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Emergence

Agent-based

Self-organised

Short-range interactions

Networked

“A complex system is a system composed of interconnected parts that 
as a whole exhibit one or more properties not obvious from the 

properties of the individual parts.” 



A( )ij =
1 if i and j  have a direct link
0 otherwise                           
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“Complex networks are the structural skeletons of complex systems”



Inter-species Inter-cellular

Inter-molecular Inter-atomic



 Friendship networks
 Collaboration networks
 Sexual networks
 Buyer-seller networks...



Internet

Power Grids Communication

City Networks



“What she is not, I can easily perceive –
what she is I fear it is impossible to say.”

Edgar Allan Poe



S. H. Strogatz, Nature 410, 268 (2001)
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H. Jeong, et al., Nature 411, 41 (2001)



( ) 32 =iCW

( ) 23 =iCW

( ) 154 =iCW



E. Estrada and J.A. Rodríguez-Velázquez: Phys. Rev. E 71, 056103 (2005)
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Directed graphs: E. Estrada, Lin. Algebra Appl. 430, 2009, 1886-1896



E. Estrada and J.A. Rodríguez-Velázquez: Phys. Rev. E 71, 056103 (2005)
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Eigenvalues of A: λ1 > λ2 ≥ λ3 ≥ ≥ λN
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Bipartivity: Estrada and Rodríguez-Velázquez: Phys. Rev. E 72, 2005, 046105



Estrada, E., Proteomics 6, 35 (2006)
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E. Estrada and N. Hatano: Chem. Phys. Lett. 439, 247 (2007)
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E. Estrada and N. Hatano: Chem. Phys. Lett. 439, 247 (2007)



∞→T 0→T

E. Estrada and N. Hatano: Chem. Phys. Lett. 439, 247 (2007)
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A good expansion (homogeneous) network is one for which h(G) = O(1). 

That is, ‘what you see locally is what you get globally’. 
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Estrada, E. Europhys. Lett. 73, 2006, 649
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E. Coli Metabolic Network
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Estrada, E. Phys. Rev. E 75, 2007, 016103





( )




=
≠−

=
                        0
           

ji
jirrHA ijC

ij

( ) 10 =>xH

( ) 00 =≤xH

i j
ijr



E. Estrada, Biophys. J. 98, 2010, 890-900
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E. Estrada, Biophys. J. 98, 2010, 890-900



30 33 40 43 44     60      64 67 68 71      95 96 101 103 108 140
27 30 33 40 43     59 60 62 64 67      71 92 95 96 101

E. Estrada, Biophys. J. 98, 2010, 890-900
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E. Estrada and N. Hatano: Phys. Rev. E 77, 036111 (2008)
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ϕ1(p) for λ1 = 3.734644ϕ2 (p) for λ2 = 2.952552ϕ3(p) for λ3 = 2.651093
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A. Translational motion
B. Intra-cluster communicability
C. Inter-cluster communicability



( ) ( ) ( ) ( ) jj eqeqpG j
j

j
j

jpq
λλ ϕϕϕϕ ∑∑

−

≥

−

≥

+=∆
clusterinter

2
j

clusterintra

2
p

Community: group of nodes for which the intracluster

communicability is larger than the 

intercluster one.



∆Gpq > 0

E. Estrada and N. Hatano: Appl. Math. Comp. 214, 2009, 500-511. 



Karate Club

Communicability graph







Bottlenose dolphins

Network
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Thermal Green’s function



β = 1.0 β = 1.0β = 0.15β = 0.1 β = 5.0β = 20.0



0.1=β



3.0=β



2.0=β



1.0=β



Estrada, Higham and Hatano: Phys. Rev. E 78, 2008, 026102





DTI exploits the fact that 
water diffusion in the brain 
is anisotropic; in particular 
diffusion along tracts is 
greater than diffusion 
across them.



 DTI computes all  
connections
between all voxels.

 9 subjects - suffered    
subcortical strokes; 

 10 controls.



stroked

healthy

J.J. Crofts and D.H. Higham: J. Roy. Soc., Interface, 2009, 6, 411-414.
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J.J. Crofts et al. submitted, 2010
: Stroke  : Decreased communicability

: Stroke  : Increased communicability

Images courtesy of Dr. Jonathan J. Crofts.





More info at:

http://www.estradalab.org/�
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