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Prologo

Cuando se trata de entender el funcionamiento de un sistema complejo
conviene enfocar su descripcién hacia las interacciones entre sus constituyen-
tes elementales, en lugar de tratar de modelar al detalle la dindmica de cada
uno de ellos. Este enfoque se justifica en que nos interesa capturar el comporta-
miento colectivo del mismo (sus propiedades macroscdpicas). Por esta razon,
las herramientas computacionales y el enfoque teérico de la fisica estadisti-
ca son herramientas particularmente adecuadas para estudiar estos sistemas
y sobre este paradigma han proliferado en las dltimas décadas multitud de
modelos fisicos sencillos que permiten extraer informacién sobre una gran va-
riedad de fenémenos colectivos que aparecen més all4 del contexto de la fisica
tradicional, “invadiendo” campos y disciplinas como la biolégia, la sociologia,
la epidemiologia, etc [1, 2.

A lo largo de la dltima década, el estudio de la fisica estadistica de sis-
temas complejos ha avanzado enormemente, entre otras razones, gracias a la
incorporacion de las herramientas proporcionadas por la ciencia de las redes
complejas, una nueva disciplina que tiene su origen en la teoria (matematica) de
grafos fundada a mitad del siglo XVIII por Leonard Fuler. La gran abundan-
cia de datos sobre los patrones de interaccién en miltiples sistemas complejos
reales (desde las redes de transporte e Internet hasta el cerebro humano) y el
hecho de que estos patrones sobre quién interactda con quién no se puedan
explicar como un resultados del azar, ha demandado una generalizacién de los
modelos propuestos por la teoria de grafos y su incorporaciéon al modelado de
los procesos dindamicos que gobiernan el funcionamiento de los sistemas com-
plejos. En este sentido, la ciencia de redes complejas nos ha proporcionado
una herramienta suficientemente general para abordar problemas de diferentes
disciplinas permitiendo codificar los elementos de un sistema y la relaciones
entre ellos mediante un grafo donde los elementos son los nodos de la red y las
interacciones sus enlaces [3, 4].

A pesar de los éxitos conseguidos durante la dltima década, el avance en
la captacién de nuevos datos sobre las interacciones en sistemas naturales, so-
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ciales y tecnologicos, ha obligado recientemente a una reformulaciéon de los
modelos de redes usados hasta la fecha. Asimismo, fenémenos tan importan-
tes, como por ejemplo el gran apagén ocurrido en Italia en el ano 2007, han
puesto de manifiesto deficiencias en modelado de sistemas y redes complejas,
como por ejemplo la interdependencia de dos o méas redes formando metaredes,
la coexistencia de diferentes tipos de interacciones entre los mismos constitu-
yentes de una red (redes multicapa), el caracter temporal de las interacciones
(redes tempo-variantes), etc. Estos nuevos tipos de formulaciones presentan
propiedades que pueden ser muy diferentes de las encontradas en las redes
constituyentes (para las redes inter-dependientes o las redes multicapa) o en
las red acumulada (caso de las redes tempo-variantes). El salto conceptual al
que estamos asistiendo en el campo de la ciencia de redes obliga también a
reformular los modelos din&dmicos y volver a estudiar los procesos colectivos
asociados. Algunos de estos fenomenos como por ejemplo la emergencia de la
cooperacion [5], la difusion/control de epidemias [6-8], el estudio de la resisten-
cia que un sistema manifiesta cuando se enfrenta a un ataque o un fallo [9-11]
han sidos estudiados y ampliados recientemente a los nuevos (y adaptados)
marcos conceptuales de la ciencia de redes [12-14].

En esta linea, el trabajo desarrollado a lo largo de esta tesis doctoral, tie-
ne como uno de sus objetivos principales el estudio y desarrollo de modelos
que permitan observar nuevos fendémenos y comportamientos colectivos deri-
vados de las nuevas formas y modos de interaccién mencionadas anteriormente.
Asimismo, y en consonancia con el devenir de la ciencia de redes, otro obje-
tivo fundamental de esta tesis ha sido la manipulacién y analisis de grandes
cantidades de datos procedentes de sistemas complejos reales con el fin de
poder comparar empiricamente los resultados previstos por los modelos. En
resumen, a lo largo de todo la etapa doctoral, se ha querido explorar tanto las
fronteras, como regiones ya previamente exploradas en busca de nuevos escena-
rios que pongan de manifiesto la importancia de incorporar las caracteristicas
fundamentales de interaccion entre los elementos de un sistema complejo. Los
problemas investigados pueden ser agrupados bajo uno (o més) de estos temas:

Teoria evolutiva de juegos.
= Sincronizacion.
= Difusién de epidemias.

s Codificacion de interacciones de diferente naturaleza mediante estructu-
ras multicapas.

» Tratamiento de interacciones que varian en el tiempo a través de redes
con estructura tempo-variante.



XV

Esta memoria de tesis doctoral pretende ser un resumen de los principales
resultados logrados durante todo el recorrido de la etapa doctoral. Por ello,
esta memoria de tesis ha sido redactada como compendio de publicaciones. Sin
embargo, se ha querido dotar a la memoria de un capitulo inicial donde se
introducen los conceptos bésicos utilizados en los trabajos presentados para
facilitar la comprensién del lector. Los capitulos sucesivos a la introduccién
general estan constituidos por los articulos, colocados de forma que los tres
ingredientes basicos de nuestros sistemas (coevolucion, multiplezidad y interac-
ciones tempo-variantes) se visiten en orden (casi) secuencial. Finalmente, esta
memoria acaba con las conclusiones de la tesis, donde se resumen los resulta-
dos principales logrados en cada articulo y se delinean las posibles direcciones
futuras.
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Chapter 1

Introduction & objectives

1.1. Going beyond complex networks

If we look back at the history of complex systems science, and complex
networks in particular, a lot of water has flowed beneath the bridge since
1736 when the mathematician Leonard FEuler published the solution to the
Konisberg bridges problem (formulated as finding a round trip that traversed
each of the Konisberg’s seven bridges exactly once; cf. Fig 1.1(a)). Since then,
many steps forward have been made [3, 4, 15-19], and the use of graph theory to
study those systems whose properties depend more on the interactions among
their elements rather than on the microscopic composition of the element itself,
has allowed to find the answer to a lot of questions in many different disciplines
spanning from social science to applied mathematics. Graphs (or networks)
are thus a general, yet powerful, means of representing patterns of connections
or interactions between the parts of the system.

Across the years, the science of complex networks has benefited enormously
from the wide range of viewpoints brought to it by practitioners from so many
different disciplines. At the same time, it has also suffered of this interdisci-
plinary character since knowledge about networks is dispersed across the sci-
entific community and researchers in one area often do not have ready access
to discoveries made in another.

In the last fifteen years, complex networks have been used with success to
tackle many problems allowing to find an answer to questions such as: why
epidemics spread very rapidly across the world? Which are the interaction
schemes among people in the era of social networks and smartphones? To find
the answer to questions like these, a multidisciplinary approach is needed. As
time passed, the models presented became more and more refined in order to
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c)

(a) (b)

Figure 1.1: A schematic view of the Konisberg bridges: (a) map view and (b) the
corresponding graph.

capture as many real-system characteristics as possible. However, this must
not be seen as just a mere complication of the models. The fact is that, in
order to solve more complex problems, one cannot use anymore those simple
models (or rely on just one kind of approach) developed so far, but rather use
two, or more, interdependent approaches at the same time. As an example,
in the forecast of Epidemics, one has to use concepts belonging to applied
mathematics, computer science, and epidemiology of course. In the light of
that, the last few years have seen the flourishing of a new generation of models
in all the fields where complex networks have been previously used. Another
reason behind the urge for a new generation of models is related with the
appearance of a huge amount of data coming from the opportunity to crawl
many technological infrastructure like: mobile phones [20], GPS tracks [21]
or temporal trade data among countries [22] just to cite a few. The models
developed so far are unable to account for the richness of phenomena observed
in such systems, and the big data challenge cannot be tackled unless we perform
the step forward that we have just talked about.

In the last five years, we have witnessed the appearance of more sophis-
ticate coevolutive models to understand phenomena that depends on many
factors at the same time; the inclusion of time dimension in the description
of interactions among the nodes of a network [15]; the expansion to multiple
kind of interactions and interconnected sub-systems in the description of re-
alistic systems [12, 23-26]. These, and other, new perspectives have allowed
and will allow us to shed light on many open issues and will consolidate the
role of complex systems science as a powerful, and multidisciplinary, way to
understand the world in which we live in.
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1.2. Objectives

1.2.1. Main objectives

The doctorate of the candidate began during one of the most tumultuous
moments experienced by complex network science over the past ten years.
Thus, at its beginning, more than one line of research were available to choose.
From one side, it would have been possible to follow the route of continuing
the study of coevolutive dynamical processes acting on top of complex topolo-
gies. On the other side, instead, the appearance of new formalisms (multilevel,
time-varying) like those introduced above, offered very intriguing perspectives
in terms of new problems to tackle/solve. For this reason, it has been decided
to “ride the wave” generated by the appearance of such new formalisms, while
continuing, at the same time, the exploration of the “previously known land-
scape” of dynamics on top of complex network topologies. Lastly, an aspect
to do not underestimate has been that related to the analysis/manipulation of
big amounts of data. Such aspect will play in the near future a prominent role
in the empirical comparison aimed at validating the existing models as well
as the new ones. Summing up, the main objectives pursued during the whole
duration of the doctorate are:

Objective 1
Extension of known models used to study complex systems to achieve a
more realistic description of them.

Objective 2
Retrieval, analysis, and management of big amount of data originated
by real complex systems.

Objective 3
Study emerging properties and phenomena in systems described using
the new frameworks of time-varying and multilevel interactions.

1.2.2. Objectives of each paper and contribution of the candi-
date

Keeping in mind the trail indicated by the main objectives listed above,
it is possible to go deeper and comment more in detail the objectives pur-
sued by each one of the papers, connecting them with the general ones of the
whole doctorate. At the same time, we also highlight which aspects of the
research work (design of the models, analysis of the results, preparation of
the manuscript, and presentation of the results at conferences/public events)
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involved the active contribution of the candidate. So, in conclusion, we have
that:

1. In Chap. 3, we investigate the effects that a coevolutionary approach
based on evolutionary game theory and time-varying interactions, the
latter generated by the motion of the agents, may have on the emer-
gence of cooperation (objectives 1 & 3). The contributions given by the
candidate concern the design of the agent-based simulations, the analy-
sis of their outcome/results, the preparation of part of the manuscript,
and the presentation of the results at an international conference named
“Net-Works 20117, held in El Escorial (Madrid), Spain, in October 2011.

2. In Chap. 4, we follow the path shown in the previous point, and continue
the study about the effects that time-varying interactions have on the
emergence of cooperation. However, in this case, we further extended
the description used above including the use of real time-varying social
interactions (objectives 1, 2 & 3) to infer the role that correlations ex-
ert on the survival of cooperation. The candidate contributed providing
the topological characterization of the dataset, performing the agent-
based simulation of the evolutionary dynamic, preparing some parts of
the manuscript (especially those concerning the description of the data
used and the evolution of topological properties over time), and display-
ing the results obtained, as an oral contribution, at the one of the main
international conferences of network science named “NetSci 2013”7 held
in Copenhagen, Denmark, in June 2013.

3. In Chap. 5, through the use of a coevolutionary dynamic (obtained
putting in cascade two different dynamical processes), we study the phe-
nomenon of voluntary vaccination as an active method to prevent the
spread of diseases. In particular, the decision of whether getting vacci-
nated or not has been modeled as a social dilemma using the formalism
of evolutionary games (objective 1). The contributions of the candidate
have involved: the design of the model, the realization of the simula-
tions, the analysis of the results produced, and the preparation of the
manuscript. The candidate has also presented the results at international
conferences both as oral (“Complenet 20147, held in Bologna, Italy, in
March 2014) and poster (“NetSci 20137, held in Copenhagen, Denmark,
in June 2013) contributions.

4. In Chap. 6, we investigate the emergence of topological properties when
the system possesses different type of interactions and each one of them
is encoded as a different layer. To gauge the emergence of such features
when the layers are projected onto a single one, we make use of real data
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belonging to the European airline network (objectives 3 & 2). The can-
didate has contributed to the design of the model, the preparation of the
dataset, its topological characterization, the analysis of the results, and
the writing of the whole manuscript. Also, with the aim of fostering the
public availability of big data, the candidate prepared a public repository
where the data (cleaned and filtered) are freely available for the whole
scientific community.

5. In Chap. 7, we were interested in observing the effects that the use of data
belonging to a real system made of several layers has on the dynamical
outcome of a re-scheduling procedure whose behavior has been previously
studied in systems with just one kind of interaction among their elements
(objectives 1, 2 & 3). The contribution of the candidate involved all the
phases of the work, from the design of the model up to the writing of the
manuscript.

6. In Chap. 8, we studied the emergence of a collective phenomenon like
synchronization. In particular, we were interested in the characterization
of the onset of a novel kind of synchronization, named remote synchro-
nization, in a population of amplitude oscillators whose interactions are
arranged like a complex network (objectives 1 & 3). The contributions of
the candidate have focused on the design of the simulations, the analysis
of the results.

After having described the aims, and the contributions of the candidate, of
the work done during the doctorate, we are ready to pass to the main body of
the manuscript. However, before doing so, it is worth spending some words to
illustrate the structure of this thesis to let the reader create some sort of mental
map of it. The structure of this thesis is the following: Chapter 2 we provide the
fundamental knowledge needed to an unexperienced reader to fully understand
all the concepts used and results found in the following chapters. In particular,
in Sec. 2.1 we introduce some basic mathematical notions of graph theory and
some structural measures. In Sec. 2.2, instead, we present some general models
of complex networks including multiplex (2.2.4) and time-varying (2.2.5) ones.
Then, in Sec. 2.3, an overview on some dynamical processes that have been
implemented on top of complex networks topologies is made. In particular:
spreading phenomena, synchronization, and evolutionary game theory are il-
lustrated in sections 2.3.1, 2.3.2, and 2.3.3 respectively as they have been the
main dynamical frameworks used in the works of this thesis. After introducing
the basic concepts used within the papers collected here, we are ready to un-
derstand the results contained into them and displayed in chapters from 3 to
8. Finally, in Chap. 9 we draw some general conclusions and give a few future
perspectives.






Chapter 2

Methods

2.1. Introduction to graph theory

Many real-world situations can be conveniently described by means of a
diagram consisting of a set of points together with lines joining certain pairs
of points. For example, the points could represent people, with lines joining
pairs of friends; or the points might be communication centres, with lines
representing communication links. Notice that in such diagrams one is mainly
interested in whether two given points are joined by a line; the manner in
which they are joined is sometimes not physical. A mathematical abstraction
of situations of this type gives rise to the concept of graph.

Graphs are so named because they can be represented graphically, and
it is this graphical representation which helps us understand many of their
properties. Fach vertex is indicated by a point, and each edge by a line joining
the points representing its ends. There is no single correct way to draw a
graph; the relative positions of points representing vertices and the shapes of
lines representing edges usually have no significance.

However, we often draw a diagram of a graph and refer to it as the graph
itself; in the same spirit, we call its points vertices and its lines edges. Most
of the definitions and concepts in graph theory are suggested by this graphical
representation. The ends of an edge are said to be incident with the nodes, and
vice versa. Two vertices which are incident with a common edge are adjacent,
as are two edges which are incident with a common vertex, and two distinct
adjacent vertices are neighbours.

However, sometimes drawing a graph is completely useless, especially when
the number of vertices and edges is very large. In fact, the big number of
connections and points could transform a brief clear sketch into a complete
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Figure 2.1: An example of a graphical representation of a graph.

mess. In addition, since positions of vertices are usually meaningless, the
“properties” of such systems cannot be deduced only by a visual analysis. This
facts seems to limit the range of validity of graph theory as it has been described
until now. Fortunately for us, mathematics provides a rigorous formalism
under which all the properties of a graph can be expressed. So, for a proper
comprehension of the results, it is necessary to introduce this common language
providing some definitions and notations.

2.1.1. Basic notions

Let us start with the construction of the mathematical language used to
describe graphs and in particular their structural properties. Graph theory
[4, 27-30] is the natural framework for the exact mathematical treatment of
complex networks and, formally, a complex network can be represented as
a graph. An undirected (directed) graph G = (N,K) is a mathematical
object which consists of two sets: N and K , such that AV # () and K is
a set of unordered (ordered) pairs of elements of N. The elements of NV =
{n1,n2,...,nn} are the nodes (or vertices, or points) of the graph G, while
the elements of K = {ly,l2,...,lx} are its links (or edges, or lines). The
number of elements in N and K are denoted by N and K, respectively. Then,
later, a graph will be indicated as G(N, K) = (N, K), or simply G(N, K) or
Gn, whenever it is necessary to emphasize the number of nodes and links in
the graph.
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A powerful way to represent a graph is through the adjacency (or connec-
tivity) matrix A, a N x N square matrix whose entry a; ; (i,7 =1,...,N) is
equal to:

{1, if the edge between nodes ¢ and j exists,
almj =

0, otherwise.

The simplest kind of network one can think of is that whose connections are
undirected and have the same intensity. In such case we will talk about undi-
rected and unweighted network as those networks whose adjacency matrix
is symmetric and whose nonzero elements assume all the same value.

1 4 \1110)

Figure 2.2: A graph and its corresponding adjacency matrix A.

The adjacency matrix A fully characterizes the topological properties of
the graph under study. In particular, as we will discover soon, its properties
determine the particular type of network under consideration. In graph theory,

two extremal cases of networks are the complete graph that is a graph in

N(N-1)
2

to an adjacency matrix whose elements are all (except those on the diagonal)
equal to one; and the empty graph that is a graph with no connections (i.e.
where all the elements of A are equal to zero).

which each pair of vertices are adjacent so it has edges corresponding

However, many real networks display a large heterogeneity in both the
intensity and direction of connections. Examples are the electrical resistance
in resistors networks, passengers flow in airline networks, and the presence
of weak ties and hierarchies between individuals in social networks to name
a few [31-36]. These systems can be better described in terms of weighted
networks, i.e. networks in which each link carries a numerical value measuring
the strength of the connection. In this sense a new set W = {w1, we, ..., wx}
must be considered. In the light of such assumption, a graph G is defined as:

GW = [N, K, W).
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When weighted networks are considered, it is useful to represent them
redefining the adjacency matrix. In these cases it is useful to consider a weight
matrix W, a N x N square matrix whose entry w;; (¢,7 = 1,...,N) is equal
to the link weight. Directed networks, instead, can be represented in terms
of asymmetric adjacency/weight matrices, thus accounting for the possibility
that not every connection may be reciprocated.

After this brief introduction about the macro categories upon which com-
plex networks may be classified, and the mathematical tools used to represent
them, it is now time to define those measures that will help us in the character-
ization of several topological properties. For the sake of simplicity, whenever
not indicated, we will consider unweighted undirected networks.

Node degree, strength and their distributions

The degree (or connectivity) k; of a node i is the number of edges incident
with it. It is defined in terms of the adjacency matrix A elements as:

ki = Z Qg - (2'1)

In the case of weighted graphs, the counterpart of the degree is played by the
so-called node strength, s;, which is the sum of the edges weights incident
with the node ¢. In terms of weight matrix W we could express it as:

JEN

The most basic topological characterization of a graph G' can be obtained
in terms of its degree distribution P(k), defined as the probability that a
randomly chosen node has degree k or, equivalently, as the fraction of nodes in
the graph having degree k (analogously, one can define a strength distribution
P(s)). Information on how the degree is distributed among the nodes of an
undirected network can be obtained either by a plot of P(k), or by the calcu-
lation of the moments of the distribution. The n-moment of P(k) is defined
as:

(k") =Y k" P(k). (2.3)
k

The first moment (k) is the average degree of G. The second moment mea-
sures the fluctuations of the connectivity distribution around the mean (k).
The degree distribution completely determines the statistical properties of un-
correlated networks as shown by Newman et al. in [4, 37].

When analyzing real networks [38|, it may happen that the data have
rather strong intrinsic noise due to the finiteness of the sampling. Therefore,
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when the size of the system is small, it is sometimes advisable to measure the
cumulative degree distribution Ps (k), defined as:

oo
Po(k)=Y_P(¥). (2.4)
k' =k
Indeed, by using P-(k), the statistical fluctuations generally present in the
tails are smoothed while preserving all other indicators. Some examples of

various degree distribution belonging to several real networks can be seen in
Fig. 2.3.
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Figure 2.3: Shapes of cumulated degree distributions belonging to various real-world
networks. Panels a,b,e, and f correspond to technological and economic networks,
while panels ¢,d,g, and h to social ones (from Amaral et al. [38]).

Degree correlations and rich-club phenomenon

A large number of real networks are correlated in the sense that the prob-
ability that a node of degree k is connected to another node of degree, %/,
depends on k. In these cases, it is necessary to introduce the conditional
probability P(k'|k), defined as the probability that a link from a node of de-
gree k points to a node of degree k’. P(K'|k) satisfies the degree detailed balance
condition kP(k'|k)P(k) = K P(k|k")P(k") [39]. For uncorrelated graphs, the
balance condition gives P(k'|k)P(k) = k'P(k")/(k).

Correlated graphs are classified as assortative if the average degree of
nearest neighbour ky, = >,/ k'P (k'|k) is an increasing function of k, whereas
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they are referred to as disassortative when k,,, is a decreasing function of k
[40]. In other words, in assortative networks the nodes tend to connect to their
connectivity peers, while in disassortative networks nodes with a lower degree
are more likely connected with highly connected ones.

Another interesting quantity that is able to capture the presence of degree
correlations is the so-called rich-club phenomenon, which refers to the tendency
of nodes with high centrality, the dominant elements of the system, to form
tightly interconnected communities, and it is one of the crucial properties ac-
counting for the formation of dominant communities in both computer and
social sciences |24, 41, 42|

Essentially, nodes with a large number of links, usually referred to as rich
nodes, are much more likely to form tight and well-interconnected subgraphs
(clubs) than low-degree nodes. A first quantitative definition of the rich-club
phenomenon is given by the rich-club coeflicient ¢, introduced in the context
of the Internet in [41]. Denoting by E-j the number of edges among the N<y
nodes having degree higher than a given value k, the rich-club coefficient is

expressed as:
2E>

k)= —F—7F—,

#k) N>g (N> — 1)
where N<g(Nsj — 1)/2 is nothing less than the maximum possible number of
edges among the Nsj nodes. Therefore, ¢(k) measures the fraction of edges

(2.5)

connecting those nodes with respect to the maximum number of edges there
might be. Tt is worth mentioning that, the rich-club phenomenon is not nec-
essarily associated with assortative mixing. In other words, the rich-club phe-
nomenon and the mixing properties express different features that are not
trivially related to each other. Also, it is worth stressing that a simple inspec-
tion of the ¢(k) trend is potentially misleading in the discrimination of the
rich-club phenomenon since an increasing behavior (for high values of k) does
not confirm the presence of the rich-club. Nevertheless, the behaviour of the
rich-club coefficient as a function of the degree k is a probe for the topological
correlations in a complex network, and it yields important information about
its underlying architecture.

As we have seen so far, the rich-club coefficient ¢(k) is a quantity to deal
with care. To reduce the risks that may lead to wrong conclusions, and to allow
the comparison between different kind of networks, an alternative measure has
been proposed. In particular, Colizza et al. have proposed to use a normalized
coefficient rather than simply Eq. (2.5). More in detail, ¢(k) is divided by
the same quantity calculated on a network obtained using the appropriate
null model providing a suitable normalization ¢'(k). Such null models have
to ensure that the obtained network has the same degree distribution of the
original one but with any eventual degree correlation washed out.
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Figure 2.4: Normalized rich-club coefficient R as a function of degree k for various real
and synthetic networks. We see how Internet (at the autonomous system level) and
Protein interactions networks do not display rich-club effect, while Air transportation
and Scientific collaboration do. Concerning the synthetic networks models (ER, MR
and BA), only BA ones possess a rich-club (from [42]).

From the discussion above, a possible choice for the normalization of the
rich-club coefficient is provided by the ratio R(k) = ¢(k)/¢'(k), where ¢'(k)
is the link abundance on a network with the same degree sequence of the
original but with connections randomly shuffled (i.e. no degree correlations)
that can be calculated analytically. A ratio larger than one is the actual
evidence for the presence of a rich-club phenomenon leading to an increase in
the interconnectivity of high-degree nodes in a more pronounced way than in
the random case. In contrast, a ratio R(k) < 1 is a signature of an opposite
organizing principle that leads to a lack of interconnectivity among high-degree
nodes.

o(k) _ 2E- Nop(Nok —1)  Esp
(k) Nsp(Nsgp—1) 2B, EL,C

R(k) = (2.6)

where E., is the number of nodes with degree greater or equal to k in such
network. An illustrative example displaying the behavior of R as a function of
k for various real and synthetic networks is displayed in Fig. 2.4.
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Shortest path lengths and diameter

Graphs are often used to model systems in which goods move through
them. Consider, for example, the case of transportation or communication
systems, but social systems may, as well, have “things” moving through them
(gossip news or viruses to cite some). For such reason, it is very important to
know which route is the best one, to ensure a fast and safe delivery, as well as
the size and the robustness of the system in which we are moving through. In
this section we focus on quantities that can provide an answer to such kind of
problems.

As previously stated, the knowledge of the shortest path between two points
in the system is a crucial issue in the context of transport and communication
within a network. Suppose, for example, that one needs to send a data packet
from one computer called ¢ to another named j through the Internet: the
geodesic or shortest path is the shortest walk connecting two nodes (in an
unweighted network the minimum number of hops needed to reach node j
from i). Geodesics provide optimal pathway, since one would achieve a fast
transfer and save of system resources. For such a reason, shortest paths have
also played an important role in the characterization of the internal structure
of a graph [24]. It is useful to represent all the shortest path lengths of a
graph G as a matrix, D, in which the entry d;; corresponds to the length of
the geodesic from node i to node j. The maximum value of d;; is thus called
the diameter of the graph. In the light of the previous definition, in a spatial
(weighted) graph, the shortest path length is defined as the smallest sum of the
edge lengths throughout all the possible paths in the graph connecting, say, a
node i to another one named j [30, 35, 43]. In this way both the topology and
the geography of the system are taken into account.

A measure of the typical separation between two nodes in the graph is given
by the average shortest path length, L, (a global property) also known as
the characteristic path length, defined as the mean of geodesic lengths over
all couples of nodes [3, 4, 24].

1
[ = — - E: d;;. (2.7)
N(N —1 J
( )i,jeN,isﬁj

A problem arising from the above definition is that L diverges if there are
disconnected components in the graph. One possibility to avoid such a diver-
gence is to limit the summation in Eq. (2.7) only to pairs of nodes belonging
to the largest connected component, or giant component [9]. An interesting
alternative, called efficiency, is described below.
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Efficiency

The global structural properties of a graph can be evaluated by the analysis
of the shortest paths between all pairs of nodes. However, as we have mentioned
above, there exist a divergence issue with Eq. (2.7). We already spoke about
one possibility to avoid such inconsistence. Another possible way to solve this
problem is to consider the harmonic mean of the geodesic lengths, and to define
the so-called efficiency, F, of a graph (35, 43]. In this way we are still able to
quantify how easy is the communication between the nodes.

1 1
E=—ooc——o Y . (2.8)
NN =1 iy T

Where d;; is an element of the geodesic matrix D. Such quantity is an indicator
of the traffic capacity of a network, and avoids the divergence in Eq. (2.7), since
any pairs of nodes belonging to disconnected component of the graph yields a
contribution equal to zero to the summation in Eq. (2.8) (if two nodes have
no paths connecting them then we set d;; = oo). In particular, the extreme
boundaries of efficiency are represented by the complete graph and the empty
one having Fcomplete = 1 and Eepypty = 0 respectively.

Clustering

Many real networks, even belonging to different contexts, share common
topological properties like being small-world or scale-free for example (we will
comment later on some of these properties). Among the various topological
features that networks may share, one of particular relevance is that of dis-
playing characteristic patterns of interconnections among the nodes. Those
patterns can be viewed as the fundamental “building blocks” of the network
structure, and often play a crucial role in the development of special functions
associated with the system under consideration. These fundamental sub-units
of networks have attracted a lot of attention from the scientific community
over the years and have been studied in many different contexts [44-47].

A motif G is a pattern of interconnections occurring either in a undirected
or in a directed graph G at a number of times significantly higher than in
randomized version of the graph itself. As a pattern of interconnections, a
motif G is usually meant as a connected (directed or not) n-node graph which
is a subgraph of G. The concept of motifs was originally studied by Alon and
coworkers |44, 48-51|, who studied small n motifs in biological networks but,
of course, also other kind of networks display such features [47, 52, 53|.

Among the various motifs, and cycles in particular, available those of length
three (i.e. the triangles) play a special role. In fact, such interconnection pat-
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terns have caught the attention of scientists quite before than when the role
played by other motifs have come up to light. Clustering, also known as tran-
sitivity, is a typical property of acquaintance networks, where two individuals
with a common friend are likely to know each other [24]. This can be quantified
by defining the transitivity T of the graph as the relative number of triples, i.e.
the fraction of connected nodes which also form triangles. An alternative pos-
sibility is to use the graph’s clustering coeflicient C, a measure introduced
by Watts and Strogatz [54] defined as follows. A quantity ¢; (local clustering
of node ) is introduced, expressing how likely a;,, = 1 for two neighbors j and
m of node 4. Its value is obtained counting the number of edges (denoted by
e;) in the subgraph G; of node i neighbours (thus, a local property). The local
clustering coefficient is defined as the ratio between e; and k;(k; — 1)/2, that

is the maximum possible number of edges in G;, so:

2¢; ij Qij Qjm Qmi

C; = = . (29)

ki(k; — 1) ki(ki —1)

The clustering coefficient of the graph C' is the average of ¢; over all nodes in

G: .
€)=+ Z ¢i. (2.10)
jeEN
By definition, 0 < ¢; < 1, and 0 < C' < 1. In some cases, it may be useful
to consider c¢(k), the clustering coefficient of a connectivity class k, which is
defined as the average of ¢; over all nodes with degree k.

C

2.2. Network models

The topological measures exposed so far are completely general and ap-
plicable to any kind of graph. The characterization/study of real systems
mappable as complex networks, by means of such measures, constitutes one of
the main aims of network science. However, the need for theoretical models
able to reproduce the salient features of such real systems (in order to unveil
the underlying mechanisms responsible for their presence) constituted a key
aspect in the early stages of network science. For this reason, along the years,
a plethora of network models have been proposed each of them trying to focus
on this or that particular aspect, but always with the scope of providing useful
tools to the scientific community. The main distinction can be made between
equilibrium models in which the system is already generated with its final
number of nodes; and out of equilibrium (or growth) models where the system
undergoes an evolution over “time” until it reaches a dynamical equilibrium.

The systematic study of random graphs was initiated by Erdés and Rényi in
1959 with the original purpose of studying, by means of probabilistic methods,
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the properties of graphs as a function of the increasing number of random
connections [55]. The term random graph refers to the disordered nature of
the arrangement of links between different nodes. Some paradigmatic examples
of equilibrium models are those of Erdés-Rényi, De Solla Price, and Molloy-
Reed [55-58]. In 1998, instead, Watts and Strogatz developed a model of
random network capable of reproducing at the same time the finite clustering
C of lattices, and the small average path length L typical of random graphs.
They named graphs obtained with this model small-world, in analogy with
the small-world phenomenon [59].

Soon after, instead, Barabési and Albert, [60], developed a non equilibrium
model for growing networks able to reproduce the scale-free property (i.e. the
fact that the degree distribution is a power law of the kind P(k) oc k77, with
2 < 7y < 3) observed in many real systems [61]. Since then, we have witnessed
to a continuous increase over the years of the number of models proposed to
account for all the properties displayed by the real networks including the
scale-free property. This flurry of activity is responsible for the appearance,
in the last few years, of some new interesting frameworks that have allowed
network science to make another step forward towards a better comprehension
of complex systems, paving the way to the understanding of phenomena that
were previously not completely (or partly) understood. Two typical examples
of these new approaches are: the time-varying networks [15], and the multilayer
networks [23]. In the following sections we will illustrate the fundamental
properties of some of those models that will be used in the papers displayed in
chapters from 3 to 8.

2.2.1. Erdés Rényi random graphs

In their first article [62], Erdds and Reényi proposed a model to generate
random graphs with IV nodes and K links, that we will henceforth call Erdés
and Rényi random graphs (ER) and denote as G%}(. Starting with N
disconnected nodes, ER random graphs are generated by connecting couples
of randomly selected nodes, avoiding multiple connections, until the number
of edges equals K [62]. We emphasize that a given graph is only one outcome
of the many possible realizations, an element of the statistical ensemble of all
possible combinations of connections. For the complete description of Gﬁﬁ(
one would need to describe the entire statistical ensemble of possible realiza-
tions, that is, in the matrix representation, the ensemble of adjacency matrices
[63]. An alternative model for ER random graphs consists in connecting each
couple of nodes with a probability p € [0,1]. This procedure defines a dif-
ferent ensemble, denoted as Gﬁg and contains graphs with different number
of links: graphs with K links will appear in the ensemble with a probability



18 Chapter 2. Methods

pK (1 — p)NIN=-1)/2-K

The two models have a strong analogy, respectively, with the canonical
and grand canonical ensembles in statistical mechanics |64], and coincide in
the limit of large N. Notice that the limit N — oo is taken at fixed (k), which
corresponds to fixing 2K /N in the first model and p(N — 1) in the second one.
Although the first model seems to be more pertinent to applications, analytical
calculations are easier and usually are performed in the second model.

Let us comment now about some of the structural properties of ER graphs.
In our discussion we consider ER networks obtained using the Gﬁfz method.
In this case, the structural properties of ER random graphs vary as a function
of p showing, in the case of the size of the giant component, a dramatic change

1
at a critical probability p. = N corresponding to a critical average degree

(k). = 1. The transition at p. has the typical features of a second order phase
transition. Concerning the degree distribution, P(k), the probability that a
node ¢ has k = k; edges is given by the binomial distribution. However, for
large N and fixed (k), the degree distribution is well approximated by a Poisson
distribution:

P(k) = e_<k>M

o (2.11)

The shortest path length L, like the diameter, scales like: L ~ In N/In(k).
The clustering coefficient of Gﬁg is equal to C' = p = k/N. Hence, in the limit
of large system size, ER random graphs have a vanishing C' and finite (but
small) average path length L.

2.2.2. Random geometric graphs

Usually, most of the paradigmatic examples of networks one could think
of are relational networks, that is, graphs in which distances do not have
physical meaning and are just dimensionless quantities measured in terms of
edge hops. However, in many cases the physical space in which networks are
embedded and the actual distances between nodes are important, such as in rail
and road networks, ad hoc communication networks, and other geographical
and transportation networks (for a quite exhaustive bibliography on spatial
networks we suggest to look at the report of Barthélemy [16]). The random
geometric graph (RGG) is a standard spatial network model that plays a
role for spatial networks similar to the one played by the Erdgs-Rényi random
graph for relational ones [65, 66]. The construction process of a RGG with N
nodes and radius R, on a d-dimensional metric space, can be summarized as
follows:
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1. The N nodes are placed on the Euclidean space Q € R? with uniform
distribution.

2. An edge is created for every pair of nodes whose Euclidean distance is
r < R.

0.75f
051 Xy

0.25f

0

Figure 2.5: A 2D random geometric graph with N = 500, (k) = 5 and no periodic
boundary conditions. (from [65]).

The degree distribution of a RGG is given by a Poissonian as well. However,
due to the spatial embedding, other topological estimators behave differently
from those of ER graph. Also, the use of periodic or open boundary condi-
tions affect severely such behavior. The relation between space and topological
quantities stems from the intersection properties of d-dimensional hyperspheres
(of radius r) centered on each node with those of the other nodes. Under such
assumptions, for example, it is possible to determine that the average degree

is equal to:
7d/2 pd

d+2\’
2

where N is the number of nodes, p plays the role of the connection probability of
Gﬁ% model, I' is the gamma function, and V' is the volume of the d-dimensional
hypersphere of radius r. The clustering coefficient C, instead, is given by:

(ky =Np=N2¢V = N2¢ (2.12)

d+1

C~ 3\/5 (2) 2 (2.13)

It is worth noting that the clustering coefficient does not depend on the size
of the system thus, in contrast with ER random graphs, it does not vanish in
the thermodynamic limit. The spatial embedding of RGG deeply affects the
average path length L. As one could guess, the absence (for values of R smaller
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than the size of the system) of long range links draws L to behave like in a
regular lattice. On the other hand, if we consider periodic boundary conditions
the scenario changes and we are able to recover the results observed for ER
networks. Concerning the second-order features and in particular, the degree
correlation functions some results can be found in the paper of Antonioni et
al. [67].

2.2.3. Barabasi-Albert scale-free networks

As we have commented before, many real networks display degree distribu-
tions behaving like P(k) o< k7 thus having any characteristic scale for the de-
gree k and for such reason named scale-free networks. The Barabasi—Albert
(BA) model is a non equilibrium model of network growth inspired by the for-
mation of the World Wide Web, and is based on two basic ingredients: growth
and preferential attachment.

More precisely, an undirected graph Gﬁf}{ is constructed as follows. Start-
ing with mg nodes, at each time stept =1,2,3,..., N —mg a new node j with
m < mg links is added to the network. The preferential attachment prescribes
that the probability that a link will connect j to an existing node i is linearly
proportional to the actual degree of ¢:

k;
1[I = e (2.14)

]

In the limit ¢ — oo, the model produces a degree distribution P(k) ~ k=7, with
an exponent v = 3. The case of a growing network with a constant attachment
probability Hj _,; = 1/(m0 +t — 1) produces, instead, a degree distribution
P(k) = e/mexp(—k/m). This implies that the preferential attachment is an
essential ingredient of the model. Also, since every new node has m links, the
network at time ¢ will have N = mg-+t nodes and K = mt links, corresponding
to an average degree (k) = 2m for large times.

Analyzing the behavior of other topological measures, we can observe that,
in the BA model, the average distance L is smaller than an equivalent ER ran-
dom graph, and increases logarithmically with N. Analytical results predict a
double logarithmic correction to the logarithmic dependence L ~ log N/ log(log N).
The clustering coefficient vanishes with the system size as C ~ N~075, This is
a slower decay than that observed for random graphs, C' ~ N1, but it is still
different from the behavior in small-world models and real networks, where C
is a constant independent of N.

Apart from the BA model, other models able to generate power law degree
distribution have been proposed over the years. Among them, are worth to
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mention: the De Solla Price model, Molloy-Reed (MR) configurational model,
the atractiveness model of Dorogovtsev et al. , and the so called fitness model
of Caldarelli et al. just to cite a few [56, 57, 68, 69].

2.2.4. Multiplex networks

Recently, due also to the possibility of harvesting huge amount of data,
there have been increasingly intense efforts to investigate networks with mul-
tiple types of connections or “multilayer” networks [70]. Such systems were
examined decades ago in disciplines like sociology and engineering, albeit the
explosive attempt to develop frameworks to study multilayer complex systems,
and to generalize a large body of familiar tools from network science, is a recent
phenomenon. Social networks are, indeed, a good example of multilevel (mul-
tilayer) networks because they intrinsically possess a rich variety of hierarchies,
various kind of nodes and interactions, may have coarse-grained structures, can
be bipartite, and so on. For such reasons, together with transportation net-
works, they can be considered a paradigmatic example of multilayer networks.

Within the efforts made to study such systems, a considerable amount of
interest has been devoted to the characterization and modeling of multiplex
networks, with the aim of creating a consistent mathematical framework to
study, understand, and reproduce the structure of these systems [12, 23, 25, 26,
71-77]. In particular, in the last four years, two main tracks have been followed:
from one side, people have worked to formulate a fully consistent mathematical
framework to extend all the measures developed for single-layer networks to the
multilayer ones [23, 76-78]; on the other side, there has been other people more
interested in the study of well known dynamics on top of multilevel networks to
see whether the multilayer structure produces new phenomena [13, 14, 71, 79,
80]. As an example, for some types of cascading-failure processes, a multilayer
system can exhibit a “first-order” (i.e., discontinuous) phase transition instead
of the “second-order” (i.e., continuous) phase transitions that are typical for
single layer systems [12].

Before continuing with the mathematical formulation of multilevel net-
works, we must clarify an important aspect about terminology. With multi-
layer network one means a network made of two or more distinct layers where
a node in a layer may not be present in the others, and where there are intra-
layer connections among nodes of the same layer, and inter-layer connections
among nodes belonging to different layers. For multiplex network, instead,
we mean a particular kind of multilayer where each node is represented (as
the same node) in every layer of the system, and where the inter-layer connec-
tions are only among the representatives of the same node. In this thesis we
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consider only multiplex networks. However, all the formalism that is going to
be introduced can be easily extended to the case of multilayer networks and
the interested reader could find a very good introduction to such formalism in
[23, 78].

Having settled the terminology issue, we are now ready to introduce the
mathematical framework used to describe multiplex networks. Three different
formalisms have been proposed: the adjacency tensor [23], the supra-adjacency
matriz |14, 23|, and the array of adjacency matriz [77]. The first formalism is
the most “elegant” but less intuitive, the second is nothing but a projection of
the former with the advantage of being more useful for practical applications,
the third is designed to work in the case where the inter-layer connections are
less important than the intra-layer ones. In the following, we will introduce
only the last two.

Considering a simple multiplex composed of just two layers (like that of
Fig. 2.6), its supra-adjacency matrix M is a block matrix made of nothing
else than the adjacency matrices of each layer A; | i = 1,2 in the diago-
nal blocks, and a diagonal matrix B (whose elements are all the same) else-
where. The diagonal blocks account for the intra-layer structure, while the
off-diagonal blocks account for the inter-layer connections. Having built the
supra-adjacency matrix with such hierarchical constraints, it is trivial to re-
trieve all the topological estimators we have seen so far. The interested reader
could refer to the review of Kiveld et al. [78].

Figure 2.6: A multilayer graph (left) and its corresponding supra-adjacency matrix
M (right). In particular, in this multilayer, all the links between layers have weight
equal to one (thus B =T1).

The supra-adjacency matrix can be obtained from the tensorial representation
of the multiplex. Starting from the adjacency tensor of the multilayer, one can
reduce its rank (i.e., order) by constraining the space of possible multilayer
networks or by “flattening” the tensor [14, 81, 82].

The alternative formalism developed by Battiston et al. [77] has the advan-
tage of being very intuitive and allowing a straightforward extension of all the
topological estimators developed for simple networks. It also contemplates the
possibility of projecting the layers into a single one as if we were looking at the
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multilevel system from above. We consider first a system composed of N nodes
and M unweighted layers. We can associate to each layer a, « =1,..., M, an
adjacency matrix Al = {ag?]}, where ag-?] = 1 if node i and node j are con-
nected through a link on layer «, so that each of the M layers is an unweighted
network. Such a multiplex system is completely specified by the vector of the
adjacency matrices of the M layers

A= {A[”, N .,AW]} . (2.16)

We define the degree of a node ¢ on a given layer « as k;l[a] = Zj ag(;-‘], from

which follows that 0 < kl[a] < N — 1 Vi,Va. Consequently, the degree of node
7 in a multiplex network is the vector

la:(k}”,...,k?”), i=1,....N. (2.17)
As one could guess, ), k:l[a] = 2K where K® is the total number of links
on layer . Vectorial variables, such as A and k?;, are necessary to properly
store all the richness of multiplex networks. However, it is also useful to define
aggregated adjacency matrices (in which we disregard the fact that the links
belongs to different layers) to be used as a term of comparison. We will show
that aggregated matrices and the corresponding aggregated measures, with
which one may be tempted to analyze the multi-layer structure, have limited
potential and often fail in detecting the key structural features of a multiplex
network. We define the aggregated topological adjacency matrix A" = {a;j} of
a multiplex network, where

al; J (2.18)

;L 1 if Ja:ad =1
0 otherwise

This is the adjacency matrix of the unweighted network obtained from the
multi-layer structure joining all pairs of nodes ¢ and j which are connected
by an edge in at least one layer of the multiplex network, and neglecting the
possible existence of multiple ties between a pair of nodes and the nature of
each tie as well. For the degree of node ¢ on the aggregated topological network,

we have
K= aij. (2.19)
J
Summing k. over all elements of the system, we obtain

> ki =2K', (2.20)

where K’ is the total number of links (also called the size) of the aggregated
topological network. Matrix A’ describes a single-layer binary network which
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can be studied using the well-established set of measures defined for single-
layer networks. This representation turns out to be very simplistic and often
insufficient to unveil the key features of multi-layer systems but proving it is
out of the scope of this thesis. The interested reader could find it in the paper
of Battiston et al. [77].

2.2.5. Time varying networks

Until recently, in most network studies, the time dimension has been pro-
jected out by aggregating the contacts between vertices to (sometimes weighted)
edges, even in cases when detailed information on the temporal sequences of
contacts or interactions would have been available.
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Figure 2.7: A time-varying graph represented as a series of graph G, Go, .. ., each one
corresponding to an instant of time 7. If we project a certain number of snapshots,
corresponding to a time window At = n 7, onto a single static (weighted) graph we
will obtain the graph displayed at the bottom.

On one hand, one will always lose information when projecting a temporal
network structure to a static graph (see Fig. 2.7 for an illustration). On the
other hand, in some cases, this loss of information is probably too insignificant
to make up for the more complicated analysis and modeling needed for the
temporal graph approach. So, we are legitimated to ask: when are temporal
networks a suitable framework for analysis and modeling? A special case of
the requirement that a system should have temporal structure for it to suit
a temporal-network framework, relates to time scales [83]. If the dynamical
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system on the network is too fast compared to the dynamics of the contacts, or
when edges are active, then there is no need to model the system as a temporal
network. One example is the Internet where the data packets travel much faster
than the topology changes. So, the reason behind the neglection of temporal
structure of complex networks until some years ago may be also due to the fact
that in recent times we are experiencing an acceleration of the time scales at
which infrastructures evolve compared to the dynamical phenomenon acting
on them. A typical example of such acceleration is given by the proximity
patterns of humans — data on who is close to whom at what time — that are
important both for understanding the spread of airborne pathogens and word-
of-mouth spreading of information. Nowadays, in fact, trips across the world
are much faster than, say, twenty years ago. Another fundamental aspect,
that exerts deep consequences on the evolution of dynamical processes is that
related with causality. The arrow of time, in fact, is one of the most important
concepts in physics and can matter a lot, and as we shall see below, the timings
of connections and their correlations do have effects that go beyond what can
be captured by static networks.

Temporal networks can be divided into two (rough and overlapping) classes
corresponding to the two types of representations. In the first representation,
(Fig. 2.8(a)) there is a set of N vertices, N, interacting with each other at
certain times, and the durations of the interactions are negligible. In this
case, the system can be represented by a contact sequence, i.e. a set of
C contacts, triples (i,7,t) where 4,5 € N and ¢ denotes time. Equivalently,
one can represent the system by A, a set of K edges (pairs of vertices) K,
and, for e € £, a non-empty set of times of contacts T, = {t1,...,t,}. In

Figure 2.8: Contact sequences and interval graphs. This figure illustrates the two
fundamental temporal network representations, namely: contact sequences (a) and
interval graphs (b). The times of the contacts are states next to the edges. (from

[15]).

the second class of temporal networks we discuss, interval graphs, where
edges are not active over a set of times but rather over a set of intervals T, =
{(t1,t}),..., (tn,t})}, where the parentheses indicate the periods of activity.
The static graph with an edge between ¢ and j if and only if there is a contact
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between i and j is called the (time) aggregated graph.

(2.21)

(i, 7.1) 1 if 4 and j are connected at time ¢t
a(i, j,t) =
T 0 otherwise

An approach, similar to that used by Battiston et al. for multiplex networks
[77], can also be formulated for time-varying networks. Also, it is straight-
forward to extend all the topological features seen so far to the time-varying
graphs. The interested reader could find a complete treatment of those quan-
tities in [15] (and references therein).

In most cases, the contacts between the same node pair in time-varying
systems tend to be clustered in time, i.e., they show persistence over time
[84, 85]. For instance, people tend to engage in relations for continuous intervals
of time. Hence, a given link has a higher probability to appear in graph Gy if
it was already present in graph G;_1 (see Fig. 2.8 snapshots G5 and G3). To
quantify this effect, following Refs. [86, 87|, one can compute C, the average
topological overlap of the neighbor set of a node ¢ between two successive
graphs in the sequence:

T-1 t t+1
2 4% (2.22)

L1
¢ _T_ltz:; N

are the elements the adjacency matrix of the time-varying graph at

t
where a;;

snapshot ¢, k} = >, af; is the degree of node i at snapshot ¢, and T is the
duration of the whole observation interval. Tang et al. [87], name this metric
the temporal-correlation coefficient of graph G but an alternative, and
more intuitive, name is temporal clustering. Notice that C? values fall in [0, 1]
interval. In general, a higher value of C? is obtained when the interactions of
node i persist longer in time, while C? tends to zero if the interactions of i are
highly volatile. Also, it is worth mentioning that, following the ideas exposed
in [88] for simple graphs, it is possible to extend the concept of temporal
clustering to the case of weighted time-varying networks.

As anticipated above, the inclusion of the time dimension in the description
of the systems has dramatic consequences on them because it severely affects
two fundamental concepts: path and distance. Paths, in fact, must necessarily
be constrained to sequences of link activations that follow one another in time.
Thus, in a temporal graph, paths are usually defined as sequences of contacts
with non-decreasing times that connect sets of vertices. Kempe et al. [89]
and Holme et al. [90] call such paths time-respecting. A striking difference
between static and temporal networks is that the paths are not transitive. The
existence of time-respecting paths from ¢ to 5 and j to k does not imply that
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there is a path from ¢ to k. The set of vertices that can be reached by time-
respecting paths from vertex ¢ is called the set of influence of i. This is
important e.g. for disease spreading, as it represents the set of vertices that
can eventually be infected if ¢ is the source of infection. One can also define the
source set of ¢ as the set of vertices that can reach ¢ through time-respecting
paths within the observation window. This set consists of all vertices that may
have been the source of an infection to node ¢. Finally, two vertices ¢ and j of a
temporal network are defined to be strongly connected if there is a directed,
time-respecting path connecting ¢ to j and vice versa, while they are weakly
connected if there are undirected time-respecting paths from ¢ to j and j to
1, i.e. the directions of the contacts are not taken into account.

To every time-respecting path is associated a duration, measured as the
time difference between the last and first contacts on the path; note that some
authors have called it the temporal path length [91|. Analogously to the
shortest paths that define the geodesic distance, one can find the fastest time-
respecting path(s) between two nodes; the shortest time within which 7 can
reach j is called their latency or temporal distance [91]. As the concepts
of temporal duration and link-wise distance have been used interchangeably
in the literature. In the following, we will reserve the word “distance” for
measuring numbers of links, and “duration” and “latency” for measuring times.
Concerning the diameter, one option is to define it as the longest average
latency albeit one would then have to choose how to deal with infinite latencies.

Concerning the identification of those meso-structures that play an impor-
tant role in the system, the reachability graphs, or path graphs, or associated
influence digraph (92, 93]. In such a case one puts a directed edge from ver-

o v

Figure 2.9: Reachability graphs. Panel (a) shows a contact sequence and (b) shows
the corresponding graph (from [15]).

tices A to B if there is a time-respecting path from A to B (see Fig. 2.9).
Such a graph, thus, shows which vertices can possibly affect which others. The
average degree k of a reachability graph is thus the average worst-case out-
break size minus one. In other words, for any contact structure that supports
a pandemic, the reachability graph will be dense (k ~ N).
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Temporal activity and activity driven model

Temporal networks are often used to map time-varying interactions among
agents. So the information encoded in the contact sequence may be used as a
proxy to study the temporal activity of the system. Especially, for temporal
networks of human communication, it has been discovered that the timings
among adjacent events are often bursty, periodic, and deviate from the more
uniform times expected from a memoryless, random Poisson process [94-97].
In fact, if one displays the scaled inter-contact time distributions and compare
it against similar distributions for uniformly random contact times, broad tails
are typically observed.

Goh and Barabasi [98] use as their starting point the coefficient of variation,
defined as the ratio of the standard deviation of the inter-contact times to their
mean, o,/m, . For a Poissonian contact sequence, o,/m, = 1. Using this
quantity, the burstiness of a sequence is then defined as

or 1
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Burstiness allows us to measure this non Poissonian behavior of contact se-
quence, but the question now becomes: are we able to build a model of time-
varying network that is able to mimic the burstiness patterns displayed by real
systems?

The activity-driven model, introduced by Perra et al. in [99], is a simple
model to generate time-varying graphs starting from the empirical observation
of the activity of each node, in terms of number of contacts established per
unit time. Given a characteristic time-window Atf, one measures the activity
potential x; of each agent i, defined as the total number of interactions (edges)
established by i in a time-window of length At divided by the total number
of interactions established on average by all agents in the same time interval.
Then, each agent is assigned an activity x; = mx;, which is the probability
per unit time to create a new connection or contact with any another agent
j. The coeflicient 7 is a rescaling factor, whose value is appropriately set in
order to ensure that the total number of active nodes per unit time in the
system is equal to n(z)N, where N is the total number of agents. Notice
that n effectively determines the average number of connections in a temporal
snapshot whose length corresponds to the resolution of the original data set.

The model works as follows. At each time ¢ the graph G starts with N
disconnected nodes. Then, each node i becomes active with probability x; At
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and connects to m other randomly selected nodes. At the following time-step,
all the connections in G} are deleted, and a new snapshot is sampled.

Notice that time-varying graphs constructed through the activity-driven
model preserve the average degree of nodes in each snapshot, but impose that
connections have, on average, a duration equal to At, effectively washing out
any temporal correlation among edges. Thus, activity-driven model can be
thought as an equivalent of ER model for time-varying networks with no tem-
poral correlations. Also, activity-driven generated networks have been used to
study the behavior of dynamical models like spreading and random walk on
top of time-varying networks [100].

2.3. Dynamical processes

Up to now, we have commented on topological properties and generative
models of complex networks. The concept of time, plays a role in the growth
process of the system and the term ewvolution of the system refers, indeed, to
such growing. However, this is just one side of the coin. The other side is
represented by the study of dynamical processes acting on top of a complex
topology. In such context, the word evolution assumes a new meaning because
it refers to the change of the dynamical state of the system along time. The
behavior of a variety of processes, spanning from synchronization up to dif-
fusion, has been studied over the years and a lot of groundbreaking results
have been found. However, in this thesis we will focus on just three of them,
namely: spreading of infections (Sec. 2.3.1), evolution of cooperation
(Sec. 2.3.3), and synchronization (Sec. 2.3.2). In the following sections, af-
ter introducing the basic concepts and ideas of these processes, we will provide
some of main results that have been obtained combining those processes on
systems where the pattern of interactions among the elements is described by
a complex network. The aim of this section is act as a sky jump, providing
the reader with the fundamental tools to understand results obtained going
beyond simple models.

2.3.1. Spreading of infections

The study of how a disease spreads in a population is a fundamental topic
in medical research. Since the 20*" century it attracted a lot of attention from
mathematicians and, nowadays the mathematical modeling of infectious dis-
eases is a key concept in epidemiology. Physicists and engineers entered the
field when the similarities between the spreading of a disease and a percolation
process were enlightened [101]. However, the history of disease spread mathe-
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matical modeling is much longer and is rooted in the attempts of John Graunt
to provide demographical methods to monitor the diffusion of bubonic plague
in 1662. We had to wait until 1927 to see the first compartmental models of
epidemic spreading thanks to the work of Kermack and McKendrick. Then,
another leap lead us to 2001 when, for the first time, an epidemic spread-
ing model acting on top of an heterogeneous network, by Pastor-Satorras and
Vespignani, leading to results that have revolutionized the entire field of math-
ematical epidemiology [102].

A fundamental building block in modeling infectious diseases is represented
by the so-called compartmental models, in which the population is divided
into groups each of them representing a possible state of the disease [6, 103]. In
the simplest case, population can be divided into two groups: susceptible (.5)
healthy people that can catch the disease if in contact with infected individuals;
and infected (I) people that currently have the disease and can transmit it to
the others. Within this framework, adding additional states like the recovered
(R) one, describing people that have been infected and are now healthy again
(or died), it is possible to model a variety of different diseases.

= -l -0
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Figure 2.10: Examples of compartmental models. From top to bottom: the SIS, SIR,
and SEIR models. Each compartment accounts for a possible state in which an agent
can be, namely: Susceptible (S), Exposed (E), Infected (I), and Recovered (R). The
transitions between compartments are controlled by rates A, u, and p'.

One of the simplest epidemiological models describes diseases that can get
caught only once and end up in a immunization or death of the infected is the
Susceptible, Infected, Recovered (SIR). The model is based on two parameters,
the transmission rate A, and the recovery rate p. At the beginning of the
spreading process, an initial seed Iy of infected individuals is inserted in the
population. Then, at each time step, a susceptible individual [ if in contact
with an infected j is infected with probability A\. At the same time step, an
infected individual m becomes recovered with a probability u. The process
continues its evolution until all the agents are recovered or until there are not
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any infected agent. The transitions explained above are summarized in the
scheme below.

S() + I1(j) —2— I(1) + I(j) (2.24)
I(m) —2— R(m). (2.25)

It is also possible to model diseases that do not provide immunization to
their survivors, such as the common cold. These diseases are well described in
terms of the Susceptible, Infected, Susceptible (SIS) model in which an infected
subject returns to the S state at rate pu. In the simplest case, the spreading of
the disease is considered much faster than the mean lifespan of an individual, so
birth and death rates are not taken into account. Nevertheless, it is possible to
imagine more complicated scenarios in which births and deaths are considered
or, alternatively, other classes such as exposed (latent) (F) — i.e. individuals
that are infected but are not infectious—. The two presented models (SIR
and SIS), although very similar, lead to a totally different behavior. In the
SIS two steady states are allowed: one with I = 0 in which the disease is
absorbed by the system and no real outbreak takes place, or an endemic state
I > 0, in which the infected population reaches a macroscopic stationary size
and the disease propagates indefinitely. The SIR model prescribes that, in
the final state, the number of infected individuals is always zero giving rise to
two possible scenarios: the disease did not produce an outbreak and the final
recovered population size is close to that of the initial seed, or, the disease
propagate to a finite fraction of the population.

Even though the dynamical behavior of the two models is very different, in
both cases the two parameters A and p (or, more correctly, their ratio o = \/u)
control the appearance (or not) of an epidemic outbreak. In particular, we are
interested in predicting the critical point o, at which the epidemic transition
from the absorbing phase (i.e. no finite outbreak) to the endemic phase (i.e.
finite fraction of infected, or recovered) occurs. To get some initial insight
on the value of the critical point and the nature of the epidemic transition,
it is possible to consider a simple scenario named homogeneous mixing.
In this approximation, both the SIR and SIS models are considered within
the hypothesis [6], that the contacts between individuals are chosen randomly
among the entire population. Although this strong approximation does not
consider any geographical or local detail, it permits to represent the system as
a set of ordinary differential equations for the densities of individuals belonging
to each class. For the SIS model, the equation is:

dp(t)

—ot = () + A (L= p(h) kp(t). (2.26)

where k is the number of contacts in the unit time (that is fixed for all individ-
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uals) and p(t) is the fraction of infected individuals at time t. Note that the
normalization condition s(¢)+p(t) = 1Vt must hold thus implying that the frac-
tion of susceptible individual at time ¢, s(¢), must be given by s(t) = 1 — p(t).
Equation (2.26) can be explained in the following way: susceptibles become
infected at a rate that is proportional to the infection probability A times the
densities of infected, susceptibles, and the number of contacts per unit time;
infected, instead, decay into susceptible state at rate u. It is worth to notice
that A and p are fixed and equal for all the contacts. The Eq. (2.26) can be
solved analytically and predicts the presence of a non-zero epidemic threshold
Ac (assuming p = 1) in order for the outbreak of the disease to appear. In
particular, by considering the so- called epidemic incidence (indicated as:
oo = limys00i(t)); if A > A¢, the value of iy, assumes a finite nonzero value.
Otherwise, i, is infinitesimally small in the very large population limit.

In order to calculate the critical threshold, )., one has to solve the linear
stability analysis of the so-called healthy state (i.e. s*(t) = 1) of the system.
In particular, starting from Eq. (2.26) we have:

D00 0 o o)+ Ao (1= p*(0) B (1) = 0,

dt
pe p () = Ae (1= p*(t)) kp*(t) .

The last equation has two solutions: a “trivial” one corresponding to the
healthy state p* = 0, and another one corresponding to an endemic state
with a small (but finite) fraction of infected individuals p* = ¢ with ¢ < 1. In
the latter case, the equation above becomes:

pee =X (1—¢)ke.
Since € < 1, we have that (1 —¢) ~ 1 leading to:

e = Ack .

Without loss of generality, we can set 4 = 1 and obtain:

Ae =

= =

Epidemics on complex networks

Pastor-Satorras and Vespignani [7, 104, analysed the effects of network
connections on the rate and diffusion patterns of a disease. Using a mean-field
analysis, they solved a modified version of SIS model on heterogeneous graphs
with a generic degree distribution P(k), and a finite average connectivity (k).
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This approach is called heterogeneous mean-field (HMF). The HMF ap-
proach generalizes, for the case of networks with arbitrary degree distribution,
the equations describing the dynamical process, by considering degree-block
variables grouping nodes within the same degree class k. Let us consider again
the SIS model where the quantities si(¢) and pg(t) are the densities of suscep-
tible and infected nodes in the degree class k at time t. We can also write the
normalization condition as:

sE(t) +pr(t) =1 Vt, (2.27)

and express the global values of the epidemic incidence averaging over the
various connectivity classes: i = limy o0 i(t), with i(t) = >, P(k)ix(t). At
the mean-field level, these densities satisfy the same differential equation as in
Eq. (2.26), but differentiated by connectivity classes:

d pi(t)
dt

where O(t) represents the probability that any given link points to an infected
node |7, 104].

— —ppi(t) + Ak (1— pi(t) Ox(1), (2.28)

S kP(R)pi(t)
®

because we have considered a random network in which the conditional proba-
bility does not depend on the originating node. Solving the system (2.28), and

Ok(t) = > P (K|k) pr(t) (2.29)
>

setting again p = 1, it is possible to obtain the epidemic threshold:

()

Ae = ) (2.30)
This latter result has profound implications in highly heterogeneous network.
In fact, for graphs in which (k%) < oo (as ER graphs), the threshold has a
finite value and a standard phase transition is observed. Instead, for graphs
with highly fluctuating degree distributions (k?) can assume high values and
in some cases like scale-free networks with 2 < v < 3 can diverge, leading to a
vanishing epidemic threshold for the N — oo limit.

The latter result spurred a lot of research related on the analysis and con-
tention of epidemic outbreaks in networked populations. For instance, in the
recent years, a large body of works have addressed the design of effective
immunization strategies, the study of epidemic metapopulation models
[105], coevolutionary model based on the combination of motion of agents and
spreading dynamics [8, 106], up to the design of agent based models capable
of making “disease forecast” [107]. Nevertheless, disease spreading still have a
lot of question without an answer and more efforts are needed in order to find
them.
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2.3.2. Synchronization

Most of you have probably attended to a concert or a show. Usually, if the
performer is not that bad, at the end of the show, the audience start to clap
its hands to applaud. Surprisingly, the claps of the hands that initially are
erratic will gradually get more and more organized until becoming completely
synchronous. Synchronization is the coordination of events to operate a
system in unison. The first results on synchronization were obtained by Huy-
gens showing that only when two systems interact among them they can get
synchronized [108]. Nevertheless, the works that shed light on the synchroniz-
ability of systems composed by many interacting agents are those of Winfree
and Strogatz being inspired by biological systems [109, 110]. In particular,
Winfree discovered that a population of non-identical oscillators can exhibit a
remarkable cooperative phenomenon. When the variance of the distribution
of natural (intrinsic) frequencies of these oscillator is large, the oscillators run
incoherently, each one near its own natural frequency. This behavior remains
when reducing the variance until a certain threshold is crossed. Below the
threshold the oscillators begin to synchronize spontaneously.

Within the framework of non-linear oscillators, one of the most studied
models is that of Kuramoto [111, 112]. This model, presented in 1975, has
allowed the study of synchronization of limit cycle phase oscillator populations
weakly coupled among them. The Kuramoto model approach to synchro-
nization was a breakthrough for the understanding of synchronization in large
populations of oscillators. An interesting introduction on the Kuramoto model
can be found in [113]. In a nutshell, given a population of N oscillators, the
angular velocity of an oscillator i, 6, obeys to the following law:

. K
i = wi+ 2 sin (0; — ;) . (2.31)
p=

Where, w; is the natural frequency of oscillator ¢ that is drawn from a dis-
tribution, g(w), of frequencies. K, instead, is the coupling constant which
is supposed to be constant. The synchronization of the system is measured
through the order parameter r, defined as:

. 1 M
re = N Z i . (2.32)
j=1

To visualize the dynamics of the phases, it is convenient to imagine a swarm of
points running around the unit circle in the complex plane. The complex order
parameter is a macroscopic quantity that can be interpreted as the collective
rhythm produced by the whole population. It corresponds to the centroid of
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the phases. The radius r(¢) measures the phase coherence, and (t) is the
average phase. The values r ~ 1 and » ~ 0 describe the limits in which all
oscillators are either phase locked or move incoherently, respectively. Another
interesting property of Kuramoto model is that it exist a critical value of the
coupling K., above which the long-term behavior of the system corresponds to
the phase locked state, and below which we observe incoherence. Such critical
value can be derived analytically (for the complete derivation, the interested
reader could look at [19]) and it is equal to:

K. = ; (2.33)
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Figure 2.11: (panels a to d) Geometric interpretation of the order parameter r. The
phases 0, are plotted on the unit circle as a function of the coupling K, and their
centroid is given by the complex number re?¥. (panel e) Order parameter r as a
function of the coupling K. (panel f) Distribution of the natural frequencies g(w).
From [114].

Kuramoto model on complex networks

So far we have commented on coupled oscillators where each element “feels”
the presence of all the other ones. Of course, we know that such assumption
is no longer valid in real systems and that the pattern of interaction among
elements is better described in terms of a complex network. Thus, a question
arise: what are the effects of considering an underlying topology on the onset
of synchronization? Various attempts have been made through the years and
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we have now a better comprehension of the phenomena taking place when an
ensemble of oscillator goes into the synchronized state.

Studies on synchronization in complex topologies where each node is con-
sidered to be a Kuramoto oscillator, were first reported for WS networks [115]
and BA graphs [116]. These works are mainly numerical explorations of the
onset of synchronization, being their main goal being the characterization of
the critical coupling beyond which groups of nodes beating coherently first
appear. The Kuramoto model on a generic complex network is defined as:

N
éi =w; + A Zazj sin (HJ —6;) , (2.34)
=1

where a;; are the elements of the adjacency matrix, and the coupling has been
modified from K/N into A. In analogy with what we have seen in the mean-
field case, it is possible to obtain an equivalent of the order parameter r of
Eq. (2.32) also in the networked case.

As well as in the mean field case, there exists a critical value of the coupling
Ac and it follows that such value is related to both K. and the largest eigenvalue
Umaz Of the adjacency matrix, yielding:
Ke _ . (k) 2 (k)

Ae = Umaz  (Kk2) - 7 g(0) (k2) ; (2.35)

The use of mean field approximation in Eq. (2.35) produces, as a surprising
result, that the critical coupling A, in complex networks is nothing else but
the one corresponding to the all-to-all topology K, re-scaled by the ratio be-
tween the first two moments of the degree distribution, regardless of the many
differences between the patterns of interconnections [117, 118|. It is worth
mentioning that Eq. (2.35) has the same functional form for the critical points
of other dynamical processes such as percolation and epidemic spreading pro-
cesses [119]. It would imply that the critical properties of many dynamical
processes on complex networks are essentially determined by the topology of
the graph.

Before concluding the discussion about the Kuramoto model on complex
networks, it is worth making few comments on the way the system reach the
synchronized state. Concerning the region where we are neither close to the
onset of synchronization nor at complete synchronization? How is the latter
state attained when different topologies are considered?

Gomez-Gardenes et al. have seen in [120] that the onset of synchronization
first occurs for SF networks. As the network substrate becomes more homo-
geneous, the critical point A shifts to larger values and the system seems to
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be less synchronizable. On the other hand, they also showed that the route to
complete synchronization, r = 1, is sharper for homogeneous networks.

From a microscopic analysis, it turns out that for homogeneous topologies,
many small clusters of synchronized pairs of oscillators are spread over the
graph and merge together to form a giant synchronized cluster when the effec-
tive coupling is increased. On the contrary, in heterogeneous graphs, a central
core containing the hubs first comes up driving the evolution of synchronization
patterns by absorbing small clusters [120].
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Figure 2.12: Synchronized clusters for several values of A for two different topologies
(ER and SF). The evolution of local synchronization patterns is always agglomerative,
however, it follows two different routes. In the ER case, the growth of the GC proceeds
by aggregation of small clusters of synchronized nodes, while for the SF network the
central core groups the smaller clusters around it. (from [120]).

The Stuart—Landau model on complex networks

Another limit-cycle oscillator is the one described by the Stuart-Landau
model (SL) [121]. We introduce directly the SL on complex networks and
comment some of the properties of this model. Let us consider a network of N
coupled Stuart-Landau oscillators [121]. Each node i is characterized by two
variables, (x;,7;)7, whose dynamical evolution follows:

. 3
Ty = Qx; —X; — xiyz wiY; + ﬂfi

(2.36)

9

w‘y

Z aij (2

] 1

N
Ji = wim; + oy — Ty Z
where /a and w; are respectively the amplitude and the (natural) frequency of
oscillator ¢ when de-coupled from the rest of the system. The second term on
the right accounts for the coupling of the dynamics of node i with its k; neigh-
bors. The strength of the coupling is controlled by A (A = 0 in the uncoupled
limit) while A = {a;;} represents the adjacency matrix of the network.
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To study the synchronization properties of system (2.36), we work with
the phase variable of each oscillator, defined as 6; = tan=! (y;/x;). Re-writing
Eqgs.(2.36) into polar coordinates (p, ) we obtain:

N

. A

pi = api — pi + T Z aj [pj cos(8; — 0;) — pi)
=t (2.37)

| >

0; = w; +

o~

N .
Z Qi & Sin(ej — (91) .
i3 Pi

It is possible to demonstrate that, under certain circumstances, the Stuart-
Landau oscillator behave like a Kuramoto one. In particular, starting from
Eq. (2.37), we impose the following change of variable p; = \/a R;. Under
such change, Eq. (2.37) become:

N
: = A
\/&Ri:a\/aRi_ C¥3R?+EZGU [\/&R]’COS(GJ'—GZ')—\/&RJ
N o (2.38)
: A VaR; |

Rescaling the time in the first equation of the above system setting d1T’ = a dt,
we have:

dR; A
o =Ri— R} + ok ]Z a;j [Rjcos(0; — 0;) — R;]

(2.39)

If we put ourselves in the limit for o« — 0o, we observe how the equation above

become:
dR;
ar 0
N (2.40)
A R
0, = w; + % ; iy —Z sin(6; — 0;)

because, in this limit, R — 1. So, in conclusion, we are left with a Kuramoto
oscillator where the coupling is re-scaled by k; (as it was studied in [122]).
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2.3.3. Evolutionary game theory

If natural selection among individuals favors the survival of the fittest, why
would one individual help another at a cost to itself? Charles Darwin himself
noted the difficulty of explaining why a worker bee would labor for the good
of the colony, because its efforts do not lead to its own reproduction. The so-
cial insects are “one special difficulty, which first appeared to me insuperable,
and actually fatal to my theory,” he wrote in his book entitled On the Origin
of Species [123]. So pervasive is cooperation that Martin Nowak of Harvard
University ranks it third pillar of evolution, alongside of mutation and natural
selection. “Natural selection and mutation describe how things change at the
same level of organization”, he explains. “But natural selection and mutation
alone would not explain how you get from the world of bacteria 3 billion years
ago to what you have now” [124]|. Evolution is based on a fierce competition
between individuals and should therefore reward only selfish behavior. Every
gene, every cell, and every organism should be designed to promote its own
evolutionary success at the expense of its competitors. Yet, we observe coop-
eration on many levels. That puzzle has inspired biologists, mathematicians,
even economists to come up with ways to explain how cooperation can arise
and thrive.

A cooperator is someone who pays a cost, ¢, for another individual to
receive a benefit, b. A defector has no cost and does not deal out benefits.
Cost and benefit are measured in terms of fitness. Over the years, many
mechanisms have been proposed to explain the emergence of cooperation [125].
It is worth commenting about some of them. Assuming that cooperation can
emerge only if the cost over benefit ¢/b ratio is suitable, some of most important
mechanisms allowing the emergence of cooperation are: kin selection, direct
reciprocity, group selection and, network reciprocity.

The mechanism named kin selection was proposed by J. B. 5. Haldane and
can be resumed by the following statement: “ Would I lay down my life to save
my brother? No, but I would to save two brothers or eight cousins’, arguing
that cooperation could emerge only among members belonging to the same
genetic pool. To help explain our cooperative nature, in the 1970s, Robert
Trivers came up with the idea of direct reciprocity or, alternatively, reciprocal
altruism which work somehow like: “ You scratch my back, and I will scratch
yours”. Kevin Foster, and others, have become convinced that competition
among groups (i.e. group selection) can promote cooperation. In other words,
evolutionary forces can act on several levels, with natural selection pushing to
make individuals less cooperative being countered by competition at the level
of the group, because groups with greater cooperation among members tend to
survive better. An example of that is the so-called green-beard gene effect,
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which consist in the fact that a gene that enables an individual to recognize
—as one could recognize a green beard— and cooperate with others who carry
that same gene, promote the formation of groups where the collective efforts
are directed towards the preservation of such feature.

All the mechanisms commented above are based on a well-mixed popu-
lations, where everybody interacts equally likely with everybody else. This
approximation is used by all standard approaches to evolutionary game dy-
namics [5, 126, 127|. Of course, such assumption is not realistic. Spatial
structures or social networks imply that some individuals interact more often
than others. One approach of capturing this effect is evolutionary graph the-
ory [52], which allows us to study how spatial structure affects evolutionary
and ecological dynamics [128]. The individuals of a population occupy the
vertices of the graph. In this setting, cooperators can prevail by forming net-
work clusters, where they help each other. The resulting network reciprocity
is a generalization of “spatial reciprocity” [129]. Let us get more insight on
this last mechanism for the promotion of cooperation, introducing first some
notions on evolutionary games played one against another or in a group. After
this, we will comment about some results of evolutionary games on complex
networks, i.e. on evolutionary graph theory.

Pairwise games

We shall model interactions among individuals in terms of two-people (or
pairwise) games in which both players can either cooperate or defect when in-
teracting with each other. After each round of the game the agents accumulate
a payoff according to the strategy chosen by both players. Mutual cooperation
leads to the reward, R, whereas mutual defection leads to the punishment,
P. The other two possibilities occur when one player cooperates and the other
defects, for which we have S (sucker’s payoff) and T (temptation) for the
cooperator and the defector, respectively. Provided that mutual cooperation
is always preferred over mutual defection, three dilemmas arise naturally [130],
depending on the relative ordering of these four payoffs: The Snowdrift game,
for which T'> R > S > P; the Stag-Hunt game, for which R > T > P > S,
and the Prisoner’s Dilemma game, for which 77" > R > P > S. For all
dilemmas, mutual cooperation is also preferred over unilateral cooperation S.
Tension becomes apparent when the preferred choices of each player lead to
individual actions resulting in mutual defection, despite the fact that mutual
cooperation is more beneficial.

Indeed, tension will arise when players prefer unilateral defection to mutual
cooperation (T' > R), when players prefer mutual defection to unilateral coop-
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eration (S < P), or when both situations arise, which is precisely what hap-
pens in the Snowdrift game, the Stag-Hunt game and the Prisoner’s Dilemma
game, respectively. Formally, these dilemmas span a four-dimensional param-
eter space. Without loss of generality, normalizing mutual cooperation R to 1
and mutual defection P to 0, we are left with two parameters, T and S. The
behavior of all dilemmas, summarized in Tab. 2.1, can be explored considering
the following ranges for the parameters: 0 <7 <2and -1 < 5 < 1.

Abbreviation Payoff order Optimal Strategy
Snowdrift SG T>R>S>P Players prefer unilat-
eral defection to mu-

tual cooperation
Stag Hunt SH R>T>P>S5 Players prefer mu-
tual defection to uni-

lateral cooperation
Prisoner’s PD T>R>P>S Both tensions above
Dilemma are incorporated in

this dilemma

Table 2.1: Characteristics of the three social dilemmas considered in this thesis and
mappable as a 2 X 2 games. For each dilemma we consider its abbreviation, the payoff
order and which strategy is the optimal one. (from [131]).

Groupal interaction: the public goods game

Group interactions are indeed inseparably linked with our increasingly in-
terconnected world, and thus lie at the interface of many different fields of
research. N-player interactions are almost as fundamental as pairwise ones.
More importantly, group interactions, in general, cannot be reduced to the
corresponding sum of pairwise interactions [132, 133]. It has been recently
noted [134] that the oversimplifying restriction of pairwise social interactions
has dominated the interpretation of many biological data that would probably
be much better interpreted in terms of group interactions instead. Also, it has
been shown that increasing the group size does not necessarily lead to mean-
field behaviour [135], as is traditionally observed instead for games governed
by pairwise interactions [136].

Let us now introduce a game suited for group interactions named: public
goods game (PGG) [137]. Consider a group of N individuals where a strategy,
s, being it either cooperate (s = 1) or defect (s = 0), is assigned to each one of
them. Cooperators contribute a fixed amount ¢ (i.e. the cost) to the common
pool while defectors contribute nothing. Finally, the sum of all contributions
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in the group is multiplied by a synergy (or enhancing) factor r, and the
resulting public goods are distributed equally among all the group members.
Under such setup, the payoff of an agent 4 is given by:

P(C)=r N ¢
SV
Py(D) =r =5,
thus, in general:
N
Y sic N,
Pi:rZ]Nj —cs; =71 Jic—csi:mvcc—csi, (2.41)

where N¢ and z¢ are the total number and the fraction of cooperators in the
system respectively. If the system is divided into groups of players, each player
plays a number of games equal to the number of group she is involved into. For
such reason, it results that the total payoff is equal to the sum of the payoffs
obtained in each group. As shown by Hardin, the most convenient strategy
in the PGQG is defection leading to the so-called tragedy of the commons
effect [138].

Evolutionary games and complex networks

Pairwise games Evolutionary game theory has been extended to account
for the possibility that every agent does not interact with every other but rather
through an interaction pattern described by means of a complex network giving
rise to a discipline known as evolutionary graph theory. Both pairwise
[139, 140], and groupal games [141]| games have been studied on top of complex
networks, and the general conclusion is that compler networks enhance the
emergence and survival of cooperation. We comment briefly on such results
(pairwise first and groupal after), the interested reader could look at some
reviews (and references therein) [18, 142, 143|.

Looking at Fig. 2.13, and taking the results for well mixed populations (i.e.
leftmost panel) as a reference, it is clear that network reciprocity enhance coop-
eration in all dilemmas. Such promotion is stronger in BA and configurational
scale-free networks. What are the reasons behind such enhancement?

Gomez-Gardenes et al. [144] have found that, in order to survive invasion
from defectors, cooperators tend to coalesce and form clusters. If we observe
the strategies adopted by the agents along the time, we can basically distin-
guish two kind of behaviours: agents that never change their strategy (either
cooperating or defecting), and agents whose strategy switch one round after
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Figure 2.13: Effects of different underlying topology on the evolution of cooperation.
Each graph corresponds to a distinct topology namely (from left to right): mean-
field, Erdés-Rényi, Béarabasi-Albert, and configurational model. Results display the
fraction of cooperators in the population plotted as a contour drawn as a function of
two parameters: sucker S, and temptation T (from [131]).

another. The first kind of agent is always part of a bigger group of similar
individuals forming a core, i.e. a connected component (subgraph) fully and
permanently occupied by agents with the same strategy. Therefore, in our case,
there are two types of core: cooperator core (CC), and defector core (DC). It is
easy to see that a CC cannot be in direct contact with a DC but, instead, with
a cloud of fluctuating elements that constitutes the frontier between these two
cores.

It is worth to note that a CC is stable if none of its elements has a defector
neighbor coupled to more than k./T cooperators where k. is the number of
cooperators linked to the element and T is the temptation. Thus, the stability
of a CC is clearly enhanced by a high number of connections among pure coop-
erators, and explains why cooperative behavior is more successful in scale-free
networks than in homogeneous graphs. Moreover, it has been verified that the
cooperator core in SF networks contains the hubs. Due to the structure of SF
networks, those hubs usually lay at the border of the core and thus act as a
“screen” for the rest of the cooperators within the core that remain “unaware”
of what is happening in the outer part of it. In particular, highly connected
individuals survive as pure cooperators until the fraction of cooperators van-
ishes, thus keeping around them a highly robust cooperator core that loses
more and more elements of its outer layer until cooperation is finally defeated
by defection.
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Groupal interactions Concerning groupal interactions, Santos et al. [141]
have reformulated public goods games to be staged on complex networks. Ev-
ery player ¢ plays k; + 1 public goods games, where k; is the degree of player
i, because she has to play in the group composed by her neighbors plus the k;
groups where she is part of her neighbors neighbourhood. Also, because the
groups will also have different size, cooperators can contribute either a fixed
amount per game, ¢; = z, or a fixed amount per member of the group,
¢; = z/(ki+1) (see Fig. 2.14). Identically to the traditional set-up, the contri-
butions within different groups are multiplied by r and accumulated. However,
the pay-off of an otherwise identical player is not the same for the two different
options. In the extension of PGG to complex networks, the payoff of a generic

(@) (b)

Figure 2.14: When the public goods game is staged on a complex network, cooperators
can either bear a fixed cost per game (a), or a fixed amount per member (b) (from
[141)).

agent 4 is equal to:

N r <le\i1 aj1 81 C + Sj Cj) r (E;vzl Qij Sj Cj + 8; Ci)
Pi:;azj P + P— —(ki +1) sic;i.

(2.42)

We obtain the following net benefit P; for both versions of the game. Sim-
ply, once selected the version of the game, one has to change the values of
contributions (costs) ¢; according the choice made. Results presented in San-
tos et al. [141] show that heterogeneous networks promote the evolution of
cooperation as shown in Fig. 2.15.
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<C>
<C>

Figure 2.15: Evolution of cooperation in networked PGGs. Filled circles refers to
scale-free graphs; open squares show results for regular graphs. (panel a) Fixed
amount per game. (panel b) Fixed amount per member (from [141]).

Yet, this is particularly true when cooperators pay a fixed amount per
member. In particular, in contrast with the mean field case, it has been shown
that cooperation is viable already at n ~ r/((k) + 1) < 1 (normalized mul-
tiplication factor) that accounts for the average group size. Finally, we can
say that: phenomenologically, the promotion of cooperation is due to the di-
versity of investments, which is a direct consequence of the heterogeneity of
the underlying network, which gives an evolutionary advantage to cooperative
hubs, i.e. players with a high degree.
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In this paper we study the evolutionary dynamics of the public goods game in a population of mobile agents
embedded in a two-dimensional space. In this framework, the backbone of interactions between agents changes in
time, allowing us to study the impact that mobility has on the emergence of cooperation in structured populations.
Our results point out that a low degree of mobility enhances cooperation in the system. In addition, we study
the impact of the size of the groups in which games are played on cooperation. Again we find a rise and fall
of cooperation related to the percolation point of the instant interaction networks created by the set of mobile

agents.
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Despite its ubiquity in nature and human societies, the
survival of cooperative behavior among unrelated agents (from
bacteria to humans) when defection is the most advantageous
strategy is not fully understood and constitutes one of the
most fascinating theoretical challenges of evolutionary theory
[1,2]. Recently, it has been pointed out that the integration
of the microscopic patterns of interactions among the agents
composing a large population into the evolutionary setting
provides a way out for cooperation to survive in paradigmatic
scenarios such as the prisoner’s dilemma (PD) game [3-5]. The
structural features studied span from simple regular lattices
[6-8] to real patterns displayed by social networks [9], such
as the small-world effect [10], scale-free (SF) patterns for the
number of contacts per individual [11-15], the presence of
clustering [16,17], or modularity [18].

Although the above studies mostly focus on the PD game,
other paradigmatic settings have also been studied on top of
network substrates, such as the public goods game (PGG).
The public goods game is seen as the natural extension of a
PD game when passing from pairwise to n-person games. After
the work by Santos et al. [19] showing that SF architectures
promote cooperation, many other works have continued this
line of research by exploring the networked version of the
PGG [20-26]. Moreover, as the PGG formulation introduces
two structural scales, namely, individuals and the groups within
which they interact, it has been shown that the structure of the
mesoscale defined by the groups also plays an important role
in the success of cooperation [27-30].

The assumption of a static graph that maps social ties,
although still a coarse grained picture of the microscopic
interactions, provides a useful approach for studying the
dynamics of large social systems. However, when moving
to smaller scales one has to consider additional microscopic
ingredients that may influence the collective outcome of
social dynamics. One of these ingredients is the mobility of
individuals, a topic that has recently attracted a lot of attention,
and that has been tackled from different perspectives. The
range of studies in which mobile agents have been included
spans from pure empirical studies [31-33] to theoretical
ones that focus on the role that mobility patterns play in
different dynamical processes such as disease spreading [34],
synchronization [35,36] and evolutionary dynamics [37-42]
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in the context of the PD game. In addition, more complex
representations in which an entanglement between agents
mobility and evolutionary dynamics is introduced have been
studied within the framework of the PD game [43-46] and,
more recently, in the context of the PGG [47].

In this Brief Report we follow the setting introduced in
Ref. [37] in which a population of N agents moves on a two-
dimensional space. Simultaneously to the movement of the
agents we consider that a PGG is played. To this end, the
movement dynamics is frozen at equally spaced time steps,
and each node engages its closest neighbors to participate in
a group in which a PGG is played. Obviously, the mobility
of individuals turns the usual static backbone of interactions
into a time-evolving one, opening the door to novel effects on
the evolution of cooperation. Our results point out a nontrivial
dependence on the velocity of the agents and the group size in
which PGG’s are played, yielding optimum operation points
at which cooperation is favored.

We start by introducing the dynamical setting in which
the evolutionary dynamics of the PGG is implemented. Our
population is composed of a set of N agents living in the
area inside a square with side length L. Thus, the density of
individuals is defined as p = N /L. Both the density and the
number of agents remain constant along our simulations. Our
agents are initially scattered at random on top of the surface by
using two independent random variables uniformly distributed
in [0, L] for assigning the initial position [x;(0),y;(0)] of each
agent.

Once the initial configuration of the system is set, two
dynamical processes co-evolve: movement and evolutionary
dynamics. At each time step 7, the movement of agents affects
their current positions, [x;(7),y;(r)] with i =1,...,N, by
means of the following equations:

xi(t + 1) = x;(t) + v cos 6; (1), (1)
yilt + 1) = yi(0) + v sin6; (). 2)

The value of each angular variable 6; is randomly assigned for
each agent at each time step from a uniform distribution in the
interval [—m,7]. In addition to the above equations, we use
periodic boundary conditions; if one agent reaches one side of
the square, it reappears on the opposite one.

©2012 American Physical Society
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The second ingredient of the dynamical model is the
evolutionary PGG played by the mobile agents. In addition
to the random assignment of its initial position, each agent
is assigned its initial strategy randomly, so that with equal
probability an agent is set as cooperator [s;(0) = 1] or
defector [s;(0) = 0]. After this initial stage, both movement
and evolutionary dynamics evolve simultaneously. At each
time step, just after each agent has updated its position in
the plane as dictated by Egs. (1) and (2), agents play a
round of the PGG as follows: First a network of contacts is
constructed as a random geometric graph (RGG) [9]. Each
pair of agents (i,j) creates a link between them provided
they are separated less than a certain threshold distance R:
Vi) = x;(O1P + [yi() — y; (O < R. After all the nodes
have established their connections with their nearest neighbors,
a RGG for the network of contacts at time ¢ emerges, whose
topology is encoded in an adjacency matrix A} ; with entries
Al ;=1 when nodes i and j are connected at time ¢ and
Aj; = 0 otherwise.

Once the RGG is formed, each of the agents defines,
together with her k; nearest neighbors in the RGG, a group
of size k; + 1 in which one PGG is played. In each of the
groups she participates in, a cooperator player contributes an
amount ¢ while a defector does not contribute. Besides, the
total contribution of a group is multiplied by an enhancing
factor r and distributed equally among all the participants.
Thus the total payoff accumulated by an agent i at time 7 reads

N N
. Z _ (A’- +38; S[([)Cr
PO =30 (4 40) = k}-léz) +11)

Jj=1

— [ki(1) + 1si(t)c. (3

After each round each of the agents can update her strategy.
To this aim, an agent i chooses one of her instant neighbors
Jj at random and with probability IT[s;(t 4+ 1) = s;(¢)], i will
take the strategy of j during the next round of the PGG. The
former probability reads:

O[P;(r) — A()]

s+ 1) = 5501 = — 2o,
i\l),Kj

(C))
where ®(x) =x when x > 0 while ®(x) =0 otherwise,
and M (k;,k;) is the maximum possible payoff difference
between two players with instant degres k;(¢) and k;(¢). In
our simulations, we let both movement and evolutionary
dynamics co-evolve during 5 x 10* time steps. We take the
first 25 x 107 steps as a transient period while the degree of
cooperation of the system is measured during the second half
of the simulations as (c¢) = Y""27 "N 5,(t)/ T, with both
7 =T =25 x 103, The results reported below are averaged
over different realizations (typically 50).

We start our analysis by considering the static case in
which the velocity of the agents is set to v =0. In this
case, the RGG is fixed from the initial configuration while
only the strategies of agents evolve. A RGG is described
by a Poissonian distribution, P(k) = (k)*e~*)/k!, for the
probability of finding a node connected to k neighbors. This
distribution corresponds to a homogeneous architecture in
which the dispersion around the mean degree (k) is rather
small. The same pattern for the degree distribution P(k) is
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FIG. 1. (Color online) Average fraction of cooperators (c) with
respect to the enhancement factor r for static RGG and ER networks.
Both networks have the same number of nodes N = 1000 and average
degree (k) = 6.

obtained for the typical Erdds-Rényi (ER) random network
model. However, the main differences between RGG and ER
networks rely on the clustering coefficient, i.e., the probability
that two nodes with a common neighbor share a connection,
and their diameter. While in the case of ER graphs clustering
vanishes as N — oo, the geometric nature of RGG boosts
the density of triads leading to a finite and large clustering
coefficient at the expense of being longer than ER graphs (since
redundant links used to increase clustering do not contribute
to create shortcuts). These differences are found to be relevant
for the synchronization of RGG compared to ER graphs [48].

The results of the above analysis are shown in Fig. 1,
where we represent the dependency of the average level of
cooperation in the system (c) with respect to the enhancement
factor r for both RGG’s and ER graphs having the same number
of elements N and the same average degrees (k). As expected,
for low values of r defection dominates the system while for
large r cooperation prevails. Between these two asymptotic
regimes the transition from defection to cooperation occurs
(5 < r < 8), pointing out slight differences between RGG’s
and ER graphs. In this region we observe that ER networks
promote cooperation slightly more than RGG’s, for which
the transition curve toward full cooperation goes slower. This
result seems to contradict previous observations in the context
of the PD game [17] in SF networks. However, this latter result
is related to the increase of heterogeneity when clustering is
enlarged in SF networks. In our case, this effect is not present
and, alternatively, clustering induces important differences
between ER graphs and RGG’s regarding the average path
length. This quantity is shown to be much larger in RGG’s
than in ER graphs, thus making more difficult the percolation
of cooperation in the whole system. On the other hand, the
onset of both transitions are roughly the same.

‘We now focus on the impact that the motion of agents has on
the level of cooperation with respect to the static case. Thus,
from now on, we consider that agents move with constant
velocity v following the rules given by Egs. (1) and (2).
Moreover, we set the value of the enhancement factor r to
be in the region for which the transition from full defection to
cooperation occurs in the static case, namely, r = 5.75. Then

067101-2



Chapter 3. Velocity-enhanced cooperation of moving agents playing public goods

games

50
BRIEF REPORTS

L 1 A 11 B M/ B A1 A AR

@ e .
umm
0.8 e -
H
L o . i
0.6— —
A s
0.4~ = A N
e -
02— —
L " i
L}
1 T N W Hmu\’\ AL, RN
10° 100 w0t 10t 10t 10!
v
<C>

1
0.9
0.8
0.7
< 0.6
E 0.5
s 0.4
0.3
0.2
0.1

0

1 2 3 4 5 6 7 8 9 10 11 12
r

FIG. 2. (Color online) Effects of velocity on the promotion of
cooperation. (a) Average level of cooperation (c) as a function of
the velocity v of agents. The system has p = 2.0 and R = 1.0 and
the enhancement factor r is set to r = 5.75. The velocity spans in the
interval [107%; 10~']. The dashed line represents {(c) in a static RGG
with the same N and (k), and for the same value of r. (b) Cooperation
level (c) as a function of v and r. The static case is displayed in the
bottom strip of the panel (below the continuous thick band).

we monitor the degree of cooperation (c) in the system as
a function of the velocity The results are shown in Fig. 2(a)
together with the value (dashed line) for (c) in the static limit
with r = 5.75. We observe a rise and fall of cooperation so
that when the velocity v increases from very small values, the
average level of cooperation increases significantly, reaching
its maximum value for v >~ 2 x 10~2. From this point on, the
increase of v leads to the decay of cooperation so that (¢) = 0
beyond v =~ 107", The fall of cooperation for large values of
the velocity of agents is a quite expected result: As the velocity
increases, one approaches the well-mixed scenario for which
cooperation is suppressed provided r is less than the typical
size of groups in which the PGG is played (here (k) = 6 so
that groups are typically composed by 7 agents). The rise of
cooperation for small values of v points out that there exists an
optimal range for the velocity that allows a tradeoff between
two important ingredients for cooperator clusters to form and
resist the invasion of defectors, namely, the ability to explore
the plane to find other cooperators and a large enough time to
interact with them so as to allow for the growth of cohesive
cooperator clusters.

A more extensive analysis on the effects of motion is
found in Fig. 2(b), where a detailed exploration of the (v,r)

PHYSICAL REVIEW E 85, 067101 (2012)

parameter space is shown together with the cooperation level
in the static case (bottom part of the panel) as obtained from
the corresponding curve in Fig. 1. This panel confirms the
results obtained in Fig. 2(a) and provides a more complete
picture about the enhancement of cooperation produced by the
mobility of agents. First, by comparing the bottom (v = 0)
and top (v = 107") parts of the panel, we observe that a large
value of the velocity decreases the cooperation level of the
static system. In particular, let us note that the transition region
in the limit of large velocity is placed around r =~ 7, thus
recovering the well-mixed prediction. However, the relevant
results are found between the static and large velocity limits.
The effects of mobility in this region affect both the onset
of the transition toward cooperation and its fixation. First,
we observe that even for very low values of v the onset of
cooperation is anticipated with respect to the static case at the
expense of having a broader transition toward full cooperation
as compared to the static RGG. However, when the velocity
level is further increased, the transition becomes sharper and
both the onset and the fixation of the full-cooperative state
occur before with respect to the static case.

Finally, we focus on the influence of group size on the
evolutionary success of cooperation. Considering a fixed ve-
locity lying in the region for which the increase of cooperation
is observed, namely, v = 1072, we compute the level of
cooperation (c) as a function of the rescaled enhancement
factor n = r/((k) + 1), where the denominator is the average
size of the groups. This rescaling is needed for the sake of
comparing the cooperation levels for systems in which the
group size is different. In this way, the well-mixed prediction
is a sharp transition from full defection to full cooperation at
n = 1. As anticipated above, the size of the groups can be
written as pm R? 4 1, thus we can vary either the radius of
interaction R or the density of agents p.

In what follows we vary the radius and keep the density
constant to p = 2. In Fig. 3 we observe that again, a rise
and fall of cooperation is observed when going from low
radii to large ones. Obviously, as the radius (and hence group
size) increases, we approach the well-mixed case so that the
transition point reaches the theoretical value n = 1. However,
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FIG. 3. (Color online) Cooperation level (c) as a function of n =
r/({k) + 1) varying the interaction radius of the agents (i.e., the size
of the groups). In all the cases the density of players is p = 2.0 and
their velocity is v = 1072,
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this approach is not monotonous, and for intermediate values
of the radius and group size the cooperation transition is
anticipated with respect to lower values of R. The reason
behind this behavior relies on the percolation of the effective
network when increasing the radius of influence of each
agent. For low values of R the effective network of contacts
contains a number of disconnected clusters; however, reaching
the percolation threshold (meaning that the (k) = p7 R? > 2)
nearly all the agents are incorporated into a macroscopic giant
component. In our case p = 2 so that the percolation point lies
around R =~ /m >~ 1.773, which agrees with the numerical
observation in Fig. 3. This connection with the percolation
point and the cooperation level has been recently observed in
Ref. [49] in the context of the PD game in regular lattices.
Summing up, the results presented in this Brief Report show
that the mobility of the agents playing a PGG enhances coop-
eration provided their velocity is moderate. This enhancement
is obtained by comparing the outcome of the evolutionary
dynamics of the PGG with the results obtained in the static
case. The addition of the random movement of agents produces

PHYSICAL REVIEW E 85, 067101 (2012)

the evolution in time of the original RGG, being the rate
of creation and deletion of links controlled by the velocity
of agents. When this rate is nonzero, allowing cooperators
to explore the space, while moderate, so that cooperators
clusters can be efficiently formed, we observe an optimal
operation regime in which both the onset of cooperation and
the fixation of cooperation in the system are enhanced. Finally,
we have checked that group size shows a similar resonance
phenomenon regarding the level of cooperation. However, in
this case the point at which cooperation is enhanced is related
to the percolation point of the effective network, i.e., with the
point at which the size of the groups is large enough so as
to have a macroscopic giant component for the network of
contacts.
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Cooperation among unrelated individuals is frequently observed in social groups when their mem-
bers join efforts and resources to obtain a shared benefit which is unachievable by single ones.
However, understanding why cooperation arises despite the natural tendency of individuals towards
selfish behavior is still an open problem and represents one of the most fascinating challenges in
evolutionary dynamics. Very recently, the structural characterization of the networks upon which
social interactions take place has shed some light on the mechanisms by which cooperative behavior
emerges and eventually overcome the individual temptation to defect. In particular, it has been
found that the heterogeneity in the number of social ties and the presence of tightly-knit communi-
ties lead to a significant increase of cooperation as compared with the unstructured and homogeneous
connection patterns considered in classical evolutionary dynamics. Here we investigate the role of
social ties dynamics for the emergence of cooperation in a family of social dilemmas. Social interac-
tions are in fact intrinsically dynamic, fluctuating and intermittent over time, and can be represented
by time-varying networks, that is graphs where connections between nodes appear, disappear, or are
rewired over time. By considering two experimental data sets of human interactions with detailed
time information, we show that the temporal dynamics of social ties has a dramatic impact on the

evolution of cooperation: the dynamics of pairwise interactions favor selfish behavior.

Popular Abstract.- Why do animals (including hu-
mans) cooperate even when selfish actions pro-
vide larger benefits? This question has challenged
the evolutionary theory during decades. The suc-
cess of cooperation is essential to humankind and
ubiquitous, no matter the cultural and religious
traits of particular populations. Scientists have
pointed out in the past a series of possible mech-
anisms that could favor cooperation between hu-
mans, as for example the peculiar way of estab-
lishing social relations which assumes the form of
a complex network. Basically, the structural at-
tributes of these networks, such as the presence
of a few individuals that have a large number
of social ties, promote cooperation and discour-
age the imitation of free-riders. However, social
interactions are inherently dynamic and chang-
ing over time, an issue which has been usually
disregarded in the study of cooperation on net-
works. We study evolutionary models in time-
varying graphs and show that the volatility of so-
cial relations tends to decrease cooperation in re-
spect to static graphs. Our results thus point out
that the time-varying nature of social ties can-
not be neglected and that the relative speed of
graph evolution and strategy update is a crucial
ingredient governing the evolutionary dynamics
of social networks, having as much influence as

the structural organization.

I. INTRODUCTION

The organizational principles driving the evolution and
development of natural and social large-scale systems,
including populations of bacteria, ant colonies, herds of
predators and human societies, rely on the cooperation
of a large population of unrelated agents [1-3]. Even
if cooperation seems to be a ubiquitous property of so-
cial systems, its spontaneous emergence is still a puzzle
for scientists since cooperative behaviors are constantly
threatened by the natural tendency of individuals to-
wards self-preservation and the never-ceasing competi-
tion among agents for resources and success. The pref-
erence of selfishness over cooperation is also due to the
higher short-term benefits that a single (defector) agent
obtains by taking advantage of the efforts of cooperating
agents. Obviously, the imitation of such a selfish (but
rational) conduct drives the system towards a state in
which the higher benefits associated to cooperation are
no longer achievable, with dramatic consequences for the
whole population. Consequently, the relevant question to
address is why cooperative behavior is so common, and
which are the circumstances and the mechanisms that
allow it to emerge and persist.

In the last decades, the study of the elementary mech-
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anisms fostering the emergence of cooperation in popula-
tions subjected to evolutionary dynamics has attracted a
lot of interest in ecology, biology and social sciences [4, 5].
The problem has been tackled through the formulation
of simple games that neglect the microscopic differences
among distinct social and natural systems, thus providing
a general framework for the analysis of evolutionary dy-
namics [6-8]. Most of the classical models studied within
this framework made the simplifying assumption that
social systems are characterized by homogeneous struc-
tures, in which the interaction probability is the same for
any pair of agents and constant over time [9]. However,
this assumption has been proven false for real systems, as
the theory of complex networks has revealed that most
natural and social networks exhibit large heterogeneity
and non-trivial interconnection topologies [10-13]. It has
been also shown that the structure of a network has dra-
matic effects on the dynamical processes taking place on
it, so that complex networks analysis has become a fun-
damental tool in epidemiology, computer science, neuro-
science and social sciences [14-16].

The study of evolutionary games on complex topolo-
gies has allowed a new way out for cooperation to sur-
vive in some paradigmatic cases such as the Prisoner’s
Dilemma [17-20] or the Public Goods games [21-23]. In
particular, it has been pointed out that the complex pat-
terns of interactions among the agents found in real social
networks, such as scale-free distributions of the number of
contacts per individual or the presence of tightly-knit so-
cial groups, tend to favor the emergence and persistence
of cooperation. This line of research, which brings to-
gether the tools and methods from the statistical mechan-
ics of complex networks and the classical models of evo-
lutionary game dynamics, has effectively became a new
discipline, known as Evolutionary Graph Theory [24-28].

Recently, the availability of longitudinal spatio-
temporal information about human interactions and so-
cial relationships [29-32] has revealed that social systems
are not static objects at all: contacts among individuals
are usually volatile and fluctuate over time [33, 34], face-
to-face interactions are bursty and intermittent [35, 36],
agents motion exhibits long spatio-temporal correla-
tions [37-39]. Consequently, static networks, constructed
by aggregating in a single graph all the interactions ob-
served among a group of individuals across a given pe-
riod, can be only considered as simplified models of real
networked systems. For this reason, time-varying graphs
have been lately introduced as a more realistic frame-
work to encode time-dependent relationships [40-44]. In
particular, a time-varying graph is an ordered sequence
of graphs defined over a fixed number of nodes, where
each graph in the sequence aggregates all the edges ob-
served among the nodes within a certain temporal in-
terval. The introduction of time as a new dimension of
the graph gives rise to a richer structure. Therefore, new
metrics specifically designed to characterize the temporal
properties of graph sequences have been proposed, and
most of the classical metrics defined for static graphs have

been extended to the time-varying case [44-49]. Lately,
the study of dynamical processes taking place on time-
evolving graphs has shown that temporal correlations
and contact recurrence play a fundamental role in di-
verse settings such as random walks dynamics [50-52],
the spreading of information and diseases [53-55] and
synchronization [56].

Here we study how the level of cooperation is affected
by taking into account the more realistic picture of so-
cial system provided by time-varying graphs instead of
the classical (static) network representation of interac-
tions. We consider a family of social dilemmas, includ-
ing the Hawk-Dove, the Stag Hunt and the Prisoner’s
Dilemma games, played by agents connected through a
time-evolving topology obtained from real traces of hu-
man interactions. We analyze the effect of temporal res-
olution and correlations on the emergence of coopera-
tion in two paradigmatic data sets of human proxim-
ity, namely the MIT Reality Mining [29] and the INFO-
COM’06 [30] co-location traces. We find that the level of
cooperation achievable on time-varying graphs crucially
depends on the interplay between the speed at which
the network changes and the typical time-scale at which
agents update their strategy. In particular, cooperation
is facilitated when agents keep playing the same strategy
for longer intervals, while too frequent strategy updates
tend to favor defectors. Our results also suggest that
the presence of temporal correlations in the creation and
maintenance of interactions hinders cooperation, so that
synthetic time-varying networks in which link persistence
is broken usually exhibit a considerably higher level of co-
operation. Finally, we show that both the average size of
the giant component and the weighted temporal cluster-
ing calculated across different consecutive time-windows
are indeed good predictors of the level of cooperation at-
tainable on time-varying graphs.

II. RESULTS
A. Evolutionary Dynamics of Social Dilemmas

We focus on the emergence of cooperation in systems
whose individuals face a social dilemma between two pos-
sible strategies: Cooperation (C) and Defection (D). A
large class of social dilemmas can be formulated as in
(18] via a two-parameter game described by the payoff
matrix:

c D C D
C(R S\ _C(1 S )
p\r p)=p\1 0)° (1)

where R, S, T and P represent the payoffs corresponding
to the various possible encounters between two players.
Namely, when the two players choose to cooperate they
both receive a payoff R = 1 (for Reward), while if they
both decide to defect they get P = 0 (for Punishment).
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FIG. 1. Activity patterns of human interactions. The number Egctive of links in the graph at time ¢ is reported as a
function of time (blue) for MIT Reality Mining (A) and INFOCOM’06 (B). Weekly and daily periodicities are visible. Moving
averages (red), respectively over a 1-month window and a 1-day window, reveal the non-stationarity of the sequences. The
time distributions of edge active and inactive periods (respectively triangles and circles) for MIT Reality Mining (C) and
INFOCOM’06 (D) The data were log-binned. The peak at o ~ 1 for the inactive periods corresponds to 24 hours.

When a cooperator faces a defector it gets the payoft S
(for Sucker) while the defector gets T' (for Temptation).
In this version of the game the payoffs S and T are the
only two free parameters of the model, and their respec-
tive values induce an ordering of the four payoffs which
determines the type of social dilemma. We have in fact
three different scenarios. When 7" > 1 and S > 0, de-
fecting against a cooperator provides the largest payoff,
and this corresponds to the Hawk-Dove game. For T' < 1
and S < 0, cooperating with a defector is the worst case,
and we have the Stag Hunt game. Finally, for T > 1
and S < 0, when a defector plays with a cooperator we
have at the same time the largest (for the defector) and
the smallest (for the cooperator) payoffs, and the game
corresponds to the Prisoner’s Dilemma. In this work we
consider the three types of games by exploring the pa-
rameter region T' € [0,2] and S € [—1,1].

In real social systems, each individual has more than
one social contact at the same time. This situation
is usually represented [26] by associating each player
i, 1=1,2,..., N to a node of a static network, with ad-
jacency matrix A = {a;;}, whose edges indicate pairs of
individuals playing the game. In this framework, a player
i selects a strategy, plays a number of games equal to the
number of her neighbors k; = 3. a;; and accumulates
the payoffs associated to each of tlzlese interactions. Ob-
viously, the outcome of playing with a neighbor depends
both on the strategiy selected by node i and that of the
neighbor, according to the payoff matrix in Eq. 1. When
all the individuals have played with all their neighbors
in the network, they update their strategies as a result
of an evolutionary process, i.e., according to the total
collected payoff. Namely, each individual ¢ compares her
cumulated payoff p; with that of one of her neighbors, say
j, chosen at random. The probability P;_,; that agent i
adopts the strategy of her neighbor j increases with the
difference (p; — p;) (see Methods for details).

The games defined by the payoff matrix in Eq. 1
and using a payoff-based strategy update rule have been

thoroughly investigated in static networks with different
topologies. The main result is that, when the network is
fixed and agent strategies are allowed to evolve over time,
the level of cooperation increases with the heterogeneity
of the degree distribution of the network, being scale-free
networks the most paradigmatic promoters of coopera-
tion [17-19]. However, in most cases human contacts and
social interactions are intrinsically dynamic and varying
in time, a feature which has profound consequences on
any process taking place over a social network. We ex-
plore here the role of time on the emergence of coopera-
tion in time-varying networks.

B. Temporal patterns of social interactions

We consider two data sets describing the temporal pat-
terns of human interactions at two different time scales.
The first data set has been collected during the MIT Re-
ality Mining experiment [29], and includes information
about spatial proximity of a group of students, staff, and
faculty members at the Massachusetts Institute of Tech-
nology, over a period of six months. The resulting time-
dependent network has N = 100 nodes and consists of a
time-ordered sequence {G1,Ga,...,Gp} of M = 41291
graphs (snapshots), each graph representing proximity
interactions during a time interval of 7 = 5 minutes.
Remember that each graph G,,,m = 1,..., M accounts
for all the instantaneous interactions taking place in the
temporal interval [(m—1)7, m7]. The second data set de-
scribes co-location patterns, over a period of four days,
between the participants of the INFOCOM’06 confer-
ence [30]. In this case, the resulting time-dependent
network has N = 78 nodes, and contains a sequence of
M = 2880 graphs obtained by detecting users co-location
every 7 = 2 minutes.

The frequency of social contacts is illustrated in Fig. 1
(panels A and B), where we report the number of active
links at time ¢, Eqctive, as a function of time. In the MIT
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FIG. 2. Cooperation diagrams for the MIT Reality Mining data set. Fraction of cooperators at the equilibrium as a
function of the temptation to defect (T) and of the sucker’s score (S) for different values of the interval At between two successive
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The diagrams in the top row correspond to time-varying graphs with original

time ordering, those in the middle row are obtained for the same values of At but on randomized time-varying graphs, while
the bottom row reports the results obtained on synthetic networks constructed through the activity-driven model. The results
are averaged over 50 different realizations. Red corresponds to 100% of cooperators while blue indicates 100% defectors.

Reality Mining data set, social activity exhibits daily
and weekly periodicities, respectively due to home-work
and working days-weekends cycles. In addition to these
rhythms, we notice a non-stationary behavior which is
clearly visible when we plot the activity averaged over a
1-month moving window (red line in panel A). In the IN-
FOCOM’06 data set we observe a daily periodicity and
a non-stationary trend which is due, in this case, to a
decreasing social activity in the last days of the confer-
ence as seen by aggregating activity over 24 hours (red
line in panel B). We also report in Fig. 1 (panels C and
D) the distributions P(c) of contact duration, o = 04y,
and of inter-contact time, o = o,¢s (i.e. the interval be-
tween two consecutive appearances of an edge). As it is
often the case for human dynamics [35], the distributions
of contact duration and inter-contact time are heteroge-
neous. For the MIT data set, an active edge can persist
up to an entire day, while inactive intervals can last over
multiple days and weeks; similar patterns are observed
in the INFOCOM’06 data set, where some edges remain
active up to one entire day and inter-contact times span
almost the whole observation interval. Edge activity ex-
hibits significant correlations over long periods of time.
In particular, the autocorrelation function of the time
series of edge activity shows a slow decay, up to lags of
10— 12 hours for the MIT data set, and of 6 —8 hours for
INFOCOM’06, after which the daily periodicity becomes
dominant (figure not reported).

C. Evolution of Cooperation in Time-varying
Networks

To simulate the game on a time-varying topology
{Gm}m=1,...m, we start from a random distribution of
strategies, so that each individual initially behaves either
as a cooperator or as a defector, with equal probability.
The simulation proceeds in rounds, where each round
consists of a playing stage followed by a strategy update.
In the first stage, each agent plays with all her neighbors
on the first graph of the sequence, namely on Gy, and
accumulates the payoff according to the matrix in Eq. 1.
Then the graph changes, and the agents employ the same
strategies to play with all their neighbors in the second
graph of the sequence, Go. The new payoffs are summed
to those obtained in the previous iteration. The same
procedure is then repeated n times with n such that n -7
is equal to a chosen interval At, which is the strategy up-
date interval. At this point, the playing stage terminates
and agent strategies are updated. Namely, each agent
compares the net payoff accumulated during the previ-
ous n time steps with that of one of her neighbors chosen
at random. In particular, we adopt here the so-called
Fermi Rule [57, 58] with a parameter 8 = 1 (see Meth-
ods). We have checked that the results are quite robust,
and we obtain qualitatively similar outcomes for a wide
range of 8. After the agents have updated their strategy,
their payoff is reset to 0 and they start another round,
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FIG. 3. Cooperation diagrams for the INFOCOM data set. Fraction of cooperators at the equilibrium as a function of
the temptation to defect (T) and of the sucker’s score (S) for different values of the interval At between two successive strategy
updates. From left to right, the diagrams correspond to At equal to 4 minutes, 10 minutes, 30 minutes, 1 hour, 2 hours, 8
hours, 10 hours and M7 ~ 4 days. The top, middle and bottom row report, respectively, the results for the original data set,
the reshuffled time-varying graph and synthetic graphs constructed through the activity-driven model. The results are averaged

over 50 different realizations. Red corresponds to 100% of cooperators while blue indicates 100% defectors.

during the subsequent time interval of length At =n -7,
as described above.

To evaluate the degree of cooperation obtained for a
given value of the strategy update interval At and a pair
of values (7, S), we compute the average fraction of co-
operators (C(T, S)a¢):

1 & N
(C(T,8)ar) = EZWE’ (2)

where N! is the number of cooperators found at time
i - At and @ is the total number of rounds played. In
general, we set () large enough to guarantee that the
system reaches a stationary state.

We have simulated the system using different values of
At. Notice that for smaller value of At the time-scale
of strategy update is comparable with that of the graph
evolution, while when At is equal to the entire observa-
tion period M7 the game is effectively played on a static
topology, namely the weighted aggregated graph corre-
sponding to the whole observation interval. We focus
here on the top panels of Fig. 2 and Fig. 3, where we
show how the average fraction of cooperators depends
on the parameters S and T and on the length At of the
strategy update interval. We considered six values of At
for the MIT Reality Mining data set, from At = 1 hour
up to the whole observation interval, and eight values for
INFOCOM’06, ranging from minutes up to the aggregate
network.

At first glance, we notice that the rightmost diagrams
in both figures, which correspond to At = M, are in
perfect agreement with the results about evolutionary
games played on static topologies reported in the liter-
ature (see e.g. [18, 26]). If we look at the cooperation

diagrams obtained by increasing the value of At in the
original sequences of graphs (top panels of Fig. 2 and
Fig. 3), we notice that, for any pair (T,5), a larger up-
date interval corresponds to a higher fraction of cooper-
ators. In particular, for MIT Reality Mining (Fig. 2) the
fraction of cooperators increases up until At = 2 months,
after which the cooperation diagram is practically indis-
tinguishable from that obtained on the static aggregated
graph. For INFOCOM’06, instead, a strategy update
interval larger than 2 hours already produces a coopera-
tion diagram similar to that obtained in the aggregated
graph. These results indicate that defectors actually take
advantage from the volatility of edges, and that cooper-
ation can emerge only if the strategy update interval is
large enough. We will check this issue later in section
IID.

As we pointed out above, edge activation patterns
show non-trivial correlations. To highlight the effects of
temporal correlations and of periodicity in the appear-
ance of links in the real data sets, we have simulated
the games also on randomized time-varying graphs and
on synthetic networks generated through the activity-
driven model [60]. The results for randomized graphs
and activity-driven graphs are reported, respectively, in
the middle and in the bottom panels of Fig. 2 and Fig. 3.

Randomized time-varying graphs are obtained by uni-
formly reshuffling the original sequences of snapshots. In
this case the frequency of each pairwise contact is pre-
served equal to that of the original data set. However,
the temporal correlations of these contacts, namely the
persistence of an edge during consecutive time snapshots,
are completely washed out. As expected, for At = M7
the cooperation diagrams obtained on the reshuffled se-
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FIG. 4. Cooperation level and size of the Giant Com-
ponent. Overall cooperation level Cioi(At) and average size
of the giant component (S) as a function of the aggregation
interval At for MIT Reality Mining (top panels) and INFO-
COM’06 (bottom panels). Blue circles correspond to the orig-
inal data, black squares to the reshuffled networks and red
triangles to the activity-driven model. The shades indicate
the standard deviation of (S) across the sequence of graphs
for each value of At. Notice that the typical size of the gi-
ant component at time-scale At correlates quite well with the
observed cooperation level at the same time-scale.

quences (middle rightmost panels of Fig. 2 and Fig. 3) are
identical to those obtained on the corresponding original
data sets (top rightmost panels). In fact, when At = Mt
each agent plays with all the contacts she has seen in
the whole observation interval, with the corresponding
weights, before updating her strategy. Since, in this par-
ticular case the frequencies of contacts are the only ingre-
dients responsible for the emergence of cooperation, and
such frequencies are the same both in the original data
set and in the reshuffled version, the results of the original
and randomized graphs have to be identical. Conversely,
for smaller values of At, the importance of the temporal
correlations of each pairwise contact becomes clear since
the cooperation diagrams for randomized and original
networks are very different in both MIT Reality Mining
and INFOCOM’06. In fact for the randomized graphs,
the cooperation levels at At = 1 week and At = 1 hour,
respectively, become comparable to those obtained for
At = M. This points out that destroying the temporal
correlations of each pairwise contact enhances coopera-
tion.

Little differences are observed (compared to the case
of randomized graphs) when using activity-driven syn-
thetic networks (results shown in the bottom panels of
Fig. 2 and Fig. 3). In this case not only temporal correla-
tions are washed out, but also the microscopic structure
of each snapshot is replaced by a graph having a simi-
lar density of links. This rewiring distributes links more
heterogeneously than in the original and the randomized
sequences (see Methods for details). The cooperation
diagrams of activity-driven networks show a further in-
crease of the cooperation levels for even smaller values of
the strategy update interval, At, than in the case of Ran-
dom graphs. Namely, for At = 1 day in Reality Mining
(Fig. 2) and for At = 30 minutes in INFOCOM (Fig. 3)
we already recover the cooperation levels of At = M.

The results reported in Fig. 2 and Fig. 3 suggest that
the ordering, persistence and distribution of edges over
consecutive time-window are all fundamental ingredients
for the success of cooperation. In general, a small value
of At in the original data sets corresponds to playing
the game on a sparse graph, possibly comprising a num-
ber of small components, in which agents are connected
to a small neighborhood that persists rather unaltered
over consecutive time windows. The small size of the
isolated clusters and the persistence of the connections
within them allow defectors to spread their strategy ef-
ficiently. In the following, we will analyze this hypothe-
sis by characterizing the structural patterns of the orig-
inal time varying graph, its randomized version and the
activity-driven synthetic network.

D. Structural analysis of time varying networks

In order to understand the dependence of cooperation
on the strategy update interval At, we plot in Fig. 4
the average fraction, (S), of the nodes found in the gi-
ant component of the graphs as a function of At, for the
original data sets and for the reshuffled and synthetic se-
quences of snapshots. In general, for a given value of At,
the giant component of graphs corresponding to random-
ized sequences or to the activity-driven model is larger
than that of the graphs in the original ordering. The
break down of temporal correlations between consecu-
tive time snapshots in randomized and activity-driven
networks produces an increase in the number of ties be-
tween different agents of the population even for small
values of At. In addition, the more homogeneous distri-
bution of links within the snapshots of the activity-driven
network further increases the mixing of the agents and
thus enlarges the size of the giant component compared
to the randomized graphs.

In Fig. 4 we also plot the overall level of cooperation
at a given aggregation scale At, Ci,i(At), defined as:

1 2 1
Cur(80) = g7 /O a7 /_ c(r.5)as.

Notice that Cio(At) is divided by the value Cyor(MT)
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FIG. 5. Extremal temporal clustering 7. as a function of
the strategy update interval At on real data sets (blue dots).
Top (bottom) panel refers to Reality Mining (INFOCOM).
Black squares correspond to randomly reshuffled sequences
and red triangles to activity-driven synthetic networks. In
both datasets we notice that, for small values of At, real data
display an higher value of clustering (persistence) than syn-
thetic cases followed by a transition value of At above which
we observe a rapid increase in the clustering of synthetic cases
such that the previous situation is inverted.

corresponding to the whole observation interval, so that
Clot € [0,1]. The value of At at which (S) is comparable
with the number of nodes N, i.e. when (S) ~ 1, coincides
with the value of At at which the cooperation diagram
becomes indistinguishable from that obtained for the ag-
gregate network, Cyo(At) ~ 1, for both the original and
the reshuffled sequences of snapshots. This result con-
firms that the size of the giant connected component, of
the graph corresponding to a given aggregation interval,
plays a central role in determining the level of cooper-
ation sustainable by the system, in agreement with the
experiments discussed in [59] for the case of static com-
plex networks.

It is also interesting to investigate the role of edge cor-
relations on the observed cooperation level. To this aim,
we analyze the temporal clustering (see Methods), which
captures the average tendency of edges to persist over
time. In Fig. 5 we plot the evolution of the temporal
clustering as a function of the strategy update interval
At. The results reveal clearly that, for small values At,
the persistence of ties in the two original data sets is
larger than in the randomized and the activity-driven
graphs. In this regime the average giant component is
small in both the real and randomized cases, thus point-
ing out that the temporally connected components are
composed of small clusters. However, the larger tempo-
ral clustering observed for small At in the original data
implies that the node composition of these small compo-
nents changes very slowly compared to the faster mixing
observed in the random data sets. These are then the
two ingredients depressing the cooperation levels in the
original data as compared to the random cases: the size
of the giant component and how much such components
change even at fixed size. As further confirmation, we no-
tice that link persistence grows in a similar way as At in-
creases in randomized and activity-driven networks. This
growth points out that the randomization of snapshots
in one null model and the redistribution of links in the
other one make the ties more stable as At increases. In-
stead, the results found on the original data sets suggest
(in particular for the case of INFOCOM) that ties are
rather volatile, being active for a number of consecutive
snapshots and then inactive for a large time interval. In
randomized and activity-driven graphs the stabilization
of ties together with the fast increase in the size of the
giant component make the resulting time-varying graph
much more similar to static networks, thus improving
the survival of cooperation, as compared to the volatile
and strongly fragmented scenario of the real time-varying
graphs.

III. CONCLUSIONS

Although the impact of network topology on the onset
and persistence of cooperation has been extensively stud-
ied in the last years, the recent availability of data sets
with time-resolved information about social interactions
allows a deeper investigation of the impact on evolution-
ary dynamics of time-evolving social structures. Here we
have addressed two crucial questions: does the interplay
between graph evolution and strategy update affect the
classical results about the enhancement of cooperation
driven by network reciprocity? And what is the role of
the time-correlations of temporal networks in the evolu-
tion of cooperation? The results of the simulations con-
firm that, for all the four social dilemmas studied in this
work, cooperation is seriously hindered when (i) agent
strategy is updated too frequently with respect to the
typical time-scale of agent interaction and (ii) real-world
timecorrelations are present. This phenomenon is a con-
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sequence of the relatively small size of the giant compo-
nent of the graphs obtained at small aggregation inter-
vals. However, when the temporal sequence of social con-
tacts is replaced by time-varying networks preserving the
original activity attributes of links or nodes but break-
ing the original temporal correlations, the structural pat-
terns of the network at a given time-scale of strategy up-
date changes dramatically from those observed in real
data. As a consequence, the effects of temporal resolu-
tion over cooperation are smoothed and, by breaking the
real temporal correlations of social contacts, cooperation
can emerge and persist also for moderately small strat-
egy update frequencies. This result highlights that both
the interplay of strategy update and graph evolution and
the presence of temporal correlations, such as edge per-
sistence and recurrence, seem to have fundamental effects
on the emergence of cooperation.

Our findings suggest that the frequency at which the
connectivity of a given system are sampled has to be care-
fully chosen, according with the typical time-scale of the
social interaction dynamics. For instance, as stock bro-
kers might decide to change strategy after just a couple of
interactions, other processes like trust formation in busi-
ness or collaboration networks are likely to be better de-
scribed as the result of multiple subsequent interactions.
These conclusions are also supported by the results of a
recent paper of Ribeiro et al. [52] in which the effects
of temporal aggregation interval At in the behavior of
random walks are studied. Also, the fundamental role
played by the real-data time correlations in dynamical
processes on the graph calls for more models of temporal
networks and for a better understanding of their nature.

In a nutshell, the arguments indicating network reci-
procity as the social promoter of cooperator have to be re-
visited when considering time-varying graphs. In partic-
ular, one should always bear in mind that both the over-
and the under-sampling of time-evolving social graph and
the use of the finest/coarsest temporal resolution could
substantially bias the results of a game-theoretic model
played on the corresponding network. These results pave
the way to a more detailed investigation of social dilem-
mas in systems where not only structural but also tempo-
ral correlations are incorporated in the interaction maps.

IV. METHODS
A. MIT Reality Mining data set

The data set describes proximity interactions collected
through the use of Bluetooth-enabled phones [29]. The
phones were distributed to a group of 100 users, com-
posed by 75 MIT Media Laboratory students and 25 fac-
ulty members. Each device had a unique tag and was
able to detect the presence and identity of other devices
within a range of 5-10 meters. The interactions, intended
as proximity of devices, were recorded over a period of
about six months. In addition to the interaction data, the

original dataset included also information regarding call
logs, other Bluetooth devices within detection range, the
cell tower to which the phones was connected and infor-
mation about phone usage and status. Here, we consider
only the contact network data, ignoring any other con-
textual metadata. The resulting time-varying network is
an ordered sequence of 41291 graphs, each having N=100
nodes. Each graph corresponds to a proximity scan taken
every 5 minutes. An edge between two nodes indicates
that the two corresponding devices were within detec-
tion range of each other during that interval. We refer to
such links as active. During the entire recorded period,
2114 different edges have been detected as active, at least
once. This corresponds to the aggregate graph having a
large average node degree (k) ~ 42. However, this is an
artefact of the aggregation; the single snapshots tend to
be very sparse, usually containing between 100 and 200
active edges.

B. INFOCOM’06 data set

The data set consists of proximity measurements col-
lected during the IEEE INFOCOM’06 conference held in
a hotel in Barcelona in 2006 [30]. A sample of 78 par-
ticipants from a range of different companies and insti-
tutions were chosen and equipped with a portable Blue-
tooth device, Intel iMote, able to detect similar devices
nearby. Area “inquiries” were performed by the devices
every 2 minutes, with a random delay or anticipation of
20 seconds. The delay/anticipation mechanism was im-
plemented in order to avoid synchronous measurements,
because, while actively sweeping the area, devices could
not be detected by other devices. A total number of 2730
distinct edges were recorded as active at least once in the
observation interval, while the number of edges active at
a given time is significantly lower, varying between 0 and
200, depending on the time of the day.

C. Strategy update rule

The Fermi Rule consists in the following updating
strategy. A player i chooses one of her neighbors j at
random and copies the strategy of j with a probability:

1
1+ e—Bi—pi) ’

R*}j = (3)
where (p; — p;) is the difference between the payoffs of
the two players, and 8 is a parameter controlling the
smoothness of the transition from P;_,; = 0 for small
values of (p;—p;), to Pi_,; = 1 for large values of (p; —p;).
Notice that for 3 < 1 we obtain P;_,; ~ 0.5 regardless
of the value of (p; — p;), which effectively corresponds
to a random strategy update. On the other hand, when
B> 1 then P;_,; ~ O(p; —p;), being O©(x) the Heaviside
step function. In this limit, the strategy update is driven
only by the ordering of the payoff values.
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D. Activity-driven model

The activity-driven model, introduced in Ref. [60], is
a simple model to generate time-varying graphs start-
ing from the empirical observation of the activity of each
node, in terms of number of contacts established per unit
time. Given a characteristic time-window At, one mea-
sures the activity potential x; of each agent i, defined as
the total number of interactions (edges) established by 4
in a time-window of length At divided by the total num-
ber of interactions established on average by all agents in
the same time interval. Then, each agent is assigned an
activity a; = nx;, which is the probability per unit time
to create a new connection or contact with any another
agent j. The coefficient n is a rescaling factor, whose
value is appropriately set in order to ensure that the to-
tal number of active nodes per unit time in the system is
equal to n{(x)N, where N is the total number of agents.
Notice that 7 effectively determines the average number
of connections in a temporal snapshot whose length cor-
responds to the resolution of the original data set.

The model works as follows. At each time ¢ the graph
Gy starts with N disconnected nodes. Then, each node
i becomes active with probability a;At¢ and connects to
m other randomly selected nodes. At the following time-
step, all the connections in G; are deleted, and a new
snapshot is sampled.

Notice that time-varying graphs constructed through
the activity-driven model preserve the average degree of
nodes in each snapshot, but impose that connections
have, on average, a duration equal to At, effectively
washing out any temporal correlation among edges.

E. Temporal clustering

Several metrics have been lately proposed to measure
the tendency of the edges of a time-varying graph to
persist over time. One of the most widely used is the
unweighted temporal clustering, introduced in Ref. [44],
which for a node i of a time-varying graph is defined as:

T—1 t t+1
i 1 2 045%;

V= ) (4)
=13 et

where a;fj are the elements the adjacency matrix of the
time-varying graph at snapshot ¢, k! is the total number
of edges incident on node ¢ at snapshot ¢ and T is the
duration of the whole observation interval. Notice that
~' takes values in [0,1]. In general, a higher value of
is obtained when the interactions of node i persist longer
in time, while 7* tends to zero if the interactions of i are
highly volatile.

If each snapshot of the time-varying graph is a
weighted network, where the weight wfj represents the
strength if the interaction between node ¢ and node j at
time ¢, we can define a weighted version of the temporal
clustering coefficient as follows:

T-1 t . t+1
= 1 3 225 Wijwi ‘ 5)
w T-1 pt S§s§+1

Finally, if we focus more on the persistence of inter-
action strength across subsequent network snapshots, we
can define the extremal temporal clustering as:

T—-1 H—l)

(ot
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¢ T-1 41
t=1 \/ststt

t+1

where by considering the minimum between wfj and w;;
one can distinguish between persistent interactions hav-
ing constant strength over time and those interactions
having more volatile strength. As in our case social in-
teractions are seen to be highly volatile in real data sets,
the extremal version of the temporal clustering seems to
be the best choice to unveil the persistence of social ties
at short time scales.
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In this work we analyze the evolution of voluntary vaccination in networked populations by entangling
the spreading dynamics of an influenza-like disease with an evolutionary framework taking place at the end
of each influenza season so that individuals take or do not take the vaccine upon their previous experience.
Our framework thus puts in competition two well-known dynamical properties of scale-free networks: the fast
propagation of diseases and the promotion of cooperative behaviors. Our results show that when vaccine is
perfect, scale-free networks enhance the vaccination behavior with respect to random graphs with homogeneous
connectivity patterns. However, when imperfection appears we find a crossover effect so that the number of
infected (vaccinated) individuals increases (decreases) with respect to homogeneous networks, thus showing the
competition between the aforementioned properties of scale-free graphs.

DOI: 10.1103/PhysRevE.88.032803

I. INTRODUCTION

The advent of network science [1,2] has provided an
important set of computational and statistical physics tools
for describing the problem of epidemic spreading by incor-
porating the realistic interaction patterns of the constituents
of social and technological systems [3]. Classical approaches
to epidemiology [4,5] rely on the use of the theory of phase
transitions and critical phenomena, so as to unveil the onset and
the macroscopic impact of epidemic outbreaks. Recently these
techniques have been pervasively adapted to study a variety of
critical phenomena on top of networks [6].

The main contribution of the former line of research to
epidemiology has been the development of a generalized
mean-field framework in which general patterns of interactions
can be included. In particular, it was shown [7-12] that
for scale-free networks [in which the probability distribution
of having a node with k neighbors follows a power law,
P (k) ~ k=] the epidemic onset was anticipated as compared
to substrates with more regular (or homogeneous) connectivity
patterns. Moreover, when o <3 (as most of social and
technological networks show [13,14]) and for large enough
(thermodynamic limit) systems, the epidemic onset vanishes,
meaning that even a very small fraction of infected elements
with small infective power can spread a disease to a macro-
scopic part of the population by a sequence of contagions
between neighbors of the network, as happens in human
contacts [15-18].

Apart from the theoretical value of the above finding, its
direct implications on public health campaigns and the security
of technological networks such as the Internet demand a deeper
understanding about the influence that diverse contact patterns
have on disease dynamics, its co-evolution [19,20], and the
design of new algorithms for immunization and vaccination
policies. Typically, these studies aim at identifying the most
efficient way for reducing the impact of an epidemic by the
vaccination or immunization of the minimal number of nodes.
To this aim, different methods to identify the most important
nodes to be immunized have been proposed [21-24].
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The former works concern the immunization of tech-
nological networks since in social contexts vaccination is
typically voluntary. Thus, the study of the immunization of
a population demands that we include the ways vaccination
and risky behaviors compete and spread across individuals.
To this aim, one may consider game theory to formulate a
social dilemma in terms of the benefits associated to each
of the behaviors: vaccination or not. Within this framework
individuals act rationally, i.e., by choosing their strategy after
an evaluation of their potential benefits. This evaluation is
done by considering their perception of the risk to con-
tract the disease. For well-mixed populations recent results
show [25-30] that voluntary vaccination is not efficient to
reach efficient immunization. However, this kind of approach
was generalized to networks [31], unveiling an enhancement
of voluntary vaccination.

The former game theoretical approach considers that agents
aim at maximizing their own benefits. However, the decisions
of individuals can evolve in time depending on the epidemic
incidence observed in the population. In this framework agents
are prone to adopt the strategies that are expected to perform
better based on the information available. This evolutionary
avenue has been recently adopted to the vaccination dilemma.
A first evolutionary avenue is presented in Refs. [32-34]
where both disease transmission and vaccinating behavior
evolve in time simultaneously. The evolution for the fraction
of vaccinated individuals is driven by the difference of payoffs
between vaccinated and nonvaccinated agents (as in the
case of the well-known replicator equation of evolutionary
games [35,36]), with the latter determined by the epidemic
incidence at that time. A second evolutionary approach is
proposed in Ref. [37]. In this case, inspired by seasonal
influenza, the number of vaccinated individuals remains
constant during the duration of the influenza season. After
each season, individuals evaluate the payoffs based on the
incidence of the disease in the last season and decide whether
to vaccinate or not for the next seasons.

Here we take a similar avenue to that of Ref. [37] regarding
the dynamical setup and the motivation: the vaccination for

©2013 American Physical Society



67

ALESSIO CARDILLO et al.

seasonal influenza. However, the way in which payoffs are
constructed and the way individuals choose their strategy
follow the typical setup of evolutionary games [35,36].
This setup, originally presented in Ref. [38] for the vac-
cination dilemma, considers that individuals are assigned
a payoff that is solely based on the personal experience
during the last season. In addition, the strategic choice
is based on the imitation of those individuals with better
payoffs. Thus, we do not consider that individuals follow
a rational derivation of the payoffs associated to vaccina-
tion and risky behavior based on the information available.
This allow us to connect the vaccination dilemma with
other studies on the evolutionary game dynamics of social
dilemmas [35,36].

In recent years, the study of the evolutionary
game dynamics of social dilemmas on structured popu-
lations [39-41] has shown that cooperation (here related
to vaccination) is favored when the interactions among
individuals take the form of scale-free networks [42,43].
Inspired by this result, in this work we explore the spread of
vaccination behavior across networks with homogeneous and
heterogeneous (scale-free) connectivity patterns. Our results
show that when vaccine is perfect, scale-free networks enhance
the vaccination behavior with respect to homogeneous graphs,
thus reducing the impact of the disease on the population. How-
ever, when vaccine is imperfect, we find a crossover effect, and
homogeneous networks outperform scale-free ones. This latter
scenario reveals an interesting competition between the rapid
spread of both diseases and cooperative behaviors in scale-free
graphs.

II. THE MODEL

As introduced above, to incorporate the competition be-
tween disease spreading and evolutionary dynamics on top
of a network we entangle these two dynamical frameworks
by producing an iterative sequence of a two-stage process.
In both stages the interaction pattern among individuals is
described by a complex network (keeping the same network for
both dynamical setups). This network is given by an (N x N)
adjacency matrix A;; so that when two individuals interact
A;j = 1, whereas A;; = 0 otherwise. In this way, the number
k; of neipghbors (contacts) of a given node, say, i, is given by

i =2 Aij-

In this work we will consider two of the most paradigmatic
network models: Erdés-Rényi (ER) graphs [44] and Barabasi-
Albert (BA) networks [45]. The former class of graphs are
described by a Poisson degree distribution P (k), so that most
of the nodes have a connectivity close to the mean value
(k). On the other hand, BA networks display a power-law
degree distribution of the form, P(k) ~ k3, thus incorporating
the scale-free (SF) property of real-world networks. The
implementation of our dynamical setup aims at revealing
the differences between the heterogeneous degree pattern
displayed in SF and the rather homogeneous structure of ER
graphs. To this aim, for both ER and SF networks, the average
connectivity of the nodes is set to (k) = 6. Below we introduce
the rules governing the two-stage dynamics, also sketched in
Fig. 1.
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FIG. 1. (Color online) Resuming sequence of the evolutionary
picture of our model. The top box describes the epidemic spreading
process. The bottom one displays the payoffs accumulated by the
agents according to their strategy. Arrows denote the causal order of
the evolutionary process.

A. Disease spreading

The first of the stages of our dynamical setup is based on the
evolution of a susceptible-exposed-infected-recovered (SEIR)
model [4,5]. This model captures the dynamics of influenza-
type infections. Susceptible nodes have not been infected and
are healthy. They catch the disease via direct contact with
exposed neighbors at a rate A. Exposed nodes are supposed
to carry the virus although they still do not display symptoms
of the disease; thus these individuals are highly infectious
during this incubation period. Exposed nodes become infected
with some rate p” which typically is the inverse time of the
incubation period of the disease. Infected nodes, on the other
hand, although still carrying the virus are here assumed not to
be infectious. In particular, we consider that during this period
they remain isolated from the rest of the population. Finally,
infected nodes pass to the recovered state with rate p that is
the inverse duration time of the convalescence period.

With the above rules we consider that each node i interacts
simultaneously with its k; neighbors per unit time. Thus, for
a network described by the adjacency matrix A;; the effective
probability that a susceptible node i gets the disease per unit
time is given by

Piy=1—(1—nZmam 1)

where x; = 1 when node j is exposed and x; = 0 otherwise.
Here, in order to mimic the transmission of ordinary influenza,
we have set p' = 0.33, since the time elapsed between
exposure to the virus and development of symptoms is two
to three days. In addition we take ;1 = 0.2 since the symptoms
of uncomplicated influenza illness resolve after a period of 3
to 7 days, so that the average permanence in the infected state
is u=! =5 days.

The addition of vaccinated individuals to the formulation
of our SEIR model implies that initially there is subset of
susceptible individuals (representing a fraction Ny of the
total population) that are less prone to catch the disease than
nonvaccinated susceptible ones. In particular, we consider that
a vaccinated individual is infected during a single contact with
an exposed one at a rate A y, where y € [0,1] is a parameter
that modulates the quality of the vaccine, being perfect when
y = 0 and useless for y = 1. In this way, the probability that
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a vaccinated individual i is infected per unit time reads
Pip=1—(—yuEmhm )

Once the values of the epidemic parameters p and ', the
quality y of the vaccine, and the fraction Ny of vaccinated
individuals are set, we leave X as the relevant control parameter
of the SEIR model. In addition, the relevant order parameter of
the dynamics is the fraction R of nodes that got infected once
the epidemic process dies out, so that the macroscopic behavior
is captured by the curve R()). For a given value of A one starts
from an initial state in which a small fraction (here 5%) of
the population is set as exposed. Then the SEIR dynamics
is iterated until no individuals remain either as exposed or
infected.

B. Evolutionary dynamics

Once the SEIR dynamics dies out we consider that the
seasonal influenza period has passed. Before the next SEIR
dynamics starts, individuals evaluate whether to vaccinate or
not for the next season. At this point evolutionary dynamics
takes place by assigning to each of the individuals a payoff 7;
(i =1,...,N) that depends on their experience accumulated
during the last SEIR propagation. As shown in Fig. 1, there
are four possibilities:

(1) Vaccinated individuals that remain healthy during the
last season have payoff 7 = —c (where c is a cost associated
to the vaccine).

(2) Vaccinated individuals that were infected during the last
season have payoff m = —c — T; (where T is the time units
that the individual remain in the infected state).

(3) Individuals that did not vaccinated and remain healthy
during the season have payoff 7 = 0.

(4) Nonvaccinated individuals that were infected are as-
signed a payoff 7 = —T7.

The cost ¢ associated to the vaccination is related to
different issues such as the time spent to get vaccinated (via
Public Health Services) or the probability that the vaccine
causes side effects. To illustrate the vaccination dilemma let
us show a very simple situation of a susceptible agent i in
contact with an exposed agent. In this situation the expected
payoff of i when having taken the vaccine is y," = —(1 —
yA)e — yA(c + 1/p) (here we assume that 7; >~ 1/u). On the
other hand, if agent i has adopted a risky behavior, its expected
payoff turns into 7yy = —A/u. Thus, in this single pairwise
encounter, the rational choice is not to take the vaccine for any
costs ¢ > A(l — y)/p. This simple situation clearly reveals the
Vaccination Dilemma. However, in a networked population the
situation is rather more complex, and, more importantly, here
we assume that individuals are not fully rational and, instead
of deciding their behavior on expectations, they evolve their
strategies based on their previous experience.

Evolutionary dynamics provides the framework to imple-
ment the dynamical evolution of strategies. In particular, as is
usually done in evolutionary social dilemmas on networks,
each individual, say, i, chooses at random one of its first
neighbors, say, j, and compares their payoffs m; and x;
respectively. Then the probability that agent i takes the strategy
of j, s;j, for the next season increases with their payoff
difference, (;r; — 7;). One of the most used frameworks to

PHYSICAL REVIEW E 88, 032803 (2013)

calculate this probability is that of the Fermi-like rule [46,47],
in which the probability that the strategy of the neighbor j is
adopted by 7 reads

1
1+ exp[—B(r; —m)]

where § is a parameter that allows us to span between random
(B < 1) and strong selection (8 >> 1). Here we adopted 8 = 1
and checked that our results are quite robust under changes of
B. The update of strategies takes place simultaneously for all
the agents. Once the new strategies are taken, the payoffs are
set to zero, and the SEIR dynamics starts again with a new
fraction Ny of vaccinated susceptible individuals.

Finally, let us note that we iterate the sequence of the two-
stage process (SEIR dynamics and evolutionary dynamics)
for a number of steps (generations) large enough to reach a
steady state for the relevant observables: the average fraction of
recovered, (R), and vaccinated individuals, (Ny ). In addition,
at the beginning of each generation we randomly assign the in-
dividuals that are vaccinated (so that they constitute 25% of the
population) and those that are initially set as exposed (reaching
5% of the total population). It is worth mentioning that in
real cases a small fraction of the population gain permanent
immunity from exposure to the virus in the last generation. In
our case we do not consider such inherited immunity to the new
strain.

PS,*)S,’ = (3)

III. RESULTS

We start our discussion by briefly reporting the behavior
of the SEIR model without vaccinated individuals. In the top
panel of Fig. 2 we show the average fraction (R) of recovered
individuals at the end of the SEIR dynamics as a function of
the rate of infection per contact, A, for ER and SF networks of
N = 1000. From this figure it becomes clear that SF networks
accelerates the onset A, of the epidemic regime as compared
to ER graphs.

Let us now focus on the case of SF networks to evaluate
the impact that voluntary vaccination (under an evolutionary
framework) has on the immunization of the system. In
the bottom panel of Fig. 2 we show the evolution of the

[T T
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FIG. 2. (Color online) The top panel shows the epidemic diagram
(R)(2) for ER and SF networks when vaccination is not allowed.
The bottom panel shows the evolution of the fraction of recovered
individuals, R, with the generations of the evolutionary dynamics.
The network is SF, and the rate of infection per contact is A = 0.35,
whereas vaccination is perfect y = 0 and it has a cost ¢ = 0.1.
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FIG. 3. (Color online) The contour plots show the average fraction of recovered (R) (top) and vaccinated (Ny) (bottom) individuals as a
function of the infection rate A and the vaccine quality y for SF networks. From left to right the panels correspond to different vaccination
costs: ¢ = 0.1 [panels (a) and (d)], ¢ = 0.5 [panels (b) and (e)], and ¢ = 1.0 [panels (c) and (f)]. As the cost increases we note that the overall
fraction of vaccinated individuals decreases while that of recovered nodes increases. Interestingly when ¢ = 0.1 there is a range of low y values
(y < 0.1) for which the epidemic threshold disappears and the disease cannot spread for any value of A.

fraction of recovered individuals R for a sequence of 2000
generations. The rate of infection used in this simulation
is set to A = 0.35, which, as the top panel shows, corre-
sponds to a situation in which almost all the population
has been infected (R) ~ 1 when no vaccination is allowed.
Instead, when individuals can decide whether to take the
vaccination (under the aforementioned evolutionary rules)
we show that the epidemic phase does not appear (R =~ 0)
since the population has evolutionarily adopted the vaccination
strategy.

Remarkably, the transient regime (lasting around 500
generations) shows an interesting pattern of rise and falls for
the number of recovered individuals R. This behavior points
out that, before vaccination prevails, the population displays an
oscillating behavior between vaccination and risky behavior.
Obviously, when many people vaccinate (falls in R) the
epidemic falls, but vaccinated individuals are tempted not to
take the vaccine due to the higher benefits of risky individuals.
This leads to a progressive increase of the infections (denoted
by the increase of R) that reverse the balance of benefits
between risky and vaccinated individuals. This rise-and-fall
behavior together with the significant duration of this transient
regime reveal the importance of risk perception in voluntary
vaccination.

A. Macroscopic behavior of vaccine taking in SF networks

Now we analyze the behavior after the transient regime. To
this aim we compute the average fraction of vaccinated (Ny)
and recovered (R) individual in the steady state as a function
of A and the quality y of the vaccine. For each couple of values

(%, y) we have run 100 simulations (each of them comprising
2000 generations). In Fig. 3 we report these functions for
several vaccine costs ¢ in SF networks. In particular, the panels
in the top show the diagrams (R)(A,y) and those in the bottom
show (Ny)(X,y). From left to right the panels correspond to
the following vaccine costs: ¢ = 0.1, 0.5, and 1.0.

Let us focus on those diagrams corresponding to ¢ = 0.1
[panels (a) and (d)]. The function R(A,y) shows that for values
of y €[0,0.1] (roughly perfect vaccination) the epidemic
threshold disappears since (R) >~ 0 for all the values of A.
In its turn, we note from panel (d) that for this latter region
the fraction of vaccinated individuals is roughly (Ny) >~ 1
except for very low values of A for which the disease cannot
spread even when no immunization is present. If we increase
further the value of y we recover the epidemic onset A, whose
values decrease as the vaccine get worse, i.e., as y increases.
In addition, the vaccination behavior decreases so that for a
given value of y the advantage provided by vaccines is not
useful anymore for A > A.. Obviously, for y = 1 we recover
the usual diagram R(1), shown in the top panel of Fig. 1, for
SF networks since the vaccine provides no advantage, and,
as shown in panel (d), almost no individual in the network
holds the vaccination strategy giving (Ny) =~ 0 for all A
values.

As we increase the cost of the vaccine to ¢ = 0.5 [panels
(b) and (e)] and ¢ = 1.0 [panels (c) and (f)] we observe that the
overall fraction of recovered (vaccinated) individuals increases
(decreases). Remarkably, the maximum value of y for which
there is no epidemic threshold decreases with ¢, and forc = 1.0
we cannot appreciate this effect. It is interesting to note that the
usual epidemic diagram of SF networks without immunization
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isrecovered for lower values of y . For instance, in panel (b) we
note that for y > 0.6 the curve R(1) does not change, whereas
from panel (e) we note that, within this region, individuals do
not vaccinate anymore ((Ny) = 0).

B. SF versus ER networks: The importance of vaccine quality

Having reported the macroscopic behavior in SF networks
as concerns the influence of the vaccine quality and its cost,
we now focus on the dependence on the networked substrate in
which both the disease and the vaccination strategies spread.
To this aim, we compare the behavior in SF and ER networks
in order to measure the role of degree heterogeneity on the
vaccination behavior. Importantly, we have considered SF
networks as obtained from the Barabdsi-Albert model [45]
after a complete randomization preserving the degree sequence
of the nodes. In this way, we obtain SF networks with
P(k) ~ k=3 without any kind of degree-degree correlations
that could influence the dynamical behavior. In addition, we
have increased the size of the networks considered (in order
to fully exploit the heterogeneous property of SF networks) to
N = 10* nodes.

We first explore the case of perfect vaccination, y = 0.
In Fig. 4 we show the diagrams (R)(1) (top) and (Ny)(X)
(bottom) for two different vaccination costs: ¢ = 0.5 [panels
(a) and (c)] and ¢ = 1.0 [panels (b) and (d)]. In these panels
we also show the standard deviations around the average
values reported. From the panels we observe that SF networks
outperform ER graphs since the overall average number of
recovered (vaccinated) individuals is smaller (higher) in SF
networks. In particular, the epidemic diagrams (R)(A) display a
clear peak around the respective epidemic thresholds, A., of the
original (without vaccination) graphs. Up to this point A < A,
the epidemic does not spread, and thus vaccination behavior
is not observed either as shown in the diagrams (Ny)(A). The
peak thus points out that the risk is so small that vaccination
behavior does not show up, leading to a burst of infections,
which reaches higher values in ER graphs. This result seems
counterintuitive, since from the literature on epidemics on
networks, SF graphs are always more prone to the spread
of diseases than ER ones. Furthermore, from the diagrams
(Nvy) (1) we note that the vaccination onset starts earlier for SF
graphs, as their natural epidemic threshold is smaller than that
of ER ones.

For values of A above the natural epidemic threshold, the
number of recovered nodes decreases dramatically in both
networks. Here the risk of infection becomes larger, and
individuals start to adopt the vaccination strategy as diagrams
(Ny)(2) in panels (c) and (d) show. However, vaccination
behavior spreads more easily in SF networks than in ER
graphs, and it is quite remarkable that, for this regime, the
number of recovered nodes in ER graphs is always (for any
value of A) higher than in SF networks. Thus cooperative
behavior, by taking the vaccine, spreads better in SF networks,
in agreement with those studies about cooperation and social
dilemmas in complex networks [42,43].

In Fig. 5 we explore the scenario of imperfect vaccination
considering y = 0.12. This regime shows the competition be-
tween two well-known effects: the aforementioned prevalence
of cooperative behaviors in SF networks (with respect to ER
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FIG. 4. (Color online) Epidemic (R)(1) (top panels) and vacci-
nation (Ny)(A) (bottom panels) diagrams for ER and SF networks
(N = 10*, (k) = 6) when the vaccine is perfect (y = 0). The cost
associated to the vaccine are ¢ = 0.5 (left panels) and ¢ = 1.0 (right
panels).

graphs) and their weakness to the spread of diseases (again
with respect to ER graphs). This competition appears as a
crossover between the behavior of both (R)(X) and (Ny)(X)
in SF and ER networks. In panels (a) and (b) we show that
the curves (R)(A) (after the peak close to the natural epidemic
thresholds of both networks) cross at some A* values, which
decreases with the cost of the vaccine c. Panels (c¢) and (d) show
also a crossover behavior for (Ny)(A), which appears with
some delay with respect to that occurring at A* for (R)(A). Note
that this crossover is well defined since the standard deviations
around the average values (R) and (Ny) are extremely low.

The behavior for A < A* shows the same trend as for the
perfect vaccination case. SF networks outperform ER graphs
showing a larger number of vaccinated individuals and a
smaller number of infections. However, for the imperfect
vaccine (y > 0) the growth of A affects both nonvaccinated and
vaccinated individuals. Under such conditions, the virus finds
in the SF networks a better backbone to propagate. In this way,
panels (a) and (b) show that the failure of vaccination starts
to become evident in SF networks at A*. The smaller benefits
provided by the imperfection of the vaccine cause the number
of vaccinated individuals to start to decrease after A*. Being
larger the number of infections due to the imperfect vaccine
in SF networks, as shown for A > A*, the fall of vaccinated
individuals occurs in SF networks at smaller values of A than
in ER graphs, giving rise to the crossover for (Ny) shown in
panels (c) and (d).

It is quite remarkable that for large A values and for ¢ = 1.0
[panels (b) and (d)] the number of vaccinated individuals
vanishes and the values of (R) goes close to one in a
similar way as in the original network (without vaccination).
Obviously, as the vaccine cost ¢ increases, the solution (R) =~ 1
spans across a larger interval of A values so that for large
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FIG. 5. (Color online) Epidemic (R)()) (top panels) and vacci-
nation (Ny)(A) (bottom panels) diagrams for ER and SF networks
(N = 10* (k) = 6) when the vaccine is not perfect (y = 0.12). The
cost associated to the vaccine are ¢ = 0.5 (left panels) and ¢ = 1.0
(right panels). The imperfection of the vaccine causes two crossovers,
one for (R) and the other one for (Ny), between the performance of
SF networks and ER graphs.

enough ¢ there is no vaccinated individual in the population
and one finally recovers the typical (R)(}) diagram of Fig. 2(a).

IV. CONCLUSIONS

In this work we have analyzed the evolution of voluntary
vaccination in networked populations. At variance with classi-
cal approaches we have considered an evolutionary framework
so that individuals facing the vaccination dilemma do not
take the most rational strategy by considering the benefits
associated to each choice. On the contrary, they are considered
as replicating agents that imitate the strategies based on
their previous experience. To this aim we have entangled
the spreading dynamics of an influenza-like disease with

PHYSICAL REVIEW E 88, 032803 (2013)

an evolutionary framework taking place at the end of each
season. Our results show that when vaccine is perfect (so
that vaccinated individuals do not get infected) scale-free
networks enhance both the vaccination behavior and the
effective immunization of the population as compared with
random graphs with homogeneous connectivity patterns.

By considering vaccine imperfection we obtain two re-
markable results. First, we have shown that, for scale-free
networks and low vaccine costs, there is a threshold value for
the vaccine imperfection so that, for values lower than this
threshold, vaccination behavior spans across the population,
and it is possible to suppress the disease for all the infection
probabilities. Instead, when vaccine imperfection becomes
large, agents are less prone to take it, and the disease takes
advantage of this risky behavior to spread more efficiently
across the population.

The other interesting result concerns the comparison be-
tween scale-free and homogeneous networks. We have shown
that when imperfection appears the better performance of
scale-free network is broken and there is a crossover effect so
that the number of infected (vaccinated) individuals increases
(decreases) with respect to homogeneous networks when A is
large enough. This crossover results from the competition of
two well-known dynamical properties of scale-free networks:
the fast propagation of diseases and the promotion of coop-
erative behaviors. Thus, the ability of scale-free networks in
promoting cooperative behaviors (here represented as paying
the cost of taking vaccine) is threatened when payoffs are
dependent on a related dynamical process (here the spreading
of a disease) whose evolution is also affected (here enhanced)
by the heterogeneity of the network.
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Many biological and man-made networked systems are characterized by the simultaneous presence of
different sub-networks organized in separate layers, with links and nodes of qualitatively different types.
‘While during the past few years theoretical studies have examined a variety of structural features of complex
networks, the outstanding question is whether such features are characterizing all single layers, or rather
emerge as a result of coarse-graining, i.e. when going from the multilayered to the aggregate network
representation. Here we address this issue with the help of real data. We analyze the structural properties of
an intrinsically multilayered real network, the European Air Transportation Multiplex Network in which
each commercial airline defines a network layer. We examine how several structural measures evolve as
layers are progressively merged together. In particular, we discuss how the topology of each layer affects the
emergence of structural properties in the aggregate network.

n the past fifteen years, network theory'~ has successfully characterized the interaction among the constituents

of a variety of complex systems"?, ranging from biological® to technological’, and social® systems. However, up

until recently, attention was almost exclusively given to networks in which all components were treated on
equivalent footing, while neglecting all the extra information about the temporal- or context-related properties of
the interactions under study. Only in the last three years, taking advantage of the enhanced resolution in real data
sets, network scientists have directed their attention to the multiplex character of real-world systems, and
explicitly considered the time-varying”'* and multi-layered'>*® nature of networks.

A paradigmatic example of intrinsically multiplex system is represented by the Air Transportation Network
(ATN). The ATNs have undergone a very significant growth during the last decades, giving rise to the dense and
redundant system we know nowadays”. In the ATN, nodes represent airports, while links stand for direct flights
between two airports. On the other hand, each commercial airline corresponds to a different layer, containing all
the connections operated by the same company. While a considerable effort has recently been devoted to the
characterization of the structural properties®*° of ATNs and their role in the dynamical processes taking place on
them?~**, their multiplex nature has remained almost unexplored.

When studying systems that can be represented as a graph made of diverse relationships (layers) between its
constituents, an important question, typical of complex systems analysis, arises: can the topological properties of
the whole system be traced to those of its layers or do they emerge from the simultaneous presence of multiple
layers? Emergence is said to happen when the focus is switched from one scale to a coarser level of description.
This question can be addressed by comparing the most usual structural properties of the multiple layers com-
posing a network® and their analogue in the aggregate representation of the network, in which the layer structure
is disregarded.

To address the above question we resort to the European ATN data set. Taking advantage of the high-
resolution of these data, comprising a number of airlines (layers) operating in Europe during the year 2011,
we succeed to extract the multiplex character of the system, and we investigate how the structural properties
usually observed in the ATN are here emerging as a result of progressive layer merging. To this end, we quantify
various topological measures, such as the degree distribution, the clustering coefficient or the presence of rich-
club effect, in networks obtained by merging together a growing number of layers, from the lowest level of
resolution of a single layer, up to the fully aggregate network. In addition, we compare two different types of
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layers, those corresponding to major (national) airlines and those
labeled as low-cost companies. We analyze their structural differ-
ences, and their different contribution to the properties of the global
ATN.

Results

The European ATN can be represented as a graph composed of M =
37 different layers each representing a different European airline (see
Methods for details). Each layer m has the same number of nodes, N,
as all European airports are represented in each layer. Furthermore,
the data set allows extracting two main subsets, comprising all major,
and low-cost airlines, with 18 and 10 layers respectively (See Fig. 1).
In particular, panels (a) and (b) display the structure of the aggregate
network focusing first on its redundancy by sketching those links
belonging to more than one layer and on its unicity by reporting
those links that only exist in a specific layer. Panels (c) and (d) show,
instead, the single-layer ATN corresponding to a given major and
low-cost airlines, respectively. In each of the panels we highlighted
the nodes with the highest number of connections.

Topological measures. To characterize the structural properties of
both the aggregate ATN and its layers, we consider several features
widely used in network literature®, i.e. cumulative degree distri-
bution P-.(k), clustering coefficient C, size of the giant component
S, average path length L and Rich-club coefficient R. We briefly
describe below the specific meaning of each of these measures in
our context. The interested reader will find a complete description
of all those quantities in the Methods section.

e The cumulative degree distribution P-.(k), gives the probability of
finding a node with a number of connections (or degree) equal or
greater than k. The degree distribution is a powerful tool which
allows understanding both structural and dynamical character-
istics of a system as, for instance, its tolerance to attacks or fail-
ures*® so it represents a cornerstone in the characterization of
critical infrastructures, such as the ATN.

e The average path length (L), measures the average number of
hops one has to make to go from a node to another. In the context
of ATNGs, it indicates the average number of flights a passenger has
to take to go from his/her origin to his/her destination. However,
if the system is not connected, this quantity diverges and it is
preferable to restrict attention to the giant (largest) component
of the system (see below).

e The clustering coefficient C, measures the probability, C € [0, 1],
that two nodes with a common neighbor are connected together.
C is a typical measure in systems made of social acquaintances®,
but in our case it is useful to estimate the density of triangular

motifs (denoting the possibility of performing round trips of
length 3).

® Thesize of the giant component® S, denotes the largest fraction of
overall nodes such that any pair of them is connected through a
path of finite length. In our case, it estimates the largest coverage
that a given airline (or a combination of them) provides in terms
of the available destinations that a passenger can reach from an
origin inside the giant component.

® The Rich-club coefficient® R, measures the tendency of highly
connected nodes, i.e. the hubs, to be connected among them-
selves. To measure it, one has to compute the abundance of links,
¢(k), among nodes with a number of connections equal or greater
than a certain value k, and the maximum possible number of links
among those nodes, ¢(k),qx. Then, the ratio between these two
quantities gives the relative abundance of links among nodes with
at least k connections. Finally, R(k) is given by the ratio between
the abundance of links in the real case ¢(k)/¢(k),nax and the same
quantity calculated in a proper randomized version of the original
network. Colizza et al.*® measured R for the ATN, and found that
world air transportation network displays indeed a Rich-club
effect, i.e. for large values of k the value of R(k) is larger than 1.

Emergence of topological properties of the European ATN. We
now analyze the evolution of the former measures as more and more
layers are merged (independently of whether they do correspond to
major or low-cost companies), until the complete aggregate ATN,
comprising all the available layers, is reached (see the Methods
section for the details on the layer merging procedure). The results
are shown in Fig. 2.

In panel (a) we show the evolution for the cumulative degree
distribution of the aggregate ATN and those networks obtained by
merging 1, 5 and 20 randomly chosen layers. Since right-skewed
distributions often display high noise levels at the end of their tails
due to the lack of statistics, it is convenient to consider the cumulative
distribution instead of the distribution P(k) itself. A power-law
behavior P-.(k) o k™* is observed in all the situations considered,
with a decrease in the exponent o, ranging from o = 1.84 in the single
layer case (m = 1) to o = 1.39 for the aggregate ATN. The increase in
heterogeneity with the number of layers considered points to a
richer-gets-richer phenomenon different from the one seen in clas-
sical models for growing scale-free networks: while in the latter case,
it results from the addition of new nodes, in the present case it
emerges from the addition new layers.

In panel (b) we report the clustering coefficient. In this case, we
show the behavior of (C) as a function of the number of layers used to
construct the aggregate ATN, averaged over the number of different
combinations of m elements (m = 1, ..., M). Interestingly, we see
how the clustering suddenly increases as we merge just a few layers:

(d)

Figure 1 | Visual representation of the ATN. From left to right: the aggregate network of all the layers in which only links belonging to more
than one layer are displayed. The same network but in which we display those links which belongs to only one layer and connecting at least one node with
degree greater than or equal to 75. An example of ATN network of a major airline and, finally, the network of a low-fare (low-cost) airline. In each

network, the airports with the highest degree are highlighted.
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Figure 2 | Evolution of topological properties of the complete ATN network. (a) Average cumulative degree distribution P-.(k) for groups of layers
merged together: single layers (@ ), five layers (M), twenty layers (#) and the aggregate (A). (b—c—d) Average clustering (C), size of giant component (S),
path length (L) as a function of m. (e) Link abundance for nodes of degree k or greater, ¢(k) divided by its maximum ¢(k) . for the aggregate network in
both real case (M) and its randomized version (@ ). The vertical dashed line represent the value of k at which the difference among the two curves is
maximal. (f) A subset of the aggregate network showing the connections among those nodes whose degree is greater than (or equal to) 47. The size of the

nodes is proportional to the degree.

to achieve more than 80% of the final clustering value, we only need
to randomly merge together five layers. This result indicates that the
large density of triangles present in the ATN is a consequence of the
merging of different layers rather than a single-layer property. Thus,
in order to make round trips of length 3 one should make use, most of
the times, of more than one airline.

The former result contrasts with the picture obtained for the
evolution of the size of the giant component (S). Panel (c) describes
a monotonous and progressive increase of the coverage as more
layers are aggregated. In fact, around 40% of the European cities
are covered when merging together five randomly chosen layers. It
is worth noticing that (S) also tells us that we are considering a system
which is already above the percolation threshold, so that every step
towards the aggregate network produces an increment in the collec-
tion of reachable destinations (see the value of (S) for m = 1).
However, the behavior of the transition for the average path length
(L) (restricted to those nodes in the giant component) in panel (d)
shows a rise-and-fall behavior indicating that combining few layers
results in the merging of unconnected components at the aggregate
level, causing a fast increase in its length. On the other hand, after the
maximum for L is reached, the addition of new layers has a twofold
effect on the giant components: it incorporates new nodes, but also
creates alternative links between already present nodes. Thus, the
average path length of the giant component balances the addition
of new destinations with the creation of new links, and suffers a slow
decrease when increasing m.

Finally, panel (e) shows, only for the aggregate network, the exist-
ence of a Rich-club effect quantifying the abundance of links between
nodes with degree larger or equal to k, ¢(k), normalized with respect
to its maximum. This quantity is computed both for the real ATN
and for a set of randomized versions of the network in which all the
links are rewired keeping the same degree sequence of the original
network. This randomization aims at destroying any kind of correla-
tion between the local properties of connected nodes. From the figure
it is clear that initially the two curves coincide indicating that the

existence of flights between airports with few connections (less than k
= 30) is equally probable in the ATN and in its randomized version.
Instead, for ke[30,60] the points corresponding to the real ATN stand
above those corresponding to the randomized network. This result
points out that the aggregate ATN displays Rich-club effect (the
largest effect being found for k = 47), thus confirming for the
European case the findings of Colizza et al*® for the ATN. The
existence of such effect is quite logical, as usually highly connected
nodes correspond to the principal airports of the main European
cities which, in most of the cases, are connected among themselves
via direct flights. Finally, for k>60 the fluctuations of the randomized
case are too large for any statement to be made on the existence of a
Rich-club effect.

Major versus low-cost layers. The European ATN is composed of
layers corresponding to airlines of different types. In particular, we
find among them major (national, such as Lufthansa), low-cost fares
(such as Easyjet), regional (such as Norwegian Air Shuttle) or cargo
(such as Fed-Ex) airlines. These kinds of airlines have developed
according to different structural/commercial constraints. For
instance, it is known that major airlines are designed following the
so-called hub and spoke structure, to provide an almost complete
coverage of the airports belonging to a given country’®" and
maximize efficiency in terms of national transportation interests.
Low-cost companies, instead, tend to avoid overly centralized
structures and, to be more competitive, typically cover more than
one country simultaneously. To unveil the role that each type of
airline plays in the emergence of the topological features of the
aggregate ATN, we considered two subsets of layers respectively
comprising only it majors and low-cost airlines. The results of this
study are shown in Fig. 3.

We first address the cumulative degree distribution P~.(k). In the
two panels (a) and (b) we show the distributions P~ (k) for major (a)
and low-cost (b) layers when considering different levels for the
merging of the layers of the same kind. For major airlines, the typical
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Figure 3 | Evolution of topological properties of major (M) and low-cost (A) subsets. (a—b) Average cumulative degree distribution P~(k) for
different number of layers merged together. (c—d—e—f) Average clustering (C), number of triangles (ns), size of giant component (S), path length

(L) as a function of the number of layers merged. The insets display the same quantities in the case of the complete set. (g—h) link abundance for the
aggregate network. The vertical dashed line represents the value of k at which the difference among the two curves is maximal.

trend of a single layer (m = 1) displays a plateau for moderate values
of k, indicating a centralized character of this kind of layers, with few
hubs having remarkably higher than average connectivity. In addi-
tion, when merging more layers (m = 10 or all the major airlines) the
trend shows a rather continuous decay due to the combination of
hubs of different size (depending on the nation of the airline). Notice
that a hub of a single layer (a single national airline) is highly con-
nected within the same country, but also has some flights to capitals
of other European countries which, in turn, are hubs of their corres-
ponding major layers. On the other hand, the cumulative distri-
bution of typical low-cost airlines shows a rather different pattern,
as its decay is rather progressive, and airports of different size coexist
within the same layer.

The differences in organization of low-cost and major airlines is
further highlighted by the behavior of the clustering coefficient (C).
Panel (c) shows how major airlines display sharp increases in (C) as
more major layers are merged, followed by a plateau for m > 5. This
saturation of C is due to the fact that, when merging major layers
randomly, national hubs tend to connect together (we have already
discussed this fact when introducing the Rich-club effect) in the
aggregate network. The saturation of clustering is, however, not
observed for the aggregate ATN [see Fig. 2.(b) or the inset in panel
(c)] for which C(m) always increases. This is due to the fact that the
merging of low-cost layers leads to a continuous formation of new
triangles, thus increasing the clustering with . In addition, in panel
(d) we show the evolution with m of the average number of triangles,
(n3), normalized with respect to the total number of triads in the
aggregate network for both major and low-cost layers. Interestingly,
the monotonic growth of (n3) reveals that the saturation of the clus-
tering coefficient when m = 5 for major layers is not due to the fact
that new triangles are not added when m > 5 but to a balance
between the new triads and the new connections added when mer-
ging additional layers.

The behavior of the giant component (S), normalized with respect
to the total number of destinations covered by each kind of airline
(see panel (e)), does not give any particular insight in terms of differ-
ences between low-cost and major airlines, except for the fact that in
the low-cost case we observe larger fluctuations, mainly due to the

large variability in size of the giant component of single layers. On the
other hand, the picture described by the average path length (L) in
panel () is very interesting. Major and low-cost subsets behave rather
differently not only between them, but also with respect to the evolu-
tion of the complete set (see inset). For layers corresponding to major
companies, (L) increases with the number of merged layers. The
interpretation of this continuous growth is straightforward: each
time a layer corresponding to a major airline is added, even if it shares
some common destinations (say some European capitals having
their corresponding major airlines within the original set of merged
layers), the number of new available nodes (small destinations only
available through the new added major layer) is large enough to
generate an increase in L. On the contrary, the case of low-cost dis-
plays a rise-and-fall in the behavior of (L), due to the large coverage
of European countries/cities that already each single low-cost layer
displays. Thus, as we merge some of them together, they already
cover nearly all the low-cost destinations, and merging of additional
layers just adds new connections between them. When combined
into the original ATN, these two different trends lead to the saturated
evolution of {L)(m) shown in the inset.

Finally, we examine once again the onset of the Rich-club effect.
From panels (g) and (h) we notice how the graph corresponding to
the aggregate network constructed by merging layers corresponding
to major airlines (g) displays the presence of a rich club for k = 38
(almost the same value as in the case of the total aggregate ATN).
Interestingly, the Rich-club effect is absent when merging low-cost
layers so that, while in the case of major airlines the merge of layers
containing large hubs ends up in a system composed of a connected
core of highly connected nodes, the more distributed nature of the
low-cost layers prevents the formation of a Rich-club. Thus, a rel-
evant conclusion is that the well-known** Rich-club effect observed
in ATNG is exclusively related to the presence of major airlines.

Discussion

The characterization of the interaction patterns in large systems has
recently been spurred by the incorporation of the paradigm of multi-
plexity. Taking advantage of the European ATN data set, with details
of the airlines operating each flight, we showed that the topological
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properties of the ATN are generally not present in single layers,
rather they are the consequence of an emerging phenomenon inti-
mately related to the multilayer character of the system. We also
pointed out that the merging of low-cost and major (national) layers
leads to the emergence of qualitatively different aggregate networks.
Finally, we demonstrated that the combination of these two different
behaviors accounts for the many important structural features of the
global ATN, such as the Rich-club effect (mainly due to the layers of
major airlines), path redundancy (resulting from a cooperative com-
bination of the clustering of low-cost and major layers), or small-
worldness (remarkably enhanced by the presence low-cost layers).

Our study highlights the importance of considering the multiplex
character of most real networked systems, and shows that consider-
ing layers as relevant entities of a network (such as nodes and links at
the micro-scale or communities at the meso-scale) will contribute to
a better understanding and modeling of dynamical processes taking
place at the level of aggregate network.

Methods

Dataset. The data analyzed in this paper are taken from the complete list of
airlines operating Instrumental Flight Rules (IFR) flights between European
airports on a certain day obtained from EUROCON-TROL and the Complex
‘World Network in the context of the SESAR Work Package E*’. We selected only
those airlines whose number of destinations is above the average (which is 32),
obtaining £ =37 different airlines (layers), that include both major companies
(like Lufthansa or Air France), and low-fares (low-cost) companies (as Ryanair or
Easyjet). Each layer € in this multiplex representation is a graph

G'= (N’,S’) = (N.£’) with N = =450 nodes and K links that models a
single airline. An example of such networks is shown in Fig. 1. The ensemble of all
these layers constitutes our multilayer system, that we will call the complete set.
‘We will also consider the subset of major airlines, that will be a multiplex network
made of £’ =18 layers, and the subset of low-cost companies, with £ =10 layers.
Note that the remaining airlines, such as cargo airlines, constitutes a marginal
small subset and therefore its analysis is residual.

Topological indexes. In this section, we present a summary of the topological
measures used throughout the paper. Note that the considered topological measures
are essentially defined for classic monoplex networks, and their extensions to the
multiplex setting is an exercise, whose details are here shown.

One of the most basic topological parameter of a complex network G = (A,€) is the
degree distribution P(k) which is defined as the probability that a node chosen uni-
formly at random has degree k, or equivalently the fraction of nodes in the network
having degree k***. Since broad distributions often display high noise levels at the end
of their tails, here related to the low abundance of highly connected nodes, it is
convenient to consider the cumulative distribution P~ (k). Cumulative distribution
P-.(k) is the probability that a randomly chosen node has a degree equal or greater
than k, ie.

SONG). o

where N(k) is the number of nodes with degree k and N = || is the total number of
nodes in the network.

The average path length* L(G) is the average length of the shortest paths among all
the couples of nodes in the network, i.e.

L(G):mZd,. o)

ijeN

where dj; is the minimum number of hops one has to make to go from node i to node j

in G (the distance from i to j). Note that this definition diverges if G is not connected,

since d;; may be infinite. One way to avoid this divergence is considering the average

only on the largest connected component, and an alternative approach that has been

shown very useful in many cases is considering the harmonic mean of the distances.
The (local) clustering coefficient' ¢; of a node i\ is defined as
2e;

Kk —1)"

6= (3)
where ¢; is the number of neighbors of i which are mutual neighbors, and ; is the
degree of node i. Therefore the (local) clustering coefficient of a node i is the ratio
between the number of neighbors of i which are mutual neighbors and the maximal
possible number of edges between neighbors of i. The (average) clustering coefficient
C of a graph is the arithmetic mean of ¢; over all its nodes.

The giant component S(G) is the largest connected component of G and the size of
the giant component is the proportion of nodes in the network that belong to the giant
component, i.e.,

S(G)= max~" )

where N; is the number of nodes of the maximal connected subnetwork of G con-
taining node i.
If we take a node with degree 0 <k < |\, the Rich-club coefficient R(k)* is given by
bk (k) 20(k)  Nok(Nox—1) _ ¢(k)

-1
R("):«smm<¢'<k>,,.ux> NN 2 dw P

where

(i) ¢(k) is the number of edges connecting nodes of degree greater or equal to k
(called the link abundance),
(i) ¢(K),ax is the maximum number of links that can exist between nodes of degree

(iii) ~ ¢'(k) is the link abundance on a network with the same degree sequence of the
original but with connections randomly shuffled.

(iv) ' (k) max is the maximum number of links that can exist between nodes of
degree k on a network with the same degree sequence of the original but with
connections randomly shuffled.

(v)  N=j is the number of nodes with degree greater or equal to k.

If, for a certain value of k, R(k) > 1 for some 0 <k <N =|\/|, then we say that G has
a Rich-club. Note that in the plots presented in this paper, we decided to present the
ratios P(k)/¢(k)pax and ¢’ (k)/§' (k) max instead of R(k). The randomization, in our
case, is repeated 1,000 times, while the shuffling is repeated 10,000 times to ensure a
robust statistical sampling. Note that for the ATN network, having a size of N = 450
nodes, the number of random shuffling steps is large enough to guarantee that the
resulting network is fully randomized. This randomization method is known as
Markov Chain Monte Carlo Algorithm®. However, for bigger graphs other methods
are recommended so to minimize the computation cost for producing reliable ran-
domized networks, see the work by Del Genio et al.*.

Next, we describe the layer merging procedure used to study the evolution of the
topological measures and the behavior of the layers in the major airline and low-cost
multiplex sub-networks.

If we fix a subset of layers {G'; ¢
monoplex network G' = (V&) (i.e.

STEEN ,é,,,} to merge together, we construct a

classic network with only one layer) given by
m

¢=Ja".

=1

This network G’ is obtained by projecting all the m layers onto one and by con-
verting multiple links into single ones.

Now if we fix m, we look for all the possible mergings of m layers, The number of
different configurations to arrange n layers into groups of size m without repetitions is
given by Cj; = (”m)’ therefore if we want to compute a topological measure on the
ensemble of m layers, we should first compute it on each of the C};, mergings, and then
average over all C;, possible configurations. However, when the number of possible
configurations exceeded a certain threshold, we operated a random sampling over
500,000 mergings in order to avoid the growth of the computation time. Throughout
the paper the operator () denotes the average over the elements of the ensemble. As
an example, if we want to compute the clustering coefficient over an ensemble C, we
compute:

(6)

where N, is the number of elements of C and C; is the average clustering of the
network obtained merging together the layers corresponding to ieC.
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Abstract. We study the dynamics of the European Air Transport
Network by using a multiplex network formalism. We will consider
the set of flights of each airline as an interdependent network and
we analyze the resilience of the system against random flight failures
in the passenger’s rescheduling problem. A comparison between the
single-plex approach and the corresponding multiplex one is presented
illustrating that the multiplexity strongly affects the robustness of the
European Air Network.

1 Introduction

In the last century, the application of aeronautics to the transportation of people
and goods has witnessed an uninterrupted growth [1]. In less than a hundred years
we have moved from a sparsely connected system, to a redundant one capable of
moving 2.7 billion passengers in 2011. During the last decade, scientists have studied
the properties of airline transportation systems by means of network theory, un-
veiling their structural characteristics as done with other natural and technological
complex networks. Along this period, complex networks [2,3] have extensively been
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used to model and understand the structures of relations beyond many real-world sys-
tems [4,5], but only recently some limitation of this approach have been highlighted.
One of the most important limitations refers to the multi-layer nature of real-world
systems: nodes usually belong to different layers at the same time, and may have
different neighbourhoods depending on the layer being considered. It is clear that
nodes, in some complex systems, often have interactions of different kinds, which
take place upon several interacting networks, i.e. constituting a so-called multiplex
network. An example of this concept is represented by social networks [6]. Tradition-
ally, social networks have been modelled as simple graphs; yet, it should be noticed
that each node, representing an actor in the social network, may have different types
of connections with other nodes, such as friendship, professional relationships etc.
For such kind of systems, a multiplex model represents better the real situation, as it
can better catch the different dynamics developing in each layer: for instance, usually
the information transmitted to friends will not be the same as the one shared with
colleagues. Therefore, in order to understand how the structure is affecting the global
dynamics of a system, it is of utmost importance to take into account the presence
of interactions at multiple levels [7,8]. There are other concepts strongly related to
the multiplex networks that have recently been introduced in the literature, such as
interacting [9,10], interdependent [11] and multilevel networks [12].

Recently, several works have focused on the vulnerability of networks to cascading
failures, and especially how a multi-layer structure effectively reduces the resilience of
the system. For instance, ref. [13] analyzes different communication and transporta-
tion networks, composed of two layers: a physical and a logical network, the latter
representing the flows of information and people. In ref. [11], the Italian power grid
and the Internet network are modeled as a single dual-layer system; the interconnec-
tions between both layers drammatically increase the vulnerability of the system, as
a failure of a node may propagate to the other layer and generate a cascade dynamics.
In ref. [14], a generalization of the threshold cascade model is studied, in which nodes
are deactivated too if at least a given fraction of the neighbors have been deactivated.
The generalization consists in introducing a multi-layer structure, that was not con-
sidered as part of the original model [15]: thanks to that, some topologies that were
initially stable generate cascade dynamics when connected in a multi-layer paradigm.

In this contribution, we tackle the problem of the resilience of the Air Transport
Network (ATN) from a multi-layer point of view, against the deletion of a connection,
that is, the cancellation of a flight. The ATN is clearly one of the tenets of our societies.
In 2010, the global air transport dealt with 2.4 billion passengers and 43 million tonnes
of cargo, has been responsible for 32 million jobs, 2% of global carbon emissions and
$545 billion in revenue [16]. It embraces the whole world and tightly links together
the different regions, with all their individual differences.

The importance of the ATN is especially relevant when its dynamics is disturbed
by external events; even when these events have only a local impact, like, for instance,
a thunderstorm that forces the cancellation of a few flights, the indirect consequences
(in terms of delays, passengers loosing connections, and so forth) may affect the over-
all performance of the system. This situation is expected to worsen in the future,
as forecasted growth rates (about 5% per year [17], with crises, like the WTC at-
tack, SARS or the financial crisis [18], only having a temporary impact) will imply a
tightening of the room for manoeuvre available to cope with such disturbances. The
relevance of the resilience of ATN has recently been recognized in the policy-making
context, as, for instance, in the European Commission’s new roadmap (White Paper)
to a Single European Transport Area for 2050 [19,20].

The dynamics and resilience of the ATN has already been studied in the past
by considering the usual single layer network formalism in which all the connections
between airports are considered to be equivalent [21,22]. Yet, a study of ATN under
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Fig. 1. The European Air Transport Network (ATN). The network has been constructed
by considering only commercial (both regular and charter) flights operated between two
European airports the 15¢ of June 2011. Size and color of nodes accounts for their degree.

the multi-layer approach is still missing. The intrinsic multi-layer nature of ATN is
validated by the fact that passengers cannot use all the possible sequences of links
between the airports bypassing the cost associated to the use of different airlines.
This may negatively affect the resilience of the system, as well as the tools available
to the system to reduce the impact of failures on the flow passengers. This demands
for a study in which network and transportation sciences tackle the influence that the
multi-layer architecture of the ATN has in its robustness under random failures.

2 The European ATN as a multilayer network

We start by describing the structural multiplex backbone of the European Air
Transport Network (ATN) considered in our model. We consider a set of 15 layers,
each of which representing one of the 15 biggest airline companies operating in
Europe. In each layer ¢ (that represents an airline A), the set of nodes corresponds to
the set of airports operated by the airline A and the links (denoted by (i, j;¢)) are the
flights between the airports ¢ and j that are operated by airline A. Data corresponds
to commercial IFR, (Instrumental Flight Rules) operations for the 15 of June 2011.
The resulting multi-layer network (see Fig. 1) is an undirected system, composed of
15 layers and 308 nodes, corresponding to the 20% of the operations in the European
airspace.

Looking at the structural properties of the different layers, we realize that they are
organized in two main families: (1) networks corresponding to major airlines (such as
Lufthansa, Air France, or Iberia), being scale-free with hubs representing the airline
headquarters; and (2) networks corresponding to the so-called low-cost (or low-fares)
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Fig. 2. The Air Transport Networks of a traditional major company (on the left) and of a
low-cost airline (on the right). The hubs of each network are indicated by blue big circles.

airlines, showing a more uniform structure due to a point-to-point organization of their
business [23]. Figure 2 illustrates two of such layers: a traditional major company on
the left, and of a low-cost company on the right. In this figure the hubs of each network
are indicated by blue big circles; notice that the heterogeneity is much stronger in
traditional companies.

The introduction of a multiplex-type network for the European ATN produces
structural properties that differ from the corresponding single-mode network, i.e., the
single layer projection of the transport network. For instance, we focus here on the
global degree distribution P (kA) of the multi-layer network; the global degree of each
node i (denoted by k#) is calculated as the sum of the number of connections of that
node over all the layers. Therefore, k:ZA is defined as:

L
kA=K, (1)
=1

where kf is the degree of node 4 in the layer £. Figure 3 illustrates the cumulative
probability distribution of degrees of the European ATN in log-log scale. Clearly, there
are strong differences between the distribution for the multi-layer network model (top
left panel) and the average of the cumulative degree distribution over all the layers
considered (top right panel). Note that the degree of nodes in the case of the multi-
layer model is greater than the corresponding degree in the classic one-layer approach.
This phenomenon is even more explicit in the case of the hubs, since a link that could
happen in different layers is counted as many times as it is present in the multi-layer
network, while it is only counted only once in the classic model. Despite this fact,
one could expect that this enhancement of the degree is uniform along the network,
but the real situation is quite far from this. The heterogeneity of the structure and
distribution of each layer makes that the effects of the enhancement of the degree
of each node in the multi-layer network is very disperse and therefore the degree
distribution in the multi-layer model is very different from the corresponding classic
model. Furthermore, if we compute the average degree distribution along all the
layers in the network (see the top right panel in Fig. 3), the result is quite different
from the corresponding figure for the multi-layer model. Note that the average degree
distribution illustrate the average degree distribution if we pick up a layer at random
and we look at its degree distribution. Hence, the significant differences between
the top panels in Fig. 3 illustrate the different behavior of the multiplex model and
the corresponding for each single layer, that comes from the heterogeneity of the
structure and distribution of the network. A similar situation occurs if we consider
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Fig. 3. Example of different cumulative degree probability distributions P (k) for the
European ATN in log-log scale. Top panels show the degree distribution for the multi-layer
network model (on the left), and the average of the degree distributions of the 15 airlines
under study (on the right). Bottom panels illustrate the cumulative distributions for a single
traditional major company of 106 nodes (on the left) and for a low-cost company of 128 nodes
(on the right).

the cumulative probability distribution of each single layer individually (see Fig. 3
bottom).

3 The model

As anticipated above, we will consider the set of direct flights of the same airline
as the links of one independent network, i.e., a single layer. On the other hand, each
of the N nodes of the ATN will be present in each of the layers. Thus the collection
of the L layers composes a multiplex representation of the ATN. Each of the layers
will be denoted by a super index £ = 1,..., L so that the shortest distance between
each couple of nodes within the same layer is denoted as dfj and the degree of a node
i within layer £ is k.

Once the topology of each layer of the multiplex ATN is characterized, we imple-
ment a model for the flow of a set of IV, passengers. First we assign the routes followed
by each of the N, passengers that move across the ATN. To this aim, and for each
of the N, passengers, we randomly choose two nodes of the ATN (one accounting
for the origin and one for the destination of the passenger). Both nodes are selected
proportionally to their global degrees k#, as defined in Eq. 1. In this way, a node i
will be selected as origin or destination of a given passenger with a probability:

P(i) = S jv; k]A- (2)

Obviously, paths starting from and ending at the same node are not allowed. Once
the origin and destination of a passenger have been chosen, we search among all the
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layers the one for which the distance between the origin ¢ and the destination j is
minimal, i.e., d;j = min{d};,¢ = 1,...,L}. The distance between two airports, d;;,
is here defined as the hopping distance, i.e., the sum of the number of jumps needed
to reach the destinations; other factors usually taken into account by the passenger
(like duration of the flight, cost, and so forth) are here disregarded. If there is more
than one layer with the same minimum distance, one of them is randomly selected
with equal probability; notice that this is equivalent to a passenger selecting one
of the multiple airlines available to reach its destination. Finally, after the layer is
selected, we compute the shortest path between origin and destination; a shortest
path is randomly chosen when more than one was available.

The above process ends when all the N, passengers have selected a couple of
nodes (that is, their origin and destination), an airline (the layer) and a route (the
shortest path between origin and destination nodes in the selected layer). Then, we
can compute the load of each link (4, j;¢), L(3, 5; £), in each of the layers of the ATN,
defined as the number of passengers whose path pass through it. In addition, for each
link in the system, we assign a mazimum load L™ (i, j; £) as:

LM(i, 55 0) = L(i, 5 0)(1 + fror), (3)
where f;,; accounts for the fraction of additional load that each link can handle. For
instance, a value of f;,; = 0.2 implies that airlines leave a number of vacant seats

equal to the 20% of the real load. In what follows, we analyze situations in which
0 < fior < 0.3, in line with the load factors observed in real operations (70% for short
flights, and 80% for long-range connections [24]).

Once the model has been initialized, we simulate a random failure of the system by
randomly removing a fraction of the links. With this aim, we visit each link connecting
two nodes i and j in a given layer £, and with some probability p we remove that link.
As a consequence, all the passengers whose original paths passed through one (or
more) of the removed links have to be re-scheduled, i.e., they are forced to look for
an alternative route between their departure and destination airports. As a previous
step to the re-scheduling of a passenger, we decrease by one the load of the remaining
active links in the passenger’s original path.

3.1 Re-scheduling algorithm

After simulating the perturbation of the original system, we proceed with the re-
scheduling phase. For each affected passenger, we try to find a new path between the
origin ¢ and the destination j of distance d;;(n) = d;; +n (being d;; the original dis-
tance in the unperturbed ATN), with n = {0,1,2,...}. Obviously, we start by trying
to allocate passengers in new routes with n = 0, so that the number of connections
required for completing the trip (a proxy for the cost incurred by passengers) is not
increased. Thus, for a given value of n, we proceed as follows:

(i) We recalculate all the active paths between each pair of nodes (i,7), within
the same layer ¢. We impose the distance between the pairs of nodes to be
dij(n) = di; + n. Two situations may lead to the absence of active paths of
length d;; in a layer £:

(a) there are no paths of this length in the original multiplex graph.
(b) there are some paths of length d;;(n), but all of them contains removed or
full (see below) links.

After this stage, each passenger is classified as either fly (he/she already has a
route assigned, not affected by the removal of links), re-scheduling (he/she has
the possibility of being assigned to an active route) or no-fly (there is no active
path of distance less or equal to d;j(n) in any of the layers).
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(7i) We take all the passengers one at the time in the re-scheduling group. For each
of them:

(a) We take their original layer and try to construct an (active) alternative path
enabling the passenger to reach its destination whenever possible. If the
chosen active path does not contain any full (see below) link, then the
passenger is classified as fly and the load of each link in the chosen path
is increased by one. Those links that reach their total capacity L (i, ;)
with the addition of this last passenger are then classified as full.

(b) If after step (ii.a) the passenger remains as re-scheduling, we repeat this last
step for all the layers that contain at least one active path of length d;;(n)
between its origin ¢ and destination j. Again, if the passenger is successfully
re-scheduled, it goes to the fly club and we add 1 to the load of each links
used. If any of these links reaches its capacity L (4, j; £), then it is classified
as full.

(#ii) Once all the passengers in the re-scheduling compartment have been processed,
we check the remaining number of re-scheduling passengers. If it is non-zero,

we go again to step (7).

At the end, of the above iterative process, we partitioned the set of passengers into
the subsets of fly and no-fly. We then perform the above process for different values
of n increasing from n = 0. After each round n, passengers classified as no-fly are
introduced again in the model as re-scheduling at the beginning of round (n + 1). In
principle, n can be increased as many times as desired; nevertheless, to be realistic,
we stop the algorithm at n = 2, meaning that passengers could, at most, look for
alternative paths that are up to two steps longer than their original ones. Thus,
at the end of round n = 2, no-fly passengers are those for which no active path
of the former length exists between their origins and destinations. The rest of the
passengers have been efficiently re-scheduled and take part of the final fly club'. It
is worth noticing that this re-scheduling algorithm does not include any information
about alliances between airlines; this means that (i) passengers cannot plan their trip
by connecting flights of different airlines, and (ii) that the re-scheduling is unbiased,
while in the real world airlines try first to accomodate passengers in flights of the
same alliance.

4 Results

In this section we will explore the effects that link deletion causes on the flow of
passengers across the multiplex ATN. To shed light on the effects on multiplexity, we
compare the results obtained in the multiplex network with those of the aggregate
ATN. The model introduced in the previous section has two parameters, namely the
probability p that a link is deleted, and the fraction of tolerance f;,; that airlines
assign to their connections. In what follows, we explore the robustness of the ATN as
a function of the former two parameters.

4.1 Robustness of the ATN as a multiplex network

In order to characterize the effects that link deletion has on the re-organization of the
flow in the multiplex ATN, we considered the partition into different groups of the

! Let us remark that we are assuming that passengers try to move to other airlines (layers)
in order to avoid longer trips than those originally planned, i.e., the case n = 0. Only when
this latter attempt fails, they consider to perform longer trips (n > 0).
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Fig. 4. Outcome of the re-scheduling process as a function of the probability of link fail-
ure, p, and load tolerance, fio;. Each column displays (from top to bottom): the average
fraction of passengers that cannot fly (f.s), that of those that are re-scheduled in other
layers (fo1), and that for those re-scheduled within the original layer (fs). Each column
accounts for the possibility of scheduling passengers on paths with length up to d;;(n) with
n =0 (left), n = 1 (center), and n = 2 (right). Results shown here refer to a population of
N, = 50000 passengers and are averaged over 50 different realizations. p spans logarithmi-
cally in the range [1072, 1], while f;o; spans in the range [0, 0.3].

total population of Na(< N,) passengers affected by link deletion. This population
can be divided into two groups: one, of size Ny, composed of those passengers that can
reach their destination thanks to the re-scheduling process; and another group, of size
Ny, composed of those passengers that cannot be accommodated after the random
failure of the system. Following this classification, we have that No = Ny + Ny. In
order to clearly monitor the effect of having different layers (airlines) in the multiplex
ATN, we further split the group of N; passengers that have been successfully re-
scheduled into two other groups: those Ny passengers that are re-scheduled within
the same layer as originally planned, and those INV,; passengers that were forced to
change layer in order to reach their corresponding destinations. With this new division
we obtain the following equality: No = Np¢ 4+ Ng + Noj.

The three groups (no-fly, same-layer and other-layer) completely describe the
final state of the population of affected passengers. In Fig. 4 we plot the fraction
of passengers belonging to each compartment: f,5 = Ny5/Na, for = Noi/Na and
fst = Ng/Na, as a function of the two parameters p and fi,;. We also show how
these quantities behave by iterating the re-scheduling algorithm for several values
of n. Namely, in the left column of the figure we show (from top to bottom) the
panels corresponding to frnf(p, fror), for(p, ftor) and fa(p, fior) for n = 0, i.e., when
passengers are allowed to perform alternative trips only if their lengths are equal to the
original one. In this plot we observe that there are almost no re-scheduled passengers
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flying across their original layers. This points out the low degree of redundant shortest-
paths between two nodes in a given layer. As a consequence, almost all the successfully
re-scheduled passengers are forced to change airline. The number of efficiently re-
scheduled passengers (Ng + N,;) decreases with p and increase with fi,;. However, as
can be observed in the top panel, the number of no-fly-passengers is extremely large
even for a low rate of link deletion and a high degree of tolerance. Namely, for a value
of p ~ 1072 and a degree of tolerance of about 10%, the fraction of no-fly passengers
lies over the 50% of the population initially affected by the removal of links.

The constraint imposed in the case n = 0 seems too restrictive to achieve an
efficient re-allocation of passengers, as it does not allow passengers to perform al-
ternative paths in their respective original layers, at the cost of increasing the total
length. Therefore, we relax this constraint and explore the cases n = 1 and n = 2
in the middle and right columns respectively. From these panels we observe that the
average fraction of no-fly passengers (upper panels) is much lower than in the previ-
ous case n = 0. The decrease becomes more apparent for those regions corresponding
to high values of load tolerance and low values of p. Remarkably, contrary to the case
for n = 0, both for n = 1 and n = 2 some of the re-scheduled passengers succeded in
traveling through alternative routes within their original layer. Besides, we observe
that the plots corresponding to n = 1 and n = 2 are quite similar, pointing out that
allowing the search for routes with n > 2 would not improve the results. Therefore,
the plot of fy¢(p, ftor) for n = 2 indicates a relative weakness of multiplex ATN with
respect to perturbations, given that, even for very large values of tolerance and very
low values of p, there is always some non-zero fraction of no-fly passengers.

4.2 Aggregate network results

In order to gain more insight on the effects of the multiplex structure of our system, we
now show the results obtained with the same re-scheduling algorithm on the aggregate
version of the ATN. Such aggregate network is obtained by merging all the layers of
the multiplex representation into a single one, i.e., by projecting the multiplex graph
into a simplex one. This projection produces a complex network with the presence
of multiple links between those couples of nodes that were connected in more than
two layers; in other words, the number of connections between two airports is given
by the number of airlines operating between them. In order to test whether the
robustness of the aggregate network is larger than that of the multiplex network, we
have performed the same link removal process followed by the re-scheduling program
described in Sect. 3, this time considering the single layer comprising all the links in
the aggregate ATN.

Figure 5 shows the final state of the system for the same three scenarios explored
for the multiplex ATN, namely n = 0, 1 and 2. Since the aggregate ATN is composed
of a single layer, in this case we only focus on the fraction of passengers affected by
link deletion that are not able to be efficiently re-scheduled, f,s(p, fior). As observed
from the three panels in Fig. 5, compared with the corresponding panels f,¢(p, fiol)
for the multiplex ATN, the fraction of no-fly passengers decreases considerably in the
three studied cases. In particular, while for those regions of the plot corresponding
to p > 10~! remains roughly the same as in the case of the multiplex ATN, the main
differences show up for low values of p; specifically, for n > 0 we can observe regions
for which almost all the affected passengers can be re-scheduled, with an almost empty
no-fly set. Again the panels corresponding to n = 1 and n = 2 are identical pointing
out that the system is unable to achieve a better balance of affected passenger by
increasing the length of the alternative trips. As a conclusion, the aggregate network
shows an improved robustness with respect to the multiplex one, and a null impact
of link deletion for some range of parameters.
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Fig. 5. Effect of link removal on the final state for the case of the aggregate network.
We plot the average fraction of passengers that are not able to fly (fns) as a function of
the probability of link removal, p, and the load tolerance, fio;. Each column accounts of
the possibility of re-scheduling passengers by means of paths of length up to d;j(n) with
n = 0,1, 2. Simulations are run with the same parameters and under the same conditions of
those shown in Fig. 4.

This comparison confirms that multiplexity affects the robustness of the ATN. The
root of the differences between the performance of both topologies is the constraint
imposed by the multiplex architecture, which forces passengers to move within single
layers. Therefore, in order to find an efficient alternative path, the affected passenger
cannot mix connections of different airlines (layers) into the same path, thus reducing
his capacity of optimizing the movement. This constraint disappears in the aggre-
gate network, allowing affected passengers to make use of hybrid alternative paths.
This provides the aggregate system way out to re-schedule the affected population of
passengers in an efficient manner.

5 Conclusions

We presented a model for studying the re-scheduling problem in the European Air
Transport Network using the paradigm of multiple layers structure, where each layer
is made by the flights of a given airline. it is worth noting that, when comparing
this multi-layer network with an equivalent single layer representation, topological
characteristics differ, both qualitatively and quantitatively, as exposed in Sect. 2.
Furthermore, on top of this multiplex network, we built a dynamical model, account-
ing for the re-scheduling problem of a group of passengers affected by the random
failures of a set of connections. The affected passengers are then re-scheduled on new
itineraries according to the availability of new routes (and free seats) in their former
airline first, or eventually in a different one. The availability of routes is modulated
by the probability of link failure p, and the tolerance on the load of a link f;,;. We
presented our results in terms of the number of those passengers that are success-
fully re-scheduled and those for which the re-scheduling procedure fails. To achieve a
deeper insight on the effects of dealing with a layered structure, we further subdivided
passengers who are successfully re-scheduled into two subcategories: those which con-
tinue their trip using the same airline and those who, instead, are forced to switch to
a different one. In addition, in order to increase the realism of our model, we allowed
passengers to be re-allocated also on paths which are longer than the former ones.
When compared to those corresponding to the single-layer representation, our results
indicate that the multi-layer structure strongly reduces the resilience of the system
against perturbations. In other words, the use of a projection of the ATN system is
an over-simplification that results in an over-estimation of the resilience of the ATN.
While it is known that a multi-layer structure can drammatically change the resilience
of the system [11], to the best of our knowledge this is the first application of such



Chapter 7. Modeling the multi-layer nature of the European Air Transport Network:
92 Resilience and passengers re-scheduling under random failures

Spatially Embedded Socio-Technical Complex Networks 33

representation to the air transport system; all previous studies (see, for instance, [22])
only considers projections of the network. We anticipate that this framework may be
an important tool for policy makers in the near future, especially when other elements
(e.g., more real estimation of the distance between airports, airline alliances, estima-
tion of the costs of re-routing, etc., here excluded for the sake of simplicity) would
be included. We also believe that these results could also be valid in other real-world
complex systems, which have been widely studied in the last decade under the single
layer network paradigm, when their multiplex nature is taken into account.
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A novel regime of synchronization, called remote synchronization, where the peripheral nodes
form a phase synchronized cluster not including the hub, was recently observed in star motifs
[Bergner et al., Phys. Rev. E 85, 026208 (2012)]. We show the existence of a more general
dynamical state of remote synchronization in arbitrary networks of coupled oscillators. This state is
characterized by the synchronization of pairs of nodes that are not directly connected via a physical
link or any sequence of synchronized nodes. This phenomenon is almost negligible in networks of
phase oscillators as its underlying mechanism is the modulation of the amplitude of those
intermediary nodes between the remotely synchronized units. Our findings thus show the ubiquity
and robustness of these states and bridge the gap from their recent observation in simple toy graphs
to complex networks. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824312]

In this work we show a novel synchronization state in
networks of coupled oscillators. This state, called Remote
Synchronization, is characterized by the synchronization
of pairs of nodes that are not directly connected via a
physical link or any sequence of synchronized nodes.
Moreover, remote synchronization is manifested when
considering oscillators having amplitude and phase as
dynamical variables, in contrast to the usual setting in
which phase oscillators are considered, as its underlying
mechanism is the modulation of the amplitude of those
intermediary nodes allowing the exchange of information
between remotely synchronized units. Although some
previous observations of such phenomenon were made in
simple star-like graphs, here we show its ubiquity in the
general framework of complex networks. To this end we
analyze its existence as a robust dynamical state that
appears before global synchronization shows up. Our
findings thus open the door for experimental observations
of this novel state in which the existence of a synchron-
ized pair cannot be associated to a given physical interac-
tion through a single link of the network. In addition, our
results highlight the important difference between the
real (i.e., associated to physical links) and the functional
(i.e., emerging from synchronization) connectivity of a
network.

I. INTRODUCTION

Synchronization constitutes one of the most paradig-
matic examples of emergence of collective behavior in natu-
ral, social, and man-made systems.”™ Its ubiquity relies on
the general framework in which it occurs: the interaction
between two or more nonidentical dynamical units that, as a
consequence, adjust a given property of their motion. As
coupling between units increases, synchronization shows up

1054-1500/2013/23(4)/043103/8/$30.00
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as a collective state in which the units behave in a coordi-
nated way. Synchronization phenomena span across many
life scales, ranging from the development of cognitive tasks
in neural systems® to the onset of social consensus in human
societies.®

The ubiquity of synchronization in real systems together
with the recent discovery’ ! of their real architecture of inter-
actions has motivated its study when units are embedded in a
complex network.'? In this way, each unit is represented as a
node of a network while it only interacts with those adjacent
units, i.e., those directly coupled via an edge. In the last dec-
ade many studies have unveiled the impact that diverse inter-
action topologies have on the onset of synchrony'*"7 and its
stability."®! In addition, related issues such as that of adapt-
ive networks, in which the interaction pattern changes accord-
ing to the degree of synchronization of the system, have also
attracted the attention of the community.*>>°

The former studies mainly rely on the study of coupled
phase oscillators, such as the Kuramoto model,%’27 which
produces globally synchronized systems as a result of the
direct interaction of pairs of adjacent units. However, it has
been recently found' that, for more general oscillator models
(in which both amplitude and phase are dynamical variables)
such as the Stuart-Landau (SL) model,3 two oscillators,
which are not directly linked but are both connected to a
third unit, can become synchronized even if the third oscilla-
tor does not synchronize with them. This novel phenomenon,
termed remote synchronization, relies on the modulation of
the amplitude parameter of an intermediary node allowing
the passage of information between two of its neighbors for
their synchronization, even when the former is not synchron-
ized with them. Thus, this tunnel-like mechanism is out of
reach in ensembles of phase oscillators. Although the term
remote synchronization has been used in quite different con-
texts, as, for example, in computer science where it refers to

© 2013 AIP Publishing LLC
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synchronization of two or more files located in two, remotely
connected, computers or in some synchronization schemes
for dynamical systems,” to emphasize the remote location
of the receiver with respect to the transmitter, we will use it
to refer to the novel form of synchronization as reported in
Ref. 1.

Remote synchronization has been found to occur in very
specific and simple topologies, such as star-like networks in
which the central node has a natural frequency different
from that of the leaves. Within this particular setting, it was
numerically and experimentally shown' that leaves become
mutually synchronized without the need of the synchroniza-
tion of the central node. In this paper, we aim at showing
that remote synchronization is not limited to the particular
configuration of a star-like motif or a tight specification of
the node frequencies. To this end, we introduce a general
procedure for detecting remote synchronization in arbitrary
networks and then discuss the results of our analysis on arbi-
trary complex networks.

Il. MEASURES OF REMOTE SYNCHRONIZATION

In Ref. 1, where star motifs were dealt with, remote syn-
chronization is detected by observing that for intermediate
values of the coupling coefficient the synchronization level
among the leaves (measured with the so called indirect
Kuramoto parameter) is higher than that between the hub
and the leaves (measured with the so called direct Kuramoto
parameter). We note that such measures are not applicable to
the general case of arbitrary topologies, since they are based
on an a priori analysis of the network structure which allows
one to establish which nodes can remotely synchronize.
Therefore, in this paper we first introduce a general proce-
dure for detecting remote synchronization in arbitrary net-
works and then show ubiquity and robustness of remote
synchronization in the general case of complex networks.

To this end, we consider a network of N coupled Stuart-
Landau oscillators.® Each node i is characterized by two var-
iables, (x;, y;)T, whose dynamical evolution is as follows:

()'c,-)i o—x}—y? —w; <x,->
) @i o= =y )\
Zhal(5)- ()]
+-) - , (1)
ki e=i=1 ’Kyj Yi

where /o and w; are, respectively, the amplitude and the
(natural) frequency of oscillator i when uncoupled. The sec-
ond term on the right accounts for the coupling of the dy-
namics of node i with its k; neighbors. The strength of the
coupling is controlled by 4 (A=0 in the uncoupled limit)
while A = {a;;} represents the adjacency matrix of the net-
work defined as: (i) for i #, a;;=1 when nodes i and ; are
connected while a;;= 0 otherwise and (ii) a;; = 0.

To study the synchronization properties of system (1),
we work with the phase variable of each oscillator, defined
as 0; = tan~!(y;/x;). Then we can measure the degree of syn-
chronization of any (connected or not) pair of oscillators by
means of the time averaged order parameter
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where (-), means an average over a large enough time inter-
val and 1 = \/j . We will consider two nodes as synchron-
ized when r;; > J, where ¢ is a constant threshold that we fix
to 9 =0.8. Nonetheless, we checked that the results pre-
sented are robust as other values of J yield qualitatively the
same outcomes.

Once two nodes i and j are classified as mutually
synchronized we label their relationship according to the fol-
lowing three situations: (i) i and j are directly connected
(a;=a;=1), (ii) there is a path of mutually synchronized
nodes between them, and (iii) neither of the former two sit-
uations hold. While the first two cases are similar, as both
are examples of synchronization through physical links, the
third case is analogous to the observed remote synchroniza-
tion in a star-like network, but in the more general context of
a complex network. Thus, we define that two nodes i and j
are remotely synchronized (RS) when they are synchronized
(r;;> 9) and they are not connected by either a direct link or
a path of synchronized nodes.

To quantify systematically the extent of remote synchro-
nization we count the number of RS nodes, defined as the
number Ngg of nodes that appear RS with at least another
node in the network. This allows us to introduce the follow-
ing order parameter: ngs=Ngs/N, representing the normal-
ized number of RS nodes with respect to the total number of
nodes N. Finally, to quantify the importance that remote syn-
chronization has on the dynamics of the system we also mea-
sure the global level of synchronization through the usual
Kuramoto-like order parameter

1 N
r=aE D 3)

ij=1

Note that r takes into account the contribution of both
synchronized (r;; > 0) and not synchronized (r; < 9) nodes.

lll. RESULTS

As two well-known paradigmatic network topologies we
have analyzed both Erdds-Rényi (ER) and Scale-free (SF)
graphs. The former type of networks is characterized by a
Poisson distribution P(k) for the probability of finding a node
with k contacts while SF graphs show a power-law distribu-
tion, P(k) ~ k~7. Thus, while in ER graphs most of the nodes
are close to the mean connectivity (k), SF networks display a
large heterogeneity in the number of contacts per node as
revealed from the existence of hubs having k; > (k). For
their construction we have made use of the model introduced
in Ref. 29 that allows one to control the mean connectivity
of both networks in order to be exactly the same. In the net-
works reported in this paper the size and mean connectivity
are fixed to N=100 and (k) = 2, respectively. The SF net-
works generated with this model have y = 3. Finally, in order
to stay close to the framework used in Ref. 1, we have con-
sidered a bimodal distribution for the natural frequencies of
the oscillators so that nodes with high degree (those analo-
gous to the central nodes in a star graph) present a larger
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frequency, wy, than that, w;, of less connected (the ones play-
ing the role of leaves in the star topology). In particular, we
labeled as hubs those nodes having k; > k* (Ref. 30) and
assigned them w; = w;, + &;wy, while for the rest of nodes
w; = oy + &op. In the former expressions &; is a random
variable uniformly distributed between —0.025 and 0.025.

In Fig. 1, we show the emergence of remote synchroni-
zation as a function of the two relevant parameters: the cou-
pling strength A and the frequency mismatch of the network
hubs Aw = wy, — w;. In particular, we report the behavior of
the global synchronization, r [panels 1(a) and 1(c)] and the
fraction of RS nodes, ngg [panels 1(b) and 1(d)] for SF (top)
and ER (bottom) networks. The results are averaged over 50
different network instances and, for each network, we aver-
age the results over 10 different realizations of the distribu-
tion of natural frequencies.

We find that remote synchronization occurs in both types
of networks in a region of parameters characterized by a
strong frequency mismatch Aw and moderate coupling A. In
fact, for low values of the coupling parameter, nodes cannot
synchronize (either in a direct or remote way) as observed
from the low values of r and ngs. On the contrary, for large
values of A the network is fully synchronized (r ~ 1) and,
accordingly, ngs assumes values close to zero since all the
nodes are mutually synchronized with their neighbors. As
panels 1(a) and 1(c) reveal, the onset of full synchronization
requires greater values of the coupling as the frequency mis-
match increases. In fact, a large frequency mismatch together
with values of coupling under the threshold for complete syn-
chronization favors the onset of remote synchronization, as
observed from the behavior of ngg in panels 1(b) and 1(d).

2.5
2
1.5
<
1
0.5
-
0
0 1 A0 2 3
(a)
. 1
0.8
. = 0.6
0.4
. 0.2
0 1 2 3 0
Ao
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Compared to SF networks, the values of ngg in ER net-
works are greater, thus indicating that remote synchroniza-
tion in ER networks involves a larger number of nodes.
Moreover, in ER networks the onset of remote synchroni-
zation occurs for lower values of 4. ER and SF networks
also show qualitative differences in the appearance of
remote synchronization: by keeping fixed Aw and increas-
ing the value of A, we find that ngg in SF networks show
two peaks, while for ER networks it shows a rise-and-fall
behavior.

In both (ER and SF) cases remote synchronization
appears as an intermediary state before full synchronization
is achieved. However, from the analysis of panels 1(a) and
1(c) one observes that the behavior of r vs. A for a fixed value
of Aw is qualitatively different in SF and ER networks. In
particular, in ER networks (panel 1(c)) a large plateau
around r ~ 0.5 is set in the region where remote synchroni-
zation shows up. In this region, the increase of 1 does not
contribute to the overall synchronization level, but to a
redistribution of the average oscillation frequencies of the
network nodes.

This is evident in Fig. 2, where the average values (over
the simulation time 7) of the instantaneous frequency of
each oscillator are reported along with the parameter ngg.
The results are obtained by increasing 4 adiabatically from
A =0 so that the system starts from a bimodal distribution as
dictated by the configuration for the natural oscillations. As
A increases, the gap between the two main frequency values
of the bimodal distribution decreases until the network
reaches full synchronization and the nodes oscillate at a com-
mon frequency. The readjustment of frequencies reveals

FIG. 1. Evolution of the degree of
global synchronization r [panels (a) and
and the number of remotely

(d)] for SF (upper panels) and ER

(bottom panels) networks as a function

of the coupling strength 4 and the fre-
(b) quency mismatch Aw. In both cases the
networks have N=100 and (k) =2.
The other relevant parameters are fixed
to =1, w;=1. Remote synchroniza-
tion (high values of ngg) is found for
strong frequency mismatch A and
moderate coupling 2, while, for low
values of the coupling parameter, nodes
cannot synchronize (r and ngg have low
values), and, for large values of 4, the
network is fully synchronized (r ~ 1).

(d)
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FIG. 2. Evolution of the average oscillation frequency of each oscillator and ngg as a function of 2 for SF (a) and ER (b) networks. The mismatch of natural fre-
quencies is Aw = 1.5 while the rest of parameters are the same as in Fig. 1. The average oscillation frequencies, which for 2 =0 start from a bimodal distribu-
tion as dictated by the configuration for the natural frequencies, as / is increased tend towards a common value, characterizing full synchronization. The strong
reorganization of the frequencies (characterized by a spread of the oscillation frequencies between the two extreme values) corresponds to the values of cou-

pling for which ngs is peaked.

that, for some values of the coupling, the system undergoes a
strong reorganization, as shown by the spread of the oscilla-
tion frequencies between the two extreme values. This read-
justment coincides with the peaks displayed by ngg in both
SF and ER networks. However, the readjustment seems to
occur faster in SF networks for which the plateau of r is not
observed.

Now we illustrate the role of parameter o. To this end,
we consider a general graph and show that for o> 1
the SL model transforms into a network of Kuramoto
oscillators, so that the amplitude of the oscillators become
decoupled and stationary. We consider Eq. (1) in polar
coordinates

. AN

pi=op;— p; + Ezjzl a;j(p;cos(0; — 0;) — p;),

; AN Py

0; = w; + EZH ;:a,-j sin(0; — 0;), (4)
where pe'’ = x; + 1y;. Defining R; = 5—7 where /o is
the value of the amplitude at the equilibrium, Eq. (4) can be
rewritten as follows:

. AN
R,‘ OCR,‘ - O(R? + Ezjzl a,j(Rj COS(ej - 6,) — R,‘),
i

: AN R
0; = w; + EZ/‘ZI R—’ia,;,- sin(0; — 0;). Q)

In the first equation we can rescale time according to
dT = odt (while the second equation remains unchanged)

dR,’ o 3 y N
ﬁ_Ri_Ri -‘rx—k‘ E J_:la,-j(R,cos(Oj—ﬁ,-) —R,‘),
. Ax—N Rj .
6,‘ = W +E =1 [7161,‘,’ sm(Gj - 61) (6)

Now as oo — oo the coupling term in the amplitude equa-
tion vanishes, and from the analysis of the first equation we
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derive that R; — 1 for all i (in fact R; =1 is the only equilib-
rium and the dynamics evolve very fast as dT = adt and o is
large). In the second equation, R; — 1 leads to 1% =1 and
thus the second equation becomes

. il )
0,‘ = W + E;a,j Sll’l((}j — 0‘) (7)

Therefore, as o — oo, we recover the model of
Kuramoto purely phase oscillators coupled into a network.
In this limit, we observe that the amplitude equation plays
no role. In this case, the level of RS is very low, as for
instance reported in Fig. 3, where a network of Stuart-
Landau oscillators with o =1 is compared with a network
of Stuart-Landau oscillators with «= 1000 and with a net-
work of Kuramoto purely phase oscillators. We note that
for o= 1000 the network of Stuart-Landau oscillators is al-
ready a good approximation of the network of Kuramoto
purely phase oscillators. In both the two examples of
networks (SF and ER), for Kuramoto oscillators ngg
(Figs. 3(a) and 3(b)) is lower than in Stuart-Landau oscilla-
tors (with o = 1). The lower level of RS in Kuramoto oscil-
lators is more evident when the number of RS links,
labeled as Lgg, is examined as in Figs. 3(c) and 3(d), which
shows how the number of RS links is decreased by an order
of magnitude with respect to the case of Stuart-Landau
oscillators (with o= 1). This suggests that amplitude mod-
ulation is the main mechanism underlying RS (this was
also shown with other arguments in Ref. 1 for star-like
networks).

To gain more insight into the relation between the re-
gime of remote synchronization and the onset of global syn-
chrony, we now consider the analysis of all synchronized
pairs and its partition into those corresponding to remote
synchronization and those for which a synchronized physical
connection (either a direct link or a path of synchronized
nodes) exists. To this aim, we define 17;;=1 if nodes i and j
are connected either by a physical link or by a path of
synchronized nodes and 7,;=0, otherwise. We then intro-
duce the following quantities:
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fr= ’/]\7; ®) other hand, for ER networks the percentage of RS links is
Z_ ) 1H (rij — o) higher than in SF networks and frg shows, as in the case of
ij= . : .
ngs, a rise-and-fall trend. The fall in the number of RS links
and points out that the network is able to recruit physical links to

p fo:l(l = n)H(ryj = 9)
ks = i

N
sz:l H(rj —9)

where H(x) is the Heaviside function. Thus, fp and fzs repre-
sent the fraction of synchronized links due to a physical or
remote connection, respectively. Obviously, as fp+frs=1,
it is enough to report the behavior of fxs.

In Fig. 4 we show the evolution of fzg vs. 4 for several
values of Aw. The presence of two peaks in the evolution of
frs in SF networks reveals a similar behavior to that found for
ngs- As Aw increases, the percentage of RS links increases

®

get synchronized and thus those regions that appeared as RS
become merged into a single component made of physically
synchronized links.

To visualize the progressive substitution of RS links by
physical ones in the path towards full synchronization, we
show in Fig. 5 for an ER network (with Aw = 2.8) snapshots
of both remotely and physically synchronized links for two
values of the coupling . In Figs. 5(a) and 5(c) we plot two
networks corresponding to physically and remotely
synchronized links, respectively, when 4= 1.65. In this case
the network is divided into several clusters of physically
synchronized nodes (the color of the nodes corresponds to
the cluster of physically synchronized links they belong to)

—Aw=1.2

— Aw=1.6 FIG. 4. Evolution of the fraction of RS
—Aw=2.0 links, fzs, in SF (a) and ER (b) net-
—Aw=2.4 works as a function of the coupling
——Aw=238 strength £, and for different values of

Aw. The remaining parameters are set
as in Fig. 1. The fraction of RS links
first increased as A is increased, with
one (in ER networks) or two peaks
(in SF networks) as observed for the
evolution of ngg, and then falls as net-
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works recruit physical (instead of RS)
A links to get synchronized.
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FIG. 5. Evolution of components of
physically (a) and (b) and remotely (c)
and (d) synchronized nodes in an ER
network with Aw=2.8, when A is
increased by adiabatic continuation
from A=1.65 (a)-(c) to A=1.70
(b)~(d). Nodes are colored according
to the physically synchronized compo-
nent they belong to when 4 =1.65, i.e.,
in (a). The remaining parameters are
the same as in Fig. 1. At 2= 1.70 two
communities (the one with blue nodes
and the one with cyan nodes), that were
remotely synchronized at 4 = 1.65, fuse
into a single one and, as a consequence,
the RS links between the two commun-
ities existing for 1= 1.65 disappear at
A=1.70.

(d) (e) (f)

FIG. 6. Evolution of components of physically (a), (b), (c) and remotely (d), (e), (f) synchronized nodes in an ER network with A = 1.5 and (k) = 2, when 1 is
adiabatically increased. Nodes are colored according to the component to which they belong in (a) and, then, represented with the same colors in (b)—(f). The net-
works correspond to the following value of 4: (a) and (b) 4= 1.75; (c) and (d) 2 = 1.80; (e) and (f) A= 1.85. For progressive increase of the coupling coefficient,
first three of the four communities, existing at 2 = 1.75 and synchronized thanks to RS links, merge and, correspondingly, the RS links between these communities
disappear, and, then, the fourth community (synchronized with the other three, already at 2 = 1.80 thanks to RS links) aggregates to the previous ones.
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and some nodes of these clusters appear remotely synchron-
ized with nodes belonging to different clusters [as shown in
Fig. 5(c)]. When 2 is increased to 4 = 1.70, two of these clus-
ters merge together [Fig. 5(b)] through two physically
synchronized links that connect each cluster to a new node
synchronized to each of them. Thus, at A=1.70 two com-
munities that were remotely synchronized at 1= 1.65, fuse
into a single one and, as a consequence, those RS links
between the nodes of the two communities reported for
A=1.65 in Fig. 5(c) disappear at A=1.70 [Fig. 5(d)]. We
note that the choice of the threshold ¢ may impact in which
nodes are assigned to which groups, although we have
observed qualitatively similar results when the threshold is
changed. In fact, the evolution of communities remains the
same, although the value of 1 at which they merge may be
slightly different.

A further example of the merging of RS clusters is
shown in Fig. 6. We consider an ER network with Aw = 1.5
and (k) =2, when 1 is increased with continuation from
A=1.75 to A=1.85. For 2=1.75, the network is divided
into four main components of physically synchronized nodes
plus some small communities and isolated nodes (Fig. 6(a)).
The analysis of the components of RS nodes (Fig. 6(d))
reveals that there are RS links between the four commun-
ities. In fact, increasing the coupling to Z=1.80 three of
these communities merge (Fig. 6(b)) and, correspondingly,
the RS links between these communities disappear (Fig.
6(e)). Finally, a further increase of 4 (A =1.85 in Fig. 6(c))
leads to the aggregation of the fourth community (the bigger
one) to the previous ones. Also in this case, almost all the RS
links disappear (Fig. 6(f)) and very few RS links are
observed for 2 =1.85.

IV. CONCLUSIONS

In this paper we have provided measures to study
remote synchronization in general complex networks. This
phenomenon relies on the mutual synchronization of pairs
of uncoupled nodes. Each remotely synchronized pair of
nodes is thus physically connected through an intermediary
node (not synchronized with them) or a sequence (path) of
intermediary nodes. This is an important difference with
another form of remote synchronization reported in Ref. 31,
where the analysis focused on the distribution of phase lags
in a network of homogeneous oscillators (all oscillating at
the same frequency) and a relationship between modules
appearing in the network structure and the pattern of phase
lags was revealed. The analysis we have presented reveals a
stronger condition in that, according to our results, two RS
nodes do not show any form of synchronization with inter-
mediate nodes.

Although the original discovery of remote synchroniza-
tion was restricted to a rather particular setup, a star graph,
the analysis carried out in this paper, through the introduc-
tion of appropriate indicators, reveals that remote synchroni-
zation is common in general complex networks, such as
Erd6s-Rényi and Scale-free graphs of coupled oscillators
having amplitude and phase as dynamical variables. The
addition of amplitude as a dynamical variable, in contrast

Chaos 23, 043103 (2013)

with the typical framework of networks of coupled
phase-oscillators, provides the observation of remote syn-
chronization and elucidates an important role played by it. In
fact, we have found that remote synchronization constitutes
a mechanism anticipating synchronization by physical links
in networks with heterogeneous distribution of natural fre-
quencies. Our results indicate that, in these networks, com-
munities of nodes synchronized through RS links appear for
values of coupling just lower than those allowing the merg-
ing of these communities through physical links. As synchro-
nization is ubiquitous in natural and man-made systems, we
suggest that this can be an important mechanism to explain
the emergence of communities of synchronized nodes, not
connected by physical links.

Our work suggests that remote synchronization is not
significant for ensembles of phase oscillators, since its main
underlying mechanism seems to be the modulation of the
amplitude of intermediary nodes allowing information
transfer between uncoupled pairs of nodes. In fact, when
similar settings are applied to phase oscillators, a different
phenomenon is observed, namely, that of explosive
synchronization'” in which the typical second-order syn-
chronization transition transforms into a first-order one. In
its turn, remote synchronization appears as a rather robust
state prior the onset of global synchronization since for a
wide range of coupling strengths almost all the nodes are
remotely synchronized with, at least, another one while the
level of global synchronization remains small. Thus, our
results open the door for experimental observations of this
novel state in which the existence of a synchronized pair
cannot be associated to a given physical interaction through
a single link of the network and highlight the important dif-
ference between the real (i.e., associated with physical
links) and the functional (i.e., emerging from synchroniza-
tion) connectivity of a network.
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Chapter 9

Conclusions

We have arrived at the end of this journey, and it is now time to summarize
the main achievement obtained and profile the next steps to do. We will start
providing an overview of the results obtained throughout the doctorate and of
the consequences that these have inside the global scenario of network science.
Then, we will focus more in detail on the results obtained by each paper. In
this way, at the end of the reading, the reader will achieve both a global and
a “local” knowledge about the results obtained. Also, before commenting on
the future perspectives, we will spend few words on other works that are not
included in this manuscript, but that also form part of the scientific production
of the candidate.

9.1. Main results

9.1.1. General achievements

Considering what has been shown so far in the previous chapters, we can try
to summarize it and extract some general conclusions about the work exposed
in the present thesis. To do so, we will lean on the three main objectives listed
in the introduction, using them as a guidance. Concerning objective number 1
(Extension of known models used to study complex systems to achieve a more
realistic description of them), we have seen how the extension on known models
(like that of Stuart Landau), has allowed to observe new phenomena and, in
some cases, to update the set of conditions necessary to observe them (like, for
example, including a range of velocity inside which cooperation is promoted
more), thus enriching the description of previously studied systems. Such
kind of work can be included into the more general context of improvement of
existing models with the aim of provide a description of complex systems as a
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whole; since, up to now they have been studied taking into account just one
component (kind of interaction) per time, or by considering the dynamics in a
separate way albeit, de facto, these are usually coupled.

With respect to objective 2 (Retrieval, analysis, and management of big
amount of data originated by real complex systems), we can say that studying
complex systems without the opportunity to make real comparisons between
models and real data, reduces such study to a mere mathematical exercise get-
ting rid of every physical meaning. For this reason, whenever possible, we have
tried to use in our works as much real data as possible. At the present time,
it would also be not very meaningful thinking of simulating systems with sizes
of the same order of the real ones using only toy models. The management of
big amount of data is becoming, day after day, an unavoidable element to take
into account for the comprehension of real system (just think, as an example,
to the number of time varying interactions among people occurring every day).
Due to the increase in the size of datasets, new ways to store, manage, and
analyze efficiently those data have to be found. The scientific community is
thus putting a lot of efforts into the re-design of a many algorithms in or-
der to study both topological and dynamical properties of complex systems of
increasing size and bearing a greater amount of information encoded within
them. In a nutshell, big-data related problems are not just a whim of the
scientific community but, rather, a necessary step to make in order to accrue
a deeper comprehension of complex systems.

Finally, the achievement of objective 3 (Study emerging properties and phe-
nomena in systems described using the new frameworks of time-varying and
multilevel interactions.), places us inside the new age of network science (and
complex systems one as well). We have seen, in fact, how the inclusion of
the time dimension in the description of the interactions dramatically alters
the behaviour of systems previously studied under “static” conditions. As an
example of that, we have seen how changing the time resolution used to study
the system changes the emergence of cooperation in the system due to the
presence of time correlations in the interactions. If we really want to achieve
a better and more realistic description of complex systems, we have to encode
the highest possible amount of information in their representation. The ap-
pearance of new formalisms of time-varying and multilevel networks, has surely
allowed us to make a big leap forward in this sense. Nevertheless, a previous
step is necessary: a systematic study of the topological properties (and their
emergence or disappearance when one falls back to the "usual" description)
of such systems is due. In this sense, a significant contribution to this aspect
has been given in one of the works included in this thesis. In fact, in Chap. 6,
we have proposed a study of how the topological properties of multilevel net-
works emerge when these are converted into single layer ones. As concluding
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remark, we can say that, in general, in the time-varying case (as well as in
the multilevel one) the behaviour of well understood dynamical processes (like
diffusion /routing, or evolutionary game theory) taking place on top of such
kind of topologies is completely different from that observed so far as has been
shown in Chaps. 4 and 7. These results, together with others present in the
literature, represent an authentic discontinuity with the past, and will demand
a lot more of efforts to acquire a complete masterhood about the behaviour of
real systems mappable with such formalisms.

Arrived at this point, and keeping in mind this global vision on the results
obtained, we are now ready to make a further step forward by analyzing more
in detail the results found in each manuscript presented in this thesis.

9.1.2. Achievements of each paper

We are now ready to resume the main achievement obtained in each paper.
The aim of this part is double: provide a detailed view of the main results
obtained, and pave the road to the future development of the work discussed
so far. So, in a glance, we can conclude that:

In Chap. 3, we have seen how the presence of time-varying interactions
generated by the movement of the agents, alters the scenario of the onset of
cooperation displaying an intermediate region of values of velocity for which
the onset of cooperation occurs under less favorable conditions than in the
static case. Also, the transition from the fully defective state toward the fully
cooperative one depends on the value of the velocity. The reasons behind such
phenomenon are rooted in the fact that the rate of creation and deletion of links
is controlled by the velocity of agents. When such rate is moderate, cooperators
are able to explore the space and clusters of cooperators can form and survive.
Also, the group size shows a similar resonance phenomenon although, in this
case, the point at which cooperation is enhanced is related to the percolation
point of the effective network, i.e., with the point at which the size of the
groups is large enough so as to have a macroscopic giant component for the
network of contacts.

In Chap. 4, we focused on a different aspect of time-varying interactions.
We tried to uncover, in fact, not simply the effects on cooperation originated
by time varying interactions per se, but rather, what is the role played by time-
correlations in the evolution of cooperation. In order to do so, we considered an
evolutionary game dynamic on top of a time-varying topology corresponding
to real social interactions. The numerical results have shown that cooperation
is seriously hindered when agent strategy is updated too frequently with re-
spect to the typical time-scale of agent interaction, and also when real time
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correlations are present. The reasons behind such behaviour may be found in
the correlation between the size of the giant component, and the presence of
temporal correlations, such as edge persistence and recurrence, as a function
of the aggregation interval.

In Chap. 5, we present a co-evolutionary approach involving two differ-
ent dynamical processes: evolutionary game theory, and spreading of diseases.
Considering a population of agents, and thinking of the act of getting vac-
cinated voluntarily as cooperating, it is possible to set up a social dilemma
involving the vaccination. Starting from the fact that scale-free topologies fos-
ter more both the spread of infections and the emergence of cooperation, we
can ask ourselves what happens if we put these to processes into competition.
We observe that, depending on the circumstances (basically: the quality of the
vaccine, its cost, and the probability of being infected) the spread of infection
may be overcome by vaccination. This implies the suppression of the infec-
tion and the appearance of a macroscopic fraction of immunized individuals
providing herd immunization to the whole system. Moreover, we can observe
a crossover effect in both the fraction of immunized and infected subjects as
a function of infection probability among systems with interactions patterns
described by Erdés-Rényi or Barabasi-Albert topologies.

In Chap. 6, we try to understand if the topological properties of a multiplex
system remain the same, or not, when the layers are progressively projected
onto a single one. We are able to find that, in general, the properties displayed
by the single layers and the same quantities calculated in the multiplex sys-
tem are not the same. They are the consequence of an emerging phenomenon
intimately related to the multilayer character of the system. In the case of Eu-
ropean Airlines multiplex, this is confirmed also by the fact that if we consider
layers of different kind, the merging of low-cost and major (national) layers
leads to the emergence of qualitatively different aggregate networks. This
demonstrates that multiplex nature of many systems cannot be ignored and
has deep consequences also on the dynamical processes acting on multilayer
networks.

In Chap. 7, following the idea of Chap. 6, we study the robustness of the
European airlines under the problem of re-scheduling passengers of a flight that
has been cancelled in an airlines multiplex network composed of many layers,
each of which corresponds to a different airline. The inclusion of a structure
composed of separate layers alters the resilience of the system compared to
the case of a single layer network. To account for the multilayer structure, we
measure the resilience of the system as a function of the number of passengers
that have been successfully re-schedule within the same airline (layer) or using
a different one. In particular, the ability to re-schedule passengers strongly
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depends on the variation of the shortest path length as a function of the number
of deleted flights, but also on the capacity tolerance of each flight.

Finally, in Chap. 8, we studied the problem of finding remote synchroniza-
tion in networks of coupled Stuart-Landau oscillators. Apart from confirming
that remote synchronization exists also for topologies different from a star,
we observe that remote synchronization constitutes a mechanism anticipating
synchronization by physical links in networks with heterogeneous distribution
of natural frequencies. Also, we confirm that remote synchronization is not sig-
nificant for ensembles of phase oscillators, since its main underlying mechanism
seems to be the modulation of the amplitude of intermediary nodes allowing
information transfer between uncoupled pairs of nodes. In fact, when similar
settings are applied to phase oscillators, a different phenomenon is observed,
namely, that of explosive synchronization.

9.2. Other publications

During the doctorate, the candidate has also worked, and published, on
other subjects apart from those appearing in this manuscript. Such works,
do not fall within the route followed by this thesis, albeit being related with
complex networks as well. Below, we provide a brief comment about the main
results found in each of these papers.

The first paper, entitled: “Co-evolution of strategies and update rules in
the prisoner’s dilemma game on complex networks” studies the emergence of
cooperation in the prisoner’s dilemma game in the case of players that can co-
evolve both their strategy and the rule used to update (change) it. Moreover,
even the role played by different underlying topologies in such coevolution
is studied, considering network topologies spanning from single-scale random
(Erdgs-Rényi) networks, to scale-free (Barabasi-Albert) ones passing through
intermediate ones. The interested reader could look at [145].

The second paper, entitled: “ Urban street networks, a comparative analysis
of ten European cities” belongs to a line of research undertaken prior to the
start of the Ph.D, concerning the study of the structural properties of a special
kind of spatial networks: those generated from urban street patterns. In this
work, in particular, the structural properties, like average path length L, of
ten European cities are compared in order to find analogies, regularities, and
differences among them. For further information, please consult [146].

The third paper, entitled: “Information sharing in quantum complex net-
works” may be classified within a highly innovative line of research that has
come to light very recently, and that is capturing the attention of two separate
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communities: the one of “network scientists” and that of quantum physicists.
In particular, in this work, we study how the presence of an interacting pattern
described by a complex network could affect the behaviour of the entanglement
entropy. Different network substrates have been used (regular, random, scale-
free) in order to study such behaviour and the results are resumed in [147].

9.3. Future perspectives

If the results contained in this thesis represent the “point of arrival” of this
going beyond process, it is worth spending some time speculating on what could
be the next steps. Of course, the most intuitive one is to continue following the
path taking advantage of coevolutive modelling in order to design more realistic
models able to capture more complex scenarios. As an example, one could
think of combining synchronization and evolutionary game theory in order to
model systems where the fully synchronized state can be achieved only if all
the agents cooperate but where two agents that try to get synchronized have
to pay a cost to do that.

Another direction worth of being explored is that of considering well known
dynamical processes (like, again, synchronization) on top of new kind of topolo-
gies like time-varying and multiplex ones. The former case, for example, will
allow the time to play a role not only in the evolution of the dynamical state of
the nodes but also in the way they interacts among them. The latter, instead,
will permit to deal with different kind of interactions at the same time that
may exert different influences on the state of the system. With respect to the
previous point, the use of new kind of topologies represents more a leap in
the dark because we still lack a lot of information due to the novelty of these
approaches.

Last, but not least, an interesting direction that could be followed is that
offered by the so called “big data”. In the last few years, in fact, an extremely
higher amount of data have become available to the scientists. The reasons
behind the appearance of such big amount of data deal, from one side, with
the availability of new techniques to retrieve them (experiments, inquiries,
web crawling, and so on so forth) and, from another one, with the explosion of
information available in context that did not exist before; think, for example,
to the case of the so-called social networks or the World Wide Web. Until few
years ago platforms like Facebook or applications like FourSquare did not exist
and the information available on the friendship relations among people (or on
how people move) were significantly smaller that those available nowadays.

Thanks to big data, we will have the opportunity to: make better compar-
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isons between theory and experiment, extend the size of the systems studied
toward the thermodynamic limit, and set up ad hoc experiments with the aim
of proofing hypothesis that up to now we were able to check only through
theory or computation. Of course, we must not forget, that there are still a
lot of complex systems that have not been studied by means of complex net-
works. Those systems can be thought as goldmines because may lead to the
formulation of new measures, or the discovery of phenomena that have not
seen before.

In conclusion, complex networks are a very powerful tool to unveil the
secrets of many different complex systems. Since its birth as a discipline,
complex networks science has been able to explain many phenomena but there
are still a lot of questions that await for an answer. This is the challenge that
network science is called to face.
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Afore ye really 'preciate the things ye lef’ behind,

An’ hunger fer ’em somehow, with ’em allus on yer mind.

It don’t make any differunce how rich ye get t’ be,

How much yer chairs an’ tables cost, how great yer luxury;
It ain’t home t’ ye, though it be the palace of a king,

Until somehow yer soul is sort o’ wrapped round everything.

It takes a lot of living to make a house a home,

It doesn’t make any difference how rich you get to be

How much your chairs and tables cost, how great your luxury;
It isn’t home to you, though it be the palace of a king,

Until somehow your soul is wrapped round everything.

Edgar Albert Guest — Home
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