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Abstract

The brain is the most complex system in the known universe. Its nested structure with
small-world properties determines its function and behavior. The analysis of its structure
requires sophisticated mathematical and statistical techniques. In this thesis we shed new
light on neural networks, attacking the problem from different points of view, in the spirit
of the Theory of Complexity and in terms of their information processing capabilities. In
particular, we quantify the Fisher information of the system, which is a measure of its
encoding capability. The first technique developed in this work is the mean-field theory
of rate and FitzHugh-Nagumo networks without correlations in the thermodynamic limit,
through both mathematical and numerical analysis. The second technique, the Mayer’s
cluster expansion, is taken from the physics of plasma, and allows us to determine nu-
merically the finite size effects of rate neurons, as well as the relationship of the Fisher
information to the size of the network for independent Brownian motions. The third tech-
nique is a perturbative expansion, which allows us to determine the correlation structure
of the rate network for a variety of different types of connectivity matrices and for dif-
ferent values of the correlation between the sources of randomness in the system. With
this method we can also quantify numerically the Fisher information not only as a func-
tion of the network size, but also for different correlation structures of the system. The
fourth technique is a slightly different type of perturbative expansion, with which we can
study the behavior of completely generic connectivity matrices with random topologies.

Moreover this method provides an analytic formula for the Fisher information, which is



in qualitative agreement with the other results in this thesis. Finally, the fifth technique
is purely numerical, and uses an Expectation-Maximization algorithm and Monte Carlo
integration in order to evaluate the Fisher information of the FitzHugh-Nagumo network.
In summary, this thesis provides an analysis of the dynamics and the correlation structure
of the neural networks, confirms this through numerical simulation and makes two key
counterintuitive predictions. The first is the formation of a perfect correlation between the
neurons for particular values of the parameters of the system, a phenomenon that we term
stochastic synchronization. The second, which is somewhat contrary to received opinion,
is the explosion of the Fisher information and therefore of the encoding capability of the
network for highly correlated neurons. The techniques developed in this thesis can be used
also for a complete quantification of the information processing capabilities of the network
in terms of information storage, transmission and modification, but this would need to be

performed in the future.

Keywords: Computational Neuroscience, Stochastic Neural Networks, Theory of Com-

plexity, Finite Size Effects, Connectome, Fisher Information.

X1



Dedication

I dedicate this thesis to:

* my mother, from whom I inherited my interest in the deeper questions of life and

existence, and my father, who transmitted to me the love of physics and mathematics;
* my friends, who are still asking me to invent the clear pill from the film Limitless [1];

* the patients with brain diseases or injuries that hopefully will benefit from the re-

sults of my research or from the future work inspired by my discoveries;

* the transhumanist movement and ideology, which is my strong motivation for doing

scientific research.

Xi1



Acknowledgements

I would like to express my thanks to:

* my parents, for everything;
* my friends, simply because without them this journey is not feasible;
* Bruno Magalini, for helping my family in my absence;

* my supervisor Olivier Faugeras, for the hours spent in front of the whiteboard trying

to reveal the secrets of the brain;

* Guillaume Masson, Frédéric Chavane and Laurent Perrinet, for their cooperation on

the study of the visual cortex;
¢ the FACETS-ITN community [2], for the incredible opportunity they have offered me;
¢ Bruno Cessac, for his help and encouragement;

¢ Pierre Kornprobst and Marie-Cécile Lafont, for their technical support and assis-

tance;

* my colleagues, for time spent together and their contribution to science. A special

thanks goes to Louis Capietto, James Maclaurin and Sylvain Merlet, for their help.

This work was partially supported by the ERC grant #227747 NerVi, the FACETS-ITN
Marie-Curie Initial Training Network #237955 and the IP project BrainScaleS #269921.

xiii



Résumé (en Francais)

Ce travail a été développé dans le cadre du projet européen FACETS-ITN, dans le do-
maine des Neurosciences Computationnelles. Son but est d’améliorer la compréhension
des réseaux de neurones stochastiques de taille finie, pour des sources corrélées a carac-
tere aléatoire et pour des matrices de connectivité biologiquement réalistes. Ce résultat
est obtenu par I'analyse de la matrice de corrélation du réseau et la quantification de la
capacité de codage du systeme en termes de son information de Fisher. Les méthodes
comprennent diverses techniques mathématiques, statistiques et numériques, dont cer-
taines ont été importés d’autres domaines scientifiques, comme la physique et la théorie
de l'estimation. Ce travail étend de précédents résultats fondées sur des hypothéses sim-
plifiées qui ne sont pas réaliste d’'un point de vue biologique et qui peuvent étre pertinents
pour la compréhension des principes de travail liés cerveau. De plus, ce travail fournit les
outils nécessaire a une analyse compléte de la capacité de traitement de I'information des

réseaux de neurones, qui sont toujours manquante dans la communauté scientifique.

Le Chapitre [l présente la structure et les fonctions du cerveau, en particulier celle du
cortex cérébral, en mettant 'accent sur sa structure imbriquée. Nous expliquons com-
ment a évolué le cerveau au cours de I’histoire, selon la théorie de P. D. MacLean, ainsi
que ses aires les plus importants. Nous clarifions aussi le role des différentes parties
du cerveau, parmi l'incroyable collection de fonctions cognitives de 1’étre humain. Nous

mettons l'accent sur la partie la plus externe du cerveau, appelée le cortex cérébral, en
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décrivant sa subdivision en lobes, aires sensorielles primaires et uni modale ainsi qu’en
aires associatives multimodales. Pour conclure, nous soulignons I'existence d’une struc-
ture imbriquée des connexions synaptiques dans chacune de ces aires, qui sera décrite

mathématiquement dans le Chapitre

Le Chapitre [2] explique deux points de vue différents qui sont couramment utilisés pour
décrire les réseaux de neurones, a savoir la Théorie de la Complexité et 'approche compu-
tationnelle. La Théorie de la Complexité concerne les systémes constitués de nombreuses
particules qui interagissent pour d’atteindre un but. C’est donc est un candidat idéal
pour décrire I'interaction entre les neurones du cerveau. En particulier, selon la Théorie
de la Complexité, il est plus pertinent d’étudier le comportement du cerveau en utilisant
des connexions synaptiques tres réalistes plutét que d’utiliser des modeles réalistes de la
soma des neurones. Pour cette raison, nous mettons ’accent sur la nécessité de développer
des modeles mathématiques de réseaux de neurones avec des matrices de connectivité bi-
ologiquement réalistes. Ce probléme est abordé dans les ChapitresBlet[6l Dans le Chapitre
2l nous expliquons egalement la différence entre le calcul et le traitement de 'information,
en montrant comment le cerveau accomplit les deux a la fois. Dans le détail, nous allons
présenter les différents types de calculs, c’est a dire quantique et classique, déterministe
et probabiliste, numérique et analogique, et sémantique et non-sémantique, en expliquant
leurs intéréts dans le contexte du cerveau. Nous présenterons également les différentes
notions de I'information, en particulier I'information de Shannon, I'information de Fisher
et I'information sémantique, avec un accent sur le second type d’information. L'information
de Fisher du systéme, permettant de quantifier la capacité de codage du réseau de neu-
rones, est 'un des principaux sujets de cette these, et sera quantifiée dans les chapitres

suivants.

Le Chapitre[3lprésente la théorie de champ moyen d’un réseau de neurones, a la fois pour
les modeles stochastiques de type “rate” et pour ceux de FitzHugh-Nagumo, accompagnée

de solutions analytiques et numériques des équations de champ moyen. Il s’agit de la pre-
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miére étape de la theése, a savoir 'analyse d’'un réseau de neurones, dans les conditions les
plus simples possible, c’est a dire en considérant des mouvements browniens indépendants
et des neurones en nombre infinis (que ’on appelle la limite thermodynamique). Ce sont les
conditions nécessaires pour ’émergence du phénomeéne connu sous le nom de propagation
du chaos, sur laquelle la théorie de champ moyen est basée. Pour le modele de type “rate”,
les équations de champ moyen peuvent étre résolues analytiquement, tandis que pour le
modele FitzHugh-Nagumo nous avons résolu les équations numériquement en utilisant la
méthode des lignes. Cependant, cette théorie ne peut pas décrire les effets de taille finie

du réseau et son comportement pour des mouvements browniens corrélés.

Le Chapitre 4 présente la premiére des techniques utilisées dans cette thése pour décrire
les effets de taille finie du modeéle de type “rate”, a savoir ’expansion du groupe de Mayer,
qui étend les résultats trouvés dans le Chapitre [Bl De plus, il contient des simulations
numériques de la densité de probabilité du réseau, avec une approche perturbative pour
la quantification de I'information de Fisher du systéeme. Selon les simulations, la capac-
ité d’encodage du systéme est amélioré lorsque les neurones deviennent de plus en plus
indépendants. Ce résultat sera confirmé dans les Chapitres [ et [6] avec des approches

différentes.

Le Chapitre 5l présente une approche perturbative qui sera utilisé pour déterminer la
structure de corrélation d’'un réseau de taille finie de type "rate" avec des sources corrélées
a caractere aléatoire et pour différents types de matrices de connectivité. Cette approche
étend les résultats du Chapitre [4, explorant la possibilité d’appliquer la théorie de champ
moyen a la description d’'un réseau de neurones. Dans le détail, nous allons prouver qu’en
général, I'indépendance des neurones, sur quoi la théorie de champ moyen est basée, ne
se produit pas pour les sources corrélées a caractere aléatoire, ni pour les matrices synap-
tiques qui ont un nombre insuffisant de connexions, ou pour des valeurs spécifiques des
parametres du systéme, qui générent un phénomeéne que nous avons appelé synchroni-

sation stochastique. Par conséquent, en général, ces résultats ne valide pas l'utilisation
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de la théorie de champ moyen pour la description du réseau de neurones. Le Chapitre
fournit également un algorithme pour évaluer numériquement I'information de Fisher du
systéme, ce qui confirme les résultats du Chapitre[d]dans le cas de neurones indépendants.
Par ailleurs, cet algorithme montre que la capacité de codage du réseau de neurones est
beaucoup plus élevé lorsque les neurones sont fortement corrélés, un résultat qui sera

prouvé analytiquement au Chapitre

Le Chapitre [6] présente une autre approche perturbative pour les réseaux de taille finie
de type "rate" avec des sources corrélées a caractére aléatoire, et il étend I'analyse de la
structure de corrélation (qui ont été abordées au ChapitreB) au cas de réseaux caractérisés
par une topologie général et aléatoire. En particulier, il applique cette technique dans le
cas d’'une matrice de connectivité fractale qui estime la structure imbriquée des connec-
tions synaptiques analysées au Chapitre[Il Le Chapitre[6l présente également une formule
analytique pour le calcul de I'information de Fisher, et qui explique de facon qualitative

les résultats du Chapitre [5l

Le Chapitre [7 explore une méthode numérique basée sur I'algorithme Espérance - Max-
imisation et l'intégration de Monte Carlo qui nous permet de déterminer le comporte-
ment qualitatif de 'information de Fisher d'un réseau de FitzHugh-Nagumo, soutenant
les résultats trouvés dans les Chapitres 5] et [l Dans le détail, nous avons déterminé
I'information de Fisher en fonction du nombre de neurones et de la corrélation entre les
mouvements browniens, dans deux cas différents, a savoir lorsque les neurones génerent
des spikes et quand ils sont aux repos. Dans les deux cas, I'information de Fisher est plus

élevée lorsque les potentiels de membrane sont fortement corrélés.

Le Chapitre [8] conclut la thése, avec une discussion des résultats, leurs implications et
leurs pertinence. Les techniques analytiques présentées dans les chapitres précédents ont
été en mesure de quantifier avec succes les effets de taille finie de la structure de cor-
rélation du réseau, pour des sources corrélées a caractére aléatoire et pour beaucoup de

types de matrices de connectivité. Les simulations numériques en plus de ses études an-
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alytiques, ont prouvé que la capacité d’encodage d’'un réseau de neurones est plus élevée
pour les potentiels de membrane fortement corrélés, contrairement a notre premieére in-
tuition. Avec l'utilisation des les approches perturbatives vues dans les Chapitres [5] et [6]
Panalyse du réseau peut étre facilement étendu au-dela de I'information de Fisher. En
fait, en utilisant la théorie de I'information de Shannon, il est possible de calculer le trans-
fert, stockage et modification de I'information, caractérisant complétement la capacité des

réseaux de neurones stochastiques.

Mots clés: Neurosciences Computationnelles, Réseaux Neuronaux Stochastiques, Théorie

de la Complexité, Effets de Taille Finie, Connectome, Information de Fisher.
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Thesis Organization

The structure of the thesis is as follows:

Chapter [l provides an introduction to the structure and functions of the brain, in partic-

ular of the cerebral cortex, underlining its nested structure.

Chapter [2 explains two different points of view that are commonly used to describe the
neural networks, namely the Theory of Complexity and the computational approach. Here
we will also explain the difference between computation and information processing, show-

ing how the brain accomplishes both.

Chapter3lintroduces the mean-field theory of a neural network, for both rate and FitzHugh-
Nagumo neurons with independent Brownian motions, accompanied by analytic and nu-

merical solutions of the mean-field equations.

Chapter[4| provides the first of the techniques used in this thesis to describe the finite size
effects of the rate model, namely the Mayer’s cluster expansion, and thereby extending the
results found in Chapter 8l Moreover, it contains numerical simulations of the probability
density of the network, together with a perturbative approach for the quantification of the

Fisher information of the system.

Chapter [5 introduces a perturbative approach that will be used to determine the corre-

lation structure of a finite rate network with correlated sources of randomness and for
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different kinds of connectivity matrices. This approach extends the results of Chapter [4]
exploring the possibility of applying the mean-field theory for the description of a neural
network in the thermodynamic limit. This chapter provides also an algorithm to evaluate

numerically the Fisher information of the system.

Chapter 6] contains another perturbative approach for finite rate networks with cor-
related sources of randomness, and it extends the analysis of the correlation structure
started in Chapter [5 to the case of networks with general random topologies. In partic-
ular, it shows this technique applied to the case of a fractal connectivity matrix, which
approximates the nested structure of the synaptic connections analyzed in Chapter [1l It
provides also an analytic formula for the Fisher information of the system, which explains

qualitatively the results found in Chapters 4 and &l

Chapter [7 explores a numerical method based on the Expectation-Maximization algo-
rithm and the Monte Carlo integration which allows us to determine the qualitative be-
havior of the Fisher information of a FitzHugh-Nagumo network, supporting the results

found in Chaptersfbland

Chapter [8] concludes the thesis, with a discussion of its findings, implications and rele-

vance.



Software and Hardware

All the numerical results and figures in this thesis, with only the exception of Chapter
[7, have been generated by Python Release 2.6 [3] and the libraries NumPy [4], SciPy [5],
NetworkX [6] and matplotlib [7]. Instead the numerical results and figures of Chapter [7|
have been generated by MATLAB and Statistics Toolbox Release 20085 [8] and the Fast
EM_GM Algorithm [9].

All the simulations have been run on a laptop with an Intel®Core™2 Duo CPU P9700 at
2.80 GHz with 3.48 GB of RAM.
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Présentation générale (en

Francais)

Le cerveau est le systéme connu le plus complexe de I'univers. Il est composé de milliards
de neurones, dont les interactions et la coopération produisent les hautes fonctions cogni-
tives de I’étre humain, comme la pensée, le raisonnement, le discours, la reconnaissance
de visage, ou encore les mouvements corporels complexes. La région du cerveau respons-
able des principales fonctions cognitives est appelée le cortex cérébral, que 'on peut diviser
en aires spécialisées. Une des plus étudiées est le cortex visuel, chargé de la vision. De
plus, chaque aire a une structure imbriquée: elle peut étre fragmentée en régions de plus
en plus petites exécutant des tiches plus spécifiques. Par exemple, le cortex visuel est
formé de sous-aires consacrées a ’analyse de caractéristiques indépendantes des images,
telles que le traitement des formes, des ombres, ou de la luminosité. Cette structure im-
briquée a été observée dans les connexions synaptiques entre les neurones et représente
la clé pour la compréhension des fonctions cognitives du cerveau humain. De plus le com-
portement d'un réseau neuronal peut varier fortement selon les connexions synaptiques
en présence. Pour cette raison il est extrémement important de décrire précisément leurs
propriétés principales, telles que le nombre moyen de connexions par neurone et la dis-
tribution statistique de leur poids, pour reproduire des résultats biologiquement réalistes.
Cet vision est conforme a la Théorie de la Complexité, établissant que pour un systéme

composé de beaucoup de constituants interagissant (dans notre cas les neurones), il est
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plus pertinent de décrire précisément les interactions que de définir d'une fagon précise les
propriétés d'un constituant. La modélisation de systémes complexes requiert de nouvelles
théories mathématiques, permettant d’analyser la coopération entre les constituants qui
interagissent dans un but précis. Les colonies de fourmis, coopérant dans la construction

de la fourmiliére ou dans la recherche de nourriture, en est un exemple typique.

Une autre méthode importante qui est généralement utilisée afin d’analyser le cerveau
est 'approche computationnel. Selon une des interprétations du cerveau, les réseaux
neuronaux peuvent étre pensés comme des systémes exécutant une sorte de calcul, a la
maniére d'un ordinateur moderne. Cependant, ceci n’est pas la seule opération qui est
exécutée par le cerveau. A vrai dire il est abondamment prouvé que le cerveau est lié
avec le traitement de l'information. Les mots calcul et traitement de linformation sont
souvent utilisés comme synonymes mais représentent en réalité deux concepts différents.
Si le calcul est défini comme la manipulation de symboles, tel le code binaire utilisé par
les ordinateurs modernes, le traitement de 'information est définie comme la modification
d’informations, qui peuvent étre de plusieurs types. Par exemple, dans le cas du cerveau

les types les plus importants d’informations sont:

* l'information de Shannon, utilisée pour quantifier I'efficacité de la transmission d’informations

entre des domaines cérébraux éloignés;
* l'information de Fisher, qui quantifie la capacité de codage du cerveau;

¢ l'information sémantique, liée a la signification des concepts qui sont stockés dans le

cerveau.

Dans cette thése nous présentons diverses techniques qui nous permettent de quantifier la
structure corrélée de réseaux complexes de neurones, en mettant ’accent sur I'importance
des connexions synaptiques. Nous utiliserons ensuite ces méthodes mathématiques afin
de calculer analytiquement et numériquement 'information de Fisher du réseau, quantifi-

ant la capacité de codage des modeles de neurone “rate” et “spiking”. Malheureusement
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une caractérisation largement acceptée par la communauté scientifique de 'information
sémantique n’est pas disponible, donc la capacité du cerveau ne peut pas encore étre
étudiée en termes de traitement de I'information sémantique. A l'inverse la théorie de
I'information de Shannon a des bases solides et a déja été utilisé avec succes dans des do-
maines scientifiques variés. Toutes les quantités d’informations définies dans le contexte
de la théorie de Shannon, comme les informations mutuelles et le transfert d’entropie,
peuvent étre facilement calculées avec les techniques mathématiques développées dans

cette these, mais cette analyse est réservée pour une étude future.
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Chapter 1

Introduction

HE human brain is the most complex system in the known universe. Its complexity,
T achieved by means of the cooperation of billions of neurons interconnected through
the synapses, makes us able to think, to control our body, to reason with numbers, to use
language, to memorize and recognize shapes and faces, and many other impressive skills
which are unique to the animal realm. Moreover, within the animal kingdom, the human
brain has the most neurons both in its whole volume and in the cerebral cortex. It is
the latter, as we will see, which is responsible for the higher cognitive function of human
beings. From the evolutionary point of view, both the complexity and size of the brain
have increased throughout history in order to guarantee skills that are fundamental for
the survival of the species. According to the Triune Brain Theory of P. D. MacLean [10][11],
our current brain is the product of three different and cohabiting parts that emerged in the
course of evolution: the reptilian complex, the paleomammalian complex (also known as
the limbic system) and the neomammalian complex (namely the neocortex). The reptilian
complex is the most ancient and primitive of the three: it is made up of the brain stem
(composed of the superior part of the spinal cord, the medulla oblongata, the pons and

the midbrain), the diencephalon, the basal ganglia and the cerebellum. 1t is the core of



the brain and derives from the therapsids, a form of mammal-like reptile that coexisted
with dinosaurs and provided the evolutionary link between them and mammals at the
end of the Triassic period. All the vertebrate animals, from reptiles to mammals, have the
reptilian complex in common. The reptilian brain controls vital body functions that are
fundamental for its maintenance, such as breathing, digestion and regulation of the body

temperature, heart rate and blood pressure. It is also responsible for instinctive survival.

The second oldest part of the human brain is the paleomammalian complex, which emerged
through evolution in the first mammals. It can be found in all mammals and is layered
over the reptilian brain. It is composed of the hippocampus, the septum, the limbic cortex
and the amygdalae. It is involved in emotions that ensure self-preservation, motivational
functioning, behavior and biological drives, sense of smell, long term memory and many

other functions.

Finally the neomammalian complex, the newest and most external part of the human
brain, is represented by the cerebral neocortex, a structure that can be found only in
mammals. It is responsible for our highest functions like language, abstraction, reasoning,

imagination, conscious thought, sensory perception, etc.

All the three complexes are coordinated and communicate between them and depending

on the different situations each one can dominate the others.

The neocortex is the most recent part of the cerebral cortex, and it is divided into six
layers. The oldest part of the cerebral cortex is the archicortex, and has at most three lay-
ers. Moreover, together with the basal ganglia and the limbic system, the cerebral cortex
forms the cerebrum, which is divided into two parts, known as left and right hemispheres,
divided by the corpus callosum. The two hemispheres perform different functions. So for
example the left hemisphere is responsible for speech and language, calculation, vigilance,
writing and sequential processing. By contrast, the right hemisphere is devoted to spatial

orientation and integration, facial and sound recognition and self-awareness. The cerebral



cortex is a layer of neural tissue that represents the outermost part of the cerebrum. It is
conventionally divided into different parts with specific functions, according to alternative

kinds of classification. An important example is the subdivision into lobes:

frontal lobe: responsible for conscious thought, the planning of movements and prob-

lem solving;

parietal lobe: involved in the integration of sensory information, speech and reading

and object recognition,;

temporal lobe: engaged for speech (Wernicke’s area), long term memory (hippocam-

pus), but also auditory, visual and olfactory functions;

occipital lobe: dedicated to visual processing.

Another important classification describes the cortex as structured into the following ar-

eas:

* the primary sensory cortex;

the primary motor cortex;

* the sensory association cortex;

the multimodal association cortex;

the motor association cortex.

The primary sensory cortex is in turn divided into the following areas, dedicated to the

perception of the senses:

* the primary visual cortex;

* the primary auditory cortex;



* the primary olfactory cortex;
* the primary gustatory cortex;

* the primary somatosensory cortex.

Even if touch is defined as one of the five senses, its perception is formed by the interplay of
different sensory experiences, like pain, temperature, pressure, movement etc. These are
called somatic senses, so this explains the origin of the name “somatosensory cortex”. All
these subareas are called “primary” because they represent the part of the cortex where
the sensory information first arrives for a preliminary elaboration. Instead the primary
motor cortex is the part dedicated to the execution of body movements through the mus-
cles. The sensory association cortex is the collection of all the unimodal association areas,
also called secondary sensory areas, namely the different parts of the cortex where infor-
mation is further elaborated after the first processing that is performed in the primary
sensory areas. In other terms, each unimodal association area performs a higher-order
integration of the information that comes from the primary sensory areas. Moreover each
unimodal association area is adjacent to its corresponding primary sensory area. The term
“unimodal” refers to the fact that each association area further elaborates the information
that comes from a single primary area and therefore it is devoted to the perception of a sin-
gle stimulus (or sensory) modality, namely a physical phenomenon like smell, sound, touch
or temperature. A simple example is represented by the primary visual cortex and its cor-
responding association area. In fact the primary visual cortex first receives the visual
information from the eyes and extracts from it basic and independent features like edges,
colors and shadows, while the corresponding association area combines these features in

order to build representations of complex objects, like colored shapes, or to recognize faces.

Instead the multimodal association cortex integrates different unimodal sources of infor-
mation creating coherent representations of complex objects and higher-order cognitive

experiences. So while for example the visual association area performs the integration of



different kinds of visual information like color and orientation, the multimodal association
area combines all the different kinds of sensory information, for example smell, color and
sound. Therefore if we can perceive a complex object like a fire, it is due to the activity
of the multimodal association cortex that integrates the visual information of the light
intensity and the color of the fire, the olfactory information of the burnt smell, the au-
ditory information of the crackling sound and the somatosensory information of the high
temperature. All this information is combined together forming the coherent representa-
tion of what we know as fire. In other terms, the multimodal association cortex performs a
higher-order integration of the information that comes from the sensory association cortex.
The whole multimodal association cortex is then divided in three separated multimodal as-
sociation areas: the anterior, posterior and limbic cortices. The anterior association area
is situated in the prefrontal cortex (namely the anterior part of the frontal lobe), and is
responsible for planning, reasoning, creating higher-order abstract concepts and also for
the working memory. Instead the posterior association area is situated at the connection
of the temporal, parietal and occipital lobes, and is responsible for written and spoken
language (Wernicke’s area), but also for perception, since it integrates the visual, auditory
and somatosensory information that comes from the corresponding unimodal association
areas. Finally, the limbic association area is found at the connection with the anterior
part of the temporal lobe and the inferior part of the frontal lobe (this part of the brain is

sometimes called limbic lobe), and is responsible for learning, emotions and memory.

To conclude, the motor association cortex is the part of the cortex devoted to the coordina-
tion of complex body movements. In contrast to the sensory areas, here the information
flows from the motor association area (in particular its subpart known as premotor cortex)
to the primary motor area. In turn, the premotor cortex receives information from the
anterior association area. So, in summary, the cortex is a structured system that makes
us able to receive sensory information from the environment, to modify it and then to use
the result of this operation in order to move parts of our body accordingly. The schematic

representation of this process is shown in Figure [1.1l
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Figure 1.1: Simplified structure of the cerebral cortex. It may change slightly according to some authors,
since there is no commonly accepted definition of the limbic association cortex.

Up to now we have described the subdivision of the brain into different macroscopic areas,
that accomplish specific functions. However, if we want to understand the working prin-
ciples of these areas, we have to analyze them more in detail, namely at smaller scales
(in terms of spatial extension or number of neurons), finding out their building blocks.
The macroscopic areas of the brain are typically of the order of 10°+10° neurons and can
be thought as made of many cooperating subsystems at an intermediate scale of 10'+10°
neurons. This is known as mesoscopic scale and represents the transition between the
microscopic scale of the single neurons to the macroscopic scale of wide brain areas. In
the cerebral cortex, at the mesoscopic level the neurons are vertically organized in struc-
tures known as cortical columns [12], in turn formed by many interconnected populations
of neurons known as neural masses [13]]. Even if the function of the cortical columns is not
known yet, it is tempting to think about them as elementary computational blocks that

cooperates in a parallel processing task.



So, to conclude this chapter, we underline the lesson that we have learnt from this analysis,
namely that the brain has a nested structure, where each area contains other smaller areas
with specific functions. This finding will be described from the mathematical point of view

in Chapter



Chapter 2

How can we describe the brain?

N this chapter we introduce two popular approaches that are commonly used in the de-
I scription of the brain. The first is the Theory of Complexity, described in Section [2.1],
which interprets the higher cognitive functions of the brain as emergent properties gener-
ated by the cooperative interactions of billions of neurons. Instead the second approach is
introduced in Section [2.2] and is based on computation and information processing. The
two words are often used as synonyms, even if they represent two distinct concepts. Their
differences are explained in detail, underlining their corresponding roles and importance

in the context of the brain.

2.1 The Theory of Complexity

As we have seen in Chapter [I, we can think about the brain as an incredible amount of
neurons connected with each other in order to form structures at different scales with
characteristic spatial extensions and specific computational functions, that are used as el-
ementary blocks of higher-order structures with larger spatial extensions and that accom-

plish more complicated tasks. Increasing the complexity of the connections, starting from



the microscopic scale, passing through the mesoscopic scale and arriving up to the macro-
scopic scale, the computational power of the system increases at levels that let us acquire
cognitive abilities. However, in nature several other systems are composed by thousands,
millions or billions of interacting elements. Typical examples are matter, ant colonies,
market economies and social structures, climate, ecosystems, living cells, genomes and the
Internet. All these systems are studied in the field of the Theory of Complexity [14]1[15][16].
If the building elements of these systems interact in a random uncorrelated way, without
accomplishing a specific result, according to W. Weaver [14] they are called problems of
disorganized complexity, and this is the realm of chaos. A typical example is represented
by gas molecules in a container. This kind of systems are studied with the tools of statis-
tical mechanics and probability theory, developed from the 17th century to the early 20th
century. Other kinds of systems, instead, interact with the aim of reaching a purpose, be-
yond the capabilities of the single element: these are the so called problems of organized
complexity [14], and they are usually said to work at the transition point between order
and chaos, the so called edge of chaos [17I[18[[19][20]. A characteristic example here is
represented by ant colonies, where the ants collaborate in order to build the anthill, find
the food, attack enemies, etc. Every ant seems to know what the others are doing and
why. So the building elements of this kind of systems achieve collaboration or coordina-
tion through exchange of information, and the product is correlated behavior. For this
reason the old techniques of statistical mechanics may not work anymore in this context.
In this kind of systems there are phenomena which emerge from the interaction of their el-
ementary blocks, or in other words very simple local interaction rules can generate highly
complex global behaviors, that cannot be deduced easily from the properties of the indi-
vidual parts. This is known today as emergence, a property usually described through the
famous sentence "The whole is greater than the sum of its parts". A typical example of
emergence is represented by flocks of birds. In fact, assuming simple interaction rules, i.e.
flying in the same directions of the neighbors, with the same speed and avoiding obsta-

cles or to bump into other birds, it is possible to recreate the flocks’ ability to form stable



and complicated patterns and to rejoin when the group is split [21]. These properties are
emergent because they are neither directly implemented in the system nor obvious conse-
quences of the interaction rules. The formation of these patterns is one of the signatures
of complex systems. Actually these systems seem the product of an intelligent design, and
an important part of modern science is trying to understand how the organization they
exhibit could be reached in an autonomous way, without any external intervention. This
is the phenomenon known today with the name of self-organization. According to I. Pri-
gogine [22]], self-organization is achieved in open systems far from equilibrium through
a reduction of the internal entropy of the system, at the expense of an increase of the
entropy of the external environment. Therefore this process does not violate the second
law of thermodynamics and allows the system to increase its internal order and degree of
cooperation. One of the most studied self-organizing complex systems is the brain [23],
where a number between a few hundreds (in the Caenorhabditis elegans) and a hundred
of billions (in humans) of neurons collaborate through exchange of electric signals. Here
the formation of spatio-temporal patterns, like for flocks of birds, can be observed and de-
scribed theoretically, usually by means of the so called neural field models [24][25][26].
These patterns are emergent properties of the brain, a non-obvious consequence of the
simple additive interactions realized by the synapses. Here self-organization is achieved
through synaptic plasticity or learning, a phenomenon used by the brain to acquire, create
and store new information from the environment. Learning is really fundamental for the
brain since in the DNA of living beings there is not enough information to specify all the
synaptic connections required for its correct functioning. Therefore the connections are
molded using synaptic plasticity and the information that comes from the interaction with
the environment. Actually, the behavior of a neural network can be completely different
if we change its connectivity, and unfortunately the rules of synaptic plasticity are not
always the same in the brain. In fact, for example, one of the main learning rules of the
brain, called Spike-Timing Dependent Plasticity (or simply STDP) [27]128][29], changes

enormously across different kinds of synapses and the regions of the brain [30]. How-
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ever, in a mathematical model the synaptic connections and their strength could also be
considered as static free parameters, and then it would be interesting to determine the
differences in the behavior of the network corresponding to variations of the connectivity.
The mapping of all the connections in the brain is called connectome, and it has been al-
ready completed for the Caenorhabditis elegans [31][32], and partially determined for the
mouse [33]1[1341[135], the rat [36[[37], the cat [38][39] and the monkey [40]. Recently the
project has been started also for humans [41][42][43]. Now, the basic topological proper-
ties of the brain of humans and other animal species have been quantified, in terms of
clustering coefficients, degree distributions, path lengths, modularity, efficiency, connec-
tion densities, robustness, etc. [44][45][(46l, using the modern approach of Graph Theory.
According to all these properties, the brain is a so called small-world network of neurons,
namely a system that lies between the two extremes of completely regular and completely
random topologies. The important lesson to learn is that the properties of a network are
determined by its connectivity topology, and some of them, like the speed of propagation
of the information, the wiring costs, the synchronizability and the computational power
are enhanced in a small-world network [44][47]. Therefore it seems plausible that also the
cognitive abilities are related to the topological structure of the brain and, according to the
Theory of Complexity, they are emergent properties of the system. With this, we want to
underline the importance of the synaptic connectivity in a neural network, therefore we
believe that it could be more relevant to use simplified neural models (like the so called
rate model [48][241[49][501[511) with complex connectivities, than to use more biologically
plausible neural models (like the Hodgkin-Huxley model [52]) with simple connectivities.
This is in the spirit of Theory of Complexity, that says that the interactions are more

important than the elementary components [53] in order to obtain an emergent behavior.

Up to now we have used the term “connectivity” to indicate the specification of all the
pairs of neurons connected through the axons/synapses structure and of all the synaptic
strengths. This is called more precisely structural or anatomical connectivity. However, in

the literature there is also an intensive use of the term functional connectivity, that repre-
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sents the specification of all the statistical dependencies (in terms of coherence or correla-
tion) among the different regions of the brain. Today a big effort is devoted to the compre-
hension of the relation between these two kinds of connectivity [54]1[55]1[56]1[571[581[591[601,

and in this thesis we will shed new light on the clarification of their link.

The number of neurons in the biggest of the brains is however much smaller than, for
example, the number of water molecules contained in an ice cube. Nevertheless, in many
species it is big enough to allow the use of special techniques already developed in physics,
in order to study their behavior. For example, the so called mean-field theory has been used
several times in the context of the brain [51][611[62][63][641[65]. The basic idea behind it,
as we will see in Chapter[3] is the fact that, under appropriate assumptions, in the so called
thermodynamic limit (namely when the number of neurons in the system becomes ideally
infinite) the neurons interacting in a network become independent, a phenomenon called
propagation of chaos (in order to avoid confusion, we clarify that here “chaos” simply means
“independence”, so it is not related to the definition of chaos in terms of the Lyapunov
exponents). This allows a drastic reduction of the number of equations that describe the
neural network and therefore represents a big simplification of the problem, but it does
not let us determine the correlation structure (and therefore the functional connectivity)
of the system since all the neurons become independent. For this reason, in Chapters [4]
and [6] we will develop new techniques that allow us to relax the hypothesis of infinite

neurons and to study the neural networks under more general conditions.

2.2 Is the brain a computer?

So one approach toward the comprehension of the brain is represented by the Theory of
Complexity, that through the interaction of many elementary units tries to explain higher-
order cognitive functions as emergent properties of the system. Another approach is to

study the brain in terms of computation and information processing. In fact there is plenty
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of evidence that the brain is able to perform both the operations. These two words are often
used as synonyms, but they represent actually two distinct concepts [66], whose differences
are explained in the following sections. Often the brain is compared to a computer, and
the mind to the software it executes. The subsequent analysis will help us to understand

the accuracy of this analogy.

2.2.1 Computation

Computation is a difficult concept to characterize. However, it could be defined, to some
extent, as manipulation of symbols. But what kind of computations is the brain able to
perform? Computation can be classified into different categories, the most important of
which are quantum and classical computation, deterministic and probabilistic, digital and
analog, and semantic and non-semantic computation. In this section we introduce all these

categories, explaining their main features and their relevance in the context of the brain.

Quantum computation

Every system is made of atoms and molecules, that are described by the laws of quantum
mechanics. However, when a system has a macroscopic size, it is almost always possible
to describe it using the laws of classical physics. There are special cases of macroscopic
systems that exhibit quantum properties, like superfluidity and superconductivity, but
these represent special exceptions, that emerge only at extremely low temperatures arti-
ficially created. Not only the brain, but also single neurons are made of so many atoms
that they can be considered as macroscopic objects. Even if the evaluation of the brain’s
temperature is a poorly studied issue, its value is plausibly around the mean body’s tem-
perature, namely 37°C. Therefore it seems that there is no possibility to see any kind of
quantum effect in its behavior [67]. Nevertheless, a minority group of researchers is trying

to describe the working principles of the brain in terms of quantum mechanics. The most
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famous quantum theories of the brain are the so called Quantum Brain Dynamics [68][69]
and the Orchestrated Objective Reduction (Orch-OR) theory developed by R. Penrose and
S. Hameroff [70][71][72], based on microtubules. The main motivation to use quantum
mechanics in the description of the higher cognitive functions of the brain is the so called
mind-body problem, namely the role that the observer’s consciousness covers in the pro-
cess of measurement according to some interpretations of quantum mechanics. However
the idea of a quantum brain has been recently revalued due to the discovery of quantum
effects in biological systems [[73]1[74][75], and this has led to the birth of a new research
field known as quantum biology [[76ll. The preservation of quantum effects in macroscopic
systems at high temperatures can be explained through the so called quantum Zeno effect
[77]. If the brain could use the laws of quantum mechanics, it would be possible to describe
it as a sort of parallel quantum computer, namely a machine that performs computations
on quantum states, that in this context are known as quantum bits or qubits [78]. How-
ever, even if quantum computers have been proved to be more powerful than classical
computers for some kinds of tasks, for most problems they are only modestly faster than
their classical counterpart. Efficient quantum algorithms have been found only for specific
tasks like integer factorization [79], and these kinds of computations are not enough for
accomplishing the complex functions of the brain. Moreover P. Shor has observed that only
a few efficient quantum algorithms have been found [80][81]]. A possible explanation may
lie in their counter intuitiveness, that makes them hard to discover. However this raises
also the second possibility, namely the fact that maybe quantum algorithms exist only for
tasks which are relatively simple or not relevant in the context of neuroscience . In this

case the quantum brain hypothesis should be abandoned definitely.

Classical computation

As we said previously, even if every system obeys the laws of quantum mechanics, it is

possible to describe them using classical physics if they have a macroscopic size and a
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high enough temperature. Therefore classical computation refers simply to the manipula-
tion of symbols that are physically realized by classical quantities, namely computations
performed on states that are not quantum superposed. Every personal computer is an
example of machine that executes classical computations, manipulating (binary) classical
symbols known as bits (namely the classical version of the qubits). In this thesis we will
describe neurons and synapses using the laws of classical physics, therefore we suppose
that neglecting every quantum effect inherited from their underlying atomic structure will

not affect the validity of the results obtained with our models.

Deterministic and probabilistic computation

Given infinitely many repetitions of the same computation performed by a machine start-
ing from the same initial condition and receiving the same input, we say that the com-
putation is deterministic if the result is always the same for every repetition. Instead, if
the result may change, the computation is probabilistic or non-deterministic. Typically,
sufficiently strong sources of noise can transform a deterministic computation into a prob-

abilistic one.

Digital computation

Digital computation is the manipulation of symbols represented by digital quantities,
namely discrete variables. The modern computers are digital calculators based on the
binary code, namely the manipulations of symbols that consist in combinations of zeros
and ones. These numbers are discrete variables, that are usually implemented through
physical quantities, like electrical currents or voltages. One of the main advantages of dig-
ital computation is its error tolerance against noise. In fact here the manipulated symbols
are discrete, therefore the “distance” or difference between two of them is finite. Therefore

a small amount of noise in general is not able to convert one symbol into another one. This
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problem instead affects analog computers, since they work with continuous quantities and

therefore the difference between two “adjacent” symbols is infinitesimal.

The most powerful device that performs digital computations is the so called Turing ma-
chine [82] (or its equivalent models). In this context, the famous Church-Turing thesis
[83], in one of its various equivalent formulations, is a statement about the computational
power of the Turing machine. In fact, according to this conjecture, any real-world compu-
tation (i.e. any computation that can be described by a step-by-step procedure, known as
algorithm) can be carried out by a Turing machine. Notwithstanding, scientists have tried
to build calculators even more powerful than the Turing machine (in the sense that they
can compute quantities that a Turing machine cannot compute), and this defines the field
of hyper-computation or super-computation. In other words, they have tried to invalidate
the Church-Turing thesis. However, after 70 years of research from the definition of the
Turing machine, it has not yet been discovered a physically implementable machine with

more computational power than the Turing machine itself.

Moreover, a Turing machine can be deterministic or probabilistic. However, it can be
proved that a probabilistic machine can be simulated by a deterministic machine, therefore
they are equivalent, in terms of what can be computed. This does not mean that the time

they need in order to perform a given task is the same.

In the theory of computation there is a branch known as Computational Complexity The-
ory, which must not be confused with the Theory of Complexity introduced in Section 2.1l
In this context, computational scientists have defined different classes of complexity for
the decision problems, and one of the most fundamental is called non-deterministic poly-
nomial time class, abbreviated as NP. A decision problem belongs to the NP class if it
can be solved by a non-deterministic Turing machine in polynomial time. If the decision
problem is described by an algorithm whose input has size n, and defining 7' (n) as the
maximum amount of time taken by the algorithm on any n, saying that the decision prob-

lem is solved in polynomial time means that T (n) = O (n¥), for some constant natural

16



number k. Another fundamental class in the Computational Complexity Theory is known
as deterministic polynomial time class, abbreviated as P, which contains all decision prob-
lems that can be solved by a deterministic Turing machine in polynomial time. Another
important class is that called non-deterministic polynomial time hard class, abbreviated
as N P-hard, which informally is defined as the class containing the decision problems that
are at least as hard as the hardest problems in N P, and that do not necessarily belong to
NP itself. We conclude by defining the non-deterministic polynomial time complete class,
abbreviated as NPC, namely the set of the decision problems which belong to both the
NP and N P-hard classes. Therefore both P and NPC are contained in NP. Now, since
it can be proved that the N PC problems can be reduced to each other in polynomial time,
and that all the N P problems can be reduced to N PC' problems in polynomial time, then
given any N P-hard problem, all the N P problems can be reduced to it in polynomial time.
Therefore, if we found a polynomial time solution for any N P-hard problem, it could be
used to solve all the NP problems, proving that P = NP. However it is widely believed
that P # NP.

To conclude, other kinds of computing devices, known as finite state machines, even if
less powerful than the Turing machine, are successfully used to study important cognitive

functions of the human brain, like natural languages [84].

Analog computation

Analog computation refers to the manipulation of symbols represented by analog quanti-
ties, namely continuous variables. The first computers ever invented were actually analog
and they manipulated continuous mechanical, electrical, or hydraulic quantities. They
were used especially during the World War II, but one of their main problems was the low
performance in computations performed with high levels of noise. In fact analog quan-
tities can vary considerably if the intensity of the noise is not negligible and therefore

this affects the precision of the computation. However recently analog computers have
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been revalued due to the work of L. Rubel, who in 1993 introduced the so called Extended
Analog Computer (EAC) [85]. The Rubel’s idea was to expand the capabilities of another
analog computer, known as General Purpose Analog Computer (GPAC), invented by C.
Shannon in 1941 [86]. According to Rubel, the GPAC was not able to solve problems con-
sidered fundamental for the simulation of the human brain, and therefore an extension
was required. So the importance of the EAC is its attempt to introduce new paradigms
of computing, that may shed new light on the working principles of the brain, beyond
digital computers. The EAC has been physically realized with different primary comput-
ing elements, like gelatin [87], a sheet of conductive plastic foam [88] or slime mold [89].
It performs computations using the electrical, mechanical, chemical and heat properties
of these materials, operating by analogy with the system that represents the problem to
solve. In other words, the problem to solve is described in terms of ordinary or partial
differential equations, and then the EAC is brought into congruence with this problem
by mapping the variables of the differential equations into its hardware. Therefore at a
first level the EAC is configured (not programmed, as for a digital computer) in order to
copy the mathematical description of the problem to solve in terms of differential equa-
tions, and then it solves these equations at a second level using other analog devices, like
adders, differentiators, multipliers, inverters etc. So the basic idea of the EAC is to solve a
problem using physical processes that obey the same differential equations of the problem
itself. For the EAC, analogy covers the same role that the algorithm has in the context of
digital computers. Even if it has not been proved yet if it is more or less powerful than
digital computers (and this is true in general for every kind of analog machine), it has

some interesting advantages over them [90]:

¢ Itis not affected by the so called von Neumann bottleneck [91]], also known as memory
wall [92], namely the increasing difference of speed between the digital CPU and the
memory outside it. In fact the EAC does not use any memory, since it performs its

tasks using directly the matter of its computing element.
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* The Moore’s law [93]l, namely the observation that the number of transistors on inte-
grated circuits has doubled every two years since their invention, does not apply on

it since the logic units of the EAC are atoms and molecules.

¢ Electromagnetic interferences generate sequences of random numbers, while digital
computers can only create pseudo-random numbers (in general periodic sequences

with very large periods).

Another example of unconventional analog machines are the so called chemical comput-
ers, that performs computations using reaction-diffusion processes [94]1[95]1[96]. This is
related to the field of collision-based computation [97]. To conclude, also artificial neurons
of second and third generation are analog computing devices [98]. The first generation of
artificial neurons was introduced in 1943 by W. McCulloch and W. Pitts [99]. They have
a binary output therefore they are classified as digital units. So if the output is 0, this is
interpreted as if the neuron were not spiking, while a 1 as if it were spiking. Instead the
second generation of artificial neurons is characterized by neural models with an analog
output, generated by a so called activation function. This function converts the state of a
neuron into an output that can be interpreted as the firing rate or frequency of the spikes
generated by the neuron itself. Therefore the output of a neuron of second generation
provides more information than a neuron of first generation, because it tells us not only
if the neuron is spiking or not, but also at which frequency. Finally we have the neurons
of third generation, which are the most realistic from the biological point of view. In fact
their output is a spike train, namely a sequence of spikes at increasing time instants, as
in biological neurons. Therefore the output of a neuron of third generation provides more
information than a neuron of second generation, because it tells us the time instants of
the spikes, from which we can calculate the firing rate, while the inverse operation is not
possible, namely to obtain the time instants from the firing rate. A single spike is usually
described as a continuous variable (the so called presynaptic potential), therefore a neuron

of third generation is another example of model with analog output.
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For a complete review of analog computation, see [100].

Now we open a parenthesis about the super-computational power of analog computers. In
fact in this field scientists have discovered devices that can perform super-computations,
but these are still based on idealized assumptions, that are not physically realistic. For ex-
ample, in [101][102], namely in the context of recurrent analog neural networks, the use of
dynamic rational-valued or, more generally, static or dynamic real-valued synaptic weights
gives super-computational power to the system. This seems to be due to the infinite pre-
cision of the synaptic weights, but such a system cannot be realized at the physical level
due to its intrinsic noise [103]. In general, computation on infinite-precision real numbers
is called real computation [104][105]. It is important to observe that if real computation
were physically realizable, NPC problems could be solved in polynomial time, therefore
we would conclude that P = NP [106]. However, up to now scientists have not found a
polynomial-time algorithm for any of the known N PC problems, answering probably neg-
atively the P = NP question. Other examples of super-computation require infinite time
[107] or infinite neurons [108][109], therefore there is always a requirement that is not
physically realizable. Therefore the conclusion seems to be that there is no physically re-
alizable classical machine with more computational power than the Turing machine. The
same conclusion can be obtained for quantum computers. In fact they can be simulated on

a Turing machine, therefore they are not computationally more powerful than the latter.

Semantic and non-semantic computation

Semantic computation is the manipulation of symbols (digital or analog, classical or quan-
tum) based on their meaning. A typical example is natural language, where the manip-
ulated symbols are the words taken from the vocabulary. So while for example a digital
computer manipulates binary strings like “011001101” regardless their eventual meaning
(this is an example of non-semantic computation), a person manipulates symbols like “cat”

according to the meaning that these words have in his/her head. The concept of meaning of
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a symbol has been the topic of a long philosophical discussion, which has been renewed af-
ter the introduction of the Chinese room argument by J. Searle [110]]. In fact it is not clear
how the words acquire this sort of “metaphysical” property in our minds: this is called
symbol grounding problem [111]]. So the symbol grounding is the process through which

the words acquire their meaning, and only recently it has been declared as solved [112].

In the context of the brain, the part which is responsible for the storage of meanings and
concept-based knowledge is called semantic memory, which is often modeled by means
of semantic networks and spreading-activation theory [113][114]. In a semantic network,
the nodes represent concepts, while the edges are the semantic relations between them.
There is an historical debate about the definition of “concept”, which started with the
classical theory of Aristotle. However often concepts are described through categorization
and implemented in attractor neural networks [115][116]. To conclude, according to E.
Tulving, semantic memory is responsible for the cognitive ability that he has called noetic
consciousness [117], underlining its importance among the higher cognitive functions of

the brain.

2.2.2 Information processing

Information processing can be defined as the modification of information performed by a
physical system. However the word “information” has different meanings, therefore it is
not possible to give a single definition that accounts for all the cases. In this section we
introduce the three main kinds of information involved in the brain, namely Shannon,

Fisher, and semantic information.

Shannon information

This is probably the most studied kind of information, due to the rigorous definition of

information given by C. Shannon in the context of telecommunications [118]. So we have
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to consider a discrete memoryless source of symbols, described by a random variable X,
which can be equal only to the values z; taken from the set X = {z;},_,, ,,  with prob-
ability P (z;). According to Shannon, the uncertainty of X, also called the entropy of the

source, is

m—1
H(X)=Ep)[-logpP (z Z P (z;) logy P (x;) (2.1)
=0

The base b of the logarithm determines the unit of the entropy. In particular, the unit is
called bit for b = 2, trit for b = 3, nat for b = e (the Napier’s constant), and ban for b = 10. If
the communication channel is noisy, even if the source is X, the receiver observes a signal
Y, due to the interaction of X with the noise of the channel. We suppose that Y can be
equal only to the values y; taken from the set Y = {y;},_,, | with probability P (y;).
So the initial uncertainty of the source is H (X), but after a channel output y; has been

observed by the receiver, the new value of uncertainty of the source is:

m—1
H(X[Y =y;) ==Y P(xily;) logsP (x:]y;)
=0

Therefore the amount by which the uncertainty of the source has been reduced, after the

channel output y; has been observed, is:

T(X,Y = y;) = H(X)~ H (XY = y;)

If we take the mean of H (X|Y = y;) over all the possible values of Y, we obtain the so
called conditional entropy H (X|Y):

m—1n—1

H(X|Y) =Epq) [HX|Y =y)] == > Y P(xi,y;) logsP (w:ly;) (2.2)
i=0 j=0

having used the relation:
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P(zi,y;) = P (wily;) P (y;)

Now, in the same way, if we want to calculate the mean reduction of uncertainty, we have

to take the average of I (X,Y = y;) over all the possible values of Y, obtaining:

I(X,)Y)=Epy I (X,Y =y)]=H (X)—-H(X[Y) (2.3)

I (X,Y)is known as mutual information, and is given by the difference of two entropies. In
other terms, here information is interpreted as reduction of uncertainty, namely the reduc-
tion of H (X) by the amount H (X|Y). Formula (2.3 has been used in [17] in order to quan-
tify the amount of cooperation between two cells of a cellular automaton, therefore it could
be used with the the same purpose in the context of the brain. Using Shannon’s theory of
information, it is possible to define other quantities, that determine three different kinds
of information processing, namely information storage, transfer and modification. This
kind of analysis has already been performed for cellular automata [119][1201[121][122],

but not in the case of neural networks.

All the quantities defined above can also be extended to the case of continuous systems.
In this case the probabilities P (z;), P (y;) and P (z;,y;) must be replaced with probability
densities p (x), p(y) and p(z,y), respectively. Therefore the entropy and the conditional

entropy become:

h(X)=-— /Xp (x) logpp () dx (2.4)

h(X]Y) =—4Ap(w,y)logbp (z|y) dzdy (2.5)
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In particular, ~ (X) is known as differential entropy. However, even if formula is well
defined, unfortunately formula [2.4]is not [123]. This can be seen clearly with an example.
In the discrete case, for a deterministic source which selects always the symbol X = z;, we
have P (z;) = 1, while all the other symbols have probability zero. From formula 2.1 we
obtain therefore that H (X) = 0, as suggested by intuition. Instead, in the continuous case,
a deterministic source which selects always a symbol Z, has probability density p (z) =
d (r —T), where 9 (-) is the Dirac delta function. If we see p (z) = 0 (z — T) as the limit for

_@—p)? .
e 202 , we obtain:

1
2mo

o— 0t ofp(z,0) =

. oo : 1
h(X)= Uli>1101+ [— /_OO p(x,0)logsp (x,0) dx} = Ull>rlorl+ [logb (\/%0‘) + 5109;,6] = —00
for b > 1, therefore clearly formula [2.4] cannot be correct. For this reason in some cases
the differential entropy is replaced by the so called entropy power N (X) (see for example
[124]), defined as:

_ L eneo
NX) = e’
All these quantities can also be defined for a general number of dimensions. To conclude,
we observe that they are function only of the probability of the process, regardless the
meaning of the symbols. For this reason Shannon’s theory is able to quantify only syntactic

information, not the semantic one.

Fisher information

If Shannon’s theory is able to quantify information storage, transfer and modification, the
theory developed by R. Fisher in the 1920s deals with the quantification of information

encoding. The value of a stimulus could be encoded in a neural network through the so
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called population coding [125]. According to this hypothesis, the same stimulus is pro-
vided to many neurons, which form a neural population, and due to different sources of
variability, like noise [126] or differences in the synaptic weights, the cells exhibit differ-
ent behaviors. From this collection of inhomogeneous activities, it is possible to estimate
the value of the stimulus, using the joint probability density of the population. The Fisher
information measures the amount of information that an observable variable X (in our
case the collection of the neural activities of the population), carries about a parameter 6
of the system (in our case the stimulus provided to the population). In detail, the Fisher

information for a continuous system is defined as:

Z(0) = /X (% 1ogp(?,9))2p(?,9) dz (2.6)

where X is the set of all the possible values 7 of the variable ? Formula can also be
extended to the case of multiple parameters 6;, but in this thesis we will consider only a
single parameter, represented by the external input current of the network. Given any un-
biased estimator 0 (?) of the stimulus 6 through the samples of ?, namely any estimator
such that:

[.0(Z)p(T0)dT =6, V6,

the quantity 7 (¢) is an information in the sense that:

Var (5) > ﬁ

This inequality is known as Cramér—Rao bound, and proves that the precision to which
we can estimate the stimulus 6 is limited by the inverse of Z (6). So the higher the Fisher

information is, the better the stimulus 6 is encoded by ?
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In this thesis we deal only with the Fisher information, reserving the other kinds of infor-

mation processing for a future study.

Semantic information

If we define semantic information processing as the modification of semantic information,
we are faced to a problem: semantic information has not been quantified yet in a rigor-
ous way [127[[128[[129][130]. For this reason semantic information processing cannot be
defined yet in an unambiguous way. However this thesis does not deal with semantics,
therefore this lack will not affect the analysis of the neural networks performed in the

next chapters.

2.2.3 The human mind in terms of computation

In the previous sections we have seen that computation and information processing are
two distinct concepts, and that they are both required for a complete comprehension of
the brain. Notwithstanding, in the course of history, scientists have usually associated the
highest cognitive functions of the brain to computation. In fact, in the field of cognitive
science, namely the scientific study of the mind, the prevailing idea was that the mind is
originated by a serial manipulation of symbols. This is the so called computer metaphor of
the mind [131]], while this current of thought is called symbolism. In philosophy of artificial
intelligence, this point of view is called physical symbol system hypothesis, formulated by
A. Newell and H. A. Simon in [132], while in philosophy it could be roughly identified with
the computational theory of mind of H. Putnam and J. A. Fodor [133[][134][135]. A typical
example that supports the symbolist current of thought is human language, because finite
state machines have been successfully applied to its modelization [84]. Language is con-

sidered one of the most important human cognitive abilities, and since it can be described
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by finite state machines, which perform serial computations, then this is a strong evi-
dence in favor of symbolism. Historically, this point of view has been criticized especially
by connectionism, that supports the idea of the mind as an emergent property generated
by interconnected neurons, or in other terms by parallel subsymbolic computations [136].
Moreover symbolism has opted for discrete representations of the symbols, while connec-
tionism prefers analog distributed representations. It is also important to observe that the
two hemispheres of the brain seem to behave in a serial or parallel way according to the
task performed [137][138][139]. Therefore these two currents are in contradiction with
each other, but the theory developed by P. Smolensky [140] seems able to incorporate the
symbolic approach into the connectionist one, without losing the qualities of the latter.
This idea has been used by P. beim Graben and R. Potthast in [141] to define a theory they
have called dynamic cognitive modeling. Therefore dynamic cognitive modeling consists
in the implementation of symbolic cognitive serial operations into a neural network or a
neural field equation. A similar idea is expressed also in [142], in the context of the Turing
machine, while the work of beim Graben and Potthast is based on less powerful devices
(like the pushdown automaton and the finite state machine), since according to them “the
Turing machine is of only marginal interest in cognitive psychology and psycholinguistics”
[141]. So dynamic cognitive modeling is an implementation of ideas from cognitive science
into a neural network or a neural field model, and therefore this is a strong cooperation
between cognitive science and neuroscience. In other words, dynamic cognitive modeling
uses the ideas of cognitive science about the nature of the processes involved in cognition,
and it implements these ideas in a biologically realistic substrate. Since in this approach
the connectionist ideas are not neglected, this theory may be able, at least in principle, to
explain how the cognitive functions generated by the serial manipulation of symbols arise

as emergent properties of interconnected neurons.

The concept of a super-Turing brain can be rejected not only according to the explanation
provided in Section [2.2.7] but also according to the following idea, essentially expressed

in [143][144]. Quantum mechanics can be simulated by a classical Turing machine up
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to a desired level of precision. Moreover quantum mechanics describes every physical
phenomenon down to the atomic and molecular level, so we can think to simulate in a
very big Turing machine all the atoms and molecules that compose all the neurons, axons
and synapses in the brain. This simulation will describe and reproduce the brain at an
extremely high level of precision, and therefore also its working principles, or in other
words the way it performs computations. So, according to this idea, the brain can be
computed by a Turing machine, therefore it cannot be more powerful than the Turing
machine itself. Notwithstanding, there is still some belief that the incredible power of
the brain could come from some super-Turing computation or also from non-algorithmic
processes. This is due to the famous halting problem, namely the inability of the Turing
machine to determine in general if a program will stop running or if otherwise it will run
forever. It is important to clarify that the Turing machine is able to determine if some
algorithms will halt or not, but it cannot establish it for all the possible algorithms that
can be written. For this reason we say that it is not able to solve the halting problem.
However there is some belief that this task can be accomplished by the brain, even if it is
actually still unclear. In fact a programmer usually can look at a program or algorithm
and tell if it will halt or not, but this may be not always true. For example, nowadays

nobody is able to say if the following program will ever halt:

define_function: Is_the_number_a_sum_of 2_primes(integer)

{ _of_2_
... // Body of the function

}

n=4
result = yes

while(result = yes)

{
n=n+ 2
result = Is_the_number_a_sum_of 2_primes(n)

} _ot_2_

exit
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This algorithm is the brute force implementation of the famous Goldbach’s conjecture, one
of the open problems in number theory. It states that every even integer greater than 2
can be decomposed as the sum of two prime numbers. Since this problem is still unsolved,
nobody can say if the program above will ever halt or if it will loop forever. Maybe one day
someone will prove this conjecture, or maybe this task is simply beyond the capabilities of
the human brain. The same reasoning can be applied for example to any of the currently
unsolved conjectures in number theory. As we said, a computational system can solve the
halting problem if it looks at any program and is always able to tell if it will halt or not.
In other words, if there is at least one case where the system cannot give the answer,
then this system is not able to solve the halting problem. Now, since currently no person
can look at the brute force implementation of the Goldbach’s conjecture and tell us if it
will ever halt, it is not clear if the human brain can solve the halting problem. Therefore
we conclude that there is no proof of a super-Turing computational power in our brains.
Actually this is unsurprising, because if there were a mechanical procedure to establish
if a generic program would halt or not, then many hard mathematical problems would be

easily solvable.

2.2.4 Information processing in the brain

So much effort has been devoted to the comprehension of the human brain and its higher
emerging product, the mind, in terms of computation. Instead a detailed analysis of the
information processing capability of the brain is missing. Up to now, information analysis
has been limited only to the case of the Shannon and Fisher information, because, as we
said, there is still a debate on the quantification of the semantic information. Shannon
information has been used in the context of neural learning [145][146][147], for the quan-

tification of the efficiency of the neural code [148][149][1500[15I1[T52[[153[[15411155], and
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in visual perception [156][157]. Instead Fisher information has been evaluated in net-
works with specific correlation structures and its behavior could be completely different
from case to case [158]. A complete analysis of the behavior of these information quan-
tities for different kinds of connectivity matrices has not been performed yet, even if the
theory of complexity stresses the importance of the synaptic connections (see Section [2.7).
In this thesis we develop a mathematical formalism to fill the gap, and we apply it explic-
itly to the calculation of the Fisher information. Because of space and time requirements,
we have not used these techniques for evaluating the Shannon information, but this cal-

culation is straightforward and left for a future study.

To conclude this section, we observe that Shannon and Fisher information quantities are
functions of the probability density of the system. An important theory that can be used
to determine these probability densities and that is of particular relevance in the context
of the brain is the Bayesian Theory [159][160]. This theory is based on the Bayes formula,
according to which, given two random variables X and Y, their conditional probabilities

are related as follows:

ple)p(x) _ _ plylz)p(x)
P () Jxp (yle)p () dz

p(zly) =

supposing that p(y) # 0. Interpreting x as an hypothesis to test, for example that “the
distance of an object is 10 meters”, and y as the data (also called evidence in this context)
about the object that we receive from our senses, like its image through the visual cor-
tex and its sound through the auditory cortex, then the Bayesian Theory tells us how to
update our previous belief about the hypothesis, namely p (z), also known as prior proba-
bility (namely the knowledge we have about z, before receiving any y), into the probability
p(z|y), also known as posterior probability (namely our knowledge of x after, or given, the
reception of ). Instead the probability p (y|z) is called the likelihood of sensing y given the
hypothesis z. To conclude, p (y) is called evidence (or marginal likelihood), because it rep-

resents the prior probability of the evidence y. Now, since y represents the data arriving
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from different areas of the brain, the Bayesian Theory describes the sensory integration
performed by the multimodal association cortex introduced in Chapter [l This underlines

its importance in the context of the brain.

2.2.5 Partial conclusion

After this complicated analysis, the conclusion is that the question “Is the brain a com-
puter?” does not have a univocal answer. Clearly the brain is not like a digital computer
with a von Neumann architecture, but it has some similarities with analog computers.
Moreover, the brain is involved with information processing, which does not necessarily
take place in a digital computer (if we define information processing as in Section 2.2.2).
Notwithstanding, if we follow the point of view of materialism, since the brain is made up
of atoms, then it has to follow the laws of physics, therefore it can be interpreted as some
sort of machine, even if probably a modern computer does not represent the best basis for
comparison. Therefore there must be no mystery in the formation of the cognitive func-
tions of the brain, because they must emerge at some point in a natural way when the

complexity of the synaptic connections is high enough.
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Chapter 3

Mean-field analysis of some neural

networks

HIS chapter is devoted to the mean-field theory of neural networks. In particular, in
T Section [3.1] we describe the system using rate equations and in Sections [3.1.1] and
[B.1.3 we derive heuristically the mean-field limit in two different ways. We also obtain
the mean-field Fokker-Planck equation of the network, and in Section [3.1.4] we show how
to calculate its solution analytically. In Section we describe the network using the
FitzHugh-Nagumo model. In Section [3.2.1] we show its corresponding mean-field Fokker-
Planck equation and in Section [3.2.2] we propose an algorithm to solve it numerically. To
conclude, in Section [3.3] we discuss briefly the analysis of the Fisher information in the

thermodynamic limit.

3.1 The rate model

In this section we describe a neural network using the following system of stochastic dif-

ferential equations:
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avi (t) = | —=Vi (t) + z_: Jii () S (V; () + I (t)| dt + o1dBY (t) (3.1)
j=0

Vi (0) ~N (u, 02) (3.2)

withi=0,1,..., N — 1, where:

* N is the number of neurons in the network;
* V; (t) is the membrane potential of the i-th neuron;
* 7 is a time constant that describes the speed of convergence to a stationary state;

* [(t) is the deterministic external input current, which is supposed to be the same
for all the neurons (because we want to avoid inhomogeneities which are difficult to

describe analytically);

* B (t)is the Brownian motion that describes the background noise of the i-th neuron

(or equivalently the stochastic part of the external input current);

* 0 is the standard deviation of the Brownian motions, which is supposed to be the

same for all the neurons and time-independent;
* 4 is the mean of the initial conditions;
* 05 is the standard deviation of the initial conditions;
* J;; (t) is the random synaptic weight from the j-th neuron to the i-th neuron;

* S(-) is a function that converts the membrane potential of a neuron into the rate or

frequency of the spikes it generates.
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Usually in neuroscience S (+) is a sigmoid function, defined as:

Thax
SV) = 11 e AV—Vr) 3.3)

or an integral function, defined as:

S(V) =TmaxE AV —Vr))

(3.4)

v/2

Y T S
E(V):E e 2d‘/:

o)

where Ty 4 x is the maximum amplitude of the function (which is reached for V' — +oc0), A

N~

is the parameter that determine its slope for Ty, 41 x fixed, while V represents the horizon-
tal shift of the function along the V' axis. Now, many different kinds of connections can be
used, which typically are studied by the branch of mathematics known as Graph Theory.
In this context, a graph whose adjacency matrix is circulant is called circulant graph. It
is usually represented by the notation Cy (1,2,...,q), which means that the i-th node in
the graph (for i = 0,1,..., N — 1) is connected to the (i — j)-th and (i + j)-th nodes (mod N)
for each j in the list (1,2, ...,q). Special cases are the cycle graph Cyy = Cy (1,0,0,...,0),
where every neuron is connected only with other two (therefore its connectivity matrix is
tridiagonal with corner elements) and the complete graph Ky = Cy (1,2,...,| ¥ |) (this is
the case of the fully connected network). Usually in graph theory they are represented as
undirected unweighted graphs (see Figure [3.1), namely with non-directional connections
(their graphs are drawn using connections without arrows) and identical weights. This
means that their connectivity matrix is supposed to be symmetric. However in this section
we can consider directed graphs as well, therefore the connectivity matrix in general is not

symmetric.
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Figure 3.1: Three examples of circulant graphs: Cyxn = Cx (1,0,0,...,0) (top-left), also known as cycle
graph, Cn (1,2,0,...,0) (top-right) and Kx = Cn (1,2,...,[5|) (bottom), also known as complete graph or
fully connected network.
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Here we suppose that all the neurons have the same number of incoming connections, that
we call M. Therefore circulant graphs are ideal candidates, even if many other graphs
have this property. If there is no connection from the j-th neuron to the i-th neuron, we

set J;; = 0. Otherwise, if there is a connection, we set:

J
Jij (t) = L (A+agdB;t(t)) (3.5)

where A is a free parameter, while B/ (t) are new Brownian motions that describe the
stochastic fluctuations of the synaptic weights. Instead o3 represents the amplitude of
these fluctuations around the mean A. In order to avoid biologically unrealistic changes of
the sign of J;; (t), we have to set 03 < A. Moreover, here the derivative %Jt(w is meant in
the weak sense of the distributions, and can be interpreted as white noise. The division by
M is required in order to ensure the existence of a well-defined thermodynamic limit of the
system. In fact when M increases, each neuron receives a larger and larger input from the
remainder of the network through the term Zj\f: o Jij (1) S (V; (1)) in equation[3.7], therefore
in order to fix this divergence the normalization of the synaptic weights is required. This
technique has been already used in [51][64][65]. Moreover, a fundamental assumption of

this chapter, is the independence of the Brownian motions B} (t) and B (t) and of the

initial conditions V; (0), whose importance will be clarified in Chapters[bland [6l

To conclude, we want to underline that the assumption of having the same quantities o1,
o9, 03, i, I (t), M and A for all the neurons, makes the system invariant under exchange
of the neural indices. As we already said, this decision is driven by the necessity to avoid
complicated inhomogeneities in the system, but the real advantage of this assumption will

be clarified in Sections [3.1.1and [3.1.2

The key observation of this chapter is the emergence of the phenomenon known as propa-

gation of chaos, namely the increase of the independence of the neurons when the network
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‘ Neuron ‘ Input ‘ Synaptic Weights ‘ Sigmoid Function

T=1 I1=02 A:1 TILIAX:1
0'2:0.1 0'1:0.1 0'3:0.1 A=1
M:05 VTZO

Table 3.1: Values of the parameters of the system [3.1] and of the initial conditions [B.2] used to
obtain Figures -B.8

grows larger in size, starting from independent initial conditions. Up to now propagation
of chaos has been studied only for fully connected networks, and in [51] the reader can
find the rigorous proof of the occurrence of this phenomenon for N — oo. In this thesis we
do not provide such a proof, but we show its emergence numerically. Figure shows the
behavior of the correlation between a chosen pair of neurons for a fully connected network,

described by equations[3.1] starting from independent initial conditions.

These results have been obtained using the Euler-Maruyama scheme [161] with integra-
tion time step A¢ = 0.1 and calculating the statistics with 10,000 Monte Carlo simulations.

The values of the parameters are shown in Table 3.1l

Clearly Figure shows that in a fully connected network the correlation decreases with
N. However, since the membrane potentials of the neurons described by rate equations
are not normally distributed (due to the non-linearity introduced by the function S (-)),
decorrelation is not equivalent to independence. Therefore, in order to show the increase
of their independence when the network grows larger in size, we have to show also that

their moments do factorize, namely:

E V™ (@) Vi ()] =E[V;™ (IE [V]" (t)] (3.6)
for every pair of integers m,n. Obviously decorrelation corresponds to the case m =n = 1.

Some examples are shown in Figures -[B.6) from which it is possible to see that this

factorization actually does occur.
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Figure 3.2: Correlation for N = 2 (top-left), N = 10 (top-right), N = 100 (bottom-left) and N = 500
(bottom-right) in a fully connected network, starting from independent initial conditions. These
results have been obtained for 10,000 Monte Carlo simulations and with the parameters of Table
Bl Clearly correlation decreases as a function of N, but for large numbers of neurons (N >
10) correlation is so small that we need to run much more Monte Carlo simulations in order to
approximate its real value.
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Figure 3.3: Factorization of the second-order moments of two different neurons for N = 2 (top-
left), N = 10 (top-right), N = 100 (bottom-left) and N = 500 (bottom-right) in a fully connected
network described by equations [3.1] and with independent initial conditions. These results have
been obtained for 10,000 Monte Carlo simulations and with the parameters of Table 3.1l This
figure clearly shows that increasing N the equality is satisfied for m = n = 2, providing a
numerical evidence for the independence of the neurons.
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Figure 3.4: Factorization of the moments for m = n = 3 in a fully connected network described by
equationsB.Jland with independent initial conditions.
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Figure 3.5: Factorization of the moments for m = 1 and n = 4 in a fully connected network
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described by equations[3.J]land with independent initial conditions.
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Figure 3.6: Factorization of the moments for m = 4 and n = 7 in a fully connected network
described by equations[3.1]land with independent initial conditions.
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This is not a rigorous proof of independence, just a numerical evidence. However, does
propagation of chaos still occur when the network is not fully connected? According to the
numerical simulations, the answer in general is negative. In fact, Figures[3.7 and[3.8|show
the behavior of the correlation and of the higher order moments when the connectivity
matrix is given by the cycle graph Cyy. From them it is possible to see that propagation

of chaos does not occur anymore.

Obviously, the only difference from the fully connected case is in the number of incoming
connections per neuron, which is M = 2 for the cycle graph and M = N —1 for the complete
graph. Therefore in the fully connected network not only the size of the network grows to
infinity, but also the number of incoming connections, while the latter is finite for the cy-
cle network. This seems to show that the real necessary condition for the emergence of
propagation of chaos is the explosion of the number of incoming connections per neuron
for N — oco. So for example we have propagation of chaos when M = N —1, M = /N,
M = log N, etc. This result will be proved analytically in Chapter [B] for weak sources of
noise. We will also prove that propagation of chaos is a consequence of the assumption of
independence of the Brownian motions and of the initial conditions. Now, in Section 3.1.1]
we provide a first method to determine the mean-field equation of the neural network. In-
stead, in Section[3.1.2], we show a preliminary manipulation of the Fokker-Planck equation
of the system that will allow us to obtain the mean-field equation in a different way, which

is explained in Section [3.1.3]

3.1.1 The mean-field equation: method #1

From [3.5] we obtain that:
N-—1 J
> 05 080 0) = 3 (A + 072 ) X 50500 (37

<

— JEGi(N)
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Figure 3.7: Correlation for N = 2 (top-left), N = 10 (top-right), N = 100 (bottom-left) and N = 500
(bottom-right) in a cycle network described by equations [3.1] and with independent initial condi-
tions. These results have been obtained for 10,000 Monte Carlo simulations and with the param-
eters of Table 3.1l Correlation does not decrease anymore with N, therefore the neurons do not
become independent in thermodynamic limit.
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Figure 3.8: No factorization of the moments for m = 4 and n = 7 in a cycle network described by
equations 3.1l and with independent initial conditions.

because J;; (t) depends only on the index i. Here G; (IV), for a given value of the index 1, is
the set of all the values of the index j such that J;; # 0, in a network of size V. So clearly
i ¢ G; (N), due to the absence of self-connections (J;; = 0). We have previously stated that
if the number of incoming connections per neuron grows to infinity in the thermodynamic
limit, then the neurons become independent. In other terms, in order to have propagation

of chaos, we have to assume that:

lim M (N) = o0 (3.8)
Due to the invariance of the system under exchange of the neural indices, in the thermody-
namic limit all the neurons have the same marginal probability density p (V,¢). Moreover,
since for N — oo they become independent under assumption [3.8] (this is the so called lo-
cal chaos hypothesis), the infinite set of all the V; (¢) can be seen as a collection of samples

generated by the single distribution p (V,t). For this reason we can write:
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00
lim ——— 3 SV (1) =By [S (V)] = / S(VYp (V' t)dV’ (3.9)

JEG(N)
Therefore combining 3.7 and [3.9] we obtain that in the thermodynamic limit the system
B becomes:

1
dv; (t) = -V (t) + AEpv,e) [S (V)] + I (t)| dt + o1d B (t) + o3Eyve) [S (V)] dB (1) (3.10)
This is the mean-field equation of the network, also known as the McKean-Viasov equation,
after the work of H. P. McKean and A. A. Vlasov on similar kinds of systems [51][162][163[[164].

Now, since B} (t) and B/ (t) are independent, we can combine them generating a new total

Brownian motion B; (t) such that:

01dBY (1) + 03By 1S (V] dB] () = /o2 + 03 (Eyqv,p) [S (V)]) dBi (1)

Therefore finally the mean-field equation of the system can be equivalently rewritten as:

1
AV (£) = | == Vi () + Ay [S (V)] + 1 (t)] dt + \/ 02 + 02 By [S (V) dB; (1) (3.11)
This stochastic differential equation (SDE) is not easily solvable since it is a function of
the probability density p (V,t¢), namely the law of the solution V; (¢), which is not known
a priori. Therefore we have to transform it in its corresponding Fokker-Planck equation

(FPE), which is a function only of the unknown p (Vt):

G0 = =50 | (<2 + ARy SO+ 1)) p(V20)] + 5 [07 + 03 (B 1 )] w2

(3.12)
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Once the FPE is solved, we can replace p (V,t) in the equation B.11] transforming it in a

common SDE which can be solved with the standard techniques.

To conclude, we want to show the advantage of using the thermodynamic limit of the neu-
ral network. If we want to determine the behavior of the network for a finite number of
neurons N, we have to solve the system of N stochastic differential equations 3.1l The
probability density of the system can be obtained by solving the corresponding FPE, which
is extremely complicated (see formula [3.14]in Section [3.1.2) since the SDEs are coupled .
Instead, in the thermodynamic limit, we have to solve the system [3.11] where the equa-
tions are decoupled. Therefore now the FPE is much simpler (see equation [3.12), and
moreover it is the same for all the neurons. Now, choosing a finite sub-system made up of
n neurons, whose indices belong to the subset U/ = {ig, i1, ...,i,—1}, and supposing to know
the probability density p(V,¢) of a single neuron, we can calculate the joint probability

density of the sub-system as follows:
P (Vigs Virs oo Vi o t) = [ [ p (Vi 1) (3.13)
ieu
since in the thermodynamic limit the neurons are independent.

However, in order to obtain this simplification of the FPE, we have to pay a price, namely
the introduction of the term E, ;) [S (V)], which transforms the FPE from a partial dif-
ferential equation (PDE) into a partial integro-differential equation (PIDE). PIDEs can be
equivalently seen as a special subset of the kind of equations known as partial functional

differential equations.

3.1.2 Fokker-Planck equation of a finite neural network

In this section we introduce the Fokker-Planck equation of a finite neural network. This

will allow us to obtain straightforwardly, in Section [3.1.3] (with a method that is basically
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different from that shown in Section [3.1.1), the mean-field equation of the system in the
thermodynamic limit. Moreover the results of this section will be used later in Chapter 4]

since they allow us to study the finite size effects of the neural network.

So, the Fokker-Planck equation corresponding to[3.1land 3.5/ for a finite number of neurons

is:

JEG;

2
PR | I Y L ST (Vo oo, Viv_1, 1) (3.14)
f 51 03 M ( J p{Vo,..-s VN—1, .

which can be rewritten in a more compact form as:

%p (7,t) —_¥V. [? (7,t) P (7,t)} + %W [7 (7,t) P (7,1&)] (3.15)
where 7 = Vo, ..., Vy—1) and:
 f (7,1&) ] % (7,t) ]
7@g-| P00 @] 2
v (Vot) | L ov (Vo) ]

(3.16)
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? <7, t) and ¢ (7, t) are known as drift and diffusion functions, respectively. Now, given
a set of integers mg, m1, ..., my_1 with values between 0 and N — 1, we define the marginal

probability densities:

Pmo (Vmoat):/ p(v()v‘/lv"'7Vmoa"'aVN71;t) H dvk
RN -1 kotmo

(3.17)

Doy (Vinos Vingo 1) = Jer—2 P (Vou Vi oo Vs ooy Ving ooy Ve, ) [T v for  mo#m

k?fmo,’rﬁq

Moreover, given a generic mg, we integrate the Fokker-Planck equation with respect to

H dV, on the domain RV~!. Therefore the partial derivative with respect to time on the

k#mo
left-hand side of the Fokker-Planck equation (8.15) becomes:

JAETE) CETMELE) P

k#mo k¢m0

Now we have to see what happens to the drift and diffusion terms on the right-hand side

of the Fokker-Planck equation. For the drift term we have:

[ A7 (@0 (@0)]} T

k#mo

:—/}RM% oo (Vo) p (V)] TT avi= [ Saea [Faea (Vi) o (V)] T avi

k#mo R k#mo
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et [ (P 0(70)] T

k#mo

:_83% {[_V:m +I(ﬁ)] /RN?lp(v,t) 11 dvk}—%a‘fmo 3 /]RNilp(v,t)S(Vj) I1 v

k#mgo JEGmy k#mgo

where ? N—1 (7,t) is the vector 7 (7,t) without the mg-th component, and ? N1 =

Z aivl' This result is due to the divergence theorem:
l#mg

Va1 [?N_l (7,t)p(7,t)} I1 de:/

ko ORN—1

[7N_1 (7,t) P (7,15)} AdS =0

RN-1

having used the boundary conditions:

D (7, t) =0 on ORN—1

Here 7 is the outward pointing unit normal field of the boundary R ~!. Now we can see

that:

%81210 3 /}RN?lp(V,t)S(Vj) I1 v

jeGm,O k#mo

/RM p (7, o I v

k#mo,j

A 0
-~ 2 s av;

5€Gmy

A0

=—— S (V) Pme.i Ving, Vi, t) dV;
M avmo Je;mo/R J (V) 0 J J
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Since the system is invariant under exchange of the neural indices and since all the neu-
rons with index j are connected to the neuron with index my, the function p,,, ; (-,-,t) does
not depend anymore on the indices m and j. In other terms, we can define a new function

p@ (-, -,t) such that:

pmo,j ('7 7t) = p(2) ('7 7t) ) v777‘07]‘ € Gmo (318)

In the same way the function p,,, (-,¢) does not depend anymore on the index mg, so we

can define a new function p(!) (-, ¢) such that:

Pmo (1) =pM (1), V¥mg (3.19)

So from these definitions we obtain:

N .
~Siav /S<vj>pmo.m-(vmmvj,wdvg-:*A ° /S<V’>p<2><vmmvct>dv’
MOV, 2= Jg " WViny Jr

Therefore the drift term has been fully developed:

Lo 50 (705 (7)) 1T o

k#mo

0

= v { [—V% +I(t)} pM (Vmu,t)} —A

)
SV p2 (v, V' t)dV’
S SV (Vg V0

The same trick can be repeated with the diffusion term of the Fokker-Planck equation,

since V2 = ? . ? and therefore we can apply again the divergence theorem. The result is:
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o2 9? o2 9?
i D (Vo t) + 73 e
mo

[ SWVYSV"Y D Vi, VI, V" 1) dV'dV"
RZ

having used the boundary conditions ?p (7, t> — 0 on the boundary ORN~!. Putting

everything together, we obtain that our original Fokker-Planck equation has become:

G == g | (<X 41 @) s | < agy [ s v ar

82

2 82 2
+ DoV (Vi) + 2

/ m . (3) AR vl v
S 57 {WS(V)S(V ) p® (V, V!, V" 1) dV'dV (3.20)
In order to solve equation 3.20, we need to know p (V, V' t) and p® (V, V', V" t). So
we could think to obtain the PDEs satisfied by these functions using the same trick we

used before, namely integrating equation [3. 15 with respect to H dVj, (for p® (V, V', 1))
k#mg,m1
and H dV, (for p® (V, V', V" t)). However, the PDEs for these two functions will

k#mg,m1,ma
depend on higher order marginal distributions, namely p*) and p(®, and so on and so

forth. This means that the partial integration of [3.15] generates a sequence of PDEs for
the marginal densities, which does not form a closed system of equations. This is known
as Bogoliubov—-Born—-Green—Kirkwood-Yvon (BBGKY) hierarchy. In Section and in

Chapter 4] we will show how to deal with this problem.
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3.1.3 The mean-field equation: method #2

Now we are ready to use the results of Section [3.1.2] in order to obtain in a different way
the mean-field equation of the system. Since in the thermodynamic limit the neurons be-
come independent, the joint probability density of any finite sub-system can be factorized
as the product of the marginal probability densities, by definition of independence. This

has been already shown in formula[3.13] Due to this factorization, for N — oo we obtain:

pmo,ml (Vmoa Vm1 b t) :p(l) (Vmo 9 t) p(l) (VTTL1 b t)

pmu,ml,mg (me V’rn1 b sz b t) :p(l) (Vmo b t) p(l) (Vm1 b t) p(l) (sz b t)

therefore equation [3.20/ can be rewritten as:

%pw (Vi) = — % KK +A /R SV pO (V! ) dv' + T (t)) P (V. t)]

2

Wp(l) (V1) (3.21)

This is the FPE in the thermodynamic limit, and in fact we can see that it is perfectly
equivalent to Therefore the two methods that we have used in order to derive the
mean-field equation of the system give the same result, as it must be. Obviously, the
method developed in this section is more complicated, but unlike the technique of Section
[B.1.1] it can be used to study the finite size effects of the network, as we will show in
Chapter[dl
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3.1.4 Solution of the mean-field Fokker-Planck equation

In this section we show how to calculate the solution of the mean-field FPE [3.12] or [3.21]

using an alternative method to that of [51ll. If we denote:

R, (1) = / SV p (V' t)dV’ (3.22)

that represents the mean firing rate (namely the mean frequency of the spikes produced

by a single neuron) and:

ot (t) =y/of + o3 R2 (1)

I (t) =AR, (t) + 1 (t)

then the mean-field FPE can be rewritten in the following equivalent way:

G0 =0 | (<L 4 1 0) )] + 5 (01 ) fap (1)

Now we apply the “partial” Fourier transform, namely the transform only with respect to

the potential V:

+oo
B(w 1) = Fy [p(V,1)] = / p(V,1) e~V v

— 00

where . = /—1. In this way, using the following properties of the Fourier transform:
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| ~wrie

d"y (w)

dw™

Flay ()] ="

the FPE becomes:

(0" (1)) w?B (w. )

N~

g7t = | (<L 5L+ 1 0) )] -

As we can see, this partial differential equation is of the first order, so we can solve it
analytically using the method of characteristics. In order to use this technique, we have to

write our equation in the following equivalent way:

—p(w,t) +

0 w
ot T

o - o 1 o 2 ~
D ) = = [ttt () + & (ot ()] Bt

So according to the method of characteristics we obtain:

at_ dw dp (3.23)
1 w tot 1 ( tot 2 ol
— (Wl (1) + 3 (Jﬁ (t)) w?|p
Using the first two differentials, we obtain %w = %, whose solution is:
w(t)=w(0)er (3.24)

Now we have to solve the equation generated by the first and the third differentials in

formula [3.23] that remembering [3.24] becomes:
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1 ¢ 2 ~
— |w (0) e I (t) + : (az%"t (t)) w2 (0) e? } D
Its solution is:
5= Ke (32(0) [ (04 ()) 2% dstieo(0) [ 1" (s)e ds) (3.25)

where K is the integration constant (in general complex valued). If now we suppose to

have the following initial condition:

where f() is the partial Fourier transform of a probability density function f (-), then we

have also:

p(w(0),t=0) = f(w(0)) (3.26)

But from [3.25] we obtain that:

~ t

therefore, comparing [3.26 and [3.27, we have K = f(w(0)). However w (0) = w(t)e
according to[3.24] therefore finally:

Replacing this expression of K inside [3.25] we obtain the final result:
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- ( t ) - ( 1w2(0) [ (Ug’t(s)> *e22 ds i (0) J} Itot(s)e* ds)
and therefore, remembering again that w (0) = w (¢) e~ r, we obtain:
Bwt) = (we ) o~ (36e7F [ (ot ()R dstuwe™ F [ 17 (5)e ds)

So, finally, the solution of the FPE is:

too t — *UJ2672£ tgtot(6))?e2 T ds Lwefﬁ ttot(5)e T ds
p(V,t):]:‘;l [ﬁ(w,t)]:/ f(we_:)e (; Js (57 (5) dot Jo 17 (9) d)e‘“’vdw

— 00

(3.28)

If now, according to[3.2] we use Gaussian initial conditions:

1 JV*‘QZ
V)=p(V,t =0) =
FV)=p(Vit=0)= ——e
that is equivalent to say that:
F@) = plwst=0) = Fy | e | — om(amrhoda?)
w) = w,l = = (& 2 = 272
P v V2moo

then we can write:
Faet) oot
Now, substituting this expression of f (weff) inside[3.28, we obtain:

p(‘/’ t) _ /+OO e_<buwe7%+%a§w2€72%)e_<%wze—2% fJ(U%Dt(S))2€25d8+Lw67% fot I;Dt(s)e%ds) evadw

— 00
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and therefore finally:

t 2
(v e T ;+f0 ot (s )ew))
2L 2
2727 e _fo(agot(s)) e Tds)

p(V,ﬁ)Z ! e <

\/27r (056*25 + e 27 fot (0;5,0’5 (s))2 ezfds)

(3.29)

Therefore the solution of the FPE in the thermodynamic limit is a Gaussian distribution

with mean:

t
e (0 =By V] = e (s [ 2 (5) ) (3.30)
0

and variance:

¢
Sy (t) = Var (V (t) = o527 +e7 27 / (o) (s))2 e*rds (3.31)
0

So we have obtained the exact solution p (V,t) as a function of the mean firing rate R, ().
But of course R, (t) is a function of p (V,t) itself, therefore using formulae [3.22 and [3.29,

we obtain:

<vr,;% (w_rg [1(s>+ARP<s)]E%dS>)2
Rp (t) = 1 /+00 g (V/) . 2(a§e*2$ +872§ f(%(“%+“§R§(S))e2§ds) dv/
2 (o372 2 (o 4oy (9) 2as) T

(3.32)

This is a self-consistency constraint, expressed as an integral equation in the unknown
R, (t). Now, in the special case when the activation function is given by [3.4] (and only in

this case), following [51]] we obtain:

+oo Vvi—a _
/ S(V’)e_( 2ﬁ2) AV' = V2rBTaax E (M)
oo 1+ (A8)°
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(while for general forms of the function S (-) this integrals cannot be evaluated straightfor-

wardly, therefore we have opted for formula[3.4). Moreover, if we define two new functions:

RIGS

U(t) =e~ /0 R, (s)eTds

t
Q(t) =e %+ /0 R2(s) e*rds

we obtain:

with:

A [e’f (,u + fotl(s)efds) + AU (t) — VT}

R, (t) =TmaxE
\/1 A2 ["37 (1 - 6725) +o2e2t 4+ 02Q (t)}

Therefore the integral equation [3.32]is equivalent to a system of two Wilson and Cowan
ordinary differential equations (ODEs) in the unknowns U (¢) and @ (¢) . For a more in-
tuitive interpretation of this result, we can observe that [3.30] and [3.31] can be rewritten

as:

|
A

<M+/Ot1(s)e%ds> + AU (t)
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Taking the derivative with respect to time of these expressions and after some algebra, we

obtain:

—d“,‘i/t(t) = —Zpyv () +1(t)+ATyaxE (7“%‘1;2)2:8)

(3.33)

ds > —
;t(t) 7%2‘/ (t) + 0% + 03T s E? <\>ﬂ%&/é;>

with initial conditions yy (0) = p and By (0) = 03. So for Gaussian initial conditions the
probability density of the network in the thermodynamic limit is always Gaussian, whose

mean and variance satisfy the ODE system [3.33

Instead, if the initial conditions are not Gaussian, the system converges exponentially fast
(with time constant %) to a Gaussian distribution for ¢ — +o00. This can be easily observed

from [3.28 using the fact that:

lim j?(wefﬁ) = lim p(V,it=0)e ¢ "Vav =1

t——+o0 t——+o0 oo

due to the normalization condition of the probability density.

To conclude, it is possible to extend these results to the case of an arbitrary number P of
neural populations. In general, we will obtain a system of P coupled FPEs, one for each
population. Moreover, if the initial conditions are Gaussian, the probability density of each
population is always Gaussian, and their means and variances are given by a system of

2P coupled ODEs, which is the natural generalization of[3.33]

3.2 The FitzHugh-Nagumo model

The methods developed in Sections [3.1.1] and [3.1.3] can be used to determine the mean-

field equation and its corresponding FPE for every kind of networks. For example, the so
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called FitzHugh-Nagumo model with chemical synapses is often used, due to the relative

simplicity of the equations (see for example [64]):

. N-1
Vi (t)= Vi) = 58 —wi (6) = D Jis (8) (Vi () = Veew) wy (8) + 1 (1) | dt + 01dBY (1)
j=0

(3.34)
dw; (t) = ¢ (Vi (t) + a — bw; (t)) dt

dyi (t) = [aS (Vi () (1 —yi (1)) — Byi ()] dt + 04 (Vi (£) ,5: () dBY (1)

where:

Vi (t), w; (t) and y; (t) are respectively the membrane potential, the adaptation (also
known as recovery function) and the fraction of open ion channels (we will refer to it

as the conductance) of the i-th neuron;
I (t) is the deterministic external input current;
Viev 18 the reversal potential of the chemical synapses;

BY (t) and BY (t) are the Brownian motions that describe respectively the background

noise and the fluctuations in the synaptic conductance of the i-th neuron;

o1 and o4 (V; (t),v; (t)) are the standard deviations of the Brownian motions in the

background and in the ion channels respectively;

Jij (t) is the maximum conductance of the synapse from the j-th neuron to the i-th

neuron, which as usual is given by B.5}
a, b and c are the parameters that describe the kinetics of the adaptation;

« and 8 determine respectively the rise and decay rates of the synaptic conductance;
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* S (-)is a sigmoid function.

In particular, the noise intensity o4 (V; (¢),y; (t)) is given by:

o4 (Vi (), 9i (8)) = VoS (Vi (1) (1 = i (1)) + By (£)x (i (1))

where x (-) is a function that vanishes outside the range (0,1). Following [64], we use:

___r
Pe 1-Gv=02 4 4 e (0,1)

0 otherwise

This particular choice of o4 (V; (t),y; (t)) guarantees that the function y; (¢) is always in
the range [0, 1], as required by the definition of the synaptic conductance. The first and
the second equation of the system [3.34] (excluding the interaction term) represent the
FitzHugh-Nagumo model of a single neuron [165][166], while the third equation (with-
out the noise term, which was first introduced in [167]) is a kinetic model that quantifies
the synaptic transmission [168][169]. For a detailed description of the synaptic noise in

cortical neurons, the reader is referred to [1700[1711[1721.

3.2.1 The mean-field equation

Again, for a fully connected network in the limit N — oo, it can be shown numerically
the emergence of propagation of chaos, while the exact proof can be found in [64]. There-
fore the neurons become independent and can be described by a single probability density
p(V,w,y,t). Using the same methods developed for the rate model, we obtain the following

mean-field system of equations for the network:
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|:‘/z (t) - @ — Wj; (t) - A (‘/Z (t) - VFS’U) Ep(V,w,y,t) [y] +1 (t):| dt

+01dBY (1) = 03 (Vi (1) = Vreo) Ep(viny.t) [y] dB; (¢)

(3.35)
dw; (t) = (Vi (t) +a —bw; (t))dt
dy; (t) = [aS(Vi(t) (1 —yi(t) — By (t)] dt + 04 (Vi (t),yi (t)) dB} ()
where:
Ep(v,w,y.0) W] = / y'p (V' W'y ) dV'dw'dy' (3.36)
R2x[0,1]

while its corresponding FPE is:

op (V,w,y,t) d v?
ot ov

V- ? —w—A (V - V;"e’u) IEp(\/’,w,y,t) [y] + 1 (t):| p (‘/7 w,y, t)}

~ g eV = bu) (Vo )] = 5L (JaS (V) (1= 3) = Bulp (Ve 1)

1 02
+ 2972 { {U% + 032, (V- Vreu)QEi(V,w,y,t) [y]} p (V,w, y,t)}

+ 550 {08 (V) (L= ) + 841 4 ) p (Vo)) (3.37)

The analytic solution of B.37]is not known, therefore we have to solve this equation using

numerical methods, as explained in the next section.
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3.2.2 Numerical solution of the Fokker-Planck equation

The numerical scheme that we have decided to implement is the so called method of lines
[173]1[174]. This numerical technique is based on a discretization of the phase-space, which
converts the FPE into a system of ODEs with continuous time. In other terms, since the
domain of the probability density of the single neuron is D = R? x [0, 1], we can suppose
that the state of the system is always in a sufficiently large but finite subset A C D. Now
A can be discretized dividing the axes V, w and y respectively into ny, n,, and n, segments
with lengths AV, Aw and Ay. Therefore, if A = [Viin, Virax] X [Wmin, waprax] x [0,1], we

have:

ny = VMA)&;/me, ny = wMA)é;wmm, ny = AL
This discretization of the phase-space generates a grid of points at which the probability
density will be evaluated. Since now the phase-space is discrete, the partial derivatives of
first and second order with respect to V', w and y which appear in [3.37 can be calculated

numerically using a finite difference scheme. According to [175], the central difference

expansions:

dr Az Z S k(n—k)!'(n k)!f($+kAm)
K0
(3.38)
& 1 - 41 2 1?2
Jx(gm) P (o (@) + D0 (-1 ﬁ#Mf(ﬂmz)
k]c:;&_On
with:
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9om == 2D Giom
k=1
(3.39)

2 12 (n))*
g =D G TR T

are approximations of order 2n of the first and second order derivatives. Therefore with
these expansions we transform the FPE [3.37linto a system of ODEs, one for each point of
the grid, where the unknowns are the functions p (Viin + kv AV, Wiin + kywAw, kyAy, t), for
kv =2,...,nv—2,ky,=2,...,ny,—2and k, = 2,...,n, —2. These ODEs have continuous time,
therefore they can be solved with standard numerical techniques, like the Runge-Kutta
method. Instead, for ky = 0,1,ny — 1,ny, ky, = 0,1,n, — 1,n, and k, = 0,1,n, — 1,1y,
we set p (Vinin + kv AV, Winin + kywAw, kyAy,t) = 0. In this way we have implemented the
boundary conditions p = 0 and g—"} = g—i = g—’; = 0 at infinity and V¢. However we need

also the initial conditions of the probability density. For simplicity we choose a Gaussian

distribution, namely:

p(V,w,y,t =0) = ;efé [(V;§V >2+(V7§w)2+(vf:§y )2] (3.40)

(2m) oY 030}
where 1, ¥, p¥ and oy, 0¥, 0 are the means and the standard deviations of the initial
conditions for V', w and y respectively. To conclude, we need an integration scheme in order
to calculate the term[3.36l Since the dimensionality of the phase-space is large, in order to

decrease the numerical error it is preferable to use a highly precise integration scheme. In

particular, we have opted for the so called Newton-Cotes method of order 6, defined below:
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ng /5

To 5
/Il (&) do o A ; [19f (1 + (5i — 5) Ax) + 75/ (a1 + (51 — 4) Az)

+50f (1 + (5i — 3) Ax) + 50f (a1 + (5i — 2) Ax)

+75f (1 + (5i — 1) Az) + 19f (z1 + 5iAz)]

T2 — 1

M Az

The only drawback with this technique is the necessity to choose n, as a multiple of 5.
Now, for the method of lines applied to PDEs with second order derivatives, discretized
with a step Az, when we numerically solve the system of ODEs with respect to time using
an integration time step At, it is well known that the effective integration step is A = AAJT
Therefore if we decide to use a very dense grid, namely a very small Az, then A will
increase, and this can cause the instability of the algorithm. This problem can be fixed
by decreasing At, at the cost of a lower execution speed of the numerical scheme. Not
surprisingly, we have found that the problem persists if we keep Az fixed while increasing
the approximation order 2n in formulae [3.38 and Therefore we have opted for n = 2,

namely approximations of order 4 of the first and second order derivatives. In this case

formulae [3.38 and [3.39 give:

V) ot 1f (e~ 200) ~ 81z~ Aa) 4 8F (a + Ar) — f (x + 2A0)
(3.41)
Pf(@) 1

T YN [—f(x—2A2) +16f (x — Az) — 30f () + 16f (x + Ax) — f (z + 2Ax))
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Initial conditions | Phase-space | FitzHugh-Nagumo | Synaptic weights ‘ Synapses ‘ Other
u =0 Vinin = —3 a=0.7 A=1 Veew=1 | At=0.01
uw:0.5 VMAX:3 b=0.8 03:0.2 a=1
1Y =03 AV =0.1 c=0.08 B=1
oy =0.4 Winin = —2 I=04 Thax =1
0y =0.4 wypax = 2 o1=0 A=0.2
oy =0.05 Aw = 0.1 Vp =2

Ay = 0.06 r=0.1
T=0.5

Table 3.2: Values of the parameters of equation B.37] and of the initial conditions [3.40] used to
obtain Figures[3.943.12]

So finally, using a Runge-Kutta method of order 2 and the parameters of Table 3.2 we
have obtained the results shown in Figures and [3.10! for the marginal probability den-

sities, performing the simulation on a regular laptop (see [Software and Hardware| for the

hardware specifications).

Intuitively, we have chosen a high enough value of the input current I in order to generate
a spiking activity in the network. Moreover, we have chosen the parameters p", u%, p¥ of
the initial probability density in such a way that the Gaussian peak of the distribution is
located inside the limit cycle of the spikes. Due to the nullclines of the mean-field system
[3.35] the phase-space and the volume inside the limit cycle are divided in two parts. For
this reason we observe a split of the trajectories of the neurons in the phase space, as

shown in Figure [3.111

This split corresponds to the two peaks of the probability density observed in Figures
and [3.10, and it clearly shows that the system becomes highly non-Gaussian. This
result will be used in Chapter [7 for the numerical calculation of the Fisher information
of the system. Instead Figure shows the formation of a rest state, where most of the
neurons are not spiking, since they are forced to quiescence by an external input current

I=-08.

Unfortunately the quality of these results is very poor, because smaller values of AV,
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Figure 3.9: Marginal probability density p (V,w,t) for the FitzZHugh-Nagumo system, obtained
from the simulation of equation [B.37] for the values of the parameters reported in Table The
probability density has been evaluated for ¢t = 0.5 (top-left), 1.2 (top-right), 1.5 (bottom-left) and 2.2
(bottom-right), showing the split of the initial Gaussian peak centered inside the limit cycle.
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Figure 3.10: Marginal probability density p (V,y,t) for the FitzHugh-Nagumo system, obtained
from the simulation of equation[3.37]for the values of the parameters reported in Table Again,
the probability density has been evaluated for ¢t = 0.5 (top-left), 1.2 (top-right), 1.5 (bottom-left) and
2.2 (bottom-right), showing the split of the initial Gaussian peak centered inside the limit cycle.
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Figure 3.11: Projection of 100 trajectories in the (V,w) (top-left), (V,y) (top-right) and (w, y) (bot-
tom) planes, obtained from the simulation of a large network for the values of the parameters
reported in Table The split of the trajectories is particularly visible in the (V, w) plane.
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Figure 3.12: Marginal probability densities p (V,w,t) (left-hand side) and p (V,y,t) (right-hand
side) for the FitzHugh-Nagumo system, obtained from the simulation of equation B.37 for the val-
ues of the parameters reported in Table [3.2] with only the exception of the external input and the
intensity of the background noise, which have been set respectively to I = —0.8 and oy = 0.45. The
probability density has been evaluated at ¢t = 2.2, showing the formation of a rest state where most
of the neurons are not spiking.
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Aw, Ay and therefore also of At are required, making the simulation impossible to run
in practice on a regular laptop. For this reason we have implemented the same algorithm
on GPUs, improving the quality of the results and the execution speed of the numerical

scheme. For more details, the interested reader is referred to [641[1761[177].

3.3 Fisher information

According to[Z.6] the Fisher information of a network with joint probability density p (7, 0, t)

is quantified by the following formula:

2
I(H,t):/RkN <%1ogp(?,9,t)) p(Z,0,t)dx (3.42)

where 6 is the parameter with respect to which the Fisher information is calculated (in
this thesis we will use § = I, supposing that the external input current is constant in
time), while 7 = (zo,x1,...,xN—1), and z; is the set of the values of all the k£ variables that
are used to describe the i-th neuron (so for example z; = V; and k = 1 for the rate network,
while z; = (V;,w;,y;) and k = 3 for the FitzHugh-Nagumo network). It is well known that

if the variables z; are independent, then formula [3.42| for § = I becomes:

T

Z(I,t)=>» I;(1,¢t)

-
Il
o

(3.43)

2

where Z; (I,t) is the Fisher information of the i-th neuron. In the cases studied in this
chapter, all the neurons have common parameters and therefore the same marginal prob-

ability density, so formula [3.43] gives N times the Fisher information of a single neuron.
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Therefore in the thermodynamic limit, when the neurons become independent if the condi-
tion [3.8is satisfied, the total Fisher information of the system diverges, so the normalized
Fisher information @ is a more useful quantity. However for N — oo it is not possible
to study the Fisher information per neuron as a function of N, because in this case the
value of N is fixed, being infinite. Moreover, in the cases we have analyzed up to now,
the correlation between the Brownian motions and that between the membrane potentials
are always zero, so the Fisher information cannot be studied in terms of these quanti-
ties. Clearly the only possibility is to determine Z (I, ¢) as a function of the input current.
However, for the sake of coherence, this would imply, in the next chapters of this thesis,
a study of the Fisher information as a function of the network size, the correlation of the

neurons and the input, which is computationally prohibitive. In fact, as we said, all the

simulations have been run on a regular laptop, see [Software and Hardwarel This means

that, depending on the number of Monte Carlo simulations through which the statistics of
the system are evaluated, some of the simulations shown in the next chapters can last for
hours, therefore it is not possible, due to time requirements, to study the behavior of Z (1, ¢)
as a function of three variables (namely N, the correlation of the neurons and I) with this
hardware. Therefore, considering also the fact that in this thesis we are interested mainly
in the quantification of the finite size effects and of the correlation between the neurons, it
is natural to give up the study of the Fisher information as a function of I. This explains
why in the current section we do not show the behavior of # as a function of 7, because
otherwise this would be in contradiction with the rest of the thesis. The reader is asked to
wait patiently until Chapter [4, where finally we can start to analyze the Fisher informa-

tion realistically due to the quantification of the finite size effects of the network, while its

behavior in terms of the correlation between the neurons will be determined in Chapters

Bl 6l and [7
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3.4 Partial conclusion

In this chapter we have seen how to use the mean-field theory in order to determine the
activity of rate or spiking neurons in the thermodynamic limit. The FPE of the system
has been calculated in two different ways. In Section [3.1.1lit has been obtained through
the relation [3.9] which is a consequence of the law of large numbers for N — co. Instead
in Section we have followed a longer path, since we have calculated the FPE in the
thermodynamic limit passing through the FPE of the corresponding finite size network. In
other words, the first approach is straightforward, since it “jumps” directly to the thermo-
dynamic limit, but it does not allow us to determine the behavior of the probability density
for a finite N. Instead the second method is more complex, but prepares the ground for
the analysis of the finite size effects that will be performed in Chapter[4l The advantage of
the mean-field technique is in the fact that it allows us to describe the whole network in a
very economical way, using the independence of the neurons. For the rate model we have
proved analytically that the probability density of the system is Gaussian for N — oo, if
the initial conditions are Gaussian, while for the FitzHugh-Nagumo network it is highly
non-Gaussian, therefore its probability density has been calculated numerically. However
the mean-field theory does not allow us to study the finite size effects of the system, since
it predicts the behavior of the network only in the thermodynamic limit. Moreover it can
be applied only if the sources of noise in the system are independent, because otherwise
the phenomenon of propagation of chaos does not occur anymore. For this reason it cannot
be used to study the Fisher information as a function of the correlation of the noise, or of
the correlation between the membrane potentials of the neurons. In Chapter [4 we show a
possible way to deal with the problem of the finite size, using again independent sources of
noise. Instead, in Chapters[5land[6] we introduce a more efficient technique that allows us
to study both the finite size effects and the behavior of the network with correlated noise,

with special emphasis on their consequences for the Fisher information.
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Chapter 4

Mayer’s cluster expansion and
finite size effects of the neural

networks

N this chapter we develop a first approach for quantifying the finite size effects in a
I stochastic neural network. This technique is based on the Mayer’s cluster expansion
already developed for the physics of plasmas. Even if this methodology can be applied to
every kind of neural equations, for the sake of simplicity in this chapter we consider only
the case of the rate model, as shown in Sections [4.1] and 4.2l Due to the complexity of
the resulting equations, they have been solved numerically for different network sizes, as
shown in Section [4.3l Moreover, from the Mayer’s cluster expansion we have developed an
approximate series expansion for the Fisher information of the system, whose numerical

results are given in Section [4.4]
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4.1 Mayer’s cluster expansion

In this section we describe the neural network using again formulae 3.1} [3.2] and Due
to the high complexity of the computations, we assume for simplicity that the synaptic
weights are deterministic, namely o3 = 0. The Brownian motions B} (¢) and the initial
conditions V; (0) are still supposed to be independent, and the system has a finite size N.
Moreover, we suppose again that the system is invariant under exchange of the neural
indices. The basic idea of this chapter is to use the similarity between this neural network
and a plasma that comes from particle physics. A plasma, namely the fourth state of mat-
ter, is made up of ionized gas, which is created using high temperatures or electromagnetic
fields. Since the particles are ionized, their mean distances are very large, therefore they
show very small levels of correlation. In other terms, the density of plasma is very small,
and in this way the particles interact weakly through the Coulomb’s force. In the case of
our neural network, we are in a similar situation. In effect, for every finite N, if the num-
ber of connections is high enough, the correlation between the neurons is small, due to a
partial propagation of chaos. Therefore, it is natural to study the neural network using the
same mathematical formalism as the one developed for the physics of plasmas (this is not
surprising, since the original work of Vlasov [164] introduced in Chapter[3lwas actually on
plasmas). In this context, a well known method is the so called Mayer’s cluster expansion,
which is based on the decomposition of the joint probability density of the system. In more
detail, it consists in analyzing the contributions to the joint probability density that come
from the interactions between pairs, triplets, quadruplets etc of particles (in our case of
neurons). Since it involves the interactions between the single units of the system, clearly
there is an important difference between plasmas and neural networks. In fact, in plas-
mas every particle is interacting with all the others, since the Coulomb’s force is always
active if all the particles have a non-zero electric charge. Instead, in the case of a neural
network, the neurons are not always fully connected, since some synapses can be missing.

Therefore we start to define the Mayer’s cluster expansion in the simplest case of a fully
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Figure 4.1: Mayer’s cluster expansion for the marginal probability density p(*) (V,V’, V" t). The
arrows represent the interactions between the neurons, while their absence means that the neu-
rons are independent.

connected network, then we extend it to the general case. So, remembering the definitions

B.17, and[3.19) the expansion in the fully connected case is:

p@ (V. V') =p1 (V,t) pD (V') 1) + P (V, V', t)

p® Vv, V7 ) =pD (V1) pD (V' 1) pD (V7 t) + D (V. t) P (V! V" 1) (4.1)

+pO WV PV, V" )+ pD (VI ) P(V,V 6 +T (V, V', V" 1)

where P (V, V' t) and T (V, V', V" t) are the so called pair and triplet correlation functions,

respectively. See also Figure[4.1lfor an intuitive interpretation of this expansion.

The expansion can be extended to all orders, so for example p'* (V,V’, V" V" t) depends
also on the quadruplet correlation function Q (V,V', V" V" t), and so on and so forth. In

the Appendix [Alwe give the conditions that must be satisfied by the correlation functions
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in order to have a self-consistent Mayer’s cluster expansion. It is easy to understand why,
for example, P (V,V’,t) is called pair correlation function. In fact, from [4.7] it is defined
as P(V,V',t) = p® (V, V', t) — pt) (V,t) p() (V', 1), therefore it represents the “part” of the
joint probability density of two neurons which is not taken into account by the indepen-
dence term p™) (V, t) pM (v’ ,t). So we conclude that intuitively P (V,V’ ¢) describes the
correlation between the pair of neurons. More rigorously, if we quantify the correlation

with the Pearson’s coefficient, namely:

where:
Cov (Vi (t),V; (1)) =E[Vi (1) V; ()] — E[Vi ()] E[V; (£)]
= /R ) P (V, V' )y VV'AVdV' — [ /]R PN (V1) vczv]2
= /R PV ) VVIdVaY
and:
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Var (Vi (t)) =E [V (1)] — E* [V; (1)]

K2

2
= / PV (V,4) V2V — [ / p (V1) VdV}
R R

then we can clearly see that the correlation is “proportional” to P (V, V' t), which explains
the choice of its name. At this point we open a short parenthesis about the quantification
of the correlation function in this thesis: we always calculate the correlation between
the membrane potentials, while many authors prefer to calculate the correlation between
the spike-counts or the firing rates (see for example [158]][178][179]). However, at least for
relatively small values of the fluctuations of the membrane potentials, these two quantities

are equivalent, as proved for the rate model in the Appendix (Bl

It is important to observe that in a fully connected network the functions P (V,V’ t),
T (V,V' V" t) etc are the same for all the neurons, as a consequence of the invariance of
the system under exchange of the neural indices and of the all-to-all connectivity matrix.
We are now ready for the definition of the Mayer’s cluster expansion in a general network.
The difference with a fully connected network is that the function P (V, V' t) between two
neurons depends on the existence or absence of a connection between them, while in a
fully connected network there is no distinction since all the neurons are connected. The
same problem affects all the higher order correlation functions. So, for example, given
three neurons i, j and k, the function T (V, V', V" t) has 23 = 8 different forms, because in
general we have eight different kinds of connections between these neurons (for example,
1 is connected with 7 but not with k£ and j is connected with &, or they are all connected,
etc). The situation is even more complicated since in general the networks do not have
symmetric connections, therefore the case with connection from i to j is different from the
case with the connection in the opposite direction, namely from j to i. For simplicity, we

consider only the case of symmetric connections, namely if i is connected to j, then j is

77



connected to i. The Mayer’s cluster expansion is therefore defined as:

P& (V! ) =p (V1) pD (V' 1) + Pe, (V,V',#)

p&) oy o, (VVIVT 1) =p® (V) pO (V1) pD (V1) + pD (Vo) Po, (V! V1) (4.2)

+p (V') Pe, (V.V,10) +pD (V74) Po, (V.V, 1) + Te, cp0, (V, V! VD)

where «, 3,7 € {0,1}. Here Cy means that there is no connection between the two cor-
responding neurons, while C; means that the connection is present. So for example
Pc, (Vi, Vj,t) is the pair correlation function between the i-th and the j-th neuron, that
are supposed to be connected. Instead T, ¢, ¢, (Vi,Vj, Vi, t) is the triplet correlation func-
tion between these three neurons, where only the j-th and the k-th neuron are connected.
In other words, the sequence C,, Cg, C, represents the presence or absence of the connec-
tions between the neurons in positions (4, j) (7, k) (k,7). We observe that we have not used
the subscript C, for the marginal density p*). In fact this function does not depend on
the presence or absence of the connections, because it describes a single neuron, whose
behavior is always the same, due to the invariance of the system under exchange of the

neural indices.

Usually correlations of higher and higher order are more and more negligible (we show an
explicit example in Appendix [E), therefore we can suppose that Q < Tp) <« PpMp) «
pWpMpMp) ete. Therefore the higher order correlation functions can be neglected. In
this chapter we take into account only the correlations between pairs of neurons, there-
fore we set T, c;,c, = 0 and the same for all the higher order correlation functions. This

approximation allows us to break the infinite BBGKY hierarchy (see Chapter [3), trans-
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forming it into a closed system of equations. Now, from Section [3.1.2l we know that:

2

P ) Vi 1, 0
g0 (Vi) = = = | (<222 +10)) b Vi8] + 572 5 Vi

A 0
T MOV, Z /RS(Vj)pmo,j (Ving, Vj, 1) dV; (4.3)

MO GEGmg

which, using[4.2] can be equivalently rewritten in the following way:

0 Vv 1 5, 0%
D) == g (<X +10) 0 0] + 5ot g i

AW{URS(V’);;(U (V' t) dV’] pM (v, t)+/RS(V’)PCI (V, V', t) dV’} (4.4)

Now we have to find the PDEs satisfied by the functions Pr, (V,V’,t) and P, (V, V' t), in
order to close the system of equations. This can be done using a similar trick to that used

in Section [3.1.2] as shown in the next section.

4.2 Second equation

In order to obtain the PDEs satisfied by Pg, (V,V’,t) and Pg, (V,V',t), we integrate the
FPE[3.15l with respect to H dV}, on the domain RY~2. So we obtain that:

k#mg,m1

/RN,Q %p (7’t) II = %pmo,m1 (Vings Vini s £)

k#mo,m1

while for the drift term defined by[3.16l we obtain:
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k;ém() ,M

- Z /Rmaavi (Vo) e (V1)) H Vi (4.5)

The last term is equal to zero for the divergence theorem and the boundary conditions at

infinity. Now consider the first term of It writes:

s (P (P)] T

k#mo,m1

[l ero) ] o

A / 9
M Jan—2 OV

(Z S(Vj))p(V,t)] I v (4.6)

jEGmo

The first term of the right-hand side of [4.6]is:

0
Wing

(—V:”Jrl(t)) /Rmp(?},t) 1 v

k#mg,m1

0 Vin
- — - ° I mo,m Vm,le,t
o [ (22224 10)) b (Vi V1)

The analysis of the second term of the right-hand side of illuminates the difference in

the behavior between connected and disconnected neurons. In effect, if m; ¢ G,,,, namely
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if the mg-th and the m;-th neurons are not connected, this second term writes:

A D
MoV, 2. /RS(VJ')

M0 GE€Gm,

Ao
MV,

M0 GE€Gmy,

/ S (‘/})pm07m17j (Vmo’ Vmu‘/jvﬁ) d‘/j 4.7
R

Instead, if m; € G,,,, namely if the m(-th and the m,-th neurons are connected, the second

term of the right-hand side of [4.6] gives:
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A 0
= _M V. S (Vm1)pmo,m1 (Vmw Vm1 ) t) + Z / S (Vj)pmo,mhj (Vmw Vm1 ) Vj? ﬁ) de (48)
mo FEGmyg R
J#EmMa

To finish, the diffusion term in the FPE gives:

N

st [ Lzaa_;p(v,t)} T

=1 9% k#mo,m1

1, [ 9? 9? 92
o7 /RN—Z 8V%0p (vﬂf) H Vi + /RN—Z vz, P (vﬂf) H Vi + Z /]1ng2 8—\/1.21) (77t) H

k#mg,m1 k#mg,m1 i#Emo,m1

2 _ 2 ( t) ( t)
1 Pmg,m Lm ) L'rn ) Pmg,m L77’L 3 L77’L 3
g -a%no 1 0 1 oY 721 0 1 0 1

having used again the divergence theorem and the boundary conditions at infinity. Putting

everything together and remembering the following definitions (see [3.18):

Pmo,mq ('7 '7t) :p(ci)( ('7 '7t)

3
Pmo,m1,j ('7 "y 7t> :p(ca)ucﬂvc‘v ('a ERE) t)

we obtain that the marginal probability density of two chosen neurons satisfies the follow-

ing PDE:

82

k#mo,my



gt @ (v, v 1) = %Kgu(t))pgj (V,V’,t)}a?// KVT/”(O @ (v )]

0 (2 0% ()
+ 50% |:6V2 (V V/ ) oV 2 (‘/7 Vlv )
0
~ a7 |8 (V) p) (V. V't Z gaﬁv/ SV g0, V.V, V" 8)dV"
B,7=0
0
~1rav |8 (V)& (V.V' 1 Z Copr / SV e, VIV V 8 dV"
B,7=0

(4.9)

where (.3, represents the number of times the sequence C,,C3,C, is generated by the
sum over j in the terms 4.7 and 4.8 In general (.3, depends on the connectivity matrix,
and can be evaluated with combinatorial calculus. Now, equation is the PDE satisfied
by p;) (V. V',t), which is a function of p!) (V. t) and Pc, (V. V', t). The PDE for p) (V,t) is
already known (see formula[4.4), so we need to transform into the corresponding PDE

satisfied by Pc, (V,V’,t). To this purpose, we observe that:

0
_PC (Kvlat) =

0 0 0
g Gt V) = | S )| o () =0 ) D () 0

ot

therefore substituting[4.9linto [4.10] and after some algebra we obtain:
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gife. v == o | (<L a1 ) po, v - 55 [ (-5 +10) Pe. o)

a5 g+ 500 555] [0 00 070+ pe v

1
0 0

B,vy=0

+R,0) (t) Po, (V, V', 1) +p (V1) Upc, (V' 1)+ (V1) Up o, (V, t)} }

+ ApD (V1) = 0

S [Roer 090 (Vit) + Ur, (V1)

A (V1) 2

27 [ 09D (V! 8) + Upy, (V1) (4.11)

where we have defined:

p<1) / S(V (1)

Urc, (V.t) = [ SV Po, (VV'.0)dV"
R

Therefore now we have a closed system of three coupled PDEs of the McKean-Vlasov type
for p() (V,t), Pg, (V,V',t) and Pg, (V,V’,t). Equation d.11] can be considerably simplified

neglecting all the terms multiplied by ﬁ, provided that M is large enough compared to
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A (however, in the numerical simulations of Section [4.3] they will be always taken into

account).

At this point, an important observation must be made. According to the Mayer’s cluster ex-
pansion, in the case for example of a fully connected network, the joint probability density

of the whole network is given by:

N—-1
p(?,t) = I »™ (Vi,t)JrZ{ [H O (Ve 1)

i=0 c#a,b

P(Va,Vb,t)} (4.12)

a<b

having neglected all the higher order correlation functions, like Q, PP, PT, and so on. Now,
according to the numerical simulations (see Figures4.2] [4.3]and 4.4), the function p(") (V,t)
depends weakly on N, while P (V, V' t) is approximately proportional to % (which confirms
the phenomenon of propagation of chaos discussed in Chapter B). Instead, the sum over a

N(Nfl)

and b in formula[4.12l generates terms, therefore roughly speaking the second term

of the right-hand side of 4.12]is proportional to ( —1  Since pM (V,t) depends weakly on
N, for large network sizes the right-hand side ofl4.12ldominates ]_[Z 0 Lo (V;, t). Moreover,
in the Appendix[El we prove that for a fully connected network, at least for weak Brownian
motions, the 3-neurons correlation is zero. This means that we can neglect the contribution
of the triplet correlation function 7. According to the same analysis, the 4-neurons corre-
lation is equal to the square of the 2-neurons correlation, which is proportional to % This
means that Q « . Given a network with N neurons, the number of quadruplets that we

can create is N(N_l)(g4_2)(N—3)

. This means that the total contribution of the quadruplet

N(N—1)(N—2)(N—3)

2 IN? . This term

correlation function to the joint probability density is roughly

grows quadratically with NV, therefore for large networks it dominates the term generated
by the pair correlation function, which is proportional to % This proves that in gen-
eral we cannot use [4.12] to evaluate the joint probability density of the whole network,
because higher order contributions are not negligible. Notwithstanding, this formula can

be used to evaluate the probability density of a small subset of the network, which con-
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‘ Neuron ‘ Input ‘ Synaptic Weights ‘ Sigmoid Function ‘ Phase-space ‘ Other ‘

T=1 1=02 A=1 Tvax =1 Vinin = —3.5 | At =0.01
0'2:0.5 0'1:0.5 0'3:0 A=1 VMAX:3.5
©=0.5 Vr=0 AV =0.1

Table 4.1: Parameters used to generate Figures[4.2]-

tains a number of neurons < N. In effect, in this case the contributions of the functions
P and Q are % and % respectively. These terms are much smaller than 1
if n is sufficiently smaller than N. The same happens to all the higher order terms that
we have neglected in formula [4.12] therefore now this formula can be safely used. It is
important to observe that for N — oo and 7 finite, gives formula [3.13] as it must
be. This explains intuitively why in formula [3.13] we restricted the calculation of the joint

probability density only to a finite number of neurons. For an alternative analysis of the

contribution of the higher order terms, the reader is referred to [180].

4.3 Numerical simulations of the probability density

In this section we show the results obtained from the numerical simulation of formulae[4.4]
and 4.171 For simplicity we consider only the case of a fully connected network (for which
a=pf=v=1and (311 = N — 2), for the values of the parameters reported in Table 4.l

All results are shown at ¢t = 2.

As in Section[3.2.2] these equations are solved on a regular laptop using the method of lines
and the Newton-Cotes integration scheme of order 6. Figure[4.2shows the results obtained
for p(!) (V,t), while Figures 4.3 and [£.4] show the behavior of the function P (V,V’,t). The

hypothesis P < pp() is seen to be satisfied.

From these results, we can see that p(!) (V,t) depends weakly on N and is approximately

Gaussian. Moreover, also the shape of the function P (V, V', ¢) does not change considerably
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Fully connected network, N = 2 Fully connected network, N =10
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Figure 4.2: Function p") (V,t) in a fully connected network, obtained at ¢t = 2 and for the values
of the parameters reported in Table 4.1l This figure shows the marginal probability density of a
single neuron for N = 2 (top-left), 10 (top-right), 100 (bottom-left) and 1000 (bottom-right), and its
extremely weak dependence on the size of the network.
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Figure 4.3: Front view of the function P (V,V’ t) obtained at ¢ = 2 and for the values of the
parameters reported in Table [£.1] This figure shows the front view of the pair correlation function
in a fully connected network for different values of the network size, namely N = 2 (top-left), 10
(top-right), 100 (bottom-left) and 1000 (bottom-right). The presence of negative values, required
in order to satisfy the constraint [A.2] clearly shows that P (V,V’ t) cannot be interpreted as a
probability density. Moreover, the maximum amplitude of the function, and therefore also the
correlation between neurons, is approximately proportional to % This result is proved analytically

in Chapter Bl for weak sources of noise.
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Fully connected network, N =2, plot of P(V.V't=2) Fully connected network, N = 10, plot of P(V,V't =2)
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Figure 4.4: Top view of the function P (V,V’,t) obtained at ¢t = 2 and for the values of the parame-
ters reported in Table [4.1] This figure shows the top view of the pair correlation function in a fully
connected network for different values of the network size, namely N = 2 (top-left), 10 (top-right),
100 (bottom-left) and 1000 (bottom-right). From it we can clearly see that P (V, V' t) = P (V',V,¢).

with N, with only the exception of small networks, and its amplitude seems to be roughly

proportional to &, as we already said.

4.4 Numerical results for the Fisher information

In this section we show the numerical results for the Fisher information obtained from the

following approximate expression:
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Z(0,t)~

8logp™ (V, ¢t
- W/RP(I) V1) %d‘/

2%d (V,V',t)

_n(n—1) / &) (v / '
B 2 [p (V,it)p (V ’t) +P (V7 14 7t)] 502 avav
-1 *d*> (V, V' t /
L (774 ) /2 pM (V,t) M (V/,t) %dVdV (4.13)
R

?[d(V, V', t)d(V,V" 1)

507 dvdv'av”

71 72 / "
 RO=DOZ2 ] 0w o (v, 5 (V1)
R

AV, V', t)yd(V" V" t)

5 Lavav'avav”

-1 -2 -3 ’ "
+ n (77 ) (778 ) (77 ) /R4 p(l) (‘/7 t) p(l) (V ,t) p(l) (V ,t) p(l) (Vm,t)

where:

P (Vy, W, t)
P (Va, ) pM) (Vi t)

d(Vtu V;)vt) =

The proof of this formula is rather complicated and can be found in the Appendix [C] (see
formula [C.9). Clearly, since we do not know the analytic expressions of p(!) (V,t) and
P(V,V' t), we cannot calculate exactly the integrals of Moreover, the second or-
der derivatives with respect to the parameters of the system are not known, therefore we
have to use numerical techniques of integration. However, since these integrals are low-
dimensional, there is no need to use Monte Carlo integration techniques, so we can simply
use the standard numerical methods. In particular, here we use again the Newton-Cotes
method of order 6, while the functions p™) (V, t) and P (V,V',t) are calculated numerically
as explained in Section 4.3l For simplicity we use only the second order approximation of

the Fisher information, namely formula 413l The second order derivatives with respect to

90



6 are calculated repeating three times the simulation of the PDE system and using formula

[B.38 for n = 1, which gives:

d’f ()

2 zAila[f(x—Ax)—Qf(x)Jrf(anAz)] (4.14)

In this thesis we are particularly interested in evaluating how well the neural network
encodes the value of its external input current, therefore we choose # = I. Moreover
the derivatives are calculated using AI = 10~%. It is important to observe that all the
integrated quantities of this formula are well defined and converge quickly to zero when
the membrane potentials are large, which implies that also the corresponding integrals

are well defined. For example, the function:

0%d(V,V' t)

& W (v /
PO (V) p ™ (V1) + P (V. V)] S

which appears in the second term of the right-hand side of 413} is shown in Figure

Finally, Figure shows the behavior of the Fisher information calculated at t = 2 as a

function of N and for the values of the parameters shown in Table 4.7l

4,5 Partial conclusion

In this chapter we have developed an extension of the mean-field technique introduced in
Chapter B8l With this approach, inspired by the physics of plasmas, we have described the
finite size effects of the network and therefore its deviation from the situation of perfect
independence of the neurons. All the results of Chapter[3]can be re-obtained with this new
method if we let N — oco. We have also developed a perturbative expansion that allows
us to calculate approximately the Fisher information of the system, obtaining that its en-

coding capability increases when the neurons are decorrelated. This seems to confirm the
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Figure 4.5: Behavior of [p") (V,£)p( (V" 1) + P (vV,V",1)] 22V calculated for ¢ = 2, N = 100

and for the values of the parameters reported in Table[4. 1l Since this function converges quickly to
zero for large values of the membrane potential, the second term of [4.13]is well defined. The same
conclusion holds for all the other terms of the Fisher information, which are not shown here.
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Figure 4.6: Fisher information of the subnetwork for = 3 and N = [25, 50, 100, 250, 500, 1000] (left-
hand side), and for n = 10 and N = [100, 250, 500, 1000, 2500, 5000] (right-hand side), obtained from
413 for AI = 1074, t = 2 and for the values of the parameters shown in Table 4.1l In both cases
the Fisher information of 7 neurons increases with N, reaching a saturation point when neurons

get close to independence.
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common belief that the network encodes better the external signals when the neurons are
independent [178]1[1811[182][183]. Notwithstanding, as we will see in the next chapters,
the most interesting behavior of Z (I, t) is obtained when the neurons are highly correlated.
Unfortunately, with the Mayer’s cluster expansion we cannot study the encoding capabil-
ity of the system in the correlated case. This is due to the fact that the correlation of the
neurons cannot be fixed arbitrarily, since it depends on the size of the network. Moreover
the size must be high enough in order to use formula[4.12] so the neurons are highly decor-
related because propagation to chaos is very fast, as we have seen in Chapter[3l Therefore
we cannot quantify the Fisher information keeping N fixed and changing the pair correla-
tion. In order to do this, we need to introduce correlations between the Brownian motions
that define the background noise, while in this chapter we have supposed that they are
independent. So an extension of the model is required, and it will be developed in the
next chapters. In other words, Figure shows only one side of the coin, namely a small
increase of the encoding capability of the network for highly decorrelated neurons. This
result will be confirmed in Chapters [5 and [6] for the rate model with homogeneous synap-
tic weights, but there we will obtain much higher values of the Fisher information when
the neurons are correlated and inhomogeneous. This proves that the belief of a better
encoding capability for independent neurons is incorrect. The same result is obtained in
Chapter[7|for the FitzHugh-Nagumo network. It is also important to observe that we have
implemented numerically the Mayer’s cluster expansion and the series expansion of the
Fisher information only in the case of a fully connected network. Nevertheless in Chapter
we will prove analytically that the increase of Z (I,¢) for highly correlated and highly
decorrelated neurons is a general phenomenon, that does not depend on the topology of

the synaptic connections.

To conclude, we underline the main advantage of the Mayer’s cluster expansion, namely
the fact that it can be used to study the behavior of the network for arbitrarily high values
of the noise, while the techniques developed in the next chapters work only for relatively

weak sources of randomness.
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Chapter 5

Perturbative analysis with strong

synaptic weights

HIS chapter is devoted to the development of a perturbative technique which can
T be used to study the correlation structure of the rate model, for a generic number
of neurons. This is somehow an extension of the previous analysis to the case of corre-
lated Brownian motions in the background. In order to make the model more complete,
we introduce also correlated initial conditions for the membrane potentials and correlated
synaptic weights. In this approach we have to assume that the standard deviations of the
three sources of randomness are relatively weak, since they are used as perturbative pa-
rameters, together with the existence of a stationary solution around which we perturb the
solution. Moreover we have also to assume that the system is invariant under exchange
of the neural indices, but the mean intensity of the synaptic weights can be arbitrarily
high. This is an important point, since in Chapter [6l we will develop another perturba-
tive approach with less hypotheses but with relatively weak mean synaptic weights. In
Section [5.1] we describe the perturbative technique applied to the case of the rate model,

while in Section 5.2l we use it in order to calculate the correlation structure of the network.
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Instead, in Section [5.3] we apply this technique to special kinds of connectivity matrices,
while in Section 5.4l we provide many numerical results that support the goodness of this
approach. Moreover, in Section we show the behavior of the correlation as a function
of the intensity of the external input, and in Section we prove in 3 different ways that
in general the neurons do not become independent in this kind of network, preventing the
use of the mean-field theory in the thermodynamic limit. To conclude, in Section [5.7 we
use the perturbative method for calculating the Fisher information of the system in the
case of approximately Gaussian behavior, obtaining that the network encodes better the

value of the external input when the neurons are highly correlated.

5.1 Description of the model

Here we suppose again that the neural network is described by the rate equations that we

have used in the Chapters[3 and [4, namely:

N—-1
dv; (t) = —%Vi(t)nt Jij (0)S (Vi () + I, (t) | dt + o1dB; (¢) (5.1)
j=0

<

with i =0,1,..., N — 1. We recall that the functions B; (¢) are Brownian motions, which can
be equivalently interpreted as a background noise for the membrane potentials V; (¢) or as
the stochastic component of the external input I; (¢). In Chapters [3] and [ the functions
B; (t) were independent, while here we extend the model, supposing that in general the
Brownian motions are correlated according to a covariance matrix Y;, whose components

are:
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_ 1 o
SUNLA )cww )

(5.2)

where 6 () is the Dirac delta function, while C; represents the correlation between two
different Brownian motions (here the derivative of the Brownian motion is meant in the
weak sense of distributions and is interpreted as white noise). In order to be a true covari-
ance matrix, ¥; must be positive-semidefinite. Since it is symmetric, then it is positive-
semidefinite if and only if its eigenvalues are non-negative. But X; is a circulant matrix,
therefore its eigenvalues are ¢ = 1+ C; (N —1)ande; =1—-Cy, fori = 1,2,...,N — 1.
Therefore ¥; is positive-semidefinite if and only if ﬁ < (7 < 1. We could increase the
complexity of this correlation structure, since there is no technical difficulty in doing that,

but we keep it simple for the sake of clarity.

Now we suppose also that the initial conditions are distributed according to the following

multivariate normal probability density:

V(0) ~ N (7,52) (5.3)

where for simplicity:
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M = p, 1=0,1,...,.N—1 (5.4)

1 Cy o (O
) Cy 1 - Oy

22 =09 . . . (55)
cy, Cy --- 1

Here o, represents the initial standard deviation of each neuron, while C5 is the initial cor-
relation between pairs of neurons. As before, the matrix X5 must be positive-semidefinite,
and this is true if and only if ﬁ < (5 < 1. Again, we could increase the complexity of

this correlation structure, if desired.

About the synaptic connectivity matrix J (¢), we describe it using a different kind of model.
In fact, in Chapter [3] we supposed that the synaptic weights fluctuated stochastically in
time around a mean value. Here we suppose that their temporal evolution is determinis-
tic, but the weights are distributed randomly over many repetitions of the network. This
choice is dictated by the fact that adding stochastic fluctuations in the weights, according
to [3.5] is somehow redundant, since we have already a similar kind of noise introduced
by the Brownian motions in the background. Moreover, with this new kind of model for
the synaptic weights we can match our results with those appeared in [184]. So, in de-
tail, in this chapter the synaptic connectivity matrix J (¢) has random entries distributed

according to the law:

J (t) ~ MN (j+ O'4Z (t) y Qg, 23) (56)

This is the so called matrix normal distribution [185], namely the generalization of the

multivariate normal distribution to the case of matrix-valued random variables. Here .J,
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Z (t), Q3 and X3 are N x N deterministic matrices. In particular, J + 047 (t) represents the
mean of J (t), while Q3 and X3 are its covariance matrices. We suppose that J has only two
different kinds of entries, namely 0 (absence of connection) and A, where A is a free non-
zero parameter. We also suppose that Z (¢) has general entries (with the obvious exception
that Z;; (t) = 0 if there is no connection from the j-th neuron to the i-th neuron, namely
if J;j (t) = 0 Vt), therefore it is a source of inhomogeneity and time-variability for the
connectivity matrix. We use for simplicity specific structures of the covariance matrices ()3
and ¥3. Supposing that all the non-zero entries of J (¢) have the same standard deviation

o3, it is possible to rewrite the matrix J (¢) in the following equivalent way:

J(ﬁ) :j+U3W+O'4Z(t) (5.7)

W ~MN (o, s, 533) (5.8)

where Q3 and X3 are normalized covariance matrices. Their explicit structure is not im-

portant, and the only thing that we need to know is that they are chosen in order to have:

Cov (Wi W) =01 it (i=k)AG=DA(g(4) =1) 69

C3 otherwise

where g (z,y) = 0 if there is no synaptic connection from the the y-th neuron to the z-th
neuron (namely if J,, (t) = 0 Vt¢), and 1 otherwise, while C3 is the correlation between
two different and non-zero synaptic weights. We observe that the range of the possible

values of ('3 in general depends on the topology of the connectivity matrix, and W;; = 0 if
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there is no connection from the j-th neuron to the i-th neuron (this is a consequence of the
formulae 6.7 and 5.9). Again, as for the Brownian motions and the initial conditions, we

could increase the complexity of this correlation structure, if desired.

Now we suppose that every neuron has the same number of incoming connections, that
we call M. We observe that our assumptions imply that the network is invariant under
exchange of the neuronal indices, which is the main hypothesis of this chapter. When
M increases, each neuron receives a larger and larger input from the remainder of the
network, therefore in order to fix this divergence we normalize the synaptic weight in the

following way:

J(t)
J(t) = Ya
as we did in Chapters[Bland4l This normalization is intended to be used only when M # 0,

because otherwise we obtain J;; = %. For M = 0 the neurons have no incoming connections,

therefore we have simply to set J;; = 0.

To conclude, we also suppose that the external input current is deterministic (if we inter-

pret B; (t) as the noise of the membrane potential) and given by:

T =T +osl () (5.10)

—= _ _
where the vector I istime-independent and such that I; = I, fori =0,1,..., N —1. The vec-
tor H (t) has in general different and time-variable entries, so it is a source of inhomogene-
ity and time-variability. Now we define the following 2nd order perturbative expansion of

the membrane potential:

5 5
Vi) mp+ Y omYi () + D omonYy,, (t) (5.11)
m=1 m,n=1
m<n
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which will be used to obtain an approximate analytic solution of the system [5.1]

5.1.1 The system of equations

Now we put the perturbative expansion [5.11] and the expressions [5.7 and for, respec-
tively, the synaptic weights and the external input current inside the system 5.1l If all the
parameters o, are small enough, we can expand the sigmoid function in a Taylor series
around u (see[5.4). In order to be rigorous, we have to determine the radius of convergence
of the Taylor expansion of S (V') for every value of I and to check if it is big enough com-
pared to o,,, because otherwise our technique cannot be applied. In fact, the various o,
determine the order of magnitude of the fluctuations of V' around p, therefore it is impor-
tant to check that V is inside the interval of convergence of the Taylor expansion of S (V).
To our knowledge, this calculation has been performed only for V = 0, so in Appendix[Dlwe
show the general analysis, obtaining that in general the radius of convergence decreases
with the slope parameter ) of the sigmoid function. So, supposing that X is small enough,

if we call:

5 5
¢ = Z o Y2 (t) + Z O’mO'anLn (t)
m=1

m,n=1
m<n

the Taylor expansion of the sigmoid function is:
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St G) S (1) + 8 (1) G+ 38" (1)

5
RS (1) + 8" (1) Y omYih (t)

5
+ 3 000 [8 (1) Vi (1) + 87 () Y3 (1) Y (1)

5
+ 30 02 [0 Vi (04 38" () (V2,0

m=1
having neglected the terms with order higher than 2. Now we substitute this expansion of
the sigmoid function inside the neural equation system and we equate the terms with the

same o coefficients, obtaining (here we report only the equations that we will actually use

to compute the correlation structure in Section [5.2):

p=7[AS (u) + 1] (5.12)
. [ 1. N1l
dYy (t) = —;Yf(t)+s’(u) Ji;Y{ ()| dt + dB; (t) (5.13)
L J:O |
. I 1 N-1 ]
dYsy (t) = f;Yg (t) + 5" (1) Ji; Y5 (t)] dt (5.14)
L ‘7:0 .
_ I 1 N-1 N-1
dYs (8) = | ==Y5 () +5"(w) p_ Jiy¥s () + 5 () p_ Wiy | di
L j=0 j=0
(5.15)
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dyj (t) =

avi (1) =

lei,4 (t) =

de,&; (t) =

dY2i,4 (t) =

dY2i,5 (t) =

dYsi,4 (t) =

I 1 N-1 N—1
—=Y{ () + 5" (w) ) JuY{ (®)+ S () ) Zij ()| dt (5.16)
i T =0 =0
[ 1 N-1
IV 0+ () Y ToYE () + ()| de (5.17)
L J=0
I N-1 N—1 ‘ N-1
—=Y{, (t) + s’ (1) JUY1J4 (t) + S’ (1) Zij (t) Y{ (t) + s" (1) JUYIJ (t)Y{ (t)| dt
L Jj=0 7=0 7=0
(5.18)
I 1 N-1 N-1 ‘
—=Yi5 )+ S (1) ) JiYis () + 5" (w) ) JiY{ 1) Y4 (t)] dt (5.19)
| T =0 j=0
[ N-1 N-1 N-1
—=Yo, () +S" () Y TiYs, () + S () Y Zig () Y5 (8) +5" () ) Ju¥d (#) Y] (1) | dt
L Jj=0 7=0 3=0
(5.20)
I 1 N-1 N-1 _
==Yy () + S (1) ) JiYes () + 8" (n) > Ji Y5 (1) Ye (t)] dt (5.21)
i T =0 j=0
I N-1 N—1
—=Y5, () + S (1) Y JiYi, () + S () ) Ziy ) YS (t)
L 7=0 7=0
N—1 ‘ N-1 o ‘
+8" () ), WiY{ () + 8" (1) ) Jiy¥s (1) Y] (t) | dt (5.22)
j=0 §=0
1 N-1 N—1 ‘ N-1 ‘
Y55 () + ST () > TiYis () + 8" () Y Wi Y () + 8" () Y T Y4 () VY (t)| dt
7=0 j=0 =0
(5.23)
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Equation [5.12 is algebraic and non-linear, therefore must be solved numerically. 5.13]is
the only stochastic differential equation of the set and can be solved analytically, since it is
linear with constant coefficients. Equations[5.14] - 5.17| are ordinary, and can be solved in
the same way as To conclude, equations -[5.23 determine the functions Ynan (1),
and depend on the terms Y}, (t), which have been calculated at the previous step. Being
linear and with constant coefficients, they can be integrated analytically as a function of

the already known functions Y}/, (t).

5.1.2 The initial conditions

The perturbative expansion[5.11]at ¢t = 0 gives:

5 5
Vi)~ ot D omYi (0)+ Y omonY,, (0)

m=1 m,n=1
m<n

Moreover, according to5.3] we have V; (0) ~ N/ (,u, 0%) = p+ 09N (0,1), so from the compar-

ison it must be:

Yy (0) ~ N (0,1) (5.24)
Yi(0)=0, m=134,5 (5.25)
Via0)=0, V(mn):m<n (5.26)

So we have V; (0) = p + 02Y4 (0) and therefore:
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Cou (Vi (0),V; (0)) = 3 Cov (V3 (0),73 (0))

But from we also know that:

03C2  if 4

so from the comparison it must be that:

Cov (Y2 0),Y (o)) - (5.27)

Co if i)
5.1.3 Solutions of the equations

As we said at the end of Section 5.1.1] the algebraic equation[5.12]is non-linear, therefore
it cannot be solved exactly. However, the differential equations satisfied by all the func-
tions Y,!, (¢) and Y}/, ,, (¢) are linear with constant coefficients, therefore they can be solved
analytically. In particular, the equations - 617 can be solved directly. Instead the
remaining equations are functions of the previous Y}/, (t), that we have already calculated.
For example, according to5.18, Y/, (¢) can be determined analytically as a function of Y} (t)
and Y} (t), which are already known from the equations [5.13 and Now we introduce

the fundamental matrix ® (t) such that:
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(5.28)
—1 if  i=j
Aij =
JiiS' () it 1#£]
where:
J =TS () (5.29)

is the effective connectivity matrix of the network. Therefore the solutions of all the func-

tions Y, (t) can be obtained straightforwardly as follows:

N-1

Y (t) = ; /Ot [ (t — s)],; dB; (s) (5.30)
Yy (t) = ]:_: ®,; (t)Y{ (0) (5.31)
Y (1) = S (1) JE Wi /O [t — 9], ds (5.32)
Yy (t) =S (u) JEO /Ot [@ (t — s)],; Zjn (s) ds (5.33)

(5.34)
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Yia(t /(I)t s)] {/ (s — u)]kldBl(u)}ij(s)ds

chl 0
15 s (u)ﬂkj;_ OJM/O[@(t Mo { [ 10 6= lgan@p{ [ 06wl 2o b as
(5.35)
Yis () =S (M)Jk%:n_ojk/o [@(t—s)]i].{/o (s —w)],, dB: (u }{/ @ (s — )], H }ds (5.36)
Yia(t) =S’ (1) 'N_l VO [ @9 Bt 5) 2y ()
FS(S" (0) Nzl_ TR (0) /Ot [ (- 5)],, B (s){/os (@ (s — W), Zon (1) du} ds  (5.37)
Y5 (t) =S" (u)' NZI_ JixYs (0) /Ot [@ (t - s)],; P (8){/05 (@ (s —u)l,,, Hm () du} ds (5.38)
Yii () =S () S (“)J,:,Z:n_owm/ot[@(t_s”]{/o (s =l duf 2 () ds
+S<u>s<u>m§_owm [, { [ 16—l @ aufas
ey NZI_ Tt [ =9l { [0 G- ulaih { [ 06—l 2 0 aufas
o (5.39)

Y5 (t kz Wj,c/o s)].j{/os [® (s — w)],, Hi (u) du} ds

Jlem/[qw 5) {/ [® (s — u]kldu}{/ [® (s — )] }ds

(5.40)
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To conclude, we have performed a perturbative expansion around a stationary state p
because in this way the equations [5.13] - £.23] have constant coefficients and therefore
they can be solved exactly using the fundamental matrix 5.28] Had we performed the
perturbative expansion around a non-stationary state, we would have obtained a system of
differential equations with time-varying coefficients, whose general solution is not known.
In this case, the best thing that we can try is to write the solution in terms of the Magnus
expansion [186], but this introduces another approximation to the real solution of the

neural network.

In this chapter we have also supposed that the system is invariant under exchange of the
neural indices: for this reason we have used the same stationary solution yu, the same
(unperturbed) input current I and the same number of incoming connections for all the
neurons in the network. This invariance is required in order to ensure that the effective
connectivity matrix J given by has the same structure as the real and unperturbed
connectivity matrix J. In this way the fundamental matrix ® (¢) can be calculated using
the properties of J, as explained in Section 5.3l If the system is not invariant under ex-
change of the neural indices, 7 does not inherit the structure of J, therefore the technique
introduced in this chapter cannot be used anymore (see also the discussion at the end of
Section [£5.3.2). To conclude, it is important to observe that even if we have chosen struc-
tures of X1, X9, Y3 and Q3 that are invariant under exchange of the neural indices, their
invariance is not required here: we have used it only to simplify the final formulae that we
will obtain in Section 5.2l Therefore in principle inhomogeneous structures can be used

for these covariance matrices.

5.2 Correlation structure of the network

In this section we want to calculate the correlation structure of the membrane poten-

tials, according to the perturbative expansion 5.11l Since the covariance function is bilin-
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ear, we have to compute it for all the possible combinations of the pairs (an (), Y, (t)),
<Y,f1 (t), Y, (t)) and <Y7§m (t), Y, (t)). However we do not have to consider the terms of
order 4, like o303Cov (Yf’1 (t),Ys, (t)), because they are incomplete. In effect, in the per-
turbative expansion of V; (t), we did not consider the terms of order 3, like o702Y7 | , (¢), that
generate contributions of order 4 in the formula of the covariance. So the terms of order 4
cannot be considered in the expansion of the covariance, therefore the final formula is of or-
der 3. For simplicity we suppose that the Brownian motions, the initial conditions and the
uncertainty of the synaptic weights are 3 independent random processes (and indeed there
is a priori no obvious reason to think that they are correlated), so all the cross terms like
o102Cov (YlZ (t),Ys (t)), o102Cov (YQZ (t),Y! (t)), o?03Cov (Yﬁ1 (t) ,Y3j (t)), ... are equal to
zero (however, if desired, we could assume non-zero correlations between these 3 sources
of randomness, since there is no technical difficulty in the calculations, only the problem

to compute many non-zero cross terms). Let us show it with an example:

Cov (Yli (t) aYQj (ﬁ)) =Cov (/0 kZ:O [(I) (t - S)]zk dBk (S) ; - (I)jl (ﬁ) YQl (0))
= ~ ; ov t — S| . (S !
- > aatie ( / [® (¢ — )] ABx (5), V1 <o>>
—0

since By, (s) and Y (0) are independent by assumption. Moreover, due to the Isserlis’ the-
orem [[187]], we obtain also that all the terms in the covariance proportional to 02,0, with
m,n = 1,2,3 are equal to zero, like 0305 and o3. The same thing happens to all the terms
proportional to 02,0, with m = 4,5 and n = 1,2, 3. This is due to the fact that, according
to the Isserlis’ theorem again, the mean of the product of any odd number of zero-mean

normal processes is equal to zero. We show it with an example:
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Cov (Y3 (1), Y4, (1))

= Cov (Z Dy, (t S” Z Tim Y3 (0) VP (0) /0 [ (t = 8)];, P (5) Py (s)ds)

l,m,n,p=0

*l " i) ; J t — s s s)ds ov (YF " p
25<mkmm%mauwwm{é[¢u i B (5) 0y (5) s | oo (v 00,37 (007 (0)
=0

because:

Cov (Y5 (0),Y3' (0) Y (0)) = E [Y5 (0) Y3 (0) Y3 (0)] — E [Y" (0)] E[Y" (0) Y3 (0)] = 0

since E [Y5 (0) Y3 (0) YZ (0)] = 0 by the Isserlis’ theorem and E [VJ (0)] = 0, because
Y§(0) ~ N(0,1) from 5.24L In the final formula of the covariance, also the terms pro-
portional to 0,0, and 02,0, with m,n = 4,5 are zero, because the functions Y}/, (t) and
Y}i, . (t) are deterministic for m,n = 4,5. In fact, for example, from the formulae [5.33 and
(.34 we can easily see that the functions Y} (¢) and Y¢ (¢) depend only on deterministic
functions (® (t), Z; (t) and H; (t)), deterministic parameters (7 and all the parameters of
S (-)) and deterministic initial conditions (Y} (0) = Y2 (0) = 0, from [5.25), and therefore
they are deterministic as well. Also the terms proportional to ¢,,0,0, for m = 4,5 and
n # p are zero, due to the independence of the sources of randomness or to the fact that
Y (t) is deterministic for m = 4,5. In the same way the terms obtained from the covari-
ance of Y/, (t) for m = 4,5 with ;!  (¢) for n = 1,2,3 are zero due to the fact that the first

function is deterministic.
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To conclude, the only non-zero terms in the final formula of the covariance are those pro-

portional to o7, for m = 1,2,3, and those obtained from the covariance of Y, , (t) with

Yy (t), for m =1,2,3 and n = 4,5. So the final formula for the covariance is:

Cov (Vi (£), Vi (1))

= ¢2Cov (Yf (t),Y] (t)) + 02Cov (Y; (t),Ys (t)) + 02Cov (y; (t),Yi (t))

+ o4 {af [cm; (yf (t), Y7, (t)) + Cov (Yf’,4 (t),Y! (t))] +o3 [COU (y; (t),Y3, (t)) + Cov (Y;',4 t),vs (t))]
+o? [cou (y; (t),Yd, (t)) + Cov (Y;,4 (t),vyd (t))] }

+ o5 {af [cou (y;' (t), Yy (t)) + Cov (y;;g, (t),Y? (t>)] +o2 [cou (y; (t), Y3 (t)) + Cou (y;;g, ORE (t))]

+o? [cou (Y; (), e, (t)) + Cov (Y;,g, (t),Y] (t))] } (5.41)

Even if the third order terms can be calculated exactly using the Isserlis’ theorem (and
even if in principle we can extend this perturbative expansion to any higher order), due to
their complexity in this chapter we consider only the second order terms, that is equivalent
to say that we truncate the perturbative expansion [5.17] of the membrane potential at the

first order. After some algebra we obtain:
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e /0 10— ] [0 (¢ — 5)] ds (5.42)

N—-1

Cov (Y2 (t),Y] (t)) =3 B () @y (1) + Co > e (1) i (1) (5.43)
k=0 k,l1=0
k£l

_% {/Ot [ (t = )i dS} {/Ot [ (t = 5)]; ds} } (5.44)

So now the covariance Cov (V; (t),V; (t)) is known for all the possible pairs (i, j), with i, j =
0,1,...,N — 1, therefore we can determine the correlation structure of the network using

the formula for the Pearson’s correlation coefficient:

(Vi().V; () (5.45)

where:

Var (V; (t)) = Cov (V; (t),V; (1)) (5.46)

is the variance of the stochastic process V; (). The subscript “2” means that this is a
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correlation between a pair of neurons.

In order to determine the higher order correlations between triplets, quadruplets, quintu-
plets etc of neurons, we have to extend the Pearson’s formula in the following way. The

natural generalization of the covariance for n functions is:

bin (Vie 1), Vi, )i Vi, (1) =E (5.47)

1:[ (‘/;J (t) — Vij (t))

This is known as the joint cumulant of the functions V;, (¢),V;, (¢),..., Vi _, (t). Unfortu-
nately this is not enough, because as with the Pearson’s correlation coefficient, we want to
normalize the joint cumulant in order to find a function that is in the range [—1, 1]. To this

purpose, we can observe that:

E <E

] < {ﬁE Vi, (0 -7, <t>!”}}n
j=0

I -7, 0) || <=| | TL (% 6 -7, 0)

having used the fact that |a + b| < |a|+b| at the first step and a special case of the Holder’s

inequality at the second. Therefore we have:

& (] (v, () -7, ()

_]120 <1 (5.48)
ﬂHMM@m@H

j=0

This means that the function:

Corrn, (Vig (8),Viy (), ., Vi, (1)) (5.49)
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is in the range [—1, 1], therefore it is a good formula to express higher order correlations.
We can see that for n = 2 it gives the Pearson’s formula, as it should be. Now, all these
means E can be computed using the Isserlis’ theorem as we did for the covariance, so
in principle we can determine also the higher order correlation structure of the neural
network. However, in practice, this gives rise to combinatorial problems with different
levels of complexity when V;. (¢) does not have the same behavior for different values of i;,
namely if the deterministic matrix J;; + 04Z;; (t) and the input vector 7 (t) do not have
strong symmetries. Therefore, for simplicity, in the Appendix [El we show only the fully
connected case with the same synaptic weights and the same input current for all the

neurons.

5.3 Calculation of the fundamental matrix

As we can see from the formulae[(.42] 5.43]and [5.44] the correlation structure is a function
of the matrices ® (t) and ® (¢) &7 (¢). Therefore we need to compute them for different kinds
of connectivity matrices J. In general this is not an easy task, but however in some special

cases they can be obtained as discussed in Sections [5.3.1] and (.32

5.3.1 Block circulant matrices with circulant blocks

Given two positive integers R and S, with 1 < R, S < N, we suppose that J is an N x N
block circulant matrix (with N = RS) of the form:

p®  p) L. pBR-D

A | D O p(R=2)

= = (5.50)
p» @ .. pO)
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where 5@, (1) . p(i=1) are S x S circulant matrices:

b(i) bgi) . bg)_l
. b(l) b(i) .. b(z)_
pi) = | 5710 o (5.51)
i bgi) bg) . béi) ]

All the entries b(.i), fori = 0,1,...,R—1and j = 0,1,...,5 — 1, can only be equal to 0 or
1, with only the exception of b( ) that must always be equal to 0 in order to avoid the
self-connections. R can be interpreted as the number of neural populations, and S as the
number of neurons per population. Due to this particular structure of the connectivity
matrix, all the neurons have the same number of incoming synaptic connections M, as
required. This analysis includes the special case when the matrix J is circulant (obtained
for R = 1 or S = 1). As we said in Chapter [3, in the context of Graph Theory, a net-
work whose adjacency matrix is circulant is called circulant graph (see Figure[3.1) and is
usually represented by the notation Cy (1,2, ...,q). Moreover we have to recall that even
if in Graph Theory the connections are often represented through undirected unweighted
graphs, which means that the connectivity matrix is symmetric, in this section we do not

assume in general that .J is symmetric.

Now we want to calculate the matrices ® (t) and ® (¢) ®” () in terms of the eigenquantities

of J. The eigenvalues of J are the collection of the eigenvalues of the following matrices:

50 — N7 oFF i) (5.52)

where ¢ = /—1. Since the matrices b(?) are circulant, we can compute their eigenvalues ey)

as follows:

. S—1 S—1R-1
ey) _ Ze%”jkb [ z)] - o2 (%5 +4 ) p (5.53)
k=0 k=0 1=0
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Instead the matrix of the eigenvectors of J is:

Q=Fr®Fs
(5.54)
[Filij = Fee®i',  K=R,S,  i,j=01,.,K—-1

where ® is the Kronecker product. Now, for k = 0,1,..., N — 1, we call a; the eigenvalues
of A= —%I dy + JS' (1) (where Idy is the N x N identity matrix) and e, the eigenvalues
of J (namely the collection of all the egi), with k& = iS + j), while we call ) and W), their
respective eigenvectors. Therefore we have a; = —% + €S (1) and U = Wy Moreover,

A

using also the fact that the matrix e can be diagonalized and is real, we can write:

o () =™ = QD (1) Q"
T *
o (1) @7 (1) = ([e/“”} ) = QD (1) Q"QD* (t)Q* = QD (t) D* (t) Q*

where « is the element-by-element complex conjugation, and D (t) = diag (e®", e™’..., e?N-11).

Here we have used the fact that D (¢) and @ are symmetric matrices and also the identity:

QQ=(Fr®F§)(Fr® Fs) = (FRFr) ® (F§Fs) = Idrs = Idn

due to the mixed-product property of the Kronecker product and to the elementary identity

FjFi = Idg. Now, since:
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we conclude that:

N-1

_1 Ze ~tens (leg,
k:O
(5.55)
T LN of-tam ]
[q) (t) N (t)] ij 7N Ze fz]k
k=0

where R (e;) represents the real part of e, while:

fijk = [Fr ® Fs]y [Fr @ Fs]y; = errlsl ()-8 rst-a)

These formulae seem to give complex-valued functions, but due to the particular structure
of the eigenvalues e, and of the function f;;;, their imaginary parts are equal to zero (see

Appendix [[). Therefore the covariance is a real function, as it should be.

Now we show an explicit example of this technique, namely the case when the blocks of

the matrix J have the following symmetric circulant band structure:
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[ 1640 1 e 10 - 0 1
1 1— 8o
0
1
B(0) — 0
0
1 0
1 10 0 1 1

where, supposing for simplicity that S > 3, the first row of (V) (excluding the term [b(?]

which is 0 for ¢ = 0 and 1 for i > 0) can be written explicitly as:

9], = 1, (<j<uw)V(p<j<S—1)

[b(i)}og‘ = 0, v, <j<pi

1

1—9d;0 |

(5.56)

00°

with1 <yp; < EJ Here we have to suppose that S > 3 because otherwise it is not possible

to distinguish the diagonal band from the corner elements. Now, the bandwidth of v is

2v; + 1, so this defines the integer parameters v;. Moreover, 2vy — H (yo — L
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represents the number of connections that every neuron in a given population receives
from the neurons in the same population. Instead 2v; +1 — H <yl- — L%J + (—1)5 > , for i =
1,2,...,R — 1, is the number of connections that every neuron in the the k-th population re-
ceives from the neurons in the (i + k)-th mod R population, for £ = 0,1, ..., R—1. So the total
number of incoming connections per neuron is M = R—1+Zf%:_01 [2%- - H (ui — L%J + (—1)S>].
It is important to observe that even if all the matrices b(?) are symmetric, the matrix .J in
general is not, since the number of connections in every block is different (the case of

symmetric connectivity matrices is studied in Section [5.3.2). Now, using formula 5.53] we

obtain that:

r R-1
A R—l—i-Zf(n,Vk,S)]v m =0, Vn

L k=0

€mS+n =

r R-1

% -1+ Ze%mmf (n, Vk,S)] ; m # 0, Vn
k=0
(5.57)
vy — H (uk -5+ (fl)s) : n =0, Vi
f(n,v, S) =< —1, n#0, Vk:t%J

sin<7ﬂn(2;k+1))
un(%) _1’ n#()’ Vg < {gJ

withm =0,1,..,R—landn=0,1,...,5 — 1.

Many different special cases can be studied. The simplest one is obtained for vy = v, =

e = VR—_1 = v, and in this case formula [5.57] gives:
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%[R*l‘l’Rf(n,l/,S)], m:(),Vn

emsin = (5.58)

— m # 0, Vn

with M = R—-1+R [2y - H (y — 5]+ (—I)S)]. Therefore in this case the eigenvalues
are real, as it must be, since with this special choice of the parameters the matrix J is
symmetric. For R =1andv < L%J we have M = 2v and formula[5.58|gives the eigenvalues

of the circulant network:

e = (5.59)
. (mn(2v+1)
A |:szn(N ) . 1:| 7

2v szn(%)

n#0

Instead for v = || and VR, S we have M = N — 1 and formula[5.58 gives the eigenvalues

of the fully connected network:
en = (5.60)

5.3.2 Symmetric matrices

Another case where the matrices ® (1) and @ (¢) ®” (t) can be computed easily is when we
have a general symmetric matrix J. Since its entries are real, it can be diagonalized by an

orthogonal matrix @) (namely such that Q—! = @7, therefore we have:
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7 =QDQT
D =diag (Jl, C,l;, e JN&)

So we obtain:

A=— %IdN +JS (n)=Q _%IdN + DS ()| QT
@ (1) =M = Qel =+ PEWIQT — QD (1) QT

having defined the diagonal matrix D (¢) as follows:
D (t) =el=# 1 +DS" W = Giag (dy, da, ..., dn—1)
d; :e[_%+‘isl(“)]t
Moreover, also the matrix A is symmetric in this case, therefore:

@ (1) ®7 (1) = 4 = QD (1) Q"

so their components are:
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2

-1

Dy (1) =Y P 9Qu.Q
0

B
Il

(5.61)

=2

-1

[@ @)@ (1], =) Qi

)
0

E
Il

Again, now we need only the eigenquantities of .J, but it is not possible to find explicit
expressions for a general symmetric connectivity matrix. Actually they can be calculated
analytically only if J has some special kind of structure. However, since it is symmetric
and all its non-zero entries have the same value ﬁ (as we said in Section [(.1), it can be
interpreted as the adjacency matrix of an undirected unweighted graph. Due to this cor-
respondence, we can study the eigenquantities of .J using the powerful techniques already
developed in the context of Graph Theory for this kind of graphs. Lee and Yeh [188] have
proved that it is possible to perform binary operations (in particular the Kronecker product
® and the Cartesian product x) on pairs of graphs G; and G5, obtaining more complicated
graphs, whose eigenvalues and eigenvectors can be calculated easily from those of the
graphs G; and Gs. If e and ¥ ¢ represent respectively the eigenvalues and eigenvectors

of the graph G, then we obtain:

%,J _ i
€Gi9Gy = lere
(5.62)
] _ i J
7G1®G2 - 7Gl ® 7GQ
%,J _ i J
eG1><G2 - eZG1 + eGQ
(5.63)
] _ i J
Ve, = Vo TG,
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Figure 5.1: Example of the graph Py, known as path on N nodes. Its connectivity matrix is tridiagonal

without corner elements.

fori,j =0,1,..., N — 1. In particular we can choose G; and G5 to be Py and/or Cyy, where

Py is the so called path on N nodes (see Figure [6.1), while Cyy is the cycle graph (see

Figure 3.1).

Their eigenquantities (in the case of unitary weights) are:

i i+1)w
€py = 2 cos [%]

i 1 = g [GHDGED
[Ty, = sin | RG]

eiCyN = 2cos (@)

[77:6‘9N]j = e%L

(5.64)

(5.65)

Combining them through the binary operations ® and x, we can create several classes of

well-known graphs, like:

* Ladder: L,, = P, x P,, with 2n = N

* Circular Ladder (also known as Annulus or Prism): CL,, = Cy, x P,, with 2n = N;
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Figure 5.2: Some examples of graphs: the Ladder L, = P, x P, (top left), the Circular Ladder CL,, =
Cyn x P» (top right), the Grid G, = P X P, (bottom left) and the Cross Crrm,n = P ® P, (bottom right).

Grid: Gy, , = Py, X Py, with mn = N

Cylinder: Cl,, , = P, x Cyp, with mn = N;;

* Torus: T}, 5, = Cym, x Cyy, with mn = N;

Cross: Cry, n, = Py, ® Py, with mn = N;;

Hypercube: H, = P, x P, X ... X P5, with 2" = N

n—times

and so on and so forth. Some of these examples are shown in the Figures5.2land 5.3l Even
much more complicated graphs can be created in this way, like Cry,, ,, ® T}, ¢, Or Gy @ T}y g ¥

H, ® Cl,,, and so on.

Using the mixed-product property of the Kronecker product, we obtain:
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Figure 5.3: Three examples of the Hypercube graph H,,.
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] k.l _ i k J l _
7PNl®PN2 .7PN1®PN2 - (7131\11 .7PN1) (7131\12 .7PN2) =0

if i # k and/or j # [, since the eigenvectors of the path are orthogonal (of course the same
is true for 7?& <Py, 7’;;}1\]1 <P, ). Therefore the eigenvectors 7}’,@ ®Px, (or equivalently
7%\] xPy, ) are orthogonal. Moreover 7%\] ®Py, have real entries, therefore they form
an orthogonal matrix, that can be used directly to compute @ (t) and @ (t) ®” (¢) through

formula[(.611

For the eigenvectors 7é‘€N1®CyN2 the procedure is slightly more complicated, since the
eigenvectors W%yN have in general complex entries (with only the exception of the cases
it =0andi = % for N even) and therefore we cannot use them to form an orthogonal

matrix. However, if J is the connectivity matrix corresponding to the graph Cyy, we have:

—>1

N arve) 1 i
J Cyn = €Oyn Y Cyn

which implies:

T (Vo) = (coan)” (Vo)

where x is the element-by-element complex conjugation. Since J and eiCyN are real, we
obtain that 7icyN and <7iCyN) are both eigenvectors of J, corresponding to the same
eigenvalue eiCyN. Therefore, if for all the complex eigenvectors 7%yN we define the new

vectors:
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7iCyN :% ( iCyN + [ leNr)
(5.66)

szN :Z ( ZCyN - [ ZC’yz\l] )

we conclude that they are eigenvectors of J with eigenvalue eiCyN. Now, it is easy to see
that 763}N W, = 0Vi,j. Moreover 76yN and W,  are orthogonal also to V¢, ~and

N
7(§yN in the case of N even, and their entries are real. Therefore, if we use this set of real
eigenvectors with the rules[5.62 or[5.63] we obtain a set of eigenvectors for C'yy, ® Cyy, or
Cyn, x Cyn, which are orthogonal and real (the proof is similar to the case Py, ® Py, seen

before). So they can be used to form an orthogonal matrix, through which we can compute

® (t) and @ (¢t) 7 (t), according to formula 5.61

To conclude, taking for example the cases we have written previously, it is important to
observe that only the graphs C'L,,, T}, , and H,, can be considered in our analysis. In effect
these three graphs have the same number of incoming connections per neuron, a feature
that is not shown by the ladder, the grid etc, due to their boundaries. The latter graphs
can be studied using this approach only in the thermodynamic limit N — oo. In fact
only in this case the number of incoming connections per neuron is the same for all the
neurons in the network, because when N — oo the system "loses" its boundaries, since
they are pushed to infinity. For example, in the graph L,, all the neurons have 3 incoming
connections (see neurons 1 — 4 and 7 — 10 in the case of the graph Lg shown in Figure
(.2), with only the exception of those at the boundaries, which have only 2 connections
(see neurons 0, 5, 6 and 11 in Figure 5.2). When N — oo, if we start to travel on the
ladder from its center toward the boundaries, we will never reach them, since they are at
infinity, therefore during the trip we meet only neurons with the same number (namely
3) of incoming connections. Therefore in the thermodynamic limit all the neurons of the

graphs with boundaries behave in the same way. This means that we have obtained the
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invariance of the system under exchange of the neural indices, which is what we need in

order to apply the perturbative approach introduced in this chapter.

5.4 Numerical comparison

The Figures[5.4]- show the numerical comparison obtained with the first-order pertur-
bative expansion. For simplicity in this case we have chosen o4 = o5 = 0, since according
to 0.41] these two parameters affect the covariance only at a higher order. These figures
report both the results obtained from the exact network equations [5.1] (blue lines) and
from the first-order perturbative expansion (red lines), the latter being generated with
the equations - Moreover we have shown the comparison with the analytic re-
sults for the variance, covariance and correlation generated by the formulae 5.41] -
(green lines). Instead the Figure [5.11] shows the results for the second-order perturba-
tive expansion, obtained from the equations -B.23l For the sake of brevity, here we
have reported only the results for the correlation, but we have not shown the comparison
with its analytic formula (green lines), due to the complexity of the higher order terms
of the variance and covariance. In this case we have used 0y = 05 = 1, Z(t) = e tJ
and H (t) = sin (27t) ?, where 1 is the vector whose entries are all ones. For all these
simulations we have used the parameters reported in Table [5.J] while the statistics have
been calculated with 10,000 Monte Carlo simulations. Moreover the equations [5.1] and
(.12 - 5.23] have been solved numerically using the Euler-Maruyama scheme, while the
time-integrals involved in the formulae 5.42] [5.43] and [5.44 have been calculated with the
trapezoidal rule. The integration time step is At = 0.1. The covariance and correlation
have always been calculated between the Oth and the 1st neuron, while the potentials
and the variances have been reported only for the former. The general conclusion is that
for small enough values of the parameters o1-05 there is a very good agreement between
the real network and the first-order perturbative expansion and that for higher values of

these parameters the second-order expansion should be used. The match depends on the
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‘ Neuron H Input H Synaptic Weights H Sigmoid Function

T=1 I1=0 A=1 Tyax =1
Cyo=041|C1 =03 C3=05 A=1
Vr=0

Table 5.1: Parameters used for all the numerical simulations of the Figures[5.4] - 5.13

dynamics of the neurons, on the synaptic connectivity and on the network size, and in the
case of the variance, covariance and correlation, it also depends on the number of Monte

Carlo simulations used to evaluate the statistics.

5.5 Correlation as a function of the input

From the formulae 6.42] 5.43] 5.44] and the effect of the non-linearity introduced by
the sigmoid function S (V') is evident. Through its slope, it generates an effective con-
nectivity matrix JS’ (1), which can be interpreted as the real connectivity matrix of the
system if it were linear. Now, the stationary solution ; depends on the external input
current I through the formula[5.12] therefore the effective synaptic strength and the cor-
relation structure depend on I as well. In particular, it is interesting to observe that if
m is very large, then |u| is also very large, therefore S’ (1) and the entries of the effective
connectivity matrix are small. In other words, the neurons become (effectively) discon-

nected. An important consequence of this phenomenon is that, for C; = Cy = C5 = 0 and

for large values of |T , the neurons become independent, even if the size of the network is
finite. This intuition is confirmed numerically in Figure5.12, which has been obtained for
the graph Cys; (which is made of 10 neurons) simulated with the exact equations 5.1} for
I = —5,0,5 and 50,000 Monte Carlo simulations. The sources of randomness have inten-
sities 01 = 09 = o3 = 0.1, and moreover o4 = o5 = 0, while all the remaining parameters

are those of Table 5.1l As usual, the numerical scheme is the Euler-Maruyama one, with

integration time step At = 0.1.
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Figure 5.4: First-order perturbative expansion (64 = o5 = 0) for a network with connectivity matrix C'L1o
(namely N = 20). These results have been obtained for the values of the parameters reported in Table
Bl for 01 = 02 = 03 = 0.01 and with the statistics evaluated through 10,000 Monte Carlo simulations.
Since o1, 02 and o3 are small, in the picture of the membrane potentials V; (¢) (top-left) there is a perfect
agreement between the result obtained from the exact network equations [5.1] (blue line) and that obtained
from the first-order perturbative expansion, namely from the equations - (red line). Instead the
comparison between the variances (top-right), covariances (bottom-left) and correlations (bottom-right) is less
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the first-order perturbative expansion is still reasonably good, even if o2 and o3 are large.
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Figure 5.9: First-order perturbative expansion for a network with connectivity matrix Hs (namely N =

These results have been obtained for the values of the parameters reported in Table[5.1] for o1 = 0.01, 02 =

o3 = 0.1 and with the statistics evaluated through 10,000 Monte Carlo simulations.
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Figure 5.10: First-order perturbative expansion for a network with connectivity matrix Ci (1,2,0, ...,0).
These results have been obtained for the values of the parameters reported in Table[5.1] for o1 = 0.01, 02 =
o3 = 0.1 and with the statistics evaluated through 10,000 Monte Carlo simulations. This figure clearly shows
that the goodness of the match between the curves depends on the connectivity matrix of the network, for a
fixed number of Monte Carlo simulations.
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Figure 5.12: Correlation function obtained for the graph Cys and T = —5 (top-left), 5 (top-right) and
0 (bottom). These results have been obtained from the exact equations 6.1} numerically solved using the
Euler-Maruyama scheme with integration time step A¢ = 0.1 and with 50,000 Monte Carlo simulations. The
parameters used are C; = Cy = C3 = 0, 01 = 02 = 03 = 0.1 and 04 = o5 = 0, while all the remaining
parameters are those of Table[5.1l From this figure it is possible to see that the correlation between pairs of
neurons strongly decreases for high values of m, confirming its relation with the effective connectivity matrix
JS" (W)
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5.6 Failure of the mean-field theory

In this section we show three different reasons that invalidate the use of the mean-field
theory for the mathematical analysis of a neural network. A neural network is generally
described by a large set of stochastic differential equations, that makes it hard to under-
stand the underlying behavior of the system. However, if the neurons become independent,
their dynamics can be described with the mean-field theory using a highly reduced set of
equations, that are much simpler to analyze (see Chapter B). For this reason the mean-
field theory is a powerful tool that can be used to understand the network. One of the
mechanisms through which the independence of the neurons can be obtained is the phe-
nomenon known as propagation of chaos [51]1[63]1[641[65]. Propagation of chaos refers to
the fact that, if we choose independent initial conditions for the membrane potentials at
t = 0 (which may be called initial chaos), then the neurons are always perfectly indepen-
dent V¢ > 0. Therefore the term propagation refers to the “transfer” of the independence
of the membrane potentials from ¢ = 0 to ¢ > 0. Under simplified assumptions about the
nature of the network (namely that the other sources of randomness in the system, in
our case the Brownian motions and the synaptic weights, are independent), propagation
of chaos does occur in the so called thermodynamic limit of the system, namely when the
number of neurons in the system grows to infinity. However in Sections [5.6.1] and
[£.6.3 we show that for a system with correlated Brownian motions, initial conditions and
synaptic weights, with a general connectivity matrix or with an arbitrarily large (but still
finite) size, the correlation between pairs of neurons can be high. Therefore in general the

neurons cannot be independent, invalidating the use of the mean-field theory.
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5.6.1 Independence does not occur for N — oo if (1, C5 or C; are not equal

to zero

Let us consider the case when at least one of the parameters C;, Cy and C3 (defined by [5.2]
and [£.9) is not equal to zero. For example we analyze the term proportional to C; in
the formula[5.42] for a fully connected network. Using the technique developed in Section

[£.3.1] it is easy to prove that this term for i # j is:

while for ¢ = j it is:

N-1 +
) [ (t — 8)],, [® (¢ — 8)],, ds

I B () 1) e S PR CUS o L
2 NJ | z-A8(w) 1 A

So the covariance (and therefore also the correlation) does not go to zero for N — oo, or in

other words the neurons are not independent, even in the thermodynamic limit.

The reader can easily check that the same result holds for the terms of the covariance

proportional to Cy and Cj.
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5.6.2 Propagation of chaos does not occur for a general connectivity ma-

trix

We study propagation of chaos as a function of the number of connections in the circulant
network. To this purpose, we have to set Cy = 0 (initial chaos) and also C; = C3 = 0,
because otherwise the neurons cannot be independent, as explained in Section[5.6.1l Using

the formulae5.42] 5.43] [5.44] and [5.55] we obtain that in this case the covariance is:

Cov (Vi (t),V; (1)) :a%/o [@(t—s)@" (t—s)],;ds+ o3 [@ (1) @7 (1)],,

2 N-1 t
+J§SA§H U ts)ds] U 1 (ts)ds] (5.67)
k=0 0
where:
K 1 = 1005 2”k(ifj)} Lo
O(t—s)dT (¢t — d = — A P\ S S i 2[—:+S (u)ek]t
/0[ ( S) ( S s = ON 2 *—+€kS/() { e }
N-1
1 2
[® (1) ® ij = e2[= 745 et oo {Wﬁkz(z —j)}
N =
N-1

t t
|:/ q)ik (t — S) d8:| |:/ (I)jk (t — S) ds]
k=0 /0 0
= Nl _plm S (et IS (wem]t
_ L S Rl 2| | 1 f[ wei] 1 f[ wem)
et = —L e (n) T e,.9 (n)

N (g el e ) ? o
=¥ Trav cos | == (i—17)

while the eigenvalues e, are given by formula [5.59] or by formula [5.60l Now, for N —
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Figure 5.13: Propagation of chaos for ¢ = 1 as a function of v = &, in the case of a circulant connectivity
matrix. This result has been obtained for C; = C> = C3 = 0 (while all the remaining parameters are those of
Table[5.T), using the analytic formula [5.67] (normalized with the variance).

the right-hand side of formula [5.67] converges to a non-zero function (see Figure [5.13),

therefore for every finite value of v (which is the number of incoming connections per

neuron divided by 2) propagation of chaos does not occur.

Moreover correlation decreases with v, therefore propagation of chaos occurs in the circu-
lant network only in the thermodynamic limit N — oo and if v is an increasing function of
N, namely if ]\gﬁo v = oo (compare with [3.8). For example, in the fully connected network
v = L%J , so it explains why in this case correlation goes to zero in the thermodynamic
limit. Instead in a network described by a cycle graph, perfect decorrelation is never pos-
sible, also for N — oo, since v = 1. In other words, having infinitely many neurons is not a
sufficient condition for getting propagation of chaos, because also infinite connections per

neuron are required. This result had already been obtained numerically in Chapter[3](see

Figure 3.8).

5.6.3 Stochastic synchronization

In this section we show that for every finite and arbitrarily large number of neurons N in

the network, it is possible to choose special values of the parameters of the system such
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that, at some finite and arbitrarily large time instant ¢, the correlation between pairs of

neurons is (approximately) 1. In general ¢ increases with N.

The general theory

We show that even when C; = Cy = C3 = 0, if the matrix A = —%IdN + JS' (1) has an
eigenvalue of multiplicity 1 with non-negative real part, while all the other eigenvalues
have negative real parts, then correlation goes to 1 for ¢ — +o0, for every finite N. In
other terms, the stochastic components of the membrane potentials become perfectly syn-
chronized. From now on we refer to this phenomenon as stochastic synchronization. To
prove this, we suppose that A has an eigenvalue @ with non-negative real part and with a
generic multiplicity m > 0, while all the other eigenvalues have negative real parts. Now
we recall that e4* = QeP*Q~!, where D is the diagonal matrix of the eigenvalues of A, and

Q is the matrix of its eigenvectors. So for ¢ — 400 we have:

ePt < diag(0,0,...,0,e™, %, .., ™, 0,0,...,0)
N———

m—times

where < means dominated by, because all the eigenvalues have negative real part but a.
If the @s are the r-th, (r 4 1)-th, ..., (r +m — 1)-th eigenvalues of A and if we call Q! = B

in order to simplify the notation, we obtain:
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|00 -+ 0 OQno1r OQN-1r41 Qn-1r4m-1 0 0 --- 0
Bo,o Box ...  Bon-1
By By By n-1
X
| By-10 By-1a By-1n-1 |

and therefore:

et :QeDtB < eE

m—1
Epq = E meJrkBTJrk,q

k=0
This means that:
N-1 4 N-1
Cov (V; (t),V; (1)) :a%kzzo /0 {eA(t—s)Lk {eA(t—s)Lk ds + U%}; [eAt} N [eAt]jk
PN [T A -
2 A(t—s) A(t—s)
+ o3 i Z{/o [e Lkds}{/o [e Lkds}
k=0
2 2 Q2 N-1
. [(27_% N §+ 0_35]\(4/0} €2EtZEikEjk
k=0

so the variance is:
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2 2 Q2
Var (V) = Cou (V0. Vi (0) < | 7+t + B0 3 (50 G69)

Therefore the correlation is:

N—-1
ZEikEjk
Corr (Vi (1), V; (1)) = VLB 1), = (5.70)
VVar (Vi (t)) Var (V; (1)) N-1 N-1
(Eix)? (Ejr)?
k=0 k=0
when ¢ — +oco. Now, in the special case m = 1 we obtain:
pg =QprBrq
N—-1 N—-1
Z zkE]k Q’LTQ]T Z ( rk)2
k=0 k=0
N—-1 N—-1
= (Qai)?
k=0 k:O

so we conclude that Corr (V;(t),V; (t)) = 1 when t — +oo. This proves that if C, = Cy =
C5 = 0 and the matrix A has an eigenvalue of multiplicity 1 with non-negative real part
while all the other eigenvalues have negative real parts, then propagation of chaos does
not occur. For continuity, for every finite NV we have that Corr (V; (t),V; (t)) — 1 also for
R (a) — 0~ (where R means the real part of), i.e. correlation is very big also when the
system is stable but close to the instability region R (a) > 0. It is also interesting to
observe that, due to the Perron-Frobenius theorem [189], if A > 0 and if .J is an irreducible
matrix (namely if its corresponding directed graph is strongly connected, which means

that it is possible to reach each vertex in the graph from any other vertex, by moving on
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the edges according to their connectivity directions), then it has a unique largest positive
eigenvalue, which can be used to generate stochastic synchronization. We conclude that
in general propagation of chaos does not always occur, even if C; = Cy = C3 = 0, therefore

this invalidates the use of the mean-field theory, at least in this special case.

The example of the fully connected network

We show how to set the parameters of the system such that the phenomenon of stochastic
synchronization does occur. For simplicity we assume a fully connected network. In this

case, from formula5.60, we know that the matrix A has eigenvalues:

do= L EAS (), =L AW 7D

The multiplicity of ay and a; is respectively 1 and N — 1, therefore in order to obtain
the stochastic synchronization, according to Section 5.6.3] we have to set ag > 0. Let us

consider the case ap = 0, namely AS’ () = % Now, since:

S’ (1) = A [s (1) — S (“)} (5.72)

we obtain the algebraic equation:

Thvax T

A [S(u) 52(“)] 1

whose solutions are:

4
Lxy/1- TANT A X

S(p12) =Tmax > (5.73)

where 411 o are two possible stationary solutions of the membrane potential. Moreover,

from equation [5.12] we know that:
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Hi2 =T [AS (t1,2) + 7] (5.74)

Putting together the formulae [5.73] and [5.74] we obtain:

(5.75)

4
1:l: 17TAXT1\4AX -
2

M2 =T (ATMAX +1

Replace this value of y; » in[5.74]to obtain the final result:

Ty
MAX 5 5

Y e — e
ANTmax =9 (T (ATMAX ATarax +17 (5.76)

This non-linear algebraic equation is the constraint that must be satisfied by all the pa-
rameters of the system in order to have correlation equal to 1 in the limit ¢ — 4+00. An
example of solution of this equationis A = Tyux =1, Vpr =0, A= -2l and 7 = —%, VI < 0.
In this case ;1 2 = 0 and it can be used as initial condition in order to ensure the station-
arity of the system. In Figure[5.14 we show the phenomenon of stochastic synchronization
in the case of a fully connected network, for the values of the parameters reported in Ta-
ble 5.2] which satisfy the constraint As we can see, correlation goes to 1 more and
more slowly if we increase the number of neurons NV in the network. It reaches the value
1 asymptotically with an inverse exponential-like behavior, with a time constant that in-
creases with the size of the network. For N — oo the time constant diverges, therefore
for every finite time the system has correlation 0. This proves that in the thermodynamic
limit there is still propagation of chaos, provided that C; = Co = C3 = 0. This is in perfect
agreement with the result on propagation of chaos proved in [51][64][65] for independent

Brownian motions, initial conditions and synaptic weights.
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| Neuron | Input [| Synaptic Weights | Sigmoid Function

7=01|1I=-20 A =140 Tyax =1
Cy=0 C1=0 C3=0 A=1
Vr=0

Table 5.2: Parameters used for the numerical simulations of Figure [5.14.

Correlation

0.0 71+

—0.20

15 20

Figure 5.14: Stochastic synchronization in a fully connected network. Correlation gets closer and closer to
1 with a speed that depends on the number of neurons N in the system. These results have been obtained
with the exact non-linear equations[5.1]and with 1,000 Monte Carlo simulations. The parameters are those of
Table[5.2, which are chosen in order to satisfy the constraint[5.76/for A = —27 and 7 = f%. The value of the
external current is purposely large (I = —20) because it causes a faster convergence of the correlation to the

value 1.
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5.7 Fisher information

At the first perturbative order, the probability density of the membrane potentials is a
multivariate normal distribution, therefore using formula with § = I (therefore we
have to set o5 = 0, in order to have a unique input current for all the neurons) and evalu-
ating analytically the integrals of this definition, we obtain that the Fisher information is

given by the well-known formula:

T
7(T,1) = ‘Wiﬁ(t)zl () a?” + %Tr <82—7(t)21 1) W g (t)) (5.77)

where 71 (t) is the vector of the means of the membrane potentials, while X (¢) is their

covariance matrix, namely:

m; (t) =E[V; ()] (5.78)

Y5 (t) =Cov (V; (t),V; (¢)) (5.79)

fori,j =0,1,.... N — 1.

In order to match the results of the Fisher information of this chapter with those of Chap-
ter [6, we modify slightly our model: we assume that the entries of the synaptic connec-
tivity matrix J are generic, deterministic and constant in time. For this reason we set
o3 = o4 = 0, obtaining that J = J, where J is a generic matrix with time-constant entries.

Since E [} (t)] = E [Y3 (¢)] = 0, from 5.1l we obtain that:

m; (t) = W; Vit
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where p; is given by:
N-1 B
pi=7 Y TS () + 1 (5.80)
§=0

which is the extension of [5.12] to the case of a generic connectivity matrix .J. This system

of equations is solved with the Newton’s method, using the inverse of its Jacobian matrix.

Defining the function:
T =pm—7|> JiiS () +I|, i=01,..,N-1 (5.81)
j=0
we obtain that the Jacobian matrix 22 (7) has the followi ts:
acopila a T as e Iollowing components:
1 if i=7

of; (ﬁj)

O
—TJiiS" (1) i i

Since the dependence on the initial conditions vanishes quickly, we also assume for sim-

plicity that oo = 0. Therefore the covariance matrix of the system has the simple form:

N—1 ¢ N—-1 .t
%ij () =o? Z/O @ik(t—s)tl)jk(t—s)derC’lZ/ Dy (t — 5) By (t — 5) ds
k=0 k,i=0"0

k£l
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The derivatives of 774 (t) with respect to I, that appear in[5.77, can be calculated as follows.
From formulae[5.80/and[5.81, we obtain that f; (77, 1) = 0, and differentiating this relation

we obtain:

- —10f:(®1 ofi(HI) ~ .
df; (7.7) = 0! ESM )duj + %dl =0, ¢=0,1,..,N-1

Now, if we divide this formula by dI, we obtain a system of N equations with NV unknowns,

namely the terms %. Inverting the system, we obtain:

i [87 mf)] Cof @
ol oI

where in our case:

g0
This way of calculating the derivatives with respect to I is numerically convenient, because
the inverse of the Jacobian matrix is known, since it has already been calculated in order
to solve the system This trick cannot be used to determine the derivatives % which
appear in the second term of [5.77} therefore we have calculated them using formula
However, in all our simulations the second term of the Fisher information has always
been much smaller than the first term, therefore it can be safely neglected. This is due

to the fact that the covariance matrix ¥ depends weakly on I, as we will see in Chapter
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‘ Neuron H Input H Synaptic Weights H Sigmoid Function

=1 I1=05 a=1 Tyuax = 1
o1 = 0.01 B =1[0,1,20] A=1
V=0

Table 5.3: Parameters used for the numerical simulations of Figure 5.15]

[6l Therefore now we have an algorithm to calculate numerically the Fisher information of

the neural network.

In particular, we suppose that in a single trial the synaptic weights are independent and
identically distributed as J;; ~ NV <ﬁ, (%)2> V(i,j) : i # j, where a and 3 are two
generic parameters. The simulations have been performed for the parameters of Table
B3] and are reported in Figure [5.15] which shows that the Fisher information depends
strongly on the inhomogeneities of the matrix J, namely on the parameter 3. These inho-
mogeneities can be chosen arbitrarily high, since 3 is not a perturbative parameter. It is
important to observe that these results have not been obtained by averaging the Fisher in-
formation over several realizations of the synaptic weights, because we are supposing that
the J;;s are deterministic, as we said previously. Clearly they are generated by the ran-
dom distribution N <ﬁ, (%) 2) , but only once, with the purpose of creating quickly a
sequence of "frozen" (and therefore deterministic) numbers that are used in the numerical

calculation of Z (I,t).

To conclude, the main message is that the Fisher information can be higher for values of
C1 close to 1 (i.e. for highly correlated neurons) than for values of C; close to 0 (i.e. decor-

related neurons), depending on the inhomogeneities of the synaptic connectivity matrix.

An intuitive explanation of this phenomenon is not available, however in Chapter [6] we
will provide an analytic formula that explains the emergence of the peaks of the Fisher
information in the case of weak synaptic weights. We can also see that for a homogeneous
network the Fisher information has a peak only for C; — 0. This corresponds to the result

found in Chapter (4] (see Figure [4.6), since there we analyzed the behavior of the neural
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Fisher Information in a fully connected network Fisher Information in a fully connected network
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Figure 5.15: Four possible examples of Fisher information, obtained from the perturbative expan-
sion with strong synaptic weights in a fully connected network with N = 20, ¢t = 2, and for the
parameters reported in Table 5.3l In detail, the figures on the top has been obtained for 3 = 0
(left-hand side) and 8 = 1 (right-hand side), while those at the bottom are two examples obtained
for 5 = 20. The result depends on the values of the synaptic weights from trial to trial, showing
higher encoding efficiency for Cy — 0 and/or C'; — 1. The non-linear system of algebraic equations
have been solved with the Newton’s method, iterated times, while the integrals with respect
to the time have been calculated with the trapezoidal rule, with integration time step At = 0.1.
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network for constant and homogeneous synaptic weights.

5.8 Partial conclusion

In this chapter we have introduced a new technique, that extends the results found in
Chapter [l It is based on a perturbative expansion of the membrane potentials in terms
of the sources of randomness of the system, namely the Brownian motions in the back-
ground, the initial conditions and the distribution of the synaptic weights. The expansion
is performed around the stationary states of a finite network of rate neurons, assuming
that the system is invariant under exchange of the neural indices. The variations of the
membrane potentials in time and the inhomogeneities of the synaptic weights and of the
external input currents are also introduced perturbatively. If the sources of randomness
have sufficiently small variances, the expansion can be truncated at the first order. So
this technique provides a way to study analytically the finite size effects of the network for
many topologies of the connectivity matrix. It is important to observe that this approach
works also for small networks, unlike the method used in Chapter [4, where we had to

study large systems in order to avoid the higher order correlations.

The numerical comparison of this expansion with the real stochastic differential equations
of the network provides a good match for relatively weak sources of randomness, especially
at the second perturbative order. Moreover, by calculating the correlation structure of the
system, it proves in three different ways that in general the mean-field theory cannot be
used to describe the neural network, even in the thermodynamic limit. This is due to the

impossibility to obtain the independence of the neurons when:

¢ the sources of randomness are correlated;

* the number of incoming synaptic connections per neuron is not high enough,;
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* even for decorrelated sources of randomness, special values of the parameters are

chosen.

The second case had already been proved numerically in Chapter [3] with the cycle net-
work, while the third case corresponds to the phenomenon that we have called stochastic
synchronization. It consists in a perfect correlation between the neurons, generated by
carefully tuned values of the parameters of the network. A perfect correlation means that
the random fluctuations of the membrane potentials are exactly synchronized, so this ex-

plains our choice of the name for this phenomenon.

To conclude, we have used this perturbative expansion to calculate the Fisher information
of the network. This analysis shows that the encoding capability of the system increases
when the neurons are highly correlated or decorrelated. In particular, the increase of
Z (I,t) for decorrelated neurons had already been proved in Chapter 4 with the Mayer’s
cluster expansion. However the perturbative expansion has also revealed the second side
of the coin, namely that the Fisher information could be much higher for correlated neu-
rons, depending on the degree of inhomogeneity of the synaptic connections. This result

will be proved analytically in the next chapter.
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Chapter 6

Perturbative analysis with weak

synaptic weights

HIS chapter is devoted to the development of another kind of perturbative analysis,
T similar to that considered in Chapter 5l However, now the perturbative parameters
are not only the standard deviations of the Brownian motions, of the initial conditions
and of the synaptic weights, but also the mean strength of the weights themselves. For
this reason, this perturbative analysis provides a good agreement with the exact neural
equations only in the case of relatively weak synaptic weights. The power of this new
technique is in the fact that it does not require stationary states and the invariance of the
system under exchange of the neural indices, as in Chapter Bl Moreover, it lets us analyze
the case when also the topology of the network is random. In Section we describe this
approach, applied to the case of the rate model, while in Sections and [6.3 we use it in
order to calculate the correlation structure of the system. In Section [6.4 we apply this idea
to the case of a fractal connectivity matrix with small-world properties, and we conclude

in Section [6.5] by showing numerical evidence that supports this perturbative technique.
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6.1 Description of the model

In this chapter we suppose again that the neural network is described by the rate equa-

tions that we have used in the Chapters 3], 4] and [5] namely:

N—-1
dv; () = —%Vi(t)nt Jij (S (Vi (1) + I ()| dt + ovdB; (1) (6.1)

Jj=0

with ¢« = 0,1,..., N — 1. Randomness is present in the system through three different
variables, the Brownian motions, the initial conditions and the strength of the synaptic
weights, which are treated perturbatively. Their distributions are still supposed to be nor-
mal, because this will let us calculate analytically the correlation structure of the network
using the Isserlis’ theorem. We also introduce a fourth non-perturbative source of ran-
domness, namely the topology of the synaptic connections. This means that not only the
intensities of the synaptic weights are considered as random, but also the existence or not
of a connection between two given neurons is not certain anymore. For the first three vari-
ables, we use the same covariance structures as in Chapter 5l For the Brownian motions

it is given by the matrix Y1, whose entries are:

dt ’ ds

[S1],; =Cov ( > —CLs(t—s)

(6.2)

where (] is a free parameter that represents the correlation between two Brownian mo-

tions, while § (-) is the Dirac delta function. The matrix ¥; is a genuine covariance matrix
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only if it is positive-semidefinite, namely if ﬁ <C; <1

The initial conditions are defined in terms of the following multivariate normal process:

V(0) ~ N (7, 52) 6.3)
where:
I 1 02 02 1
02 1 . 02
G Gy e 1

We remind the reader that o5 represents the standard deviation of the initial conditions,

while C5 is their correlation. Again we have to choose ﬁ <(Cp <1,

In this chapter we consider networks with random topologies, which means that the fact
to have or not a connection between two given neurons is a (known) random variable: if
in one realization of the network there is a connection from the j-th neuron to the i-th

neuron, in another realization this connection could be missing. Therefore we suppose

that the synaptic weights are given by the following formulae:

Jij (1) :ii (04755 () + o3 W3] (6.5)
T (8) =Ty (t) o T (6.6)
W=WoT (6.7)
W ~MN (0,Q3,53) (6.8)
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—1
7=0

where o3 and o4 are two perturbative parameters that represent (after the division by
M;), respectively, the standard deviation and the mean strength of the synaptic connec-

tions. M; is the number (in general random) of incoming connections to the i-th neuron,

N-1
and is used to prevent the explosion of the term Z Jij (t) S (Vj (t)) in equation when
j=0

@
[¢]

M; grows arbitrarily large. The symbol represents the Hadamard product, therefore
C = Ao B means that C;; = A;;B;j, Vi, j. T is a generic binary random matrix which rep-
resents the topology of the synaptic connections. More explicitly, we have T;; = 0 if there
is no connection from the j-th to the i-th neuron (namely if J;; (t) = 0 Vt), while T}; = 1

if this connection is present. Below we show an example of connectivity matrix and its

corresponding topology:

0 0 2cos (t) 3.6 00 1 1
_ sin (5t) 0 10 0 1010
J(t) = ., T=

1 ™ 0 arctan (7t) 11 01

0 (14+8)7° e 0 0110

The matrix ﬁ(t) is completely deterministic, while the matrix W is random only in the
amplitudes of the synaptic weights (which follow a matrix normal distribution), but not in

the topology. The covariance matrices 23 and X3 of W are chosen in order to have:

Cov (Wi, Wi ) = (6.10)

C53 otherwise

The free parameter C3 represents the correlation between two different and non-zero
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synaptic weights, and the range of its plausible values depends on the topology of the
connections, which is supposed to be completely generic. Moreover we assume that W and

T are independent.

To finish, we suppose that also the Brownian motions, the initial conditions, the ampli-
tudes of the synaptic weights and the topology are independent from each other, therefore

their reciprocal covariances are equal to zero:

Cov (B (t),V; (0)) = Cov (Bl- (t) ,’ij) = Cov (B; (t), Tyx)
= Cov (vi 0), ij) = Cov (Vi (0), Tjx) =0, Vi, j.k (6.11)

In principle, as we said in Chapter [B], the inner and mutual covariance structure of B; (),
Vi (0) and Wij can be arbitrarily chosen. However in the current chapter we use only the
simple structure defined by formulae [6.2] [6.4], and [6.11], because this will generate
simple analytic results for the correlation structure of the membrane potentials. We now

are ready to introduce a perturbative expansion of V; (¢) in terms of the parameters o:

4 4
Vi) R Y5 () + ) omYi () + Y omonYh, (1) (6.12)
m=1 m,n=1
m<n

where the functions Y}/, () and Y, , () are to be determined through equation In
principle this expansion can be extended to any perturbative order, but in this chapter we

truncate it at the second because the complexity of the results becomes quickly intractable.
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6.1.1 The system of equations

In order to evaluate the functions Y}/, (t) and Y, , (t), we have to replace the expansion
inside the equation [6.1], and to identify the coefficients of the same monomials in o.
Before doing this, we need the expansion of the sigmoid function in terms of o. Therefore,

defining, as in Chapter G}

g O’ij E OmonY, mn

m,n=1
m<n

the Taylor expansion of the sigmoid function is:

S+ G) ~S () + 8 (1) G + 55" (1) ¢

w)+ S (1 Z om Y3 (t

4
+ Z OmOn [SI (1) Y'r}];b,n (t) + s" (1) Y% (t) Yr{ (t)}

4
30 0% [ (0 Vi (04 38" () (2. (0)

having neglected the terms with order higher than 2. As in Chapter Bl we remind that
this expansion can be used provided that its radius of convergence is large enough and
that the rigorous analysis of the radius of convergence can be found in the Appendix [D]
if the activation function S (-) is given by B.3l Now, if we replace this expansion and
inside the equation [6.1] comparing the coefficients of the same monomials in o we obtain

the following equations:
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dYy (t) = f%YOi )+ 1 (t)| dt (6.13)

dyy (t) = — %Yf (t)dt + dB; (t) (6.14)
dYy (t) = — %Y; (t) dt (6.15)
. [ 1 1 N ,
dYi (t) = —;Yg(t)—kMZWi»S(YOJ (t)) dt (6.16)
- J:
dyi(t) = — Lyiy 4 2 N_lj S (Y7 ()| at (6.17)
0= =0+ 57 3700 (vd ®) :
dyi, (t) = _ Lyi L Nﬁlj ST Yy () Y? (t)] d 6.18
Lat) = | =2¥ia 0+ 37 3T 1) (¢ ) ¥? (1) | at (6.18)
- ]:
dvi, (t) = — Lyi )+ 2 N_lj S (Y @)) VY (b)) dt (6.19)
2,4()— _; 2,4()+MJ:0 U() (0()) 2() .
. [ 1 1 Nl 4 , 1 N 4 ,
AYia (1) = | ==Y (0 + 2= S Ty 08 (Y 0) ¥ (0 + 7= X WS (Y 0) Y7 (1) | de (6.20)
i 3 ) [ )
Ay}, (t) = _ Lyi LN~ S (Yd )Y (t)] d 21
fa®) = | =YW+ 57 T 0 (Y3 ) vi @] at (6.21)
(- ]:

We have only written the equations that will be used in Section The others do not
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influence the perturbative expansions of the variance and covariance truncated at the 3rd

perturbative order, therefore they are not shown here.

6.1.2 The initial conditions

The perturbative expansion[6.12]at ¢t = 0 gives:

4 4
Vi (0) = Y& (0) + Z o-mY'rfz (0) + Z Umanyrfz,n (0)
m=1

m,n=1
m<n

From we have V; (0) ~ N (u,03) = p; + 02N (0,1), so comparing the two expressions

we obtain:

Yy (0) = pi (6.22)
Y3 (0) ~ N (0,1) (6.23)
Yi(0)=0, m=13,4 (6.24)
Vi, (0)=0, V(mmn):m<n (6.25)

Therefore we can write the initial conditions as V; (0) = p;+02Y5 (0), from which we obtain:

Couv (V; (0),V; (0)) = o3Cou (3 (0), Y5 (0))

Since from we also know that:
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05Cy  if i

from the comparison of these two expressions of the covariance matrix of V; (0) we obtain:

6.1.3 Solutions of the equations

(6.26)

Since equations [6.13]-[6.21] are linear, they can be solved analytically, giving the following

solutions:

_t t
1 € T
Yi () == W”-/ e*S(YOJ (5)) ds
i S0 0
e_L N—-1 +
Yy () =75, /0 e Jij(s) S (Yoj (S)) ds
i =0
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(6.27)

(6.28)

(6.29)

(6.30)

(6.31)



Y74 (%) —ej\_/[j 2 /Ot Jij(s) S (YOJ (s)) [/OS evdB; (u)} ds (6.32)
Y34 (t) :ej\z ]fl Y3 (0) /0 t Jij (s) 9 (Yoj (s)) ds (6.33)

7,k=0
N-1 gt _ s
+ M;j / S’ (Yo] (S)) [/ er Tk (u) S (Y§ (u) du} ds (6.34)
jk=0 9 70 0
. 6_% N-1 1 t . s N
Yia) =731 2 /0 Tij ()8 (Y3 (5)) { /0 e* T (u) S (V¢ (u)) du} ds (6.35)

Now we can use these results to calculate the correlation structure of the membrane po-

tentials.

6.2 Correlation structure of the network

In this section we analyze the general case of random topologies, and we consider the net-
works with deterministic connections as a special case. From the perturbative expansion
with all the functions Y, (¢) and Y, , (t) evaluated as shown in Section [6.1.3] in or-
der to calculate the covariance matrix of the membrane potentials we need to determine
all the pair covariances between all the possible combinations of these functions. This is

a consequence of the bilinearity property of the covariance operator. However, using the
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Isserlis’ theorem and the relations [6.11] it is easy to see that many of these terms are
equal to zero. Moreover we have also to remove the 4th order terms in the expression of
the covariance, like 0?02Cov (Yf‘,3 (t) ,Ylj; 3 (t)), since they are not complete. This is due to
the fact that there are also 4th order terms like o303Cov (YlZ (t),Y{ (t)). These terms
are due to 3rd order functions, like Yf; 13 (t) in this case, in the perturbative expansion
[6.12] which have not been taken into account since we have truncated the expansion of the
membrane potential at the 2nd order. Therefore the expansion of the covariance must be

truncated at the 3rd order. So, to conclude, we obtain the following result:

Cov (Vi (1), V; (¢))

= o3Cou (Y{ (1), Y7 () + o3Cov (v5 (1), Y4 (1))

+03Cou (Vi (1), (1)) +o3Cou (Vi (1), (1))

+ a1 {ot [Cov (i (5),¥7, ) + Cov (Vi (1), Y7 (8))] + 03 [Cov (¥ (1), Y34 (8) + Cov (Vi (1), Y] )]

+o2 [C’ov (Y3 (t),v{, (t)) + Cov (Y34 (t),Y{ (t))} +o? [C’ov (Y;‘ (t),vi, (t)) + Cov (YjA (t),Y] (t))} }
(6.36)

where, due to formulae [6.28] and [6.30, for i # j we obtain:
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Cov (Yf (t),Y] (t)) :TTcl (1 - e%) (6.37)

Cov (Y2 t),Y] (t)) — (e ¥ (6.38)
. : 2~ [ [ ¢ T T;

Cov (Y; (t),Y3 (t)) :cge*:kJZZO { /0 e*S (YL (5)) ds} { /0 et S (Y (s)) ds]E[#MZ] (6.39)

and for : = j:

Var (Vi (£)) :g (1 - e—%) (6.40)
Var (Y3 (t)) === (6.41)
Var (Yi (t)) =™+ ]:_01 Vote—s (Ye (5)) der (L)Q
+Cs) { /0 t e S (YF (s)) ds} [ /0 t e 5 (Y] (5)) ds} E [TA’}?] (6.42)
k,l 7
k#£l

Because of formulae [6.28 - [6.35] for all i, j we obtain:
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Cov (Y;’ t),Y] (t)) — % il Yt (s)S (YO’“ (s)) as| [ [ e¥J;(s)S (Yol (s)) ds| Cov 3 ﬂ (6.43)
k=0 -0 0 M= M,

— e T { [L—JJ [/Oti-i (5)8" (¥5 () (¥ = 1) ds} +01N2_:1]E {TML’;} Uot T ()8 (v ) (¥ 1) ds}}

K7
(6.44)
Cov (Y;’ (t),Y4, (t)) —e 7 { [L—JJ [/0 Tji(s) S (Y¢ ( s))ds] +02N211E HJJ [/Otik (s)s(yo’f (s)) ds]} (6.45)
ey
Cov (Yg t),Ys, (t))
— 2 {]:__OI]E (%)2% {/Ote S(YO (s)) }/ i (s) 8" (Y (5)) {/ e S(YO ( )) du} ds
+03:z__10]E {TAZTlT ] V;e s(yok ) s:| /Oti-i (s) 8" (Vg (s)) V e s(yo (u)) du:| s
+03:;101E H;TJ ll] Mte S(Yo (s) ds]/ T (s (Yol (s)) {/Ose%s(yo’c (u)) du} ds
+C3kjml_0E {ﬁzjﬁll} [ / %5 (Vi ( ds] / 5. 5)8 (¥E () [ / %S (v (u))du] ds} (6.46)
Cov (Y;’ t),vi, (t))
= esz'k’]:;l_OC’ov (%’Z, IJ\Z]XZ) {/Ot efik (s)S (YO"C (s)> ds:| {/Ot ﬁﬂ (s)s’ (Yol (s)) {/Os e%im (s) S (Y™ (u)) du] dsi|
(6.47)

Formulal6.44]is obtained using the following identity (which is a consequence of the mutual

independence of the random variables):
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Cov (BZ- (t),B;(t) jl;\}fﬁ) E [Bz (t) Bj (t) Tk (t) Jj\;—k]i —E[B;(t)|E {B] () Ju (t) L_}:ﬂ
~Tuu o) (150 5 0] | 12| B 15 0] E 15 (0] |12
T (DE [T—’ﬂ Cou (B; (), B; (¢))

from which we have obtained formula [6.45] Instead, in order to obtain formula [6.46] we

have used the following result:

T (t w. L . Tz T
oo (3t 82 510) o (Rt T )

:jmn (t) <E /W\Z]Wkl} E [%] —E [ﬁ/\”} E [&] E {Wkl} E {LMT’”"])

= 1 T1r Ti’Tlemn
~Tomn (£) Cov (Wiy, Wiy ) E | T2
() ov J kl |:MZMka

which is a consequence of the independence between W and T. In the same way it is

possible to prove that:
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Wij Tt () Jon (t) = = = Tii T Tomn T;; T Tomn
Dy 2 Tmn N T () T (1) E [Wy| (B |SLkmn || 2| | Sk )
COU<MZ-’ Mo ars) = Ta O 0B [Wy] (B | g -k | S B e ) <0

so for this reason the term Cov (YJ (t), Y}, (t)) does not appear in formula[6.36]

Once the covariance matrix of the membrane potentials has been determined, we can

evaluate their correlation structure using the Pearson’s correlation coefficient. The only

fj}, E [%ﬂ and E [%} that depend on

quantities that remain unspecified are E [

the distribution of the matrix 7. This can be accomplished by a multidimensional Taylor

expansion. For example, for E H/Iﬂ we Taylor-expand the function:

fi (T, Tine1) = (6.48)

i

at the point (E [Tj], ..., E [T y—1]) to obtain:

n
_ no!---ny_1! oTro ...oT N1
1=0 i0

:f: i f: ]E[(Ti()fE[TZ()} (T,N 17E[Ti7N—1})nN71] < oot tnN-—1f )(]E[Tzo]v 7]E[Ti,N—1])

ng=0n1=0 nn N1
(6.49)
In detail, we have up to the third order
Tij E a2f
’ {ﬁ} EEN ; cov T (aleaTll) (E[Tio] -+ E[Tin-1]) (6.50)
Z E [Tix] 0
k=0
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where:

< 0*f )(E[Tw]v...,E[Ti,Nﬂ)

v A S NP
(zw)

The function is analytic everywhere, but when M; = 0. However, we remind that the
case M; = 0 is not contemplated by formula[6.5] since it gives J;; = %, therefore we simply
set J;; = 0 since there are no incoming connections to the i-th neuron. For this reason we
have always to consider M; # 0, so the multidimensional Taylor series of f (Ti,...,Ti n—1)

. . . T4
has a finite radius of convergence and it does converge to —’— everywhere.

2T
k=0

After this analysis, the conclusion is that we can calculate E H/Iﬂ once we know the quan-

tities E [T}1], E [Tix Ty etc. The same reasoning can be applied to E [ﬁ’:—ﬁ;] and E {jﬁﬁ’;ﬁll} .

In Section [6.4l we show how to determine these quantities for the fractal connectivity ma-

trix introduced by Sporns in [190]. These results can also be used for networks with deter-

ministic topologies, but we have to set E [[[ ;| = [ &; in formulae [6.39), [6.42] [6.44] [6.45]

170



[6.46, and we have to set to zero the covariance functions of £ in formulae and
(s0 that Cov (Y (t),Y{ (1)) = Cov (Vi (1), Y, (1)) = 0).

6.3 A problem with the initial conditions

Before we start to analyze a concrete example of connectivity matrix, we have to show
a problem with the initial conditions. In fact, if we choose 02,04 # 0, 01,03 = 0 and
Cy = 0, at least in the case of a deterministic topology the correlation function that we
have calculated perturbatively is not necessarily in the range [—1, 1] as required. This
can be seen from formulae - [6.47) which for these values of the parameters and a

deterministic T, give:

o300 (Yg (t),Y) (t)) + 0402 [C’ov (Yg #),Y4, (t)) + Cov (Y24 (t),Y] (t))]

Corm Ve lt): Vs () =——Ca v 7 (1)) + 0408 [Cov (V3 (1) 41 (1)) + Cow (V3 (1).¥3 ()]

oy {ﬁ [ /0 5 (9)S (Y (9) ds] + % [ /0 'S, (5)8 (¥ ) ds} } 6.51)

J 2

where for simplicity we have also supposed that all the neurons behave in the same way, so
that Var (V; (1)) = Var (V; (t)). Therefore, if J,; (t), 7, (1), S (Y¢ (t)) and S (Y3 (1)) are for
example constant in time, from formula we obtain that Corr (V; (t),V; (t)) increases
linearly with time, therefore at some point it will be outside the range [—1,1]. This can
be seen also from Figure[6.1] (left-hand side), which has been obtained from the numerical
simulation of the equations[6.13]-[6.2](the details of the numerical scheme will be provided
in Section for the values of the parameters reported in Table

This problem does not happen when 1,04 # 0 and 03,03 = 0, or when 03,04 # 0 and

01,09 = 0, or when o4 # 0 and o1,09,03 = 0, therefore it is only related to the initial
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‘ Neuron ‘ Input ‘ Synaptic Weights ‘ Sigmoid Function

T=1 | =0 Jij=3 Tvax =1

0'2:0.1 0'1:0 0'3:0 A=1
0'4:0.1 VT:()

Co=0 | C1=0 C3=0

nw=20

Table 6.1: Values of the parameters used to generate Figure

Correlation without the correction term

Correlation with the correction term
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LOF e T

Correlation

021

0.0

0.8
0.6

— 2nd Order Pert. Numerical |

70.20

10

e
o
T

Correlation

o
'S
T

— 2nd Order Pert. Numerical

10 20 30 40 50 60 70 80
Time

0.0

0 10 20 30 40 50 60 70 80

Time

Figure 6.1: Correlation obtained from formula using the numerical simulation of formulae
- (left-hand side), and the same function obtained from formula (right-hand side).
The values of the parameters are shown in Table [6.1], while the topology of the network is Kio. In
the first figure the correlation does not stay in the range [—1,1] for all time, and the problem is
corrected in the second figure, see text.
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conditions. It is of course due to our approximation. In fact, if we want to calculate the
variance and covariance between two perturbative expansions of the form F; (t) = F{ (¢) +

el (t) + €2F} (t), where F{ (t) is deterministic, we obtain:

Var (F; (t)) =e*Var (F} (t)) +263Cov (F{ (t), F3 (t)) + €' Var (Fj (1))
Cov (F; (t), F; () =e*Cov (Ff (t), F/ (t)) +3Cov (Ff (t),FJ (t)) +3Cov (Fg (t), F/ (t))
+ et Cov (F§ (t),Fj (t))
Due to the Cauchy-Schwarz inequality, we always have:

[Cov (Fi (), F (1)) < Var (F; (t)) Var (F (1))

namely |Corr (F; (t), F; (t))| < 1. However, if we neglect the terms proportional to €, as
we did in Section [6.2] this inequality is not guaranteed to hold anymore. Therefore even
if the approximations of the variance and covariance are good, the correlation could be
completely wrong. This is the origin of the problem we have mentioned before. Moreover,
it happens only when we deal with the initial conditions and not with the other random
variables, because only for 09,04 # 0 and 01,03 = 0 do we have 4th order terms and
the variance and covariance converge to zero for ¢ — +oo, giving rise to an undefined

correlation of the form §.

The solution is to keep the 4th order terms generated by the initial conditions in the for-

mula of the variance and covariance. Now, for 09,04 # 0 and 01,03 = 0 we have:

Vi (t) =Yg (t) + 02Y3 () + 0aYy () + 020454 (t) + 7Y, 4 (¢)
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since it can be easily proved that Ygﬁ2 (t) = 0 Vt. Therefore in this case the exact covariance

function is:

Cou (Vi (£),V; (1))

= o3Cov (Y3 (£),Y (1)) + o3 Cov (Vi (1),Y] ()

+ 103 [Cov (Y5 (1), Y5, (1)) + Cov (Va4 (1), Y3 (8))] + o [Cov (Vi (1), Yi4 (0) + Cov (Viiu (8),Y] ()]
+ 0303 Cou (Y4 (1), Y34 (1) + ot Cov (Yi4 (1), Y14 () (6.52)

The 4th order term o903 Cov (YQZ L (), Y, (t)) has not been taken into account because it is

proportional to Cov <Y2’LC (0) @’z, %T—’i), which is equal to zero, as proved below:

Tik Tik Twi Tik Tir Th T; Tik T
Cov [ Yy (0) ==, =L =2 ) =F V5 (0) = -2 2| —E | Yy (0 E |- —
0”<2()Mi’Mij) [2()MiMij > O30 1B |35 30y

Tir. Tir Th T Tir T
R [y* ik Ty T | [T ] o [ Tox Tt
=E %" (O] (E[Mz M; MJ E{Mi]E[Mj Mk])

We can simplify [6.52] further by noticing that for o4 # 0 and oy, 02,03 = 0 the problem of
the correlation does not appear anymore if we calculate it using the truncated covariance
function [6.36l Since for these values of the perturbative parameters the covariance [6.52]

becomes simply:
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Cov (Vi (1), V; (1) =o3Cou (Y] (1), Y] (1))
+ o [Cov (Vi (9, Y74 (0) + Cov (Yia (), Y] 1)) + otCov (Yia (), Y], ()

which differs from formula (calculated for o4 # 0 and 01,02,03 = 0) only in the 4th
order term o}Cov (Yj’4 (t) ,Y4]; 4 (t)), this means that there is no need to add this term in
order to correct the perturbative expansion. Therefore we see from that the only term
which is required to alleviate the problem of the correlation is 0307Cov <Y2Z 4 (1) ,YQJ; 4 (t))

To conclude, the final formula for the covariance that we have to use is:

Cou (Vi (1), V; (1)

= o3Cou (Y{ (1), Y7 () + o3Cov (v§ (1), Y4 (1))

+03Cou (Vi (1), (1)) +o3Cou (Vi (1), (1))

+ a1 {ot [Cov (i (9),¥7, ) + Cov (Y (1), Y7 (8))] + 03 [Cov (¥ (1), Y34 (9) + Cov (Vi (1), Y] )]
o} [Cov (¥ (1), ¥, (1)) + Cov (Y54 (0. Y7 (0) ] + 02 [Cov (Vi 9. ¥74 () + Cov (YiLu (1), Y7 )] }
+o03Cov (Y14 (1), ¥4, (1)) (6.53)

where:
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A [fjﬁj { /0 S (5 (VE () ds] [ /0 S8 (1 (s))ds} (6.54)

We remind the reader that if he/she is interested only in the calculation of the variance and
covariance, the term Cov (Y2i74 (t) ,YQJ; 4 (t)) is not important, but it must be used if he/she
needs to evaluate the correlation function. Indeed, using formula[6.53] the problem of the

correlation is corrected, as it can be seen from Figure (right-hand side).

6.4 Fractal connectivity matrix

As we reported in Section [2.1] the brain is often characterized by a small-world topol-
ogy. A famous algorithm that generates networks with this property has been introduced
by Watts and Strogatz [47]. Even if in principle it is possible to calculate analytically
the covariance structure of the neurons over the random topology generated by this algo-
rithm, in practice it is not a simple task, because the exact evaluation of E [T;;], E [T, 7},
E [Ty TjmTk,] etc, which is required for example by formula [6.49, can be accomplished
through a complicated combinatorial analysis. Moreover this algorithm does not mimic
the nested structure of the connectivity matrix of the brain. In fact, Watts and Strogatz
tried to replicate only two features of the brain, namely its path length (which repre-

sents the shortest distance between two vertices in terms of the number of edges) and its

176



clustering coefficient (which, for a given vertex, quantifies the connectivity degree of its
neighbourhood, i.e. of the vertices directly connected to it), without taking into account its
nested structure. A more tractable algorithm, which reproduces more biologically realistic
connections, has been introduced by Sporns in [190]]. Since the connectome of the brain
has a nested structure, Sporns suggested to describe it using a fractal connectivity matrix.
One of the cases he studied is what he called the fractal pattern (frc). It is obtained by
choosing two integer numbers, 1 and 7 (Sporns called them m and n, but we prefer to use
different symbols to avoid confusion with the vector and matrix indices) with 1 < n, and a
real non-negative number E. The total number of neurons in the network is N = 27, and
the different levels of the fractal structure are described by a parameter x = 0,1,...,7 — i
(Sporns called it k). As shown in Figure[6.2] we start with an elementary block of 2/ neu-
rons, which forms the level 0 of the fractal structure (x = 0). Within this block the neurons
are fully connected and without self-connections. Then we duplicate this block. The con-
nection density between the two elementary blocks is the number of actual connections
between them divided by the total number of possible connections. So we connect them
with a connection density E~! (here x = 1, namely we are at the level 1). This means that
the number of connections between the two blocks in one direction is the integer part of
4*E~1. We emphasize the fact that these connections are randomly chosen. The result-
ing network is then “duplicated”, namely we produce another pair of groups with 2* fully
interconnected neurons in each one, and interconnected between them with a connection
density E~! (the connections are chosen randomly again, so this is not an identical copy).
Then we connect the two "copies" with a connection density £~2 (x = 2), and so on and
so forth. The process is repeated iteratively until we reach the level kK = n — p. It is also
important to observe that these connections are directed, therefore the connectivity matrix

is generally not symmetric. Two examples are shown in Figure [6.3

According to [190], the parameter F determines the path length, the clustering coefficient
and the complexity of the network. The latter was first introduced in [191], and quantifies

the extent to which a system is both functionally segregated and functionally integrated.
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K=0 K=1 KH=2 K=3

Figure 6.2: Sporns’ algorithm for the fractal connectivity matrix. At the level x = 0 a single dot
represents a group of 2* fully connected neurons. At x = 1 we duplicate this elementary block,
obtaining two groups of 2* neurons which are linked together with a connection density E~!. This
structure is generated again at the level x = 2, and connected to the previous one with a connection
density £~2, and so on. This figure has been taken and adapted from [190].

Figure 6.3: Two examples of fractal matrix obtained with the Sporns’ algorithm, for n = 8, u = 4
and E = 2.0 (left-hand side) and for n = 11, 4 = 2 and £ = 1.5 (right-hand side). A blue dot
corresponds to a 1 in the topology matrix, while the absence of the dot corresponds to a 0. The
figure on the right-hand side has been resized in order to the have the same spatial extension as
the figure on the left-hand side. For this reason it does not clearly show the diagonal white line
corresponding to J;; (t) = 0, namely to the absence of self-connections.
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This means that both the degree of independence of the blocks and their level of coopera-
tion are taken into account by a single quantity, the complexity of the network, which for

the fractal topology is maximum when E = 2.

Now we have to determine the quantities E [T};], E [T;17}], E [T5/TjmTky| etc. Therefore we
need to analyze the algorithm that generates the fractal connectivity matrix. If all the
connections are at the level x = 0, where the neurons are always fully connected, then we

trivially have:

E[TiTj) = (1 — 0ir) (1 —651)

E [nlEmTkn] = (1 - 5ll) (1 - 5jm) (1 - 5143”)

because in this case the entries of the topology are deterministic. Moreover, if we have an
entry of the topology matrix, for example T}, at the level x = 0, and another entry, for
example Tj;, at a different level, we obtain E [T;,7j;] = (1 — é;,) E[T}], and so on and so

forth.

We next compute these statistical quantities when the connections are not at the level x =
0. At a given level x > 1, the total number of possible connections (in one direction) is «,, =

4n+r=1"among which the algorithm has to choose randomly 3, = | E~"a, | connections.

At the level  the probability that 7;; is chosen at some time after g, steps, regardless the

step at which it has been actually chosen, is:
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since we can draw uniformly among o, possible connections, therefore:

_ B

E[TZJ]:Oxp(Tw:O)lexp(Tw:1) o

Now we want to evaluate E [T;;T},]. If, in the picture of the connectivity matrix, 7;; and T},

are in two different squares, then clearly they are not correlated, therefore in that case we

have E [T;;T};] = E [T3;] E [Tk] By % If instead they are in the same square, we have:

Qpoq

Bn (ﬁf‘i B 1)

E[T;jTu] = = o 1)

since they are selected sequentially and independently from each other. In general, for n

entries of the topology in the same square, with n < 3., we obtain:

T; T =

in—1Jn—1

] = Be(Bu—1) . (Be —n+1) Bl (a, —n)!
g (e — 1) (ag —n+1) .l (Be —n)!

E [Tiojo 171"

thereby the problem of determining the correlation structure of the neural network with

the fractal connectivity matrix is solved.

6.5 Numerical experiments

As we did in Chapter bl we want to show that this perturbative expansion provides a good
match with the exact equations of the network. For this reason in Figures and we

have shown the comparison between the membrane potential, variance, covariance and
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correlation of pairs of neurons for two kinds of connectivity matrices (fully connected and
cycle graphs), obtained from the simulation of equations (blue line), of equations [6.13]
- (red line) and from formulae -[6.43] and (green line). Therefore, as
in Chapter Bl we have obtained these figures without considering the second order terms
in the perturbative expansion of V; (¢). In other words, we have omitted the third order
terms - in the variance and covariance, due to the difficulty of implementing
them numerically. Instead in Figures and we have shown the comparison between
equations [6.1] (blue line) and equations - [6.27] (red line), therefore considering also
the higher order terms, because the numerical calculation of the variance and covariance
through the simulation of equations - is much easier than the implementation of
the terms -

For the networks with random topology, the analytic formulae of the variance, covariance

and correlation are rather complex to implement. In fact usually the approximation of

order 0 of the quantities E & ,E T“?Tj Ll and E M is not precise enough, forcing us
M; M; M; M; M; M,

to add the higher order corrections. For example, for a network with independent random

connections with p (T;; = 1) = p Vi,j : i # j, the approximation of order 0 of E Hj } is:

13 ~ E[Tw] p o 1
E[E]NN—l T (N—1)p N-1
> E[Ti]
k=0

which does not depend on p and therefore does not contain information about the random-
ness of the topology. This means that in general this approximation is a too poor descrip-
tion of the random topology, and therefore the higher order corrections must be included.
Unfortunately, according to [6.50], the approximations of order 1 are always equal to zero,
therefore we have to extend the approximation up to the 2nd order. In other terms, we

have to compute the second order derivatives in the multidimensional Taylor expansions

of E [TJ‘Z} ,E [L’:ﬁ;] and E [%’ﬁjﬂ . This is a feasible but complex task, and it is partic-

ularly hard for the fractal connectivity matrix, since it depends on the blocks the synaptic
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connections belong to. For this reason we have opted for showing only the comparison
between the numerical simulations of the stochastic differential equations (red and blue
lines), without using the analytic formulae. Figures - show these results for a
network with independent random connections and for the Sporns’ fractal matrix. The
differential equations have been solved numerically using the Euler-Maruyama scheme,
while the integrals with respect to time have been calculated using the trapezoidal rule, in
both cases with an integration time step At = 0.1. All the statistics have been evaluated
with 10,000 Monte Carlo simulations (where we have independently generated repetitions
of the four sources of randomness of the system), while the remaining parameters are re-
ported in Table The covariance and correlation have always been calculated between
the Oth and the 1st neuron. The only exceptions are in Figures[6.12] and[6.14] where
the comparison is between the Oth and the 8th neuron. Instead the membrane potentials
and the variances have always been reported only for the the Oth neuron. In general we
have obtained a better agreement with the exact equations when we use also the second

order corrections of the membrane potential.

It is important to observe that a detailed analysis of the error introduced by the perturba-
tive expansion as a function of the approximation order, the values of all the parameters
of the system and the infinitely many connectivity matrices is missing and is beyond the

purpose of this thesis.

6.6 Fisher information

We consider again only the first order terms in the perturbative expansion of the mem-
brane potentials, because this allows us to use formulae 5.77, 5.78 and for the ana-
lytic evaluation of the Fisher information. In general it is not easy to calculate the inverse
Y71 (t) of the covariance matrix. This can be done straightforwardly only in the case when

o3 = 0, because otherwise the term [6.39/determines a complicated structure of ¥ (¢), which
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Figure 6.4: Comparison of the variance, covariance and correlation obtained from the simulation
of equations (blue line), of equations - (red line) and from formulae -
and (green line). Therefore the perturbative expansion of the membrane potential has been
truncated at the first order, while those of the variance and covariance at the second order. We
have compared the Oth and the 1st neuron, using the Euler-Maruyama scheme (blue and red lines)
and the trapezoidal rule (green line) with integration time step At = 0.1. The statistics have been
evaluated with 10,000 Monte Carlo simulations, for the values of the parameters reported in Table
The topology is K1g (see Chapter[3) and therefore deterministic.
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Table 6.2: Parameters used to generate Figures[6.4] - [6.14]
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Figure 6.5: Comparison of the variance, covariance and correlation obtained for the deterministic
topology Cu1o (see Chapter[3), for the values of the parameters reported in Table
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Figure 6.6: Comparison of the variance, covariance and correlation obtained for the deterministic
topology K1, for the values of the parameters reported in Table[6.2], but considering also the second
order corrections of the membrane potential. Clearly the match has been improved by the addition
of these terms, as the reader can easily check from the comparison with Figure

185



0.010 ‘ ‘ ‘ 0.0055 T T T T
: — Exact Equations : : — Exact Equations
0.009H - - E — 2nd Order Pert. Numerical|{  0.0050 f- i —  2nd Order Pert. Numerical [1

0.008 (-0as

0.0040
0.007

0.0035 oo

Variance
o
o
Q
(=)}
Covariance

0.0030

0.005
0.0025

0004 0.0020 -

0.003

0.002

0.70

Correlation
o
{=]
w
T

o

o

=)
T

055

— Exact Equations
: : — 2nd Order Pert. Numerical
0.50 i i N N

0 1 2 3 4 5
Time

Figure 6.7: Comparison of the variance, covariance and correlation obtained for the deterministic
topology Cy1g, for the values of the parameters reported in Table but considering also the
second order corrections of the membrane potential. This time the improvement of the match
is not evident, if compared with Figure [6.5] which proves that the goodness of the perturbative
expansion depends also on the topology of the network. It is important to observe that the second
order corrections are generally small, therefore their magnitude could be of the same order of the
numerical error introduced by the finite number of Monte Carlo simulations.
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Figure 6.8: Comparison of the variance, covariance and correlation obtained for a random topol-
ogy, for the values of the parameters reported in Table [6.2] considering also the second order cor-
rections of the membrane potential. In detail, here we have assumed that each pair of neurons is
connected independently from the others and with probability p = 0.7. Even if the match of the
variance and covariance is quantitatively very good, the approximation of the correlation is not sat-
isfying for ¢ > 2. This is due to the fact that the ratio of small quantities (in this case the variance
and covariance) is very sensitive to small errors in the numerator and denominator. Nevertheless
the second order expansion provides a satisfying result, because the variance and covariance are
in very good agreement with the exact neural equations. It is important to observe that the dis-
crepancy is also due to the finite number of Monte Carlo simulations, which should be increased
especially for small values of the variance and covariance.
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Figure 6.9: Comparison of the variance, covariance and correlation obtained for the Sporns’ topol-
ogy, for the values of the parameters reported in Table considering also the second order cor-
rections of the membrane potential. In this example we have set n =4 (N = 16), y =2 and F = 1.1,
therefore the network is almost fully connected. The two neurons are in the same block, therefore
they are connected at the level x = 0.
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point of maximum complexity of the network, see text.
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Figure 6.11: As in the Figure but with £ = 5. In this case the blocks are almost completely
disconnected. From the comparison with Figures and[6.10] the reader can easily check that the
increase of the parameter £ determines the reduction of the correlation at large ¢, as a consequence
of the diminution of the number of connections.
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Figure 6.12: Comparison of the variance, covariance and correlation obtained for the Sporns’
topology, for the values of the parameters reported in Table considering also the second order
corrections of the membrane potential. In this example we have set n = 4 (N = 16), u = 2 and
E = 1.1, as in Figure[6.9] but now the neurons are in two different blocks, and they are connected
at the level x = 2.
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determines the reduction of the correlation for large t. It is important to observe that the difference
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This is due to the fact that the values of the parameters C;, Co and Cj3 are relatively high (see Table
[6.2), therefore they strongly determine the behavior of the correlation, for every topology. When
these parameters are set to zero, a richer behavior of the correlation emerges. This analysis is not
shown in the thesis, because the purpose of this work is to develop mathematical tools that allow
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us to understand a neural network, not the analysis of the consequences of the formulae.
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in general cannot be inverted easily. Moreover, for simplicity, we consider again the case
when the synaptic weights are constant in time and the initial conditions are deterministic
as well (i.e. o5 = 0). In order to obtain concise formulae, we consider only the stationary

case, namely the limit for ¢ — +oc. Therefore we have:

N-1
—_ 1 _
mi <E Vi (0] = Tr + 25 (Tr) 3 Jy 655)
j=
ot it =}
i = (6.56)
U%TTCI if iF
2 _1-Ci+Ci(N-1) ) o
o3t (I—C1)[I+C1(N—-1)] if i=j
=70 = (6.57)
2 C . . .
T aComra-n if i# ]

having used formulae[6.12] and This is formally equivalent to the additive
noise case studied in [158]] (the difference consists in the fact that Abbott and Dayan
performed the analysis in terms of the firing rates, while here we are using the
membrane potentials), with the advantage that now we have an expression for the Fisher
information as a function of the dynamics of the network (when ¢ is finite), of its
parameters and of its connectivity matrix, which are not taken into account in [158].

According to Abbott and Dayan, the first term of the Fisher information is:

—omT __om 2 | OON?[F (I) - Fy ()] NF (1)
L) = o T l—anra -1 T Tra v -1 (6.58)
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where:

_ 1 N-—1
P (D) = Y (r+ o)
1=0
| N2 2
(1) = [N (T +a;)
=0
and:
N-—1
a; = Sl (TT) Z Jij
j=0

Instead the second term of the Fisher information is:

I, (I) = %Tr (Z—?zlg—?zl) =0 (6.59)

since X does not depend on I. This is compatible with the result found in Chapter[5]
namely that the trace term of the Fisher information is negligible. So formula [6.58
explains the origin of the two peaks of the Fisher information we found in Section [5.7]
The right-hand side of has two sub-terms, the first proportional to F} (1) — F; () and
the second proportional to Fy (I). It is easy to see that when Fy (I) — F (I) ~ 0 the second
term dominates for small values of the correlation, and actually it increases for C; — 0.
However also a small difference between F (1) and F (I) generates an explosion of the
Fisher information for C; — 1, because the denominator goes to zero but not the

numerator, so this explains the formation of the two peaks obtained in Section 5.7} Some
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‘ Neuron H Input H Synaptic Weights H Sigmoid Function

=1 I1=05 a=0.1 Tyuax = 1
o1 = 0.01 B =1[0,0.2] A=1
V=0

Table 6.3: Parameters used for the numerical simulations of Figure [6.15]

numerical examples are shown in Figure[6.15] where in a single trial we have used again
independent and identically distributed synaptic weights given by

Jij ~ N (ﬁ, (%)2> V (i,7) : © # j. The values of the parameters are shown in Table
6.3]

However it must be noted that formula[6.58 gives a fairly poor approximation of the Fisher
information, since it has been obtained from formula [6.56] which, we know, is not precise.
In fact, if we set C; = 0, formula predicts independent neurons, which is not true
for synaptic weights of generic strength. Nevertheless, this approximation of the Fisher
information predicts the two peaks we have found in Section 5.7, so it can be used to
predict qualitative results. Moreover it clearly shows that the formation of the two peaks
does not depend on the topology of the synaptic connections, since formula is true

for a generic connectivity matrix J.

6.7 Partial conclusion

In this chapter we have introduced another perturbative expansion, that somehow ex-
tends the results of Chapter 5l While in Chapter bl we expanded the membrane potentials
around the stationary solutions of the network, which was supposed to be invariant under
the exchange of the neural indices, here the expansion is performed with respect to the
network without connections. In this way the correlation structure of the system can be
calculated for arbitrary (and in general time-varying) states and for any connectivity ma-

trix. The disadvantage, compared to the technique of Chapter[d] is in the fact that this new
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Figure 6.15: Two possible examples of Fisher information, obtained from the perturbative expan-
sion with weak synaptic weights in a fully connected network with N = 20 and for the parameters
reported in Table The result depends on the values of the synaptic weights from trial to trial,
showing higher encoding efficiency for C; — 0 and/or C; — 1, as in Section[5.7l In detail, the figure
on the top has been obtained for 5 = 0, F; = 1.0475 and F; — F> = 0, while the two figures at the
bottom have been obtained for 5 = 0.2, F; = 1.0566 and F; — F» = 1.447 x 10~*. The figure on
the bottom-right side represents the zoom of the figure on the bottom-left side for C; — 1, from
which it is possible to see the explosion of the Fisher information for highly correlated membrane
potentials.

197



expansion can be used only for relatively weak synaptic weights. However now the connec-
tions can have a random topology, so we have used the new method to study biologically
realistic cases. An important example, characterized by biological relevance and mathe-
matical tractability, is the connectivity matrix introduced by Sporns [190]. This is a first
attempt to describe the main features of the human connectome, namely its small-world
properties and the nested structure (see Chapters [Il and [2). Even if we have completely
calculated the correlation matrix generated by this connectome, obtaining a good match
with the numerical simulation of the exact neural equations, we have not analyzed in
detail its implications for the network. Being very complex, this analysis is reserved for

future work.

To conclude, we have used the perturbative expansion to calculate the Fisher information
of the network, obtaining an approximate analytic expression that predicts two peaks of
T (7) for highly correlated and highly decorrelated neurons with inhomogeneous synaptic
weights. This confirms the result found in Chapter[l and clearly shows that the formation
of the two peaks is a generic phenomenon, that does not depend on the topology of the

connections.
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Chapter 7

Numerical calculation of the

Fisher information

HIS chapter introduces an algorithm to calculate the Fisher information of a neural
T network, which is not based on any analytic approximation of the probability den-
sity. Therefore this technique is purely numerical, and in principle can be applied to every
kind of neural model. The method is based on the Expectation-Maximization algorithm
with Gaussian mixtures, and on the Monte Carlo integration with importance sampling,
as shown in Section [7Z.Il In Section [7.2] we show the results provided by the algorithm
for the case of the FitzHugh-Nagumo network with correlated Brownian motions. In par-
ticular, we confirm the fact that the Fisher information is higher when the membrane

potentials are highly correlated than when they are independent.

7.1 Description of the algorithm

In the context of Statistical Estimation Theory, many efficient algorithms have been in-

vented for the numerical evaluation of the Fisher information using a Monte Carlo ap-
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proach (see for example [192][193]1[1194]1[1195]1[196]). Nevertheless, for the sake of simplicity
and clarity, in this chapter we only introduce an elementary algorithm, that allows us to
confirm qualitatively the results found in Chapters [Bl and [6] for a different kind of neural
model. In other words, this algorithm is particularly useful when the probability density
of the system is strongly non-Gaussian, therefore we apply it to the case of the FitzHugh-
Nagumo network. In fact, the techniques for the calculation of the Fisher information
introduced in Chapters bl and[6] can be applied only to the rate model, since its probability
density is approximately Gaussian. Instead for a spiking network the probability density
in general is highly non-Gaussian, therefore a new technique must be used. We remind

the reader that, according to[2.6] the Fisher information is defined as:

2
I(H,t):/RkN (%logp(7,9,t)> p(Z,0,t)d7 (7.1)

Therefore we need to evaluate the joint probability density of the solutions of the equa-
tions describing the network, and this can be achieved by repeating the simulation of the
network many times. In other words, we could take a finite portion of the phase space,
divide it in many bins (namely construct a grid) and build a histogram that approximates
the probability density using a Monte Carlo method. However, unfortunately, this can
be done only in principle. In fact, suppose for example that we would like to build the
histogram of a network made up of 100 neurons, and suppose also that every dimension
in the phase space is divided in 10 bins. In this case, the number of subdivisions of the
whole phase space is 10'%°. If now we would like to increase the precision of the grid, or
to increase the size of the network, this number becomes quickly prohibitive in terms of
memory consumption. Therefore we need to find a more efficient way for evaluating the
probability density of the network. As we said, the basic idea presented in this chapter is
to use a simplified version of the techniques developed in the context of Statistical Estima-
tion Theory. In particular we will use an Expectation-Maximization (EM) algorithm [197]

with Gaussian mixtures in order to evaluate the joint probability density of the network.
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Supposing that the system is made up of NV neurons and that it is has been simulated a cer-
tain number of times (that we call M CS, which stands for Monte Carlo Simulation) with
a Monte Carlo method, then we have generated a collection of N x MCS samples. Using
these data, the EM algorithm can estimate the joint probability density of the system as
a mixture (namely a sum) of Gaussian multivariate distributions. This result is achieved
without the subdivision of the phase space into bins, therefore it is not affected by the
problem of the previous method. Therefore using this technique we can study also large
neural networks without memory problems. The use of Gaussian mixtures is particularly
useful for systems whose probability density is strongly non-Gaussian. In particular, from
Section we know that the probability density of the FitzHugh-Nagumo network devi-
ates considerably from the Gaussian distribution when the neurons are spiking. Therefore
it is an optimal candidate for testing this approach. More in detail, we suppose that the
probability density of the network could be approximated as a weighted sum of multivari-
ate Gaussian distributions. The weights of the sum, the mean vectors and the covariance
matrices of the Gaussian distributions are not known and must be evaluated through the
samples that come from the Monte Carlo simulations of the network. Moreover, every sin-
gle Gaussian distribution has hyper-volume 1, therefore the sum of the weights must be
equal to 1, for the normalization condition of the probability densities. In this section we
suppose that the Brownian motions B} (t), B/ (t) and B! (¢) have all correlation C, and
Figures [7.1l and show two examples of this approximation, respectively when most of
the neurons are spiking or are at rest. In these results the EM algorithm has been used
with a mixture of 6 Gaussian distributions, a percentage of the log likelihood difference

between 2 iterations equal to 1072 and with a maximum of 200 iterations allowed.

Now, the joint probability density has to be used for the evaluation of the Fisher infor-
mation. However, this distribution is useful also for another reason. According to formula
[71] the Fisher information is obtained after the calculation of a high-dimensional integral.
In the case of the FitzHugh-Nagumo network this integral has 3N dimensions, and when

N is large it cannot be calculated with the standard numerical methods. However it is
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Figure 7.1: Marginal probability densities p (V, 1), p (w,t) and p (y, t) (respectively top, middle and
bottom of the figure) of the FitzHugh-Nagumo network, according to the EM algorithm. These
results have been obtained for N = 5, t = 4 and 10,000 Monte Carlo simulations of the network.
Moreover the values of the parameters are those of Table [[.1] while the EM algorithm has been
used with a mixture of 6 Gaussian distributions. The formation of the two peaks of the probability
density explained in Figures[3.9] and B.I7lis particularly evident from the behavior of p (V, ),
and represents the spiking activity of the neurons on the limit cycle.
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Figure 7.2: Marginal probability densities p (V,t), p (w, ) and p (y, t) (respectively top, middle and
bottom of the figure) of the FitzHugh-Nagumo network, according to the EM algorithm. These
results have been obtained for N = 10, ¢ = 4 and 10,000 Monte Carlo simulations of the network.
Moreover the values of the parameters are those of Table[7. 1], with only the exception of the external
input current and the background noise, which have been set to I = —0.8 and o1 = 0.45, while the
EM algorithm has been used with a mixture of 6 Gaussian distributions. The single peak of the
probability density is explained in Figure [3.12] and corresponds to a rest state, where most of the
neurons are not spiking.
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Initial conditions | FitzHugh-Nagumo | Synaptic weights Synapses‘ Other ‘

w =0 a=0.7 A=1 View =1 At =0.1
C =10,0.2,04
w —=10.5 b=0.8 =0.2 =1 ’ ’ )
. 73 @ 0.6,0.8, 1]
w=0.3 c=0.08 =1
oy =04 I=04 Tyax =1
oy =04 o1 = A=02
oy =0.05 Vp =2
=01
T=05

Table 7.1: Values of the parameters of equation[3.34 used to obtain Figures[7.Iland[7.4l These are
the same parameters of Table[3.2] with only the exception of the correlation between the Brownian

motions.
well known that an efficient technique for highly dimensional integrals is the Monte Carlo

approach. Supposing that we want to integrate a multidimensional function f (?), we can

do it using the following trick:

1
| @i =vaw) [ 1@ 17 = Vol Es1f (7)

where 2 is the hyper-dimensional set with hyper-volume Vol (2) on which we want to
integrate the function f (7), while Ep [-] is the mean evaluated with respect to the hyper-
dimensional box probability density B (?), defined as follows:

0 it T¢Q

Voll(Q) if 7 e

Now we can evaluate this mean using infinitely many samples generated by the distribu-

tion B (?), obtaining finally:
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MCI-1

1 :

| 1@z =vaie) tim |\ Y /(@)
where 7’7 is the j-th sample generated by B ('), while M CI (which stands for Monte Carlo
Integration, and that must not be confused with M CS) is the total number of samples.
Therefore in practice the integral can be approximated through the calculation of the mean
of the function f (?), evaluated with many different samples 7’7, generated randomly by
the hyper-dimensional box probability density. Due to the law of large numbers, the error
of this integration scheme is always O (M CI _é), regardless of the dimensionality D of
the function f (). Instead the standard integration schemes suffer from the curse of
dimensionality. For example, the error of the trapeziodal rule is O (M CcI _%), while for
the Simpson’s rule it is O (M CI _%), which clearly shows that for D > 1 the error of
the standard integration schemes could be unacceptably large. Instead the Monte Carlo

method does not depend on D, therefore it is the ideal candidate for our purpose.

However, if the function f (') has non-zero values only in a very limited subset of €,
many random points 7/ generated by B (?) will give f (?) = 0 and therefore they will
not contribute to the evaluation of the integral. In other terms if the sampling probability
density is not chosen accurately, the points it generates will be wasted. Therefore, in
order to use the Monte Carlo integration in an efficient way, we have to choose a sampling
distribution P (7’) which generates points only in the range where the function f (7’) is not

negligible. This is called importance sampling [198], and is formally described as follows:

(@) (@) | 1 MK ()
/Qf(?)d?:/gp(?)”?)d?:&’ {p(?)] =i | et ]Z:% P(29)

where now the samples 77 are randomly generated using the probability density P (7).

This is the method that we will use to evaluate numerically the Fisher information of the
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neural network. From formula [7.1] and since we have § = I, we can see that in our case

the function to integrate is:

2
1) = (Gp1oen(@.1.0) p(2.10 712)

and that the integration set is 2 = R3" (therefore D = 3N). Now we have only to deter-
mine a good sampling distribution P (7). It is obvious that the areas of the phase space
where the probability density p (7, I, t) is flat do not contribute to the Fisher information.
Moreover the probability density of the FitzHugh-Nagumo network is flat only when it is
close to zero. This means that the areas of the phase space that contribute to the Fisher
information are only those where p (?,[ ,t) is significantly larger than zero. Therefore
the most natural sampling distribution in this case is P (Z) = p (@, 1,t), since this dis-
tribution generates the random points mainly in correspondence of its peaks, where the
function[7.2 contributes more to the Fisher information. However we already know the dis-
tribution p (?, 1,t), since we have calculated it through the EM algorithm, so we can use
it to generate many samples for the Monte Carlo integration of the function [7.2l Actually
this last step is not necessarily required, since the samples obtained from the simulation
of the network (the same samples that we used to determine p (7', I,¢) through the EM
algorithm) are distributed according to p (7, I,t) and therefore they could be used to inte-
grate the function However in this case, if we need more samples for improving the
precision of the Monte Carlo integration, we have to increase the number of simulations
of the whole network, in order to generate more samples. Unfortunately, if the network is
large this could be a very slow procedure. Therefore the best way to integrate the function
[7.2lis to generate many new samples using the EM approximation of p (7, I,t). In general,
to produce samples distributed according to a given probability density is a complicated
task. However in our case p (?, I,t) is a mixture of Gaussian distributions, so it can be
done easily. In fact, given a mixture of m variables 7/; ~ A (ﬁi, ¥;) with weights w;, for

1 =20,1,...,m — 1, and such that 2?1:—01 w; = 1, it is possible to generate a sample s; from
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the mixture distribution through the following two steps:

* first, choosing randomly an index i in the set {0, 1,...,m — 1}, where the i-th element

of this set has a probability of being chosen equal to w;;

* second, generating the sample ?j from the multivariate normal distribution with

mean 7/; and covariance ¥;.

Finally, we still have to evaluate the derivative % log p (?, I,t) required in the calculation
of the Fisher information. Since the execution of this algorithm on a regular laptop is quite
slow, we want to avoid the use of formula [3.38, since it requires at least 3 repetitions (for
n = 1) of the simulation, for slightly different values of I. Therefore we have opted for a

simple forward difference scheme of first order, namely:

1

2
= | a7 (logp (2, 1+ AIt)—logp (7, 1,t))| p(Z,1,t) (7.3)

(@)
since it allows us to evaluate f (?) using only 2 repetitions of the simulation. Therefore,
to recapitulate, the whole algorithm is based on two different Monte Carlo methods. The
first is the repetition, for M C'S times, of the network simulation in order to generate the
samples used for the evaluation of p (?, I,t) through the EM algorithm. Instead the second
is the generation of M CT new samples from the approximation of p (?, I,t), that are used

to integrate the function A schematic representation of the process is shown in Figure

7.3l

7.2 Numerical results

Figure [7.4] shows the Fisher information calculated by this algorithm for different values

of the correlation between the Brownian motions.
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Figure 7.3: Flow chart of the algorithm used for the numerical evaluation of the Fisher informa-
tion. MCS and M CI are, respectively, the total number of Monte Carlo simulations of the network

equations and the total number of samples used for the Monte Carlo integration with importance
sampling.
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Fisher Information of the FitzHugh-Nagumo network

Fisher Information

Fisher Information of the FitzHugh-Nagumo network
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——C-0

Fisher Information

Figure 7.4: Interpolation of the Fisher information for spiking (top) and non-spiking (bottom)
neurons, obtained for the FitzHugh-Nagumo network with N = 2,6,10,25,50 and for ¢t = 4. In
these simulations we have used the parameters of Table [7.1] for the figure on the top, while for the
figure at the bottom we have used the same parameters with only the exception of the external
input and the intensity of the background noise, which have been set respectively to I = —0.8 and
o1 = 0.45. The partial derivative with respect to the input has been calculated with AT = 0.01. To
conclude, the EM algorithm has been used with 10, 000 repetitions of the network, while the Monte
Carlo integration has been performed with 100,000 samples. NOTE: for the figure at the bottom,
the Fisher information has not been reported for C = 1 and N = 50 because the algorithm does not
provide a plausible result, due to the extremely fast divergence of the curve.
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The error analysis of this numerical method has not been performed, therefore its preci-
sion has not been quantified yet. This means that the figures shown in this chapter must
be taken as indicative, namely they are only qualitative results. Nevertheless they clearly
show again, as in Chapters[bland[6] that the Fisher information is larger when the correla-
tion between the Brownian motions is high. Furthermore, now the analysis has been split
into two parts, namely the cases when the neurons are spiking and when they are at rest,
showing that the Fisher information is always larger in the case of strong correlations.
These results also prove that qualitatively the behavior of 7 (6,t) depends on the state of

the network and is characterized by a higher variability when the neurons are not spiking.

7.3 Partial conclusion

In this chapter we have developed an algorithm that calculates the Fisher information of
any neural network in a purely numerical way, without analytic approximations. This ap-
proach is based on statistical techniques, namely the Expectation-Maximization algorithm
with Gaussian mixtures and the Monte Carlo integration with importance sampling. This
numerical method in principle works also for systems with highly non-Gaussian proba-
bility distributions, therefore we applied it to the case of the FitzHugh-Nagumo network.
Unlike the rate model, in a spiking network the neurons can be essentially in two different
states, namely the rest or the spiking state. We analyzed both cases with the algorithm,
obtaining that the Fisher information is always higher for correlated membrane poten-
tials, especially if the neurons are in the rest state. This confirms the results obtained
in Chapters 5] and [6] and highlights the strong dependence of the Fisher information on
the state of the network. This relation is less evident in the case of the rate model, since
its probability density is usually close to a Gaussian distribution. It is also important to
observe that the increase of the Fisher information for correlated FitzHugh-Nagumo neu-
rons is probably due to the presence of two different sources of inhomogeneity. The first is

the inhomogeneity of the synaptic weights, generated by o3 (compare with Chapters 5 and
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[6), while the second is that generated by the bifurcations of the system. In detail, if the
neurons are in a spiking state, the bifurcation is described by the split of the trajectories
in the phase space (see Figure[3.11). Instead, if the neurons are in a rest state, the bifur-
cation is due to the non-negligible probability of generating a spike through their random

fluctuations.

To conclude, we remind that the results of this algorithm must be considered as qualita-
tive, because they are based on statistical techniques, whose error analysis has not been

performed yet.
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Chapter 8

Conclusion

I N this thesis we have introduced different techniques that describe the dynamics and
the statistics of the neural networks, with a special interest for their information en-

coding capabilities.

In Chapter [Il we have discussed the structure of the brain, in particular of the cerebral
cortex, which is responsible for our higher cognitive functions. In particular, the main fea-
ture of the brain that has emerged from this analysis is its nested structure, namely its
subdivision into areas containing other smaller areas with specific functions. The exten-
sion of these regions goes from the macroscopic scale of 106+10” neurons to the microscopic
scale of single neurons, passing through an intermediate mesoscopic scale of 10'+10° neu-
rons. This property of the brain reflects its working principles, therefore must be taken
into account in the description of large neural networks. In Chapter 6l we have shown how
this can be accomplished from the mathematical point of view, using the Sporns’ fractal

topology.

In Chapter 2] we have explained that, according to the Theory of Complexity, it may be
more relevant to describe correctly the interactions between the neurons, than to use ex-

tremely realistic models for the single cells. In fact, as we said, the functions of the brain
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are mainly due to its connectivity matrix, therefore we have underlined the importance of
developing a mathematical theory which is able to describe the behavior of the network for
different kinds of synaptic connectivity. In this chapter we have clarified the differences
between computation and information processing, explaining that they are both performed
by the brain. Since in this thesis we have considered stochastic networks, which are char-
acterized by a probability density, and since we have determined this density in different
ways, it is natural to apply these techniques for studying the information processing capa-
bilities of the system. In particular, here we have considered information encoding, which

is quantified by the Fisher information of the neural network.

In Chapter [3] we have started with the mean-field theory, showing that, if the correlations
between neurons are negligible, it is possible to reduce the full system of the network
equations to a smaller set, which describes a single neuron with a mean-field interaction.
This is known as the McKean-Viasov equation of the system, which is a stochastic differ-
ential equation with an implicit interaction term that depends on the marginal probability
density of a single neuron. Since the marginal density is not known a priori, the mean-
field equation cannot be solved directly. For this reason it is convenient to transform it in
the corresponding Fokker-Planck equation (FPE). The FPE is a partial integro-differential
equation (PIDE) whose unknown is the marginal probability density of a single neuron.
The equation has a non-linear integral term, inherited from the implicit interaction of the
McKean-Vlasov equation, therefore in general it cannot be solved analytically. Once the
solution is known, usually numerically or semi-analytically, it can be used to calculate the
joint probability density of a sub-system of the network. In fact, due to independence, the
joint probability density of the sub-system can be reconstructed through the product of
the marginal densities. Therefore this represents a very compact and convenient way to
describe the activity of the network. In this thesis we have derived the FPE in two dif-
ferent intuitive ways and we have solved it for two kinds of network, made up of rate or
FitzHugh-Nagumo neurons. In the latter case, the solution can be obtained only numer-

ically, but this has proved to be a difficult task, due to the stiffness of the equations and
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to the quite high dimensionality of the phase space of a single neuron. This has led us to
evaluate the solution using powerful calculators like GPUs [64][176]. Therefore the sim-
ulation of systems with an even higher dimensionality, like the Hodgkin-Huxley neuron,
represents a real challenge. Instead, in the case of the rate model, not only the FPE is
easy to solve numerically due to its low dimensionality, but it can also be converted into
a system of 2P coupled ordinary differential equations (ODEs), in the case of P neural
populations. This system is much more convenient to solve than a PIDE, and describes
the evolution of the mean and the variance of the stochastic process. This is a sufficient
description for the probability density of the single neuron, because in the case of the rate
model, if the initial conditions are Gaussian, then the process is always Gaussian at every
time instant. In this thesis we have shown an alternative derivation, compared to that
appeared in [51]], of the ODE system of the mean and the variance and of the probability
density of the process, based on the solution of the FPE.

In Chapter[d]we have extended the previous mean-field analysis in order to describe finite-
size effects. In fact the mean-field theory works properly only in the thermodynamic limit,
namely when the number of neurons in the system is ideally infinite. Therefore an ex-
tension of the theory is required in order to quantify the behavior of a finite number of
interacting neurons. The idea expressed in Chapter [4 is to use the same mathematical
formalism already developed in physics of plasma, which is known as the Mayer’s cluster
expansion (MCE). In fact, a network with independent Brownian motions and a sufficient
number of connections, and a plasma, share similar statistical properties, namely small
values of correlation. However, if the amount of correlation is not small enough to be
neglected, an extension of the mean-field theory is required. The MCE is a formal decom-
position of the global interaction between a finite number of particles (in our case neurons)
in the contributions generated by the interplay of pairs, triplets, quadruplets etc. In this
way, the negligible part of the interaction can be removed, allowing us to write a conve-
nient system of PIDEs for the probability density of the finite size system. Usually only the

pairwise interactions are considered, while higher order correlations are neglected. This
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idea works properly if we study the behavior of a small sub-system and if the total number
of neurons in the whole network is high enough. Otherwise higher order correlations could
give a relevant contribution to the joint probability density of the sub-system. In this chap-
ter we have also solved numerically the PIDE system obtained from the MCE, and we have
used the probability density to evaluate the Fisher information of the network. Compared
to the mean-field case, the Fisher information is now much more difficult to calculate, due
to the presence of correlation. In fact, since the neurons are not independent anymore, the
Fisher information of the whole system is not the sum of the Fisher information of the sin-
gle neurons. Therefore we have solved the problem by expanding the Fisher information
up to the third order, using the small pairwise correlations as perturbative parameters.
The simulations clearly show that the Fisher information increases when the neurons are

more and more independent, a result that we have confirmed in Chapters 5 and [6l

In Chapters [5l and [6] we have emphasized the role of the connectivity matrix and for the
first time in the thesis we have used three different sources of external correlation, that we
have introduced in the Brownian motions of the background noise, in the initial conditions
and in the distribution of the synaptic weights. These networks have been studied using
two complementary perturbative expansions, that for simplicity have been applied only to
rate neurons. The first technique can be used only around stationary solutions and if the
network is invariant under exchange of the neural indices. Instead the second expansion
can be applied only if the synaptic weights are weak enough, but works for general con-
nectivity matrices with random topologies. The formulae have been obtained for a generic
number of neurons and describe also some non-linear effects of the network. In the first ap-
proach the inhomogeneities of the neural behavior can be added perturbatively. Moreover
it does not require weak synaptic weights and, first of all, has been used to study block cir-
culant connectivity matrices with circulant blocks and with a generic number of incoming
connections per neuron, that we have called M. In the special case when the connectivity
matrix is circulant, we have proved that, if the three external sources of correlation are set

to zero, correlation decreases with M, and not with the number of neurons, as previously
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thought [64]]. Then, using graph theory, we have studied special symmetric connectivity
matrices, generated by the Cartesian or the Kronecker product of circulant graphs. We
have also proved that if the intensities of the three external sources of correlation, namely
those of the Brownian motions, the initial conditions and the synaptic weights, are not
negligible, then the neurons cannot become independent. Moreover, even if these external
correlations are set to zero, for special values of the parameters of the system the neurons
can be perfectly correlated. We have called this phenomenon stochastic synchronization,
and it can occur for any finite number of neurons. The time instant at which the neurons
become perfectly correlated is finite and increases with the network size. Therefore in
the mean-field limit this phenomenon occurs only at ¢ — +o00, or in other words it never
happens, confirming the phenomenon of propagation of chaos discussed in [64] for inde-
pendent initial conditions. In the case of networks with weak synaptic weights, the second
kind of perturbative expansion can be used. This approach can be applied to any kind of
connectivity matrix, also with random topology, therefore we have used it to describe the
behavior of the network in the case of biologically realistic matrices. In particular we have
chosen the fractal connectivity introduced in [190], which roughly describes the nested
structure of the brain discussed in Chapter Il All the results of Chapters [ and [6] have
been verified also numerically. Finally, we have also used these perturbative expansions
truncated at the first order for evaluating the Fisher information of the network. Since at
the first order the probability density is Gaussian, there is a simple formula that quantifies
the Fisher information in terms of the mean-vector and the covariance matrix of the mem-
brane potentials. The two perturbative methods have provided the same result, namely
that the Fisher information increases for highly independent neurons, as in Chapter 4]
but also that for networks with inhomogeneities the Fisher information diverges when the

neurons are highly correlated, contrarily to common belief [178][181]1[182][183].

Finally, in Chapter [7] we have developed an algorithm for the numerical evaluation of the
Fisher information of the FitzHugh-Nagumo network. Due to the exponential explosion

of the amount of data that are necessary for the construction of a histogram, we have
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used another way to approximate the probability density of the whole network. Particu-
larly convenient is the use of an Expectation-Maximization algorithm, that approximates
the probability density with a mixture of multivariate Gaussian distributions. Then the
the integral that defines the Fisher information has been evaluated with a Monte Carlo
method and importance sampling. This numerical technique is affected by three different

kinds of error:

* the finite number of Monte Carlo simulations that are used to determine the joint

probability density of the network;
* the approximation of the derivative with respect to the external input;

¢ the finite number of Monte Carlo repetitions that are used to evaluate the multidi-

mensional integral.

We have not analyzed in detail the magnitude of these three sources of error, therefore the
results shown in Chapter[7lshould be taken as qualitative indications of the behavior of the
Fisher information. Nevertheless, the algorithm clearly shows that for both spiking and
non-spiking FitzHugh-Nagumo neurons, the Fisher information is higher for correlated
membrane potentials. In particular, for non-spiking neurons the function quickly diverges

for sufficiently large networks. This confirms the results found in Chapters[5land [6l

Probably, the incorrect belief of higher encoding capabilities for independent neurons is
due to the comparison with the case of the Shannon information. In fact, in the case
of transmission through a communication channel, usually the signal is coded in such a
way that its redundancy is increased, in order to protect it against noise. In fact even if
the code has been damaged by the random fluctuations of the communication channel, its
information content was repeated so many times (due to the high redundancy) that the
original message can still be reconstructed. So, if we have many neurons with essentially

the same membrane potentials (namely highly correlated), their redundancy is very high,
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and therefore the Shannon information content is very low. However this is true only for
the Shannon information, and not for the Fisher information. This could explain why the

belief that independent neurons are required for high encoding capabilities is so common.

To conclude, this thesis contributes to the comprehension of the mechanisms that underlie
the dynamics and the statistics of stochastic neural networks, for many different kinds of
connectivity matrices. Moreover, it provides an analytic relation between the anatomical
connectivity and the functional connectivity of the system, a problem that is currently in-
tensively investigated [54]1[55][56]. This work opens also the way to the quantification of
the information processing capability of the neural networks. In particular, we have stud-
ied information encoding, through the evaluation of the Fisher information of the system
as a function of the correlation between the neurons in the network. Other information
quantities can be calculated in the same way, like the Shannon differential entropy, the
mutual information, the transfer entropy [199][200][201], and so on and so forth. This
allows us to quantify the information storage, transfer and modification, following the
same ideas already developed in the field of automata theory [119][120][121][122]. A kind
of information that we are not yet able to quantify is the so called semantic information
[1271[1281[1291[130]. A full comprehension of this rather elusive concept is necessary in or-
der to understand the brain in all its complexity. Instead, at the other end of the spectrum,
we have the Shannon’s information theory, that provides a syntactic notion of information.
In other words, Shannon’s theory quantifies the amount of information conveyed in a mes-
sage as a function of its syntax and probability density, regardless of its semantic content.
Therefore Shannon information and semantic information can be seen as two complemen-
tary aspects of the brain. In this thesis we have laid the foundations for studying only
the former side of the coin. Moreover, it must be noted that the networks described in
this work are not necessarily performing a specific task, since their function is determined
by the connectivity matrix, which has been chosen arbitrarily. In a real neural network,
the strength of the connections is modeled by synaptic plasticity and learning, in response

to the stimuli coming from the environment. However, the perturbative techniques in-
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troduced in Chapters [5 and [6] can be extended in order to include this phenomenon. In
particular, the second perturbative expansion can be also applied to the case of spiking
neurons, as now we are going to explain. The first expansion requires the existence of a
stationary state, around which we perturb the solution of the neural equations. Clearly, in
the conductance-based models, like those of FitzHugh-Nagumo or Hodgkin-Huxley, when
the neurons are spiking their membrane potentials are not in a stationary state, there-
fore the first perturbative approach cannot be used. Instead, in the case of the second
expansion, the perturbation is performed around the case without synaptic connections
(i.e. J(t) = 0), therefore the existence of a stationary state is not required. This means
that the second perturbative approach can be also used for the conductance-based models,
as we stated, therefore now we are in a much better position for understanding in detail

the working principles of extremely realistic neural networks.
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Conclusion générale (en Francais)

Dans cette thése nous avons présenté une variété de techniques mathématiques, statis-
tiques et numériques permettant ’analyse de réseaux neuronaux stochastiques pour un
large spectre de matrices de connectivité. Toutes les techniques utilisées, a savoir la
théorie de champ moyen, ’expansion de groupe de Mayer, deux développements perturbat-
ifs distincts et les différentes méthodes numériques de calcul de 'information de Fisher du
réseau, ont fourni des résultats compatibles. Ainsi nous avons une vision beaucoup plus
claire des principes sous-jacents qui régissent la relation entre la matrice de connectivité
synaptique d’'un réseau neuronal et sa structure de corrélation, qui détermine a son tour

la capacité de codage du systeme.

La contribution de cette thése est double. D’une part, elle fournit une extension de la
théorie de champ moyen, largement utilisée dans la description des réseaux neuronaux,
dans le cas ou cette derniére ne peut pas étre appliquée du fait de la non-indépendance
des neurones. Cela inclue les réseaux de taille finie, ceux comprenant des sources aléa-
toires corrélées, ou encore ceux a densité faible de connexion et avec a valeurs spéciales
de parameétre impliquant une corrélation forte (ceci est le phénomeéne que nous avons
appelé la synchronisation stochastique). D’autre part cette thése propose le calcul de
I'information de Fisher pour les modeles de neurones “rate” et “spiking”, avec différents or-
dres d’approximation, montrant que la capacité de codage du systéme est plus haute pour

des neurones fortement corrélés. Ceci est contraire a I'intuition et aux hypotheses faites
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communément et joue un role important dans le cadre du traitement de 'information exé-

cuté par le cerveau.

Les techniques perturbatives développées aux Chapitres [B et [6] peuvent également étre
utilisées pour calculer toutes les quantités d’'informations définies par la théorie de I'information
de Shannon, tels 'information mutuelle, le transfert d’entropie, ’entropie différentielle, ou
encore le stockage et la modification de 'information. En raison des contraintes de temps
cette analyse n’a pas été effectué et est reportée a une future étude. En outre ces tech-
niques peuvent étre appliquées a toutes sortes d’équations neurales méme dans le cas
de la plasticité synaptique et de 'apprentissage. Leurs inconvénients est qu’on ne peut
les utiliser que dans le cas de sources aléatoires relativement faibles. Si I'incertitude est
élevée l'ordre d’approximation de la perturbation doit étre augmenté. Malheureusement
la complexité induite par cette élévation augmente fortement, devenant rapidement in-
soluble. A linverse I'expansion de groupe de Mayer développée au Chapitre @ peut étre
appliquée pour toute source aléatoire mais ne fournit pas de résultat analytique et restera

un complément de I’approche perturbative.

En conclusion, cette thése propose des techniques efficaces pouvant améliorer notre com-
préhension du cerveau en terme de corrélation neuronale et de traitement de I'information.
Ces techniques ont été appliquées avec succes a diverses topologies de connexions synap-
tiques, des plus basiques aux plus réalistes. Cependant dans tous nos modeéles le poids des
connexions est fixe avec des fluctuations stochastiques ou évolue selon une loi d’évolution
quelconque indépendamment des principes biologiques. Ainsi la prochaine étape est 'extension
de cette théorie aux réseaux de neurones dont les connexions évoluent selon un apprentis-
sage comme observé expérimentalement. Cela permettra d’étudier des réseaux acquérant
des fonctions et des comportements spécifiques du fait de 'interaction avec 'environnement

et donc d’améliorer la plausibilité du modele.
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Appendix A

Self-consistency constraints of the

Mayer’s cluster expansion

In order to have a self-consistent Mayer’s cluster expansion, the following constraints

must be satisfied:

/ p D (V,1)dv =1

R

/ PP (Vv 1) av’ =pW (V, 1) (A.1)
R

/p(3) (‘/7 V/, VI/, t) dvll :p(2) (‘/7 ‘/'/7 t)
R

Now, the first condition of[A.1]is assumed to be true, since it can be easily satisfied by mul-
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tiplying eventually the function p(!) (V, t) by a normalization constant. Moreover, according

to (4.1):

/dv’p<2) (V, V' t) =pM (v, t)/p<1> (V',t) dV’+/P(V, V' t)ydv’
R R R

=pMW (V1) + / PV, V' t)dv’
R

having used the normalization condition on p(") (V,t). Therefore the second constraint of

[A.1lis satisfied if and only if:

[PV, V' )dV' =0 WV (A.2)

Clearly the same constraint is satisfied if we integrate P (V, V' t) with respect to V. This

is the only condition that must be satisfied by the pair correlation function P.

To conclude, we have also:

/ p® (V, VLV ) dv”

R

= /R {p(l) (V, t)p(l) (V’,t)p(l) (V”,t) +p(1) (V, 0 P(V’,V”,t)

+p (V) PV, V" ) +pD (VI ) P(V,V! ) + T (V, V', V7, t)] av"

= D (V,6)p0 (v, 1) /

PO (V" 1) dV" + pM (V1) / PV V" t)dv"
R

R
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+pM (V’,t)/

PV, V" )dV" + P (V,V', t)/
R

p(l) (V”,t) av?" + / T(V, V/7 V”,t) dv"
R

R

=pM (V) pD (V' 1) + P(V, V', t) + / T(V,V', V" t)dv"
R

Therefore the second condition is satisfied if and only if:

LTV, V. V" 1)dv"' =0 vV, V' (A.3)

and so on and so forth.
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Appendix B

Spike count correlation

Usually in experiments the researchers measure the spike-count of a single neuron in a

given time range [t;t + At], that is formally defined as:

AL
N; (t;t+ At) = / pi (T)dr
t

where:

n;—1

pi(t) = 0t —tri), t<tp; <t+At Vk
k=0

is the neural response function of the i-th neuron, i.e. the sum of all the spikes (assumed
to be Dirac delta functions and detected at the time instants t; ;) produced by that neuron
in the time range [¢;¢ + At] of a single Monte Carlo simulation (in this case we have of
course N; (t;t + At) = n;). Instead in the literature the instantaneous spike-count rate is

defined as:

N (5t 4 At) R e
sers = fim =SS = i [ (e
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and from it we can define the instantaneous mean firing rate as the mean E[] of the

instantaneous spike-count rate over many Monte Carlo simulations:

R; (t) = E[scr; ()] = lim E[N; (t;t + At)] -

t+At
fmm et = s [ B0 = R M) @D

where:

E[N; (t:t + At 1At
Ri(t;t+At):%:A—t/ E [pi (7)] dT
t

is the average mean firing rate in the time range [t;¢ + At]. Here the adjective “average”
means “average over time”, i.e. in the time range [¢;¢ + At] (this is inspired by physics,
where for example the average speed over a given space is equal to the length of the space
divided by the time spent to travel on it), while “mean” is referred to the mean over many
Monte Carlo simulations. Instead in the rate model we can quantify the instantaneous

mean firing rate, defined as:

R (t) = /R SV p; (V' 8)dV’

where p; (-, t) is the marginal probability density function of the i-th neuron at time ¢ (see
[B.I7), and S (-) is the activation function. This is equivalent to the mean of the function
S (+) over infinitely many Monte Carlo simulations, therefore according to formula [B.1l
we can identify S (V (¢)) with scr (t). Now, the correlation between the spike-counts of 2

neurons ¢ and j is defined as:

Corr (N; (bt + At), N (15t + At)) = ——ore Wi lLH 8D, Ny (6 1+ 20))
i (6 A — Var (N; (5 + An) Var (N; (£ ¢ + At))

where:
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Cov (N; (t;t+ At), N; (t;t + At)) =E [N; (¢ + At N, (t:¢ + At)] — E[N; (¢ + AD|E[N; (£t + At))]

Var (N; (t;t + At)) =Couv (N; (t;t + At), N; (t;t + At))

Now we observe that:

N; (t;t + At) Nj (t; ¢+ At)
At At

E[N; (t;t + At) N; (t;t+ At)] = lim E [ = E [ser; (t) serj (t)]

lim ——
At—0 (At) At—0

and remembering that scr (t) = S (V (t)), we can write:

E [ser; (t) ser; ()] = E[S (Vi (1) S (V; ()] = / SIS V) pi (VI V) dVdV”

where p; ; (-, -, t) is the marginal probability density function of the i-th and j-th neurons
at time ¢. Finally, supposing that [, .S (V') S (V") p;; (V',V",t)dV'dV" does not change too

much in the time range At, we can write:

E[N; (t;t 4+ At) N; (6t + At)] = [ S(VHSV"pi; (VI V" 1) dV’dV”] (At)?

R2
In a similar way we can prove also that:
E[N; (t;t + At)] = [/ S(Vpi (V') dV’] At
R

So we can conclude that the spike-count correlation usually evaluated by experimentalists

can be calculated with the rate model using the following formula:

fij ()

Corr (Ni (t;t + At), N; (£t 4 At)) ~ m
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where:

fo@=| [ sws@ms e vnavar| < [someoa] | [ e e

R2

Ji(t) =fii(t)

Now we have to compute, according to the rate model, the different terms involved in this
formula. Let us show the procedure for the term [, S (V')S (V") p;; (V/, V" t)dV'dV".
For relatively weak stochastic fluctuations we can approximately expand the function

S (V") S (V") in a 2D Taylor series up to the second order with respect to the point:

(mi (t) ,m; () = /R V5,V ) piy (VL VI 1) dViav?™ = (B [V; ()], E[V; (1)])

obtaining:

SV S (V") mS (mi () S (m; ()
+ 5 (my (1) S© (my (8) (V" = my (£) + S (my (£) SO (my (0) (V! = mi (¢))
+ 80 (m (£)) SY (my (1) (V! = mi (8)) (V" = m; (1))

£ 58 mi (0) S (my (5) (V" — mj (1)) + 5 (ms (6) S (i (1)) (V7 — m (1))

since under our hypothesis the fluctuations (V; — m; (t),V; — m; (t)) are small. Therefore,

using the Isserlis’ theorem, we obtain:
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/2 S(V) S (V") pig (V/, V", 8) dV'aV" =S (mq (1)) S (m; (1)) + S© (mi (1)) ™ (my (1)) S5 (1)
28 (mi (1) 82 (m; (1) S5 (1) + 55 (m; (1)) S (e (6) Zas (1)

where:

Eij (t) = Cov (V; (), V; (1))

In the same way we can also prove that:

/RS (V/)pi (V/, t) dV’ ~ S (T)’LZ (t)) + %S@) (ml (t)) Eii (t)

Finally, putting all the results together and neglecting the higher order terms proportional
to Var (V; (t)) Var (V; (t)), we obtain:

Corr (N; (t;t + At) , N, (t;t + At)) = Corr (V; (£),V; (1))

Therefore for relatively small stochastic fluctuations the correlation of the spike-counts
is approximately equal to the correlation of the membrane potentials, which can be cal-
culated from the neural equations of the rate model using the methods developed in this
thesis. So the values of the parameters of the system with respect to which we calculate
the Fisher information are encoded by both the spike-counts and the membrane poten-
tials, but it is better to reason in terms of the latter, since it is more natural. In fact our
neural network is described for example by [3.1, namely by differential equations whose

unknowns are the membrane potentials, not the spike-counts. Due to this approximate
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equality of the correlation structures we can conclude that the spike-counts and the mem-
brane potentials encode the value of the external input qualitatively in the same way, as it
must be. In fact, there is an interplay between these two variables since, roughly speaking,
the pre-synaptic membrane potentials determine the values of the firing rates (and there-
fore of the spike-counts), while the firing rates determine the values of the post-synaptic
membrane potentials. However this does not mean that the Fisher information calculated
over the membrane potentials is the same of that calculated over the spike-counts. In fact
the Fisher information is related not only to the covariance matrix of the process, but also

to its mean vector, which is not the same for our two variables:

E[N; (t;t + At)] = {AS(V’)pi (V') 1) dv’} At =~ [S (m; (1)) + %S@) (m; (1) X4 (8) | At

From this formula we see that there is no simple relation between the Fisher information

calculated over the spike-counts and that evaluated over the membrane potentials.
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Appendix C

Perturbative expansion of the
Fisher information
In this appendix we consider for simplicity only the case of a fully connected network.

According to the discussion at the end of Section [4.2] formula [4.12] can be used only for a

subset of 7 < N neurons. Moreover, it can be rewritten in the following way:

p (V1) = Hp (Vi) + P (V. )[Hpu wn| [1+ D (7.4)] 1
where:
P(V.1) ‘Z{[H p™ (Ve 1) P(Va,vb,t)}
a,b cab
(7. = )
Hp“) Vi,t)

231



Clearly D <7, t) < 1because P < pMpM) | as we numerically proved in Section (£.3). Now
observe that D <7, t) can be rewritten as:

D (7,1&) - ;d (Va, Vi 1)

a%b

where:

P (Va, Vi, t)

d(Vi, Vi, t) =
Vo Vi 1) = S0 W8 0 (Vi)

According to [2.6] the Fisher information of the subset of 1 neurons with respect to a pa-

rameter 0 is defined as:

I(G,t):/Rn (M) p(?,e,t) av (C.2)

where p <7, 0, t> is given by Clearly, plugging[C.1l into does not provide a useful
formula for calculating the Fisher information of the system. In the case of independent
neurons, in Section [3.3] we have seen that 7 (0,¢) can be calculated easily in terms of a
single one-dimensional integral, which can be evaluated easily with standard numerical
techniques. Instead, in the case studied in Chapter [4] this trick cannot be used, since in
general the neurons are correlated. However, the main idea is still to find a way to express
the Fisher information of a finite network in terms of low-dimensional integrals, in order
to avoid the use of Monte Carlo integration techniques (which instead are used in Chapter
[7). To this purpose, we have to write formula in an another form. Supposing that the

following regularity conditions are satisfied:

* the support of p (7, 0, t) does not depend on 6,
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*p <7, 0, t) is twice differentiable,

¢ differentiation under integral sign can be applied,

it is well known that the Fisher information can be equivalently rewritten as:

T(0,8)=— /R W;} (7,9,t) av (C.3)

We use formula[C.3lin order to write a perturbative expansion of Z (6,t). Together with

it can be rewritten as:

n—1
82109{ [Hp(” (Vist)
1=0

10 (7.0

Z(0,t) :7/ [ﬁp(l) (V;,t)+ﬁ(7,t)] e dv
- 82log [nHlp(l) (Vi, ) - 2,
T /]RTI [Hp(l) (V1) 1.:(?992 d7 B R7 [Hp(l) (Vi) 1) T [1 ;912) <77t>] d7
d?log [nl_[lp(l) (Vi, t) 20
B I = — R TU ) R 0 (7)] co

Now we show how to calculate the four terms of (C.4).

C.1 First term

This term is the easiest to calculate, and it is simply given by:

n—1
9*log [Hp(” (Vi,t)

i=0
062

2[ (1) t
dV = *77/ pO (V1) %ﬂdv
R

VAL =
/Rn [Hp (Vi 1)

=0
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C.2 First order approximation of the second term

This term cannot be calculated exactly, so we have to use the Taylor expansion of the
logarithmic function. In particular, now we consider only the expansion at the first order,

namely

log [1 +D (7, t)} ~D (7,1?) (C.5)

The second and third orders will be taken into account in Sections and|[C.7|respectively.
So from the second term of[C.4l can be approximated as follows:

8%log {1 D (7,15)}

062

*/ rH p (Vi, 1) av
Rn

i=0

2
0 d(Va,V}),t)d7

W (v
P (Viyt) 502

1
=0

> /|

=—> | II [»?Wityavi
a,b

ita,b” R

2d (Vy, Vi, t
/ p(l) (Vay t) p(l) (Vi 1) MdVadV})
R2 06?

s
a<b

[ 92d(V,, Vy, t
== / P (Va, t) (Vb,t)(aT”)dVadvz
a,b - R?

B
a<b
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— 2 !
2 e 962

having used the normalization condition of the function p(*) and the fact that the function

d(-,-,t) does not depend on the neural indices in the case of a fully connected network.

C.3 Third term

This term can be calculated exactly as follows:

06?

TYZ/R P(V.1) Plogp® (Virt) >
i=0 VK7

n-1 2 ) (1.
I Vit
:—ZZ/ ) (V1) P(va,vb,t)%ﬁ
a,b =0 c;ﬁab
a<b

2logp™) (Vi t
[/ p(va,vb,t)dvad%] [/ Rl L
R2 R a0

11 / ) (Vo,t)dV.

c#a,b,i R

ey |

a,b i#a,b
a<b

2 (1)
{/ [W?TW/P V., Vi, )d‘/},] dV}

_Z{H/ M) (V.. 1) dV,

a,b | c#a,b
a<b
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[T [ venav.
R

c#a,b

2 (1)
/ alogp—%t)/p(va,%,t)dva dvi
R 002 R

a,b
a<b

—Z{

having used the constraint[A.2lon the function P.

C.4 Fourth term

Using again the approximation [C.5] we obtain:

82d (Vi , Viy
(V)‘/b7ﬁ)d?

P (Vo Vi t) ==

~Tx/,

ab a’ b’ R
a<ba'<b’

e

c#a,b

Now, we can see that many terms are equal to zero due to the constraint The only

non-zero terms are those for which (a = a’) A (b = V'), therefore we obtain:

2
94d (V, ’Vb’t)d7

P (Vay Vs t) =52

—zz/m{HﬂU(vc,w

a,b a’,b c#a,b
a<ba’<b’
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2
0 d(Va,V}),t)d7

P (Ve Vi t) =52

c#a,b

— (1) V..t
;/Rnlnp (Ve, 1)

a&b

02d (V,, Vi, t
/ P(VavvbvadVadVb
- 962

IT [ vetyav.
R

c#a,b

|

a,b
a<b

7777(77*1)/ ) OPd(V V8 )
= 7 L PV S avay

2d(V,V' t)

However this term is of second order since it contains the product P (V, V' 1) ==g5—>,

therefore it does not appear in the first order approximation of the Fisher information. So
we will use it in Section [C.6] for the calculation of the Fisher information at the second

order.

C.5 Putting everything together: First order approximation

of the Fisher information

Collecting all these results, the final formula for the Fisher information at the first order

of approximation is:

&logp™ (V1)

502 av

7(0.1) w—n/Rp“) (v, 1)

_ g 2 /
77”(772 2 / p® (v,6)p0 (v, 1) AW V) d(gégv ) gvav (C.6)
RQ
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Hence, we have decomposed the high-dimensional integral in formula into terms of
low-dimensional integrals, which can be calculated with standard integration techniques.

In the next sections we extend this result to higher order approximations.

C.6 Second order approximation of the Fisher information

We consider again the second term of the Fisher information that we have already cal-

culated in Section [C.2] and include the second order term in the Taylor expansion of the

logarithm:

log {1 +D (7,t)} ~D (7,t) — %DQ (7,t) (C.7

Using the same methods already shown in the previous sections, we obtain that the con-

tribution to the Fisher information generated by —%DZ (7, t) is:

#0* (V1)

062

1 !
_ (1) %,t
5 /Rn [H)p (Vi)

a [d(Va7‘/1)7 ) Va 7‘/b’ d7

e [ [

062
a<ba’ <b/
1 2 72 !
_Lfnm=1 / p® (v, 1) p D (V' 1) FA"V VL) av (C.8)
2 2 R2 062

AV, V', t)d(V,V" 1)

5 dvav'dv”

+n(n—1)(n—2) /RS P (Vi) (V1) p (V7,1)

+77 (77 _ 1) (77 _ 2) (77 - 3) / p(l) (‘/7 t)p(l) (V/,t) p(l) (V//,t) p(l) (V/// ) a [d (V V/ ) (V”, Vm,t)]

1 507 dVdv’dv”dv”’}
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It is important to observe that the second order term in[C.7lhas generated three integrals,

where the terms inside the derivative are of the form:

o A2 (V,V',t)
e d(V, V', t)d(V,V" t)
o d(V, V', t)d(V", V" )

These are all the possible different terms that can be generated by d (V,, Vj,t) d (Vyr, Vi, t),

with (a < b) A (a/ < ¥'). Moreover the sum of their corresponding coefficients is:

n(n—1)
2

-1 ()4 T D=0 =3) {n(nl)r

4 2

as it must be, since the double sum:

2.2

ab a’ b
a<ba'<b’

2
which appears in generates exactly [@] terms. To conclude, if we put together all

the results collected up to now, including the second order term found in Section we

obtain that the Fisher information at the second order is:
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7(0,t)

2 (1)
o (1) 0”logp'™” (V, 1)
~ 77/Rp V) — gz 4V

2%d (V,V',t)

oz vV’

-2 (n; D /RQ [p‘” v, 1) pD (V' 8) + P (V, V’,t)]

_ 2 12 !
+n(n4 1)/ p D (V1) p® (V/,t)WdVdV' (C.9)
R2

?[d(V, V', t)d(V,V" 1)

507 avdav'dv”’

71 72 / "
 RO=D O] 0 W o (v, 5 (V1)
R

AV, V', t)yd(V" V" t)

5 Lavav'avav”

+ n (77 — 1) (778_ 2) (77 — 3) /R4 p(l) (‘/7 t) p(l) (V/,t) p(l) (‘///7 t) p(l) (V///7 t)

This is the formula that we use in Section [4.4] for the calculation of the Fisher information.

C.7 Third order approximation of the Fisher information
At the third perturbative order the Taylor expansion of the logarithmic function is:
~ 1 2 1 3
log [1 4D (7,t)} ~D (7,t) - 5D (7,t) +2D (7,t)

D3 <7, t) can be expressed as:

D3 (7,t) =33 S d(Va, Voo t) d (Var, Vir, t)d (Vi Vi 1)

a b a/ b/ a// b//
a<ba'<b a”’ <b"”

therefore we have seven different terms of the form:
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o A3 (V,V' 1)

o 2(V,V',t)d(V', V" t)

o P (V, V', t)d(V" V" t)

o d(V, V', t)d(V',V" t)d(V,V" t)

o d(V, V' . t)d(V', V" t)d(V,V" 1)

o d(V, V', t)d (V' , V" t)d (V" V"™ t)

° d (V, V/, t) d (V’//7 V”/, t) d (V”//, V/////, t)
whose corresponding coefficients are:

o N(n—1)
2

*2n(n—1)(n—2)

. n(n—l)(nf)(?ﬂz—n’))
. 17(77*1)(172*2)(77*3)

° n(nfl)(n;2)(5n*11)

* n(n—1)(n—2)*(n—3)

. 77(77—1)(77—82)2(77—3)2

These coefficients can be obtained with a complicated combinatorial calculus, which is not
explained here, since it goes beyond the purpose of this thesis. However the reader can
easily check that their sum is equal to [@r, as it must be. To conclude, in order
to obtain the Fisher information at the third order, we have to calculate the third order

contribution generated by the fourth term of[C.4] namely:
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_ 0% D? 7,t
o 2

82 [d (‘/a/7 ‘/b/ 5 t) d (Va//, ‘/b//7 t)]
T v

:—ZZ Z/ { ) (Virt) | P (Vi, Vi )
ab a b’/ a/i' b’ C?éab

a<ba'<b o'’ <b”

2
a [d (Vaa ‘/bvt) d (Va”; ‘/b//at)] d7

P (Va, Vi, 1) 902

=2 zz/ L (Vo)

a'’! b//
a<b a//<b//

2
d a’y Vb as Vb,
0" [d(Var, Vo, 1) d (Va, Vo, )] 2

P (Va, Vi, 1) 902

ab a' b
a<ba’ <b/

+ZZ/ Lﬁab (Ve, t)

since the only non-zero terms are those such that (a =a’) A (b=10) or (a =d") A (b=10").

The two double sums are equivalent, therefore finally we obtain:

>3/

n
ab a’ b R
a<ba’<b’

2
[H P (Vat)} P (Va, Vi 1) 2 [d(va’%’atz)gd Vo, Vo, )] 57
c#a,b

2 2 /
:77(7771)/ P(V,V/,t)a [d gg;vvt)}d‘/dv/
R2

2 i i
+n(n—1)(n— 2)/ P (v, V' ) p" (V" 1) VA ’ate);l WV Ol v av v
R3

avav'av’av'’’

— — _ 2 ’ " "
+ n(n—1) (774 2)(n—=13) / P (V, V,,t) p(l) (V”,t) p(l) (V///7 t) o°[d(V, vV :ta)gfi(v V)]
R4

Collecting all the terms, we can write the final expression for the Fisher information at
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the third order of approximation. Being very long, we do not show this formula here. The

interested reader can work it out by himself.

To conclude, the general structure that emerges from this analysis is clear. We have proved
that the Fisher information for correlated neurons can be expanded in terms of integrals
with increasing dimension and polynomial coefficients in n with increasing order. More-
over, as we have already said, according to our numerical simulations the function p) (V, t)
depends weakly on N, while P (V, V' t) depends approximately on % (in Chapter 5 we de-
rive the explicit formulae in the case of weak noise). Therefore essentially we have ex-
pressed the Fisher information as a series of terms which depend on n and N. For N — oo,

these terms converge to zero, therefore we obtain:

2 (1)
7(60,t) :—n/ W (v, 2 logge2(v 1) gy

as it must be in the thermodynamic limit (compare with [3.43).
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Appendix D

Radius of convergence of the

sigmoid and arctangent functions

In this section we compute numerically the radius of convergence of two examples of the
activation function S (-). For simplicity we consider only the case with Thy4x = 1 and

Vr = 0, but this analysis can be extended easily to the most general case.

D.1 The sigmoid function

According to [202]], the n-th order derivative of the sigmoid function:

1s:

St () = A" i (D A(n k- 1)[S (2)]" [1 - 8 (@)
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where A (n, k) are the so called Eulerian numbers [203]. Now we can rewrite this expres-

sion in the following way:

k=1
n—1
=\"S (@) [1= S (@)]" > (=) A(n, k) [S (@) [1 = S (@) "
k=0
n—1
=TS (@) [1 - S (@) S A, k) (—e )
k=0
Now from [204]], we know that:
n—1
Li_p, (2) = #ZA (n, k) z=*, n>0, x| <1 (D.1)
k=0

where Li_,, (-) represents the so called polylogarithm (with negative order). Here we have

omitted the n-th term of the sum since A (n,n) = 0 ¥n > 0. So we can write:

(e

St () = A" () [1 = S ()] (e ey

Li_p (=) = (=\)" Li_, (—e™**)  (D.2)

This result is true only for |—e~*| < 1, i.e. only for 2 > 0. Instead, for z < 0, we can use

the relation S (—z) =1 — S (z), from which we deduce that:

o S (—z) = (=1)"1SM (), Vn > 0;

* S(—x) has the same radius of convergence of S (z).

So formula[D.2] can be used to express S (z) Vz # 0. Instead for = = 0 it gives Li_, (—1),

that is defined by an analytic continuation of the polylogarithm function. In this way
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we can determine S (0). Another way is to use the following property of the Eulerian

numbers:

i B
_ k—1 _ — n+1 2n+1 -1 n+1 D
;< DA (k- 1) = 20t ( ) = (D.3)

where B,, are the so called Bernoulli numbers [205], from which we obtain:

n

Z (n b —1) = A" (2"+1 — 1) f’: (D.4)

’IZ

RN

= ontl

Now we can compute the radius of convergence R (x() of the Taylor series:

+90 o(n) (1
S =3 T o gy

n!

n=0
using the Cauchy root test:
1
R (IL‘()) =

limsup § 75(71:1(:%)

n—-4o0o
For zg = 0 we obtain:

1

R(0) = -

o sup oD B
lim sup e —
n—-+o0o

n!
This can be proved after the substitution n — 2n — 1 (which is motivated by the fact that

r
A

B, 11 = 0Vn > 0), using the following asymptotic expansion of the Bernoulli numbers:
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Figure D.1: Radius of convergence R of the Taylor series of the sigmoid function, in terms of the point
xo about which the expansion is performed. R (zo) has been computed numerically, for many values of the
parameter )\, which determines the slope of the sigmoid function. For large z( the radius of converge increases
linearly since the sigmoid function is asymptotically flat. Instead for A\ — +oco we obtain R (0) — 0, because
in that limit the sigmoid function S () becomes a Heaviside step function with a discontinuity in x = 0.

and the Stirling approximation of (2n — 1)!. We are not aware of any asymptotic expansion
of Li_,, (—e=*°) for n — +oo and =y # 0, so we have to compute the radius of convergence

numerically Vxq # 0.

Figure shows the result for different values of A. From it we can see that the radius of
convergence of the Taylor series of S (z) around the point = = x( increases with xy. This is
reasonable, since the function S (z) becomes flat when x is large. Moreover for large \ it
converges to R (xg) = |x¢| and therefore it is equal to zero only for 2y = 0, as it must be. In
fact, for A\ — +o00 the function S () converges to the Heaviside step function, which has a

vertical jump at z = 0.
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D.2 The arctangent function

Now we calculate the radius of convergence of the arctangent function. According to [206],

the n-th order derivative of this function is:

arctan™ (\z) = )\"Lw sin [n arcsin (é)]
[1 n (Az)Q] 2 1+ (\z)?

So from the root test we obtain:

1+ ()\mo)
R (wo) =
' 7(/‘sin [n arcsin m)} '
Alim sup T
n—+oo
Now, since:
. . . 1
ltm ™| |sin | narcsin [ ———— =1
A ( ( 1+ <Axo>2> ) |
due to the fact that:
. . 1
sin |narcsin [ ——— € [0,1]
1+ ()\.%'0)2

and moreover lim <{/n = 1, we obtain finally:
n—-+0oo

R(wo) = % 1+ ()\%0)2

Therefore the radius of convergence increases with z(, as it must be. Moreover in the limit

A — 400 it gives R (xo) = |z, as with the sigmoid function.

248



Appendix E

Higher order correlations for a

fully connected neural network

Here we show how it is possible to use the perturbative expansion to calculate the higher
order correlations between the neurons. For simplicity, we consider only the simplest case,
namely a fully connected network, even if this analysis could be extended to more com-
plicated connectivity matrices. Moreover we want to avoid long expressions for the joint
cumulants, therefore we consider only the expansion of the membrane potential at the
first perturbative order. In principle this calculation can be performed at any perturbative
order, but starting from the second order (namely from the third order terms in the covari-
ance) the functions Z (t) and H (t) in general introduce inhomogeneities in the covariance
structure of the network, therefore the higher order correlations should be calculated us-
ing combinatorial techniques applied to the Isserlis’ theorem. In this section we avoid the
issue and we focus only on the first order perturbations. In this case the probability den-
sity of every V; (t) is normal and this is true also for the quantities V; (t) — V; (), which
have all zero mean and the same variance, that we call Var (V (t)). Since they have zero

mean we can use the Isserlis’ theorem, that for a fully connected network gives simply:
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=

n odd

E = (E.1D

1:[ (‘/;J (t) — Vij (t))

wf3

2%7 5 [Cov(Vi(®), Vi (0)* 5 neven

3

because in this case all the pairs of neurons are equivalent, since they are all-to-all con-
nected (instead, if the network is not fully connected, the connected pairs give a different
contribution with the Isserlis’ theorem compared to the disconnected pairs). Moreover, the

central absolute moments of a normal distribution are:

g 28T (28
E [‘Vij (t) -V, ()] ] = —— L WVaer (v ()] (E.2)
and if n is even we have I ("TH) = ﬁ'ﬂ)'ﬁ Therefore putting everything together we
oY)
obtain:
05 n odd
Corry, (Vi ), Vi, ), Vi, _, (t)) = (E.3)
[Corry (Vi (), V; (t))]% ) n even

From this result it is interesting to observe that if there is a perfect stochastic synchroniza-
tion between pairs of neurons, then it is “propagated” to all the higher order correlations
with even order, namely Corry (V; (t),V; (t)) = 1implies Corry, (Vi, (t), Vi, (t) ..., Vi, (1)) =
1, Vn even. It is also curious to observe that all the odd order correlations are always equal

to zero, even if the size of the network is finite.
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Appendix F

Proof that formula 5.55 gives real

functions

In this appendix we want to prove that the quantities ®;; (¢) and [® (t) @7 (¢)] i given by
formula [5.55] are real functions. The proof can be divided into four cases, namely when R
and S are both even, both odd, R even and S odd, or vice versa. Here we analyze only the

first case, while the others can be proved in a similar way.

So, if R and S are both even, the function ®;; (¢), according to [5.55, can be equivalently

rewritten as:

R—-15-1

Dy (1) = Z Ze[_%JF%S“’S/(”)]tfi,j,xsa-y (F.1)

x=0y=0

where now the subscripts are separated by commas, in order to avoid confusion. Defining:

—LtersiyS ()]

g ,
9oy = el fijaS+y

formula [F.1] can be rewritten in the following symmetric way, with respect to R and S:
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R_q S_q S_q R _q
2 ) B 2 B 2 2 . iy

#3 [aootene] + 3 [t oo+ 3 [, o 3 [ v
x=1 y=1 y=1 r=1
F-15-1 3151

30D 0, giasn ) + (975 + 9] (F2)
=1 y=1 rz=1 y=1

The quantities g, g% o géj s and ¢ ¢ are real numbers. Moreover, since:
07 75.0770,5 2

vl S

figwsey = R(EEDH2GD 2 e s

fiJ}ISJr(Sfy) :€2W{%(L%J_L%J)_%(i—j)}b — f_*

4,5,(R—z)S+y
for 0 <y < Sand 0 < z < R, and also, according to [5.53t
S—1R—1 . ,
L1 l

ExSty = 62“(3+R)Lb§€) :e?R—z)S-i-(S—y)
k=0 1=0
S—1R—1 . ,

2m(— Y4+, (1) *
€xrS+(S—y) = e #)ipd) = €(R—2z)S+y

k=0 1=0

we conclude that:
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9, = (9705,

*

g;j.,Sfy = (g}%f:c,y)

For this reason, all the quantities in the square parenthesis in formula [E.2] are real, and
therefore also ®;; (t). A similar proof can be obtained for [® (¢) T (t)Lj, and in the cases

when only one of R and S, or both, are odd.

253



Bibliography

[1] N. Burger. Limitless. Relativity Media, Virgin Produced, 2011.

[2] FACETS-ITN: Fast Analog Computing with Emergent Transient States - Initial

Training Network. facets-i1tn. eu.
[3] G. van Rossum. Python. www. pyt hon. or g.
[4] T. Oliphant. NumPy. wwv. ituimpy. or g.
[5] E. Jones, T. Oliphant, and P. Peterson. SciPy. ww. Sci py. or g.
[6] Los Alamos National Laboratory. NetworkX. [net wor kKx. gi t hub. i 0.
[7] J. Hunter. matplotlib. [mat pl of 11 b. or g.

[8] MathWorks Incorporation. MATLAB. Natick, Massachusetts, United States,

www., mat hwor ks. com

[9] P. Tsui. Fast EM_GM Algorithm. PAMI Research Group, Depart-
ment of Electrical and Computer Engineering, University of Waterloo, 2006.

www. mat hwor ks. com’ mat | abcentral /11 eexchange/ 9659-1 ast - engm

[10] P. D. MacLean and V. A. Kral. A Triune Concept of the Brain and Behaviour.
Clarence M. Hincks Memorial Lectures. Ontario Mental Health Foundation, 1973.

[11] P. D. MacLean. The Triune Brain in Evolution: Role in Paleocerebral Functions.

Springer, 1990.

254


facets-itn.eu
www.python.org
www.numpy.org
www.scipy.org
networkx.github.io
matplotlib.org
www.mathworks.com
www.mathworks.com/matlabcentral/fileexchange/9659-fast-emgm

[12] V. B. Mountcastle. Modality and Topographic Properties of Single Neurons of Cat’s
Somatic Sensory Cortex. Journal of Neurophysiology, 20:408—-434, 1957.

[13] F. Grimbert. Mesoscopic Models of Cortical Structures. PhD thesis, 2007.
[14] W. Weaver. Science and Complexity. American Scientist, 36(4):536—-544, 1948.

[15] Y. Bar-Yam. Dynamics of Complex Systems. Addison-Wesley Studies in Nonlinearity.
Westview Press, 1997.

[16] H. Haken. Information and Self-Organization: A Macroscopic Approach to Complex

Systems. Springer Complexity. Springer London, Limited, 2006.

[17] C. G. Langton. Computation at the Edge of Chaos: Phase Transitions and Emergent
Computation. Physica D: Nonlinear Phenomena, 42(1-3):12—-37, June 1990.

[18] M. Mitchell, P. T. Hraber, and J. P. Crutchfield. Revisiting the Edge of Chaos: Evolv-

ing Cellular Automata to Perform Computations. Complex Systems, 7:89-130, 1993.

[19] M. M. Waldrop. Complexity: The Emerging Science at the Edge of Order and Chaos.
Touchstone Book. Simon & Schuster, 1993.

[20] R. Lewin. Complexity: Life at the Edge of Chaos. University Of Chicago Press, 1st
edition, February 2000.

[21] C. W. Reynolds. Flocks, Herds and Schools: A Distributed Behavioral Model. In
Proceedings of the 14th Annual Conference on Computer Graphics and Interactive

Techniques, SIGGRAPH 87, pages 25-34, New York, NY, USA, 1987. ACM.

[22] G. Nicolis and I. Prigogine. Self-Organization in Nonequilibrium Systems: From
Dissipative Structures to Order Through Fluctuations. A Wiley-Interscience Publi-
cation. Wiley, 1977.

[23] Frégnac Y., Rudolph M., Davison A. P., and Destexhe A. Complexity in Neuronal

Networks. In Francois Képes, editor, Biological Networks. 2007.

255



[24] S.-I. Amari. Dynamics of Pattern Formation in Lateral-Inhibition Type Neural
Fields. Biological Cybernetics, 27:77-87, 1977.

[25] S.-I. Amari. Field Theory of Self-Organizing Neural Nets. IEEE Transactions on
Systems, Man, and Cybernetics, SMC-13(5):741-748, 1983.

[26] S. Coombes. Waves, Bumps, and Patterns in Neural Field Theories. Biological
Cybernetics, 93(2):91-108, August 2005.

[27] C. B. Curtis, Z. H. Victor, S. Yoshiko, and G. Kirsty. Synaptic Plasticity in a
Cerebellum-Like Structure Depends on Temporal Order. Nature, 387(6630):278—
281, 1997.

[28] G. Q. Bi and M. M. Poo. Synaptic Modifications in Cultured Hippocampal Neurons:
Dependence on Spike Timing, Synaptic Strength, and Postsynaptic Cell Type. Jour-
nal of Neuroscience, 18(24):10464-10472, 1998.

[29] G. Q. Bi and M. M. Poo. Synaptic Modification by Correlated Activity: Hebb’s Postu-
late Revisited. Annual Review of Neuroscience, 24:139-166, January 2001.

[30] L. F. Abbott and S. B. Nelson. Synaptic Plasticity : Taming the Beast. Nature
Neuroscience Supplement, 3:1178-1183, November 2000.

[31] J. G. White, E. Southgate, J. N. Thomson, and S. Brenner. The Structure of the Ner-
vous System of the Nematode Caenorhabditis Elegans. Philosophical Transactions

of the Royal Society B: Biological Sciences, 314(1165):1-340, 1986.

[32] L. R. Varshney, B. L. Chen, E. Paniagua, D. H. Hall, and D. B. Chklovskii. Structural
Properties of the Caenorhabditis Elegans Neuronal Network. PLoS Computational
Biology, 7(2):e1001066, February 2011.

[33] Mouse Connectome Project. WiwwW. MDUSECONNECT ONE. Of g.

[34] K. L. Briggman, M. Helmstaedter, and W. Denk. Wiring Specificity in the Direction-
Selectivity Circuit of the Retina. Nature, 471(7337):183-188, March 2011.

256


www.mouseconnectome.org

[35] D. D. Bock, W.-C. A. Lee, A. M. Kerlin, M. L. Andermann, G. Hood, A. W. Wetzel,
S. Yurgenson, E. R. Soucy, H. S. Kim, and R. C. Reid. Network Anatomy and In Vivo
Physiology of Visual Cortical Neurons. Nature, 471(7337):177-182, March 2011.

[36] G. A. P.C. Burns and M. P. Young. Analysis of the Connectional Organization of Neu-
ral Systems Associated with the Hippocampus in Rats. Philosophical Transactions

of the Royal Society B: Biological Sciences, 355(1393):55-70, 2000.

[37] O. Schmitt, P. Eipert, K. Philipp, R. Kettlitz, G. Fuellen, and A. Wree. The Intrinsic
Connectome of the Rat Amygdala. Front Neural Circuits, 6:81, 2012.

[38] J. W. Scannell, C. Blakemore, and M. P. Young. Analysis of Connectivity in the Cat
Cerebral Cortex. Journal of Neuroscience, 15:1463, 1995.

[39] J. W. Scannell, G. A. P. C. Burns, C. C. Hilgetag, M. A. O’'Neil, and M. P. Young.
The Connectional Organization of the Cortico-Thalamic System of the Cat. Cerebral
Cortex, 9(3):277-299, April 1999.

[40] Daniel J. F. and David C. V. E. Distributed Hierarchical Processing in the Primate
Cerebral Cortex. Cerebral Cortex, pages 1-47, 1991.

[41] O. Sporns, G. Tononi, and R. Kotter. The Human Connectome: A Structural De-
scription of the Human Brain. PLoS Computational Biology, 1(4):e42, September
2005.

[42] O. Sporns. The Human Connectome: A Complex Network. Annals of the New York
Academy of Sciences, 1224(1):109-125, 2011.

[43] Human Connectome Project. www. hunanconnect onepr oj ect. org.

[44] C. Stam and J. Reijneveld. Graph Theoretical Analysis of Complex Networks in the
Brain. Nonlinear Biomedical Physics, 1(1):3+, 2007.

257


www.humanconnectomeproject.org

[45] E. Bullmore and O. Sporns. Complex Brain Networks: Graph Theoretical Analysis of
Structural and Functional Systems. Nature Reviews. Neuroscience, 10(3):186-198,

March 2009.

[46] D. S. Bassett and E. T. Bullmore. Human Brain Networks in Health and Disease.
Current Opinion in Neurology, 22:340-347, 2009.

[47] D. J. Watts and S. H. Strogatz. Collective Dynamics of ’Small-World’ Networks.
Nature, 393(6684):409-10, 1998.

[48] S.-I. Amari. Characteristics of Random Nets of Analog Neuron-Like Elements. IEEE
Transactions on Systems, Man, and Cybernetics, 2(5):643—-657, 1972.

[49] H. R. Wilson and J. D. Cowan. Excitatory and Inhibitory Interactions in Localized

Populations of Model Neurons. Biophysics, pages 1-24, 1972.

[50] H. R. Wilson and J. D. Cowan. A Mathematical Theory of the Functional Dynamics
of Cortical and Thalamic Nervous Tissue. Kybernetik, 13:55-80, 1973.

[51] J. Touboul, G. Hermann, and O. Faugeras. Noise-Induced Behaviors in Neural Mean

Field Dynamics. SIAM Journal on Applied Dynamical Systems, 11(1):49-81, 2012.

[62] A. L. Hodgkin and A. F. Huxley. A Quantitative Description of Membrane Current
and its Application to Conduction and Excitation in Nerve. The Journal of Physiol-

ogy, 117(4):500-544, August 1952.

[63] S.A. Kauffman. At Home in the Universe: The Search for Laws of Self-Organization
and Complexity. Oxford paperbacks. Oxford University Press Australia & New
Zealand, 1995.

[54] O. Sporns, D. Chialvo, M. Kaiser, and C. Hilgetag. Organization, Development and
Function of Complex Brain Networks. Trends in Cognitive Sciences, 8(9):418-425,
September 2004.

258



[55]

[56]

[57]

[58]

[59]

[60]

[61]

S. C. Ponten, A. Daffertshofer, A. Hillebrand, and C. J. Stam. The Relationship
Between Structural and Functional Connectivity: Graph Theoretical Analysis of an

EEG Neural Mass Model. Neurolmage, 52(3):985-994, 2010.

V. Pernice, B. Staude, S. Cardanobile, and S. Rotter. How Structure Determines
Correlations in Neuronal Networks. PL0oS Computational Biology, 7(5):e1002059,
May 2011.

M. Koch. An Investigation of Functional and Anatomical Connectivity Using Mag-

netic Resonance Imaging. Neurolmage, 16(1):241-250, May 2002.

S. B. Eickhoff, S. Jbabdi, S. Caspers, A. R. Laird, P. T. Fox, K. Zilles, and T. E. J.
Behrens. Anatomical and Functional Connectivity of Cytoarchitectonic Areas within
the Human Parietal Operculum. The Journal of Neuroscience, 30:6409 — 6421, 2010.
We acknowledge funding by the Human Brain Project/Neuroinformatics Research
(National Institute of Biomedical Imaging and Bioengineering, National Institute of
Neurological Disorders and Stroke, National Institute of Mental Health; to K.Z.), the
Human Brain Project (R01-MHO074457-01A1;to S. B. E.) and the Helmholz Initiative
on Systems-Biology "The Human Brain Model" (to K.Z. and S.B.E.).

dJ. Cabral, E. Hugues, M. L. Kringelbach, and G. Deco. Modeling the Outcome of
Structural Disconnection on Resting-State Functional Connectivity. NeuroImage,

62(3):1342-1353, 2012.

C. Joana, M. L. Kringelbach, and G. Deco. Functional Graph Alterations in
Schizophrenia: A Result From a Global Anatomic Decoupling? Pharmacopsychi-
atry, 45 Suppl. 1:557-564, May 2012.

B. Cessac. Increase in Complexity in Random Neural Networks. Journal de

Physique I (France), 5(3):409-432, 1995.

259



[62] B. Cessac, O. Mazet, M. Samuelides, and H. Soula. Mean Field Theory for Random
Recurrent Spiking Neural Networks. In NOLTA °05 (Non Linear Theory and its

Applications), pages 18—-21, Brugge, Belgium, 2005.

[63] M. Samuelides and B. Cessac. Random Recurrent Neural Networks Dynamics. Eu-

ropean Physical Journal Special Topics, 142(1):89-122, 2007.

[64] J. Baladron, D. Fasoli, O. Faugeras, and J. Touboul. Mean-Field Description and
Propagation of Chaos in Networks of Hodgkin-Huxley and FitzHugh-Nagumo neu-
rons. The Journal of Mathematical Neuroscience, 2(1):10, May 2012. This work was
partially supported by the ERC grant #227747 NerVi, the FACETSITN Marie-Curie
Initial Training Network #237955 and the IP project BrainScaleS #269921.

[65] J. Touboul. Propagation of Chaos in Neural Fields. Submitted to The Annals of
Applied Probability, 2011.

[66] G. Piccinini and A. Scarantino. Computation vs. Information Processing: Why Their
Difference Matters to Cognitive Science. Studies in History and Philosophy of Sci-
ence Part A, 41(3):237— 246, 2010.

[67] M. Tegmark. Why the Brain is Probably Not a Quantum Computer. Information
Sciences, 128(3-4):155-179, 2000.

[68] L. M. Ricciardi and H. Umezawa. Brain and Physics of Many-Body Problems. Ky-
bernetik, 4:44-48, 1967.

[69] M. Jibu and K. Yasue. Quantum Brain Dynamics and Consciousness: An Introduc-

tion. Advances in Consciousness Research Series. John Benjamins, 1995.

[70] S. Hameroff and R. Penrose. Orchestrated Reduction of Quantum Coherence in
Brain Microtubules: A Model for Consciousness. Mathematics and Computers in

Simulation, 40(3-4):453-480, 1996.

260



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

S. R. Hameroff and R. Penrose. Conscious Events as Orchestrated Space-Time Se-

lections. Journal of Consciousness Studies, 3(1):36—-53, 1996.

S. Hagan, S. R. Hameroff, and J. A. Tuszynski. Quantum Computation in Brain Mi-
crotubules: Decoherence and Biological Feasibility. Physical Review E, 65:061901+,
June 2002.

M. Sarovar, A. Ishizaki, G. R. Fleming, and K. B. Whaley. Quantum Entanglement
in Photosynthetic Light-Harvesting Complexes. Nature Physics, 6(6):462—467, June
2010.

E. M. Gauger, E. Rieper, J. J. L. Morton, S. C. Benjamin, and V. Vedral. Sustained
Quantum Coherence and Entanglement in the Avian Compass. Physical Review

Letters, 106:040503, January 2011.

P.-O. Lowdin. Quantum Genetics and the Aperiodic Solid: Some Aspects on the Bio-
logical Problems of Heredity, Mutations, Aging, and Tumors in View of the Quantum
Theory of the DNA Molecule. volume 2 of Advances in Quantum Chemistry, pages
213-360. Academic Press, 1966.

N. Lambert, Y.-N. Chen, Y.-C. Cheng, C.-M. Li, G.-Y. Chen, and F. Nori. Quantum
Biology. Nature Physics, 9(1):10-18, January 2013.

W. M. Itano, D. J. Heinzen, J. J. Bollinger, and D. J. Wineland. Quantum Zeno Effect.
Physical Review A, 41:2295-2300, March 1990.

M. A. Nielsen and I. L. Chuang. Quantum Computation and Quantum Information.
Cambridge Series on Information and the Natural Sciences. Cambridge University

Press, 2000.

P. W. Shor. Polynomial-Time Algorithms for Prime Factorization and Discrete Log-
arithms on a Quantum Computer. SIAM Journal on Computing, 26(5):1484-1509,
October 1997.

261



[80] P. W. Shor. Why Haven’t More Quantum Algorithms Been Found? Journal of the
ACM, 50(1):87-90, January 2003.

[81] C. Koch and K. Hepp. Quantum Mechanics in the Brain. Nature, 440(7084):611,
March 2006.

[82] R. Herken. The Universal Turing Machine: A Half-Century Survey. Springer-Verlag,
1995.

[83] B. J. Copeland. The Church-Turing Thesis. In E. N. Zalta, editor, The Stanford
Encyclopedia of Philosophy, 2002.

[84] M. Mohri. Finite-State Transducers in Language and Speech Processing. Computa-
tional Linguistics, 23(2):269-311, June 1997.

[85] L. A. Rubel. The Extended Analog Computer. Advances in Applied Mathematics,
14(1):39-50, March 1993.

[86] C. E. Shannon. Mathematical Theory of the Differential Analyzer. Journal of Math-
ematics and Physics, 20:337-354, 1941.

[87] J. W. Mills. Polymer Processors. In 2nd International Symposium on Non-Silicon

Computation, 2000.

[88] J. W. Mills. The Nature of the Extended Analog Computer. Physica D: Nonlinear
Phenomena, 237(9):1235-1256.

[89] A. Adamatzky. From Reaction-Diffusion to Physarum Computing. Natural Comput-
ing, 8:431-447, 2009.

[90] A. Adamatzky and M. Komosinski. Artificial Life Models in Hardware. Springer
London, 2009.

262



[91] J. W. Backus. Can Programming Be Liberated From the von Neumann Style?
A Functional Style and its Algebra of Programs. Communications of the ACM,
21(8):613—641, August 1978.

[92] S. A. McKee. Reflections on the Memory Wall. In CF ’04: Proceedings of the 1st
Conference on Computing Frontiers, New York, NY, USA, 2004. ACM Press.

[93] R. R. Schaller. Moore’s Law: Past, Present, and Future. IEEE Spectrum, 34(6):52—
59, June 1997.

[94] A. Adamatzky, B. De Lacy Costello, and T. Asai. Reaction-Diffusion Computers.

Elsevier Science, 2005.

[95] N. G. Rambidi, T. O.-O. Kuular, and E. E. Makhaeva. Information-Processing Ca-
pabilities of Chemical Reaction-Diffusion Systems. 1: Belousov-Zhabotinsky Media
in Hydrogel Matrices and on Solid Supports. Advanced Materials for Optics and
Electronics, 8(4):163-171, 1998.

[96] N. G. Rambidi and D. Yakovenchuk. Information-Processing Capabilities of Chemi-
cal Reaction-Diffusion Systems. 2: Finding Paths in a Labyrinth Based on Reaction-

Diffusion Media. Advanced Materials for Optics and Electronics, 9(1):27-34, 1999.
[97] A. Adamatzky. Collision-Based Computing. Springer London, 2002.

[98] W. Maass. Networks of Spiking Neurons: the Third Generation of Neural Net-
work Models. Transactions of the Society for Computer Simulation International,

14(4):1659-1671, December 1997.

[99] W. S. McCulloch and W. Pitts. A Logical Calculus of the Ideas Immanent in Nervous
Activity. Bulletin of Mathematical Biophysics, 5(4):115-133, December 1943.

[100] B. J. MacLennan. A Review of Analog Computing. Technical Report UT-CS-07-601,
Department of Electrical Engineering & Computer Science, University of Tennessee,

Knoxville, 2007.

263



[101] H. T. Siegelmann. Computation Beyond the Turing Limit. Science, 268(5210):545—
548, April 1995.

[102] J. Cabessa and H. T. Siegelmann. Evolving Recurrent Neural Networks are Super-
Turing. In International Joint Conference on Neural Networks, pages 3200-3206.
IEEE, 2011.

[103] W. Maass and E. D. Sontag. Analog Neural Nets with Gaussian or Other Common
Noise Distributions Cannot Recognize Arbitrary Regular Languages. Neural Com-

putation, 11(3):771-782, 1999.

[104] L. Blum, F. Cucker, M. Shub, and S. Smale. Complexity and Real Computation: A

Manifesto. International Journal of Bifurcation and Chaos, 6:3—-26, 1996.

[105] L. Blum, F. Cucker, M. Shub, and S. Smale. Complexity and Real Computation.
Springer, October 1997.

[106] S. Aaronson. Guest Column: NP-Complete Problems and Physical Reality. SIGACT
News, 36(1):30-52, March 2005.

[107] J. D. Hamkins. Infinite Time Turing Machines. Minds and Machines, 12(4):521-539,
November 2002.

[108] S. Franklin and M. Garzon. Neural Computability, volume 1 of Progress in Neural
Networks, pages 127-145. Ablex, 1991.

[109] S. Franklin and M. Garzon. Computation on Graphs, volume 2 of Progress in Neural

Networks, chapter 13. Ablex, 1994.

[110] J. R. Searle. Minds, Brains, and Programs. Behavioral and Brain Sciences, 3(3):417—
457, 1980.

[111] S. Harnad. The Symbol Grounding Problem. Physica D: Nonlinear Phenomena,
42(1-3):335-346, June 1990.

264



[112] L. Steels. The Symbol Grounding Problem Has Been Solved. So What’s Next? Sym-

bols, Embodiment and Meaning. Academic Press, New Haven, 2008.

[113] M. R. Quillian. Word Concepts: A Theory and Simulation of Some Basic Semantic
Capabilities. Behavioral Science, 12(5):410-430, September 1967.

[114] A. M. Collins and E. F. Loftus. A Spreading-Activation Theory of Semantic Process-
ing. Psychological Review, 82(6):407—428, November 1975.

[115] S.-I. Amari. Neural Theory of Association and Concept-Formation. Biological Cy-
bernetics, 26:175-185, 1977.

[116] H. Cohen and C. Lefebvre. Handbook of Categorization in Cognitive Science. Else-

vier Science, 2005.
[117] E. Tulving. Memory and Consciousness. Canadian Psychology, 25:1 — 12, 1985.

[118] C. E. Shannon. A Mathematical Theory of Communication. Bell System Technical
Journal, 27, 1948.

[119] J. Lizier, M. Prokopenko, and A. Zomaya. The Information Dynamics of Phase Tran-
sitions in Random Boolean Networks. In S. Bullock, J. Noble, R. Watson, and M. A.
Bedau, editors, Artificial Life XI: Proceedings of the 11th International Conference on
the Simulation and Synthesis of Living Systems, pages 374-381. MIT Press, Cam-
bridge, MA, 2008.

[120] J. T. Lizier, M. Prokopenko, and A. Y. Zomaya. Detecting Non-Trivial Computation in
Complex Dynamics. In Almeida, Luis M. Rocha, Ernesto Costa, Inman Harvey, and
Anténio Coutinho, editors, Proceedings of the 9th European Conference on Artificial
Life (ECAL 2007), volume 4648 of Lecture Notes in Computer Science, pages 895—
904, Berlin / Heidelberg, 2007. Springer.

265



[121] J. T. Lizier, M. Prokopenko, and A. Y. Zomaya. Local Measures of Information Stor-
age in Complex Distributed Computation. Information Sciences, 208:39-54, Novem-

ber 2012.

[122] J.T. Lizier, M. Prokopenko, and A. Y. Zomaya. Information Modification and Particle
Collisions in Distributed Computation. Chaos, 20(3):037109+, 2010.

[123] H. White. The Entropy of a Continuous Distribution. The Bulletin of Mathematical
Biophysics, 27(1):135-143, 1965.

[124] C. Vignat and J.-F. Bercher. Analysis of Signals in the Fisher-Shannon Information
Plane. Physics Letters A, 312(1-2):27-33, 2003.

[125] A. Pouget, P. Dayan, and R. Zemel. Information Processing with Population Codes.
Nature Reviews Neuroscience, 1:125-132, 2000.

[126] E. T. Rolls and G. Deco. The Noisy Brain: Stochastic Dynamics as a Principle of
Brain Function. Oxford University Press, USA, 1 edition, March 2010.

[127] Y. Bar-Hillel and R. Carnap. Semantic Information. British Journal for the Philos-
ophy of Science, 4:147-157, 1953.

[128] R. Carnap and Y. Bar-Hillel. An Outline of a Theory of Semantic Information. Tech-

nical report. Research Laboratory of Electronics, MIT, 1952.

[129] L. Floridi. Outline of a Theory of Strongly Semantic Information. Minds and Ma-
chines, 14:197-221, 2004.

[130] S.D’Alfonso. On Quantifying Semantic Information. Information, 2(1):61-101,2011.

[131] Z. W. Pylyshyn. Computation and Cognition: Toward a Foundation for Cognitive
Science. MIT, Cambridge, MA, USA, 1986.

[132] A. Newell and H. A. Simon. Computer Science as Empirical Inquiry: Symbols and
Search. Communications of the ACM, 19(3):113-126, March 1976.

266



[133] H. Putnam. Brains and Behavior, pages 211-235. Analytical Philosophy, Second
Series. Oxford: Basil Blackwell, 1963.

[134] J. A. Fodor. The Language of Thought. The Language & Thought Series. Harvard
University Press, 1975.

[135] S. Horst. The Computational Theory of Mind. In Stanford Encyclopedia of Philoso-
phy. 2005.

[136] P. Smolensky. On the Proper Treatment of Connectionism. Behavioral and Brain

Sciences, 11:1-23, February 1988.

[137] G. Cohen. Hemispheric Differences in Serial Versus Parallel Processing. Journal of

Experimental Psychology, 97(3):349-356, 1973.

[138] J. M. Polich. Hemispheric Differences for Visual Search: Serial vs Parallel Process-
ing Revisited. Neuropsychologia, 20(3):297-307, 1982.

[139] A. W. Ellis, R. Ferreira, P. Cathles-Hagan, K. Holt, L. Jarvis, and L. Barca. Word
Learning and the Cerebral Hemispheres: From Serial to Parallel Processing of Writ-

ten Words. Philosophical Transactions of the Royal Society B: Biological Sciences,
364(1536):3675—-3696, December 2009.

[140] P. Smolensky. Tensor Product Variable Binding and the Representation of Sym-
bolic Structures in Connectionist Systems. Artificial Intelligence, 46(1-2):159-216,
November 1990.

[141] P. beim Graben and R. Potthast. Inverse Problems in Dynamic Cognitive Modeling.
Chaos, 19(1):015103, 2009.

[142] C.R. Gallistel and A. P. King. Memory and the Computational Brain: Why Cognitive
Science will Transform Neuroscience. Blackwell/Maryland Lectures in Language

and Cognition. Wiley, 2009.

267



[143] D. Crevier. Al: The Tumultuous History of the Search for Artificial Intelligence. Basic
Books, 1993.

[144] S. J. Russell and P. Norvig. Artificial Intelligence: A Modern Approach. Prentice
Hall Series in Artificial Intelligence. Prentice Hall, 2010.

[145] R. Battiti. Using Mutual Information for Selecting Features in Supervised Neural
Net Learning. IEEE Transactions on Neural Networks, 5(4):537-550, July 1994.

[146] J. C. Principe, D. Xu, Q. Zhao, and J. W. Fisher, III. Learning from Examples
with Information Theoretic Criteria. Journal of VLSI Signal Processing Systems,

26(1/2):61-77, August 2000.

[147] J. C. Principe. Information Theoretic Learning: Renyi’s Entropy and Kernel Perspec-

tives. Springer Publishing Company, Incorporated, 1st edition, 2010.

[148] S. B. Laughlin, R. R. de Ruyter van Steveninck, and J. C. Anderson. The Metabolic
Cost of Neural Information. Nature Neuroscience, 1(1):36—41, May 1998.

[149] F. E. Theunissen and A. Borst. Information Theory and Neural Coding. Nature
Neuroscience, 2:947-957, 1999.

[150] N. Brenner, S. P. Strong, R. P. Koberle, W. P. Bialek, and R. R. de Ruyter van
Steveninck. Synergy in a Neural Code. Neural Computation, 12(7):1531-1552, July
2000.

[151] S. Panzeri. The Role of Spike Timing in the Coding of Stimulus Location in Rat
Somatosensory Cortex. Neuron, 29(3):769-777, March 2001.

[152] A. Mazzoni, S. Panzeri, N. K. Logothetis, and N. Brunel. Encoding of Naturalistic
Stimuli by Local Field Potential Spectra in Networks of Excitatory and Inhibitory
Neurons. PLoS Computational Biology, 4(12), December 2008.

268



[153] M. A. Montemurro, M. J. Rasch, Y. Murayama, N. K. Logothetis, and S. Panzeri.
Phase-of-Firing Coding of Natural Visual Stimuli in Primary Visual Cortex. Current

Biology, 18(5):375-380, March 2008.

[154] C. Kayser, M. A. Montemurro, N. K. Logothetis, and S. Panzeri. Spike-Phase Coding
Boosts and Stabilizes Information Carried by Spatial and Temporal Spike Patterns.
Neuron, 61(4):597-608, February 2009.

[155] A. Buehlmann and G. Deco. Optimal Information Transfer in the Cortex Through
Synchronization. PLoS Computational Biology, 6(9):e1000934, September 2010.

[156] F. Attneave. Some Informational Aspects of Visual Perception. Psychological Review,
61(3):183-193, May 1954.

[157] P. Dayan and L. F. Abbott. Theoretical Neuroscience: Computational and Mathemat-
ical Modeling of Neural Systems. Computational Neuroscience Series. Mit Press,

2005.

[158] L. F. Abbott and P. Dayan. The Effect of Correlated Variability on the Accuracy of a
Population Code. Neural Computation, 11(1):91-101, January 1999.

[159] D. Barber. Bayesian Reasoning and Machine Learning. Cambridge University Press,
2011.

[160] D. C. Knill and A. Pouget. The Bayesian Brain: The Role of Uncertainty in Neural
Coding and Computation. Trends in Neurosciences, 27(12):712-719, 2004.

[161] D. J. Higham. An Algorithmic Introduction to Numerical Simulation of Stochastic
Differential Equations. SIAM Review, 43(3):525-546, March 2001.

[162] H. P. McKean. A Class of Markov Processes Associated with Nonlinear Parabolic
Equations. Proceedings of the National Academy of Sciences, 56(6):1907-1911, 1966.

[163] H. P. McKean. Propagation of Chaos for a Class of Non-Linear Parabolic Equa-

tions. In Stochastic Differential Equations (Lecture Series in Differential Equations,

269



Session 7, Catholic University, 1967), pages 41-57. Air Force Office of Scientific Re-
search, Arlington, Va., 1967.

[164] A. A. Vlasov. On Vibration Properties of Electron Gas. Journal of Experimental and
Theoretical Physics, 8(3):291+, 1938. (In Russian).

[165] R. FitzHugh. Impulses and Physiological States in Theoretical Models of Nerve
Membrane. Biophysical Journal, 1(6):445-466, July 1961.

[166] J. Nagumo, S. Arimoto, and S. Yoshizawa. An Active Pulse Transmission Line Sim-
ulating Nerve Axon. Proceedings of the Institute of Radio Engineers, 50(10):2061—
2070, 1962.

[167] G. Wainrib. Randomness in Neurons: A Multiscale Probabilistic Analysis. PhD
thesis, 2010.

[168] A. Destexhe, Z. F. Mainen, and T. J. Sejnowski. Synthesis of Models for Excitable
Membranes, Synaptic Transmission and Neuromodulation Using a Common Kinetic

Formalism. Journal of Computational Neuroscience, 1(3):195-230, 1994.

[169] G. B. Ermentrout and D. H. Terman. Mathematical Foundations of Neuroscience.

Applications of Mathematics. Springer, 2010.

[170] A. Destexhe. Fluctuating Synaptic Conductances Recreate In Vivo-Like Activity in
Neocortical Neurons. Neuroscience, 107(1):13—-24, November 2001.

[171] A. Destexhe, M. Badoual, Z. Piwkowska, T. Bal, and M. Rudolph. A Novel Method
for Characterizing Synaptic Noise in Cortical Neurons. Neurocomputing, 58-60:191—
196, 2004.

[172] M. Rudolph, J. G. Pelletier, D. Paré, and A. Destexhe. Estimation of Synaptic Con-
ductances and Their Variances From Intracellular Recordings of Neocortical Neu-

rons In Vivo. Neurocomputing, 58-60:387-392, 2004.

270



[173] W. E. Schiesser. The Numerical Method of Lines: Integration of Partial Differential

Equations. Academic Press, 1991.

[174] W. E. Schiesser and G. W. Griffiths. A Compendium of Partial Differential Equation
Models: Method of Lines Analysis with Matlab. Cambridge University Press, 1st
edition, March 2009.

[175] 1. R. Khan and R. Ohba. Closed-Form Expressions for the Finite Difference Ap-
proximations of First and Higher Derivatives Based on Taylor Series. Journal of

Computational and Applied Mathematics, 107(2):179-193, 1999.

[176] J. Baladron Pezoa, D. Fasoli, and O. Faugeras. Three Applications of GPU Com-
puting in Neuroscience. Computing in Science and Engineering, 14(3):40-47, May
2012.

[177] J. Baladron. Exploring the Neural Codes with Parallel Hardware. PhD thesis, 2013.

[178] A. S. Ecker, P. Berens, G. Keliris, M. Bethge, N. K. Logothetis, and A. S. Tolias.
Decorrelated Neuronal Firing in Cortical Microcircuits. Science (New York, N.Y.),

327(5965):584-587, January 2010.

[179] J. Kremkow, L. Perrinet, G. Masson, and A. Aertsen. Functional Consequences of
Correlated Excitatory and Inhibitory Conductances in Cortical Networks. Journal

of Computational Neuroscience, 28(3):579-594, June 2010.

[180] F. Montani, R. A. A. Ince, R. Senatore, E. Arabzadeh, M. E. Diamond, and S. Panzeri.
The Impact of High-Order Interactions on the Rate of Synchronous Discharge and
Information Transmission in Somatosensory Cortex. Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences, 367(1901),
July 2009.

[181] H. Sompolinsky, H. Yoon, K. Kang, and M. Shamir. Population Coding in Neuronal
Systems with Correlated Noise. Physical Review E, 64:51904, 2002.

271



[182] M. T. Wiechert, B. Judkewitz, H. Riecke, and R. W. Friedrich. Mechanisms of Pattern
Decorrelation by Recurrent Neuronal Circuits. Nature Neuroscience, 13(8):1003—

1010, August 2010.

[183] T. Tetzlaff, M. Helias, G. T. Einevoll, and M. Diesmann. Decorrelation of
Neural-Network Activity by Inhibitory Feedback. PLoS Computational Biology,
8(8):e1002596, August 2012.

[184] O. D. Faugeras, J. D. Touboul, and B. Cessac. A Constructive Mean-Field Analysis of
Multi Population Neural Networks with Random Synaptic Weights and Stochastic

Inputs. Frontiers in Computational Neuroscience, 3(1), 2008.

[185] C. Viroli. Finite Mixtures of Matrix Normal Distributions for Classifying Three-Way
Data. Statistics and Computing, 21(4):511-522, 2011.

[186] W. Magnus. On the Exponential Solution of Differential Equations for a Linear

Operator. Communications on Pure and Applied Mathematics, 7(4):649-673, 1954.

[187] L. Isserlis. On a Formula for the Product-Moment Coefficient of any Order of a Nor-
mal Frequency Distribution in any Number of Variables. Biometrika, 12(1/2):134—
139, 1918.

[188] S.-L. Lee and Y.-N. Yeh. On Eigenvalues and Eigenvectors of Graphs. Journal of
Mathematical Chemistry, 12:121-135, 1993.

[189] S. U. Pillai, T. Suel, and S. Cha. The Perron-Frobenius Theorem: Some of its Appli-
cations. Signal Processing Magazine, IEEE, 22(2):62-75, 2005.

[190] O. Sporns. Small-World Connectivity, Motif Composition, and Complexity of Fractal
Neuronal Connections. Biosystems, 85(1):55-64, July 2006.

[191] G. Tononi, G. M. Edelman, and O. Sporns. Complexity and Coherency: Integrating
Information in the Brain. Trends in Cognitive Sciences, 2(12):474—484, December
1998.

272



[192] J. C. Spall. Monte Carlo-Based Computation of the Fisher Information Matrix in
Nonstandard Settings. In American Control Conference, volume 5, pages 3797-3802,
2003.

[193] S. Das, J. C. Spall, and R. Ghanem. An Efficient Calculation of Fisher Information
Matrix: Monte Carlo Approach Using Prior Information. In 46th IEEE Conference
on Decision and Control, pages 963—968, 2007.

[194] J. C. Spall. Improved Methods for Monte Carlo Estimation of the Fisher Information
Matrix. In American Control Conference, pages 2395-2400, 2008.

[195] J. C. Spall. On Monte Carlo Methods for Estimating the Fisher Information Matrix
in Difficult Problems. In Conference on Information Sciences and Systems, pages

741-746. IEEE, 2009.

[196] S. Das, J. C. Spall, and R. Ghanem. Efficient Monte Carlo Computation of Fisher In-
formation Matrix Using Prior Information. Computational Statistics & Data Analy-

sis, 54(2):272-289, February 2010.

[197] T. K. Moon. The Expectation-Maximization Algorithm. Signal Processing Magazine,
IEEE, 13(6):47-60, 1996.

[198] W. K. Hastings. Monte Carlo Sampling Methods Using Markov Chains and Their
Applications. Biometrika, 57(1):97-109, 1970.

[199] T. Schreiber. Measuring Information Transfer. Physical Review Letters, 85(2):461—
464, July 2000.

[200] A. Kaiser and T. Schreiber. Information Transfer in Continuous Processes. Physica

D: Nonlinear Phenomena, 166:43 — 62, 2002.

[201] X. S. Liang and R. Kleeman. Information Transfer between Dynamical System Com-

ponents. Physical Review Letters, 95:244101, December 2005.

273



[202] A. A. Minai and R. D. Williams. Original Contribution: On the Derivatives of the
Sigmoid. Neural Networks, 6(6):845-853, June 1993.

[203] L. Carlitz. Eulerian Numbers and Polynomials. Mathematics Magazine, 32(5):247—
260, 1959.

[204] S. J. Miller. An Identity for Sums of Polylogarithm Functions. Integers: Electronic
Journal Of Combinatorial Number Theory, 8, 2008.

[205] E. Y. Deeba and D. M. Rodriguez. Stirling’s Series and Bernoulli Numbers. The
American Mathematical Monthly, 98(5):423-426, 1991.

[206] K. Adegoke and O. Layeni. The Higher Derivatives of the Inverse Tangent Function
and Rapidly Convergent BBP-Type Formulas for Pi. Applied Mathematics E-Notes,
10:70-75, 2010.

274



	Abstract
	Dedication
	Acknowledgements
	Résumé (en Français)
	Thesis Organization
	Software and Hardware
	Présentation générale (en Français)
	Introduction
	How can we describe the brain?
	The Theory of Complexity
	Is the brain a computer?
	Computation
	Information processing
	The human mind in terms of computation
	Information processing in the brain
	Partial conclusion


	Mean-field analysis of some neural networks
	The rate model 
	The mean-field equation: method #1
	Fokker-Planck equation of a finite neural network
	The mean-field equation: method #2
	Solution of the mean-field Fokker-Planck equation

	The FitzHugh-Nagumo model
	The mean-field equation
	Numerical solution of the Fokker-Planck equation

	Fisher information
	Partial conclusion

	Mayer's cluster expansion and finite size effects of the neural networks
	Mayer's cluster expansion 
	Second equation
	Numerical simulations of the probability density
	Numerical results for the Fisher information
	Partial conclusion

	Perturbative analysis with strong synaptic weights
	Description of the model
	The system of equations
	The initial conditions
	Solutions of the equations

	Correlation structure of the network
	Calculation of the fundamental matrix
	Block circulant matrices with circulant blocks
	Symmetric matrices

	Numerical comparison
	Correlation as a function of the input
	Failure of the mean-field theory
	Independence does not occur for N if C1, C2 or C3 are not equal to zero
	Propagation of chaos does not occur for a general connectivity matrix
	Stochastic synchronization

	Fisher information
	Partial conclusion

	Perturbative analysis with weak synaptic weights
	Description of the model
	The system of equations
	The initial conditions
	Solutions of the equations

	Correlation structure of the network
	A problem with the initial conditions
	Fractal connectivity matrix
	Numerical experiments
	Fisher information
	Partial conclusion

	Numerical calculation of the Fisher information
	Description of the algorithm
	Numerical results
	Partial conclusion

	Conclusion
	Conclusion générale (en Français)
	Appendix Self-consistency constraints of the Mayer's cluster expansion
	Appendix Spike count correlation
	Appendix Perturbative expansion of the Fisher information
	First term
	First order approximation of the second term
	Third term
	Fourth term
	Putting everything together: First order approximation of the Fisher information
	Second order approximation of the Fisher information
	Third order approximation of the Fisher information

	Appendix Radius of convergence of the sigmoid and arctangent functions
	The sigmoid function
	The arctangent function

	Appendix Higher order correlations for a fully connected neural network
	Appendix Proof that formula 5.55 gives real functions

