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One of the current major threats is a large-scale disease. 
Can we predict it?

from A. Vespignani



from A. Vespignani

What have changed that makes prediction harder than 
before?



What has changed?



Complex Networks

Structure Dynamics

- Algorithms
- Metrics
- Real Networks
- Network Models

- Percolation
- Spreading Processes
- Diffusion
- Discrete

- Synchronization
- Reaction kinetics
- Signaling
- Evolutionary Game
  Dynamics

Single Networks
( < 2011/ 12)



State of the Art  (> 2011-2012)

- New Theoretical Framework
- Characterization real networks
- New metrics
- (Simple) Dynamics: Diffusion, Percolation, Spreading

Multilayer Networks

M. Kivela, A. Arenas, M. Barthelemy, J. P. Gleeson, Y. Moreno, and M. A. Porter, “Multilayer Networks”, 
Journal of Complex Networks 2, 203-271 (2014).

A. Aleta and Y. Moreno, “Multilayer Networks in a Nutshell”, to appear in Annual Reviews of 
Condensed Matter Physics, (2019).

G Bianconi,“Multilayer Networks”

E. Cozzo, G. F. de Arruda,  F. A. Rodrigues and Y. Moreno,“Multilayer Networks: basic formalisms and 
structural properties”, (2018).



Original, aggregate network

Layers account for different networks of contacts

D1

D2

D3Host Population



Co-occurrence TB-HIV: 

From “Tuberculosis in Africa, combating an HIV-driven Crisis” Chaisson, R.E. & Martinson, 
N.A., New Eng. J. Med., March 2008.



How?
- Two interconnected networks:

- Two coupled epidemic models:

J. Sanz, C.-Y. Xia, S. Meloni,   Y.Moreno,  
Physical Review X 4, 041005 (2014).



Two coupled SIS

Interaction
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Summing up

Disease I



Epidemiology!Motivation! The model! Simulations!

Disease II

Summing up



Heterogenous Mean-field Formulation…

˙SS(k, l) = �(k�1 + l�2)SS(k, l) + µ1IS(k, l) + µ2SI(k, l)
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Mutual enhancement: Homogeneous contact patterns

� > 1.0 ⌘ < 1.0

Regions where a disease becomes endemic only after the installation of the other 
disease on the population

disease 1disease 2



Partial Cross Immunity: Homogeneous contact patterns

⌘ > 1.0� < 1.0



Regions where a disease can be eradicated only after the installation of the conjugate 
disease on the population

⌘ > 1.0� < 1.0

Partial Cross Immunity: Homogeneous contact patterns

⌘ > 1.0� < 1.0



Original, aggregate network

When unfolded, layers appear

Multilayer Networks: Social Systems



Single layer Microscopic Markov Chain

pi(t+ 1) = (1� qi(t))(1� pi(t)) + (1� µ)pi(t) + µ(1� qi(t))pi(t)

qi(t) =
NY
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How to represent it

Supra-Adjacency Matrix

Ā =
M

↵

A↵ + C = A+ C

Ā =

0

@
A1 C1,2 C1,3

C2,1 A2 C2,3

C3,1 C3,2 A3

1

A

Ai Layer adjacency matrix

Ci,j Coupling matrix



Microscopic Markov Chain on Multiplex

Supra-Contacts Matrix

Cozzo et al. Phys. Rev. E 88, 050801(R) (2013)

“self infection” probability

~p(t+ 1) = (~1� ~p(t)) ⇤ (~1� ~q(t)) + (~1� ~µ) ⇤ ~p(t)~µ ⇤ (~1� ~q(t)) ⇤ ~p(t)
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Solving it

The largest eigenvalue of        sets the 
critical value but…

What does                  look like? 
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The largest eigenvalue of   

Perturbative Analysis

If

At first order: 

Dominant Layer

R̄ = R+ ✏C
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The Dominant Layer sets the 
critical point for the outbreak 

but…

Dominance depends on both 
topology and activity
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Indeed, one can go a bit more abstract:
(continuous) dynamics on a single layer network:

(continuous) dynamics on a multilayer network:

intra inter

G. F. de Arruda et al Physical Review X 7, 011014 (2017)



Disease Localization:
In the localized phase, only the entries of the eigentensor associated with 
the dominant layer are effectively populated, while the entries associated 
with the other layers are not. In the delocalized phase, all the entries are 
equally populated.

G. F. de Arruda et al Physical Review X 7, 011014 (2017)
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Diffusion Dynamics on Multiplex

Gómez	et	al.,	Diffusion	Dynamics	on	Multiplex	Networks,	Phys.	Rev.	Lett.	110,	028701	(2013).	
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Diffusion Dynamics on Multiplex

Gómez	et	al.,	Diffusion	Dynamics	on	Multiplex	Networks,	Phys.	Rev.	Lett.	110,	028701	(2013).	

http://link.aps.org/doi/10.1103/PhysRevLett.110.028701
http://link.aps.org/doi/10.1103/PhysRevLett.110.028701
http://link.aps.org/doi/10.1103/PhysRevLett.110.028701


	

Diffusion Dynamics on Multiplex

Gómez	et	al.,	Diffusion	Dynamics	on	Multiplex	Networks,	Phys.	Rev.	Lett.	110,	028701	(2013).	

http://link.aps.org/doi/10.1103/PhysRevLett.110.028701
http://link.aps.org/doi/10.1103/PhysRevLett.110.028701
http://link.aps.org/doi/10.1103/PhysRevLett.110.028701


	

Diffusion Dynamics on Multiplex
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Multiplex  Networks

De	Domenico	et	al.,	2014	(PNAS)

Cardillo	et	al.,	2013	(Sci.	Rep.) De	Domenico	et	al.,	2016	(Front.	Neurosci)

Tejedor	et	al.,	2018	(Geophys.	Res.	Lett.)



Diffusion Dynamics on Directed Multiplex

A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Di
re

ct
ed



	

Diffusion Dynamics on Directed Multiplex

A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Di
re

ct
ed



	

Diffusion Dynamics on Directed Multiplex

A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Smallest	nonzero	eigenvalue,	Re(Λ2)
1τ ∝ 

Di
re

ct
ed



	

Diffusion Dynamics on Directed Multiplex

A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Smallest	nonzero	eigenvalue,	Re(Λ2)
1τ ∝ 

Di
re

ct
ed

Sm
al

le
st

 n
on

ze
ro

 e
ig

en
va

lu
e

DX



A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Directed MultiplexUndirected Multiplex

Sm
al

le
st

 n
on

ze
ro

 e
ig

en
va

lu
e

DX

Diffusion Dynamics on Directed Multiplex
Sm

al
le

st
 n

on
ze

ro
 e

ig
en

va
lu

e

DX



A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Directed MultiplexUndirected Multiplex

Sm
al

le
st

 n
on

ze
ro

 e
ig

en
va

lu
e

DX

Prime	Regime

Diffusion Dynamics on Directed Multiplex
Sm

al
le

st
 n

on
ze

ro
 e

ig
en

va
lu

e

DX



A.	Tejedor,	A.	Longjas,	E.	Foufoula-Georgiou,	T.	T.	Georgiou,	and	Y.	Moreno	(2018)	
	Diffusion	Dynamics	and	Optimal	Coupling	in	Multiplex	Networks	with	Directed	Layers.		Phys.	Rev.	X	8,	031071		

Directed MultiplexUndirected Multiplex

Sm
al

le
st

 n
on

ze
ro

 e
ig

en
va

lu
e

DX

Prime	Regime
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Disease Spreading in Directed Multilayer Networks
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