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Complexity Science

Ecosystems, the human brain, ant colonies and economic networks are all complex
systems displaying collective behaviour, or emergence, beyond the sum of their parts.
Complexity science is the systematic investigation of these emergent phenomena, and
stretches across disciplines, from physics and mathematics, to biological and social
sciences. This introductory textbook provides detailed coverage of this rapidly growing
field, accommodating readers from a variety of backgrounds and with varying levels
of mathematical skill. Part I presents the underlying principles of complexity science,
to ensure students have a solid understanding of the conceptual framework. Part
II introduces the key mathematical tools central to complexity science, gradually
developing the mathematical formalism, with more advanced material provided in
boxes. A broad range of end-of-chapter problems and extended projects offer opportu-
nities for homework assignments and student research projects, with solutions available
to instructors online. Key terms are highlighted in bold and listed in a glossary for
easy reference, while annotated reading lists offer the option for extended reading and
research.

Henrik Jeldtoft Jensen is Professor of Mathematical Physics at Imperial College
London, and leads the Centre for Complexity Science. He is a prominent expert
in complexity science and is involved in a variety of high-profile research projects
including the application of co-evolutionary dynamics to the modelling of socio-
economical sustainability, finance, cultural evolution, innovation and cell diversity in
cancer tumour growth, and has also worked with the Guildhall School of Music and
Drama to identify differences in the neuronal response of audience and performers
depending on the mode of performance. He has published two books on self-organised
criticality and complex systems.
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Preface

Many good books on complexity science currently exist. Some discuss complexity
science from the perspective of a specific methodology such as network theory, analysis
of power laws or use of agent-based simulations, while others discuss real systems which
are considered to be complex, such as finance, sociology or ecology. References will be
given where relevant to the context throughout the following pages.

This textbook is different in its aim and format from existing books. The book will
present complexity science as a science in its own right, which focuses on the systematic
study of emergent phenomena. Figure 1 is included here to indicate from the onset what
our focus will be. The figure is best read with a concrete example of the components,

Intermittency

Synchronisation

Selection and adaptation

Time

Time

Ti
m

e

Independent

components

Disordered

Scale free

Ordered

Reduction

of

dimensionality

Hierarchies

Figure 1 Emerging structure. Two components, agents, are shown in the centre. We now
contemplate what will happen when collections of such components are made to interact and form
collective structures. Surrounding the agents are sketches of structures and patterns that may
emerge in time and space at the aggregate level. Types of static structures are to the left. Order and
disordering tendencies may compete and produce a richness of properties with no equivalence
amongst the individual agents. The dynamics of the interacting components can produce a wealth
of different collective dynamical modes. For example, intermittent rearrangement, synchronisation
and selection leading to adaptation. Or the interaction between components may produce a
rigidity that allows the description of the time dependence in terms of just a few parameters,
allowing us not to specify the dynamics of the individual components. This corresponds to a
reduction of dimensionality.

xvii
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xviii Preface

or agents, in mind. They might, for example, be molecules forming rigid materials,
neurones exhibiting synchronous firing patterns, biological cells building up hierarchies
of structure, social agents segregating, etc. We will return to this figure in much more
detail in Chap. 3; for now we simply suggest that the reader takes a careful look while
thinking of possible manifestations of the examples sketched in this figure to obtain a
feeling for what we will mean by the term ‘emergence’.
We will not try to define a complex system, because systems in general cannot be

divided into two exclusive classes: the complex and the not complex. The situation is
the same as if we try to define a physical system or a biological system. Most systems
will have both physical and biological aspects. Think of a bird flying through the air.
Its motion is subject to the physical laws of aerodynamics but its metabolism and
physiology are part of biology. This is the reason why we focus on the concepts and
methodology of complexity science and take the viewpoint that its subject matter is
emergence rather than specific types of systems. We will, however, as we go along
mention many examples of applications of complexity science to real systems.
This textbook is intended for students, researchers and others with a wide variety

of backgrounds. The book is separated into two parts. The first part is dedicated
to a non-mathematical exposition of basic ideas and concepts used in complexity
science. The second part develops a broad range of mathematical tools often used in
complexity science. The hope is that the mathematics is introduced at a level that will
be manageable for readers with just a basic high school background in calculus, vectors
and matrices and probability theory. The presentation tries in a gentle way to gradually
introduce the mathematical formalism and strives towards being self-contained, with
some elaboration included as separate ‘technical boxes’. Concepts are boldfaced the first
time they are introduced and a glossary presents brief definitions for rapid consultation.
The book’s structure is intended to make it useful for self-study as well as an

accompanying text for a taught course. Each chapter is framed by a brief synopsis and
summary. References to other textbooks and particularly relevant scientific papers are
included throughout the text, and an annotated list of recommended Further Reading
can be found at the end of each chapter. An online updated copy of the Further
Readings can be found on the book’s webpage at Cambridge University Press. Exercises
and projects are included at the end of each chapter. Some of these exercises are
intended as brief discussions, perhaps with fellow students, to help digest the material.
Others aremore comprehensive and can, for example, be used as take-home assignments
or even be developed into small research projects. In both cases, thinking through this
material is expected to greatly help the reader to obtain a working knowledge of the
field of complexity science.
The hope is that the reader will develop a clear understanding of the subject

matter and the methodology of complexity science. The book will explain the focus
of complexity science, its aim and how understanding complexity science can be
helpful to people from various backgrounds and with different objectives. Think of the
environment, our society, the economy, the mind or advanced IT systems. A biologist, a
sociologist, a psychologist, an economist, a neuroscientist, a mathematician, a physicist
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Preface xix

and so forth may want to know about complexity science because of certain emergent
aspects encountered while analysing a particular phenomenon, such as species diversity,
social segregation, mental health, financial crashes, mental wellbeing or non-supervised
machine learning.

Faced with the same kind of phenomena, the engineer, the decision maker, the
politician and, for example, the journalist may want some familiarity with complexity
science, its purpose and the kinds of analysis it can offer, for the simple reason that
although complexity science cannot predict accurately the behaviour of large complex
systems, it is able to help sort out what kind of behaviour can be expected.

The aspiration is that the book may serve as a guide to at least one possible path
through the enormous and ever-growing terrain of concepts, methods, applications and
literature of complexity science. Of course, the best way to read the book is to start at the
beginning and work through to the end. But since for many it may be difficult to allocate
the time needed for this, the book is written to make it possible to dive in and out of
chapters and sections. This means that concepts will be considered multiple times from
different perspectives throughout the book. Cross references should help to connect the
discussion, but to make a non-sequential reading easier a certain amount of repetition
occurs. The sequential reader can just make a nod of recognition and move on.

For easy reference, a list of mathematical notation is included at the front of the book
and a glossary at the end of the book.
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