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PREFACE

The first edition of this book has been received very well around the world. Professors at several universities across North America, Europe, Asia, and other regions of
the world are using the book as a textbook. A low-cost paperback edition for selected
regions of the world and a Russian edition have been published. I have received several messages and comments from many students, professors, and researchers via
mail and at conferences with positive feedback about the book. I am grateful to
IEEE and Wiley for publishing and promoting the book and to the many users of the
book for their support and feedback.
I have myself used the book to teach my course ENEL 563 Biomedical Signal
Analysis at the University of Calgary. In addition to positive responses, I have received suggestions from students and professors on revising the book to provide
additional examples and including advanced topics and discussions on recent developments in the book. I also made notes identifying parts of the book that could be
improved for clarity, augmented with details for improved comprehension, and expanded with additional examples for better illustrations of application. I have also
identified a few new developments, novel applications, and advanced techniques for
inclusion in the second edition to make the book more interesting and appealing to a
wider readership.
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New Material in the Second Edition
In view of the success of the first edition, I have not made any major change in the
organization and style of the book. Notwithstanding a tighter format to reduce white
space and control the total number of pages, the second edition of the book remains
similar to the first edition in terms of organization and style of presentation. New
material has been inserted into the same chapters as before, thereby expanding the
book. The new topics have been chosen with care not only to fit with the structure and
organization of the book but also to provide additional support material and advanced
topics that can be assimilated and appreciated in a first course or an advanced study
of the subject area.
Some of the substantial and important additions made to the book deal with the
following topics:
analysis of the variation of parameters of the electromyogram with force;
illustrations of the electroencephalogram with application to sleep analysis and
prediction of epileptic seizures;
details on the theory of linear systems and numerical examples related to convolution;
details on the z-transform and the Fourier transform along with additional examples of Fourier spectra and spectral analysis of biomedical signals;
details on linear filters and their characteristics, such as the impulse response,
transfer function, and pole–zero diagrams;
description and demonstration of nonlinear order-statistic filters;
derivation of the matched filter;
derivations related to the complex cepstrum;
details on random processes and their properties;
wavelets and the wavelet transform with biomedical applications;
fractal analysis with biomedical applications;
time-frequency distributions and analysis of nonstationary signals with biomedical applications;
principal component analysis, independent component analysis, and blind source
separation with biomedical applications;
monitoring of sleep apnea;
analysis of various types of bioacoustic signals that could bear diagnostic information; and
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methods for pattern analysis and classification with illustrations of application
to biomedical signals.
Discussions related to the topics listed above are spread throughout the book with
several new references added to assist the reader in further studies. Many more
problems and projects have been added at the ends of the chapters.
The first edition of the book (2002) has 516 pages (plus xxxv pages of front matter) with nine chapters, 538 numbered equations (with many more equations not
numbered but as parts of procedures), 232 numbered figures (many with multiple
subfigures), and 265 references. The second edition (2015) has 672 pages (plus xliii
pages of front matter) in a more compact layout than the first edition, with nine chapters, 814 numbered equations (and many more equations not numbered but as parts
of procedures), 370 numbered figures (many with multiple subfigures), and 505 references. The discussions on some of the new topics added were kept brief in order
to control the size of the book; regardless, the second edition is approximately 50%
larger than the first edition in several aspects.
Intended Audience
As with the first edition, the second edition is directed at engineering students in
their final (senior) year of undergraduate studies or in the first year of their graduate studies. Electrical Engineering students with a good background in signals and
systems will be well prepared for the material in the book. Students in other engineering disciplines, or in computer science, physics, mathematics, or geosciences,
should also be able to appreciate the material in the book. A course on digital signal
processing or digital filters would form a useful link to the material in the present
book, but a capable student without this background should be able to gain a basic
understanding of the subject matter. The introductory materials on systems, filters,
and transforms added in the second edition should assist the reader without formal
training on the same topics. Practicing engineers, computer scientists, information
technologists, medical physicists, and data-processing specialists working in diverse
areas such as telecommunications, seismic and geophysical applications, biomedical applications, and hospital information systems may find the book useful in their
quest to learn advanced techniques for signal analysis. They could draw inspiration
from other applications of signal processing or analysis, and satisfy their curiosity
regarding computer applications in medicine and computer-aided medical diagnosis.
Teaching and Learning Plan
The book starts with an illustrated introduction to biomedical signals in Chapter 1.
Chapter 2 continues the introduction, with emphasis on the analysis of multiple channels of correlated signals.
Chapter 3 deals exclusively with filtering of signals for removal of artifacts as an
important step before signal analysis. The basic properties of systems and transforms
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as well as signal processing techniques are reviewed and described where required.
The chapter is written as a mix of theory and application so as to facilitate easy
comprehension of the basics of signals, systems, and transforms [1–4]. The emphasis
is on the application of filters to particular problems in biomedical signal analysis.
A large number of illustrations are included to provide a visual impression of the
problem and the effectiveness of the various filtering methods described.
Chapter 4 presents techniques that are particularly useful in the detection of events
in biomedical signals. Analysis of waveshape and waveform complexity of events
and components of signals is the focus of Chapter 5. Techniques for frequencydomain characterization of biomedical signals and systems are presented in Chapter 6. A number of diverse examples are provided in all of the chapters. Attention is
directed to the characteristics of the problems that are encountered when analyzing
and interpreting biomedical signals, rather than to any specific diagnostic application
with particular signals.
The material in the book up to and including Chapter 6 provides more than adequate material for a one-semester (13-week) course at the senior (fourth-year) engineering level. My own teaching experience indicates that this material will require
about 38 hours of lectures. It would be desirable to augment the lectures with about
12 hours of tutorials (problem-solving sessions) and 10 laboratory sessions.
Modeling biomedical signal-generating processes and systems for parametric representation and analysis is the subject of Chapter 7. Chapter 8 deals with the analysis of nonstationary and multicomponent signals. The topics in these chapters are
of higher mathematical complexity than suitable for undergraduate courses. Some
sections may be selected and included in a first course on biomedical signal analysis
if there is particular interest in these topics. Otherwise, the two chapters could be left
for self-study by those in need of the techniques, or included in an advanced course.
Chapter 9 presents the final aspect of biomedical signal analysis, and provides an
introduction to pattern classification and diagnostic decision making. Although this
topic is advanced in nature and could form a graduate-level course on its own, the
material is introduced so as to draw the entire exercise of biomedical signal analysis
to its concluding stage of diagnostic decision. It is recommended that a few sections
from this chapter be included even in a first course on biomedical signal analysis so
as to give the students a flavor of the end result.
The topic of data compression has been deliberately left out of the book. Advanced topics such as time-frequency distributions, wavelet-based analysis, independent component analysis, and fractal analysis have been introduced briefly in the
second edition, but require further detailed study for completeness. Adaptive filters
and nonstationary signal analysis techniques are introduced in the book, but deserve
more attention, depth, and breadth. The references provided should assist the interested reader in obtaining further advanced material.
Each chapter includes a number of study questions and problems to facilitate
preparation for tests and examinations. A number of laboratory exercises are also
provided at the end of each chapter, which could be used to formulate hands-on exercises with real-life signals. Data files related to the problems and exercises at the
end of each chapter are available at the site
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http://people.ucalgary.ca/∼ranga/enel563
MATLABr programs to read the data are also provided in some cases.
It is strongly recommended that the first one or two laboratory sessions in the
course include visits to a local hospital, health sciences center, or clinical laboratory to view and experience procedures related to biomedical signal acquisition and
analysis in a practical (clinical) setting. Signals acquired from fellow students and
professors could form interesting and motivating material for laboratory exercises,
and may be used to supplement the data files provided. A few workshops by physiologists, neuroscientists, and cardiologists should also be included in the course so
as to provide the students with a nonengineering perspective on the subject.
Practical experience with real-life signals is a key element in understanding and
appreciating biomedical signal analysis. This aspect could be difficult and frustrating
at times, but provides professional satisfaction and educational fun!
R ANGARAJ M ANDAYAM R ANGAYYAN
Calgary, Alberta, Canada
February, 2015
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PREFACE: FIRST EDITION

Background and Motivation
The establishment of the clinical electrocardiograph (ECG) by the Dutch physician
Willem Einthoven in 1903 marked the beginning of a new era in medical diagnostic
techniques, including the entry of electronics into health care. Since then, electronics, and subsequently computers, have become integral components of biomedical
signal analysis systems, performing a variety of tasks from data acquisition and preprocessing for removal of artifacts to feature extraction and interpretation. Electronic
instrumentation and computers have been applied to investigate a host of biological
and physiological systems and phenomena, such as the electrical activity of the cardiovascular system, the brain, the neuromuscular system, and the gastric system;
pressure variations in the cardiovascular system; sound and vibration signals from
the cardiovascular, the musculoskeletal, and the respiratory systems; and magnetic
fields of the brain, to name a few.
The primary step in investigations of physiological systems requires the development of appropriate sensors and instrumentation to transduce the phenomenon of
interest into a measurable electrical signal. The next step of analysis of the signals,
however, is not always an easy task for a physician or life-sciences specialist. The
clinically relevant information in the signal is often masked by noise and interference, and the signal features may not be readily comprehensible by the visual or
xxv
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auditory systems of a human observer. Heart sounds, for example, have most of their
energy at or below the threshold of auditory perception of most humans; the interference patterns of a surface electromyographic signal are too complex to permit visual
analysis. Some repetitious or attention-demanding tasks, such as on-line monitoring
of the ECG of a critically ill patient with cardiac rhythm problems, could be uninteresting and tiring for a human observer. Furthermore, the variability present in a given
type of signal from one subject to another, and the interobserver variability inherent
in subjective analysis performed by physicians or analysts make consistent understanding or evaluation of any phenomenon difficult, if not impossible. These factors
created the need not only for improved instrumentation, but also for the development
of methods for objective analysis via signal processing algorithms implemented in
electronic hardware or on computers.
Processing of biomedical signals, until a few years ago, was mainly directed toward filtering for removal of noise and power-line interference; spectral analysis to
understand the frequency characteristics of signals; and modeling for feature representation and parameterization. Recent trends have been toward quantitative or
objective analysis of physiological systems and phenomena via signal analysis. The
field of biomedical signal analysis has advanced to the stage of practical application
of signal processing and pattern analysis techniques for efficient and improved noninvasive diagnosis, on-line monitoring of critically ill patients, and rehabilitation and
sensory aids for the handicapped. Techniques developed by engineers are gaining
wider acceptance by practicing clinicians, and the role of engineering in diagnosis
and treatment is gaining much-deserved respect.
The major strength in the application of computers in biomedical signal analysis
lies in the potential use of signal processing and modeling techniques for quantitative or objective analysis. Analysis of signals by human observers is almost always
accompanied by perceptual limitations, interpersonal variations, errors caused by
fatigue, errors caused by the very low rate of incidence of a certain sign of abnormality, environmental distractions, and so on. The interpretation of a signal by an
expert bears the weight of the experience and expertise of the analyst; however, such
analysis is almost always subjective. Computer analysis of biomedical signals, if
performed with the appropriate logic, has the potential to add objective strength to
the interpretation of the expert. It thus becomes possible to improve the diagnostic confidence or accuracy of even an expert with many years of experience. This
approach to improved health care could be labeled as computer-aided diagnosis.
Developing an algorithm for biomedical signal analysis, however, is not an easy
task; quite often, it might not even be a straightforward process. The engineer or
computer analyst is often bewildered by the variability of features in biomedical
signals and systems, which is far higher than that encountered in physical systems
or observations. Benign diseases often mimic the features of malignant diseases;
malignancies may exhibit a characteristic pattern, which, however, is not always
guaranteed to appear. Handling all of the possibilities and degrees of freedom in a
biomedical system is a major challenge in most applications. Techniques proven to
work well with a certain system or set of signals may not work in another seemingly
similar situation.
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The Problem-solving Approach
The approach I have taken in presenting material in this book is primarily that of
development of algorithms for problem solving. Engineers are often said to be (with
admiration, I believe) problem solvers. However, the development of a problem
statement and gaining of a good understanding of the problem could require a significant amount of preparatory work. I have selected a logical series of problems, from
the many case studies I have encountered in my research work, for presentation in the
book. Each chapter deals with a certain type of a problem with biomedical signals.
Each chapter begins with a statement of the problem, followed immediately with a
few illustrations of the problem with real-life case studies and the associated signals.
Signal processing, modeling, or analysis techniques are then presented, starting with
relatively simple “textbook” methods, followed by more sophisticated research approaches directed at the specific problem. Each chapter concludes with one or more
applications to significant and practical problems. The book is illustrated copiously
with real-life biomedical signals and their derivatives.
The methods presented in the book are at a fairly high level of technical sophistication. A good background in signal and system analysis [1,3,4] as well as probability, random variables, and stochastic processes [5–10] is required in order to follow
the procedures and analysis. Familiarity with systems theory and transforms such as
the Laplace and Fourier, the latter in both continuous and discrete versions, will be
assumed. We will not be getting into details of the transducers and instrumentation
techniques essential for biomedical signal acquisition [11–14]; instead, we will be
studying the problems present in the signals after they have been acquired, concentrating on how to solve the problems. Concurrent or prior study of the physiological
phenomena associated with the signals of specific interest, with a clinical textbook,
is strongly recommended.

Intended Readership
The book is directed at engineering students in their final year of undergraduate
studies or in their graduate studies. Electrical Engineering students with a rich background in signals and systems [1, 3, 4] will be well prepared for the material in the
book. Students in other engineering disciplines, or in computer science, physics,
mathematics, or geophysics should also be able to appreciate the material in the
book. A course on digital signal processing or digital filters [15] would form a useful link, but a capable student without this topic may not face much difficulty.
Practicing engineers, computer scientists, information technologists, medical physicists, and data-processing specialists working in diverse areas such as telecommunications, seismic and geophysical applications, biomedical applications, and hospital information systems may find the book useful in their quest to learn advanced
techniques for signal analysis. They could draw inspiration from other applications
of signal processing or analysis, and satisfy their curiosity regarding computer applications in medicine and computer-aided medical diagnosis.
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Teaching and Learning Plan
The book starts with an illustrated introduction to biomedical signals in Chapter 1.
Chapter 2 continues the introduction, but with emphasis on the analysis of multiple
channels of related signals. This part of the book may be skipped in the teaching plan
for a course if the students have had a previous course on biomedical signals and
instrumentation. In such a case, the chapters should be studied as review material in
order to get oriented toward the examples to follow in the book.
Chapter 3 deals exclusively with filtering for removal of artifacts as an important
precursive step before signal analysis. Basic properties of systems and transforms
as well as signal processing techniques are reviewed and described as and when required. The chapter is written so as to facilitate easy comprehension by those who
have had a basic course on signals, systems, and transforms [1, 3, 4]. The emphasis
is on the application to particular problems in biomedical signal analysis, and not
on the techniques themselves. A large number of illustrations are included to provide a visual impression of the problem and the effectiveness of the various filtering
methods described.
Chapter 4 presents techniques particularly useful in the detection of events in
biomedical signals. Analysis of waveshape and waveform complexity of events and
components of signals is the focus of Chapter 5. Techniques for frequency-domain
characterization of biomedical signals and systems are presented in Chapter 6. A
number of diverse examples are provided in these chapters. Attention is directed to
the characteristics of the problems one faces in analyzing and interpreting biomedical
signals, rather than to any specific diagnostic application with particular signals.
The material in the book up to and including Chapter 6 will provide more than
adequate material for a one-semester (13-week) course at the senior (fourth-year) engineering level. My own teaching experience indicates that this material will require
about 36 hours of lectures, augmented with about 12 hours of tutorials (problemsolving sessions) and 10 laboratory sessions.
Modeling biomedical signal-generating processes and systems for parametric representation and analysis is the subject of Chapter 7. Chapter 8 deals with the analysis
of nonstationary signals. The topics in these chapters are of higher mathematical
complexity than suitable for undergraduate courses. Some sections may be selected
and included in a first course on biomedical signal analysis if there is particular interest in these topics. Otherwise, the two chapters could be left for self-study by those
in need of the techniques, or included in an advanced course.
Chapter 9 presents the final aspect of biomedical signal analysis, and provides an
introduction to pattern classification and diagnostic decision. Although this topic is
advanced in nature and could form a graduate-level course on its own, the material
is introduced so as to draw the entire exercise of biomedical signal analysis to its
concluding stage of diagnostic decision. It is recommended that a few sections from
this chapter be included even in a first course on biomedical signal analysis so as to
give the students a flavor of the end result.
The topic of data compression has deliberately been left out of the book. Advanced topics such as nonlinear dynamics, time-frequency distributions, wavelet-
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based analysis, chaos, and fractals are not covered in the book. Adaptive filters and
nonstationary signal analysis techniques are introduced in the book, but deserve more
attention, depth, and breadth. These topics will form the subjects of a follow-up book
that I intend to write.
Each chapter includes a number of study questions and problems to facilitate
preparation for tests and examinations. A number of laboratory exercises are also
provided at the end of each chapter, which could be used to formulate hands-on exercises with real-life signals. Data files related to the problems and exercises at the
end of each chapter are available at the site (revised for 2015)
http://people.ucalgary.ca/∼ranga/enel563
MATLABr programs to read the data are also provided where required.
It is strongly recommended that the first one or two laboratory sessions in the
course be visits to a local hospital, health sciences center, or clinical laboratory to
view biomedical signal acquisition and analysis in a practical (clinical) setting. Signals acquired from fellow students and professors could form interesting and motivating material for laboratory exercises, and should be used to supplement the data
files provided. A few workshops by physiologists, neuroscientists, and cardiologists
should also be included in the course so as to provide the students with a nonengineering perspective on the subject.
Practical experience with real-life signals is a key element in understanding and
appreciating biomedical signal analysis. This aspect could be difficult and frustrating
at times, but provides professional satisfaction and educational fun!
R ANGARAJ M ANDAYAM R ANGAYYAN
Calgary, Alberta, Canada
September, 2001
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Tampere, Finland; I express my gratitude to them for their comments and advice.
The book has benefited significantly from illustrations and text provided by a
number of researchers worldwide, as identified in the references and permissions
cited. I thank them all for enriching the book with their gifts of knowledge and
kindness. I thank Bert Unterberger for drafting some of the illustrations in the book.
The research projects that have provided me with the background and experience essential in order to write the material in this book have been supported by
many agencies. I thank the Natural Sciences and Engineering Research Council of
Canada, the Alberta Heritage Foundation for Medical Research, the Alberta Breast
Cancer Foundation, the Arthritis Society of Canada, the Nickle Family Foundation
of Calgary, Control Data Corporation, the University of Calgary, the University of
Manitoba, and the Indian Institute of Science for supporting my research projects.
I thank the Killam Foundation for awarding me a Resident Fellowship to facilitate work on this book. I gratefully acknowledge support from the Alberta Provincial
Biomedical Engineering Graduate Programme, funded by a grant from the Whitaker
Foundation, toward student assistantship for preparation of exercises and illustrations for this book and the related course ENEL 563 Biomedical Signal Analysis at
the University of Calgary. I am pleased to place on record my gratitude for the gen-

xxxii

ACKNOWLEDGMENTS: FIRST EDITION

erous support from the Department of Electrical and Computer Engineering and the
Faculty of Engineering at the University of Calgary in terms of supplies, services,
and relief from other duties.
My association with the IEEE Engineering in Medicine and Biology Society
(EMBS) in many positions has benefited me considerably in numerous ways. In
particular, the period as an Associate Editor of the IEEE Transactions on Biomedical
Engineering was very rewarding, as it provided me with a wonderful opportunity to
work with many leading researchers and authors of scientific articles. I thank IEEE
EMBS for lending professional support to my career on many fronts. I am grateful
to the IEEE Press, in particular, Metin Akay, Series Editor, IEEE Press Series in
Biomedical Engineering, for inviting me to write this book.
Writing this book has been a monumental task, often draining me of all of my
energy. The infinite source of inspiration and recharging of my energy has been
my family — my wife Mayura, my daughter Vidya, and my son Adarsh. While
supporting me with their love and affection, they have had to bear the loss of my
time and effort at home. I express my sincere gratitude to my family for their love
and support, and record their contribution toward the preparation of this book.
It is my humble hope that this book will assist those who seek to enrich their lives
and those of others with the wonderful powers of biomedical signal analysis. Electrical and Computer Engineering is indeed a great field in the service of humanity!
R ANGARAJ M ANDAYAM R ANGAYYAN
Calgary, Alberta, Canada
September, 2001

ABOUT THE AUTHOR

Photo by Faraz Oloumi.
Rangaraj (Raj) Mandayam Rangayyan was born in Mysore, Karnataka, India,
on 21 July 1955. He received the Bachelor of Engineering degree in Electronics
and Communication in 1976 from the University of Mysore at the People’s Education Society College of Engineering, Mandya, Karnataka, India, and the Ph.D.
xxxiii

xxxiv

ABOUT THE AUTHOR

degree in Electrical Engineering from the Indian Institute of Science, Bangalore,
Karnataka, India, in 1980. He was with the University of Manitoba, Winnipeg, Manitoba, Canada, from 1981 to 1984.
He is, at present, a Professor with the Department of Electrical and Computer
Engineering as well as an Adjunct Professor of Surgery and Radiology at the University of Calgary, Calgary, Alberta, Canada. His research interests are in the areas
of digital signal and image processing, biomedical signal analysis, medical imaging
and image analysis, and computer vision. His research projects have been focused
on mammographic image enhancement and analysis for computer-aided diagnosis
of breast cancer; region-based image processing; knee-joint vibration signal analysis
for noninvasive diagnosis of articular cartilage pathology; and analysis of textured
images by cepstral filtering and sonification. He has published more than 150 papers
in journals and 250 papers in proceedings of conferences. He has lectured extensively in many countries, including India, Canada, United States, Brazil, Argentina,
Uruguay, Chile, United Kingdom, The Netherlands, France, Spain, Italy, Finland,
Russia, Romania, Croatia, Egypt, Malaysia, Thailand, China, and Japan. He has collaborated with many research groups in India, Brazil, Italy, Spain, France, Romania,
and China.
He was an Associate Editor of the IEEE Transactions on Biomedical Engineering from 1989 to 1996; the Program Chair and Editor of the Proceedings of the IEEE
Western Canada Exhibition and Conference on “Telecommunication for Health Care:
Telemetry, Teleradiology, and Telemedicine,” July 1990, Calgary, Alberta, Canada;
the Canadian Regional Representative to the Administrative Committee of the IEEE
Engineering in Medicine and Biology Society (EMBS), 1990–1993; a Member of
the Scientific Program Committee and Editorial Board, International Symposium on
Computerized Tomography, Novosibirsk, Siberia, Russia, August 1993; the Program
Chair and Coeditor of the Proceedings of the 15th Annual International Conference
of the IEEE EMBS, October 1993, San Diego, CA; and Program Cochair, 20th Annual International Conference of the IEEE EMBS, Hong Kong, October 1998.
He has been awarded the Killam Resident Fellowship thrice in support of his
book-writing projects. He has been recognized with the 1997 and 2001 Research
Excellence Awards of the Department of Electrical and Computer Engineering, the
1997 Research Award of the Faculty of Engineering, and by appointment as “University Professor” (2003–2013), at the University of Calgary. He is the author of two
textbooks: Biomedical Signal Analysis (IEEE/ Wiley, 2002/2015) and Biomedical
Image Analysis (CRC, 2005). He has coauthored and coedited several other books,
including Color Image Processing with Biomedical Applications (SPIE, 2011). He
has been elected as Fellow, IEEE (2001); Fellow, Engineering Institute of Canada
(2002); Fellow, American Institute for Medical and Biological Engineering (2003);
Fellow, SPIE (2003); Fellow, Society for Imaging Informatics in Medicine (2007);
Fellow, Canadian Medical and Biological Engineering Society (2007); and Fellow,
Canadian Academy of Engineering (2009). He has been recognized with the IEEE
Third Millennium Medal (2000), the Distinguished Alumni award of the PES College of Engineering (2012), and the Outstanding Engineer Medal by IEEE Canada
(2013).

