benchmark for evaluating the per-
formance of practical inference methods. This setup, in which the true posterior is known, enables
a focus on the intrinsic properties and capabilities of high-dimensional inference problems.
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2.4 Machine learning

Our investigation is set within a machine learning framework, specifically dealing with neural net-
works. Machine learning [1, 2, 3] is a branch of artificial intelligence whose primary goal is to learn
to recognize patterns in data. Specifically, machine learning can be seen as a set of methods or tech-
niques that allows to learn from data in an automated way. This permits to make predictions when
new samples are provided, without the algorithm being specifically programmed for the task under
consideration. This implicit learning, heavily reliant on available data, leads to machine learning
models being described as data-driven. The desired result of a learning algorithm is the ability to
generalize, i.e. being able to extract information from the analyzed examples or samples and being
able to apply what has been extracted to new, unseen data. This capability is also known as infer-
ence. Indeed, the goal is for the model to perform well not just on the training data but also on any
new data from the same distribution.

A fundamental aspect of machine learning, closely tied to Bayesian inference, is the incorpora-
tion of prior knowledge which influences the learning mechanism. The inclusion of prior knowledge
guides the learning process and is crucial for the success of learning algorithms, making them more
efficient and effective. This concept is proved also by the no free lunch theorem, which explains
that no single learning algorithm is universally superior for all problems. Therefore, exploiting the
prior knowledge can improve learning algorithms’ performance on specific tasks. Specifically, the
greater the prior knowledge is or the stronger the hypotheses are, the easier it is for the algorithm
to learn. However, this comes at the expense of its flexibility: it is in fact much more dependent on
the constraints and hypotheses introduced.

Considering the different models of learning, various frameworks have been developed in machine
learning, each with its own approaches and applications. These include reinforcement learning, un-
supervised learning, and supervised learning. Our analysis primarily focuses on the latter.

In the supervised learning setting, both the data and the corresponding predictions, or labels, are
accessible. The primary aim is to make accurate predictions for new, unseen data, and to achieve this,
the model learns from the labeled examples provided. In particular, the machine learning algorithm
has access to:

« Domain set (or instance space) X": set of all possible objects on which to make predictions.
X € X is a point or instance of the domain, which is usually (but not necessarily) represented
by a vector of numbers or characteristics;

« Label set ): set of possible labels, which in the binary classification setting can be ) = {0, 1};

« Training set D,, = {(X1,Y1), (X2, Y2), (X3,Y3), -+, (X,, Y,)}: finite sequence of n labeled
elements (for supervised learning). These are domain points (in X x }), and constitute the
input to the machine learning algorithm.

The result of the algorithm after the learning process is a prediction rule f: X — Y. This
rule, also referred to as a predictor, hypothesis, or classifier, represents the output of the learning
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algorithm. However, the algorithm does not know the data generation model: the instances are
generated from a probability distribution over X and labeled according to a function f. Both of
these are not known by the algorithm, which is provided only with the training dataset, where
for each data point X, drawn from the distribution over the domain, Y,, = f(X,). A measure of
success, or predictor error, can be defined as the probability that the correct label is not predicted by
the algorithm on a random data point generated from the data distribution. This error is also called
generalization error, true error or loss function. This measure quantifies how well the learned model
performs on new data, reflecting its ability to generalize beyond the training set.

The learning process then involves feeding data into the model, which then adjusts its internal
parameters based on this input. This adaptation is typically achieved through an iterative process
known as training. In each iteration, the model’s predictions are compared to the ground truth labels,
and the discrepancies between the predictions and the actual labels are used to adjust the model’s
parameters. This iterative adjustment continues until the error on the training dataset is sufficiently
low.

In the supervised learning framework, typical classes of problems include classification and regres-
sion. The two paradigms have different characteristics and are therefore approached and applied
differently. Classification tasks are characterized by the goal of assigning input data points to pre-
defined categories or classes. In this case, the model is tasked with discerning patterns in the input
features and making decisions about which class a given data point belongs to. In classification,
therefore, the output variable is discrete and represents specific categories or labels.

On the other hand, regression tasks involve predicting continuous numerical values based on
input characteristics. Unlike classification, where the output is categorical, regression models aim
to estimate a continuous outcome. Regression models are primarily concerned with understanding
relationships between variables and making predictions that take values on a continuous spectrum.

2.4.1 Neural networks

The class of machine learning algorithms that our study focuses on is neural networks (NNs). Neural
networks, or artificial neural networks (ANNSs), are computational models inspired by the human
brain and human computational systems. Frank Rosenblatt’s development of the first machine learn-
ing algorithm, the perceptron [33] in 1958 marked the beginning of neural network research. Initial
applications and studies on neural networks in the eighties and nineties were influenced by high
computational costs and high model complexity, leading to performance that was often inferior to
methods such as support vector machines and random forests. In the last two decades, advances
in developing deep architectures, increasing network size, and the availability of large amounts of
data have significantly improved the performance of neural networks. This has revived interest and
enthusiasm for machine learning.

Neural networks can be represented as graphs, where each node corresponds to a neuron and the
edges represent the connections between neurons. These networks are designed with topologies that
keep computational complexity low, as not all configurations of graphs are computationally feasible.
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Additionally, learning arbitrary topologies can be challenging or counterproductive, often leading to
unnecessary computational cost. Therefore, neural networks typically consist of multiple layers of
neurons stacked on top of each other. In these layers, each neuron receives inputs from the neurons
in the preceding layer. This layered structure helps in maintaining a balance between computational
feasibility and learning capability.

Over time, neural network models have been refined to perform increasingly complex tasks and
to describe biologically plausible computational models. To this last aim, the types of networks
studied have mainly been feed-forward or recurrent, featuring different topologies such as fully
connected, sparsely connected, or locally connected. Additionally, some networks incorporate mod-
ular structures and various types of neurons to better adapt to different tasks and research objectives.

Our analysis is focused on feed-forward fully connected neural networks (FFNNs), also known as
dense networks. These networks are used to implement functions. The neurons in these networks
are organized into layers, with each neuron connected to every neuron in the previous layer, making
the network fully connected. A typical feed-forward neural network consists of the following layers:

« Input Layer: the first layer, where each neuron corresponds to a data point. Each of these is
then connected to the neurons of the first hidden layer;

« Hidden Layers: each neuron in these layers receives as input the sum of the outputs from the
previous layer’s neurons, weighted by the edge weights (W), and applies a scalar function
to the linear combination to produce its output; This function, called activation function, is
usually nonlinear and is the same for all neurons in the layer;

« Output Layer: the final layer, which applies a readout function to the outputs of the last hidden
layer. The nature of this function depends on the type of task the network is designed for, such
as regression or classification.
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Figure 2.2: Example of fully connected feed-forward neural network architecture with three hidden
layers.
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The choice of the activation function is fundamental for network learning, as it introduces non-
linearity and represents the neuron’s firing. Different types of nonlinearities have distinct properties.
The most common ones used in literature are highlighted:

+ Linear Function: simplifies the network, making a deep architecture equivalent to a shallow
one, as a series of linear transformations results in a linear transformation;

« Sigmoid and Hyperbolic Tangent (tanh): differentiable and monotonic but can saturate with
large input values, hindering learning and making training difficult. Sigmoid outputs are not
zero-centered, causing learning instability;

« Rectified Linear Unit (ReLU): accelerates learning and requires simpler operations but can res-
ult in "dead" neurons that stop learning. It makes the learning process lighter, with fewer
neurons firing;

+ Leaky ReLU: prevents neuron deactivation but loses some model sparsity;

« Exponential Linear Unit (ELU) [58]: allows sparse activations and avoids dead neurons by not
outputting zero for negative inputs, although it saturates when inputs are negative.

Selecting the appropriate activation function is essential to optimize network performance and en-
sure effective learning.

2.4.2 Generalized linear models

The generalized linear model (GLM) [30, 31, 32] is one of the models addressed in our analysis. This
algorithm is a foundational concept in machine learning that extends the ideas of a simple perceptron
to more complex scenarios. It is analogous to a single-layer neural network and serves as a bridge
between basic neural networks and more intricate models. Due to this, the application of GLMs in
machine learning has been widely studied from a physics perspective [10, 12, 11, 22, 34, 35, 14].

Generalized linear models represent a generalization of ordinary linear regression. These models
can be exploited for both classification and regression tasks, making them particularly versatile.
Moreover, their inherent flexibility allows them to accommodate a wide range of data types, thereby
making GLMs a powerful tool in the field of statistical data analysis. Specifically, this versatility
stems from GLMs’ ability to unify multiple statistical models within a single theoretical framework.

In standard regression, the observations y represent the outcome of a random variable Y € R"
called response. The response has i.i.d. components and its mean is p. This expectation value is
described as a linear combination of a set of known variables, called predictors X; € R™ through a
vector 3 € R™ called model parameter. Mathematically, calling X the matrix of predictors, this is
expressed as:

E[Y | X] = p = X3 (2.44)
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The aim of regression is then to find the parameter 3 that best describes the linear relationship
between the predictors and the response variable.

GLMs extend this concept by allowing the linear predictor to be connected to the response vari-
able through a link function. This approach also permits the response variable to be part of a discrete
space. As in the regression case, the response variable Y € ) is assumed to consist of independent
and identically distributed (i.i.d.) components, with an expected value denoted by p. The predictors,
or independent variables, are represented by X; € X. In the GLM framework, however, the relation-
ship between the expected value of the response E[Y | X] = u and the predictors X; is specified
through a link function g. Specifically:

g(pm) =n=Xp3 (2.45)

where 7) is called the natural parameter and is unknown. The inverse of the link function, g~ !, is
usually called response function. Moreover, the model assumes:

Y | X, 8 ~ ExponentialFamily(n) (2.46)

The exponential family is defined by the density function:

b(n)"T(y) — A(n))

i) (2.47)

py(y I n,7)=h(y,7)exp (

Here 7 is a known parameter and and the functions h(y, 7),b(n), T(y), A(n),d(7) are fixed and
define a family of functions parametrized by 7. In the GLM, the aim is again to learn the parameter
(3 of the linear combination. This family of functions includes many distributions used in statistics
and machine learning, such as normal, exponential, gamma, Bernoulli, Poisson, binomial, categorical
and multinomial.

Notably, GLMs are particularly effective for binary classification tasks, where the outcomes can
be modeled using a Bernoulli random variable. A Bernoulli random variable can take on two possible
outcomes, usually coded as 0 and 1, that can be interpreted as the occurrence or non-occurrence of an
event that happens with probability p. The GLM model relates the mean of the response variable to be
related to a linear combination of the predictors (input features) through a link function. In the case
of a Bernoulli random variable, this function can be derived to be the logit function, g(p) = In ﬁ.
Through this, the probability (or average of the responses) can be computed as p(x;) = He%ﬁx This
is recognized as a logistic function, and thus the model obtained is a logistic regression model.

Building on the discussed concepts, it becomes now clear how GLM models can be considered a
generalization of a perceptron. The perceptron, a fundamental machine learning algorithm, can be
considered a one-layer neural network. This model is employed for binary classification, where the
response variable y falls into two categories, typically labeled as {0, 1}. The perceptron produces
predictions y according to the following rule:

y = H(0™x') (2.48)
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where H is the Heaviside step function and x’ = (x,1). The aim of the training then is to learn
the parameter @ such that the input data is correctly classified. It can be observed then that The
perceptron employs a linear function to delineate a decision boundary, effectively partitioning the
two classes. This boundary can be shifted within the data space by introducing an extra coordinate
to the input vector, as done in (2.48). Provided the data points are linearly separable, the perceptron
is guaranteed to identify a separating hyperplane.

In the case of GLM models, binary classification can be performed exploiting a logistic regression
model. Specifically, the rule that the GLM learns is a logistic function, that represents a softened ver-
sion of the Heaviside function, thus providing a probabilistic interpretation to the classification task.
Indeed, unlike the perceptron that directly assigns class labels based on a threshold, logistic regres-
sion estimates the probability of an observation belonging to a particular class. This probabilistic in-
terpretation allows for more nuanced decision-making with respect to the perceptron algorithm, and
the incorporation of uncertainty into the classification process. Additionally, GLMs offer a unified
framework that extends beyond binary classification to handle various types of response variables,
making them more versatile than the perceptron.
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Chapter 3

Model and setting

Having provided an overview of the key concepts pertinent to our discussion, the setting and char-
acteristics of our investigation are now addressed.

It is worth recalling that the objective of the investigation is to establish bounds in terms of
information theory, and specifically mutual information between the dataset and the teacher network
weights, that relate a deep nonlinear network to a shallow network, specifically a generalized linear
model. This comparison is significant as this mutual information and the generalization error derived
from it have been thoroughly examined for GLMs [10, 12, 11, 22, 34, 35, 14], allowing to use the
shallow network as a reference for studying the more complex deep neural network. The models
utilized in this study are akin to those introduced in [19], where the equivalence was demonstrated
for a 2-layer neural network, and [29], where the conjecture of equivalence was first proposed.

In this chapter, the specific quantities relevant to the studied models are defined and the methods
for deriving our results are described.

3.1 Teacher-student setup

The teacher-student setup is developed within the supervised learning framework. As introduced in
2.4, supervised learning is a process where algorithms are trained using labeled data. These labeled
datasets are composed of input data (features) and their corresponding output values (labels or re-
sponses). For our investigation, the task is set as a regression task, indicating that the output variable
is continuous and the model is tasked with predicting numerical values. The training data points are
denoted as XELO) e R and the labels or responses as responses Y,, € R. Together, they form the

dataset D,, = {(XLO), Y,)}j—1, where n is the number of data points.

In the classic teacher-student configuration [10, 11, 12, 20], the training process involves two
neural networks: a teacher network and a student network. In this framework, the ground truth
labels for the data X,(JO) are produced by the teacher network, whose role is then to guide the learning
process of the student network. Indeed the objective of this setup is to mirror a traditional teacher-

student relationship, where the teacher imparts knowledge to the student. Here, the student network
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learns from a dataset that the teacher network generates, with the ultimate objective of learning a
mapping from the input data to the labels that the teacher network generates. This is achieved by
the student network by acquiring the knowledge encoded in the teacher network parameters and
structure.

It is important to highlight that in the teacher-student setup, there is no requirement for the
teacher and student networks to share the same architecture [59, 60], hyperparameters such as the
activation function, or any other characteristic. This absence of restrictions opens up a wide array
of possibilities for designing both networks. Indeed, the key feature of this framework is the role
of the teacher network, which is to serve as a source of ground truth by providing labels for the
data. Regardless of any design differences then the student network aims to learn from the generated
dataset and approximate the teacher network’s behavior, ultimately striving to achieve a comparable
level of performance. For instance, the teacher network can be a complex model with multiple layers,
nonlinear activations, and other sophisticated architectural elements, and the student network may
have a simpler structure than the teacher network. It could for example have fewer layers fewer
nodes per layer or less complex activation functions.

This flexibility in design choices allows the teacher-student setup to be applied in various scen-
arios where the complexity or computational resources required for training a network like the
teacher one might be too much to implement in practical applications. The student network can
here serve as lighter alternative, representing an approximation of the teacher network while still
benefiting from the knowledge transfer facilitated by the teacher network. The opposite scenario,
in which the student network is overparametrized with respect to the teacher network, can also be
exploited and studied [59]: in this case, the expressive power of the student network is much greater
than the one of the generative model.

3.2 Model

Our analysis is set in a Bayesian learning framework particularly focusing on the Bayes-optimal
setting introduced in 2.3.3. As previously mentioned, a teacher-student setup is considered. This
framework implies that, apart from the true weights, complete knowledge is possessed by the student
network.

It is important to consider that the Bayes-optimal setting defines an upper bound for the learn-
ing of the network, independently of the training algorithm and learning procedure. Indeed, in this
framework, the generative model is known to the student network, therefore having the same archi-
tecture as the teacher neural network that generated the data. This configuration inherently leads
to the optimal information-theoretic performance attainable by the student.

Specifically, the optimal performance is achieved when the network is trained through Bayesian
learning that depends on the exploration and utilization of the posterior distribution of the student’s
parameters. This means that the student network is not only trying to fit the data but also to un-
derstand the underlying distribution that generated it. This is a powerful concept that sets Bayesian
learning apart from other machine learning frameworks.
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The model analyzed is an L + 1- layer neural network within a teacher-student setup. The train-

ing data is represented as X(©) = {X 1i—1> Where XELO) € R™ and n € R is the number of data
points. The ground truth labels generated by the teacher networks for the training are denoted as
Y = {Y }"_1 Together, the data and the responses form the dataset D) = {(X,(P )y, 1

The goal is then to train the student network to adjust its weights to best approximate the rela-
tion between Y ) and X, o

The model for the teacher network is defined as:

Y = f< j(TL)sf)(W*(L;(i{_%L)_l));A“) L VAZ, - (% ) +VAZ, (3.1)

with

*(0) X(fﬁl)
W—“) vee{l,....L} (3.2)

X () = <
¥y 11

Similarly to what introduced in 2.3.3, the * notation is used to indicate the ground-truth para-
meters of the network. The quantities in (3.1) are defined as follows:

« Input data X(© = {X(O) n_: d®-dimensional random vectors drawn independently and

identically distributed (i.i. d) from the standard multivariate Gaussian distribution, X( ) &

N(0, I50)) where I is the d®)-dimensional identity matrix;

« Number of layers L + 1 € R: the layers are indexed by ¢ € {0,...,L + 1}. Layer { =
0 represents the input layer, with the same dimensionality as the data, layers ¢/ = 1,...,L
describe the hidden layers and ¢ = L + 1 is the index used for the output layer. The most used
indices will be ¢ € {0,..., L}, since as stated in 2.4 the readout function applied in the last
layer is usually different from the nonlinear function applied in the previous layers;

« Dimension d¥) € R of the representation of the input at layer /, X
« Activation function ¢ : R — R: nonlinear scalar function, applied component-wise to vectors;

. Weights at layer ¢, W*(*) e R4“7Vxd"; random matrix with i.i.d. entries drawn from a Gaus-
sian distribution, WZ(E) ~ N(0, 1) for every couple of indices i, j;

« readout vector a* € R™”: random vector with Gaussian distributed entries, a;j ~ N(0,1) for
every index i;

+ A, € R": additional stochasticity that might be included in the readout function f, with its
own distribution P (-);
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+ Readout function f : R x R” — RR: it defines the output layer and can be nonlinear;

+ Label noise Z,, € R: is Gaussian noise drawn i.i.d. with variance scaled by a factor A > 0,
Z, S N(0,1).

Having defined the aforementioned quantities and model properties, two additional regularity
hypotheses are introduced, which will later be required in the proofs. It is important to note that
these are technical hypotheses. In contrast, the assumption that the input data and model paramet-
ers follow a specific distribution are fundamental features of the model studied. These regularity
hypotheses ensure the mathematical rigor and validity of the theoretical results.

H1) The activation function ¢ : R — R, is C? is Lipschitz continuous with Lipschitz constant K
(also called K-Lipschitz continuous). Moreover, ¢ is odd with its second and third derivatives

being bounded,

H2) The readout function f along with its first and second derivatives, is almost surely bounded
with respect to the probability measure Py(+).

Additionally, the output kernel is introduced to express the probability distribution of the out-
put. Given the Gaussian nature of the noise Z,, it can be represented in the following way, which
eliminates the need to explicitly account for the stochasticity A:

Pasly | 0)i= [ Patad)———exp (= 51— F@A)?) = [ PaA)PGInA) 63

1
V2TA

This implies that the labels are drawn from the distribution:

a*T W*(L) X(Lfl)
Y~ Pout(- | 90( £ )) (3.4)
d(L) d(L—1)

The student network then reconstructs the labels as:

(L) _ f< al ¢<W(L) XE‘L_I));AM) +VAZ, = f(aTL’(“LL)-AH) +VAZ, (3.5)

# 4L J(L-1) NZOR
with
wW®© X(E—l)
0 _ (XN Xp
x() = ( — ) veefl,..., L} (3.6)

It is worth remarking that the parameters of the teacher network, denoted as *(") = {a*, W*(1),
..., W*I are all drawn from their prior distribution, hence they are indexed with the * superscript.
In contrast, the parameters of the student network ) = {a, W) . "W} are learned during

the training process. Moreover, the notation X,(f) is used to indicate the teacher representation of

the input at the ¢-th layer, whereas in the student network, it is indicated with xﬁf).
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The construction presented implies that the student utilizes the same output kernel P, as the
teacher network, or equivalently same number of layers, layers widths, readout f, activation ¢, label
noise variance A, and prior law for the weights. The parameters of the student network are drawn
from the Bayes-optimal posterior distribution, which describes the most probable configurations of
the network parameters given the observed data. Formally, the Bayes theorem can be exploited
to recover the Bayes-optimal posterior distribution. To do this, the notation introduced in 2.1.2 is

recalled and applied to the current model:
dP(@ DLy = P(deP| DLy, DOL) = P(deD)
Using then Bayes theorem, the posterior can be rewritten in the following form:

P(D 100 P(deD))
P(DY)
__P(Di16)P(do™)

[P D(L)\HL) P(dO1))

_ P(Y<L |0 ))P(d6'"))

[ P(YR),XOoL) P(do®))

_ P(Y<L’\X0 o) P(X|0")P(6")
[ P(YD[XO 0<L)P(X<0>|9 )P (dOD))
_ P(YW|X©,6M)P(X)P(do")
[ P(YW[X©,00)P(X0)P(d6L)

P(deP D)) =

(Y<L |X 9L P(dOWD)  P(YH|X©, L)) P(deL))

= TP(YOIX0, 00)P(d0) zw(pH)

where

P(Yy® )((0)7 L)Y = P., (Y(L) a < a >>
( | ) ,’LH1 t m | /_d(L) SO /—d(Lfl)
and subsequently the partition function is

n

Z(L)(D L)) _ P(Y(L)|X(O)) _ /P(Y(L)|X(O), Q(L))p(dg(L))

This allows to get to the following expression for the posterior distribution:

n

AP D) 0u< yw 2 (
( ‘ Z(L t\fp | m‘p 1

uzl

L—-1
w &) X,S )>>D0(L)
)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)
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where

(L) (L) g(L=1) 1) (o) 1
o0 d da; d) d _W(L) 2 dW d dW() _W}an
II V2 =V 271'

—: DaDW<L> . DW<1> = DaDW &) DeyL=1)

e (3.12)

Defining v/’ (z) = log Pou (y¥) | 29)) forany i € {0, ..., L}, the partition function can be rewritten
as:

2L (ph) / D™ exp Zuy su> (3.13)
where
aT W(L) X(Lil)
o =00 X0 = e (5 )
4@ dL-1)
bW X (3.14)
a
S = 5 (™), X)) = ¢< >
FD) d-1)

Moreover, the joint law of the data can be expressed in terms of the output kernel as:

) <o> 2

n d(o) n
H ( H )Y By T P (P | S
e -

gite

dP(DF)) =

Eg*(m exp <Z Uy ) (3.15)

Remarkably, the law takes this form and cannot be factorized because, although the inputs XELO)

are independent, the responses YM(L) are not. Indeed, the outputs are generated by the same teacher
network using the same weights, that thereby introduces correlations among the samples indexed
by p. This then affects the dataset’s statistical properties. Moreover, due to the fact that our analysis
is performed in a Bayes-optimal framework, the expression for the law of the data can be written in

terms of the partition function (3.13):
P(D%) H Oqy " 2 (ph) (3.16)

From the analysis performed, it can also be observed that the vector A, in (3.3) serves a role sim-
ilar to that of a learned parameter. Indeed, within the partition function and the dataset’s governing
law, A, is treated analogously to other learned variables. The integration over the probability distri-
bution, or the computation of the expected value for A, is conducted in the same way as for other
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learned parameters. By introducing the output kernel, the need to explicitly express the dependency
on A, the additional stochasticity, is removed. Nonetheless, the underlying principles remain con-
sistent, irrespective of whether A, is considered a learned parameter.

In the context of optimal Bayesian learning, another important quantity that can be defined for
the model is the Bayes-optimal predictor, which corresponds to the the prediction }A/Bayes(Xr(gN) for
the response associated with a new input test sample. Its relevance lies in the fact that serves as a
benchmark for the performance of other predictive models. If a model achieves performance close
to the Bayes-optimal predictor, it is considered to be performing well. The Bayes-optimal predictor
corresponds to the posterior predictive distribution’s mean given the training data:

new new new

aT (W(L x\E=1)

Viayes(X9) := E[Y, &) | DV X© | = /CZYYPOut (Y \ >>dp(0(L) | D)

Vao T aE
(3.17)
where the posterior predictive distribution is:
PIYIX2, DY) = [ POV | X2, 60)dP(61) | DY) 318)

The posterior predictive distribution [57, 2] describes the distribution of possible new unobserved
values given an existing data set. It is determined by assuming a model for the data, and that this
is then updated with existing data. The computation of this distribution involves an integration
over the full range of the posterior distribution of the model’s parameters. This approach diverges
from the use of a fixed point estimate for a parameter by incorporating the uncertainty associated
with the parameter’s value, which is taken into account in the predictions made via the posterior
predictive distribution. By accounting for this uncertainty in its predictions, the posterior predictive
distribution tends to be broader than a predictive distribution that is based on a fixed point estimate
of the parameters.

Moreover, the Bayes-optimal predictor (3.17) allows to compute the generalization error of the
network, introduced in 2.4. Specifically, the Bayes-optimal predictor minimizes the generalization
error when this is computed using the expected loss, namely:

&P =E(vH —EyE | D, X0 ) (3.19)

n ne

The terminology of statistical mechanics will also be adopted since as discussed in 2.3.3 Bayesian
inference problems can be recast as statistical mechanics problems. The posterior distribution is
thus treated as a Boltzmann-Gibbs measure over the network weights, that represent the degrees of
freedom. Expectations with respect to the posterior are denoted by Gibbs brackets (-). Using this
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notation, the posterior mean of a function g reads:

n L) L 1)
® = [ap@ D)y =L [ oo [ pa (01 g (W)
" Zw)(ph) i v VDt d—D)

(3.20)

Similarly to what done in 2.3.3, to conduct an information-theoretic analysis of the system key
quantities of interest are introduced, notably the quenched (conditional) free entropy per sample.
This quantity, denoted as fn L) for the L+ 1- -layer neural network, is inherently linked to the Shannon
entropy H (D ) of the data distribution per sample. Specifically, the free entropy per sample, which
from now on will be simply referred to as free entropy, is defined as follows:

fi) = %E log ZW)/(DW)) = —%H(fo)) — %E log P(X ) (3.21)
Here, the expectation [E is taken with respect to the training data D = {(X,SO), YM(L)) ni—1- Similarly
to what done in 2.2 for the free energy density, the normalization by 7 is linked to the number of
terms in the Hamiltonian defined by the exponent in the partition function, and corresponds to the
number of data points. It is important to observe that, according to definition (3.10), the partition
function is not a function of the joint distribution of the dataset, but rather of the probability of
obtaining the outputs given the input data and the neural network parameters. In our investigation,
a slight deviation from the standard terminology will be adopted by referring to what is technically
the conditional free entropy associated with the dataset as simply free entropy.

Lastly, having introduced the free entropy analogously to what done in 2.3.3 the mutual inform-

ation per sample between the dataset D' and the teacher network weights 8*(") for the L + 1-layer
neural network can now be defined:

1 1

1
I (L) (0* D(L)> _ _H(DnL)) I
n

H(DM | o)
(3.22)

aT (W*(L) XgL_l)

— P + Elog P,, (
fn og t ’ \/— \/W

3.3 Equivalent shallow network

A closely related model to the previously introduced deep neural network is the generalized linear
model (GLM). This model consists of a single-layer neural network and represents a generalization
of a perceptron, as introduced in more detail in 2.4.2. In the same way as in 3.2, a teacher-student
framework is considered, with both a teacher GLM and a student GLM. The () superscript is used for
quantities related to the generalized linear model. The teacher GLM generates the labels as follows:

*(0 TX(
+/7O¢O A ) +VAZ, (3.23)

Y0 = f (n(o T
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Equation (3.23) implies that in terms of the output kernel, the labels are drawn according to the
following distribution:

*(O)TX(O)
\4 *
YO ~ Out(. | ”(O)TO)M 1 /,Y(O)C‘M(O)> (3.24)

The dataset generated by this model is denoted as DY := {(XLO), Y,fo)) -1, Where each pair
corresponds to an input vector and the corresponding label. It is crucial to observe that this dataset
differs from the one used by the L + 1-layers student neural network, due to the distinct teacher
architectures, resulting in different label generation models. The * notation is used as before, and
the parameters of the GLM teacher network are also referred as 8*(©) = {v*(© ¢+,

The readout function f, the stochasticity A, and the label noise Z,, rescaled by the factor VA
are the same as presented in 3.2. The newly introduced quantities in (3.23) instead are defined as

follows:

- Weight vector of the generalized linear model v*(*) € R™: set of parameters that the teacher
model uses to weigh the importance of different features in the input data. It is a random vector

with entries i.i.d. drawn from a Gaussian distribution, v; © N (0, 1) for every index i;

« 7(© € R > 0: this parameter is a scaling factor that adjusts how much each neuron’s signal
contributes to the next layer;

. Ef’fectlve Gaussian noise (, -0 c R: C*(O < N(0, 1) is Gaussian i.i.d. noise. Since it is multiplied

by v > 0, the noise term has then variance controlled by the parameter ), and it adds
Variablhty to the output of the teacher GLM. From the perspective of finding an equivalent
model to the deep network presented in 3.2, the noise component represents the higher-order
terms introduced by the nonlinearities in the L + 1-layer teacher network when generating
the data, which are not learned by the student network with the same architecture [29]. By
including this noise then the model effectively accounts for the complex interactions in the data
that the student network does not capture. The presence of this term represents an additional
source of randomness in the data generation process;

« 7 € R > 0: this parameter controls the variance of the Gaussian noise in the model. In

relation to the L + 1-layer neural network model, it describes the entity of the non linear
activation functions’ higher-order terms.

Having introduced all the parameters, it is worth noticing that (3.23) satisfies the characterization

of the GLM presented in 2.4.2. The GLM’s linear predictor which is a linear combination of the input

0
features, is given by the term n®) % + /70, “©) The response function applied to the linear

predictor, that allows for nonlinear relationships between the input features and the output, is f.
Finally, the random component that is added to the output of the link function is vAZ L

The link between the generalized linear model and the L + 1- layer neural network introduced
in 3.2 is then described through the parameters n®) and v(*), whose precise definition will be given
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later in 4.1, and the structures of the models. While the GLM is a single-layer network with a linear
combination of inputs and a readout function, in a deep neural network the linear model is replaced
by multiple hidden layers stacked together. The nonlinearity in a deep neural network arises from
the activation functions in each hidden layer Whereas in the corresponding GLM, such nonlinearity
is captured through the parameters 7(*) and 7(*) along with the noise term ¢ :(0)

The construction done for the L 4 1-layer neural network and the information-theoretic quant-
ities introduced can be similarly applied to the generalized linear model. The posterior distribution
for this model reads:

f%0w>yD§U:=dfmd@ <®|1ﬂ®)
Oly 4% (3.25)
H 0 0V p / 0 0 0 :
(0) 0) Pout( M( ) ‘ 77( A F 0] + ’)/(O)C/S )>DV( )DC( )

where D¢ = I1, D¢

Denoting
©)71x ()
v
50 = 509, X)) = 77(0)—“ + /70O (3.26)
S;SO) — S;SO)<0(O)’ X}(LO)> = 77(0 d(O _|_ VY ( (3.27)

the partition function is computed as:

D7(10 /DO exp Zuy Su) (3.28)

The law of the data can be obtained as:

axy
D 0 n )dY E v*(0) ¢*(0) Hpout Y(O) | S )

pn=1

dY( 'E v*(0) ¢x(0) €XP (Z u(O) > (3.29)
pn=1

(I
ﬁl

whereas the Bayes-optimal predictor corresponds to:

V0 (X0 .= E[Y® | DO X ]

Bayes new new new

vOTX O (3.30)

V7 Anew @@OMDW)w)D@
NG + VO, (v, ¢ DY)

_/ﬁyyam@wwm
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and the generalization error is:

9 =BV —EY? | DO, X0 ])? (3.31)

n new new new

Exploiting the Gibbs brackets notation previously introduced, the posterior mean of a function g can
be written as

n

0= [ 4@ 1015 = [ DvODCO ] P (V0 11O+ V3T )g

ZO/(DY) 7o
(3.32)
and the free entropy can be defined as:
o). 1 ©) (D) (0)
f = ~Elog 20(D) = —]Elog DvODEO® exp (Zuy 5, ) (3.33)

pn=1

Finally, the mutual information per sample between the dataset D" and the teacher parameters 6*(*)

of the generalized linear model can be obtained through the following relation:

L 100, poy = Lgpoy _ L po) | g+
n n ’ n n n n n

) (3.34)

X L0
V. Amew /A0 )
o) TG

_ v
= —féo) + Elog P,y <Y1(0) ‘ 77(0)

The mutual information between the GLM teacher network weights and the corresponding train-
ing dataset is a quantity that has been studied in the literature [14], and its relevance lies in the fact
that the generalization error can be computed from it. It is also worth reminding that the Bayes-
optimal setup achieves the minimum generalization error defined as above, thus allowing to derive
information-theoretic results for the model. The regime of the GLM where phase transitions can
be observed and the generalization error is not trivially zero or one is determined by the condition
Q=5 = O(1).

A visual representation of the generalization error of the GLM, which is also reported below,
can be found in [14]. The plot shows the generalization error when the weights of the teacher
are distributed according to a Gauss-Bernoulli distribution. As the ratio « increases, meaning that
the number of samples grows relative to the input size d*), the generalization error improves, and
ultimately, as a approaches infinity, the error will tend to zero.
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Figure 3.1: Generalization error as a function of a with teacher weights drawn from a Gauss-Bernoulli
distribution, taken from [14].

The generalized linear model, then, with its well-documented and thoroughly researched prop-
erties, stands as an effective tool for gaining insights into the more complex behavior of deep neural
networks.

3.4 Methods

Here, the main methods that will extensively be used to carry out the proofs of the results presented
in 4 are introduced.

3.4.1 Stein’s Lemma

Stein’s lemma [61, 62], also referred to as Gaussian integration by parts, is a probability theory
theorem whose application spans various fields such as higher-dimensional problems in statistics,
machine learning, and signal processing. Here the one-dimensional case and its generalization to
the multivariate case are presented.

Lemma 1. Let Z be a standard Gaussian random variable, Z ~ N(0,1) andlet f : R — R be a
function whose derivative f' is continuous almost everywhere and satisfies E|f'(Z)| < oco. Then, the

following holds:

E[Zf(Z)] = Elf'(2)] (3.35)
Proof. Integration by parts is exploited, remembering that the probability density associated with a
22
standard Gaussian random variable is ¢(z) = 6\;; :
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w‘“

/ fio % (3.36)

O

/
{

Lemma 2. Let X € R" ~ N (u,X) be a n-dimensional multivariate Gaussian random vector with
mean p and covariance matrix 3. For any function f : R" — R such that the partial derivative
(0/0X;)f(X) is continuous almost everywhere and E|(0/0X;)f(X)| < oo for each component i,
define the gradient of f at X as Vf(X) = ((0/0X1)f(X),---,(0/0X,) f(X))T. Then the following
holds:

Cov[X, f(X)] = BE[Vf(X)] (3.37)
Proof. For the standard Gaussian random vector Z, Z; ~ N(0, 1), the transformation X = X(1/2Z 4
1 can be used, allowing to rewrite f in terms of the new variable: f(X) = f(X(1/?Z 4 u). Using
Lemma 1 it can be obtained:

E[Z:f(2)] = E|(0/02))(2)] (3.38)
or in vector notation
Cov[Z, /(Z)) = E[V f(Z)] (3.39)
It follows that:

Cov[X, f(X)] = Cov[ZYDZ + u, f(Z)]
= Cov[2WDZ, (Z)]

= 2W2Cov(Z, f(Z)] (3.40)
2RV f(Z)]

= XE[V/(X)]

where the last equality is due to the fact that V f(Z) = Z(/2V f(X). From this, the first element of
the vector can be computed as follows:
Cov[ Xy, f(X)] =Y Cov[X;, Xi]E[(9/0X;) f(X)] (3.41)
i=1

0
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3.4.2 Nishimori identity

The Nishimori identity, named after Hidetoshi Nishimori’s pioneering work on spin glasses [63, 64],
is fundamental in the study of Bayes-optimal estimators and high-dimensional inference problems.
This identity exploits the concept that the true underlying signal X and a sample X" drawn from
the posterior distribution Px|y (-|y) are statistically equivalent. This symmetry, which is in fact a
consequence of Bayes rule, allows significant simplifications in the analysis. Specifically, in a Bayes-
optimal setting in which the posterior distribution Pxy(:|y) is known, the identities imply that,
within expectations, the signal X can be replaced by its posterior replica X1,

This substitution ensures that the signal and its replica exhibit symmetric behavior in statist-
ical averages, thus facilitating a comprehensive analysis of inference problems. Without this sym-
metry, as if X() were drawn from a different distribution, proof techniques based on these iden-
tities would fail due to the asymmetry introduced. As a result, the Nishimori identity forms the
foundation of many theoretical advances in understanding and solving complex inference tasks in
high-dimensional statistics [65, 66].

Lemma 3. Let (X,Y) € R" X R™ be a couple of random vectors. Their joint distribution is Pxy (X,y)
and conditional distribution Pxy(x|y). Let k > 1 and let XM . X% be iid random variables
drawn from the distribution Pxy(-|y). Let E be the total expectation, namely, the expectation with
respect to the joint distribution, and () the expectation with respect to the product measure P)%o{}. Then,
for all continuous bounded function g it holds:

E(g(Y,X,X® ... X®)) =E(g(Y, XV, X .. XP)) (3.42)

Proof. Exploiting the Bayes formula, the joint probability distribution can be rewritten as Pxy (X,y) =
Pxy (x]y)Py(y) = Pyx(y|x)Px(x). The meaning of this is that it is equivalent to draw the couple
from the joint distribution or to draw Y according to its distribution, and then X conditionally
on Y from the conditional distribution. Iterating this, it can be observed that the (k + 1)-tuples
(Y, X, X® . X®)and (Y,X® X . X&) have the same law. In equations, this implies

E((Y,X,X®, ..., X"))
= ExvExoyy - - Exoopy (Y, X, X® . X®)
= EyExiyExey - - - Exwpy (Y, X, X X®)
= EvExayExejy - - - Exmpy (Y, XD, X® . XE)

= E((Y, X1, X@ . Xk))
(3.43)

]

3.4.3 Concentration of measure

The phenomenon of concentration of measure [67, 68, 69] is a central result in probability theory
and statistics, describing how sums or more general combinations of large numbers of independent
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(or weakly dependent) random variables tend to show considerably small fluctuations around their
expected value.

Far from being a mere theoretical concept, the concentration of measure phenomenon has pro-
found implications for the comprehension of the natural world. It explains why macroscopic systems
behave predictably, even though they consist of a vast number of randomly behaving microscopic
particles. The foundational principles of this phenomenon offer deep insights into the stability and
reliability of complex systems, impacting diverse fields such as statistical physics, random matrix
theory, and beyond.

The phenomenon is intuitively explained by the fact that several random variables are unlikely to
act together and deviate substantially from the mean, thus moving the sum or function away from the
expected value. Moreover, when the variables are independent, the influence of each individual one
decreases, making the combination of variables more stable. A fundamental result that demonstrates
this principle is the law of large numbers, which states that the average of n i.i.d. random variables
converges to the expected value as n increases. This convergence illustrates how fluctuations become
negligible in large samples, a special case of the broader phenomenon of concentration.

It is also important to note that this type of concentration does not only concern the sums of
random variables {X7,..., X} or their linear combinations but extends to nonlinear functions
f(Xy,...,X,) when these are sufficiently regular. This condition ensures that the assumption of
sufficient independence of the variables holds, so that these functions are not excessively sensitive
to the variation of a single variable. However, to accurately state and demonstrate concentration
results, it is necessary to quantify what it means for a function to be "sensitive" and how "close" a
random variable is to its mean. Typically, this involves deriving explicit bounds on the variance or
tail probability of the fluctuations of |f(X1,...,X,,) — Ef(Xy,...,X,)|- These limits usually de-
pend on the dimensionality n and the properties of the distribution of the variables.

Considering a random variable X with mean , it is known that the k-th moment of the variable is
linked to the tail distribution through this expression [68]:

E|X|* :/0 Et*1P(|X| > t)dt (3.44)

In our analysis, the control of the moments of random variables is needed, which in turn requires
the control of the tail of the probability distribution of the random variable. Thus, the interest lies in
obtaining inequalities of the form:

P(]X — u| > t) < small quantity (3.45)

Specifically, in our investigation, the random variable will be a function of a random vector.
Moreover, the k-th central moment of such random variable will need to depend on the inverse of
the k-th power of the square root (or a higher power) of the dimensionality of the random vector. Due
to this, exponential bounds similar to those for sub-Gaussian and sub-exponential random variables
are sought. These bounds ensure that the probability of large deviations from the mean decreases
exponentially, providing the necessary control over the moments of the random variables.
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3.4.4 Interpolation method

The Guerra-Toninelli interpolation method is a powerful and versatile technique that was introduced
by Francesco Guerra and Fabio Lucio Toninelli and developed in the context of studying mean-field
spin glasses [70]. The method was first developed to prove inequalities involving Gaussian random
vectors [71, 72, 73], and is now a cornerstone in mathematical physics and statistical mechanics,
specifically in the study of spin glasses.

Spin glasses are disordered magnetic systems that have been extensively studied in statistical
mechanics due to their complex behaviors arising from random interactions between spins. One of
the most well-known models of spin glasses is the Sherrington-Kirkpatrick (SK) model [46]. Initially
thought to be a simple solvable model, it later revealed a much richer and more interesting structure.
The SK model has been instrumental in understanding the disordered nature and peculiar properties
of spin glasses. An initial solution for the free energy density of the SK model was proposed by
Sherrington and Kirkpatrick themselves. However, this solution was not well-defined in the ther-
modynamic limit, resulting in a negative entropy thus an unphysical solution. The problem of the
existence of the thermodynamic limit for the quenched density of free energy in the SK model was
addressed by Giorgio Parisi with his replica symmetry breaking solution, obtained using the replica
method [48, 49].

The interpolation scheme developed in the seminal works of Guerra and Toninelli [51, 74, 50]
then laid the groundwork for proving the Parisi formula. Initially, Francesco Guerra established a
uniform bound using his innovative replica symmetry breaking uniform bound [50]. This result,
built upon the interpolation method he had earlier developed with Toninelli, proved the existence
of the thermodynamic limit [51]. Subsequently, Michel Talagrand [52] succeeded in identifying a
corresponding converse limit, marking a significant turning point in the field of spin glasses.

Interpolation assumed this crucial importance since it not only has been instrumental in the study
of mean-field spin glasses [75], but has been extended and adapted to a wide range of applications,
well beyond the realm of traditional statistical mechanics. These fields include for example coding
theory, communications, signal processing, and theoretical computer science [70]. Moreover, the
technique is particularly useful in the context of Bayesian inference problems, where it can be used
to prove the replica formula for non-trivial inference problems [76].

In recent years, an extension of the Guerra-Toninelli interpolation method, known as the adaptive
interpolation method [76, 77], has been developed. In the original Guerra-Toninelli interpolation
scheme, the interpolation path is fixed. Conversely, in the adaptive interpolation method, the path is
allowed to adapt based on the problem considered. These characteristics make the technique more
flexible and applicable to a wider range of problems, and it also allows to prove the replica formula
for non-trivial inference problems.

In summary, the Guerra-Toninelli interpolation method is a key tool in the mathematical ana-
lysis of complex systems, providing a robust framework for proving important results in statistical
physics and beyond.
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In our discussion, the interpolation method allows for a smooth transition between two different
systems or models, and to study how their properties change in the process. This transition is gov-
erned by a continuously changing external parameter, ¢ € [0,1]. For ¢ = {0, 1} the two original
models being interpolated between are recovered, while for ¢ € (0, 1) an auxiliary model, known as
the interpolating model, is defined. This approach allows for the comparison of the original models
by examining the ¢-derivative of the interpolating model at intermediate values.

Specifically, in our investigation, the proof strategy involves iteratively reducing the ¢ + 1-layer
neural network to an /-layer neural network, continuing this process until a one-layer neural net-
work is obtained. This is done inductively by identifying an equivalent one-layer model for the last
two layers of the network. The interpolation is then defined between the nonlinear argument of the
readout function and the corresponding linearization. For the L + 1-layer neural network this is
expressed as:

V*(L—I)TX/EL—1

JZ-D

<W*(L) XLL—U

)
=y + Vie@-Dg =D (3.46)

a*T
St(lf) =vV1-t ©

d™)

) 4 Vi

where the definitions of the parameters appearing in the linearized model will be given more pre-
cisely later in 4.1.
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Chapter 4

Main results

In this chapter, the main findings of the analysis are presented, expressed as bounds relating the free
entropy of the full neural network and that of the GLM, along with bounds in terms of the the mutual
information between the dataset used by the model and the teacher model’s weights. To properly
define all the quantities relevant to these results, the recursive method employed for the reduction is
first discussed. Following this, the main findings are stated, and an analysis of the bounds obtained
is performed to determine in which cases the full neural network is equivalent to a generalized linear
model. Finally, an outline of the proof is provided to elucidate the derivation of the bounds, offering
a clearer understanding before delving into the detailed proof in 5.

4.1 Recursion scheme

As mentioned in 1, our analysis aims to establish an information-theoretic equivalence between an
L + 1-layer neural network and a generalized linear model. Specifically, the goal is to demonstrate
this equivalence relating the mutual information between the dataset D and the weights 8*(") of
the deep neural network, and the mutual information between the dataset D and the parameters
6*(") of the generalized linear model. The strategy involves iteratively reducing the L+ 1-layer neural
network to an L-layer neural network. This is achieved through an inductive process, identifying
an equivalent one-layer model for the last two layers of the network.

The approach follows the methodology presented in [19]. The core idea is to linearize the nonlinear
argument of the readout function to find an equivalent network with one less hidden layer. Referring
to the models defined in 3.2 and 3.3, the idea is to find a linearization such that the resulting model

corresponds to a generalized linear model with respect to the argument X,(f) of the nonlinearity, in
the same way as model 3.3 is a generalized linear model with respect to the data XELO).

This equivalence is expressed first in terms of free energy and subsequently the mutual inform-
ation between the teacher weights and the dataset for the two networks. It is important to observe

that since a teacher-student setup is adopted, the equivalent model is realized in both the architec-
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ture of the teacher and the student. Considering now the L + 1-layer neural network, the equation
for the teacher, that we recall here, is (3.1):

10 = e (Y 40) VB =AY VB

The first step of the reduction is then performed as follows:

* (L) * *(L (L-1) *(L—1 (L-1)
a TXH _ a*T @(W (L) X“ ) N p(L_l)v ( )TXM + /E(L_l)g*(L—l) (42)
Vd(@) Vd@) d(L—1) d(L—1) H

On the left-hand side there is the argument of the readout function that is to be linearized, where
XELL) represents the dataset input at the L-th layer, a* is the readout vector as defined in 3.2, W*(F)
denotes the weights of the L-th layer introduced in 3.2, and ¢ is the activation function. The right-
hand side shows the linearized model, where the vector v*(*~1) is a Gaussian vector with entries i.i.d
distributed o7 """ £ A7(0,1) and f(L Y % A(0,1) is a standard Gaussian random variable that
introduces a noise term independently for every sample x. Additionally, p“~1) and e*~1) are real
coefficients.

It can be observed that the linearized model defines a generalized linear model with respect to
X,(JLfl) allowing to apply the discussion about the role of the coefficients for the generalized linear

(L-1) oW x(F72
model in 3.3 also to this case. Recognizing that X, = Lp(—m ), that the vectors a

and v*(“=1 follow the same distribution and that p“~b is just a multiplicative coefficient, it can be
noticed that the same nonlinear structure persists after each linearization step. This allows the proof
to be adapted and the reduction to be iterated. Each subsequent reduction step can be expressed
mathematically as follows:

*(k (k) *(k *(k (k—1) *(k—1 (k=1)
v ( )TXN _ v (k)1 W ( )X,u (kfl)v ( )TXN + (k:fl)é“*(kfl) (4 3)
2 — P —_— € M .
vV dk) vV dk) v dk-1) d(k—1)

Starting from the firs L + 1-layer neural network, the argument of the readout function of the
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reduced models evolves as follows:

v _ f< a’t ¢<W*(I;f’(il)>;Au> +VAZ,

[ —

oy v — ([ —
f< =) Yy} Derl, Au)

D)
T ()
—2)

*(L73)TXI(JIL_3)

w-0| -2 @-3V 3) ¢+(L—3) o) ¢#(L—2) 1) ex(L—1).
f(p [p [p LV e } +VeT-2¢r ] L Ve@ e ,A“>

Thus, by iterating this reduction process and using the fact that the sum of independent Gaussian
random variables is also a Gaussian random variable with variance equal to the sum of the variances,
after L — k steps, the output of the k£ + 1-layer teacher neural network can be expressed as:

*(k TX
Yo = f(n(k = + VA®C® ) +VAZ, (4.4)
where Cﬁ(k) ~ N(0,1) and the coefficients 7*) and y*) are defined as:
L-1
n* = H o
i=k
L-2  L-1 (4.5)
YO = (1= 0m) ( IT » 2)6<j> FROZSY

j=k i=j+1

Here, 01 (—) is the Kronecker delta, ensuring that the summation term vanishes when L — k = 1,
corresponding to the first reduction step. This formulation accounts for the accumulation of noise
terms and scaling factors through the layers.
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To each reduced model with k + 1 layers then, a construction done similarly to the one done for
the L + 1-layer neural network in 3.2 and for the GLM in 3.3 can be performed. Specifically, each
reduced model has parameters of the teacher network 8*%) = {v*(®) ¢*(®) W) W*D} and
the responses are drawn exploiting the output kernel from the distribution Yu(k) ~ Pout(- | S;(Lk)).

The student network is then trained on the dataset DY) = {(X ,50), Yu(k)) =15
: k n k) | (k
function can be computed as Z*) (D,(1 )) = [ DOW) | Pout(Yﬂ( ) | SL )).
After L iterations, the coefficients obtained for the one-layer generalized linear model described

in 2.4.2 are:

of which the partition

L-1
n© =TT p®

oo (@)
A0 = ( IT » 2>€<j>+E(L—1>

j=0 i=j+1

The GLM parameters are expressed in terms of the recursion parameters p(*) and ¢, with their
definitions provided later in (4.16). Notably, the obtained expressions are consistent with the results
presented by [29].

4.2 Results

4.2.1 Concentration results

These results are of crucial importance for the successful derivation of the proof of Theorem 7.
Indeed, a significant difference with respect to the proof presented in [19] is that the X“) are not
Gaussian for 1 < ¢ < L, so the concentration properties of Gaussian random variables cannot be
applied anymore. Specifically, these concentration results are centered around two key quantities:
the squared norm of a hidden layer’s output, which is a vector, and the scalar product of two such
vectors obtained starting from different data points.

While a recursive argument could suffice for controlling moments up to the second order starting
from the input variables, higher-order moments necessitate exponential bounds on the probability
of these quantities diverging from their expectation. This is crucial for accurately estimating all
moments as required in Lemma 18 and the proof of Theorem 7 detailed in 5.4.

The following proposition presents the result obtained about the concentration of the squared
norm.

Proposition 4 (Norm concentration). Let X € R? be a random vector whose norm satisfies the expo-
nential concentration bound

P(‘@—a‘ Ze) §Qexp<—d062> (4.7)
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2 _
for any e > 0 and a constant C' > 0, witho = E@. Let p € Ct such that || < K. IfW € RP*4 js
a matrix of i.i.d. centered Gaussian random variables with unit variance, then

p(| Hso(WIE/\/?DHQ _ EHs@(WD;/\/EZ)H?‘ > ) < 20xp (—minfp.d)C,)  (8)

for any e > 0 and some constant C, > 0 when Vd > 1/

Notice how Proposition 4 holds true for v/d > 1/¢, or equivalently € > 1/+/d. This implies that
this concentration result is applicable when the dimension is sufficiently high once € is chosen, or
conversely, for a fixed dimension the exponential bound is valid only for large enough deviations
from the expectation.

The next proposition addresses the concentration of the scalar product.

Proposition 5 (Scalar product concentration). Let X, Y € R? be random vectors drawn independ-
ently from the same distribution, that satisfy the exponential concentration bounds

P(’X;Y’ > e> < 2exp ( — dBeQ) (4.9)

P(’@—a‘ 26) §2exp(—d062> P(‘q—a‘ 26) §2exp<—d062> (4.10)

2 _
or any € > 0 and constants B, C' > 0, witho = EXE et o € O such that || < K. IFW € Rpxd
y a ¥ 2
is a matrix of i.i.d. centered Gaussian random variables with unit variance, then

IP’(’ (p(WX/ﬁ);w(WY/ﬂ) ‘ > 6) < 2exp ( — min{p, d}0¢62> (4.11)

for any e > 0 and some constant C,, > 0.

Propositions 4 and 5 then allow to bound every central moment of the squared norm and scalar
product of the vectors obtained by multiplying the initial vectors with a Gaussian random matrix
and applying a nonlinear function.

Corollary 6 (Control on moments). Let k& € N. Under the same hypotheses of Proposition 14 the
following holds true:

E‘ le(WX/Vd)||* EH%@(WX/\/E)H2 "‘f _ O( 1 )
p p min{p, d}*
E) (WX /Vd)To(WY /V/d) "“
p

(4.12)

X (mzn{pl, Ak )
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Consider now the output vectors Xff) from an arbitrary hidden layer ¢ of a L. + 1-layer neural
network constructed as in 3.2, normalized by the square root of their dimension. Bounds for every
central moment, indexed by £, of the squared norm or scalar product can be derived using Corollary
6. Specifically, calling d') = min;—,.., {d")}, these bounds can be computed as follows:

@2 D1~ (0
B X5 | Ik _ 1 E Xy _X” . =0 L (4.13)
d® d@ k/2 )7 4d¢-1) d® k/2 ’

The findings (4.13) highlight the importance of the concentration results obtained. Indeed, the signi-
ficance of these concentration results lies in their implication that the central moments of the squared
norm and scalar product scale with respect to the dimension in the same way they would if X) were
Gaussian random vectors. This suggests that the Gaussian properties of the input are preserved in
the network, making the representations X“) at layer ¢ quasi-Gaussian random vectors.

These results, initially derived as a technical tool to finalize the proofs for the information-
theoretic bounds, also stand out as an intriguing mathematical property in their own right.

4.2.2 Free entropy and mutual information results

The following theorem describes the relation between the free entropies of two different neural
network models. Specifically, these models consist of a neural network with k£ 4 1 layers and another
one with £ layers, where the latter has undergone the linearization process described in 4.1. In order
to state the theorem, however, an additional technical assumption is introduced. In the 2-layer neural
network case studied in [19], this assumption has been rigorously proved.

H3) Recall the notation d*) = min;_;..,, {d¥)}. Assuming H1) and H2) there exists a non-negative
constant C'(f, ¢) such that

1 k 1 k 1 £ 2 1 1
]EV*(I@)V\V*(k) (g log Zt( )> = E(E log Zt( ) ]E\v*(k) - log Zt( )> < C(f,¢) (M + E)

(4.14)

where V\ . (-) = E\yo (() = E\yu0(-))? Additionally, z® = z® (Dq(ft)) is the parti-
tion function associated with the interpolating model between the nonlinear argument of the

readout function for the £ + 1-layer neural network and its corresponding linearized model:

V*(k—l)TXLk_l)

(k) .
S = VTt T

+ Viel-Dgt1 (4.15)

v R)T (W*(k) X (=1
OMANN =Y

Moreover, in the case k = L, v = v*(L) = g*,

) 4 Vit

Define Z ~ N (0, 1), consider a positive parameter a, and let Exr .29 = Eg(aZ).
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Theorem 7 (One step reduction free entropy equivalence). Consider a k + 1-layer neural network
obtained from the L + 1-layer neural network performing L — k € {0, ..., L} steps of reduction. Let

X512 1
0¥ = By = Ep?(2Vo D) + o(—>

d® dl=1) A
.16
€0 = Byq gy g? — 0 ©Op)?

that can recursively be defined for any input and hidden layer ¢ = 0, ..., k of the k + 1-layer neural
network. Suppose H1), H2) and H3) hold. Call d¥) = min;_,..;, {d)}. Then

19 = 1V = O<\/<1 +qws) (70 * o+ d(lk—1)>> (4.17)

Through the triangle inequality now, the free entropy of the L + 1-layer neural network can be
related to the one of the GLM introduced in 3.3.

Corollary 8 (Free entropy equivalence). Under the same hypotheses as Theorem 7, it follows:
L
79— O] < SO - )

k=1
0 1 n n n 1
( ( + d(m)) <d<k> TG d(k—l)))

Theorem 7 and Corollary 8 then establish bounds on the difference in free entropy both between
the two models considered in the one-step reduction and between the L + 1-layer network and the
generalized linear model. These bounds are crucial as the control on the differences of free entropy
is subsequently inherited by the differences in mutual information per sample between dataset and
teacher weights, both for the one-step reduction and for the reduction of the whole deep network to
the corresponding GLM.

(4.18)

I
M) =

B
Il

1

Corollary 9 (One step reduction mutual information equivalence). Assuming the same hypotheses
as in Theorem 7, the following statement is obtained:

1 1 n n n 1
2 7R (k). (k)Y _ = pk=1)gx(k—1). p(k—1)\| _
|- 1707 DY) — L (0 ;D) O(\/<1 + d(k&)) <d(k) B EN d(kl)))

(4.19)

Again, exploiting the triangle inequality, a relation between the mutual information for the L + 1
layer neural network and the GLM can be obtained.
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Corollary 10 (Mutual information equivalence). The following result holds true under the same as-
sumptions as Theorem 7:

P (6", DY) — ~10(g"0; DY)
n n
Lo 1
< N 1L rw g, iy L rae-n) gre-1). pe-1)
— Z‘n[n (0 7Dn ) n[n (0 7Dn )’ (4.20)

k=1

I
M=

O(\/ (1+ d(i?—n) (df% + qammm + d(1k1)>>

This corollary identifies the scaling regime where the two models achieve equivalence, charac-
terized by the condition where the right-hand side of (4.20) approaches zero as all the involved para-
meters tend towards infinity. Notably, since this expression is a sum, each individual term within
the sum must also tend to zero. This regime for an arbitrary term indexed by £ is denoted using the
following notation:

=
Il

1

—

lim gge-1) g 4 = Zliglo Gylk=1) k) (4.21)
where (A" d® n,); is any sequence of triplets of integers such that
n; n; n; 1
1im<1+ : )( -+ 4 >:0 (4.22)
1—+00 dgkfl) dgk) dgkfl) 3/2 d(k_l)

7

The hatted limit defines the case where each of the variables d*~ d*) n tends to infinity while
satisfying the condition (4.22). Specifically, the limit holds true if d*) > n and either d*~1) >> n or
@ = O(1). Notably, even when n is finite, (4.22) is satisfied as long as d*~1 and d® are taken in
the limit. For the right-hand side of (4.20) to disappear, this condition must be verified for any term
in the sum, namely, for any value of k. For this purpose, a new limit is introduced, under which,
according to Corollary 10, the entire network can be reduced to a GLM:

lim JdDYL_gn = Zliglo Ity i (4.23)

where ({d" L9, ns); is now any sequence of L + 2 integers such that

L
7 n; 1 1
tim > (14 ) (y + —oemye + ) =0 e
o e U i)\ g T e G -

i % 7

Considering the regime of interest for GLMs where —i; = O(1), it can be observed that this con-
dition can be recovered under the conditions d") >> n and similarly for all subsequent layers indexed
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(1) (2) ®3) (4)

Figure 4.1: neural network architectures studied in literature categorized by how their layers widths
scale. Larger layers are symbolized by many neurons, while smaller layers typically consist of one or
two neurons. (1) corresponds to a generalized linear model. (2) describes committee machines, fea-
turing a large input size and a narrow hidden layer. (3) illustrates a mean-field regime, characterized
by a small input size and a large hidden layer. (4) depicts the linear-width regime. Image courtesy

of [19].

by k, d*) > n. This implies that for deeper layers, dV) > d®), dV) < d*® and d® /d") = O(1)
for any layers 7 and j, are all allowed architectures. Importantly, multiple parameters configurations
can satisfy the lim conditions, indicating that various architectures of deep networks can be reduced
to a GLM.

The aim is now to compare the scalings allowed by our limit with the ones studied in the liter-
ature.

Since the nineties, committee machines [23, 24, 25, 21, 17, 26, 15, 78, 59] have been a widely
studied type of architecture. Committee machines can be viewed as two-layer neural networks with
a narrow hidden layer and a single neuron output layer, in which all the weights are learned. There-
fore, they fall within the scope of our investigation. These models exhibit rich phenomenology,
including a specialization phase transition where the model realizes that the data is more accurately
represented by a model that cannot be separated linearly. The relevant regime for these models is
typically characterized by both n and d(®) approaching infinity with n/d® = O(1) and d) = O(1).
However, the infinite size hidden layer limit has also been studied under the condition dV <« 4O,
independently of the number of data points. This indicates that while committee machines fit our
general framework, the specific scaling properties of our investigation are not fully captured if the
hidden layer remains finite in size.

Another interesting model where the relative scalings of the network layers dimensions are con-
sidered is the mean-field [13, 79, 80, 81, 16, 18] model, which has been studied for both 2-layer neural
networks and deep networks. This regime occurs when the size of the hidden layers is significantly
larger than the size of the input layers, i.e., when d*) > d® and d) /d") = O(1) for each pair of
layers ¢, j. Usually in this kind of analysis the number of samples is not explicitly considered because
the focus is on the dynamics of stochastic gradient descent (SGD) in a neural network. In both the
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mean-field regime and the current model, the fact that d* is large introduces intrinsic regularizing
properties that must be taken into account.

In recent years, substantial progress has been made in analyzing the full training of deep neural
networks, where all weights are learned, using a statistical mechanics framework [27, 28, 29]. As
in our investigation, the weights are treated as annealed variables in the free entropy, which is thus
computed by integrating them within the partition function. This methodology applies to deeper
networks and considers a fully proportional scaling regime, where n and {dV )}]L:o tend to infinity
at the same rate, so n/d*) = O(1) for any k. This scaling regime is often referred to as linear-width
regime.

The initial analysis by [27] focused on linear networks, without nonlinearities. Extensions were
explored by [28] who formulated conjectures for the empirical risk minimization generalization error
using this statistical mechanics framework. Further developments were made in [29], that leveraged a
Gaussian equivalence principles [82, 83] to derive exact Bayes-optimal limits, similar to the approach
discussed here. .

Compared to these analyses, however, a notable issue arises with the scaling regime lim. This
framework does not accommodate the scaling regime where n/d*) = O(1) meaning that the sizes
of the hidden layers and the dimension of the dataset cannot simultaneously tend to infinity under
our scaling. It remains uncertain whether this limitation is fundamental or an obstacle specific to
the proof, and further investigation is needed to determine the underlying cause and whether the
approach can be adapted to include this scaling regime. It is also worth remarking that the recursion
parameters (4.16) and the GLM parameters (4.6) obtained through the recursion are consistent with
the definitions and results presented by [29].

4.3 Outline of the proof of Theorem 7

The proof of Theorem 7 is carried out only for the case £ = L. Indeed, in this case, all necessary
quantities and parameters can be defined. Furthermore, by carefully handling the model derived from
the linearization process, as elaborated in 5, the necessity of executing the proof for each reduction
step is obviated.

The crucial part of the proof involves removing the nonlinearities. The direction of our invest-
igation is inspired by the Gaussian equivalence principles, which are expected to hold due to the
high-dimensional nature of the problem. Specifically, these principles are what justifies the lineariz-
ation step presented in 4.1:

V*(Lfl)TX‘SLL—l

JT—1)

aTX(Y ar <W*<L> b
Vi AJaD T Jqin
appropriately tuning the parameters p(*~1) and ¢/*~1), whose definition turns out to be the one given

in (4.16). From this it can be intuitively understood that p{“~!) corresponds to the expected average
of ¢/, as the derivative measures the response to variations in its argument.

)
) ~ pL=D) + Vel=Dgx (4.25)
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The strategy employed follows a common approach used in inference and statistical mechanics
of disordered systems, namely interpolation, presented in 3.4.4. This involves constructing a model
that combines the L + 1-layer network and the linearized version, where the latter represents a GLM
with respect to its input signal XELL_D. This construction is done for both the teacher and the student
network:

V*(L—I)TXELL*U

*T
SE = Tty + Vil gt

*(L) (L-1)
<W Xy > Vi

L 1 1
d@) d(L-1) d( ) (4.26)
(L) ar W) l(tL g Vipt 1)V( I)TX/(* VieL—1)g(L-1)
Sy, =vV1—1t < ) +Vitp' T _
b dL) 4 d(L-1) p v d(L—1) g

It can be observed that the teacher interpolating model depends on the weights of the teachers from
both the L + 1-layer network and the corresponding L-layer model. For ¢ = 0, it represents the

linearized model, and for ¢t = 1, it recovers the full neural network. A student version of the same

interpolation is also constructed. Additionally, an interpolating dataset is created, where Y;LL) is

generated through an output kernel that depends on the teacher weights of the interpolating model.

D) = (X0 vy, Y ~ Pl | SO (4.27)

B

Calling the interpolating teacher weights @*() = {y*(L=1) ¢+(L=1) a* W) W*} the par-
tition function reads:

20 — z0(pL)y — / DO exp [Z“%(St#)] (4.28)
p=1
where

& ulP (s
Ew () = EaEvar () = Ba-Eywe) w1 we) yo2-1) g=-1) x (0 /H dYtEf)e Viu! “‘)(-) (4.29)

The posterior mean of a function g then is defined as:

= / DeWw exp [Z u%: (St,u)] g (4.30)
p=1
and the interpolating free entropy is
= 1
F) = EE(“ log ;" (4.31)

For ¢t = 0, it can be observed that the interpolating free entropy corresponds to the free entropy
of the linearized model, and for ¢ = 1 it represents the network of actual interest. To control the
difference in free entropy between these two cases, the method exploited is to compute its derivative
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and show that it is uniformly bounded in time by the same order as specified in the theorem. The
computation of the derivative leads to the summation of the terms below:

d -
%féL) (t)=—A1+ A+ A3+ B (4.32)
where
a*T W*(L)X(Lfl)
A, pl Z! £
o8 Z“ W 0D g I )

) *(L_l)TXLL_l)
Ay 1 log 2} (S
2 o8 Z iy (Stu)p Vi D

_ 1 (L) (L) eV -
A3 = %E(t) log Zt ; uYtu (Stp) Tgy,

<ZUYW t“ dSt >t

(4.33)

Using the Nishimori identity, introduced in 3.4.2, it can be shown that the last term B is imme-
diately zero. Due to the signs of the remaining terms, it is expected that —A; counters A; + As,
leading to their mutual cancellation in this specific regime.

The desired approach is to directly integrate the weights of the network, which corresponds to per-
forming integration by parts with respect to these Gaussian variables, as discussed in 3.4.1. However,
a complication arises because part of these Gaussian weights is inside ¢, preventing the application
of Gaussian integration by parts. To address this, the term A; is considered, employing a classical
mathematical technique: subtracting what is desired, A;2, and then adding it back. This procedure
then allows to control the difference A;; between the initial term A; and the subtracted one A;5:

1 a*T W*(L)X(L_l) (Lfl)a*Tw*(L)X(L_l)
i B 2 S5, () )
2nv1 —t d@)

vV dL-1) dL) d(L—=1)
(4.34)
) | Z L /(L p(L D g TWHD) X (L-1)
= 4.35
12 m, \/— t) 0og Z u \/W ( )
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Focusing on Ay, integration by parts with respect to the readout vector yields the expression:

_ L— L—
L—1) o ( DTgp(a( 1))

L L n L
g Hbng ) E log Z; )> U [w(au () = pF Ve 2
g ar n \ar T § :1 pv d(L—1)
JIRZS

(1) (2)
(4.36)
where a,(lLfl) = %, and the notation [E,- is introduced in (4.29).
The off—diagonai terms, namely p # v, are considered first. Utilizing the properties of the output
kernel and Cauchy-Schwartz’s inequality, the terms (1) and (2) are estimated separately. The first
part of the expression, (1), corresponds to the variance of the free entropy whose scaling is described

in H3) as O(/ (57— + +))- The second part, (2), involves the sum of O(n?) terms. Leveraging the

properties of the output kernel established in Lemma 16, the terms U,,,, defined therein, remain
bounded conditionally on the weights of the interpolating teacher network. Evaluating the terms
within the square brackets reveals that despite the tendency of term (2) to concentrate around zero,

its order is O(n\/(d<—1L) + m))

A crucial distinction from [19] in evaluating the contribution (2) is that the representations of the
input at any hidden layer, X are not Gaussian. This necessitates additional concentration results
for accurately estimating term (2). Specifically, the concentration results focus on the squared norm
of the output of a hidden layer, which is a vector, and the scalar product of two of such vectors ob-
tained from different data points. To ensure control over all moments of these quantities, exponential
bounds for the probability of their divergence from the mean are obtained. These concentration res-
ults show that the representations of the inputs at an arbitrary hidden layer, X exhibit statistical
properties similar to those of Gaussian random vectors. This quasi-Gaussian property is essential
for completing the proof and accurately estimating term (2).

Simplifying then the dependency on n with the 1/n'/? term arising from the concentration of
the free entropy results in a dependency on n/d*) under square root, which plays a crucial role in
the analysis as already discussed. Indeed, this off-diagonal term is what limits the applicability of
our theorem in the linear-width regime.

Consider now the diagonal part, which compensates for the A3 contribution. After performing
a Gaussian integration by parts with respect to the noise variable on As, the difference between the
two terms becomes:

diag o
At — Az =

(¢=1) (=17 (¢=1)

1E*[(1ogsz>_E gogzéL)) "~ Pty (Yo | Si) e _ letas 1 e
2 * n \a Pout<Ytu | Stu) d(ﬁ)

]

R @
(4.37)
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Cauchy-Schwartz’s inequality is used to evaluate independently the terms (1) and (2). Term (1)

then corresponds to the variance of the free entropy, with scaling O(4/ (57— + +)). Exploiting

Lemma 16 the fraction involving the output kernel can be bounded. However, the differences in
the square brackets must also be computed, and through their estimation term (2) yields an order

O(\/ (47 + qz=1r17z))- The difference | A8 _ Aj| then tends to zero in the linear-width regime

limit, and therefore poses no obstacle to the reduction process in this scaling.

The term A;5 then is linear, and its contribution balances the A term. Similarly to the analysis
of the quantity | A% — A,|, integration by parts with respect to the weights matrix on Ay, is per-
formed to address the difference. Additional computations lead to establish a bound on the difference

||[A12 — As| that is of order O(\/(l + 52=5)(gz=Hgm + gz=13z))- It can be observed then that

also the term |A;; — As| vanishes in the linear-width scaling regime as the sizes of the layers and
dataset dimensions tend to infinity.

Having then evaluated all contributions to the derivative of the free entropy with uniform control

over time, the proof is concluded, effectively determining the difference in free entropy between the
L + 1-layer neural network model and its corresponding L-layer model.
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Proofs

Having presented the main results of our investigation in the previous chapter, the focus now shifts
to addressing the proofs that establish these findings. In this chapter, the proofs of Theorem 7 and
Corollary 9 are presented, as well as the auxiliary lemmas and results exploited in proving them. To
begin with, propositions related to the concept of concentration of measure are introduced, laying
the groundwork for the subsequent arguments. Following this, two crucial lemmas that are instru-
mental in the proof of Theorem 7 are stated and rigorously proved. With these elements, the detailed
proof of Theorem 7 is then addressed. Finally, the proof of Theorem 9, the central goal of this invest-
igation, is presented.

The proof of Theorem 7 and its auxiliary lemmas is exclusively developed for the last layer k£ = L,
where all the necessary quantities and parameters will be fully defined. Indeed, by appropriately
handling the model obtained after linearization, it becomes unnecessary to perform the proof for
every reduction step. Specifically, two quantities require consideration: the noise term, character-
ized by & ELL_l), and the multiplicative coefficient p(“~1),

The noise contribution is considered first. This term, appearing upon linearization, can be in-
terpreted as a perturbation of the output kernel. However, it can be easily be managed as it can be
absorbed into the output distribution by convolving the output kernel with a Gaussian probability
distribution. To illustrate this, consider the output of the reduced L-layer model y = YM(L_I) =

* — (L_l)
f(p(L_l)V(L— % + Ve, A,) +VAZ,, where &Y and Z,, are standard Gaussian

random variables. A new output kernel can be defined as follows:

ﬁ’out(y | z) = dz%Pout(y | 2+ Vk2) = /dPZ(z)Pout(y | 2+ Vk2) (5.1)

where the variable z is a standard Gaussian random variable used to perform the convolution oper-
ation, and x > 0 is a positive parameter. This allows to draw the outputs of the L-layer model from

e (L-1) 5 p(L=Dyr(L-DTx (LD
this distribution as Y}, ~ Py (- | i ).
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Next, the multiplicative coefficient p(“~) needs to be addressed. This coefficient had no corres-
pondence in the L + 1-layer model. When performing the subsequent reduction step, this coefficient
p“~Y will become a multiplicative coefficient for the new interpolating model. The interpolation is
defined similarly to what described in (4.26) as:

*(L-1)1  ,WHL-1) x(E=2) v (-2 (E-2)
(L-1) ,_ (L—l)[ —V < L ) (L—2) 1 /i (L—2) *(L—Q)}
S =P =k )7 Vi = R

(L-1)T W(E-1) x(L=2) (L—2)7+,(L—2)
(L-1) ._ (L—l)[ — v < Xp ) -2V Xp = (L—Q)]
sED = p 1—¢ @ +Vip N R

(5.2)

With the same construction done in 4.3, it can be observed that each term A;, A and A; of the
derivative of the interpolating free entropy for this new model is the product of two factors: one is
p“~) and the other factor has the same form and statistical properties as the corresponding term
A; defined for the previous interpolation step. The only difference is that now the representations

X,(f % and their dimension appear in the expression.

Considering then the derivative of the interpolating free entropy again, the multiplicative coeffi-
cient p’~1) can be factored out from the three terms. This allows to apply the proofs developed for
the first reduction step to the remaining factor without any modifications when also using the new
output kernel P, ;. Indeed, the proofs do not depend on the specific layer but just on the form of the
interpolation model and the statistical properties of its parameters. Furthermore, the term B retains
a form and statistical properties analogous to those derived in the previous interpolation step, albeit
being now computed using the new output kernel P, and the new interpolation model. Similar to
the first reduction step, it can be demonstrated to be zero. Consequently, the final estimate for the
order of the derivative of the interpolating free entropy remains consistent with the results from the
previous reduction step. This is because multiplying by p(’~1) which is just a coefficient and thus
O(1) does not alter the scaling.

Therefore, the essential structure and validity of the lemmas and proofs are preserved despite
the inclusion of the p(’~1) coefficient. With the same reasoning, the proof can be generalized and
extended similarly for any number k of layers.

Similarly, the proof of Theorem 9 is also elaborated just for the first reduction step. In the subsequent
reduction step, through the exploitation of the new output kernel P,, the noise term defined by

,SLil) is reabsorbed into the output probability of the responses. The coefficient p“~ 1), instead, acts
as a multiplicative factor in the interpolating model defined in the lemma’s proof, similar to (5.2),
and in its derivative. This term affects the scaling estimation solely as a multiplicative coeflicient,
thus preserving it. This allows to carry out the proof in the same way regardless of the number of

layers considered.

62



CHAPTER 5. PROOFS

5.1 Concentration proofs

The concentration results are essential for proving Theorem 7 and represent an additional require-
ment necessary for applying the proof scheme presented in [19].

Consider each hidden layer ¢ output vectors Xff) normalized by the square root of their dimension.
The need for exponential bounds on the probability of the squared norm and the scalar product of
two such vectors deviating from their expectation arises from the need to control every central mo-
ment of these quantities, as discussed in 4.2. The specific dependency on the dimension, instead, is
motivated by the desire to obtain a dependency on it similar to what would be obtained consider-
ing X) Gaussian random vectors. In order to state and prove the propositions, two useful lemmas
related to sub-Gaussian random variables are first established.

5.1.1 Function of a sub-Gaussian random variable

The concentration of a function of a sub-Gaussian random variable is now analyzed.

Lemma 11. Let X € R be a sub-Gaussian random variable, i.e. using one of the different characteriz-
ations of sub-Gaussianity,
EeX*/* <2 (5.3)

Let F : R — R be an L-Lipschitz function. Then the random variable F'(X) — EF(X) is also

sub-Gaussian, i.e.
(F(X) -EF(X))?

c2

<9 (5.4)

Eexp
for a constant ¢ > 2Lo.

Proof. Consider an independent copy of the variable X, Y. Remembering that the function v —
—v)2 . . . oy o oy . . s
exp % is a convex function since it is the composition of convex functions and applying Jensen’s

inequality, the following is obtained:
(F(X) —EF(X))*

(F(X) —EF(Y))* (F(X) - F(Y))*

E exp 5 = [Eexp 5 < Eexp 5
c c c

L3(X —Y)? 202 X% + 2L2Y*?

< Eexp % < Eexp t (5.5)
c c
2L2X?\2 412 X*>
= (E exp — ) < Eexp <2
c c
The previous inequality is true for ¢ > 2Lo exploiting the sub-Gaussianity of X.

]

Lemma 12. Let X € R? be a random vector belonging to the set As := {‘@ — a’ < 5}, with

iid

o= E@. Let W € RP*? g random matrix such that W;; ~ N(0,1) . Let ¢ € C such that
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l¢'| < K. Call o = W—\/EX. Then, each component of () is sub-Gaussian with respect to the weights,
i.e., there exists a positive constant C' such that:

Ew[BSW(a)i} < 6820272 (56)
withy? = o + 4.

Proof. The aim is to prove that, considering just the expectation with respect to the weights, p(a) —
Ew () is a sub-Gaussian random variable. The average with respect to the weights is here denoted

Ew, and since the average is taken only with respect to the weights, X is considered fixed.
2
For any fixed X, @ is Gaussian, and specifically a; ~ N(0,v? = @), so each component is

also sub-Gaussian with variance proxy v2. Using a different characterization of sub-Gaussian random
variables, for some absolute constant A it holds [68]:

[o—Eyy a2

Ew[e M2v2 ]SQ (5.7)

Now using Lemma 11 this yields:

[p () —Eyy o(@)]2
Ew [e 4K2M202 ] <2 (5.8)

or equivalently, there exists a constant R such that

Evy [es[cp(a)—Ewﬂo(a)]i] < 652R2K2v2 (5.9)

Considering now the previous results, and exploiting the independence of the components for fixed
X
Eoy [e#7 () Bwlel] — By [or e ulole)Bweplall] g [ ] erilete)-Ewe(el)

_ _ 5.10
— HBSQU?R2K2U2 — 652R2K2v2 ( )
)

To compute the expectation of , consider just one component. Remember that ¢ is odd in its
argument. This implies that when conditioning on X, ¢ exhibits odd symmetry with respect to the
weights. Since the expectation is computed with respect to the weights, and their joint distribution
is even-symmetric, the expectation of each component of ¢ is zero. Additionally, if X € A;, then
v? < 0 + § = 72. Therefore, the inequality can be rewritten as

EW[65<P(O‘)Z'] < oS RPK?y? Ew [esuT[e&(a)]] _ STRPK2Y? (5.11)

9

This completes the proof, establishing that ¢ (a) and its components are sub-Gaussian. O
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5.1.2 Concentration of the norm

The proof is introduced as a step towards the ultimate goal of identifying conditions under which
the norm of the output vector of a hidden layer in a deep network, starting from an initial data point,
exhibits concentration. The objective is to establish an exponential bound for the probability that the
squared norm deviates from its expected value, ensuring control over every moment of this variable.

Proposition 13 (Norm concentration). Let X € R? be a random vector whose norm satisfies the
exponential concentration bound

P(‘@—a) 26) SQexp(—dC’eQ> (5.12)

2 _
orany € > 0 and a constant C > 0, witho = E'="-. Le such tha < K. is
ye>0and tant C' > 0, witho = EXL Let o € O such that |¢'] < K. IfW € RP*?

a matrix of i.i.d. centered Gaussian random variables with unit variance, then

IE,><‘Hs0(VVX/\/3)H2 HsO(WX/f I
p

‘ > e) < 2exp ( — min{p, d}CSDeQ) (5.13)

for any e > 0 and some constant C,, > 0 when Vd > 1/

Proof. Define the event

X 2
:{"' | —o—] <5} (5.14)
d
Denote also o = WX /+/d. Partitioning the probability space yields

Iﬂwwwihﬂw2 nﬂwxmfw‘>>zpdmmww el )

2 2
(|l el - end,)
p
2 2

< p(| L gl @l 1Y i

D p
(5.15)

The following notation is introduced
2 2 2 2
py (L2 _ gLl ) _p(|lele)l _gle@IP) s 0y s
p p b

By symmetry, only one side of the concentration bound needs to be verified, so the focus is on the
event

B, = (I _gletel” , 6517)
p p
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Denote o; =
Exploiting t

;( so that (o) = pi(a).
e exponential Markov inequality, for any s € R the following holds

El @i(@)?\ P

2
P5(B.) Se—é(Ew?(aHe)E[eXp[ IISO(2 o)l ]]I(A(;)] :e_%(E‘Pf(a)“)EX(]EWe? ; ) I(As)
p

(5.18)
— Fx epln(]Ew exp($ (a)))e_%(E¢$(a)+E)H(A5)
Utilizing the fact that In(1 4+ ) < z the inequality becomes
In(Ew exp(2 %](? )) 1+1) <Ew exp(2 ('DZ; )) -1 (5.19)
Expanding the logarithm then yields
s ¢i(a) i ( s pi(a)\F
InE : SEw ( : ) 5.20
nBw exp(3 =) < )+ Z (5.20)
so substituting back leads to
SR 2( )+ Z E 1 (s W?(a))k
Bs(B.) < Exe’ W H I Bwa 157 sy g
(5.21)

k

L ERd]

= Exe 3¢ ¢3Ewel(@)-Epi(e) o P B <2 i >,H(A6)
2

1

The focus is now on bounding the two indicated terms, with the understanding that s is always
positive.

(Ewg; (o) — Egi () < [Ewei(a) — Egi(a)| = [Ewe®(a;) — Eg®(ay)]
< |EW902(0%) —E.-nvonp (Z\/_)| + |E.on (0,1)¥ (Z\/_) ESDQ(O%N

(5.22)
In distribution, it holds
W;X X2
o = 7 =z % (5.23)
plugging this in the inequality results in
2 2 o, X2 2
Ewe™(ai) — Ep*(a;)| < E. nvo1)® (Z T) —E.no® (Z\/E)‘
(5.24)
. . o, [IXT
+ Bz (0.1)P (o) — X/, z~N(0.1)P | 2 ]
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Define now z(s) = Z\/S@ + (1 — s)o. The first term in (5.24) can be bounded as

1 E H 1IX112

dsE[lso’( ()l (= \/ B, 0‘5)0]

1
< Kz/ dsEz? ‘
0

(5.25)
where in the last line the fact that X belongs to the set A5 was used. Turning to the second term in
(5.24), it can be rewritten as follows:

VN [ L
2~N(ODP | 2 d 2~N(0.1)P (Z\/_)

o\

X | < g
d g

. O (-
X/ z~N(0.1)P7 | 2 2~N(0.1) P (2\/5)

d
= Bx/ BN (0.1)P | 2 d 2N (0.1) P (Z\/E)
_ 2 K’K
< KQ]E , H o ’ <
=~ X d 0| > \/E

Plugging everything back in (5.22) leads to:

Ewite) ~ Ege)| < 05+ —) (5.27

for some constant C'. Moving to the second term of (5.21), the sub-Gaussianity of each component
¢(y;) can be exploited for X belonging to the set Ay, that implies, for a positive constant C:

~ k
Ewle(a)if* < 20T (5 +1) (5.28)

Thus, recognizing a geometric series, if 5- 0272 < 1 the exponent becomes:

pz (s 03 ( )> < QP; <2ipC~’272>k _ 2p<2ipé272>2; <2ip6«2,yg>k _ 6’2‘24 - 22:0272
(5.29)

Plugging now everything together in (5.21)
s —e+C| 6+ ﬂ gs2_
Ps(B) SEX€2< " <+”>>+ "B Ay) (5.30)
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and optimizing with respect to s:

Sopt =

% (1 _ 7 1 ) (5.31)
T s

Consider now 9 as follows:

§=——+— (5.32)

Since this quantity needs to be positive, it follows v/d > ? Additionally, by exploiting v/1 + = <
1+ %, it is also found:

2p 1
Sopt 02 2<1 >
Y e C 1 1
e G5
<2 (1- L ) (5.33)
— (2~2 E g
PN 144 (5-G(0+ %)) o
_ < ~2p
- 02,)/2

This implies that the required condition %6272 < 1is satisfied.
Plugging s’ into (5.30), yields:

62 62

16| G4~4446E242¢ mazq 1,€ p16| G4444+G242
Ps(B.) < Exe o(oe 8>H(A5)SEX6 {rafefene >]I(A5) (5.34)

Using now EI(Aj) < 1 an exponential bound for the term is obtained:
Ps(B,) < e (5.35)

In an analogous way, the other side of the inequality can be proved. Getting back to (5.15), the next
step involves substituting the chosen value of § into P(Ay) to obtain the desired probability. The
expression becomes

IP)(A(S) < 2exp ( — d052> — % (—C— Z%ef_,_cﬁe

Cde?

¢ ) < 2@_06_2062 (5.36)

under the condition v/d > % This implies that there exist a suitable constant C,, such that fore > 0
small enough and d big enough,

p(|LECVRIVADIP _ glle(WX/ VA
p p

> 5) < 2exp ( — min{p, d}C’@62> (5.37)

O
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5.1.3 Concentration of the scalar product

The upcoming proposition is formulated with the final objective to examine the tendency of the
scalar product of two vectors output of a hidden layer of a deep neural network to concentrate
around zero. These vectors are derived from two distinct data points. Again, an exponential bound
on the probability of deviating from zero is desired, since it allows control over every moment of this
random variable.

Proposition 14 (Scalar product concentration). Let X, Y € R? be random vectors drawn independ-
ently from the same distribution, that satisfy the exponential concentration bounds

p( X
P(‘@—a‘ 26) §2exp(—dC’62> P(‘W—a‘ 26) §26Xp(—dC’62> (5.39)

for any e > 0 and constants B,C' > 0, witho = E@. Let p € C' such that |¢'| < K. IfW € RP*4
is a matrix of i.i.d. centered Gaussian random variables with unit variance, then
P P(WX/Vd)Tp(WY /Vd) ED

p

> ) < 2exp ( — dBeQ> (5.38)

< 2exp < — min{p, d}0¢62) (5.40)

for any e > 0 and some constant C,, > 0.

Proof. Define the events
X2 XY
Asx = { | d” — a‘ < (5} , B, = {’ ’ < 77} (5.41)

and denote ax = WX /v/d. By partitioning the probability space

P(’s@(WX/\/E)T

p(WY/ \/3)‘ . 6)

p
T T A AN A\
(| O 5 g gy ) ([R5 T )
p S P o
T
< IP’( @(ax)p@(aY) > eﬁAs,x ﬂAa,Y> —i—IP’(Aa,x) +IP’(A5,Y)
(5.42)
T
T
+P<‘gp(ax) SD(CXY)‘ >eNAsx N Asy N n> + 2P(Asx
5 : ,
- P(‘@(Oéx)p ‘ > €N Asx N Asy N By) +P(By) + 2P(A;%)
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The following notation is used

gp(ax);SO(OLY)’ > 6) _ IP’(‘ @(ax);)@(aY)‘ > €N Asx N Asy N Bn) (5.43)

P;,, (

By symmetry, only one side of the desired concentration bound needs to be proved, so the following
event is considered

B. = {¢(aX);¢(aY) > e} (5.44)

Let a; = VY;&X, so that p(ax ;) = ¢;(ax). Exploiting the exponential Markov inequality, for any

s € Ry it follows

se (8% T Q se s AP("‘X,i)ﬂ"(‘)‘Y,i) p
Pio(B) < ¢ Elewp [s 8L A g gy )] = e F B (Bwed ) T I As)
s Plax )eley )

= Exe?™Ew o3 257000 =514, ) T(Asy)

(5.45)
Using again the relation In(1 4 z) < z leads to
In(Ew exp(gsp(a”’i)(p(a”’i)) —1+1)<Ew exp(g(p(a”’i)gp(a%i)) -1 (5.46)
p
and expanding the logarithm results in:
s p(oxi)playi) 1 (3 plox,i)p(ay i)\ *
InE 2 ] 2y < Fw— (2 : , >
pInEyw exp(; ) ) < ’; wirls .
_ 3 1 rsplax)playi)\*
= §EW90(0éX,i)90(OéY,¢) +p;EWE<§ » )
(5.47)
The aim is bounding the two terms, and Ew¢(ax ;)¢ (ovy ;) is considered first.
In what follows the ¢-index is dropped for brevity. Let
EwOéxOéY XY
ax |y -— ax — aYE%V—OéY = ax — CMYW (5.48)

that is independent of avy. Now ¢ is expanded around ax |y defining

axy(s) =sax + (1 — s)axiy = axiy + say XY/ Y[? = ax — (1 — s)ayXTY/||Y|]?
(5.49)
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xy

Y2
1 T

< [/0 dSEW|SO’(04X,Y(3))<,0(Oéy)aY|}% (5.50)

< K?p

Bwve(ax)plav) = Bu| [ dslaxy(s)plav)ay]

where the fact that the zero-th order term is zero due to the odd nature of ¢ was leveraged, and the
Lipschitz property of ¢ was then utilized.

The second term, Ew " (ax ;)¢"(ay ), is now considered. The sub-Gaussianity of each com-
ponent p(ax ;) is exploited for X belonging to the set A5 x, which implies, for a positive constant

C
Ew|io(cxq) ¥ < 26’“ka(§ +1) (5.51)
leads to
Ewle(axi)e(oey )" < 2(C**) T (k + 1) (5.52)

Plugging the results back in (5.47), the following is obtained

it () < S ()

p
:§K2n+2p( C? 2>QZ( c? 2>k (5.53)

2 2p 1-50%?
Recognizing a geometric series if 5> 0272 < 1. Using this in (5.45) results in

p In(Ew exp( s Plox,)eloy ) ) —%
Ps,(Be) < Exe » I(Asx)I(Asv)
sa o (5.54)

s

< Exe ® 507 AR A (Asy)

and optimizing with respect to s:

2 1

Sopt = 2(1— ) (5.55)

Gy w A

2 2 )22

Consider 7 as follows
€

- 5.56
=55 (5.56)
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which always exists and is positive. Exploiting that /1 + 2 < 1 + 7 results in

Sopt = 2 (1— L >< 2p (1— L )—s’< 2p
opt — X =~ = — - =~ =
C2~2 R C?~2 1fe Knp)_1 C?2~2
YRR A O ’
(5.57)

Thus the needed condition for the convergence of the geometric series 55—;’56'272 < 1 is obtained.
Plugging s’ into (5.30), and choosing € < 8:

pe2 p€2

é4v4+5‘272) !

Ps,(B.) < Exe 16(64”4”2”2%) I(Asx)I(Asy) < Exe 16( (Ax)[(A5y) (558

Remembering that, for positive z it holds true = + % < (1+ x)Q, and v? = o + J becomes a constant
once ¢ is fixed

2
P€2 _ pe

1+C242

16 (é4w4+62w2> 16 ( )
Psy(Be) < Exe [(Asx)I(Asy) < Exe I(Asx)I(Asy) (5.59)
using now EI(A;x)I(Asy) < 1 an exponential bound for the term is obtained:

Py, (Bo) < e P (5.60)

In a similar way, the other side of the inequality can be proved. Returning to (5.42), the next step

involves substituting the values of 77 and ¢ considered into P(B,)) and P(Asy N Asy) to verify that

an exponential bound is obtained. If § is chosen as 4/ 1;1—6? + €2, then

P(B,) + P(Asx N Asy) < 2¢ %axz® 4 2710 (5.61)

This implies that there exist a suitable constant C, such that for ¢ > 0 small enough,

P(\ p(WX/Vd)Tp(WY /Vd

P ) ’ > e) < 2exp ( — min{p, d}0@62> (5.62)

]

Considering the vectors resulting from multiplying the initial vectors with a Gaussian random
matrix and subsequently applying a nonlinear function, Propositions 13 and 14 enable the derivation
of bounds on every central moment of their squared norm and scalar product.
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Corollary 15 (Control on moments). Let k € N. Under the same hypotheses of Proposition 14 the
following holds true:

E‘Hso(WXN?l)H?_EHso(WXNE)n?‘k:O( 1 )

P P min{p, d}*"*

(5.63)
E) Pp(WX/Vd)Tp(WY /Vd) "“ _ O( 1 )
P min{p, d}*/?
Proof. Recall that, being X a random variable and k € (0, +00) [68]
E|X|* :/ Et*IP(| X > t) dt (5.64)
0

This formula allows to bound every central moment of the squared norm and the scalar product.
The integral is well defined for any ¢ when the scalar product is considered, but attention must
be paid to the concentration of the squared norm. Remember that Proposition 13 holds for v/d > %
or equivalently ¢ > 5—2. This implies that the exponential concentration of the squared norm cannot
be used for lower values of e.
To prove that the desired scaling is obtained, the integral (5.64) is split and the two resulting
terms are controlled:

g leWX/ VD _E\\so(vvxw)u? :

p
/fktk |V >u2 leWRIVDE | )

o [ (Lo WX uso(WX/f ) Y a

Vi
ONE [ X 2 X 2 1
< (5_> +/ ktk_lpd\!s@(w INOIP g le(W /f )l > t)ar—o(— )

Vd 8¢ D min{p, d}

(5.65)
As for the concentration of the scalar product, using directly (5.64) leads to:
WX /Vd)Te(WY /Vd) | 1
ol £WX/ V)T /\/_)’ :O<—H) (5.66)
p min{p, d}*/

O
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5.2 Output kernel properties

The following lemma establishes properties of the output kernel that will be extensively used in 5.4.
Notably, the output kernel defined in (5.1) is used. This is done in order to ensure the validity of the
lemma even when the output kernel is deformed with additive Gaussian noise. This generalization
allows the Lemma to be applicable when performing the subsequent reduction steps.

Lemma 16 (Properties of P,). Recall definition (5.1). Denote @i, (z) := log P (y | ). and Uy, () =
O,y (x). Additionally, let

Upy = 5uual}lfw(stu) + a/YtM(Stu)ﬁ'/Yw (Stu) (5-67)

Then, under Assumptions H1) and H2), for a positive constant C(f) depending only on the readout
function, the following holds:

E[ﬂgﬁg”(‘s’tu) | Stu] = E[U;w | St;u Sty] =0 (5.68)
E[(ity,,, (Spu))? | Sl s B[O, | St Su) < C(f) (5.69)

Remark 1. Notice how for p = v (5.67) simplifies to [7uu S (Y, | Stu)/]—:’out(iﬁu | Si.), where

out
pc;ut(y | ) = axlsout(y | x), ]Sé/ut(y | x) := axaxpout(y | ) (5.70)

Exploiting the lemma, the result obtained is that

E[(%Eé—:lzﬁﬂ&u} < C(f) (5.71)

Proof. An auxiliary lemma is first considered. In the lemma the necessary bounds involving the
derivatives of the output are estimated. In the following, C'(f) denotes a constant that depends on
the readout function f and may also depend on A. Upper indices denote partial derivatives with
respect to that variable, for instance, P% (y|z) = 8, Pout (y|2) and P2 (y|z) = 8,0, Pow (y|).

Lemma 17. Lety = Yy, = f(Si, + VK(i A,) + \/ZZN, where (,, and Z,, are standard Gaussian
random variables, and . > 0 is constant. Assuming H2), a constant C(f) exists such that

Phalul) | | Praule) | | Po(ula) | | Piyle) | | Patlula)
i A o o e B

Proof. If the ¢, term is absent, the proof aligns with [19], where Py (y|x) = Poy(y|z). Therefore,
the analysis focuses on the case where the additional stochastic term ¢, is present.
Let w = = + y/kz. The definition of P, (y|w) is recalled:

Pty | w) = [ dPA(&) < exp (= 550 = SwiA)?) = [ PaaA)P(sluw &) 679

1
V2T A 2A
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In a similar fashion, a new output kernel is introduced to reabsorb the stochasticity introduced by
Cu- Given that (,, is a standard Gaussian random variable, it is possible to write:

L
2

\/_

It can be observed now that the ratio of any derivative of pout to pout can be formulated by
introducing the following expectation:

f dP,( dPA(A)(-)e‘ﬁ(y—J‘(ach\/Ez;A))2

Pou(y | z) = Poui(y | © + VK2) :/d (2)Powt(y | @+ Vk2) (5.74)

(VA= f ap.( dPA(A)G_i(y_f(x+ﬁZ;A))2 (5.75)
Through some algebraic manipulation, the following expressions are obtained:
Bl /1 |

Pou(ylz) < — Rl Sl Ve A))>A,z (5.76)
chut(y|x) 1 / )
Pty ~ (RN ), 57
P lr) 1 | 1
éout(ykﬁ) N <E(y_ f(ZE—f—\/EZ, A))2>A,z A (578)
Loulyle) ! , 1,
f)outgz:z; = < — W= fx+VEzA)f(x+ Viz A) + Zf (z 4+ Vk2; A)>A,Z (5.79)
Prilyle) _ /(1 1y |
Pyt (yl2) << 5y — fla+ iz A))* - A) (v + Vrz A)? (5.80)

1 (y flx+ VEZ; A)f //(;g + Vkz; A)>AZ (5.81)

Given that all expressions are similar in form, only the last one is treated, as all others can be bounded
using analogous reasoning. It is considered that:

‘Pé”ft (ylz) ‘_<<A2<y flo+ iz A))? + A) ['(@+ vz A)?)
+ <Z‘y—f(x+\/E2; A)‘ f”(l“+\/EZ;A)‘>

Since = Vi, = f(Si, +VEC; Ay) + \/ZZM, the previous quantities can be rewritten in terms of Z,,.
Noting that the brackets are not averaging over Z,,, Z,,, and its functions can be brought out of the
average. Given that f and its first two derivatives are bounded (as specified in H2)), the following
result is obtained:

Pri(ylo)

out

Pout(y|37)

Pout(ylz) Az (5.82)

Az

1

< (3128 + 5)EWD + L1260 < (ZP+ 00 689

O
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Getting back to the proof of Lemma 16, (5.68) is first proved:
p(;vut (Y;fu|5tu)

= S
Pout (Y;fu | Stu) t#]

Yi.|S
= [Pl B0 Ly s, s
out(Ytu|Stu)
0

B )
= 95,

Efi;, (4,)[Su] = E|

/dYtuPoudYtu’Stu) a8, 2o 1=0
I

Concerning then (5.69), the conditional expectation of U, w given Sy, and Sy, is computed separately
for the cases ;1 = v and p # v. The scenario y = v is first addressed.

- P (VS YiulS,
E[,.|S,] = E a:]c( ~out( ul tu)) 1 ( out( tul tu)) St“}
(Ytu|Stu> 3 out(Ytu|Stu) .
_ E- gt( | Ste) _ ( ~§ut(Y;5M|StM))2 4 <If§ut(Ytu|Stu)>2 s, }
out(Yt,u’Stp,) Pout(Yt/L|Stu> Pout(Y;fu|St,u,) g
[P (Yaul S St“} (5.85)
out(Y ’Stu)

Yiul Styr)
A, Pous (Y| S, —0‘“( e —/dY P (Y,,|S
/ t/,l, t( tu| tu) out(Ytu|Stu) tp out( tu| tu)

82
852 /dY;# out(Ytu|Stﬂ) 852 Sar 1 =0

Considering the terms characterized by p # v, it can be observed that when conditioning on
Sty St, the remaining stochasticity in the responses is independent for each sample. Consequently,
iy, (Syu) and @y, (Sy ) are conditionally independent given Sy, Sy, resulting in:

E[ W‘StuaStV] = [uYt (Stu)a/nu(SwHStuaStV]

(5.86)
/dY;‘/N out(Y;fM’St/i>/d}/tV out(thV’StV) =

The aim is now to address now the boundedness of the expressions in (5.69). Lemma 17 allows
to write:

(i, (Si))* < C*(NNZu* +1)* < C*(N)(1 2] + 1) (5.87)
Using Jensen’s inequality, specifically that (| Z,|*+1)* < 2(]|Z,|*+1). Since Z,, is a standard Gaussian

random variable and does not depend on S;,, it has finite second and fourth moments. Therefore,
computing the conditional expectation of the left hand side on Sy, leads to bound (y,, (Si.))? with
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an appropriate constant C'(f). The expectation of U/ >, and U >, is bounded, conditionally on Sy, and
Sy Consider the case ;1 = v. Using what stated in Lemma 17, it follows:

0 :<w

= () S CUALE w1

=C*(N1Z," + 212, + 1)

(5.88)

Then, by taking the expectation and using the Gaussianity of Z, along with the finiteness of its
moments, a bound can be established for an appropriate constant C'(f). Considering now the case
i # v, Lemma 17 is exploited:

U2, = <]?§Ut<nﬂ‘stu)>2<Zi):ut(nu|5tu)
" POUt(}/;M‘StM) Pout(Y;Eulsty)

) < Nz + CnZL 1)

= Cu(NCNUZLN121 + 12,17 + 12,17 + 1)

(5.89)

This implies that when taking the expectation, a bound that involves a suitable constant C'(f) is

obtained.
O

5.3 Approximation Lemma

This approximation lemma allows the estimation of the expectation, with respect to the weights, of
various expressions involving the derivative or square of the activation function applied to an input
from the previous layer. This includes the estimation of terms where the activation functions of
different samples interact.

Notably in this context the concentration results obtained in 3.4.3 are utilized to identify the
dominant terms in the estimations considered. These concentration results are necessary to manage
higher-order central moments of the squared norm and scalar product of X, as well as for handling
cases where such norms appear in the denominator.

Lemma 18 (Approximations). Consider a L-layer neural network as constructed in 3.2. For any layer

(£)
(€0,...,Lecallo® :=FExq ”);‘(@)HQ, pt)

either o or the identity function, and define p*) = Epr0,00¢'- Under assumptions H2) and H1), the
following hold:

= Epo00)¥ and e .= EN(070<5))¢2 —aWp® 2 Let( be

o=y ey oK P e
EW*(Z)QO (O‘m’ ) = p( -1 + O(W — O'( B )> (590)

B X(Z—l) 2
EW*(Z)SO2(OJL€ 1)) == E/\/(O,a“_l))(p2 + O(Hd(ﬂlT)H - O'(e_l)> (591)
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_ (e=1) — n —
Define now Afsi RIS {‘w — 0“’1)‘ < 5} and A" = N Af;i Y. Assume now that X1
p=1
belongs to Aggil).

(z_l)Tx(f—l)
l— ~ {— T, ¢ b

4(-1)
/-1 /-1 /—1
+O<<||XL >||2_0(“))XL X} >>
d¢-1) 4¢=1)
(E=1) T~ (¢—1) (E=1) T~ (1) (=) T~ (t=1) _ o
(Crsn) ™) (i) )
-1 /-1 /—1 )
151 = X512
(5.92)
(€=1) 2 (€=1) 7~ (£=1)
10 E=0N = (E=1) _ (£—1) 2 X5l o _(e=1) Xy Xy
Ew-oI(As)¢'(ay; )¢ (') =p +O(W o + O W
(5.93)

. B B X(éfl) 2 -
Evw-01(As)¢* (ol Nl ) = Exo o) 9Epo o) + 0(% — ot 1’) (5.94)

(X%_l)TXg—l) >

—1
ot
)
Remark 2. Equations (5.90) and (5.91) allow for 0©) = Ex ”X‘} I” {6 be written recursively. Indeed,
q X0 y:
using (5.91), it can be obtained:
J4 4@ (e-1)
o g X g o Xt )
X (£) d® X (6—1) Laypr(0) 70
XV 5.95
= EN(O,U(e—n)cp? + EX(4_1)0< dl(;—l) _ o 1)) (5.95)

1
— Egoz(z‘/U(Ll)) + O(W)

Remark 3. Notice that when X1 ¢ Ageil), the following bound holds:

XELZ—I)TXZ(IE—I) ‘ ‘XLK—I)TXLZ—I) ‘ 1

X IR PO (5.96)

Proof. Equation (5.90) is first considered. Exploiting that the weights W) are Gaussian, in distribu-
tion it holds:

W*(E)X(E_l) X(g_l) 2
vy fixe) o7

Vd(L-1) d-1)
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with 2z ~ N(0,1). The expectation with respect to W(®) then becomes an expectation over z, and
the application of the fundamental theorem of integral calculus leads to:

(¢-1)
‘E /(a(ffl))_ (E)l - E / Py HX:U« ||2 o 0)
w0 @ i P - 2 d(g_l) P
X(f—l) 2
- e < BE) -2 (o) o
X5 V2 ey
\W“W P
< o)
_/o \/ GlIX ”||2 Sle-1
T )(1 3)

Using the boundedness of the second derivative, namely ¢” < K, a complete decoupling of s from z
is achieved. The expectation with respect to z can then be computed remembering, E|z| < vEz2 =
1, and the remaining integral can be computed and bounded as:

(L— 1)“2

X, 1
Byag/ (a0 - 0] < KX ZD/% _
2
IIX(E 1|| + glt- 1)(1 s)
x (=1

(t=1)12 X, Il (¢—1)

HX H | Vaen O

= K|" iy — 0| i (5.99)
IX I ¢
dTZ*l) — O'( -1)
X(Z*I) 2 _
B ’H d;€271)|| _ 0.(5 1) 5 ||X(£_1)||2
=K ] < K’—d‘&_l) _ (-
d(l 1 + v E 1
Consider (5.91). Similarly to what was previously done:
‘Eww) 2ol V) = Ep, aww)@?’
X(€—1)||2
:]ENQ(Z X )_E~2 Z\/m‘
) v d=1 a ) (5.100)
X5V -1

d(l 1)

1
< K/ dsE )‘
< ——
0 \/ X I 4 -1 (1 — )

In order to carry out integration over the variable s, a bound on the expectation E|2¢(. . . )| is needed.
This is managed using the fact that ¢ is Lipschitz. Since ¢' < K and $(0) = 0 as ¢ is odd, it follows
|3(...)| < K|(...)]. This implies:

) X))
Lt/ L (e—1)
2P (z S 20D + o

-1
[

P (5.101)

Ew*(e)gBQ(Oéfﬁ;_l)) — ]EN(O, U(Z—l))ng
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Moving now to (5.92), the i-index is dropped for simplicity. Define:

/—1 -1 —1 —1
D= oY nEw-oay oy oy = X Xy

— (e— —
a,, =a - 1 =, a, =) (5.102)
a E2 *(4)041/ ) “X ||2
Itis noteworthy that this particular quantity does not depend on o, Subsequently, an expansion
of ¢ around «, Ly) is performed. In the following, p defines a point that lies between agﬂl ) and
oY’V Furthermore, the zero-order term is absent due to the odd nature of ¢, and integration by
parts with respect to W*() is applied to the first-order term.

] XDy ()

EW*(D‘P(O‘( ))90( v 1)) Ew-0¢'(a ,SLV JEw0 @ (a (2_1))“d(g—_1)
(5.103)

XELZ—I)TXZ(IE—I) 9
XS )

The objective is now to estimate the residual associated with the last term, thus the modulus of
the term is considered:

1 .
+§EW*<Z><P"(1?)<P( alf™D)al" 1)2(

X(Zfl)Tx(efl) 2
17 ~0  (0=1)\,(=1) 2 p AV
’EWM)SO (p)play, )y, ( ||Xl(/£—1)||2 ) ‘
XEDTY D
< Ew-0|p (p)@(a(f_l)) 1(/3_1)2< - —1 >
x5
XTI D o B
SK( ﬁX@—l)Hz ) weo [p(alfNal=1 2| (5.104)
B X(Zfl)Tx(ffl) 2
< K (S ixr) Bl
(X UTXETN2 XY
v v I
SK( X2 > ( dt=1) >5“

3/2

where the term under square root is bounded and depends on (c“~1) 4 §)3/2 exploiting X1 ¢

Affﬁl) and (5.96). This allows to write

(L=1)T~r (£-1) (L=D)T~5e (E=1) o
(=1 5( 1) 10 (4—1) (gl)X X Xy Xy
Ew-op(a, " )o(a ) = Ew-o@ (@, )Ew-0 @' (0, ) =, ( 1XEY)2
(5.105)
An expansion of ¢'(« fﬁyl)) is performed around the initial point oc,(f b,
}((z 1)Tx(£ 1)
Ew-0¢ (u11) = By (alf ) = Exguin @ (p)al ™) = — (5.106)

1512
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where the variable p retains its previous definition. The residual associated with the last term is now
evaluated by taking the modulus of the term and exploiting the Lipshitzianity of (:

X(E 1)Tx(f 1)
X2

(1) 7~ (1)
(1) a 1)&)

©"(p)a,) y=
X502

Ew-o¢" (p)oy, ‘ < Ew-o

IA
=i

/—1 /—1
‘X—/(L )Tx(y ) (_1)|

l
R (5.107)

Z 1) Z 1) Z 1
X5V

IN

A
With a similar reasoning as before to bound the term under the square root, (5.106) becomes:

(Xff_l)TX(f_l) >

XU (5.108)

Ew-«w© QO,(OzML,,) = ]EW*(e)QDI(ag_I)) + O

Plugging everything together leads to

Ew-@e(all™)@(af )

X(Z—l)Tx(f—l) ||X(€_1)||2 X“ ITXZ 1)
(t=1) aor 5(0—1) LS | I 2 I Y B e AN
= [Ewod(of™) +0( = )| [0 + 0 (e =) | = e
XX 2
O(( HXgil)HQ ))
(E—I)TXI(IZ—I)

(t=1) 12 (E=1) T~ (1) (t=1) 12
= [p 0+ O(M — o) ¢ O(Mﬂ [0+ O(M — o)) X

de=1) HXz(/ )HQ di-1) de=1)
X,(f_l)TXI(,Z_l) 9
ol 1) ))
-1 -1 -1 -1 -1
_ (871)~(€71)X/(1 )TXz(/ ) O((HX/(L )||2_O_(Z1))XEL )TXI(, )>
pep d=1) d=1) 41
(-1 -1 /-1 {—1 {—1 {—1 (-1
+O<<HXL >H2_J<g_1>)<x,8 X >>2>+O(<XL X >>x,3 X >>
ae oy D
(-1 -1 /-1 /-1 {—1 {—1
O((My)w((lm& )IIZ_(,@_l))(\lxﬁ )||2_U@_1))X£L X >>
XY =1 A1) FI=)
(5.109)

Utilizing what stated in Corollary 15 and Remark 3, only the leading terms are considered, which
lead to (5.92).
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Consider now (5.93). Applying (5.102) and expanding ¢’ (ozl(f_l)) around ozl(ijl ) results in:
Ew-0¢ (@) (™) = Ewe0 @' (a1, ) Ew-o @ (af™)
1 X(ffl)Tx(ffl)
LB )G (D (z-1)< 1 v )
+ 9 W0 P (p)gp (aV )au ||Xl(,£_1)||2 (5110)
(l=1D) 7~ (€=1)
(1) (e-1) X Xy
- EW*(Z)SO ( /JJ_I/ )EW*(Z)SO ( ) + O( ||X1(j€—1)||2 >
The result is obtained by now leveraging (5.92):
Ew-o¢(ay V)@ (af ™)) =
X D1y (1) HX(E—l)Hz
— (1) A N RO N (Ol b Al b | B (2op )
0—1) T~ (-1
(XEL )TX,(, ))
oy
/—1 /-1 /-1
[0+ O(HXL_’HQ ~ o) 4 O(M)]
d=1) HX(V@*UH2 (5.111)
(t=1) 12 (l=1)T~¢ (£=1)
e (X IE )] po(R_ )
O N e
-1 -1 0—1)T~ (-1
_ (@1)2+O<IIXL |12 —ott) +O((IIXL |I? — o) <XL XS )>>
P de-1) de-1) HX(f*l) I2

-1 -1 -1 -1
n O((HXL alk _ 0(@4)) (HXI(/ |12 B U(f,l)» N O(XL '¢ ))
d((—l) d(f—l) HX(yf*l)HQ

Finally, the proof of (5.94) i 1s derlved Again, the i index is omitted for clarity. The quantity ©?(cy,

-1),
puly ®

= Ew-0¢ <aim>>¢2<a£‘ D) + Eyeo9* (@) (D) — By o (0l )) (0l )
(

(e~ ))

is now expanded around a!

' (-1 -1 2 l— (-1 X(E 1)TX(Z :
# 2 [ dsplallZ IOl Ol el
0

(5.112)

where oszzl) (s) = /(iyl) +Sozl(,€_1)Xff_1)TX,(,€_l)/||Xl(,g_1) |?. The objective is now to bound the integ-

ral on the right-hand side. Fubini’s theorem is applied to exchange the expectation and the integral,
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which can be done since it can be verified that Eyy.( ’gp(a%;l)(s))go (oz,(f,,l) (s))ng(a,(f—l))a,(f_l)) is

finite. Indeed, exploiting the Lipshitzianity of ¢ this expression is the expectation of combinations
(1) X (DTx (1)

ol \ and . Once the integrals are interchanged, integration

bl

{—1
IxED)2

by parts is carried out with respect to alf ™ , recalling that OéL |, is independent of it. The fact that
¢ and ¢ are both Lipschitz is then used leading to:

[Ew- (0l ()¢ (0l ()l ~)ali Y| =

HX(f 1)H2 . . e Xl(ffl)TXl(/E—l)
N I e e e
X,(ffl)TX(ffl)

et
+p(alf,5) (aff, V(s)25(af V)@ ()] |

+ (o, Y (5))¢" (g, U (s)) 2 (al ™ Y)s

(e=1) 12 (=17~ (6—1)
2] 11X H Xu Xy (1) 2
< K’ ‘ ||X(f—l)||2 ‘]EW*(Z)[O{V ]
(€=1))2 f DT~ (6-1) (b—1) T~ (0—1)
4 HX || ’ X ‘ (£-1) 2|: (£-1) (e-1) X,u, XI/ :H
+ K’ ||Xf 0 2 W0 |, a,,,” +sa, —||X(f_1)||2
(t=1) 2 (=)~ (0-1)
4 H H ( )[ (¢-1) ( 1)Xu Xy ]’
+ 2K ’— Ew-«o |« Q,, t+8 - HXl(le—l)HQ

< K4<||X“ |P) <||X<f‘”\|2> ’ng—mxy—w‘
d(zfl) d(f*l) ”Xl(/ﬁ—].)||2
-1 -1 -1 -1 =1 -1 -1 -1
+8I—(4<HX£ >H2><||X£ ’H?)‘XL X >H<HXL >H2>é (HXS Py 3 XX
d—1) A=) ”X(Ve—l)”2 A=) d—1) A=)

;(f_l)TXI(/Z_I) H
IX¢Y 2

(5!!)(”X(f_l)”2)% =
(-1

(5.113)

Corollary 15 and Remark 3 allow to determine that this term is O(1), and as a consequence the
X (DT (1)
dependence O( X ) is obtained.

£—1
xS )2

The expectation in the leading order term Ey.() gpz(aiﬁj ))95 (a(y ) of (5.112) can be split for

the two terms due to the independence of afﬁ_j Jand ol ™Y, leading to By« ¢*( L Ly))EW*@) &« & ).
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Now an expansion of gpz(afﬁ,} )) around osz_l) yields:

(£-1) 2/ (-1 /-1 /-1 £1X(£ DTX(@ K
Ew-o©*(a @, ., ) =Ew-wp (aff )y — / ds Eyy-o p(a, ( )(5))90'(%; )(s))al )—“Xg 1)||2
0

(5.114)

with oz,(ﬁ;l)(s) defined as previously. Performing calculations in an analogous way to what we did
before it is found that the integral contributes again with the same order as the one above. Therefore:

Xl(f—l)TXl(IZ—l)

W> . (5.115)

Ew-0@* (@)% (0! ) = By 9?0l ) Ew- ¢ (o) + O

Lastly, when equation (5.91) is applied to both factors in the leading term on the right hand side, the
desired result is obtained.

O

5.4 Proof of Theorem 7

The approach used here is, as illustrated in 4.3. This method involves defining an interpolating model
that integrates both the L + 1-layer network and its linearized counterpart. The linearized version

can be regarded as a generalized linear model with respect to its input signal X,(ffl). This dual
construction is applied to both the teacher and student networks:

*(L—l)TXl(lLfl)

* *(L) X(Lil)
@ g T (W i ) -1V
Sy =Vt i) ©® \/d(L_l +Vip

w () (L=1)7(L—

(L) . ar ( Xu ) w-1)V Xp (L—1)

sp. =1 —t +Vtp M + V@1
b 10\ /gE D VI D 5,

Here, the teacher’s interpolating model is determined by the weights from both the L + 1-layer
network and the corresponding L-layer model. When ¢ = 0, this model simplifies to the linearized
version, and when ¢ = 1, it reconstructs the full neural network. An analogous interpolation is ap-
plied to the student model. Additionally, an interpolating dataset is created, where Y;LL)
using an output kernel dependent on the teacher weights from the interpolating model:

+ ViteX-1) 5*(L 1)
= 1)
(5.116)

is produced

D) = {(XO. iy, Yl ~ Pou(- 1 S5Y) (5.117)

tu

Let @*(L) _ {V*(L_l), £>c<(L—1)7 a>s<7 W*(L) o ,W*(l)} — {V*(L_l), E*(L_l)u a*, W*(L)7 (.d*(L_l)}

denote the interpolating teacher parameters and define the expectation with respect to the dataset
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and the parameters as:

Ept) (1) = E ()= [Py, X0, 00)

DibLt>7@*(L) X(O)}ygL),g*(L)

~ [Pyt x| @ t)ape®)

- / ()dP(Y™" | X© @*D)gp(X©® | @ )ap(@*H)
=Eo.E [T avis? Poe (v | S5
©+(L) Lx(0) tu Lout\ Ly tu (5.118)
pn=1
T 0 e (500
:]EW*(l)7.,,w*(L71)7w*(L)Va*7v*(L71)75*(L71)EX(0) HdY;M e Yiu ()
pn=1

n
(L)
L) uy.’ (Stw)
= EarEyw«) .o (L-1) we(L) y(L-1) gx(L-1) X(0) /Hd}/;& ) vy, (St ()
pn=1

= Ea*E\a*(') = E(t)()

Importantly, notice that if (-) does not explicitly depend on ®*(") then E @ gew (1) = Epm (4)-

Utilizing this notation, the partition function can be written as follows:
zM = zM(ph) = / DOW exp [Z ugj (st“)] (5.119)
pn=1
Exploiting this, the expectation of a function g with respect to the posterior distribution is

(g™ = / DOW exp [Zug(sm)] g (5.120)
p=1

Moreover, from the definition of the partition function Zt(L) it follows that the interpolating free
entropy is

- 1

FE(t) := =By log ZY (5.121)
n

At t = 0, the free entropy expression corresponds to the one of the linearized model, while at ¢ = 1,

it represents the free entropy of the complete neural network:

Fi) = fB - Fib(q) = fU-D (5.122)

n n n

. . (L (L 14 7L
Since by the fundamental theorem of integral calculus fy )(1) — 5 )(0) =/, 4 i )(t)dt, the goal
is to control the difference between these two cases by computing the derivative and ensuring uni-
form control over time, maintaining consistency with the theorem’s stated order. The derivative
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computation results in the following summation:

d -
Efff)(t) =—A1+ A+ A;+ B (5.123)
where
1 *T W*(L)x(L—l)
Ay (t) log Z Z Uy, a ( £ )
2 1/ 1— t)d(L v/ d(L—1)
n (L= (L-1)
_ 1 (L) N~ (1) v
AQ = %E(t) lOg Zt Z (Stu) d(L )

(5.124)

1
Ag = 5B 1ogz§ sw \/ 5 (L-1)

n L)
1 L dst
B = gE(t>< Zuly(m)(stn)—dt” >t

p=1

Since the proof is focused solely on the case of the last layer, the notation is be simplified by
omitting the superscript () wherever possible. The relevant quantities and notations are be redefined
accordingly as follows:

St = Siy Stp -= Sgi) o Y= Y;:ELL) )

tuw
Dy =D, 2Z:=2" uy, =u, (5.125)

e =0 =", ()=("
Additionally, a new notation for the input of the activation function is introduced for ease:

wHDX
aLL_l) _— (5.126)
JT—1)
Their covariance conditioned on X(“~1), which equates to their covariance when considering the
expectation with respect to the weights, is given by:

1 1
d(L EW*(L) [OLLL)TO[S,L)] = W]EW*(L) [a

1 (WX EhrwHox E-D xEDx D

:WEW*(L) Nz Nz d(L-1)

Notice how the conditioning is needed only on the specific instances ;2 and v. For brevity and clarity,
the conditioning over specific instances is denoted as conditioning over the entire dataset. This
approach simplifies the expression while maintaining the intended meaning regarding covariance
under the expectation with respect to the weights.

(D7 (1) | X ()]
(5.127)
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5.4.1 B term

Lemma 19 (B term). B = 0.

Proof. The random variable appearing in the Gibbs brackets in (4.33) is a function of the dataset
through Y;,, and of a sample from the posterior via s;,. Denote this function g(Y;, X© @) =

9Dy, ©) =3 0 Uy, (S1) 3 %t The Nishimori identity can then be applied to eliminate the brack-

das.

ets, s;, with the ground truth version S,. Indicating the ¢-derivative as S = S

1 dSt
= EE(t)< Z U/Yt# Stll —r >t

1 1
- —Epn,t,@{g(m,t, ©)) = ~Ep, (9(Dns,©))

711 t ”1 t (5.128)
= EEDnytEG\Dn’tg(,Dn,h 8) = EEDn,tE(‘)”Dn,tg(Dn,t? 6*)

1 L1 & .
= EED",t,@*g(Dn,t, ©") = EE(t) Zug@ (Stu)stu

pn=1

where in the second line Ep, , @+(---) = Ep, (- - - ) since <g(Dn7t, @)> does not depend explicitly
’ t

on ©*. Then, using the tower rule for expectations as shown below and applying Lemma 16, it can
be concluded that the B term is zero.

B= —]E(t Zuyt (S1) St = ZE B[, (Sn) | Sl (5.129)

O

5.4.2 Aj; off-diagonal term

As mentioned in 4.3, the term A, is divided into two components, A; = A;; + A where

1 n T wHDx E-D p(Lfl)a*TW*(L)X(L—l)
Ay = ———Eplog 2,5 4l (S ( ( ” )— i )
11 2n\/1——t (t) 108 t; Yw( t#) m@

dL-1) v dL) J(L-1)
(5.130)
(L-1) *Tw*(L)X(L_l)
P a 1
Ay = l Z S 5.131
12°= - \/1T 08 tZ”Yt ) 1D g—D (5.131)

To simplify these terms, Gauss1an integration by parts is applied. In the case of A;,, an integration
by parts with respect to the weights W*(") is performed:

pE=1) n aT(a" o <—W\Z)(LL(T 1)>) X(L DTy (F=1)
Ay = Eglog 2 > Uw T i (5.132)

r=1
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where the variables U, are defined in 16 and o is used to denote the Hadamard product. Referring
back to 4.3, since the weights matrix appears inside the nonlinearity function in Ay, integration is
carried out with respect to the readout vector a*:

1 o elen ) me(as ) — ot Nag  To(en )
An = 5B log Z, > UW[ 2 p (5.133)
p,v=1
The off-diagonal terms p # v are analyzed first.
Lemma 20 (Off-diagonal part of Ay;). The following relation holds:
! el el ™) = pE e (e )
off .__ H © _
AT = ~Eylog 2, ) U | i | =
par=1 (5.134)

O(\/ (1+ go) (G + o)

Proof. Exploiting the properties presented in Lemma 16, it can be observed that for any smooth
function F (a&Lil), a(nyl)) it holds

Evo Uy F(a2™), alP ) = By e [Brae (U | W, v ) 50 XED P a-D)] =0

v H

(5.135)

The expression of A can then be modified without altering its value as long as the readout
vector a* remains unchanged. Defining f,, := log Z;/n, this implies that it is possible to center this
term with its mean without changing the value of AST:

(L—1) (L=1)y _ (L—1) 4 (L=DT
oft plaw Jiplen” ) = p Vo™ p(aw

A = o (fu — Brar fu) g UW[ 0 (5.136)

nFEY

For simplicity, the terms uj, (Sy,) and cp(a,(f_l)) are abbreviated as u;, and QOLL_I). Applying now

Cauchy-Schwartz’s inequality to the equation previous equation we obtain yields:

Lp (PV p @ SOV
(Acl)if)Q < V\a* [fn] Z Z E\a* U/‘”UM ( [ - dt) u

pFV AN (5.137)

L— L—-1 _ L-1 L—
.[Qog\ DTl — pE el T

d®) )
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Utilizing the conditional independence of the responses Y; and leveraging the properties estab-
lished in Lemma 16, terms where indices differ from 4 = A and v = 7, or y = nand v = A, do not
add to the summation. Both cases contribute equally.

dL)
2
off 2 2 (L=1), (L—=1) (L—1) (L-1)
(All) < V\a* [fn]m ZE\a* (ULUIV) Z [90;“ Pui QOM ¢yg (5 138)
g ,j=1 :

_ L—-1 L-1 L—-1 L-1 — L-1 L—-1 L—-1 L-1
= 20 Dol TVl 4 D 2a T ol T Y]

Here, the double summation over ¢, j is derived from the four scalar products appearing in (5.137).

Following this, Lemma 16 provides a way to limit the expectation of U lij for fixed Sy, St.,. Moreover,

the probability space is divided into two regions defined by the events A((;Lfl) and Ag(L_l). Here, the
event AL ~! for XL~V is defined as in Lemma18 for some parameter d. The indicator function I(-) is
used to characterize these events. The aim is then to compute the contribution C§ and C? to (5.138)

corresponding to the events AgL_l) and /L;(L_l) respectively. Hence:

d(L)
o L-1) (L—-1) L—-1) (L-1) (L-1
(AT)? < Vel ful 275 ZE\a*uu @A) + 1A ) D [l Vel Pl el Y
uFv i,j=1

— L-1 L-1 L-1 L-1 L-1 L-1 L—-1
—2p* 1)04,(“» o e Vel e 2ag Vel g T = G 4 G

(5.139)

The estimation of (5.139) on ]I(A((;L_l)) is first addressed, namely, the computation of CZ. By
applying Lemma 18, particularly equation (5.92), the first term in (5.139) can be rewritten as follows:

dL)
-1 L— L— -1 -1
B I(A5 )Y wlals™elals el ) p(als ™)
i#j
_ _ — 2
= dP (P~ 1)Exn By [I(AS o0l ™))
L—1 L—1 L—1 L—1 L—1 L—1
4 P d(L—l) d(L—l) ||X1(/L_1)”2
L— L— L— L— L— L— L—
+o((X,S Y 1>>2XL X ”) +0<(XL X5 ”>2<||XL i )]
d(L—l) HXZ(/L_I)HQ d(L—l) d(L—l)
(5.140)

Exploiting that the case Xt~V ¢ AgL_l) is considered and thus what observed in Remark 3, and
applying Corollary 15, it can then be concluded that:

att) L-1)4

( 1
L— L— L— L— L— P
B0 148 ) 3 w0l (ol )plals p(ali ) = a0 @@ - 1) S + (e )]
i#4,1
(5.141)
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The second term of equation (5.139) is now considered. The subsequent result is derived upon
the application of Lemma 18.

d(L)
PV Ex e By I(ASY) Z@L Dol Vol el
i#j
pDAM (AP — 1B By (1A )agi ol B [IAS )iVl
(L—1)T (1) (L-1) 12 (L—1) T (L—1)
_ (L) g(L) (L) -y [ X Xy XV o\ XX
=p d (d 1)Ex(L—1) |:]I(A5 )|: d(Lfl) O<<—d(L D o d(L 0
XELL_l)TXz(/L_l) XELL_l)TXz(/L_l) XLL_l)TXZ(/L_l) 9
(( ”X(L—l)HQ ) d(L-1) ) << ||X,(,L_1)H2 ) ﬂ
L—1 L—1 L—1 L—1 L—1
[ o XX )+O<<M _0<L—1>> .Y )>
P 1) 1) 1)
<(X£LL—1)TX£L—1) ) XLL—1)TX£L—1) ) o ( (XLL—l)TXZ(/L—l) >2> } ]
e S A X
(5.142)

Applying Remark 3 since the contribution associated to A((;L*l) is considered and exploiting Corollary
15 yields:

dL)

(L-1) 4 1
(L—1) (L-1) (L-1), (L=1) (L-1) (L=1) _ (L) (L) _ 1y[P_ S
p Exo-nEw)I1(A; ;04 Cui Pug Py =d(d 1)[d(L—1) +O<d(L71)3/2>]
1#£]

(5.143)

The last term in (5.139) is now addressed. Integration by parts is first applied, and Lemma 18

is then used. The computation of the scaling is performed remembering that the event A((SL_U is
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considered, and using Remark 3.

dtt)
pLD 2By 1oy By I(A ZO‘L Y Spm O‘/(j 1)%(’?_1)
i#]
= pL=1) 2d(L)(d(L) — DExc-0Ew-w) [H(AgL_l)>QLL1_1)¢’S€_1)]EW*(L) []I(AE;L_I))O‘LLl_l)QDI(j_I)]
(L—-1) 1 X;(LLA)TX(VLA)
= pE=D 2D () — DEy oo []I(A(; ) [p(L_ ) d@=1
L-1 D S
Fo((ISTE ey XX
4 d)
XLL_”TXI(,L_D XELL_l)TXI(IL—l) XLL—l)TXI(jL—l) 24 72
(( HXI(/L_I)“Q ) TED) ) (( ||X;(/L_1)||2 ) ﬂ ]
(L-1) 4

= dP(dP —1) [pd(L o O(W)”
(5.144)

It can be observed that in the estimation of C? in equation (5.139) the leading orders of the off-
diagonal elements, namely ¢ # j, balance each other. This results in a rate for the off-diagonal
components O(1/d“=1) 3/2) for the off-diagonal components. Inserting what discussed in equation
(5.139) implies that there exists a constant K such that:

dL)

2K
2 (L-1) (L-1) 2 (L—1)2
C5 < Via [fn]m Z [\ ax {]I(Ag ) Z [S%i Pui
puFtv i=1 (5.145)
o () (LD (B2 (L)) | (no1ya (D2 (L2, of 40
=29 Dy VeV 2ol 4 p T 20V 20l %) 4 Oy
Considering now the diagonal terms, applying again Lemma 18 to each one of the summation terms
remembering that the case X(*~1) ¢ A ) is considered leads to:
2K ' d®) 2
C3 < Vialfal 275 = [O(d( ) + O(Wﬂ (5.146)
HFV

Consider now the term C? corresponding to the set Ag(L_l). The objective is to provide an estimation
of the following term’s order:

aL)
(L-1) L-1 L-1 L—-1 L-1
CF = Vi [fi] (L)QZE\a*uuVH(A ) D leh e e e Y
— by (5.147)
(L=1) o (B=1) (L) (=) [(L=1) | (L-1) 2, (E=1) (L-1)  (E=1) (L-1)
2p aui Vi wi vj + P m vi auj quj ]
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Again Lemma 16 then allows to bound E[U?, | Sy, Sy by a constant. Thus the following term
needs to be evaluated:

E\a*H(A(S(L—l))[ (L-1) (L—-1) (L-1) (L-1)

— L-1 L-1 L-1 L-1
P LD LD (L (E-1) (L= (L=1) (L=1) (L)

207V u g P

ne Pui nj 901/]' Vi 1% vj

(5.148)

+p(L_1) 2, (L=1) (L=1)  (L=1) (L-1) < 3K? maX{RQ,p(L_l) Q}E\a*ﬂ(ﬁa)[‘a}(ﬁ—l)a(lf—l)a(;—l)a(L—l)

To achieve this, the existence and boundedness of any moment of 04,(?7 ¢ < L are leveraged. Specific-

ally, for any power 2k, exploiting first the Gaussianity of the weights and then Jensen’s inequality:

de=1 4 wHE-Dx(e-2)u
2 R (=) R

X (E=1)u |2y 2k Y oica =) ) 2k
]Eoz‘(fi) 2k < CEx (-1 (Hd(‘T)H) = C]EX(eq)( a >

d(gil) W;.k(lfl)XELZ72) 2
Ziil 4(0=2) 2k
(=)

(1)

< CK4k]EX(z—1)

dte=n Wf(eq)X(zfz)

_ 1 \2k 2\ 2k
= CR"Exe-n oo () (2 () )
, =1 ; d(-2) (5.149)

-1 #(0—1) ~ (0—2)
- W’ X 4k
4k v K
< OR"Ex-2 w0 <=y 2_; (T —

) ”X(f—?)H? ak
< C’K4kEX“’2) (%)
-3
X2
d(=3)

8k o X022tk
) <...< CKZ%EX«)) (H e H > <C

<..<C'K 8kEx<e73>< d(0)

(L-1)
op

for some constant C'. Thus, remembering that E\a*ﬂ(ﬁ(g(L_l)) = nE\,I(A ) and through the

concentration Propositions 13 and 14, equation (5.148) can be reduced to

- (L—1 L—1 L—1 L—1 L—1 _ L—1 L—1 L—1 L—1
Eva- LAY ™) [l Dol D plEm Dot gpE=1) o (Bt =D (L0 (=) 5150
‘|‘,0(L_1) 2a;(fil_1)901(/5_1)&;(5_1)901(/[‘/_1) S 4O€_d(L)C/52 .

This term becomes negligible and specifically scales lower than O (ﬁ) for any chosen exponent

kif 62 > kch,lﬁ(;)) is selected. Only the contribution given by C? (5.146) is then considered.

The proof of the statement is completed once the residual expectation over the readout vector a*
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is computed, utilizing the assumption H3):

[Ea AS1] < Ear/(A5F)? (3.151)
n2 n2 n n n
= \/Ea*V\a* 5105 + qemrar) = O<\/(1 + g5 (7 + qem))
(5.152)
[

54.3 A;— Adlag term

From Lemma 20 it can be noticed that the term A;; can be rewritten as

L 1 _ L—1 L—1
MM%WM N2 = pEDal o)
i)

1 P//
All = %E(t) log Zt Z out
o

-1 Pout(Y;fu | Stu)

+ O<\/<1 + <d<?*1>> <d?L) + d(Lj; 3/2>>

Considering now the term Aj, as mentioned in 4.3, Gaussian integration by parts is performed with

(5.153)

respect to the variables §;(L_1):
— ‘ el PheYin | Su)
A3 = E( ) lOg Zt Z ((U;}u (St#)) + uYtu (St,u,)> = o E(t) IOg Zt Z m .
pn=1 p=1 H H
(5.154)
Computing its difference with respect to Ay leads to
! ~ Pl (Vi | Su) (e ) = Ve (e )
Ax— Ay = E log Z —out\“tp | Mt/ [ (L-1) _ M H :|
3 n=5- 0g 2t Z Poic(Yip | Sip) € L)
+0(y) (1+ ) (1 + o)
(5.155)

The order of the remaining term is estimated by the following Lemma.

Lemma 21 (A; — A{ term). The following relation holds:

L-1 _ L—-1 L—-1
Arﬁ@;g&mazammwmwm_wﬁ>W—N”@>w¢>q
1 2n ®) out(Ytu | Stu) d)

- O(\/<1 + i) (d<1L> i d(Ll” 7))

(5.156)
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Proof. As a first step, the new quantity C' is introduced:

n L-1 _1) (L—1 L-1
Cim 1B tog 2,y Tl Sl [y _ lotea DI = o Ve (e o
n =1 Pout(Y;fu | Stu) dtt)
Exploiting the properties illustrated in Lemma 16, it can be recognized that
Eou (Yo | Siyr)
E a*[ out A\t | Dtn) g yp+(L) (L) ex(L-1) x(L-1)| 5.158
\ Pout(Y;/u ‘ Stu) | SM K ( )

This again implies that the expression of C' can be modified without causing any change to its value.
Similar to the approach in 5.4.2, f,, = log Z;/n can be centered around its mean value. Using Cauchy-
Schwartz’s inequality then results in:

- P (Y | St) Poe(Ye | Str) _ _ _ _ _
C2 < Viulfs E. . [E a*[ out\ Lty | Ptp) Lout WD) y(L=1) ex(L 1)’5;(L n X 1)7X'(/L 1)]
\ [ ],uyzl \ \ Pout(Y;f,u | St,u) Pout(Y;EZ/ ’ Stu) | K K
L-1 1) (L1 L—1 L1 1) (L1
(e - e | e e A G >>> (et - e |
d(@) d@)
(5.159)

Exploiting (5.158), it can be observed that only the terms characterized by ;1 = v contribute to the
summation. Using again Lemma 16 and specifically (5.71), C? reads:

L=Dyn2 _ (L-1) o (L=1)71 (L-1)\ o
C? < Vi [fa) C(F)NExccimn) o (6@71) lela™ ) pd(L) alF Vol >>
(L-1)\j2 _ (L—1) (L)1 (L—1)
= V\a* [fn]c(f)n [e(L_l) 2 _ 2€(L_1)EX(L—1)7W>~=(L) (HSO(al )H p - o SO(al ))

L—1 _ L—1 L—1
(a2 = pEDal" VTp(al ’>>2

+ Exw-1 wew ( 7D

(5.160)

To compute the terms ozgf_l)go(ozgf_l) ) an integration by parts is performed and then Lemma 18 is
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exploited.

(L-1)  (L-1) oy XY
Ew-wmal, Vel ™) = Ew.m ¢/ (aly " )d(L—l

XL—l 2 X(L—l) 2 X(L—l) 2
N R Sl -~ o

d(L-1) d(L—1) d(L-1)
X2 o XY el 5 161
=iy P +O< d(E—1) — Exc-n 1) ) (5.161)
L 1
B2 By g2 PN )W
wH(L) X4 gO(Oéh ) = Bywx) ¥ (alz ) d(L—1)
L 1 L— 1 L—1
I LUZ+OHX< [ .
J@T—1)2 P JT-1) XD (@)

The terms in (5.160) can then be estimated leveraging Lemma 18:

L-1) — L-1 L-1
. [t DIP — p " Vey ”¢a§>q
X (L=1) W=(L) 4@
) X012 X(E=D)2 (5.162)
_ EN(0,0<L—1>)<P2 oI LR [O(“ d}L_l)H B I d%L_l)H )}
_ E(L_l) + O(d(L—l) —1/2)
L—1) _ L-1 L—-1
. pw<< N2 = g ”ma§>q2
X (L=1) W+(L) FI0)
1 L-1 — L-1 L-1 — L-1)2 L-1
= —5Exanwen (94l ) = 2007Vl )ali ™Y + o0 20l 2l )

db) —1 -1
WEx(Lfl) (E%V*(L)SO (Oég_l ))

B -1 L-1)y (L-1
—2pF I)EW*(L)QO (0411 )EW (L>90(04§1 ))0451 )+ (=0 2EW*(L (0451 ))0451 ))

_ 6(L—l) 2 + O(d(L —1) + O((d (L-1) —1/2)

+

(5.163)

Plugging these results back in (5.160) results in

(L=Dyp2 _ (L-1),,(L-1) (L=1)\ 9
Ex(e-1 we) <6(L—1) _ (e ) ﬂd(L) oy p(ag )) O(d(L) 1) O(d (L—1) —1/2)

(5.164)
Incorporating the estimate derived in (5.164) into (5.160), along with the assumed variance order in
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H3), and finally addressing the expectation with respect to the readout vector, results in:

|45 — ATV < EaV/C2

L-1 _ L-1 L—-1
(@' )12 = pL-val DTp(al )

_ ¥
< \/Ea*v\a* [fn}C(f>nEX(L—1),W*(L) (E(L b — H : d@)

- O(\/(l - d(?—U) <d(1L) " d(L—l” 1/2>>

(5.165)

544 A12 - AQ term

Now the aim is to study the difference A; — A;, as anticipated in 4.3. Applying Gaussian integration
by parts with respect to v*(") to A, leads to:

L—1) 2 X(L 1)TX(L 1)
S—Eqlog 2, Z U =" (5.166)

=1

(
Azzp

The estimate is provided by the following Lemma:
Lemma 22. [Ay; — Ay term] The following holds:

(L-1) n X LD (L) sy g+ 1( L1

P 1 v a’T(a" o ¢'(an” 7)) L-1

n E(t) log Zt Z U/u/ d(Lil) [ d(L) - p( )] =

pov=1 (5.167)

O(\/ (1+ go) (qevam * qevon)

Proof. Similarly to what done in 21, fixing the readout vector define

Apg — Ay =

X(L 1)Tx(L 1) *T(a OQO(al(/L 1))) 1
C = —E\a* log 2, Z U=t —5; [ = _ )}

=1

(5.168)

As in 20 and 21, f,, = log Z;/n can be centered around its mean changing the expression of C' but
not its value. Consequently, Cauchy-Schwartz’s inequality can be applied, resulting in:

X(AL 1)TX(L 1) a*T(a* oSpl(a(VLfl)» B
< VlflBa 3 Y Ul g [ o)

4@
pr=LAn=1 (5.169)
-1 L-1 KT [k L—-1
XPTUTXS >[aT<a o¢'(as")) @]
1) d@) P
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Exploiting the conditional independence of the U, terms described in Lemma 16, the only contrib-
uting components to the summation are those where f = Aand v = n, u = nand v = A, or
i = v = A = n. All other terms, where the indices do not match in these ways, contribute zero.
In the contributing cases, due to Lemma 16, E[U 31, | S, Sty] can be bounded, hence, for a suitable
constant K then, (5.169) becomes

no XD (L) g a*T(a* o S0/(04(L—1))) 2
2 1 v v L1
C? < KV lfulBuar Y () | = — pl)] (5.170)

pr=1

Developing the square and taking the expectation of ¢ with respect to the weights W*(%) through
Lemma 18 leads to

. N ST Y
C? < K,V\a* [fn] Z ExLL_l),X,(,L_U< - dL-1) ) [( a 1>

4
p,v=1
_ _ d(L)
bk XSV fllart o Jlat]? al ) (L)
+O< g Exe-n T )(d(m T >+ gz wee e )]
(5.171)

where K is a positive constant. Calling D the double sum,

Ay — Ayl is then estimated as:

Ay = A < K"/ Voo [fu)VD < K"\ B Vi [ o] Ba: D

-0 \/ 1 1 n’ n?
N < (E + d(L—1)> (d(L—l)d(L) T dZ-1 3/2))

When all the Lemmas 20, 21 and 22 are collectively considered, it can be observed that the time
derivative of the interpolating free entropy is constrained as follows:

%ﬁm - O(\/<1 * d(f—D) (dZ) + d(L—Ti) 3/2>>/+\O(\/(1 * d(?—1)> (d(lm + d(L—ln 1/2>>J

vV vV
off diag
AT Az—Apy

i 0(\/ (+ o) (qovgm + qmm)

[\ J/

(5.172)

O

Al;:Az
n n n 1
- O(\/<1 + d(L_1)> (d(L) + d(Z—1) 3/2 + dZ-D 1/2>>

All the bounds found are uniform in ¢ € [0, 1]. This signifies the completion of the proof of Theorem
7.

(5.173)
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5.5 Proof of Corollary 9

The proof of Corollary 9 exploits the proof of Theorem 9 to be carried out. Notably, although this
result is a corollary from a mathematical perspective, it holds significant importance in our investig-
ation. Given that the ultimate goal is to establish an equivalence between the original network and
the generalized linear model from an information-theoretic perspective, this corollary is crucial as
it demonstrates this equivalence between the L + 1-layer neural network and the model obtained
after linearization. The statement of the corollary is reiterated here prior to presenting the proof.

Corollary 23 (One step reduction mutual information equivalence). Assuming the same hypotheses
as in Theorem 7, the following statement is obtained:

L k) wy L (=1 (g0, _ n n n 1
\nf (0", D)) — - N0 D) = ( (+d(k—1))<d(k)+d(k—1)3/2+\/m)>

(5.174)

Proof of Corollary 9. For the L + 1-layer neural network, recall from (3.22) that the mutual informa-
tion per sample can be described in this way:

Lrwgw. pwy = Lgpwy — Lgpw | g+
n n Y n n n n n
(5.175)

a*T W*(L) XgL_l)
w/d(L)S0< d(L—1) ))

whereas for the reduced L-layers neural network the mutual information per sample can be rewritten
as follows:

= L
= —f,ﬁf’ + Elog Pyut (Yl( ) |

V*(Lfl)TXgL_l)

Ny

1 = _
201, pUE-DY — _ f-D) | Blog P (Yl(L D[ e

n

4 \/G(L—l)g’lk(L—l)>
(5.176)

Exploiting that the teacher weights are Gaussian, in law it holds:

X [ (Y e

with Z ~ N(0,1) and || - || the standard L? norm for vectors. Analogously, for the reduced model
the following equality in distribution holds true:

(L -1
(L 1)TX§ )
1)

-1V

P 1)

e w(D1) b X2
+ G(L_1)§1 =7 p (L—1)2!=*1 1 + € (L-1) (5178)
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The aim is now to show that both the terms under square root on the right-hand side of (5.177)
and (5.178) in the limit (so when the full model and the reduced model are equivalent in terms of free
energy) tend to

This allows to insert this result in (5.175) and (5.176), and thus to give an estimate of the residuals.
To perform this analysis new quantities are defined:

(L=1)12
Sa(t) = \/tp(L—l) Q(Hd}L—_l)H — U(L—1)> + el 4 g(L=1)p(L=1) 2 * or equivalently  (5.180)
1 (WHOXEy e
_ _ 2 2
Sd(t) - \/t<d(L) H90< m )H EN(O,J(L—U)QO ) +E/\/(O,0(L—1))§0 (5-181)
and
U(t) = E / Y Py (Y | ZSu(t))10g Pone(Y | ZSa(t)) (5.152)

Using the results of Lemma 16 exploiting the definition of P, in (3.3) and under the assumptions
H1), H2) and H3) the following bound is obtained:

(U (1) < C(NE|Z[Sa(t)], (5.183)

with C(f) a constant depending on f. Applying now the fundamental theorem of integral calculus,
the result is:

( *(L) (L-1) 2
| am “’(W Feasy ) “Enooti-1)#’
5 L + 1-layers
\/]EN(OA’U(L—I))SO
1
: NN
(1) - ()| < () [ @Bl < o) T
’ L—-1)2 =~
ptE=b - L-layers
\/EN'(O‘U(Lfl))‘P
| NN
(5.184)

This quantity for the L + 1-layers neural network is O(d*) ~!/2) whereas for the L-layers neural
network it reads O(d(*~1) ~1/2), Plugging this result in (5.175) and (5.176)

1 _
IO, D) = = fIF) + U (B p-y9?) + O(dP) ~172)
711 (5.185)

IO DED) = —FED 4 W(E gy ) + O 712

n
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where

\IJ(EN(O’U(L—U)(,O2) = ‘1/<O) = E/dYPout(Y ‘ Z\ / EN(O,U(L—l))()OQ) log Pout(y | Z\ /]EN(O7U(L_1))()O2)

(5.186)

Exploiting this derivation and using that d@) 7z < 4/ d(L> + d(L 7 < 4/ d<L> + —— d<L A= the mutual

information equivalence can be derived.
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Conclusions and future works

This thesis presented an information-theoretical analysis of deep, nonlinear neural networks, focus-
ing on training all network parameters in settings where the number of samples, input dimension,
and network width are all large. The investigation was conducted in a teacher-student setup within
a Bayes-optimal framework, where data are generated by a teacher network and classified by a stu-
dent network with identical architecture. The primary goal was to extend results for 2-layer neural
networks obtained in [19] to networks with an arbitrary number of layers by reducing them to gen-
eralized linear models through a recursive linearization approach.

Key contributions of this thesis include the analysis of a concentration of measure phenomenon
and the derivation of information-theoretic bounds.

The studied concentration of measure phenomenon proves that Gaussian random vectors retain
statistical properties similar to Gaussian vectors after being processed through non-linear neural
network layers, providing a deeper understanding of the network’s internal representations.

The bounds obtained, which express the difference in mutual information per sample between
the dataset and the teacher network weights for deep neural networks compared to generalized linear
models, represent a fundamental tool for understanding the conditions under which a deep neural
network can be reduced to a GLM. The recursion parameters and the GLM parameters obtained
through our recursive proof match the results by [29], where this equivalence was first conjectured.
Concerning the allowed scalings such that the equivalence between the two models is verified, the
match is only partial: in our investigation, the scenario in which the dataset size, input dimension,
and hidden layers sizes tend to infinity at proportional rates is not recovered. However, the case in
which the dataset size and input dimension scale proportionally while the hidden layers are larger
and of comparable size is allowed by our bounds. Further research is thus necessary to determine
whether this limitation is fundamental or specific to the current proof techniques.

Another crucial aspect that requires future investigation is the concentration of the free entropy
density, which is a fundamental step in obtaining the information-theoretic bounds. This result was
partially proved for 2-layer neural networks by [19], and assumed in our investigation. Fully proving
this concentration is essential for the general validity of the bounds described in our analysis.

Additional future research directions could include exploring scenarios where the initial data are
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not independent and described by a non-trivial covariance matrix, or cases in which they are drawn
from a mixture of Gaussian distributions. Introducing a covariance for the input could model data
dependencies. Drawing the input from a mixture of Gaussian distributions, which are universal ap-
proximators for distributions, instead, could provide insights about how different data distributions
affect the performance of neural networks, revealing new insights into the versatility and robustness
of neural network models and enhancing the applicability of the theoretical results to real-world data.

In conclusion, this thesis has extended the information-theoretical analysis of neural networks by
establishing novel bounds through a recursive reduction method. Moreover, it has shed light on the
internal mechanisms of neural networks by showing that Gaussian random vectors, when propag-
ated through network layers, preserve statistical characteristics akin to those of Gaussian random
vectors. These findings enhance our comprehension of neural network behaviors and suggest new
pathways for investigation in the domain of machine learning and artificial intelligence.
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