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Representing and modeling complex systems

Connectivity

1.0 0.8 0.5

1.00.8 0.2

1.00.20.5

A
A
B
C

B C

SimilarityFeatures
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Complex systems: features, similarity and connectivity (https://arxiv.org/abs/1606.05400)
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Representing and modeling complex systems

Connectivity Features

Informative features for nodes?

Global vs local measurements
Dependence with the size of networks is not desirable

Visualization
Classification
Modeling
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Quantifying the interdisciplinarity of scientific 
journals and fields
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Quantifying the interdisciplinarity of scientific 
journals and fields



9

Journal# Subject
Entropy

Nature1 8.61

Science2 8.38

PNAS3 7.22
Journal of Biological 

Chemistry4 5.07
The New England 

Journal of Medicine5 4.20

PRL6 4.08
Journal of the American 

Chemical Society7 3.52

The Lancet8 3.43

Quantifying the interdisciplinarity of scientific journals and fields

F. N. Silva, F. A. Rodrigues, O.N. Oliveira Jr. and L. da F. Costa 

Journal of Informetrics. Volume 7, Issue 2, Pages 469-477 (Apr, 2013)



10

Bibliographic summarization

Using network science and text analytics to produce surveys in a scientific topic

Filipi N Silva, D.R. Amancio, M Bardosova, L. da F. Costa and Osvaldo N Oliveira Jr. 

Journal of Informetrics. Volume 10, 487-502 (2016)



Methodology
Bibliographic summarization

Citation network

Paper abstracts

Community structure

Survey structure
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Photonic crystals Complex networks
Filipi N. Silva, Diego R. Amancio, Maria Bardosova, Luciano da F. Costa, Osvaldo N. Oliveira Jr., 

Using network science and text analytics to produce surveys in a scientific topic, Journal of Informetrics, v. 10, 2, May 2016

Applications
Bibliographic summarization
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Photonic crystals

confinement loss, long period, period grating, high birefringence, modal birefringence
crystal waveguide, slow light, waveguide bend, group index, degree bend
crystal cavity, quantum dot, cristal nanocavity, crystal laser, quality factor
opal, template, colloidal crystal, sphere, self assemble
one dimensional, transfer matrix, matrix method, omnidirectional, magneto
supercontinuum generation, soliton, pulse, dispersion wavelength, zero dispersion
negative refraction, self collimation, flat lens, surface mode, superprism
light extraction, diode led, light emitting, extraction efficiency, solar cell
detection, crystal biosensor, label free, protein, high sensitivity
hollow core, core photonic, gas fill, fill hollow, kagome
fiber laser, erbium dope, dope fiber, multiwavelength, brillouin
vertical cavity, cavity surface, vcsel, surface emit, emit laser
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Photonic crystals
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Topological DistancePhotonic crystals
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Topological DistancePhotonic crystals
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Complex networks

synchronization, coupling, delay, lyapunov, dynamical network
epidemic spreading, infect, susceptible, outbreak, epidemic model
language, text, software system, market, software engineering
traffic, cascade failure, attack, congestion, load
gene, cell, protein interaction, regulatory, biological
community structure, community detection, modularity, algorithm, partition
brain network, functional connectivity, cortical, functional network, healthy
fractal, self similar, first passage, passage time, random walk
dilemma game, cooperation, prisoner dilemma, evolutionary, payoff
time series, construct, climate, visibility graph, phase space
specie, ecological, food web, plant, ecosystem
qsar, drug, quantitative structure, molecular, compound
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Chronological evolution of keywords

Photonic Crystals Complex Networks
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FIG. 9: Normalized frequency of occurrence for each keyword among papers published in the time period considered. The head
graphics present the curves corresponding to the number of papers published in the corresponding years.
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(b)(a)
graphene, quantum, system, state, magneticgraphene, quantum, system, state, magnetic

mass, lhc, quark, gev, decay, standard modelmass, lhc, quark, gev, decay, standard model

atom, atomic, calculation, ion, relativisticatom, atomic, calculation, ion, relativistic

entaglement, qubit, photon, cavity, quantum stateentaglement, qubit, photon, cavity, quantum state

superconductor, t-c, magnetic, fermi surfacesuperconductor, t-c, magnetic, fermi surface

ultracold, bose-einstein condensate, optical latticeultracold, bose-einstein condensate, optical latticegravity, cosmological, universe, dark energy, inflationgravity, cosmological, universe, dark energy, inflation

nucleus, reaction, isotope, neutron, mev, neutron-richnucleus, reaction, isotope, neutron, mev, neutron-rich
lhc, dark matter, mass, higgs boson, gev, fb, searchlhc, dark matter, mass, higgs boson, gev, fb, search

topological insulator, surface state, majorana, fermiontopological insulator, surface state, majorana, fermion

bilayer graphene, electronic, dirac point, zigzag, bandbilayer graphene, electronic, dirac point, zigzag, band

meson, decay, quark, form factor, mass, pi pi, gevmeson, decay, quark, form factor, mass, pi pi, gev

qcd, quark, heavy-ion collision, hadronqcd, quark, heavy-ion collision, hadron

laser pulse, intense, attosecond, laser field, electronlaser pulse, intense, attosecond, laser field, electron

density functional theory, electronic, molecule, kondodensity functional theory, electronic, molecule, kondo

granular, shear, packing, particle, liquid, stressgranular, shear, packing, particle, liquid, stress

frustrated, antiferromagnetic, multiferroic, heisenbergfrustrated, antiferromagnetic, multiferroic, heisenberg

node, complex network, random, social, synchronizationnode, complex network, random, social, synchronization

metamaterial, plasmonic, casimir force, subwavelengthmetamaterial, plasmonic, casimir force, subwavelength

ferroelectric, srtio, perovskite, oxide, strain, interfaceferroelectric, srtio, perovskite, oxide, strain, interface

Dynamics of scientific disciplines
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chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...

chaos, synchronization, attractor, s-x, chaotic system... scale-free, random, node, graph, connectivity, probability...

exponent, network, random, scaling, turbulence, probability...

synchronization, scale-free, complex network, node, chaotic...

evolutionary, population, strategy, individual, social, network, stochastic...

synchronization, oscillator, network, neuron, couple...

node, complex network, random, social, synchronization...

neutrino, electroweak, standard model, mass, collider, decay, higgs boson.

mev, reaction, nucleus, quark, mass, cross section, nucleon...

entanglement, qubit, photon, cavity, quantum state, quantum information...
entanglement, qubit, scheme, operation, quantum state, protocol...

entanglement, teleportation, quantum state, communication...
quantum state, cavity, coherent state, squeeze, scheme...

squeeze, atomic, cavity, laser, two-level atom, photon number...

gravity, cosmological, universe, dark energy, gravitational, scalar field, inflation...
universe, inflation, cosmology, dark energy, brane, scalar field...

inflation, scalar field, string, cosmology, cosmic microwave background...black hole, string, universe, gravity, horizon, scalar field, cosmological...

bilayer graphene, electronic, dirac point, zigzag, band...

graphene, hall effect, spin-orbit interaction, magnetic field...

graphene, single-walled carbon nanotube, electronic, graphite...

quantum dot, magnetic field, ferromagnetic, conductance, rashba...

quantum dot, self-assembled, gaas, inas, exciton, island...

quantum well, exciton, gaas, quantum-well, excitons...

black hole, gravity, black-hole, horizon, spacetime, universe...

dark matter, mass, production, electroweak, higgs boson, supersymmetry...

standard model, decay, collider, dark matter, supersymmetric...

lhc, dark matter, mass, higgs boson, gev, fb, search...

qcd, chiral, form factor, nucleon, pion, mass, pi pi...

dilaton, string theory, metric, action, spacetime, gauge...

chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...

chaos, synchronization, attractor, s-x, chaotic system...

network, agent, random, minority, power-law, connectivity, graph, exponent...
scale-free, random, node, graph, connectivity, probability...

exponent, network, random, scaling, turbulence, probability...

synchronization, scale-free, complex network, node, chaotic...

evolutionary, population, strategy, individual, social, network, stochastic...

synchronization, oscillator, network, neuron, couple...

node, complex network, random, social, synchronization...

neutrino, electroweak, standard model, mass, collider, decay, higgs boson.

mev, reaction, nucleus, quark, mass, cross section, nucleon...

entanglement, qubit, photon, cavity, quantum state, quantum information...
entanglement, qubit, scheme, operation, quantum state, protocol...

entanglement, teleportation, quantum state, communication...
quantum state, cavity, coherent state, squeeze, scheme...

squeeze, atomic, cavity, laser, two-level atom, photon number...

gravity, cosmological, universe, dark energy, gravitational, scalar field, inflation...
universe, inflation, cosmology, dark energy, brane, scalar field...

inflation, scalar field, string, cosmology, cosmic microwave background...black hole, string, universe, gravity, horizon, scalar field, cosmological...

bilayer graphene, electronic, dirac point, zigzag, band...

graphene, hall effect, spin-orbit interaction, magnetic field...

graphene, single-walled carbon nanotube, electronic, graphite...

quantum dot, magnetic field, ferromagnetic, conductance, rashba...

quantum dot, self-assembled, gaas, inas, exciton, island...

quantum well, exciton, gaas, quantum-well, excitons...

black hole, gravity, black-hole, horizon, spacetime, universe...

dark matter, mass, production, electroweak, higgs boson, supersymmetry...

standard model, decay, collider, dark matter, supersymmetric...

lhc, dark matter, mass, higgs boson, gev, fb, search...

qcd, chiral, form factor, nucleon, pion, mass, pi pi...

dilaton, string theory, metric, action, spacetime, gauge...

1990-1994 1991-1995 1992-1996 1993-1997 1994-1998 1995-1999 1996-2000 1997-2001 1998-2002 1999-2003 2000-2004 2001-2005 2002-2006 2003-2007 2004-2008 2005-2009 2006-2010 2007-2011 2008-2012 2009-2013



chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...

chaos, synchronization, attractor, s-x, chaotic system... scale-free, random, node, graph, connectivity, probability...

exponent, network, random, scaling, turbulence, probability...

synchronization, scale-free, complex network, node, chaotic...

evolutionary, population, strategy, individual, social, network, stochastic...

synchronization, oscillator, network, neuron, couple...

node, complex network, random, social, synchronization...

neutrino, electroweak, standard model, mass, collider, decay, higgs boson.

mev, reaction, nucleus, quark, mass, cross section, nucleon...

entanglement, qubit, photon, cavity, quantum state, quantum information...
entanglement, qubit, scheme, operation, quantum state, protocol...

entanglement, teleportation, quantum state, communication...
quantum state, cavity, coherent state, squeeze, scheme...

squeeze, atomic, cavity, laser, two-level atom, photon number...

gravity, cosmological, universe, dark energy, gravitational, scalar field, inflation...
universe, inflation, cosmology, dark energy, brane, scalar field...

inflation, scalar field, string, cosmology, cosmic microwave background...black hole, string, universe, gravity, horizon, scalar field, cosmological...

bilayer graphene, electronic, dirac point, zigzag, band...

graphene, hall effect, spin-orbit interaction, magnetic field...

graphene, single-walled carbon nanotube, electronic, graphite...

quantum dot, magnetic field, ferromagnetic, conductance, rashba...

quantum dot, self-assembled, gaas, inas, exciton, island...

quantum well, exciton, gaas, quantum-well, excitons...

black hole, gravity, black-hole, horizon, spacetime, universe...

dark matter, mass, production, electroweak, higgs boson, supersymmetry...

standard model, decay, collider, dark matter, supersymmetric...

lhc, dark matter, mass, higgs boson, gev, fb, search...

qcd, chiral, form factor, nucleon, pion, mass, pi pi...

dilaton, string theory, metric, action, spacetime, gauge...

chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...

chaos, synchronization, attractor, s-x, chaotic system...

network, agent, random, minority, power-law, connectivity, graph, exponent...
scale-free, random, node, graph, connectivity, probability...

exponent, network, random, scaling, turbulence, probability...

synchronization, scale-free, complex network, node, chaotic...

evolutionary, population, strategy, individual, social, network, stochastic...

synchronization, oscillator, network, neuron, couple...

node, complex network, random, social, synchronization...

neutrino, electroweak, standard model, mass, collider, decay, higgs boson.

mev, reaction, nucleus, quark, mass, cross section, nucleon...

entanglement, qubit, photon, cavity, quantum state, quantum information...
entanglement, qubit, scheme, operation, quantum state, protocol...

entanglement, teleportation, quantum state, communication...
quantum state, cavity, coherent state, squeeze, scheme...

squeeze, atomic, cavity, laser, two-level atom, photon number...

gravity, cosmological, universe, dark energy, gravitational, scalar field, inflation...
universe, inflation, cosmology, dark energy, brane, scalar field...

inflation, scalar field, string, cosmology, cosmic microwave background...black hole, string, universe, gravity, horizon, scalar field, cosmological...

bilayer graphene, electronic, dirac point, zigzag, band...

graphene, hall effect, spin-orbit interaction, magnetic field...

graphene, single-walled carbon nanotube, electronic, graphite...

quantum dot, magnetic field, ferromagnetic, conductance, rashba...

quantum dot, self-assembled, gaas, inas, exciton, island...

quantum well, exciton, gaas, quantum-well, excitons...

black hole, gravity, black-hole, horizon, spacetime, universe...

dark matter, mass, production, electroweak, higgs boson, supersymmetry...

standard model, decay, collider, dark matter, supersymmetric...

lhc, dark matter, mass, higgs boson, gev, fb, search...

qcd, chiral, form factor, nucleon, pion, mass, pi pi...

dilaton, string theory, metric, action, spacetime, gauge...
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Chaos theory leads to complex systems



chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...

chaos, synchronization, attractor, s-x, chaotic system... scale-free, random, node, graph, connectivity, probability...

exponent, network, random, scaling, turbulence, probability...

synchronization, scale-free, complex network, node, chaotic...

evolutionary, population, strategy, individual, social, network, stochastic...

synchronization, oscillator, network, neuron, couple...

node, complex network, random, social, synchronization...

neutrino, electroweak, standard model, mass, collider, decay, higgs boson.

mev, reaction, nucleus, quark, mass, cross section, nucleon...

entanglement, qubit, photon, cavity, quantum state, quantum information...
entanglement, qubit, scheme, operation, quantum state, protocol...

entanglement, teleportation, quantum state, communication...
quantum state, cavity, coherent state, squeeze, scheme...

squeeze, atomic, cavity, laser, two-level atom, photon number...

gravity, cosmological, universe, dark energy, gravitational, scalar field, inflation...
universe, inflation, cosmology, dark energy, brane, scalar field...

inflation, scalar field, string, cosmology, cosmic microwave background...black hole, string, universe, gravity, horizon, scalar field, cosmological...

bilayer graphene, electronic, dirac point, zigzag, band...

graphene, hall effect, spin-orbit interaction, magnetic field...

graphene, single-walled carbon nanotube, electronic, graphite...

quantum dot, magnetic field, ferromagnetic, conductance, rashba...

quantum dot, self-assembled, gaas, inas, exciton, island...

quantum well, exciton, gaas, quantum-well, excitons...

black hole, gravity, black-hole, horizon, spacetime, universe...

dark matter, mass, production, electroweak, higgs boson, supersymmetry...

standard model, decay, collider, dark matter, supersymmetric...

lhc, dark matter, mass, higgs boson, gev, fb, search...

qcd, chiral, form factor, nucleon, pion, mass, pi pi...

dilaton, string theory, metric, action, spacetime, gauge...

chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...

chaos, synchronization, attractor, s-x, chaotic system...

network, agent, random, minority, power-law, connectivity, graph, exponent...
scale-free, random, node, graph, connectivity, probability...

exponent, network, random, scaling, turbulence, probability...

synchronization, scale-free, complex network, node, chaotic...

evolutionary, population, strategy, individual, social, network, stochastic...

synchronization, oscillator, network, neuron, couple...

node, complex network, random, social, synchronization...

neutrino, electroweak, standard model, mass, collider, decay, higgs boson.

mev, reaction, nucleus, quark, mass, cross section, nucleon...

entanglement, qubit, photon, cavity, quantum state, quantum information...
entanglement, qubit, scheme, operation, quantum state, protocol...

entanglement, teleportation, quantum state, communication...
quantum state, cavity, coherent state, squeeze, scheme...

squeeze, atomic, cavity, laser, two-level atom, photon number...

gravity, cosmological, universe, dark energy, gravitational, scalar field, inflation...
universe, inflation, cosmology, dark energy, brane, scalar field...

inflation, scalar field, string, cosmology, cosmic microwave background...black hole, string, universe, gravity, horizon, scalar field, cosmological...

bilayer graphene, electronic, dirac point, zigzag, band...

graphene, hall effect, spin-orbit interaction, magnetic field...

graphene, single-walled carbon nanotube, electronic, graphite...

quantum dot, magnetic field, ferromagnetic, conductance, rashba...

quantum dot, self-assembled, gaas, inas, exciton, island...

quantum well, exciton, gaas, quantum-well, excitons...

black hole, gravity, black-hole, horizon, spacetime, universe...

dark matter, mass, production, electroweak, higgs boson, supersymmetry...

standard model, decay, collider, dark matter, supersymmetric...

lhc, dark matter, mass, higgs boson, gev, fb, search...

qcd, chiral, form factor, nucleon, pion, mass, pi pi...

dilaton, string theory, metric, action, spacetime, gauge...
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Complex systems merges with network science



chaotic, chaos, bifurcation, soliton, convection...

exponent, growth, scaling, random, self-organized, simulation...
convection, pattern, instability, bifurcation, nonlinear...

s-x, chaos, noise, bifurcation, synchronization, attractor, stochastic resonance...

stochastic resonance, noise, s-x, periodic, bistable, neuron...
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LHC starts operating

Merging of many fields leads to studies on graphene
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Networks 3D
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Networks 3D

2009 2012 now
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Core components of a network visualization software

Graph Library Layout InterfaceRendering
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Complex systems: features, similarity and connectivity 
C. H. Comin, T. K. DM. Peron, F. N. Silva, D. R. Amancio, F. A. Rodrigues, L. da F. Costa 

https://arxiv.org/abs/1606.0540032

Layout

https://arxiv.org/abs/1606.05400
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• Molecular dynamics simulation is 
O(N2) . 

• We can use multipole expansion:

• Where Nu,v, pu,v e Qu,v are the 
monopole, dipole and quadrupole 
moments on box (u,v). 

• Quadrupole is OK for most of 
networks.
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Visualizing Complex Networks (CDT-5)

Silva, F. N. and Costa, L. da F.


http://dx.doi.org/10.13140/RG.2.2.21310.74567/1

Wiki Medicine and Mathematics



Visualizing Complex Networks (CDT-5)

Silva, F. N. and Costa, L. da F.


http://dx.doi.org/10.13140/RG.2.2.21310.74567/1

WS model



Visualizing Complex Networks (CDT-5)

Silva, F. N. and Costa, L. da F.


http://dx.doi.org/10.13140/RG.2.2.21310.74567/1

Waxman model



Visualizing Complex Networks (CDT-5)

Silva, F. N. and Costa, L. da F.


http://dx.doi.org/10.13140/RG.2.2.21310.74567/1

European Powergrid



Visualizing Complex Networks (CDT-5)

Silva, F. N. and Costa, L. da F.


http://dx.doi.org/10.13140/RG.2.2.21310.74567/1

Airport network of direct flights
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Software Interface

Examples
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Web interface

Examples
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WS Model

Examples
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Examples



Network dimension
Network dimension and symmetry
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DAQING, L.; KOSMIDIS, K.; BUNDLE, A.; HAVLIN, S. Dimension of spatially 
embedded networks. Nature Physics, v. 7, n. 6, p. 481--484, Jun 2011.

Definition of dimension on networks
Network dimension and symmetry
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Validating the multiscale dimension 
Network dimension and symmetry

Local dimension r=4.

SILVA, F.N.; COSTA, L. da. F. Local Dimension of Complex Networks. arXiv:1209.2476 [cond-mat.stat-mech].
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Validating the multiscale dimension 
Network dimension and symmetry
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Validating the multiscale dimension 
Network dimension and symmetry
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Wrapping effect of networks
Network dimension and symmetry
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Wrapping effect of networks
Network dimension and symmetry
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Wrapping effect of networks
Network dimension and symmetry
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Concentric symmetry
Network dimension and symmetry
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Results
Network dimension and symmetry

Voronoi

Random 
GeographicERCities 

(Oldenburg)

WaxmanRewired 
Voronoi Airports

BA Wikipedia

High Symmetry Low Symmetry

• Concentric symmetries 

• Do not correlate with traditional network measurements. 

• Discriminate between a diverse range of models and real 
networks. 

• Allowed us to rank networks by their "average" 
symmetry.

F.N. Silva, C.H. Comin, T.K.DM. Peron, F.A. Rodrigues, C.Ye, R.C. Wilson, E. Hancock, L. da F. Costa 
Concentric network symmetry. Information Sciences, v. 333, p. 61 – 80, 2015. doi: 10.1016/j.ins.2015.11.014. 



55

Dimension and symmetry
Network dimension and symmetry
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Symmetry in word adjacency networks
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Network symmetry reveals authors’ styles in word adjacency networks

best results were obtained with the SVM and MLP meth-228

ods. When the symmetry was computed considering the229

second level of neighbors (h = 2), the best accuracy rate230

achieved was 75.0% (this corresponds to a p-value lower231

than 1.0 · 10�15). Both symmetries measurements calcu-232

lated at the third level did not increase the best classifica-233

tion performance obtained with h = 2. A minor improve-234

ment in performance occurred when the fourth level was235

included in the analysis. The best accuracy rate increased236

from 75.0% to 82.5%. We also probed the performance of237

the classification by combining di↵erent levels as features.238

In this case, the performance did not improve (result not239

shown). All in all, these results confirms the suitability240

of symmetry measurements to identify the subtleties of241

authors’ styles in terms of the homogeneity in accessing242

neighbors.243

Table 1: Accuracy rates found for the authorship detection
task. The highest accuracy found was 82.5%.

Symmetry SVM MLP KNN NBY
Merged h = 2 75.0% 72.5% 55.0% 42.5%
Merged h = 3 70.0% 62.5% 65.0% 40.0%
Merged h = 4 82.5% 82.5% 57.5% 42.5%
Backbone h = 2 32.5% 32.5% 20.0% 20.0%
Backbone h = 3 70.0% 72.5% 57.5% 27.5%
Backbone h = 4 70.0% 82.5% 57.5% 42.5%

To understand the patterns behind the high discrim-244

inability rates found in Table 1 we show some visualiza-245

tions obtained for two words, “time” and “indeed”, in246

figure 4. We chose these words because they were able247

discriminate among a few groups of authors while also248

presenting a wide range of symmetry values. The concen-249

tric patterns obtained for the word “time” are arranged250

along the top of the corresponding axis according to their251

respective merged symmetry, which was found to separate252

Arthur Conan Doyle, Thomas Hardy and Charles Dar-253

win. Note that the nodes with low merged symmetry pre-254

sented several edges crossing over the internal shell of its255

patterns. Additionally, connections between nodes lying256

at the third concentric level are much less organized, as257

revealed by low values of symmetry. Conversely, nodes258

taking high values of symmetry displayed more organized259

connections, leading to higher uniformity of connections260

among nodes lying at the farthest concentric level. The261

same observations can be made for the patterns obtained262

for the word “indeed”, which discriminated between Hec-263

tor Hugh Munro and the group of authors encompassing264

Arthur Conan Doyle, Bram Stoker, Thomas Hardy and265

Charles Dickens. Note that these patterns are much more266

symmetric, which is once again reflected in the visualiza-267

tions by their higher organization on the last concentric268

level.269

Conclusion. – In this paper, we have introduced the 270

concept of symmetry to study the connectivity patterns 271

of word association networks. By defining symmetry as a 272

function of particular random walks, we showed that the 273

symmetry measurements are robust in the sense that they 274

do not mimic the behavior of other traditional topological 275

measurements. Thus, because symmetry measurements 276

do not strongly correlate with other traditional network or 277

textual features, they could be combined with other mea- 278

surements to improve the characterization of texts rep- 279

resented as graphs and related networked systems. The 280

proposed symmetry measurements were also evaluated in 281

the context of the authorship recognition task. The re- 282

sults revealed that the symmetry of specific words is able 283

to identify the authorship of books with high accuracy 284

rates. This result confirms the suitability of the measure- 285

ments to detect the subtleties of authors’ styles reflected 286

on the organization of word adjacency networks. In future 287

works, we intend to study the suitability of both backbone 288

and merged symmetry in semantical networks, which may 289

ultimately lead to the improvement of several semantical- 290

related applications. 291
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Financial market networks
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On the modular dynamics of  financial market networks. 2015 <http://arxiv.org/abs/1501.05040> 
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Time evolving network during crisis

SILVA, F. N.; COMIN, C. H.; PERON, T. K. D.; RODRIGUES, F. A.; YE, C.; WILSON, R. C.; HANCOCK, E.; COSTA, L. da F. 
On the modular dynamics of  financial market networks. 2015 <http://arxiv.org/abs/1501.05040> 
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Political networks
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Time evolving network during crisis
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Time

Ne
tw

or
k 

pr
op

er
tie

s

Network t2Network t1 Network t3

Crisis
Disease

Stable
 Healthy Organism

Reorganization
Chronic Disease



63

Gene co-expression networks
Other applications
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Gene co-expression networks
Other applications

MOREIRA-FILHO, C. A.; BANDO, S. Y.; BERTONHA, F. B.; IAMASHITA, P.; SILVA, F. N.; COSTA, L. da F.; SILVA, A. V.; 
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Mesoscopic representation of texts as complex networks 
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(a) (b)

Fig. 6. PCA projections of the networks generated from RT, SP texts and SW texts. The projections (a) and (b) represent the
mesoscopic and the co-occurrence networks, respectively. (a) Mesoscopic networks and (b) co-occurrence networks. Color is
available online.

Table 1 Mesoscopic network: average distance among networks
from the same class. Note that, when using mesoscopic networks,
it is possible to discriminate real texts from those generated by
both shuffled words and paragraph

RT SW SP

RT 0.00 13.67 10.98
SW 13.67 0.00 13.21
SP 10.98 13.21 0.00

Table 2 Co-occurrence network: average distance among
networks from the same class. If co-occurrence networks
are used, real texts and texts formed by shuffled paragraphs
cannot be discriminated

RT SW SP

RT 0.00 7.18 0.12
SW 7.18 0.00 7.08
SP 0.12 7.08 0.00

Although the sum of the two main PCA components accounts for 70% of the projection, the group of
networks from RT and SP are not distinguishable. This behaviour was expected because co-occurrence
networks were first devised to grasp linguistic/syntactical features. When language structure is kept
and only the mesoscopic structure is changed (in SP texts), the co-occurrence approach is unable to
discriminate real from meaningless texts. The poor discriminability observed is confirmed by the distances
shown in Table 2.

Downloaded from https://academic.oup.com/comnet/article-abstract/6/1/125/4037124
by guest
on 01 March 2018
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Locality vs Diversity (Sznajd dynamics)
3

(ρ)

FIG. 1. Average opinion diversity and standard deviation as a function of rewiring probability considering 400000 Monte Carlo
iterations. The inset shows how diversity changes with the number of iterations (MCT) for the four rewiring probabilities
highlighted in the main plot.

diversity reduces markedly with the loss of spatiality (as
ρ increases). A possible explanation for this property
is that the transient phase becomes briefer as the net-
work looses spatiality through the rewiring procedure, as
shown in the inset of Figure 1. Also, a large standard
deviation is observed for small values of ρ. The second
region reveals a relatively small increase of diversity with
the loss of spatiality, accompanied by a similar increase
of the standard deviation of the diversity.

In short, we can postulate that in networks predomi-
nantly spatial (i.e. with little small world characteristic),
the diversity tends to increase steeply with the spatiality.
On the other hand, in small world networks such as those
underlying the portion 2 of the results in Figure 1, the
diversity increases moderately with the rewiring proba-
bility.

V. CONCLUSIONS

One important property of dynamics unfolding on net-
works concerns the diversity or heterogeneity of the re-
spective states. This type of characterization has di-
rect implications on several real-world systems, such as
variety of opinions, ecology, economy and transporta-
tion. The present work argues that the spatiality of
networks can promote the diversity of respective dy-
namics. By performing simulations with a type of Sz-
najd dynamics and Watts-Strogatz networks with vary-

ing rewiring probabilities, we illustrated that the diver-
sity is enhanced for networks that are predominantly
spatial and reduces in networks characterized by more
intense small world effect. The reported study has im-
portant implications for real-world complex systems, as
it indicates that, by increasing the small-world property
and consequently reducing the networks spatiality, en-
hanced connectivity can have the effect of constraining
the diversity/heterogeneity of dynamical states in several
systems. It also illustrates the fact that spatiality acts as
a kind of constraint to information diffusion in dynam-
ical complex systems. Additional investigations need to
be performed in order to identify which classes of dynam-
ics are more affected by spatiality and addressing in more
depth the transient and equilibrium properties of these
systems.
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Social Bubbles dynamics using Sznajd Model

6

FIG. 4. Network visualization by considering 2 opinions and
the following parameters: hki = 4, q = 0.5, w = 0.05, and p =
0.06. The colors represent the opinions. This visualization
was created using the software implemented in [29].

FIG. 5. Network visualization by considering ten opinions and
the following parameters: hki = 4, q = 0.5, w = 0.05, and p =
0.06. The colors represent the opinions. This visualization
was created using the software implemented in [29].

(q). The histograms and the respective average diversi-
ties are shown in Figure 6. In this case, we set w = 0
to analyze only the relationship between diversity and q.
When q increases, the probability of having higher values
of diversity also increases. Interestingly, for all cases, the
diversity is usually near 1 or 2. In other words, inter-
mediate diversity values rarely occur, and they can only
happen for specific values of q. So, its is clear that the
average diversity (red line in the plot) cannot correctly
describe the behavior of the dynamics in the equilibrium
state. We can also analyze the most likely diversity to be
attained at the equilibrium state of the dynamics, which
is given by the position of the largest peak of each his-
togram shown in Figure 6. This information is presented
in Figure 7 together with the average diversity. The re-
sults show that there are two more likely organizations;
the first consists of two social bubbles with similar sizes,
and the second a single opinion that spans the entire net-
work. Therefore, a larger diversity of opinions is usually
observed when q > 0.75.

FIG. 6. Distributions of diversity values obtained for 1000
realizations of the dynamics for several values of q. The re-
maining parameters of the dynamics are hki = 8, p = 0.001,
w = 0. The red line shows the mean diversity of each his-
togram.

V. CONCLUSIONS

The study of human opinion dynamics remains a chal-
lenging research activity. The Sznajd model has been of-
ten employed in order to reproduce and predict aspects
of opinion changes. While standard approaches are char-
acterized by a single equilibrium state at zero tempera-
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