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Preface

This is a book about complexity, complex networks and how their smooth
dynamics is often disrupted. But before we can proceed it would appear
that we should answer the question: “What is complexity?” Over the past
two decades both professional scientists and lay people alike have wondered
about the scientific meaning of this simple vet elusive word. In the fourth
century St. Augustine asked himself a related odd question: “What is time?”
His answer was astonishingly interesting:

What, then, is time? If no one asks me, [ know what it is. If I
wish to explain it to him who asks me, I do not know.

A similar answer can be reformulated about the concept of complexity.
OK, let us see how it sounds: “What, then, is complexity? If no one asks
me, I know what it is. If I wish to explain it to him who asks me, I do not
know.” But science does not wait for definitions, science continues forward
n 1ts investigations of a phenomenon with or without clear understanding,
confident that such understanding will eventually come.

As with the concept of time, the concept of complexity cannot be ex-
plained or defined in a simple way. It is easier to appeal to intuition, that
s, to that mysterious faculty that allows humans to visualize the meaning
of a difficult concept without confining it to a definition. Thus, we decided
in writing this book that an interesting way to stimulate the intuition of
our readers about the nature of complexity and complex networks is to give
a concise overview of how the scientific, technological and sociological facts
that emerged since the end of the twentieth century have engendered the
need to address a significant portion of what is viewed as science from a new
perspective. This new perspective does not rely on any particular discipline
for its articulation and is known as the science of complexity. Our interest,
in particular, is in its special form as the science of complex networks.
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We found the approach of viewing the changes in sciences from above to
be quite interesting and stimulating and hope yvou do as well. We realized in
writing that it might be possible to describe what complexity is, and what
complex networks are. using a language that can certainly attract the atten-
tion of a wide range of non-professionals. Adopting an appropriate didactic
approach to explain complex networks is not, however, just an attempt to
reach people who are not familiar with the language of science. Indeed,
finding a way to communicate effectively with most educated people inside
and outside the scientific community is a necessity given society’'s reliance
on science and technology. Such a language might also entice professional
scientists from a multitude of different fields, such as neurophysiologists, bi-
ologists, sociologists, meteorologists, chemists and, of course, physicists to
work together on problems of importance to society.

The image of the renaissance person, the universal scientist such a
Leonardo da Vinei who was able to master all the known science of his day,
has faded from the possible. This loss over the last century is due to the
development of a new kind of science that requires ever increasing specializa-
tion. This need to specialize birthed scientists so deeply compartmentalized
that they isolated themselves from each other, and by doing so they isolated
their fields of research as well. Mathematics. physics. biology, geology, as-
tronomy, sociology, economics, medicine and even their sub-disciplines are
now believed to be intrinsically separate domains of knowledge. As for a way
to cdmmunicate. isolation vielded to differentiation, and what were just small
dialectical variants at the beginning, in a few scientific generations evolved
into specialized languages that have made each field of research foreign to all
but the expert.

However some scientists realized that specialization in just one field of
research was not always beneficial, and could, in fact, be a fatal limitation on
knowledge. Understanding complex networks requires knowledge that does
not reside within a single discipline and, because of the extreme richness of
the current level of science, requires collaboration across disciplines. In his
book Cwybernetics. the mathematician Norbert Wiener observes:

...a proper exploration of these blank spaces on the map of science
could only be made by a team of scientists, each a specialist in
his own field but each possessing a thoroughly sound and trained
acquaintance with the fields of his neighbors; all in the habit of
working together. of knowing one another’s intellectual customs,
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and of recognizing the significance of a colleague’s new suggestion
before it has taken on a full formal expression.

Multidisciplinary collaboration requires a common language: a kind of
lingua franca. The only lingua franca that is available is the non-technical
language of ordinary speech. Thus, one problem scientists face is how to
use a non-specialized language to communicate and introduce the progress
made by scientists in different fields on the understanding of complexity and
complex networks. It is the notion, role and function of scientists that is
continuing to change in a rapid manner; that being not only investigator,
but communicator as well. The necessity for better communication within
science and between science and society is forcing new ways to illustrate
scientific progress.

Thus, we organized our book in such a way as to bring the reader along
on a wonderful trip through the emergence. growth and expansion of modern
science, the Science of Complex Networks. We guide you through several
examples from different areas of complexity. rather than providing a chrono-
logical review of what has been done. Because of this diversity the exemplars
may appear disconnected. But with each stop on the junket, we believe that
vou will see more and more clearly how the apparently disconnected stories
and findings are intrinsically linked by a novel underlying scientific method-
ology.

You will be able to recognize that a systematic investigation of complex
networks has emerged as a new kind of science; based on a new scientific
mﬁtlmdﬂlng}'. What will become evident is an irreducible difference between
thé dialectical two-tiered structure of the traditional scientific methodology
(experiment and theory) and the new methodology, which naturally emerges
in the study of complex networks that entails three tiers: experiment, com-
putational simulation and theory. This new methodology can be transcribed
into data, information and knowledge.

The historically two-tiered science is how the scientific method is usually
presented and understood. The data resulting from observation/experiment
suggest a theoretical model that not only explains the data but also enables
prediction. Such predictions are tested by deing new experiments and/or
making new observations that lead to improved theoretical models. This di-
alectic process between successive improvements on experiments and theory
leads to an iteratively progressive understanding of a given phenomenon. Un-
til recently all major fields of science developed by following this two-tiered
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science methodology. The two-tiered science allowed us to discover funda-
mental laws of physics and show how the vanishingly small and the astro-
nomically large are part of the same unity. However, what is most interesting
is the realization that this methodology, which facilitated the development
of science from the time of Newton, works only if the theoretical predictions
can be directly tested against the observations. This obvious constraint is
relatively easy to satisfy only if the network under study is simple. Thus, the
historical methodology necessitates isolating or disentangling elements from
the whole and it is the ability to disentangle that makes the phenomenon
simple.

However, typical complex networks, such as those found in biology, geo-
physics, sociology and economics, cannot be disentangled into elementary
components to be studied separately. What makes a complex network com-
plex is the fact that it is an entangled organism. It is the structure of these
networks that characterize them, altering the topology of complex networks
changes them in a disruptive way. Cutting the heart out of a dog to better
study how it works may not be satisfactory because. after all, the result is
a dysfunctional organ and a dead dog! Even if the heart is kept alive ar-
tificially the dog is still dead. Thus, studying complex networks requires a
middle ground to fill the gap between. say the theoretical understanding of
fundamental physics and the often poorly resolved experimental observations
of biology. This filling-in is done with complex calculations and computer
simulations that have been made possible by the increasing availability of
computers and the enhanced complexity of computer algorithms over the
last few decades. It is this computational complexity that constitutes the
third level of the new scientific methodology that is required for studying
complex networks.

Three-tiered science is a new methodology because the dialectic form
of the traditional two-tiered scientific method is disrupted by the alterna-
tives presented by this additional level of investigation. The viability of the
third tier has been continually tested by scientists over the last half century.
Theory and experiment can no longer be directly compared in many stud-
ies because the phenomena are too complex, and computational complexity
does not establish the uniqueness of such a comparison. Different alternative
models can be opportunely tuned or adjusted to make them fit the data, but
it is not possible to start from first principles and determine which model
is the better representation of reality. Significant analyses of the data is
required to determine which model is preferable and sometimes these data
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processing efforts are frustrated by the low guality of the data. Consequently,
competitive theories (models) are not really tested against each other with
the kind of certainty that has historically characterized such comparisons in
theoretical physics.

We decided to illustrate the procedures involved in analyzing existing
complex networks by discussing the debate on climate change. Few net-
worked phenomena are more complex than the Earth’s climate. Even fewer
networked phenomena generate issues that are more intriguing than that of
climate change and global warming where the tree-tired science of data, com-
puter simulations and theoretical knowledge is so well exposed with all its
benefit and difficulties. This debate is not an arcane academic exercise but
is an important issue of general interest to most industrialized societies that
are concerned about the future of our planet. The example of climate change
is also a useful illustration of the influence of society on science, in terms of
what research is supported, as well as. the influence of science on society
in terms of what phenomena are thought to be important. Consequently,
the climate change example, which is extremely important in itself, herein
becomes a paradigm of a disrupted complex network exposing the strengths
and weaknesses of this nascent science.

This book highlights a number of features concerning how science really
works and not necessarily how we would like it to work. Complex networks,
complexity, commonality. interdisciplinarity, transdisciplinarity, efc., are all
important new ways of looking at the world. Network science is presented
as a new kind of epistemology, or way of knowing the world; not just the
world of physical science, but the world of biological, economic, social, and
‘life sciences as well. We hope that our discussion will assist lay readers in
understanding how the voung field of complex networks is evolving and will
provide the professionals in many different areas of research a perspective
by which to appreciate the interconnectedness among all disciplines. This
book results from the efforts of two physicists with multiple interests and is
not a substitute for a textbook, but it may supplement such texts with a
pleasurable and educational read. Hopefully it will bridge the gaps among a
variety of disciplines that the three-tiered science of our times entails.

Bruce J. West

Nicola Scafetta

Physics Department

Duke University, Durham NC
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This book provides a lens through which modern
society is shown to depend on complex networks
for its stability. One way to achieve this
understanding is through the development of a
new kind of science, one that is not explicitly
dependent on the traditional disciplines of
biology, economics, physics, sociology and
so on; a science of networks. This text reviews,
in non-mathematical language, what we know
about the development of science in the twenty-
first century and how that knowledge influences
our world. In addition, it distinguishes the two-
tiered science of the twentieth century, based on
experiment and theory (data and knowledge) from
the three-tiered science of experiment,
computation and theory (data, information and
knowledge) of the twenty-first century in everything
from psychophysics to climate change.

This book is unigue in that it addresses two
parallel lines of argument. The first line is general
and intended for a lay audience, but one that is
scientifically sophisticated, explaining how the
paradigm of science has been changed to
accommodate the computer and large-scale
computation. The second line of argument
addresses what some consider the seminal
scientific problem of climate change. The authors
show how a misunderstanding of the change in
the scientific paradigm has led to a
misunderstanding of complex phenomena in
general, and the causes of global warming
in particular.
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