The

IMAGE
PROCESSING

Handbook
Sixth Edition

.u- Y .

"
& m, 45 K

John C. Russ

cRC CRC Pre
Taylor & Francis C.roup



IMAGE
PROCESSING

Handbook
_ Sixth Edition ——

leth(ta"RUSS
\ i '

olmaétﬁte L mver51ty
s Sc1 oce and Fonechi ring Department

Raleigh, North Carolina

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2011 by Taylor and Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed and bound in India by Replika Press Pvt. Ltd.
10987654321

International Standard Book Number: 978-1-4398-4045-0 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Russ, John C.
The image processing handbook / John C. Russ. -- 6th ed.
p. cm.
Includes bibliographical references and index.
ISBN 978-1-4398-4045-0 (hardback)
1. Food--Analysis. 2. Microscopy. 3. Image analysis. I. Title.

TX543.R88 2010
664'.07--dc22 2010043044

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



IMAGE
PROCESSING

Handbook
Sixth Edition




Acknowledgments

All of the image processing and the creation of the resulting figures included in this
book were performed on an Apple Macintosh® and/or a Sony VAIO® computer, using
Adobe Photoshop® CS4 with the Fovea Pro plug-ins. Many of the images were acquired
directly from various microscopes and other sources that provided digital output directly
to the computer. Others were captured using a variety of digital cameras (Sony, Nikon,
Canon, and others), and some were obtained using flat-bed and slide scanners (Nikon and
Epson), often from images supplied by colleagues and researchers. These are acknowl-
edged wherever the origin of an image could be determined. A few examples, taken
from the literature, are individually referenced.

The book was delivered to the publisher in digital form (on a writable DVD), without
intermediate hard copy, negatives or prints of the images, etc. Among other things,
this means that the author must bear full responsibility for typographical errors or
problems with the figures. Every effort has been made to show enlarged image frag-
ments that will reveal pixel-level detail when it is important. The process has also
forced me to learn more than I ever hoped to know about some aspects of publish-
ing technology! However, going directly from disk file to print also shortens the time
needed in production and helps to keep costs down, while preserving the full quality
of the images. Grateful acknowledgment is made of the efforts by the excellent edi-
tors at CRC Press to educate me and to accommodate the unusually large number of
illustrations in this book (more than 2000 figures and more than a quarter of a mil-
lion words).

Special thanks are due to Chris Russ (Reindeer Graphics Inc., Asheville, NC) who has
helped to program many of these algorithms and contributed invaluable comments, and
especially to Helen Adams, who has proofread many pages, endured many discussions
about ways to present information effectively, and provided the support (and the occa-
sional glass of wine) that make writing projects such as this possible.

John C. Russ
Raleigh, NC

Xi



Introduction

Image processing is used in a wide variety of applications, for two somewhat differ-
ent purposes:

1. improving the visual appearance of images to a human observer, including their
printing and transmission, and

2. preparing images for the measurement of the features and structures which they
reveal.

The techniques that are appropriate for each of these tasks are not always the same, but
there is considerable overlap. This book covers methods that are used for both tasks.

To do the best possible job, it is important to know about the uses to which the pro-
cessed images will be put. For visual enhancement, this means having some familiarity
with the human visual process and an appreciation of what cues the viewer responds
to in images. A chapter on human vision addresses those issues. It also is useful to
know about the printing or display process, since many images are processed in the
context of reproduction or transmission. Printing technology for images has advanced
significantly with the consumer impact of digital cameras, and up-to-date information
is provided.

The measurement of images is often a principal method for acquiring scientific data and
generally requires that features or structure be well defined, either by edges or unique
brightness, color, texture, or some combination of these factors. The types of measure-
ments that can be performed on entire scenes or on individual features are important in
determining the appropriate processing steps. Several chapters deal with measurement
in detail. Measurements of size, position, and brightness deal with topics that humans
largely understand, although human vision is not quantitative and is easily fooled. Shape
is a more difficult concept, and a separate chapter added in this edition summarizes a
variety of ways that shape may be described by numbers. Measurement data may be
used for classification or recognition of objects. There are several different strategies that
can be applied, and examples are shown.

It may help to recall that image processing, like food processing or word processing,
does not reduce the amount of data present but simply rearranges it. Some arrangements
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may be more appealing to the senses, and some may convey more meaning, but these
two criteria may not be identical nor call for identical methods.

This handbook presents an extensive collection of image processing tools, so that the
user of computer-based systems can both understand those methods provided in pack-
aged software and program those additions which may be needed for particular applica-
tions. Comparisons are presented for different algorithms that may be used for similar
purposes, using a selection of representative pictures from various microscopy tech-
niques, as well as macroscopic, remote sensing, and astronomical images. It is very
important to emphasize that the scale of the image matters very little to the techniques
used to process or analyze it. Microscopes that have a resolution of nm and telescopes
that produce images covering light years produce images that require many of the same
algorithms.

The emphasis throughout the book continues to be on explaining and illustrating meth-
ods so that they can be clearly understood, rather than providing dense mathematics.
With the advances in computer speed and power, tricks and approximations in search
of efficiency are less important, so that examples based on exact implementation of
methods with full precision can generally be implemented on desktop systems. The top-
ics covered are generally presented in the same order in which the methods would be
applied in a typical workflow.

For many years, in teaching this material to students I have described achieving mastery of
these techniques as being much like becoming a skilled journeyman carpenter. The num-
ber of distinct woodworking tools — saws, planes, drills, etc. — is relatively small, and
although there are some variations — slotted vs. Phillips-head screwdrivers, for example
— knowing how to use each type of tool is closely linked to understanding what it does.
With a set of these tools, the skilled carpenter can produce a house, a boat, or a piece of
furniture. So it is with image processing tools, which are conveniently grouped into only
a few classes, such as histogram modification, neighborhood operations, Fourier-space
processing, and so on, and can be used to accomplish a broad range of purposes. Visiting
your local hardware store and purchasing the appropriate tools do not provide the skills
to use them. Understanding their use requires practice, which develops the ability to visu-
alize beforehand what each will do. The same is true of the tools for image processing.

In revising the book for this new edition, I have again tried to respond to some of the
comments and requests of readers and reviewers. New chapters on the measurement
of images and the subsequent interpretation of the data were added in the second edi-
tion, and a section on surface images in the third. The fourth edition added the stereo-
logical interpretation of measurements on sections through three-dimensional structures
and the various logical approaches to feature classification. The fifth edition brought
expanded sections on deconvolution, extended dynamic range images, and multichannel
imaging, including principal components analysis. In this sixth edition, a new chapter on
the meaning of shape has been added, as well as additional material on imaging in more
than two dimensions. The sections on the ever-advancing hardware for image capture
and printing have been expanded and information added on the newest hardware and
software technologies.

As in past editions, I have resisted suggestions to put “more of the math” into the book.
There are excellent texts on image processing, compression, mathematical morphol-
ogy, etc., that provide as much rigor and as many derivations as may be needed. Many
of them are referenced here. But the thrust of this book remains teaching by example.
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Few people learn the principles of image processing from the equations. Just as we use
images to communicate ideas and to “do science,” so most of us use images to learn
about many things, including imaging itself. The hope is that by seeing and comparing
what various operations do to representative images, you will discover how and why to
use them. Then, if you need to look up the mathematical foundations, they will be easier
to understand.

A very real concern for everyone involved in imaging, particularly in scientific and foren-
sic fields, is the question of what constitutes proper and appropriate processing and what
constitutes unethical or even fraudulent manipulation. The short answer is that anything
that alters an image so as to create a false impression on the part of the viewer is wrong.
The problem with that answer is that it does not take into account the fact that different
viewers will tend to see different things in the image anyway, and that what constitutes
a false impression for one person may not for another.

The first rule is always to store a permanent copy of the original image along with rel-
evant data on its acquisition. The second rule is to carefully document whatever steps
are taken to process the image and generally to report those steps when the processed
image is published. Most scientific publications and the editors who review submitted
papers have become more aware in recent years of the ease with which image process-
ing can be performed and the dangers of inadequate documentation. For example, see
M. Rossner and K. M. Yamada (2004; /. Cell Biology) for that journal’s policy on image
ethics and examples of improper manipulation.

For forensic purposes, there is an additional responsibility to fully record the entire step-
by-step procedures that are used and to make sure that those methods are acceptable
in court according to the U.S. Supreme Court’s Daubert ruling (Daubert v. Merrell Dow
Pharmaceuticals (92-102), 509 U.S. 579, 1993), which generally means that not only are
the methods widely accepted by professionals, but also that they have been rigorously
tested and have known performance outcomes. In a forensic setting, there will often
be a need to explain a procedure, step by step, to a non-technical jury. This frequently
requires showing that the details obtained from the image are really present in the origi-
nal but only became visually evident with the processing.

Some procedures, such as rearranging features or combining them within a single image,
or differently adjusting the contrast of several images to make them appear more alike,
are clearly misleading and generally wrong. Some, such as using copy-and-paste to dupli-
cate a portion of an image, or selectively erasing portions of an image, are out-and-out
fraudulent. Even selective cropping of an image (or choosing which field of view to
record) can create a false impression.

The general guideline to be considered is that it is never acceptable to add anything to
an image, but it may be acceptable to suppress or remove some information if it makes
the remaining details more accessible, either visually for presentation and communication
or to facilitate measurement. Of course, the procedures used must be documented and
reported. Any of the procedures shown here may be appropriate in a particular instance.
But they can also be misused and should in any case never be used without understand-
ing and careful documentation. The heart of the scientific method is replicability. If
adequate information is provided on the processing steps applied and the original image
data are preserved, then the validity of the results can be independently verified.

An important but often overlooked concern is the need to avoid using programs that
alter the image without the user being aware of it. For example, carefully correcting the
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colors in an image using Photoshop® and then placing it in PowerPoint® for presentation
will cause changes even on the same computer screen (as well as discarding pixels and
reducing resolution if copy-and-paste is used for the transfer). In addition, the image
may appear different on another computer monitor or when using a projector. Pasting an
image into Microsoft® Word will reduce the resolution and color or gray scale dynamic
range. This may not affect the printed document, which has less gamut than the com-
puter screen anyway, but the image cannot be subsequently retrieved from the document
in its original form. Saving an image with a lossy compression method such as jpeg will
discard potentially important information that cannot be recovered.

The reader is encouraged to use this book in concert with a real source of images and
a computer-based system and to freely experiment with different methods to deter-
mine which are most appropriate for his or her particular needs. Selection of image
processing tools to explore images when you don’t know the contents beforehand is
a much more difficult task than using tools to make it easier for another viewer or a
measurement program to see the same things you have discovered. It places greater
demand on computing speed and the interactive nature of the interface. But it particu-
larly requires that you become a very analytical observer of images. If you can learn
to see what the computer sees and predict what various algorithms will do, you will
become a better viewer and obtain the best possible images, suitable for further pro-
cessing and analysis.

To facilitate this hands-on learning, 1 have collaborated with my son, Chris Russ, to
write a companion book, Introduction to Image Processing and Analysis, which teaches
how to program these algorithms and create Adobe Photoshop compatible plug-ins that
implement the methods. The downloadable solutions to the book’s worked problems
can be used to apply the routines on either Macintosh or Windows computers. There are
additional links to downloadable plug-ins and trial program packages on my Web site at
http://www.DrJohnRuss.com.
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In his fifty-year career as scientist and
educator, John Russ has used image
processing and analysis as a principal
tool for understanding and character-
izing the structure and function of
materials. Images from a wide vari-
ety of devices — including light and
electron microscopes, x-ray and neu-
tron tomography, and more — require
computer processing and measure-
ment to extract the important data.
Much of Russ’ research work has been
concerned with the microstructure
and surface topography of metals and
ceramics. He has received funding for
his research and teaching from gov-
ernment agencies and from industry.
Although retired, Dr. Russ is currently
assisting in the establishment of a new
laboratory and program at North Carolina State University, which will be the first in the
nation to offer advanced degrees in Forensic Science and Engineering.

Familiarity with the algorithms and instruments led to Dr. Russ’ expertise being extended
to a much broader range of images — from astronomy to biomedical research to food
science to forensics. In addition to students in NCSU’s College of Engineering, Russ has
been on graduate student commitees and collaborated with faculty in textiles, pulp
and paper products, veterinary medicine, microbiology, food science, and archaeology,
among others. Teaching the principles and methods involved to several thousand stu-
dents and consulting for many industrial clients have further broadened Dr. Russ’ experi-
ence and the scope of applications for image processing and analysis.

After retirement, Dr. Russ was Research Director for Rank Taylor Hobson, a manu-
facturer of precision instrumentation. He continues to write, to consult for a variety
of companies (and to provide expert testimony in criminal and civil cases), to teach
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workshops worldwide on image processing and analysis, and to review publications and
funding proposals. He is active in the Microscopy Society of America, the Microbeam
Analysis Society, the Society of Photo-Optical Instrumentation Engineering (SPIE), the
International Society for Stereology, is a board member of the Society for Quantitative
Morphology, and a Fellow of the Royal Microscopical Society, and has presented invited
lectures and workshops for these and other organizations. On November 16, 2006, the
New York Microscopical Society awarded John Russ the Ernst Abbe Memorial Award for
his contributions to the field of microscopy as a developer of computer-assisted micros-
copy and image analysis.
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