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Preface

A escrita é a forma mais duradoura de conservar nossos
pensamentos. Através dela, nos é permitido transmitir, de
geragio em geragdo, a esséncia de nossas reflexies sobre a
vida, @ humanidade ¢, sobretudo, o amor:

Solange Visgueiro

This book originated when we noticed, several years ago, that the im-
portance of image processing in the area of visualization and computer
graphics was not reflected in either the existing curricula or the current
textbooks.

On the one hand, traditional image processing books do not cover
important topics for computer graphics such as warping, morphing, digi-
tal compositing, color quantization, and dithering. Often even basic facts
about signals are not adequately discussed in the context of graphics ap-
plications. This kind of knowledge is now more important than ever for
computer graphics students, given the interactions between audio, im-
ages, and models in most applications.

Computer graphics books, on the other hand, emphasize primarily
modeling, rendering, and animation, and usually do not contain a proper
exposition of signal processing techniques.

We have adopted a conceptual approach, with emphasis on the math-
ematical concepts and their applications. We introduce an abstraction
paradigm that relates mathematical models with image processing tech-
niques and implementation methods. This paradigm is used throughout
the book, and helps the reader understand the mathematical theory and
its practical use. At the same time, we keep the presentation as elemen-
tary as possible by sacrificing mathematical rigor, when necessary, for an
intuitive description.
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1.1
Computer
Graphics

Introductioh

Images are the final product of most processes in computer graphics.
This book is devoted to the study of images and of image manipulation
systems by computer. It also covers important mathematical concepts in
the analysis and understanding of images.

The International Standards Organization (ISO) defines computer graph-
ics as the sum total of “methods and techniques for converting data for a
graphics device by computer.” This definition would probably not help a
reader totally unfamiliar with the field to understand what it’s all about. [n
fact, the best way to understand a field is to grasp what its main problems
are. From this point of view, the ISO definition can be said, with goodwill,
to define the main problem of computer graphics: converting data into
images.

The process of converting data into images is known as visualization. It
is schematically illustrated in Figure 1.1.

In order to understand computer graphics, then, we must study the
methods for creating and structuring data in the computer as well as
methods for turning these data into images. These two steps correspond

Figure 1.1.
Computer graphics:
converting data into
images.

i
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2 CHAPTER | INTRODUCTION

to the two main areas of research in computer graphics: modeling and
visualization.

In this book we will not study modeling or data visualization. Instead,
we will focus on a more fundamental and very important problem: under-
standing the notion of an image and also the techniques of image manip-
ulation by computer—in other words, image processing. At the same time,
this is not a typical image processing book, because it covers primarily the
aspects of image processing used most often in computer graphics.

Since its inception, computer graphics has sought methods to atlow
the visualization of information stored in computer memory. Since there
are practically no limitations on the nature or origins of such data, re-
searchers and professionals use computer graphics today in the most di-
verse fields of human knowledge. Its use is important whenever it is ne¢-
essary to have a visual representation of objects, actions, relations, or con-
cepts. The importance of this visual representation is reflected in the huge
number of computer graphics applications, ranging from scientific visual-
ization to special effects in the entertainment industry.

Partly because computer graphics has so many applications, there are
no sharp boundaries between it and related fields. However, we can take
as a working criterion in differentiating among these fields the nature of
the input and output of the process in question, as shown in Figure 1.2.

In data processing, the system takes in data and, after processing, re-
turns data of more or less the same nature. For example, a bank account
management system processes input transactions and yields output data
such as a daily balance, interest earned, and so on.

In computer graphics, the input data are (typically) nonvisual, and the
output is an image that can be seen through some graphics output device.

Figure .2
Computer graphics  PROCESSING
and kindred \
disciplines. ™~
T

COMPUTER )
vmoD ("%Sﬂfg >

e

PROCESSING
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1.2
Abstraction
Paradigms

For instance, the account management system of the preceding paragraph
might plot a graph of the daily balance over a period.

In digital image processing, the input is already an image, which gets
processed to yield another image, the output. The latter can again be
seen through a graphics output device. An example would be the process-
ing of data sent by an orbiting satellite, with the purpose of coloring or
enhancing the image.

The goal of computer vision is to, given an input image, obtain informa-
tion about the physical, geometric, or topological properties of the objects
that appear in it. This is used, for example, in robotics, to e,ndev machines
with a sense of sight.

In most apphcauqns, two or more of these areas act in concert. Thus,
the data output by an image processing or computer vision system might
be further subjected to computer graphics techniques, to give the user
better qualitative information. For instance, height information can be
extracted from satellite images and processed to yield a relief map, which
can further be combined with enhanced and colorized image data to yield
a realistic three-dimensional model of the area. It is exactly the joint use
of techniques in these various areas that holds the greatest potential for
applications.

Sometimes these cross-disciplinary links are so vigorous that they can
spawn new disciplines. The joint use of geometric modeling and com-
puter vision is the basis of the discipline known as visual modeling, which
allows the creation of models starting from the images of a scene. Medi-
cal imaging, likewise, uses (almost tmnsparently Wm image
processing, computer graphics, and computer vision.

Another way to summarize these distinctions is by saying that com-

uter vision is interested in analyzing images, while Wcs is
interested in synthesizing them. These two areas, plus image processing, are
the triple foundation of all computational processes involving images. In
computer graphics, the image is the end product; image processing plays
a role in the early phase of image generation and in a later phase called
postprocessing. In computer vision, the image is the input data, and in
general the early, preprocessing phase involves image processing. Figure
1.3 iliustrates this idea.

In all these areas, of course, the study of images as abstractions is
of paramount importance. We therefore turn to the general ideas that
underlie this study.

In any area of applied mathematics, one needs to model the objects under
study mathematically. To set things on the right conceptual footing, one
ust create a hierarchy of abstractions, and at each level of abstraction
one must apply the most appropriate models.
In applied areas that involve computational methods, and in partic-
ular in computer graphics, one abstraction paradigm that is generally
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Figure 1.3. Image
synthesis, processing
and analysis.
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applicable consists in establishing four universes (sets), shown schemat-
ically in Figure 1.4: the physical universe P, the mathematical universe
M, the representation universe R, and the implementation universe I.
The physical universe contains the real-world objects we intend to study; the
mathematical universe contains an abstract description of the objects from
the physical world; %%ﬂwmwc@&
resentations associated wi e objects from the mathematical universe;
and, finally, in the implementation universe, we map the entities from the
representation universe to concrete data structures, in order to actually
represent the objects on the computer. The implementation universe is
designed to separate the discretization step (representation) from the
particularities of the programming language used in the implementation.
We call this conceptual layering the Jour-universe paradigm. I short, in
order to study a given phenomenon or object on the computer, we_must

Figure 1.4. Conceptual levels of abstraction.
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1.3
About This
Book

Chapter 2: Signal
Theory

Chapter 3:
Fundamentals
of Color

%Wmm@m%
tion of the model that can be implemented in the computer,

ased on this paradigm, here are the main types of problems that we
can expect to encounter in an area of study:

= defining the elements of the universe M;

» relating the universes P, M, R, and I with one another;

= defining representation relations from M to R;

» studying the properties of the possible representations from M to R;
= converting among the different representations;

» devising good data structures for implementation.

Clearly, once the elements of M are defined, other specific problems
can be posed; for instance, one may create additional abstraction sub-
levels, in a process similar to top-down structured programming. Creating
abstraction levels allows one better to encapsulate, pose, and solve the
problems at each level, much as object-oriented programming does. We
will use the paradigm above many times in this book; in each case we will
discuss how it applies to a particular area and how the problems itemized
above translate to that area.

We now turn to the contents of each chapter of this book. Our goal
throughout has been to present the subject from a theoretically consistent
point of view, and we have adopted innovative formulations whenever
we felt that this was necessary for clarity of exposition. We have likewise
included a great many examples and illustrations, as an aid to understand-
ing.

To the extent possible, we have avoided the discussion of implementa-
tion details. There is no “pseudocode” in this book. Throughout the work,
the emphasis is on describing and analyzing underlying concepts rather
than on presenting algorithms or discussing optimization questions. A
good conceptual understanding is exceedingly important as a basis for
further studies, and it is also a prerequisite for understanding existing
algorithms and creating new ones.

The chapters of the book are as follows.

Discusses signal theory and so introduces the reader to the various ideas
and results of digital signal processing. It also prepares the reader for the
study of color and images, two particular cases of signals used in computer
graphics, and which are studied in detail in subsequent chapters.

Introduces color theory from the point of view of signal processing. Dis-
cusses the various mathematical models of color and develops the notion
of color space representation, or discretization of the visible spectrum, as
a means of allowing the representation of color on the computer.
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Chapter 4: Color
Systems

Chapter 5: Digital
Images

Chapter 6:
Operations
on Images

Chapter 7: Sampling
and Reconstruction

Chapter 8:
Dithering
and Halftoning

Chapter 9: Image
Compositing

Chapter 10:
Warping
and Morphing

Chapter 1 1:
Imaging Systems

CHAFTER | INTRODUCTION

Discusses the different color systems used for the specification and com-
putation of color, emphasizing the RGB and XYZ standards from the In-
ternational Commission for Illumination (CIE). Also covers video compo-
nent systems, which have acquired great importance in video and com-
puter graphics applications.

Introduces the main object of study of this book: the mathematical model
for an image, and its digital representation. The problem of image dis-
cretization is extensively discussed, with emphasis on color quantization.
The chapter also includes a brief discussion on image compression tech-
niques.

Covers the important topic of operations on an image’s domain and color
space. Emphasizes image filtering, a topic of great importance in com-
puter graphics. Discusses a variety of linear filters, both in the spatial
and the frequency domain, and gives applications to reconstruction, com-
pression and multiscale representation of images. There is some overlap
between this chapter and Chapter 2, for the benefit of readers who have
already studied signal processing and who may want to read this chapter
independently. :

This chapter uses the theory and concepts developed in the previous
chapters to discuss in more detail the important problem of image sam-
pling and reconstruction.

Dithering is often treated together with quantization, in a very superficial
way. We treat it separately, to stress the fact that dithering is a type of
nonlinear filtering. The decision to devote a whole chapter to the subject
was based on the importance of dithering in electronic publishing. The
chapter contains a detailed study of dithering algorithms, including some
stochastic screening techniques.

Studies several operations that allow one to combine into one image ele-
ments from several. This is a very importantYopic in applications of image
processing to computer graphics, especially in the creation of special ef-
fects for video and movies.

Discusses in detail, from a conceptual point of view, image warping and
morphing. These techniques are used to obtain smooth transitions be-
tween two images and involve a correspondence of geometric elements
simultaneously with color interpolation.

Discusses a number of problems related to image analysis and processing
systems. As an example, it treats in some detail the case of an electronic
publishing system with the ability to produce color separations for offset
printing.
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Chapter 12:
Appendix on
Radiometry
and Photometry

1.4
Comments
and References

Covers in detail necessary background material on these classical areas of
physics, which, while useful for understanding parts of Chapter 3, would
break the conceptual flow of ideas if included in the main text.

Naturally, the study of images takes up most of the book. However, the
contents are not identical with those of a traditional course in image pro-
cessing: as already remarked, our interest is to exploit the aspects of image
processing that have importance in computer graphics. For this reason we
stress more color quantization than, say, the different methods of image
encoding and compression. This also has fed us to devote whole chapters
to operations on images, dithering, warping and morphing, and image
composition, topics of great importance in computer graphics applica-
tions, which are not covered in most books devoted to image processing.

Until recently, many computer graphics books included a historical syn-
opsis of the field’s evolution. This started in early days, when the field
was new and relatively little-known, as a way to acquaint the public with
the potential of computer graphics; later the tradition was maintained, in
large measure because the explosive growth in the body of knowledge and
applications demanded constant updating of the literature.

Today, although still a young discipline in comparison with other areas
of science, computer graphics has developed to the point where the histor-
ical dimension plays a different role. A history of computer graphics must
cover not only applications but also the evolution of mathematical and
physical models, the algorithms, and even the hardware. Such a history,
or even a bare chronology, would be far too long to be adequately dealt
with in a single chapter. What is needed is 2 book entirely devoted to the
history of computer graphics.

Nonetheless, here are some highlights of the literature, from a histor-
ical point of view.

The seminal work of lvan Sutherland, in his Ph.D. thesis (Sutherland
1963), mArked a watershed between early, rudimentary uses of the com-
puter for graphics and the modern notion of interactive computer graph-
ics. Sutherland’s “Sketchpad” allowed the user to interactively manipulate
plane geometric figures.

The first texts that refer to computer graphics as such were connected
with computer-aided design (CAD) in high-technology industries, espe-
cially the automobile, aircraft and shipbuilding industries. See, for exam-
ple, (Parslow 1969) and (Prince 1971).

Many introductory articles about computer graphics have appeared in
popular scientific magazines. Among the oldest, and yet most interesting
for its historical perspective, is the article (Sutherland 1970) in Scientific
American. We mention also (Crow 1978), (Whitted 1982), and (van Dam
1984).
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