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Informatics-enabled studies are transforming brain science. New methodologies
enhance human interpretive powers when dealing with big data sets increasingly
derived from advanced neuro-imaging technologies, including fMRI, PET, MEG,
EEG and fNIRS, as well as from other sources like eye-tracking and from wearable,
portable, micro and nano devices. New experimental methods, such as in to imaging,
deep tissue imaging, opto-genetics and dense-electrode recording are generating
massive amounts of brain data at very fine spatial and temporal resolutions. These
technologies allow measuring, modeling, managing and mining of multiple forms
of big brain data. Brain informatics & health related techniques for analyzing all the
data will help achieve a better understanding of human thought, memory, learning,
decision-making, emotion, consciousness and social behaviors. These methods also
assist in building brain-inspired, human-level wisdom-computing paradigms and
technologies, improving the treatment efficacy of mental health and brain disorders.

The Brain Informatics & Health (BIH) book series addresses the computational,
cognitive, physiological, biological, physical, ecological and social perspectives
of brain informatics as well as topics relating to brain health, mental health and
well-being. It also welcomes emerging information technologies, including but not
limited to Internet of Things (IoT), cloud computing, big data analytics and interactive
knowledge discovery related to brain research. The BIH book series also encourages
submissions that explore how advanced computing technologies are applied to and
make a difference in various large-scale brain studies and their applications.

The series serves as a central source of reference for brain informatics and
computational brain studies. The series aims to publish thorough and cohesive
overviews on specific topics in brain informatics and health, as well as works that are
larger in scope than survey articles and that will contain more detailed background
information. The series also provides a single point of coverage of advanced and
timely topics and a forum for topics that may not have reached a level of maturity to
warrant a comprehensive textbook.
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Preface

When learning to build brain computational models using the method proposed in
this book or other approaches, it is crucial to remember that a model, no matter
how detailed or carefully constrained through data, is not reality. It does not matter
whether the model represents the functioning of a single neuron or is a “system-level
model” that considers the interactions between different areas of the brain and the
interplay between the brain, body, and environment. Ultimately, it is still not reality.
A model must simplify and capture the essence of reality. Through this simplification,
the model becomes a tool that allows us to see and understand aspects of reality that
would otherwise be difficult to grasp. A computational model is a tool for formulating
new hypotheses about brain functioning or malfunctioning and exploring new paths
that are challenging to pursue through reasoning or experiments alone.

Over the years, we have learned to create computational models at various levels
of abstraction, ranging from connectionist models to more detailed biological models
with spiking neurons and differential equations, as described in this book. We have
come to believe that no single method of investigation—whether it be experiments,
computer simulations using models, neurophysiology, or brain imaging—is inher-
ently superior to another, nor is there an optimal level of abstraction for creating
computational models to study the brain. A computational model that includes more
detailed representations of the brain-body-environment system is not necessarily
better than a more abstract model that captures general statistical properties and
vice versa. The suitability of a model depends on the specific problem studied. A
complex model often involves a greater number of free parameters to set, making it
unmanageable and difficult to interpret.

Therefore, a model is a tool that can help you think about a problem in new ways
compared to traditional “pen and paper” reasoning. However, two reasons make the
computational model a unique and, in some ways, special tool compared to other
techniques used to study brain, such as empirical experiments or brain imaging. To
begin with, a model allows you to operationalize a theoretical hypothesis and bring
it to life through a computer simulation. For instance, you might hypothesize that a
lesion in brain area X causes an effect in area Y. With the model, you can verify if this
occurs. But there is more. The simulation might reveal that in addition to affecting
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area Y, the lesion in area X also causes changes in a third brain region, Z, which you
had not considered. The simulation results prompt you to reflect on other factors.
Computational models, particularly system-level models like those discussed in this
book, can integrate and synthesize findings from various approaches and method-
ologies, such as behavioral experiments, brain imaging, genetic studies, and more.
This integrative capability is another fundamental aspect that makes computational
models a unique and valuable tool for studying the brain through a system-level
approach that considers multiple factors.

Thus, the model enables a strongly interdisciplinary approach to investigate the
brain, supporting an “original multi-methodological language”, facilitating syner-
gistic interaction with colleagues from diverse backgrounds. This approach allows
for the assimilation and transmission of trans-disciplinary knowledge and promotes
cross-fertilization between different domains. The interdisciplinary viewpoint allows
us to broaden the impact of our research to engage psychologists, neuroscientists, and
clinicians aside from modelers. This process fosters innovative perspectives on brain
research by promoting collaboration across disciplines like neuroscience, artificial
intelligence, psychology, and cognitive science, as well as diverse scientific methods
such as (neuro)computational modeling, simulations, machine learning, and exper-
imental psychology. The system-level modeling technique showcased in this book
supports this viewpoint.

We have developed an interdisciplinary methodology to design system-level brain
models using systems of ordinary differential equations, which are to be solved
and analyzed through simple Python scripts. These models could be successfully
applied in many contexts: to study healthy and damaged brain functions and hence
improve the current understanding of the system-level neural mechanisms under-
lying brain disorders, but also to discover, through computer simulation, new neural
pathways that may be crucial for the emergence of pathologies, as well as the effects
of possible new therapies acting on brain actors poorly investigated in traditional
research. The main goal of this system-level perspective is to provide an operational
hypothesis about the role played by a network of brain areas underlying a behavior:
different classes of behaviors are generated by the interplay of various subsets of
brain components rather than by specific components in isolation. The proposed
method consists of four key steps: (i) designing the model architecture to represent
interactions between distinct brain regions; (ii) formulating the system of ordinary
differential equations derived from the architecture drawn in (i); (iii) developing a
Python script to solve these equations; and (iv) identifying the model free parameters
using optimization techniques, such as genetic algorithms or alternative methods, to
generate one or more instances that accurately reproduce the target behavior under
investigation.

This four-step method has been progressively integrated into the courses we
teach at the interdisciplinary “Advanced School in Artificial Intelligence (AS-AI)!”
directed and co-founded by the first author of this book and promoted by the Institute
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of Cognitive Sciences and Technologies of the Italian National Research Council?
and by AI2Life srl.> AS-Al is open to students with any background and actively
supports inter-disciplinary collaboration. The idea for this book emerged from this
interdisciplinary framework, emphasizing the importance of collaboration and the
exchange of ideas across scientific fields. The book is designed for anyone interested
in using Python and ordinary differential equations to simulate different aspects
of reality, regardless of their background. In addition to explaining the method-
ology for building system-level brain computational models, the book also includes
examples from other dynamic complex systems, such as those in physics and social
sciences. While rigorous mathematical proofs of many topics discussed are beyond
the scope of this work—since they remain open research areas requiring advanced
mathematical expertise—the essential elements needed for critical analysis and self-
assessment are presented in a simplified and practical manner. For those interested
in delving deeper, extensive references are provided. This textbook is a comprehen-
sive resource, providing everything needed to learn from the ground up. It covers
essential mathematical concepts—ranging from foundational topics for beginners to
insights on advanced subjects for more experienced readers—as well as fundamental
computing and collaboration tools indispensable for interdisciplinary, team-based
research. Additionally, it introduces the basics of Python programming and equips
readers with the skills to design, simulate, visualize, and interpret models of the brain
and other complex systems. These abilities are honed through numerous hands-on
examples, explained step-by-step.

Keywords: Brain simulation, Digital twin, Hands-on examples, Interdisciplinary,
Network neuroscience, Numerical models, Python, Ordinary differential equations,
System-level modeling.

Acknowledgments for Daniele Caligiore

I express my gratitude to my colleagues at the Italian National Research Council—
Institute of Cognitive Sciences and Technologies and AI2Life srl, and the lecturers
and students at the Advanced School in Artificial Intelligence. My heartfelt thanks
go to Serena, Chiara, Carla, Claudio, Francesca, Maria Enza, Mauro, Miriam, Mirco,
Nella, Nello, Paola, and Salvatore for their support and encouragement.

Acknowledgments for Samuele Carli

Mentioning all the incredible friends and collaborators that accompanied me during
this journey, and everything they did with me and for me, would require a book of its

2 www.istc.cnr.it.

3 www.ai2life.com.


https://www.istc.cnr.it
https://www.ai2life.com

< Preface

own. You know who you are, and I’m sure you also know how grateful I am. Thank
you! Osobitné pod’akovanie patri mojej Gizasnej manzelke Ine, e grazie a mamma e
babbo!

Rome, Italy Daniele Caligiore
Padua, Italy Samuele Carli



Competing Interests The authors have no competing interests to declare that are
relevant to the content of this manuscript.

xi



Contents

1 Essential Computing Tools ......................................
1.1 Programming Styles and Development Methodologies ..........
1.1.1  Procedural Programming ................ ... .o...
1.1.2  Object-Oriented Programming .......................
1.1.3  Test Driven Development ...........................
1.1.4  Continuous Integration/Continuos Delivery ............
1.1.5  Software, Data, and Their Fight Against Time ..........
1.2 Versioning and Collaborating ...............................
121 AGitPrimer ........... .. .. i

1.2.2  Development Approaches: Branching and Merging
SIate@IeS . .o v vttt ettt
1.3 The Python Programming Language .........................
1.3.1  Incremental Development ...........................
1.3.2  Alternatives and Complements .......................
1.4 Running Python Programs .................. ... ... ... ...,
1.4.1  Scripts and Programs .............. ... ... ... ... ...,
1.4.2  Jupyter Notebooks .............. ... ... ... ...
1.5 Python Kickstart ...t
1.5.1 AttheBeginnig ...........ooiiiiiiiiniiiiiiinan.
1.5.2  Scripts, Modules, Libraries, Packages .................
1.5.3  Exploring the Language ............................
1.6 Closing Remarks ............iiiiiiiiiiiiiinn
2 Essential Mathematics Tools ........................ ... ... ......
2.1  Linear Algebra (with Python) ........... ... ... ... ... ....
2.1.1  Scalars, Vectors, Matrices ..............covuuueen....
2.1.2  Computational Rules ...............................
2.1.3  Eigenvalues ............... ... i i,
2.1.4  Vector Space ...........oiiiiiiiiiiiiii i

N NP WN ===

Xiii



Xiv

Contents

2.1.5 Linearly Dependent and Independent Vectors ..........
2.1.6  Intuitive and Formal Definition of Eigenvalues .........

2.1.7  The Importance of Eigenvalues in Ordinary
Differential Equations .............. ...,
2.2 Ordinary Differential Equations (ODEs) ......................
2.2.1  Derivatives and Integrals ............................
2.2.2  Equations Versus Differential Equations ...............
2.3 Mathematics on the Computer: Errors and Their Sources ........
2.3.1  Rounding Errors: Finite Arithmetic on the Computer . . ..
24  Finding ROOS ... ...t
2.5  Linear SYStemMS .. ...ttt
2.5.1 Nonlinear Systems ............couuiineeiinnnnneann.
2.6 Approximation by Interpolation ................. ... ... ...
2.6.1  Least Squares Approximation ........................
2.7  Difference Equations .................iiiiiiiiiiiiiiii
2.8 Initial Value Problems .............. ... ... .. oL
2.8.1  Stability with Fixed Step ......... ...t
2.9  Linear Systems of Equations .................. ... .. ...
29.1 Higher Order Systems ..............................
29.2  Stability ..........
2.10 NonLinear Systems of Equations ...................ccoouua..
2.11 Numerical Optimization ...............couuiineeieunnneenn.
2.11.1 Local and Global Optimization ......................
2.11.2 Derivative-Free Optimization ........................
2.11.3 Genetic Algorithms ............. ... ... ... ... ... ....

Examples of ODE Models of Physical Phenomena .................
3.1  Simulating Population Growth ..............................
3.2 Balance Equation .................. i
3.3  Simulating Prey-Predator Dynamics ..........................
3.4 Diabetes Mellitus . ........ouuuiiiiiiiiiiiia

A Four-Step Method for Constructing System-Level Brain
Models with ODE and Python ...................................
4.1  Levels of Abstraction for Simulating Brain Functions ...........
4.2 Digital TWINS ... vutt e e e e e e e
4.3  Towards Eliminating Experiments Involving Animals ...........
4.4  The Four-Step Method ........ ... ... i,
4.4.1  Step 1: Drawing the System-Level Model .............
442  Step 2: Writing the Ordinary Differential Equations .. ...
4.43  Step 3: Building the Model with Python ...............
444  Step 4: Optimizing Model Parameters to Match
Subject-SpecificData ........... ... ... o oL
4.4.5 Transition from Healthy Subject to Alzheimer’s
Disease ........ouuiiiiiii



Contents XV

4.5 Other Examples .........oiiiiiiii i 153
4.5.1  Simulating Learning Processes in the Basal Ganglia .... 154
4.5.2  Simulating Basic Brain-Body Interactions ............. 157
4.5.3  Simulating the Effect of Monoamine Depletion
on Parkinson’s Disease ................... ... ... 166
Conclusions . ........ ... .. 189

Bibliography . .......... ... 191



About the Authors

Daniele Caligiore is a Research Director at the Institute of Cognitive Sciences and
Technologies (ISTC) of the Italian National Research Council (CNR), where he coor-
dinates the Computational and Translational Neuroscience Laboratory (CTNLab).
This interdisciplinary research group leverages artificial intelligence (AI) and compu-
tational neuroscience to study brain function and behavior. The CTNLab ultimate
goal is to discover new clinical applications and therapies for neurodegenerative
diseases. He is the director and co-founder of the Advanced School in Artificial
Intelligence (AS-AI), a postgraduate institution supported by ISTC, dedicated to
the interdisciplinary study and application of Al. Additionally, he teaches “Artifi-
cial Intelligence Systems in Social Contexts” at the Libera Universita Maria Santis-
sima Assunta (LUMSA) in Rome. Daniele earned his Master’s Degree in Electronic
Engineering from the University of Catania in 2003 and a PhD in Biomedical Engi-
neering from the University Campus Bio-Medico of Rome in 2011. He has been
a visiting scholar at the University of Plymouth, the University of Bologna, and
the University of Southern California. With over 90 scientific articles published
in international journals, conference proceedings, and book chapters, Daniele has
also contributed to numerous international research projects in artificial intelligence
and neuroscience. He serves on the Scientific Secretariat of the CNR Commission
for Ethics and Integrity in Research and is an expert evaluator of research project
proposals in Al and neuroscience for the Italian Ministry of University and Research
(MUR) and the European Commission. Additionally, he is a founding member of
Al2Life, a spin-off of ISTC-CNR, which aims to promote the use of Al to foster
social development and individual well-being. Daniele is the author of interdisci-
plinary books, including “IA istruzioni per I'uso” and “Curarsi con I’Intelligenza
Artificiale”, both published by il Mulino, and “Healing with Artificial Intelligence”,
published by Routledge Taylor & Francis.

Samuele Carli is a seasoned Senior Developer and Entrepreneur with over 25 years
of professional experience. Throughout his career, he has contributed to a diverse
array of projects across scientific research, industry, and business domains, taking
on roles ranging from developer to project manager and coordinator. He holds a

xvii



Xviii About the Authors

Master of Science degree in Computer Science from Universita degli Studi di Firenze,
specializing in numerical analysis, computer simulation, and artificial intelligence.
His expertise includes work on machine learning applications for data analysis at
CERN (the European Organization for Nuclear Research). Currently, he collabo-
rates as a researcher with CTNLab and ISTC-CNR, focusing on brain modeling and
simulation in the context of neurodegenerative diseases. In addition to his research
endeavors, Samuele teaches courses on numerical optimization at the Advanced
School in Artificial Intelligence. He is also the co-founder and Chief Technology
Officer of Entersys S.r.l., a company dedicated to small enterprise management
and the development of Al-driven and data-centric solutions for enterprise resource
planning and management.



List of Figures

Fig. 2.1  Vectors v and ¢V in the Cartesian plane with grid lines ......... 42
Fig.2.2 a A vector v in the Cartesian plane. b A vector v

in the Cartesian space R® . ... .. ... ... ... .. ... .......... 43
Fig. 2.3  Growth of a tree height over time. The plot shows

how the height increases eachyear ......................... 57

Fig. 2.4 Measurement errors. Systematic errors are constant in sign
and magnitude, while random errors follow a probability
distribution, centered around the true value dispaced

by the systematic €rror . ........c..ouiiiiii i 60
Fig.2.5 A flowchart representation of a generic genetic algorithm ....... 98
Fig. 2.6 A flowchart representation of the Diffirential Evolution

optimization algorithm [1] ......... ... ... . ... ... ... ... 100

Fig. 4.1 Utilizing the digital twin to select the optimal therapy

involves generating a model based on data from the real

patient, including clinical, anatomo-physiological,

and personal information. This model mirrors the patient’s

brain and body functions by creating a digital twin.

Subsequently, clinicians could evaluate a range of therapies

using the digital twin to pinpoint the most suitable

personalized treatment for the specific patient. Figure

adapted from [2] ... .. . 128
Fig. 4.2 Block diagram depicting a potential interaction

between the cerebellum (Cer), ventral tegmental area

(VTA), and medial prefrontal cortex (mPFC). This

interaction is governed by parameters a; and by, with t

representing the neural decay times for each region.

Additionally, parameters dey, by, and cey, capture

the influence of the broader brain context on these three areas ... 133
Fig. 4.3  Snapshot of the robotic arm position at frame 50

during the simulation, illustrating the joint configuration

and end-effector location ............ ... .. ... ... ... 163

Xix



XX

Fig. 4.4

Fig. 4.5

Fig. 4.6

Fig. 4.7

Fig. 4.8

Conceptual model schema. The average activation
frequencies of six brain areas are modeled (rounded
rectangles); some interactions are modulated by monoamines
(circles). Arrows represent positive (excitatory) effects
while circles represent negative (inhibitory) effects.
Noradrenaline has a nonlinear (both excitatory

and inhibitory) effect on SNcVTA which is indicated

by a bar. Each area has a corresponding stimulus (ovals)
which represents self-activation as well all any other
stimulus the area might receive from the rest of the brain
which is not modeled. Lastly, hexagons serve as indicators
for identifying the areas influenced by the administration

of specific drugs. Reproduced with permission from [3] ...

Generated target values distribution for all cases:

in black, the SHAM case. The LDA dopaminergic
lesion target (red) differs from SHAM only for SNcVTA
and LC. The serotonergic LSHT lesion target (yellow)
differs from SHAM only in for GP and DRN. Finally,
the noradrenergic LNE lesion target (blue) differs

from SHAM only for LC. Values for each individual are
generated so that each area follows a normal distribution
around a center value with a maximum spread of £50%

(40 = 0.5u). Adapted with permission from [3] .........

Summary of the behavior exhibited by GP (a), SuD1 (b),
StrD2 (¢), SNcVTA (d), DRN (e), and LC (f) across various
groups including SHAM, LDA, L5SHT, LNE, LDA+L5HT,
and LDA+LNE, with each group consisting of 40 distinct
subjects binned accordingly. Adapted with permission

from [3] ...

Example of dynamic behaviour of a simulated target. On
the left, lesions are applied one by one at different times,
while on the right, lesions are applied simultaneously. The
dynamic behaviour is different, but as the systems have
been chosen by the fitness function to be asymptotically
stable in all conditions, the same stable solution is reached

INbothCases ........ ...

The comparative sensitivity of each brain area to individual
parameters among healthy subjects is analyzed. A higher
value indicates a greater impact (in absolute magnitude)

of a parameter on the activation frequency of a given area.
The values are normalized to unity, emphasizing the relative
magnitude of effects derived from each parameter. Adapted

with permission from [3] .......... ... ... L.

List of Figures



List of Figures Xxi

Fig. 4.9

Lesion and treated values for GP (a), StrD1 (b), StrD2 (¢),

SNcVTA (d), DRN (e), LC (f). A statistically significant

increase in average LC activity (and thus noradrenaline

levels) can restore the activity (and consequently

monoamine production levels) of all areas significantly

affected by LDA to SHAM levels. Adapted with permission

from [B] ..o 186



	Preface
	Acknowledgments for Daniele Caligiore
	Acknowledgments for Samuele Carli

	Contents
	About the Authors
	List of Figures

