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In this contribution we outlined the main contributions of the science of complex
networks and we provide some ideas about its future evolution. This topic seems to
embrace more than traditional technological application and it is likely to affect a large
number of disciplines.

1. Introduction

Large and complex networks arise at many levels in the natural world. The world’s
ecosystems consist of species linked together within intricate food webs, just as our
communities are complex webs of social ties. The living cell depends for its function on
a staggeringly complex web of interactions among a great number of genes, proteins
and other small molecules. We find complex webs of technology as well; the Internet,
for example, is a vast network of computers linked by transmission lines. Again, the
global economy functions through a vast network of trade links which bind the world’s
nations together.

Ten years ago, science had very little to say about the architecture of these networks,
despite their obvious importance. A traditional perspective viewed them as mostly
random; that is, as sets of elements linked together without any plan or organization,
any pair being connected with equal probability. This understanding — or, rather, this
admission of scientific ignorance — has been dramatically revised in the past decade, as
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seminal work by a number of researchers, notably in physics, has led to a far deeper
understanding of the architecture of these complex networks [1, 2, 3, 4]. This work has
revealed deep similarities between networks that have emerged in diverse settings and
that would appear to have little in common. In particular, food webs, social networks,
the Internet and the World Wide Web all share important topological properties. This
research has also led to a growing understanding of the relationship between the
topology of complex networks — their "wiring diagrams” — and their functional
properties such as stability and information-processing efficiency.

The rapidly emerging science of complex networks is likely to be among the most
important sciences of the 21st century. As one example, take molecular biology.
Biologists increasingly know the "parts list" of molecular biology, as they have access
to a virtually complete map of all the genes in the human genome, and in the genomes
of many other species, and are aggressively assembling a similarly detailed knowledge
of the “proteome,” the full collection of proteins encoded by those genes, and the
“transcriptome,” the diverse set of mMRNA molecules that serve as templates for protein
manufacture. Even so, we still lack a deep understanding of how all these parts work
together to support the complex and coherent activity of the living cell; how cells and
organisms manage the concurrent tasks of production and re-production, signaling and
regulation, in a fluctuating and often hostile environment.

What's lacking, in other words, is an understanding of how cells function as complex
networks. Building a more holistic understanding of cell biology is the aim of the new
discipline of systems biology, which views the living cell as a network of interacting
processes and gives concrete form to the vision of Frangois Jacob, one of the pioneers in
the study of genetic regulatory mechanisms, who spoke in the 1960s of the "logic of
life." Put simply, systems biologists regard the cell as a vastly complex biological
"circuit board," which orchestrates diverse components and modules to achieve robust,
reliable and predictable operation. Systems biology suggests that the mechanisms of cell
biology can be related to the information sciences, to ideas about information flow and
processing in de-centralized networks. With rapidly advancing technology, and new
theoretical tools coming from physics, engineering and mathematics, systems biology is
beginning to explore how such networks are highly efficient for biological information
flows, often involving operations such as feedback, synchronization, amplification and
error correction that are familiar to engineers.

This networks perspective is also well attuned to matters of the utmost social and
political importance. Indeed, early in 2009 as the world endures the worst economic
crisis for 70 years, tangled networks of financial interdependence among banks, hedge
funds and other institutions have come to be seen as the primary cause of the crisis, and
as the focal point for measures to prevent similar disasters in future. Even without the
problems in sub-prime mortgages, many researchers suspect, instability in the global
credit markets would have soon prompted a meltdown of some sort. The credit network
had become so highly interlinked that each participant faced high risks from the
possible collapse of their partners. Traditional central-bank controls and banking
regulations just weren’t adequate to controlling such instability, for their focus on the
health of individual institutions rather than networks of many institutions in interaction.
The banking failure is, in many respects, a failure of economic science to have any well
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developed understanding of the financial system as a complex dynamical network.
Rather than just looking at individual banks’ lending practices to see if their risks are at
acceptable levels, regulators will need to take a more holistic view, monitoring the
nature of the links between institutions and the overall stability of the credit network.

In general, the new science of complex networks seeks to understand the various
structures of complex natural networks, and how those structures influence the many
processes taking place within. We clearly stand closer to the beginning of this science
than to its end, but recent work has made major strides in elucidating key issues and at
least identifying the most important problems to be tackling in the coming decades.

2. Complex Networks and the "*'Small World" Property

Many real-world complex networks have the so-called “small-world” property. In social
networks, for example, as the Harvard social psychologist Stanley Milgram showed
several decades ago, we do live in a very small world; it generally takes only about six
"degrees of separation” to go from any one person on the planet to anyone else [5]. Our
social world is surprisingly small. This idea has since then slipped into popular folklore,
even though many people still wonder if it can possibly be true. But consider the social
microcosm of corporate executives, linked by virtue of sitting together on some
corporate board. Several years ago Gerald Davis and colleagues from the business
school at the University of Michigan studied this network of interconnections, and
discovered further evidence of the small world phenomenon [6]. As they concluded,

Corporate America is overseen by a network of individuals who—to a great extent—
know each other or have acquaintances in common. On average, any two of the 6724
Fortune 1000 directors we studied can be connected by 4.6 links...

The same pattern turns up also in technology. Although the number of pages in the
World Wide Web is now truly astronomical, it generally takes only about 20 clicks to
navigate from one page to another [7].

What about the network of computers linked together by communication links of many
sorts and making up the physical Internet? In a key study a decade ago [5], computer
scientists and brothers Michalis, Petros and Christos Faloutsos approached this question
by studying the number of links that a small piece of information — a portion of an
email, for example — has to follow in going between one point on the Internet to
another. When a computer in San Francisco sends e-mail to Hong Kong, or another in
Helsinki tries to access information from a computer in Virginia, how many
transmission lines are typically involved? As the Faloutsos team found, the answer is
only about four, despite the immense size of the Internet. In fact, if you search
throughout the Internet for computers that are especially difficult to link, the number is
never more than about ten.

Studies of food webs, cellular protein-protein interactions networks, the nervous
systems of elementary organisms and networks of many other kinds reveal a similar
character — going from any one element to another requires only a handful of steps,
even in networks comprised of an enormous number of elements. In technical terms,
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this property of complex networks — often called the "small world" property — is that
the network “diameter,” the number of steps required on average to go from one
element to another, grows very slowly (logarithmically) as the number of elements N
increases.

But this is only one of the interesting properties researchers have recently discovered
about our world's complex networks.
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