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Examples of “new” multiplex systems

Co-authorship networks (APS)

Single-layer

Nodes: authors

Edges: co-authorship

Multiplex

Nodes: authors

Edges: co-authorship

Layers: physics topics
(e.g. top-level PACS
codes)

Vincenzo Nicosia Multiplex networks 13/54



Examples of “new” multiplex systems

Vincenzo Nicosia Multiplex networks 13/54



Examples of “new” multiplex systems

Co-starring networks (IMDB)

Single-layer

Nodes: actors

Edges: co-starring

Multiplex

Nodes: actors

Edges: co-starring

Layers: genres (e.g.
Drama, Western,
Adult...)
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Examples of “new” multiplex systems

Neural networks (C.Elegans)

Single-layer

Nodes: neurons

Edges: communication
channels

Multiplex

Nodes: neurons

Edges: communication
channels

Layers: synapses,
gap-junctions
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Examples of “new” multiplex systems

Protein networks (BioGRID)

Single-layer

Nodes: proteins/genes

Edges:
genetic/mechanic
interactions

Multiplex

Nodes: proteins/genes

Edges:
genetic/mechanic
interactions

Layers: genetic
suppression, genetic
activation, physical
association etc...
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Examples of “new” multiplex systems

Airport networks (OpenFlight)

Single-layer

Nodes: airports

Edges: routes

Multiplex

Nodes: airports

Edges: routes

Layers: airlines
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Examples of “new” multiplex systems

Economical Networks (FAO)

Single-layer

Nodes: countries

Edges: import/export

Multiplex

Nodes: countries

Edges: import/export

Layers: food products
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Multiplexity and Hamming distance

Vincenzo Nicosia Multiplex networks 22/54



Multiplexity and Hamming distance

Vincenzo Nicosia Multiplex networks 22/54



Multiplexity and Hamming distance

Vincenzo Nicosia Multiplex networks 22/54



Multiplexity and Hamming distance

Vincenzo Nicosia Multiplex networks 22/54



Multiplexity and Hamming distance

Vincenzo Nicosia Multiplex networks 22/54



10
-3

10
-2

10
-1

Q
α,β

10
-6

10
-4

10
-2

10
0

P
(Q

α
,β

)
Africa
Asia
Europe

North America
Ocania
South America

(a)

Vincenzo Nicosia Multiplex networks 23/54



Vincenzo Nicosia Multiplex networks 24/54



Vincenzo Nicosia Multiplex networks 24/54



Vincenzo Nicosia Multiplex networks 24/54



Vincenzo Nicosia Multiplex networks 24/54



Vincenzo Nicosia Multiplex networks 24/54



Vincenzo Nicosia Multiplex networks 25/54



Vincenzo Nicosia Multiplex networks 25/54



Vincenzo Nicosia Multiplex networks 25/54



Vincenzo Nicosia Multiplex networks 25/54



Vincenzo Nicosia Multiplex networks 25/54



Vincenzo Nicosia Multiplex networks 26/54



Vincenzo Nicosia Multiplex networks 26/54



Vincenzo Nicosia Multiplex networks 26/54



Vincenzo Nicosia Multiplex networks 27/54



Vincenzo Nicosia Multiplex networks 27/54



Vincenzo Nicosia Multiplex networks 27/54



Vincenzo Nicosia Multiplex networks 27/54



Vincenzo Nicosia Multiplex networks 27/54



10
0

10
1

10
2

10
3

o

10
-7

10
-5

10
-3

10
-1

P(o)

Vincenzo Nicosia Multiplex networks 28/54



Vincenzo Nicosia Multiplex networks 29/54



Vincenzo Nicosia Multiplex networks 29/54



Vincenzo Nicosia Multiplex networks 29/54



Vincenzo Nicosia Multiplex networks 29/54



Vincenzo Nicosia Multiplex networks 29/54



@@@

i

j
k

mn

i

j
k

mn

STRUCTURAL
LAYER

FUNCTIONAL
LAYER

DTI

fMRI

+

+
+ +

-
-

ROIs

R
O
Is

DTI connectivity
ROIs

R
O
Is

fMRI connectivity(a) (b)

(c)

Vincenzo Nicosia Multiplex networks 30/54



+Y -Y 0N +N -N 0N

strongly
over-represented

strongly
under-represented

(a) (b)

(c)

Edges

Triads

+Y -Y 0Y

+N -N 0N

Z
i

Vincenzo Nicosia Multiplex networks 30/54



0.5 1.0 1.5 2.0 2.5 3.0

fij

0.0

0.2

0.4

0.6

0.8

1.0

P
(d
ij
>
0)

All
Intra-emisphere
Inter-emosphere

0 50 100 150 200

dij

0.0

0.2

0.4

0.6

0.8

1.0

P
(f
ij
>
th
)

All
Intra-emisphere
Inter-emisphere

DTI given fMRI fMRI given DTI(a) (b)

Vincenzo Nicosia Multiplex networks 30/54



Degree correlations

Vincenzo Nicosia Multiplex networks 31/54



Degree correlations

Vincenzo Nicosia Multiplex networks 31/54



Degree correlations

Vincenzo Nicosia Multiplex networks 31/54



Degree correlations

Vincenzo Nicosia Multiplex networks 31/54



Degree correlations

Vincenzo Nicosia Multiplex networks 32/54



Degree correlations

Vincenzo Nicosia Multiplex networks 32/54



Degree correlations

Vincenzo Nicosia Multiplex networks 32/54



Degree correlations

Vincenzo Nicosia Multiplex networks 32/54



Degree correlations

Vincenzo Nicosia Multiplex networks 32/54



Inter-layer degree correlations

Node degree:

ki =
{
k

[1]
i , k

[2]
i , . . . , k

[M]
i

}

=⇒ inter-layer degree distributions

P(k [α], k [β]) and P(k [β]|k [α])

=⇒ inter-layer degree correlation function

k [β](k [α]) =
∑
k [β]

k [β]P(k [β]|k [α])

V. Nicosia, V. Latora, “Measuring and modelling correlations in multiplex networks”, arxiv:1403.1546 (2014)
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Inter-layer correlation function

V. Nicosia, V. Latora, “Measuring and modelling correlations in multiplex networks”, arxiv:1403.1546 (2014)
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Inter-layer correlation function

V. Nicosia, V. Latora, “Measuring and modelling correlations in multiplex networks”, arxiv:1403.1546 (2014)
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Multiplex linear preferential attachment

V. Nicosia, G. Bianconi, V. Latora, M. Barthélemy, Phys. Rev. Lett. 111, 058701 (2013)
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Non-linear preferential attachment

In general:

Π
[`]
i→j ∝ f [`]

(
k

[1]
j , k

[2]
j , . . . , k

[M]
j

)

Two layers: ki ≡ k
[1]
i and qi = k

[2]
i :

Π
[1]
i→j ∝ f (kj , qj), and Π

[2]
i→j ∝ f (qj , kj).

where we set:
f (kj , qj) = kαj q

β
j

and α, β ∈ R free parameters
V. Nicosia, G. Bianconi, V. Latora, M. Barthélemy, accepted in Phys. Rev. E (2014)
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Inter-layer correlations

V. Nicosia, G. Bianconi, V. Latora, M. Barthélemy, accepted in Phys. Rev. E (2014)
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M. De Domenico, V. Nicosia, A. Arenas, V. Latora, to appear in Nature Communications (2015)
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Results: London Tube
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Results: FAO food trading network
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Conclusions

Multi-layer networks...

...are everywhere

...have many non-trivial structural properties

...are the natural framework for several real-world systems

...are interesting (I admit I’m a bit biased on this point...)
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