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Foreword

This book is a systematic approach to help face the
challenge of data-intensive computing and a response to
the articulation of that challenge set out in The Fourth
Paradigm, a collection of essays by scientists and computer
scientists that | co-edited. It also recognizes the fact that we
face that challenge in the context of a digital revolution that
is transforming communities worldwide at Internet speed.

This book proposes a strategy for partitioning the
challenge, both in the ways in which we organize and in
which we build systems. This partitioning builds on natural
foci of interest and the examples show that this approach
works well in the context of groups and organizations. The
technological strategy reflects the evolving pattern of
provision driven by business models and the flourishing
diversity of tools and applications that enable human
innovation.

We all face the need to separate concerns every time we
face a data-intensive problem. This is key to making data-
intensive methods routinely available and to their easy
application. This leads to the recognition of effective
working practices that need supporting with better
‘datascopes’ that are easily steered and focused to extract
the relevant information from immense and diverse
collections of data. The book calls for the introduction of
"intellectual on-ramps” that match the new tools to well-
understood interfaces, so that practitioners can
incrementally master the new data-intensive methods.

This book calls for recognition that this notion of
intellectual on-ramps is worthy of study. Data-intensive



computing warrants an appropriate engineering discipline
that identifies effective ways of building appropriate
highways from data to required knowledge. It is a call to
arms for a serious attempt at initiating the
professionalization of this discipline.

We are very much at the start of the digital revolution. The
growth in digital data will not abate, and in certain areas it
will probably accelerate. There is much to be gained by
exploiting the opportunities this bonanza of data brings but
the extraction of insights and knowledge from ‘Big Data’ will
also certainly transform our organizations and society.
Responding effectively to these changes requires the
availability of ready-made tools and reusable processes
together with practitioners with the skills to deploy them
precisely and safely. This book frames an approach as to
how these tools, processes, and skills may be developed.
Such a systematic approach is now urgently needed as the
opportunities are rapidly outgrowing our capabilities to
assemble and run data-intensive campaigns.

This book provides a vocabulary to facilitate data-intensive
engineering by introducing key concepts and notations. It
presents nine in-depth case studies that show how
practitioners have tackled data-intensive challenges in a
wide range of disciplines. It also provides an up-to-date
analysis of this rapidly changing field and a survey of many
of the current research hot-spots that are driving it. For all
these reasons, | believe that this book is a welcome addition
to the literature on data-intensive computing.

TONY HEY
Redmond, Washington
July 2012



Preface

The world is undergoing a digital-data revolution. More and
more data are born digital. Almost every business,
governmental, and organizational activity is driven by data
and produces data. Science, engineering, medicine, design
and innovation are powered by data. This prevalence of
data in all that we do is changing society, organizations, and
individual behavior. To thrive in this new environment
requires new strategies, new skills, and new technology.
This book is the first to expound the strategies that will
make you adept at exploiting the expanding opportunities of
this new world.

This book identifies the driving forces that are provoking
change and proposes a strategy for building the skills,
methods, technologies, and businesses that will be well
adapted in the emerging data-wealthy world. This strategy
will change the way in which you spend your organization’s
(country’'s, company’s, institution’s, and profession’s)
resources. You will invest more in exploiting data, even if
that means spending less on creating, capturing or archiving
it, as today most data are underused or never used, even
though they frequently contain the latent evidence that
should be leading to innovation, knowledge and wisdom.
After reading this book, you will expect an understandable
path from data, via analysis, evidence and visualization, to
influential outputs that change behavior. When this is not
happening, your organization is underperforming and is at
risk. You will come to expect that all of those with whom you
deal should be competent at getting good value from data.



This book will change your skills by developing your
ingenuity in discovering, understanding, exploiting, and
presenting data. You will acquire a compendium of tools for
addressing every stage in the data life cycle. It will change
education—everyone needs survival skills for the data-
wealthy world. All professionals and experts need
experience and judgement for their part of the path from
data to discovery, innovation, and outcomes.

This book will initiate the development of professionals
who will engineer tomorrow’s data highways. These
highways will be designed to meet carefully analyzed and
anticipated needs, to interwork with existing data
infrastructure, to accelerate the journeys of millions from
data to knowledge. These knowledge discovery highways
will make it easy for people to get data from wherever they
are stored and promptly deliver understandable information
to wherever it is needed.

Who Should Read this Book

This book will be valuable to a wide range of information
strategists, decision makers, researchers, students, and
practitioners, from domains such as computer science (data
mining, machine learning, statistics, databases, knowledge-
based systems, large-scale computing), e-Science, and to
workers in any discipline or industry where large-scale data
handling and analysis is important.

The ideas presented are relevant to and draw on: data
mining, knowledge discovery in databases, machine
learning, artificial intelligence, databases and data
management, data warehousing, information systems,
distributed computing, grid computing, cloud computing,
ubiquitous computing, e-Science (including a wide range of
scientific and engineering fields dealing with large data),
modeling and simulation.



This Book’s Structure

This book consists of 24 chapters grouped into six parts;
they are introduced here.

Part I: Strategies for success in the digital-data
revolution Part | provides an executive summary of the
whole book to convince strategists, politicians, managers,
and educators that our future data-intensive society
requires new thinking, new behavior, new culture, and new
distribution of investment and effort. This part will introduce
the major concepts so that readers are equipped to discuss
and steer their organization’s response to the opportunities
and obligations brought by the growing wealth of data. It
will help readers understand the changing context brought
about by advances in digital devices, digital communication,
and ubiquitous computing.

Chapter 1: The digital-data challenge This chapter will
help readers to understand the challenges ahead in making
good use of the data and introduce ideas that will lead to
helpful strategies. A global digital-data revolution is
catalyzing change in the ways in which we live, work, relax,
govern, and organize. This is a significant change in society,
as important as the invention of printing or the industrial
revolution, but more challenging because it is happening
globally at Internet speed. Becoming agile in adapting to
this new world is essential.

Chapter 2: The digital-data revolution This chapter
reviews the relationships between data, information,
knowledge, and wisdom. It analyses and quantifies the
changes in technology and society that are delivering the
data bonanza, and then reviews the consequential changes
via representative examples in biology, Earth sciences,



social sciences, leisure activity, and business. It exposes
quantitative details and shows the complexity and diversity
of the growing wealth of data, introducing some of its
potential benefits and examples of the impediments to
successfully realizing those benefits.

Chapter 3: The data-intensive survival guide This
chapter presents an overview of all of the elements of the
proposed data-intensive strategy. Sufficient detail is
presented for readers to understand the principles and
practice that we recommend. It should also provide a good
preparation for readers who choose to sample later
chapters. It introduces three professional viewpoints:
domain experts, data-analysis experts, and data-intensive
engineers. Success depends on a balanced approach that
develops the capacity of all three groups. A data-intensive
architecture provides a flexible framework for that balanced
approach. This enables the three groups to build and exploit
data-intensive processes that incrementally step from data
to results. A language is introduced to describe these
incremental data processes from all three points of view.
The chapter introduces ‘datascopes’ as the productized data
handling environments and ‘intellectual ramps’ as the ‘on
ramps’ for the highways from data to knowledge.

Chapter 4: Data-intensive thinking with DISPEL This
chapter engages the reader with technical issues and
solutions, by working through a sequence of examples,
building up from a sketch of a solution to a large-scale data
challenge. It uses the DISPEL language extensively,
introducing its concepts and constructs. It shows how
DISPEL may help designers, data-analysts, and engineers
develop solutions to the requirements emerging in any data-
intensive application domain. The reader is taken through
simple steps initially, this then builds to conceptually



complex steps that are necessary to cope with the realities
of real data providers, real data, real distributed systems,
and long-running processes.

Part II: Data-intensive knowledge discovery Part |l
focuses on the needs of data-analysis experts. It illustrates
the problem-solving strategies appropriate for a data-rich
world, without delving into the details of underlying
technologies. It should engage and inform data-analysis
specialists, such as statisticians, data miners, image
analysts, bio-informaticians or chemo-informaticians, and
generate ideas pertinent to their application areas.

Chapter 5: Data-intensive analysis This chapter
introduces a set of common problems that data-analysis
experts often encounter, by means of a set of scenarios of
increasing levels of complexity. The scenarios typify
knowledge discovery challenges and the presented
solutions provide practical methods; a starting point for
readers addressing their own data challenges.

Chapter 6: Problem solving in data-intensive
knowledge discovery On the basis of the previous
scenarios, this chapter provides an overview of effective
strategies in knowledge discovery, highlighting common
problem-solving methods that apply in conventional
contexts, and focusing on the similarities and differences of
these methods.

Chapter 7: Data-intensive components and usage
patterns This chapter provides a systematic review of the
components that are commonly used in knowledge
discovery tasks as well as common patterns of component
composition. That is, it introduces the processing elements
from which knowledge discovery solutions are built and



common composition patterns for delivering trustworthy
information. It reflects on how these components and
patterns are evolving in a data-intensive context.

Chapter 8: Sharing and re-use in knowledge
discovery This chapter introduces more advanced
knowledge discovery problems, and shows how improved
component and pattern descriptions facilitate re-use. This
supports the assembly of libraries of high level components
well-adapted to classes of knowledge discovery methods or
application domains. The descriptions are made more
powerful by introducing notations from the semantic Web.

Part Ill: Data-intensive engineering Part 11l is targeted at
technical experts who will develop complex applications,
new components, or data-intensive platforms. The
techniques introduced may be applied very widely; for
example, to any data-intensive distributed application, such
as index generation, image processing, seqgquence
comparison, text analysis, and sensor-stream monitoring.
The challenges, methods, and implementation requirements
are illustrated by making extensive use of DISPEL.

Chapter 9: Platforms for data-intensive analysis This
chapter gives a reprise of data-intensive architectures,
examines the business case for investing in them, and
introduces the stages of data-intensive workflow enactment.

Chapter 10: Definition of the DISPEL language This
chapter describes the novel aspects of the DISPEL language:
its constructs, capabilities, and anticipated programming
style.

Chapter 11: DISPEL development This chapter describes
the tools and libraries that a DISPEL developer might expect



to use. The tools include those needed during process
definition, those required to organize enactment, and
diagnostic aids for developers of applications and platforms.

Chapter 12: DISPEL enactment This chapter describes
the four stages of DISPEL enactment. It is targeted at the
data-intensive engineers who implement enactment
services.

Part 1V: Data-intensive application experience This
part of the book is about applications that shaped the ideas
behind the data-intensive architecture and methods. It
provides a wealth of examples drawn from experience,
describing in each case the aspects of data-intensive
systems tested by the application, the DISPEL-based
methods developed to meet the challenge, and the
conclusions drawn from the prototype experiments.

Chapter 13: The application foundations of DISPEL
The early development of DISPEL was influenced and
assisted by research challenges from four very different
data-intensive application domains. This chapter reviews
these four domains in terms of their particular needs and
requirements and how, as a suite, they provide an effective
test of all key dimensions of a data-intensive system. It
reviews the data-intensive strategy in terms of these
applications and finds support for the approach.

Chapter 14: Analytical platform for customer
relationship management This chapter demonstrates
that the data-intensive methods and technology work well
for traditional commercial knowledge discovery applications.
Readers are introduced to the application domain through a
scene-setting discussion, which assumes no prior



knowledge, and are then taken through the process of
analyzing customer data to predict behavior or preferences.

Chapter 15: Environmental risk management This
chapter presents applications in the context of
environmental risk management. The scenarios involve
significant data-integration challenges as they take an
increasing number of factors into account when managing
the outflow from a reservoir to limit the effects downstream.

Chapter 16: Analyzing gene expression imaging data
in developmental biology This chapter describes the
application of data-intensive methods to the automatic
identification and annotation of gene expression patterns in
the mouse embryo. It shows how image processing and
machine learning can be combined to annotate images and
identify networks of gene functions.

Chapter 17: Data-intensive seismology: research
horizons Seismology has moved from focusing on events to
analyzing continuous streams of data obtained from
thousands of seismometers. This is fundamental to
understanding the inner structure and processes of the
Earth and this chapter investigates the data-intensive
architecture necessary to enable the analysis of large-scale
distributed seismic waveforms.

Part V: Data-intensive beacons of success This part
introduces a group of challenging, sophisticated data-
intensive applications, which are starting to shape and
promote a new generation of knowledge discovery
technology. The chapters show that science, engineering,
and society are fertile lands for data-intensive research. This
part is targeted at novel application developers who like to
include visionary aspects in their research.



Chapter 18: Data-intensive methods in astronomy
Astronomy has been at the forefront of the digital revolution
as it pioneered faster and more sensitive digital cameras,
and established a new modus operandi for sharing and
integrating data globally. These are yielding floods of data,
and opening up new approaches to exploring the cosmos
and testing the physical models that underpin it. This
chapter describes two examples that exemplify the data-
intensive science now underway.

Chapter 19: Interactive interpretation of
environmental data A crucial step in any science is to
explore the data available; this will often stimulate new
insights and hypotheses. As the volumes of data grow and
diverse formats are encountered, the effort of handling data
inhibits exploration. This chapter shows how these inhibitory
difficulties can be overcome, so that oceanographers and
atmospheric scientists can easily select, vizualise and
explore compositions of their data.

Chapter 20: Data-driven research in the humanities
Researchers in the arts and humanities are using digitization
to see new aspects of the many artifacts and phenomena
they study. Digital resources allow statistical methods and
computational matching to be employed, as well as the full
panoply of text processing and collaborative annotation. In
this chapter, researchers show their plans for a Europe-wide
data infrastructure to facilitate this new research.

Chapter 21: Analysis of engineering and transport
data Analysis of vibration data from aero-engines, turbines,
and locomotives, ‘listening to the engine’, can reveal
incipient problems and trigger appropriate remedial
responses. To do this safely for large numbers of operational



