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An intuitive and accessible text explaining the fundamentals and applications of graph
signal processing. Requiring only an elementary understanding of linear algebra, it
covers both basic and advanced topics, including node domain processing, graph
signal frequency, sampling, and graph signal representations, as well as how to choose
a graph. Understand the basic insights behind key concepts and learn how graphs
can be associated with a range of specific applications across physical, biological,
and social networks, distributed sensor networks, image and video processing, and
machine learning. With numerous exercises and Matlab examples to help the reader
put knowledge into practice, and a solutions manual available online for instructors,
this unique text is essential reading for graduate and senior undergraduate students
taking courses on graph signal processing, signal processing, information processing,
and data analysis, as well as researchers and industry professionals.

Antonio Ortega is a professor of electrical and computer engineering at the University
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Preface

This book grew out of my own research with students and collaborators, and evolved
into a set of notes developed for a special topics course on graph signal processing at
the University of Southern California. I have taught several versions of this material as
a standalone class as well as in combination with advanced topics in signal processing
(wavelets and extensions, dictionary representations and compressed sensing). In the
meantime, much has changed since the first time I offered this class in Fall 2013. Graph
signal processing (GSP) has grown as a field, understanding of specific problems has
improved, and more applications have been considered. Both my experience in teaching
this material and the evolution of the field informed the choices I made in writing this
book.

First, while this is a book about graph signal processing, my goal has been to make
the book accessible to readers who do not have any signal processing background. The
main assumption I make is that readers will have taken an elementary linear algebra
course. Appendix A provides a review of elementary concepts, presented from a signal
representation perspective, and can be used to review this material.

Second, from my experience teaching this material to masters and PhD students, and
from feedback I received from undergraduates who read early drafts of the book, I think
the main challenge for those studying this topic for the first time is to understand the
basic insights that make it possible to use the concepts. Without those insights, even if
the mathematical ideas are understood, it is difficult to apply them. For this reason, I
have spent time trying to develop intuition about the key concepts, lingering on ideas
that are likely to be obvious to active researchers but hoping that they will prove to be
useful to those new to the area. In short, whether or not I have succeeded in these goals,
the word “Introduction” certainly deserves its place on the title.

Finally, by design, this book does not aim to provide a comprehensive and detailed
survey of all recent research. In a rapidly evolving field this is difficult to do: much
has been published but competing methods have not been compared, connections have
not been made, the dust hasn’t quite settled yet. I have chosen to summarize, classify
and make connections where possible, but many details and approaches are left out. For
advanced topics covered in this book (sampling, graph learning, signal representations)
there are recent overview papers that provide a more detailed literature survey. Similarly,
GSP is being used in a growing number of applications, and only a small subset of those
are introduced in this book.
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Xiv Preface

How to use this book There are of course many different ways to use the material in
this book for teaching. I describe some possible scenarios.

e For a semester-long advanced undergraduate class, Chapter 1 can be followed by the
first three sections of Appendix A, and then the rest of the chapters. The remain-
ing sections in Appendix A can be introduced before tackling Chapter 5. Additional
programming assignments can be included to help students with limited Matlab ex-
perience.

e | have used this material as part of a semester-long graduate level class covering
other topics (e.g., filterbanks, various types of wavelets and compressed sensing) and
colleagues at other universities have used it in a similar way. For this type of course,
the material in Appendix A can be used as an introduction to both GSP and to other
advanced signal processing topics.

e Finally, a semester-long GSP class for advanced graduate students can complement
the material in this book with reading from recent literature and advanced research
oriented projects.

Exercises Since Chapters 1-3 and the two appendices cover basic concepts they con-
tain exercises, while for Chapters 4-7, which deal with more advanced topics, students
could be asked to read some of the published literature and work on a class project.

Matlab examples There are sections in Appendix B corresponding to Chapters 1-6,
so this appendix can be used to complement each of those chapters, allowing students
to get a more hands-on experience through Matlab code examples. Alternatively, Ap-
pendix B can be used as a standalone introduction to GraSP.

The GraSP toolbox is freely available at https://www.grasp-toolbox.org/. The
source code for all examples and supplementary materials is available on the book’s web
page (http://www.graph-signal-processing-book.org/).
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Interest in graph signal processing (GSP) has grown out of research on multiple appli-
cations where observed signals can be associated with an underlying graph. The journey
that led me to completing this book started, more than 10 years ago, with the study of
the representation and compression of signals captured by sensor networks. I often get
asked about good applications for GSP, as if the results in this field had emerged out
of purely theoretical research. In fact, much of what is described here, and in particular
most of my own work on this topic, has been motivated by practical applications of GSP.
While applications are important as a motivation, the reader should not be looking here
for detailed solutions to problems that arise in specific applications. Instead, the main
goal of this book is to develop the mathematical tools and insights that can allow us to
think about some of these problems in terms of the processing of signals on graphs.

This book would not have been possible without the help and support of many peo-
ple. First and foremost I would like to thank all of my current and former PhD students
and postdoctoral fellows at the University of Southern California (USC). A brief note
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Notation

Vectors are written in boldface lowercase, X, while matrices are in capital boldface,
A, B. For graph matrices we use calligraphic letters if the matrix is normalized, so for
example we would write £ instead of L. A summary of other specific notation is given

below.

S1NnS,
S1US»

2

Intersection of sets S| and S,
Union of sets S| and S,
Number of elements in set S

QULYVILHNOTEHER R =™

i~
1(A)

Z

As(x) = X"Sx
N(@)

Ni (i)

pmin(Z)

p(Z)

Px(Z)

Identity matrix

Exchange matrix — all ones on the anti-diagonal
Vector with all entries equal to 1

Adjacency matrix

Incidence matrix

Matrix of self-loop weights

Combinatorial graph Laplacian

Symmetric normalized adjacency matrix
Symmetric normalized Laplacian

Row normalized adjacency matrix

Column normalized adjacency matrix
Random walk Laplacian

Sample covariance matrix

Precision matrix

Nodes i and j are connected

Indicator function (1 if A is true, O otherwise)
Generic one-hop fundamental graph operator
Variation operator

Set of nodes connected to node i

Set of nodes in the k-hop neighborhood of node i
Minimal polynomial of Z

Characteristic polynomial of Z

Minimal polynomial of Z for vector x
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