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About the cover image:

The cover image shows the interior of Le Corbusier’s Chapel at Ronchamp,
France. The illumination was computed using radiosity, with the sunbeams added
by stochastic ray tracing during rendering [109, 110]. The model was created by
Paul Boudreau, Keith Howie, and Eric Haines at 3D/EYE, Inc. with Hewlett-
Packard’'s ARTCore Radiosity and Ray Tracing library.

The image is a frame from the animatibime Key is Lighpresented at the
Siggraph '91 Electronic Theater. The video was produced by Hewlett-Packard
Company TV, with extensive help from Becky Naqvi, John Fujii, and Ron Firooz
at Hewlett-Packard Company.

The back coverimage is a radiosity rendering from a scene of Luther’s Tavern
in the Operdlales of HoffmanThe opera lighting design software used for this
image is part of a PhD dissertation by Julie O’Brien Dorsey at Cornell University’s
Program of Computer Graphics [73].
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Plate 1.“Six Renderings of Red-Blue Box” (see Chapter 1). (a) Local, (b) Ray
Trace, (c) Radiosity, (d) Radiosity + Glossy, (e) Radiosity + Fog, (f) Monte Carlo.
Courtesy of Michael Cohen, Holly Rushmeier, and Ben Trumbore, Program of
Computer Graphics, Cornell University.
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Plate 2.A sculpture by
John Ferren entitled
“Construction in Wood, A
Daylight Experiment.”
Front faces of the panels
are white. The color is
caused by daylight
reflected from rear-facing
colored surfaces.
Courtesy of Cindy Goral,
Program of Computer
Graphics, Cornell
University.

Plate 3.A ray traced
image of the above
sculpture. All the panels
appear white since a
standard ray tracer cannot
simulate the
interreflection of light
between diffuse surfaces.
Courtesy of Cindy Goral,
Program of Computer
Graphics, Cornell
University.

Plate 4.A radiosity image
of the above sculpture.
Note the color bleeding
from the backs of the
boards to the fronts.
Courtesy of Cindy Goral,
Program of Computer
Graphics, Cornell
University.
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Plate 6.0bserver viewing images
projected onto frosted glass in
portrait camerasCourtesy of Gary
Meyer, Program of Computer
Graphics, Cornell University.

Plate 5. Experimental setup to test Plate 7.Upside down views as seen
accuracy of radiosity method and by observerCourtesy of Gary Meyer,
choice of color space€ourtesy of  Program of Computer Graphics,
Gary Meyer, Program of Computer Cornell University.

Graphics, Cornell University.

Plate 8. Photograph of real scene Plate 9. Photograph of CRT screen
taken with portrait camera. (Color  containing radiosity imag€ourtesy of
adjusted for film and monitor Gary Meyer, Program of Computer
gamuts in Plates 8 and Tpurtesy  Graphics, Cornell University.

of Gary Meyer, Program of Com-

puter Graphics, Cornell University.
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Plate 10.“Magritte
Studio.” Radiosity with
texture mapping of both
reflecting surfaces and
light sourcesCourtesy
of Michael Cohen,
Program of Computer
Graphics, Cornell
University.

Plate 11.“Computer
Room.” Shading using
direct illumination only.
Courtesy of Tamoyuki
Nishita, Fukuyama
University.

Plate 12.“Auditorium.”
An element mesh in
which “T” vertices have
been eliminated by
triangulation to create
conforming elements.
Courtesy of Daniel
Baum, Silicon Graphics
Corporation.
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Plate 13.“Magritte
Studio, Lights Off.”
Image created using the
same form factors as
plate 10. Turning off
light requires only
resolving the matrix
equation with new
emission values.
Courtesy of Michael
Cohen, Program of
Computer Graphics,
Cornell University.

Plate 14.“ Computer
Room.” The same
environment as in Plate
11, with radiosity used
to compute both direct
and indirect illumina-
tion. Note the addi-
tional illumination on
the ceiling.Courtesy of
Tamoyuki Nishita,

Plate 15.The same
image as in Plate 12
with out displaying the
mesh.Courtesy of
Daniel Baum, Silicon
Graphics Corporation.



Plate 16.“Steel Mill.” A complex environment shaded using progressive refine-
ment radiosity.Courtesy of John Wallace and Stuart Feldman, Program of
Computer Graphics, Cornell University.

Plate 17.“Constuctivist Museum.” The complex interreflection from the ceiling
baffles was simulated with the progressive refinement apprézaintesy of
Shenchang Chen, Stuart Feldman, and Julie O’Brien Dorsey, Program of Com-
puter Graphics, Cornell University.
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Plate 18. Plate 19.

Plate 20. Plate 21.

A Sequence showing the links formed at each level of a hierarchy generated by
Hanrahan, Salzman, and Aupperle’s algoritifdourtesy of Pat Hanrahan,
Princeton University.

Plate 22.Final image with
texture mappingCourtesy of
Pat Hanrahan, Princeton
University.
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Plate 23.Radiosity
solution.Courtesy of
Brian Smits, James Arvo,
and David Salesin,
Program of Computer
Graphics, Cornell
University.

Plate 24.Importance
solution.Courtesy of
Brian Smits, James Arvo,
and David Salesin,
Program of Computer
Graphics, Cornell
University.

Plate 25.Combined
radiosity and importance
solutions.Courtesy of
Brian Smits, James Arvo,
and David Salesin,
Program of Computer
Graphics, Cornell
University.



Plate 26.Radiosity/Importance
solution with meshCourtesy of

Brian Smits, James Arvo, and David
Salesin, Program of Computer
Graphics, Cornell University.

Plate 27.Radiosity/Importance
solution after reconstruction.
Courtesy of Brian Smits, James
Arvo, and David Salesin, Program
of Computer Graphics, Cornell
University.

Plate 28.Radiosity solution from
further back Courtesy of Brian
Smits, James Arvo, and David
Salesin, Program of Computer
Graphics, Cornell University.

Plate 29.Importance solution.
Courtesy of Brian Smits, James
Arvo, and David Salesin, Program
of Computer Graphics, Cornell
University.

Plate 30.Radiosity from even
further back Courtesy of Brian
Smits, James Arvo, and David
Salesin, Program of Computer
Graphics, Cornell University.

Plate 31.Importance from even
further back.Courtesy of Brian

Smits, James Arvo, and David
Salesin, Program of Computer
Graphics, Cornell University.
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Plate 32.Radiosity
solution using quadtree
based adaptive subdivi-
sion. Failure to resolve
discontinuities results in
the inaccurate representa-
tion of shadow bound-
aries.Courtesy of Filippo
Tampieri and Dani
Lischinski, Program of
Computer Graphics,
Cornell University.

Plate 33.Radiosity
solution of same environ-
ment as above, but with
the use of discontinuity
meshing.Courtesy of
Filippo Tamieri and Dani
Lischinski, Program of
Computer Graphics,
Cornell University.

Plate 34.Use of disconti-
nuity meshing to create
accurate shadow bound-
aries.Courtesy of Filippo
Tamieri and Dani
Lischinski, Program of
Computer Graphics,
Cornell University.



Plate 35.Multipass solution
after the initial progressive
radiosity solution. Total time:
approx. 12 minuteCourtesy of
Shenchuang Chen, Apple
Computer Corporation.

Plate 36.Multipass solution:
Direct illumination computed
with Monte Carlo ray tracing,
caustics computed with light ray
tracing, combined with indirect
component of initial progressive
radiosity solution. Total time:
approx. 4.5 hour€ourtesy of
Shenchuang Chen, Apple
Computer Corporation.

Plate 37.Components of Plate 36. Direct Monte Carlo + Indirect Progressive
Refinement Radiosity + Light Ray Tracin@ourtesy of Shenchuang Chen,
Apple Computer Corporation.

Plate 38.Multipass solution
after full Monte Carlo solution
for both direct and indirect
illumination. Total time: approx
21 hours.Courtesy of
Shenchuang Chen, Apple
Computer Corporation.

Plate 39.Components of Plate 38. Direct + Indirect Monte Carlo + Light Ray
Tracing. Courtesy of Shenchuang Chen, Apple Computer Corporation.
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Plate 40.A ship’s boiler
room, with Phong
highlights added to a
progressive radiosity
solution during rendering.
Courtesy of John Wallace,
John Lin, and Eric
Haines, Hewlett-Packard
Corporation.

Plate 41.Radiosity
solution for indirect
illumination, with the
direct illumination
computed at each pixel
during rendering. Bump
mapping is performed
during the per-pixel
illumination computation.
Courtesy of Peter Shirley.

Plate 42.Bidirectional

ray tracing. The caustic
on the table is caused by
light focused through the
glass and was computed
using light ray tracing.
Courtesy of Peter Shirley.



Plate 43.Radiosity solution without  Plate 44.Radiosity solution with

inclusion of specular to diffuse extended form factors to capture
reflection of light off mirror. light reflected from mirrorCourtesy
Courtesy of Francois Sillion, Ec6le  of Francois Sillion, Ec6le Normale
Normale Supériuere. Supériuere.

Plate 45.“Dutch
Interior, after
Vermeer.” A two-
pass solution:
radiosity plus the
reflection frustum
algorithm during
rendering to com-
pute glossy reflec-
tion from floor to
eye.Courtesy of
John Wallace,
Program of Com-
puter Graphic,
Cornell University.
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Plate 46.Computation of glossy
and mirror specular reflection
using spherical harmonics to
approximate directional radiance
distribution.Courtesy of Francois
Sillion, Program of Computer
Graphics, Cornell University.

Plate 47.Main Council
chamber in the new
Jerusalem City Hall.
Designed by A. J.
Diamond, Donald Schmitt
and Co. Rendered using
radiosity software being
developed at Lightscape
Graphics.Courtesy of
Stuart Feldman,
Lightscape Graphics
Software.

Plate 48.Use of

zonal method to
include a participating
medium (smoke)
within a radiosity
solution.Courtesy of
Holly Rushmeier,
Program of Computer
Graphics, Cornell
University.
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Plate 49.A unified solution
for Lambertian diffuse,
glossy, and mirror specular
reflection using spherical
harmonics to approximate
radiance distribution.
Courtesy of Francois
Sillion, Program of Com-
puter Graphics, Cornell
University.

Plate 50.The main
council chamber in
Plate 47 Courtesy of
Stuart Feldman,
Lightscape Graphics
Software.

Plate 51.
“Gemaldegalerie
BERLIN.” Image
produced using the
COPHOS lighting design
software under develop-
ment at Zumtobel Licht
GmbH. Courtesy of
Zumtobel GmbH, Austria.



Plate 52.“Home of the
Brain,” from a project on
Virtual Reality and
Telecommunications.
Courtesy of Monika
Fleischmann and
Wolfgang Strauss,
ART+COM, Berlin

Plate 53.Scene from the
opera “Turandot,” rendered
with software for stage
lighting design.Courtesy of
Julie O’Brien Dorsey,
Program of Computer
Graphics, Cornell Univer-
sity.

Plate 54.Scene of
Venice from “Tales of
Hoffman.” Courtesy of
Julie O’Brien Dorsey,
Program of Computer
Graphics, Cornell
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Foreword

For the past 25 years, researchers in the field of computer graphics have
continuously striven for the production of realistic images of nonexistent envi-
ronments. To attain this goal and its ultimate potential for design and aesthetic
evaluations, it is necessary to accurately represent the appearance of objects and
scenes as they look to us. This requires the knowledge of how to simulate both
the physical behavior of light and the perceptual behavior of the human visual
system.

The accurate simulation of physical processes is crucial for realistic image
synthesis. Ad hoc procedures, despite the fact that they can produce pretty
pictures, will not suffice. The radiosity method, originally based on principles
of thermodynamics, provides this physical basis and establishes the foundations
for future rendering and display systems.

More explicitly, the creation of photorealistic images requires four basic
components, a local model of light reflection, a means for simulating the propa-
gation of energy throughout an environment, the appropriate strategies for sam-
pling the scene, and procedurally accurate methods for displaying the results.
The radiosity method discussed in this book describes each of these steps in
great detail.

Historically, a major argument against the use of radiosity procedures has
been the excessive computing demands. Today these constraints are rapidly
being eliminated. During the last decade alone, processing power of workstations
and personal computers has increased by three orders of magnitude. However
skeptical one might be, all indications are that the trend of almost doubling
computer power each year will continue until at least the end of this decade.
Memory and storage costs have also dropped, by approximately four orders
of magnitude since the early 1970s. Most recently, new advances in network
technology have improved the possibility for image transmission rates by six
orders of magnitude from what was available two decades ago. Further advances
in the technology will occur due to parallelism and compression schemes.

Display technology is also accelerating at a remarkable pace. The dot spac-
ing in printing technologies has been vastly reduced. High-resolution display
monitors are now commonplace. The advent of high-definition television will
push video technology further, both in terms of refresh rates and display res-
olution, and ultimately in cost due to the economics of mass production. For
normal viewing conditions, resolutions will have surpassed the visual acuity of
the human eye. Intensity ranges will be increased, and the speed of displays is
already sufficiently fast to imply continuous motion.

With these dramatic advances in computing and display technologies, the
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FORWARD

arguments against the computational complexity of image synthesis techniques
fall hollow. Processing and storage will essentially be free, and transmission
will be sufficiently fast to deliver high quality picture information and allow the
use of remote computing nodes. The computing obstacles of the past will have
been overcome.

What is now needed is the ability to mimic the complex physical behavior
of light distribution, from microscopic to macroscopic ranges. The radiosity
method for image synthesis provides the theoretical underpinnings and algorith-
mic techniques toward these ends. With future experimental measurements and
comparisons, these methods can be continually refined to improve their accuracy.

This book is the most thorough treatise on the radiosity method yet to be
published in the field of computer graphics. The text includes detailed descrip-
tions of all of the major components required to create a system for displaying
modeled environments. From the explanations of the fundamental scientific
bases to the state-of-the-art algorithms for implementation, the topics are cov-
ered in a clear and comprehensive way. The authors are to be congratulated
for their in-depth treatment of the subject and for the presentation of a text
that can significantly influence rendering systems of the future. The quest for
photorealism will continue!

Donald P. Greenberg
Professor and Director
Program of Computer Graphics
Cornell University
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Preface

Over the past decade, computer graphics has exploded out of university re-
search laboratories onto television and cinema screens, and into medical imag-
ing, scientific visualization and computer-aided design systems. A persistent
goal through much of the research that has contributed to these developments
has been to recreate, with the computer, strikingly realistic images of environ-
ments that do not (and often could not) exist. This field of endeavor has come
to be known asealistic image synthesi®adiosity provides one important ap-
proach to evaluating a physically-based illumination model, which is a key part
of image synthesis.

The number of papers published on radiosity and related techniques increases
yearly. Although the field is by no means mature, it is at a transition point, with
early intuitive methods being replaced by approaches based on more rigorous
attention to underlying physical processes and numerical methods. Thus, this is
a natural time to summarize the research to date and to present it in a uniform
format.

Our goal in writing this book is to survey the state-of-the-art in radiosity
and related image synthesis research, to explain the underlying theory, and to
provide a framework that organizes the broad and growing literature surround-
ing this field. The book is intended for those interested in pursuing research in
global illumination and image synthesis. It should also provide a useful theoret-
ical background and insight into many practical issues, for those implementing
radiosity or other global illumination systems.

After a short introductory chapter, the book continues with a chapter by Pat
Hanrahan that carefully defines the terminology and concepts of radiometry and
photometry, the fields concerned with the measurement of light. This discussion
ends with the derivation of the rendering equation and its specialization in the
form of the radiosity integral equation. The following three chapters discuss
the use of finite element methods to solve this equation, by first formulating an
approximately equivalent set of linear equations, then evaluating the coefficients
of the linear system (the form factors), and finally solving the resulting matrix
equation.

This is followed by three chapters in which the topic of domain subdivision
(or meshing) is discussed. The discussion begins with an overview of mesh-
ing issues, then takes an aside to discuss new hierarchical formulations of the
radiosity problem including applications of wavelet methods, and closes with a
chapter on the practical issues in generating a good mesh.

Chapter 9 explores the final step in the image synthesis process, that is,
mapping the results of the numerical simulation to a display device. In this
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context, the peculiarities of the human visual system are discussed, ranging
from the nonlinear response of the eye to luminance, to the tristimulus theory of

color perception. Chapter io then expands the scope of the radiosity methods by
lifting many of the restrictions assumed in the earlier discussion, such as diffuse

surfaces and non-participating media. Finally, the book concludes with a chapter
that explores a number of developing applications of the radiosity method, and

takes a moment to look towards the future.

The presentation in this book assumes a familiarity with the basic concepts
of computer graphics. There are a number of excellent computer graphics texts
that more fully explore some of the techniques that are called on in the algo-
rithms described here [84, 97, 173, 195, 258]. The discussion also assumes
an understanding of undergraduate calculus and linear algebra. Where more
advanced mathematical concepts are required, an effort is made to provide the
reader with enough background information to understand and appreciate the
material.
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“But something in the air sets me to thinking, there might be things
not too far off, that | might tell a few stories about, someday myself.
Though exactly how I'll do it’s beyond me. It wouldn’t be any too
simple, just trying to describe this scene right here, how pretty a
figure that bird cuts, sailing across the red horizon. And | took
these sharp eyes to be a blessing. When they might, just as easily,
turn out to be a curse.

Oh well, enough of these idle musings. They ain’t gonna feed me.

I'd better get down to business.”

Alan Cohen
from The Saga of Harry the Snake
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Chapter 1

INntroduction

In the pursuit of lifelike images, artists have long attempted to understand the
behavior of light and the characteristics of perception. Techniques that may
appear obvious, like perspective, were developed through painstaking study and
experimentation. The paintings of Vermeer and Rembrandt represent an under-
standing of illumination, color, and perception that evolved through centuries
of such experience. More recently, the Impressionists made a particular study
of the subtleties of light and shading; Renoir, for example, pointed out that
“Shadows are not black; no shadow is black. It always has color.”

The connection between light and visual representation received its most
concrete realization with the invention of photography in the nineteenth century.
Because a photograph is the direct consequence of the physical propagation of
light, the camera is an invaluable recorder of things that exist. The creation of
realistic images of things that do not exist, or that are not normally perceivable
as images, such as scientific data, has remained until recently the domain of the
artist and illustrator.

1.1 Realistic Image Synthesis

Over the last few centuries physicists have developed mathematical models of
the processes by which light interacts with surfaces and propagates through an
environment. With the advent of the computer it has become practical to evaluate
such models on a large enough scale to simulate complex phenomena. Using
a computer, a model of light reflection and propagation can be evaluated for a
scene whose geometry and material properties have been specified numerically.
In effect, a photograph can be taken of a scene that does not exist in reality.
The ability to create images of nonexistent environments is important to ap-
plications ranging from industrial or architectural design to advertising and enter-
tainment. Phenomena not accessible to normal visual experience can also be vi-

The immediate source of this quotation, which comes close to reducing radiosity to a
sentence, is Parket al.[179], who in turn quote from [193].
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sualizedby applying the illumination model to other forms of three-dimensional
data. For example, data from magnetic resonance imaging can be rendered to
provide three-dimensional images of the inside of the body.

The creation of images by evaluating a model of light propagation is called
image synthesiand has been studied extensively in the field of computer graph-
ics since the 1970s. The goal of image synthesis is often stapadtasealism.
However, although photography produces “realistic” images, it is a physical pro-
cess subject to the constraints of camera optics and the chemical nature of film.
Should image synthesis really attempt to simulate photography, or should it aim
higher?

1.1.1 Goals

A clear understanding of the goal of image synthesis becomes increasingly im-
portant as algorithms and computational methods grow more sophisticated. In
addition to the evaluation of competing approaches, more intelligent algorithms
need a basis for deciding how to allocate computational effort and when to end
the computation, which requires knowing when the goal has been achieved.

Perhaps the most far reaching goal for image synthesis is the creation a
visual experiencédentical to that which would be experienced in viewing the
real environment. The diagram in Figure 1.1 shows a simple model of the
image synthesis process that provides a basis for discussing the issues involved
in reaching this goal.

In the real world, as shown in the top half of the diagram, light propagates
through the scene and eventually enters the eye with a particular directional
and wavelength distribution. The eye and the brain process this information at
increasingly higher levels of abstraction, leading ultimately to what is called the
visual experience.

The bottom half of the diagram shows the modifications to the process
required for image synthesis. Instead of the physical propagation of light, a
mathematical model is evaluated to produce the required distribution of light
energy. These results are then passed to a display device that physically realizes
the computed light distribution and sends it to the eye. Image synthesis thus
appears to require simply the exact reproduction of the distribution of light
energy entering the eye. Given this, the process of experiencing the image will
take care of itself.

1.1.2 Limitations

There are two problems with this apparently simple approach. First, the com-
putation in step one is arbitrarily expensive. For all practical purposes, there is
no end to the detail or accuracy with which reality might be simulated. How
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Figure 1.1: The process of visual experience. The top half of the figure dia-
grams real-world experience; the bottom half displays visual experience based
on computer simulation.

should limited computational resources be distributed? When is the simulation
done?

The second problem is with the display device. Even assuming that the
first step is performed perfectly, there is no existing device that can correctly
perform the second step! We can only imagine what such a device might be
like—perhaps a descendant of current virtual-reality goggles, with extremely
high spatial and color resolution, a field of view encompassing the entire range
of our peripheral vision, and the ability to reproduce luminances ranging from
starlight to the glare of snow on a sunny day.

In today'’s reality, the device will likely consist of a cathode ray tube (CRT),
which generates a two-dimensional map of discrete picture elements with a spa-
tial resolution of 1280 by 1024 pixels (often much less) and a color resolution
of 256 values for each of three color channels. The range, or gamut, of repro-
ducible colors will depend on the particular phosphors used in the CRT. Viewing
conditions, such as the ambient light level in the room containing the CRT, will
partially determine the eye’s response to the light leaving the CRT. In most cases
a single image will be presented to both eyes.
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In part because of the limitations of available devices, the goal of image
synthesis is, in practice, the reproduction of an image rather than of a direct
visual experience. This goal maps more directly to the currently available 2D
device (the CRT). The goal is similar but not identical to photorealism in that it
does not necessarily include reproducing all the characteristics of photography.

The limitations of the display device provide one set of guidelines for the
computation. For example, there is no point in computing a simulation with
a spatial or color resolution greater than that reproducible by the device. An
understanding of the final perceptual steps of the process is also important to
guiding the development of image synthesis algorithms. Based on an under-
standing of perception one can focus computational resources on aspects of the
simulation that contribute most to the final visual experience. For example,
the eye is particularly sensitive to contrast in luminance while being relatively
insensitive to absolute luminance levels.

The subject of this book is primarily the first part of the image synthesis
process, the computation of the light distribution at an image plane. This requires
developing a mathematical model of light propagation. The model may contain
certain simplifying assumptions; tlmadiosity methodfor example, is initially
based on the assumption that all surfaces reflect light diffusely. Analytical or
numerical methods can then be developed to evaluate the mathematical model.
Algorithms that implement these solution methods must be written and, finally,
the results must be displayed as an image. These steps will form the basic
content of this book.

The evaluation of an illumination model cannot proceed until one has a
mathematical description of the environment to be rendered. The specification
of the scene geometry and material properties is itself a topic of active research
and presents many difficulties. This problem will not be addressed in this book.

1.2 A Short Historical Perspective

The radiosity method emerged relatively recently in the development of im-
age synthesis. Radiosity methods represent the development of several trends:
the development of physically based shading models, the use of more rigorous
computational methods, and the continuing tension between interactivity and re-
alism in computer graphics. The historical development of image synthesis and
radiosity will be discussed in this section.

CRTs were used as computer displays as early as the late 1940s. Such de-
vices were capable of drawing dots and lines (vectors) on the CRT according
to coordinates provided by the computer. lvan SutherlgBkiEtchpagrogram
[228], an interactive 2D drawing application, provided an important demonstra-
tion of the potential of interactive computer graphics. Subsequent years saw
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many developments in vector graphics, including methods for representing and
manipulating free-form curved surfaces for applications such as mechanical and
industrial design.

1.2.1 Raster Graphics

By the late 1960s, the price of computer memory decreased to the point where
raster graphics became practical. In raster graphics the computer specifies colors
for an array of picture elements, pixels, instead of drawing vectors, thus
allowing the more realistic portrayal of surfaces. The seminal work of Bouknight
[37], Gouraud [103], and Phong [182] explored the use of shading models to
characterize surface shape visually. The models aeteoc,in that they were

not derived from physical models of light reflection. The models werdadab

in that they computed shading based only on the relative positions of the light,
the surface, and the eye. lllumination due to light reflected from other surfaces
was ignored, as were othglobal phenomena such as the shadowing of one
surface by another. In color plate 1, which contains six renderings of a simple
environment computed using various algorithms, color plate 1a is rendered using
a simple local shading model.

Another preoccupation of early researchers was the problem of determining
the visible surfaces in an image; a wide variety of algorithms were developed
for this purpose. Although visibility was originally posed as the problem of
determining what is seen by the eye, visible surface algorithms turn out to be
important to shading in general (e.g., in determining the surfaces that are visible
to a light source).

Much of this early work was directed towards improving the information
conveyed byinteractivegraphics. Thus, the primary objective was efficiency
of computation as opposed to accurate physical simulation. As stated by Phong
[182]:

“We do not expect to be able to display the object exactly as it would
appear in reality, with texture, overcast shadows, etc. We hope only
to display an image that approximates the real object closely enough
to provide a certain degree of realism.”

The success of these early local illumination models and visibility algorithms
is attested to by the presence of their direct descendants in the microcode and
hardware of current graphics workstations. Such workstations are currently
capable of displaying on the order of one million shaded polygons per second.
In spite of the focus on interactive graphics, the ultimate attraction of realism
was not lost on early researchers. Appel [8] recognized that
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. many difficult problems need to be solved such as the effect
of illumination by direct and diffuse lighting, atmospheric diffusion,
back reflection, the effect of surface texture, tonal specification and
transparency of surfaces . . .”

Early steps toward solving these problems were taken with the develop-
ment of techniques like texture mapping and bump mapping [31, 32, 44], which
allowed the realistic representation of more complex surface properties. In ad-
dition, visible surface algorithms were applied to the problem of determining
shadows [13, 36, 67].

1.2.2 Global lllumination Models

As Appel recognized, greater realism requgledalillumination models, which
account for the interreflection of light between surfaces. It was not until 1980
that the first global illumination algorithm was introduced by Whitted [265].
Whitted’s innovation was the recursive applicationr@y tracingto evaluate

a simple global illumination model accounting for mirror reflection, refraction,
and shadows. The resulting spectacular images inspired growing interest in
photorealism.

Whitted recognized that the evaluation of a global illumination model re-
quires determining the surfaces visible in various directions from the point to
be shaded. The heart of the ray tracing algorithm is thus the point visibility test
provided by ray casting. Much of the subsequent innovation in ray tracing has
consisted of faster algorithms for performing this visibility test.

The basic ray tracing strategy was extended to glossy reflection and soft
shadows using stochastic ray tracing [63, 64] and cone tracing [7]. Color plate
1b was rendered using stochastic ray tracing to compute illumination from the
area light source in the ceiling and glossy reflection on the floor. Although
ray traced images continued to improve, the accuracy of the simulations was
difficult to quantify since the reflection and illumination models were not based
on physical principles and quantities. Also, ray tracing did not provide a practical
strategy for computing diffuse interreflection.

More accurate physically based local reflection models were developed by
Blinn [30] and Cook and Torrance [65], using results from the fields of radiative
heat transfer and illumination engineering. This work contributed to a clearer
understanding of the appropriate physical quantities for illumination, as well
as an increased awareness of the results available in the engineering and the
physical sciences.
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1.2.3 Early Radiosity Methods

In 1984, researchers at Fukuyama and Hiroshima Universities in Japan and at the
Program of Computer Graphics at Cornell University in the United States began
to apply radiosity methods from the field of radiative heat transfer to image
synthesis. These methods were first developed in the [950s for computing
radiant interchange between surfaces [216], for engineering applications ranging
from radiator and boiler design to the analysis of radiative transfer between
panels on spacecraft.

In image synthesis, radiositynethods are applicable to solving for the
interreflection of light between ideal (Lambertian) diffuse surfaces. Initial al-
gorithms [100] were restricted to environments in which all surfaces could see
each other. In following years, radiosity algorithms allowing occlusion were de-
veloped [60, 175], and efficiency was improved through the use of a hierarchical
subdivision of the environment [61, 116].

Radiosity is a departure for image synthesis for several reasons. As opposed
to the earlier empirical techniques, radiosity begins with an energy balance equa-
tion, which is then approximated and solved by numerical means. In contrast
to ray tracing, which evaluates the illumination equation for directions and lo-
cations determined by the view and the pixels of the image, radiosity solves the
illumination equation at locations distributed over the surfaces of the environ-
ment. This specification of the unknownsnsgependent of the viewer position,
and thus radiosity methods are often caMselv-independentechniques. Of
course, a final image is dependent on the viewer position and the screen reso-
lution, but most of the computational effort is complete before the selection of
viewing parameters. In this way, efficient interactivalkthroughsof simulated
environments can be performed following the radiosity preprocess. Color plate
14 shows an early radiosity solution by Nishita and Nakamae. The effect of
including indirect illumination by diffusely interreflected light is apparent when
this image is compared to the image in color plate 11, in which only direct
illumination is accounted for.

While the original radiosity method is based on the assumption of Lamber-
tian diffuse reflection, subsequent work has included extensions of the radiosity
approach to glossy and ideal (mirror) reflection [132, 217, 218, 246]. Rushmeier
[200] has also exceeded the basic radiosity formulation to include participating
media (e.g., smoke and haze). Color plates 1c-1e were rendered using varia-
tions of the radiosity method. Color plate 1c is the result of the original radiosity
method for diffuse environments. Note that indirect illumination adds color to

2The term radiosityrefers to a measure of radiant energy, in particular, the energy
leaving a surface per unit area per unit time. Over traipsity has also come to mean
a set of computational techniques for computing global illumination.
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the shadows and the shadowed faces of the boxes. Color plate 1d is the result
of extensions that provide glossy reflection on the floor, while Color plate 1e
includes the effect of smoke within the environment.

More recent work has directly addressed the computational complexity of
radiosity algorithms. In 1988, Coheaat al [59] introduced gorogressive re-
finementapproach that allows fast approximate solutions to be displayed. In
1991, Hanrahagt al [116] formulated a complete hierarchical radiosity system
leading to a linear time algorithm. A great deal of work has also been devoted
to the critical step of discretizing areshinghe surfaces [21, 43, 154, 230]. An
important recent trend has been the incorporation of quantitative error estimates
into the solution process. Examples include estimates of integration error [19]
and the use of geometric—and energy-based error metrics in the hierarchical
algorithm of Hanrahaet al [116].

1.2.4 The Rendering Equation

Kajiya [135] unified the discussion of global illumination algorithms in 1986
with the generatendering equationKajiya applied Monte Carlo integration
methods to solving the rendering equation and proposed a number of techniques
for accelerating the convergence of the solution. Color plate 1f was rendered
using a Monte Carlo solution to the rendering equation.

1.3 Radiosity and Finite Element Methods

Radiosity can be understood as a particular approach to solving the rendering
equation under the assumption of Lambertian diffuse reflection. Heckbert and
Winget [125] have shown that radiosity is essentially a finite element method.
Like Monte Carlo techniques, the finite element method is a broadly ap-
plicable approach to solving difficult integral equations, such as the rendering
equation. The basic approach is to approximate an unknown function by subdi-
viding the domain of the function into smaller pieceglementsacross which
the function can be approximated using relatively simple functions like poly-
nomials. The unknown function is thus projected intiinde function space,
in which the approximated function is fully characterized by a finite number of
unknowns. The resulting system can then be solved numerically.
The ideas underlying the finite element method were first discussed as early
as the 1940s [66], although ttexm finite elemendid not become popular until
the 1960s [57]. The development of the finite element method closely paralleled
related work in approximating functions using piecewise polynomiaplores
[205]. It was also recognized in the 1950s that finite element methods were a
form of the more general Ritz variational methods.
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derings of a sculpture, “Construction in Wood, A Daylight Experiment,’
John Ferren (color plate 2). The sculpture, diagramed above, consis

before entering the eye. As a result, the colors from the back of the Qoards
“bleed” onto the white surfaces. Color plates 2-4 show a photograph of
the sculpture and ray tracing and radiosity renderings of the sculpturgd. The
sculpture is solid white in the ray traced image since illumination dye to
diffuse interreflection is ignored. The radiosity method, however, accqunts
for the diffuse interreflections and reproduces the color bleeding.

It was not until computers became more routinely available in the 1960s and
1970s that these methods became a common technique for engineering analysis.
Since then, there has been considerable research resulting in many working
finite element codes and in a better theoretical understanding of convergence
and other mathematical properties of such methods. In addition, a number of
excellent texts have also been written [23, 70, 273].

As Heckbert and Winget [125] point out, the heat transfer formulations
upon which radiosity is based can be viewed as simple finite element methods.
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Heckbert and Winget emphasize the need for quantitative error metrics and show
that an explicit finite element approach considerably clarifies the understanding
of the accuracy of the approximation. Radiosity will be presented in this book
as a finite element method. However, this book cannot begin to do justice to
the broad field of finite element methods in general, and the reader is referred
to the above-mentioned texts for a wider theoretical background, as well as for
a wealth of practical information.

1.4 The Radiosity Method and This Book

This book is structured as follows (see Figure 1.2 for a diagram of the book's
structure). The first step is to derive a mathematical model of global illumination.

This derivation is undertaken in Chapter 2, working from basic transport theory
to the rendering equation, and finally making the assumptions that lead to the
radiosity equation.

In Chapter 3, the basic principles of finite element approximation are used
to cast the radiosity equation into a discrete form that is amenable to numerical
solution. In particular, the original radiosity function is approximated by a sum
of weightedbasis functionsThese basis functions are in turn defined Inyesh
or discretization of the surfaces in the environment.

The finite element formulation of the radiosity integral equation produces
a system of linear equations that must be solved for the weights of the basis
functions. The coefficients of this linear system are formed by integrals over
portions of the surfaces in the environment. These integrals can be solved using
both analytic and numeric methods. Chapter 4 describes a variety of algorithms
that have been developed for this purpose.

Techniques for solving the matrix equation once it has been formulated are
described in Chapter 5. We will examine a number of linear equation solvers and
discuss their applicability to the system of equations resulting from the radiosity
problem.

Chapters 6, 7 and 8 cover the general problem of subdividing the surfaces
of the model into the elements upon which the finite element approximation is
based. The accuracy and the efficiency of the solution are strongly dependent
on this subdivision. Basic subdivision strategies are described in Chapter 6. The
use of hierarchical methods that incorporate subdivision into the solution process
itself and accelerate the matrix solution is described in Chapter 7. Chapter 8
covers the basic mechanics of meshing.

Once a solution has been obtained, the