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The Biggest Global Issues Facing Mankind



A complex system is made of many connected elements 
presenting emergent properties, like collective behavior, 

universality and adaptation.

Complex system

The whole is 
more than the 

sum of its parts.



Complex system

https://www.youtube.com/watch?v=4BdjxYUdJS8&ab_channel=NationalGeographic

https://www.youtube.com/watch?v=4BdjxYUdJS8&ab_channel=NationalGeographic


Complex system

https://www.youtube.com/watch?v=0dskCpuxqtI&feature=emb_logo

https://www.youtube.com/watch?v=0dskCpuxqtI&feature=emb_logo


Complex system

https://www.youtube.com/watch?v=KnPiP9PkLAs&ab_channel=konzeptunddialog

https://www.youtube.com/watch?v=KnPiP9PkLAs&ab_channel=konzeptunddialog


Complex system



História...

Murray Gell-Mann

1995: A complexidade é uma farsa?
1984



Nature, 1998

Science, 1999

História...

A era das redes



“Behind each system studied in complexity there is an 
intricate wiring diagram, or a network, that defines the 

interactions between the component.”

Complex networks

Network Science, A. L. Barabási.



=

Networks represent the structure of complex systems.





Complex networks



“Organisms from all three 
domains of life are scale-free

networks!”

H. Jeong et al., Nature, 407 651 (2000)

Metabolic networks

Complex networks



Bert Vogelstein, David Lane & Arnold J. Levine, Nature 408, 2000

Complex networks



Complex networks





Books





https://www.nobelprize.org/prizes/physics/2021/press-release



Examples of complex systems



Brain



Society



Internet



Food webs



Barabási, Networks Science, Cambridge Un. Press

Human disease network



Climate networks



Facebook



Emergence



Hierarchy



How do we study complex systems?



Structure Dynamics Applications

Complex Systems



Structure Dynamics Applications

Complex Systems



Network structure

x = [x1, x2,…]



Adjacency matrix



Degree distribution

k

P(k)

1 2 3 4

0.1
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P(k) : probability that a node has degree k

Random networks Scale-free networks



Pedro

Maria

Sociedade:
Six degrees  
S. Milgram 1967

WWW: 
19 degrees
Albert et al. 1999

Distance = 3

Distance

João

Ana



Community structure



Betweenness centrality

Centrality



Costa, Rodrigues, Travieso, Villas Boas. Advances in Physics 2007

Network measures



Structure Dynamics Applications

Complex Systems



𝑑𝜙!
𝑑𝑡

= 𝐹(𝜙!) +)
"

𝐴!"𝐺(𝜙! , 𝜙")



Dynamical processes in networks

Synchronization

Epidemics Spreading

Rumor Spreading

Cascade failures

Cooperation

Opinion dynamics

…



Structure X Dynamics

We can control dynamical processes by 
changing the network structure.



Synchronization



Synchronization

https://www.youtube.com/watch?v=W1TMZASCR-I&ab_channel=AlirezaBahraminasab

https://www.youtube.com/watch?v=W1TMZASCR-I&ab_channel=AlirezaBahraminasab


Ichinomiya, T,. Phys. Rev. E, (2004)

Kuramoto model



Continuous phase transition
Order parameter

Ichinomiya, T,. Phys. Rev. E, (2004)

Kuramoto model



𝜆! ≈
⟨𝑘⟩
⟨𝑘"⟩

≈ 0

𝜆! ≈
1

⟨𝑘⟩ + 1

Kuramoto model



Continuous phase transition

First-order phase transition

Explosive synchronization



Peron and Rodrigues, PRE, 2012

𝜔! = 𝑘!

Explosive synchronization



Second-order Kuramoto model



Francisco A. Rodrigues, Thomas K.DM. Peron, Peng Ji, Jürgen Kurths
The Kuramoto model in complex networks
Physics Reports, V. 610, Pages 1–98, (2016).



Spreading



Bubonic Plague



H1N1

2009 flu pandemic



Spreading depends on the network structure!



How to study epidemic processes?

Theoretical: 

• Mathematical models
• Agent-based models

Data Driven:
• Mathematical Models

• Time series forecasting (ML, Statistics)



Epidemic Spreading models



Pastor-Satorras et al. Reviews of Modern Physics 2014

Epidemic Spreading models



≠

Epidemic Spreading models

• A. G. McKendrick and W. O. 

Kermack (1927): deterministic 

model.



Degree-based mean field: SIS model

v

Keeping only the first order terms:

Multiplying the equation with (k–1)pk/〈k〉 and summing over k 

characteristic 
time

the fraction of 
infected neighbors 

of a susceptible 
node k 

Epidemic spreading in heterogeneous networks



Degree-based mean field: SIS model

A global outbreak is possible if 𝜏 > 0, which 
yields the condition for a  global outbreak as 

Satorras and Vespignani, PRL, 2001

Epidemic spreading in heterogeneous networks



Scale-free networks

P k ~k!"



A. L. Barabási, Network Science, Cambridge, 2015.

0~

Epidemic spreading in heterogeneous networks



Rumor spreading

Arruda et al. Nature Communications, 2022.



Multilayer networks

Arruda et al., Physical Review X, 2017



Epidemic spreading depends on the 
network structure

1. Mean-field

2. Markov chain

3. Quenched-MF (QMF)

4. Pair approximation

5. Individual based MF

6. Message passing

7. …

Guilherme F. de Arruda, Francisco A. Rodrigues, and Yamir Moreno
Fundamentals of spreading processes in single and multilayer complex networks

Physics Reports, Volume 756, Pages 1-60 (2018).



Structure Dynamics Applications

Complex Systems



Applications

• Physics

• Biology

• Medicine

• Engineering

• Ecology

• Climate

• Financial Market

• Sociology

• Computer Science

• Neuroscience

• …
http://www.visualcomplexity.com



Brain networks



Diagnosis of mental disorders

Machine Learning

YES NO



Child-onset schizophrenia 
(or pediatric schizophrenia) is a type of mental disorder 
characterized by degeneration of thinking, motor, and 
emotional processes in children and adolescents under 

the age of 18. 

Challenge: Early diagnosis.

Child-onset schizophrenia



Child-onset schizophrenia

Data:  Healthy subjects (n = 20, mean age 19.7 years; 11 male)
adolescent participants with childhood-onset schizophrenia 

(n = 19, mean age 18.7 years; 9 male). 
The subjects were scanned using a General Electric Signa MRI scanner 

operating at 1.5 Tesla.
Only the right hemisphere (140 regions).

fMRI

Arruda et al. Clinical Neurophysiology, 2013



Child-onset schizophrenia

Vi = [M1, M2, M3, …, M54]

54 measures calculated for each node.

Arruda et al. Clinical Neurophysiology, 2013



Child-onset schizophrenia

Arruda et al. Clinical Neurophysiology, 2013



Alzheimer’s disease and schizophrenia

Alves et al., Journal of Physics: Complexity, (2022).



Diagnosis of mental disorder

Disorders

Attention Deficit Hyperactivity Disorder Autism spectrum disorders

Classifier Accuracy AUC

Knn 0.58 0.53

Naive Bayes 0.63 0.50

Decision 
Trees 0.63 0.51

Neural 
Networks 0.65 0.50

Classifier Accuracy AUC

Knn 0.57 0.44

Naive Bayes 0.58 0.54

Decision 
Trees

0.67 0.62

Neural 
Networks 0.63 0.52



Epidemic outbreaks



https://www.tylervigen.com/spurious-correlations

Correlation versus Causation



Causal inference

In the 1940s Polio 
example, public health 
experts recommended 
that people stop eating 
ice cream as part of an 

"anti-polio diet".



• Epidemiology: study of how and 
why diseases (& health) spread. 

• Two public health goals:

• forecasting disease 
prevalence to anticipate 
outbreaks and allocate 
resources

• understanding disease 
drivers to develop effective 
preventative interventions. 

• Machine learning: fit function 
from patterns in data without 
explicit encoding of rules. 
• High predictive accuracy, 

especially in modern big data 
world.
• But: criticized for lack of 

generalizability, transparency, and 
fairness.
• Can causal machine learning 

help?
• Encodes causal assumptions 

about the world
• Robust to domain shifts

Epidemiology Causal machine learning

Causal inference and epidemiology



• Half of the world’s population is at 
risk of dengue infection

• Brazil’s economic burden of dengue 
in 2013 was 300 million USD

• Climate change is expected to 
increase incidence of dengue and 
other vector-borne diseases around 
the world

• Given the lack of vaccine and 
specific treatments, primary 
preventative measures are vector 
control and disease surveillance

Disability-adjusted life years for dengue 
fever per million inhabitants in 2012.

Dengue is a serious public health concern

Source: WHO Disease Burden Estimates,



Compare machine learning algorithms & feature selection methods

Which model is optimal for individual cities vs for all cities in Brazil?
Does causal feature selection improve predictions? Or is there a 

predictive cost of more causally informed models?

Forecasting dengue in Brazilian cities

Roster, Connaughton and Rodrigues, American Journal of Epidemiology, (2022).



Roster, Connaughton and Rodrigues, American Journal of Epidemiology, (2022).

Forecasting dengue in Brazilian cities



Economic networks



Alves et al., Scientific Reports, 2022.

Worldwide trade multi-layer network



Climate networks



Discovering causal factors of drought in Ethiopia

Noorbakhsh et al. Climate Informatics, 2020.



Complex systems





https://basicresearch.defense.gov/Portals/61/Documents/future-directions/Network_Sciences.pdf

“With roots in physical, information, and social sciences, 
network science provides a formal set of methods, tools, and 

theories to describe, prescribe, and predict dynamics and 
behavior of complex systems.”

Challenges

https://basicresearch.defense.gov/Portals/61/Documents/future-directions/Network_Sciences.pdf?ver=2017-09-20-003223-043


Challenges

• Temporal networks

• Multilayer networks

• Networks with noise

• Heterogeneous dynamics

• Interaction between dynamical 

processes

• Hierarchical structure

• Applications: genetics, biology, 

neuroscience, engineering.

Arruda et al., Physical Review X, 2017



https://sites.icmc.usp.br/francisco

francisco@icmc.usp.br

Obrigado!

Em breve!





Multilayer networks

Ventura et al., Physical Review E, 2019


