Cambridge University Press

978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani
Frontmatter

More information

DYNAMICAL PROCESSES ON
COMPLEX NETWORKS

The availability of large data sets has allowed researchers to uncover complex
properties such as large-scale fluctuations and heterogeneities in many networks,
leading to the breakdown of standard theoretical frameworks and models. Until
recently these systems were considered as haphazard sets of points and connec-
tions. Recent advances have generated a vigorous research effort in understanding
the effect of complex connectivity patterns on dynamical phenomena. This book
presents a comprehensive account of these effects.

A vast number of systems, from the brain to ecosystems, power grids and the
Internet, can be represented as large complex networks. This book will interest
graduate students and researchers in many disciplines, from physics and statis-
tical mechanics, to mathematical biology and information science. Its modular
approach allows readers to readily access the sections of most interest to them,
and complicated maths is avoided so the text can be easily followed by non-experts
in the subject.

ALAIN BARRAT is Senior Researcher at the Laboratoire de Physique Théorique
(CNRS and Université de Paris-Sud, France), and the Complex Networks Lagrange
Laboratory at the Institute for Scientific Interchange in Turin, Italy. His research
interests are in the field of out-of-equilibrium statistical mechanics.

MARC BARTHELEMY is Senior Researcher at the Département de Physique
Théorique et Appliquée at the Commissariat & I’Energie Atomique (CEA),
France. His research interests are in the application of statistical physics to com-
plex systems.

ALESSANDRO VESPIGNANTI is Professor of Informatics and Adjunct Professor of
Physics and Statistics at Indiana University, USA, and Director of the Complex
Networks Lagrange Laboratory at the Institute for Scientific Interchange in Turin,
Italy. His research interests are in the theoretical and computational modeling of
complex systems and networks.

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani

Frontmatter
More information

COMPLEX NETWORKS

ALAIN BARRAT

Laboratoire de Physique Théorique, Université de Paris-Sud, France
Centre National de la Recherche Scientifique, France
Complex Networks Lagrange Laboratory, ISI Foundation, Italy

MARC BARTHELEMY

Commissariat a I’Energie Atomique — Département de Physique
Théorique et Appliquée, France

ALESSANDRO VESPIGNANI

School of Informatics, Department of Physics and Biocomplexity Institute,
Indiana University, USA
Complex Networks Lagrange Laboratory, ISI Foundation, Italy
Centre National de la Recherche Scientifique, France

CAMBRIDGE

UNIVERSITY PRESS

DYNAMICAL PROCESSES ON

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani
Frontmatter

More information

CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sdo Paulo, Delhi

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521879507

© A. Barrat, M. Barthélemy and A. Vespignani 2008

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without
the written permission of Cambridge University Press.

First published 2008
Printed in the United Kingdom at the University Press, Cambridge
A catalog record for this publication is available from the British Library

Library of Congress Cataloging in Publication data
Barrat, Alain, 1971—
Dynamical processes on complex networks / Alain Barrat,
Marc Barthelemy, Alessandro Vespignani.
. cm.
Includes bibliographical references and index.
ISBN 978-0-521-87950-7
1. System analysis. 2. Graph theory. 3. Network theory.
1. Barthelemy, Marc, 1965— 1I. Vespignani, Alessandro, 1965— III. Title.
QA402.B374 2009
5117.5-dc22
2008025427

ISBN 978-0-521-87950-7 hardback

Cambridge University Press has no responsibility for the persistence or
accuracy of URLSs for external or third-party internet websites referred to
in this publication, and does not guarantee that any content on such
websites is, or will remain, accurate or appropriate.

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

CAMBRIDGE

Cambridge University Press

978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani
Frontmatter

More information

To Luisa;
To Loulou, Simon, Théo;
To Martina

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani

Frontmatter
More information
Contents
Preface page xi
Acknowledgements XV
List of abbreviations XVii
1 Preliminaries: networks and graphs 1
1.1 What is a network? 1
1.2 Basic concepts in graph theory 2
1.3 Statistical characterization of networks 11
1.4  Weighted networks 19
2 Networks and complexity 24
2.1 Real-world systems 24
2.2 Network classes 34
2.3 The complicated and the complex 47
3 Network models 50
3.1 Randomness and network models 50
3.2 Exponential random graphs 58
3.3 Evolving networks and the non-equilibrium approach 60
3.4 Modeling higher order statistics and other attributes 72
3.5 Modeling frameworks and model validation 74
4 Introduction to dynamical processes: theory and simulation 77
4.1 A microscopic approach to dynamical phenomena 77
4.2 Equilibrium and non-equilibrium systems 79
4.3 Approximate solutions of the Master Equation 82
4.4 Agent-based modeling and numerical simulations 85
5 Phase transitions on complex networks 92
5.1 Phase transitions and the Ising model 92
5.2 Equilibrium statistical physics of critical phenomena 96
5.3 The Ising model in complex networks 101

vii

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani

Frontmatter
More information
viii Contents
5.4  Dynamics of ordering processes 108
5.5 Phenomenological theory of phase transitions 111
6 Resilience and robustness of networks 116
6.1 Damaging networks 116
6.2  Percolation phenomena as critical phase transitions 120
6.3  Percolation in complex networks 124
6.4  Damage and resilience in networks 126
6.5  Targeted attacks on large degree nodes 129
6.6  Damage in real-world networks 135
7 Synchronization phenomena in networks 136
7.1  General framework 136
7.2 Linearly coupled identical oscillators 138
7.3  Non-linear coupling: firing and pulse 148
7.4  Non-identical oscillators: the Kuramoto model 151
7.5  Synchronization paths in complex networks 156
7.6 Synchronization phenomena as a topology probing tool 158
8 Walking and searching on networks 160
8.1  Diffusion processes and random walks 160
8.2  Diffusion in directed networks and ranking algorithms 166
8.3  Searching strategies in complex networks 170
9 Epidemic spreading in population networks 180
9.1  Epidemic models 180
9.2  Epidemics in heterogeneous networks 189
9.3  The large time limit of epidemic outbreaks 197
9.4  Immunization of heterogeneous networks 207
9.5 Complex networks and epidemic forecast 212
10 Social networks and collective behavior 216
10.1  Social influence 216
10.2  Rumor and information spreading 218
10.3  Opinion formation and the Voter model 225
10.4 The Axelrod model 232
10.5 Prisoner’s dilemma 235
10.6  Coevolution of opinions and network 238
11 Traffic on complex networks 242
11.1 Traffic and congestion 242
11.2  Traffic and congestion in distributed routing 246
11.3  Avalanches 256
11.4 Stylized models and real-world infrastructures 264
12 Networks in biology: from the cell to ecosystems 267
12.1 Cell biology and networks 268

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani

Frontmatter

More information
Contents ix
12.2  Flux-balance approaches and the metabolic activity 271
12.3 Boolean networks and gene regulation 274
12.4  The brain as a network 279
12.5 Ecosystems and food webs 282
12.6 Future directions 293
13 Postface: critically examining complex networks science 294
Appendix 1  Random graphs 298
Appendix 2 Generating functions formalism 303
Appendix 3 Percolation in directed networks 306
Appendix 4  Laplacian matrix of a graph 310
Appendix 5  Return probability and spectral density 311
References 313
Index 344

© Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521879507
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-87950-7 - Dynamical Processes on Complex Networks
Alain Barrat, Marc Barthelemy and Alessandro Vespignani
Frontmatter

More information

Preface

In the past few years, the study of large networked systems has received a boost
from the ever-increasing availability of large data sets and computer power for their
storage and manipulation. In particular, mapping projects of the World Wide Web
and the physical Internet offered the first chance to study the topology of large
complex networks. Gradually, other maps followed describing many networks of
practical interest in social science, critical infrastructures, and biology. Indeed,
large complex networks arise in a vast number of natural and artificial systems.
The brain consists of many interconnected neurons; ecosystems consist of species
whose interdependency can be mapped into intricate food webs. Social systems
may be represented by graphs describing various interactions among individuals.
Large networked infrastructures such as power grids and transportation networks
are critical to our modern society. Finally, the living cell is not an exception, its
organization and function being the outcome of a complex web of interactions
among genes, proteins, and other molecules. In the search for the underlying laws
governing the dynamics and evolution of these complex systems, researchers have
started the systematic analysis and characterization of their network representa-
tions. A central result of these activities is that large-scale networks are generally
characterized by complex topologies and very heterogeneous structures. These
features usually find their signature in connectivity patterns statistically charac-
terized by heavy tails and large fluctuations, scale-free properties, and non-trivial
correlations such as high clustering and hierarchical ordering.

The large size and dynamic nature of complex networks has attracted the atten-
tion of the statistical physics community. In this context the statistical physics
approach has been exploited as a very convenient strategy because of its deep con-
nection with statistical graph theory and the possibility of characterizing emergent
macroscopic phenomena in terms of the dynamical evolution of the basic elements
of the system. In addition, the large scale analysis of networks appearing in very

X1
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xii Preface

different fields has provided evidence for the sharing of several asymptotic proper-
ties and raised the issue of the supposed emergence in complex networks of general
and common organizing principles that go beyond the particulars of the individual
system, and are thus amenable to general modeling principles.

The advances in understanding large complex networks have generated
increased attention towards the potential implications of their structure for the
most important questions concerning the various physical and dynamical processes
occurring on top of them. Questions of how pathogens spread in population net-
works, how blackouts can spread on a nationwide scale, or how efficiently we can
search and retrieve data on large information structures are all related to spreading
and diffusion phenomena. The resilience and robustness of large infrastructures
can be studied by percolation models in which we progressively damage the net-
work. Social behavior may be often modeled through simple dynamical processes
and agent-based models. Since the early studies of percolation and spreading pro-
cesses in complex networks, a theoretical picture has emerged in which many of
the standard results were radically altered by the topological fluctuations and the
complex features observed in most real-world networks. Indeed, complex prop-
erties often imply a virtual infinite heterogeneity of the system and large scale
fluctuations extending over several orders of magnitude, generally corresponding
to the breakdown of standard theoretical frameworks and models. Therefore, while
the definitions of the basic models are expected to remain unchanged, the scien-
tific community has become aware of the need to investigate systematically the
impact of the various network characteristics on the basic features of equilibrium
and non-equilibrium dynamical processes.

The study of models unfolding on complex networks has generated results of
conceptual and practical relevance. The resilience of networks, their vulnerability
to attacks, and their synchronization properties are all strongly affected by topolog-
ical heterogeneities. Consensus formation, disease spreading, and our accessibility
to information can benefit from or be impaired by the connectivity pattern of the
population or infrastructure we are looking at. Noticeably, all these results have
been obtained in different contexts and have relevance across several disciplines
including physics, biology, and computer and information science. The purpose of
this book is to provide a unified presentation of these results and their impact on
our understanding of a wide range of networked systems.

While several techniques and methods have been used in the field, the mas-
sive size and heterogeneity of the systems have favored the use of techniques akin
to the analysis of non-linear, equilibrium, and non-equilibrium physical systems.
As previously mentioned, the statistical physics approach has indeed revealed its
convenience and has proven very useful in this context, particularly regarding its
ability to shed light on the link between the microscopic dynamical evolution of
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Preface xiii

the basic elements of the system and the emergence of macroscopic phenomena.
For this reason we will follow this approach and structure the book according to the
general framework provided by statistical physics. In doing this, however, we will
make a special effort in defining for each phenomenon or system under study the
appropriate language used in the field and offer to the reader a mapping between
languages and techniques used in the different disciplines.

For the sake of clarity and readability we have used a modular approach to the
material that allows the reader interested in just one phenomenon to refer directly
to the corresponding specific chapter. The basic definitions and methods used
throughout the book are introduced in the first four chapters that set the stage for
the remaining chapters, each one clearly self-contained and addressing a specific
class of processes. The material is ordered in a path that goes from equilibrium
to non-equilibrium phenomena, in accordance with the general framework of sta-
tistical physics and in terms of the homogeneity of the techniques used in each
context.

More precisely, we start in Chapter 1 by defining the basics of graph theory
and some tools for the statistical characterization and classification of large net-
works. These tools are used in Chapter 2, where we discuss the complex features
which characterize a large number of real-world networks. Chapter 3 is devoted to
a brief presentation of the various network modeling techniques and the general
approaches used for their analysis. Approximations and computational techniques
are discussed as well. Chapter 4 provides an introduction to the basic theoretical
concepts and tools needed for the analysis of dynamical processes taking place on
networks. All these introductory chapters will allow researchers not familiar with
mathematical and computational modeling to get acquainted with the approaches
and techniques used in the book.

In Chapter 5, we report the analysis of equilibrium processes and we review the
behaviors of basic equilibrium physical models such as the Ising model in com-
plex networks. Chapter 6 addresses the analysis of damage and attack processes
in complex networks by mapping those processes into percolation phase transi-
tions. Chapter 7 is devoted to synchronization in coupled systems with complex
connectivity patterns. This is a transition chapter in that some of the phenomena
analyzed and their respective models can be considered in the equilibrium pro-
cesses domains while others fall into the non-equilibrium class. The following four
chapters of the book are devoted to non-equilibrium processes. One chapter con-
siders search, navigation, and exploration processes of complex networks; the three
other chapters concern epidemic spreading, the emergence of social behavior, and
traffic avalanche and congestion, respectively. These chapters, therefore, are con-
sidering far from equilibrium systems with absorbing states and driven-dissipative
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Xiv Preface

dynamics. Finally, Chapter 12 is devoted to a discussion of the recent applica-
tion of network science to biological systems. A final set of convenient appendices
are used to detail very technical calculations or discussions in order to make the
reading of the main chapters more accessible to non-expert readers. The postface
occupies a special place at the end of the book as it expresses our view on the value
of complex network science.

We hope that our work will result in a first coherent and comprehensive expo-
sition of the vast research activity concerning dynamical processes in complex
networks. The large number of references and research focus areas that find room
in this book make us believe that the present volume will be a convenient entry ref-
erence to all researchers and students who consider working in this exciting area of
interdisciplinary research. Although this book reviews or mentions more than 600
scientific works, it is impossible to discuss in detail all relevant contributions to the
field. We have therefore used our author privilege and made choices based on our
perception of what is more relevant to the focus and the structure of the present
book. This does not imply that work not reported or cited here is less valuable, and
we apologize in advance to all the colleagues who feel that their contributions have
been overlooked.
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