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Foreword

In broad terms, computer graphics is the use of computers to create images. CG
has come to be the dominant form of content creation for video games, movie spe-
cial effects, and many other forms of entertainment. One of the principal things
CG does for creatives is to free them from the bounds of what can be held in front
of a camera. From the standpoint of a naive observer, CG really is magic. Vision
is entwined with our sense of reality, “seeing is believing” as they say, and when
the line between physical experience and imagination is crossed, there is simply
no other word for it.

The mathematical basis for computer graphics was established in the late *60s,
some might say before that, though there were no computers capable of realizing
its potential at the time. The best they could do was draw lines on the screen that
were reminiscent of 3-D shapes. Early advances included hidden line removal and
the ability to fill polygons with color(!) Later on, basic ray-tracing techniques
were introduced to model how light really interacts with surfaces. This was a
breakthrough compared to what came before, and as the years and decades passed,
graphics researchers continued to push the boundaries of what was possible, and
how real faking it could look.

Make no mistake, CG is, has been, and always will be a bag of tricks. CG
artists don’t reproduce the real world, even in simulation. The physics of light
is simply too complex to model exactly. In the time it took you to read the word
“physics,” over a trillion photons struck your retina. The computations required to
completely reproduce what we see are not only beyond reach, they are largely un-
necessary. You didn’t notice most of those photons, anyway. Computer graphics
is all about finding good approximations to reality, or magic tricks of the light.

Once we have an approximation of reality that fools most of the people most
of the time, we can expand our canvas to include things not found in the real
world, such as flying logos and even (wait for it) space ships! Besides offering
Hollywood the ability to remake every science fiction movie ever made, CG re-
duces the cost of realistic depictions of the past, of thousands of actors in orc
costumes, or knocking down a famous building the producer doesn’t have the
money to rebuild.

Vii
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Speaking of buildings, computer graphics is also quite useful to those design-
ing structures and wanting to know how daylight will enter a space before it is
built. Many of the same approximations used in movies, with proper care and
validation, can be used for accurate lighting predictions as well. Again, we stop
short of counting every photon, but a well-designed CG trick not only looks right,
but to a reasonable degree, it is right. Many of the established methods in CG ren-
dering, such as Monte Carlo ray sampling, radiosity, and image-based lighting,
started out as simulation techniques for building design.

Computer graphics is a vast field, and getting larger every day. It is impossible
to cover every topic of interest, even within a specialization such as CG render-
ing. For many years, Noriko Kurachi has reported on the latest developments for
Japanese readers in her monthly column for CG World. Being something of a
pioneer herself, she selected topics that represented original and promising new
directions for research, as opposed to the tried and true methods. Many of these
novel ideas paid off handsomely, and these are the topics covered in this book.

Starting from the basic behavior of light, Ms. Kurachi introduces the most
useful techniques for global and local illumination using geometric descriptions
of an environment in the first section. She then goes on in the second section
to describe image-based techniques that rely on captured data to do their magic.
In the final section, she looks at the synthesis of these two complimentary ap-
proaches and what they mean for the future of computer graphics. Being ever
careful to check her facts with the original researchers, she offers in these pages a
journalist’s view of the evolution of computer graphics over the past twenty years
in a style that is accessible and thorough, tailored for and by an artist who is also
a technician.

—Gregory J. Ward



Preface

The origin of this book was the technical column that I wrote every month in a
computer graphics-related Japanese magazine (called CGWORLD). My column
had two distinguishing characteristics: its topics and style.

I daringly selected topics whose value had not been well-established in the CG
community but that nevertheless looked like they would have potential to make
the CG scene evolve to the next stage. The writing style of the column was also
unique. I communicated personally with the researchers and developers whose
methods I described. These interviews enabled me to include added details about
what challenges motivated their work and where their inspiration came from, as
well as their insights for the future or their suggestions for practical application
of their work that they couldn’t include in the technical papers.

Sometime after I started this column, people came to expect that its contents
would be summed up in the form of a book. The column itself spans a wide range
of CG technologies and, in the beginning, it was intended for the book to cover all
of them. However, as the writing went on, I discovered that it was unrealistic to
cover such a huge volume of material all at once. Therefore I decided to focus on
rendering technologies—the first quarter of the original plan. The book, published
by the Japanese publisher Ohmsha, was released at the end of 2007 as CG Magic:
Rendering.

From the responses of researchers and the developers that I had spoken with
while writing the book, I knew that even outside of Japan it is uncommon to
find a book with contents like this one. I became convinced that it would be
meaningful if this book were translated into English and could be read by a wider
range of people. Therefore, as soon as the Japanese book was released, I started
translating it into English, and when half of translation was completed, I told Greg
Ward, who had always been supportive of my writing the book, about my plan of
releasing an English edition. He was very positive and gave me the opportunity to
meet with Alice Peters at SIGGRAPH 2008, which led to the birth of this book.
Even though this started as simply a translated version of the previous Japanese
book, I wanted to include descriptions of new developments occurring on the CG
scene since the release of the Japanese book. For example, the new sections on
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hair rendering were added because hair rendering technologies, from a practical
viewpoint, had reached a turning point in physical accuracy. In addition, a new
section has been added at the end of each chapter in order to describe how the
technologies introduced in the chapter are in progress.

Finally I should note two things. One is that the stories in this book focus
mainly on technologies invented after 2000; therefore, I recommend that people
refer to more traditional books in order to study the fundamentals of CG render-
ing. The other is that even though this book describes the content of professional
technical papers, it has been adapted to be more accessible to people who are
non-professionals in CG rendering. Therefore, I refer those people interested in
further study to the original technical papers (listed in the references).

Admitting such imperfections, I hope that the stories about how these new
ideas were born and eventually became widespread will be valuable for all those
who are interested in the magic that CG enables. I also expect that this book
will find a place with people who are interested in visual effects because this
book includes many stories about how new CG theories came to be used in this
area.

In general, the developing theories and the process of making them practical
are very different areas; however, when combined they can make new CG tech-
nologies a reality and lead to a true revolution. The stories in this book describe
efforts in both areas, and I hope that this feature of the book can inspire those who
will lead the progress of CG technologies.
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Geometry-Based Approaches

In computer graphics, rendering is the process of creating an image of an ob-
ject or a general scene from a mathematical representation. Just as styles of paint-
ing and drawing in art range from the representational to the abstract, there are
different styles of rendering. Early rendering methods, much like early artwork,
concentrated on producing recognizable representations of objects—early render-
ings did not look at all real. Photorealistic rendering is the process of reproducing
what an object or scene would look like if it were constructed and photographed,
and this involves simulating how reflected and scattered light illuminate a real en-
vironment.

The interaction of light and matter in nature is very complicated, and has
been studied in the natural sciences for many years. By the mid-twentieth centu-
ryit had become commonplace in manufacturing to represent objects using spa-
tial coordinates and mathematical expressions. New approaches for representing
curved surfaces emerged by the 1960s. By then, the theoretical foundations of
light transport were mostly complete, but the application of physically based light
simulation was not feasible until sufficient computer processing power became
available in the early 1980s. Since then photorealism has been a major goal of
research in computer graphics.

Just like studies in any field of science, researchers in photorealistic render-
ing took the approach of starting simple. Specifically, basic surface reflection was
modeled first, and illumination effects were studied in very simple scenes. More
complex environments and volume effects such as smoke and fog were considered
later. Research then shifted to scattering and re-emission of light from beneath a
surface, an effect observed in hair and skin. Since 2000, much research has fo-
cused on generating photorealistic renderings at interactive rates, driven in part
by the emergence of high-speed graphics hardware technology. In Part I, methods
of photorealistic rendering that work on geometric models are introduced along
with methods for implementing them on graphics hardware.






1.1

Intfroduction to
Photorealistic Rendering

Photorealistic rendering is the process of image generation by simulating the
physical interaction of light in an environment. Specifically, the simulation in-
volves how light from light sources is reflected and scattered throughout the en-
vironment. The environment, or scene, as it is sometimes called, consists of a
collection of mathematically described geometric objects. The shape description
of the objects is known as the geometric model of the environment; however,
this is only part of the complete model needed for rendering. Surface properties,
such as color and reflection characteristics, as well as volume elements such as
smoke and fog, affect the light propagation and are therefore a necessary part of
the model. These elements, and a model for the light propagation itself all re-
quire a mathematical representation that can be incorporated into the rendering
simulation.

In this chapter, the basic physical concepts used in rendering are presented.
The model of light propagation most often used in rendering, radiant power car-
ried along light paths in the form of rays, is developed in conjunction with related
physical quantities of light measurement. The basic surface reflectance model
used in rendering is also introduced, and the chapter concludes with a descrip-
tion of the two primary methods of image generation: scanline rendering and ray
tracing.

Physical Quantities of Light

Modeling light interaction involves the physical quantities associated with light
as electromagnetic radiation. Physically, light consists of electromagnetic waves
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Flux is a measure of radiant power.

formed from simultaneously changing electric and magnetic fields. At a very
small scale, light also behaves as if it exists in discrete bundles or packets (pho-
tons). However, at the macroscopic scale where rendering is normally done, par-
ticle effects really do not come into play, and wave effects have limited impact.
In real environments, light is more naturally regarded as a flow of energy, the
measurement of which is known as radiometry. The physical quantities of light
measurement are called radiometric quantities.'

Radiant Energy and Flux

A basic physical (radiometric) quantity of light is flux ®, which is defined as the
radiant energy Q per time:

dQ

d=—.

dt
Flux, the temporal flow of radiant energy, is thus a measurement of radiant power
and is typically expressed in watts. Flux normally refers to the radiant power
reaching or flowing through some real or hypothetical surface. In the case of a
light source, the flux through an imaginary sphere centered at the source repre-
sents the total flux output of the source (Figure 1.1). This flux divided by 4, the
area of a unit sphere, is the intensity of the source.

(1.1)

[rradiance

Flux measures the total radiant power reaching a surface, but without regard to
surface position: the power might be concentrated on only part of the surface, or
spread evenly across it. A position-dependent measure of radiant power is flux

!"Terminology of radiometry is not entirely standardized. The notation here follows Chapter 2 of
Radiosity and Realistic Image Synthesis by Cohen and Wallace [Cohen and Wallace 93]; the chapter
was written by Pat Hanrahan.
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Light source

n'(Normal direction)

dA

(a) (b)
Irradiance caused by a light source. (a) The flux at a distance r from the source is spread
out over a sphere of radius r. (b) When the flux hits a surface at an angle, the differential
surface area dA gets the flux of a smaller differential area on the sphere: the irradiance is
reduced by the cosine of the angle of incidence.

per area, the irradiance at the area. The irradiance E(x) at a point x on a surface
is the differential flux on a differential area dA at x divided by that area:
do

E(.\f)—ﬂ. (1.2)
where dA is perpendicular to the surface normal direction at x, i.e., is parallel to
the surface at x. Irradiance is thus a measure of the radiant energy per area per
time. The function E(x) is formalized as a function of surface position; it is the
limit of the flux in a small region containing x divided by the area of the region,
as the region shrinks uniformly to x. Irradiance is also known as flux density, as it
measures the local density of flux at the surface point.

Radiant emission of a sufficiently small light source can be regarded as a col-
lection of expanding concentric spheres centered at the light source, each having
constant flux ®. When one of these spheres hits a surface point x, its radius r is
the distance from x to the source (Figure 1.2(a)). If the light source lies directly
above the surface, i.e., in the direction of the surface normal, then the differen-
tial flux d® incident on the differential area dA at x is the total flux ® times the
fraction of the sphere area that hits dA, which is dA /47mr®. The irradiance at x is

therefore

4D 0 o

T dA T dA 4

which is the familiar inverse square law of illumination.
Of course, light sources do not generally lie directly above the illuminated

surface; the incident flux sphere usually hits the surface at an angle 6. In this case

E(x) (1.3)
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the differential area dA corresponds to an area on the sphere that is smaller than
dA, according to an effect known as projective foreshortening. The ratio of this
foreshortening is the cosine of the incident angle 6 (Figure 1.2(b)). Consequently,

the irradiance at x is
_ ®cos6

E(x)= g (1.4)

This cosine factor often appears in radiative transfer equations. It comes about
because incident light is spread over an increasingly large area as the angle of
incidence increases. This is one reason sunlight is stronger when the sun is high
in the sky than when it is low on the horizon. It is also the principal cause of the
Earth’s seasons: in the winter, the sun is lower in the sky and therefore produces
less irradiance.

While irradiance E(x) is the radiant power received at a point x, the radiant
power leaving a surface at x is the known as the radiant exitance or radiosity,
denoted by M(x) or B(x). The definition is the same as that of irradiance, flux per
area, but the flux is regarded as leaving the surface rather than arriving. The term
“radiant exitance” has become the preferred term in recent years, to avoid confu-
sion with the “radiosity method” for computing global illumination. (described in
Chapter 2).

Radiance

Just as flux does not depend on surface position, irradiance and radiant exitance
do not depend on direction. But light emission and reflection clearly do depend
on direction: the color and strength of light perceived at a photoreceptor in the
human eye is dependent on the particular direction. The radiant power exiting
from (or incident on) a point x in a direction @ is called the radiance L(x, ®).>
Radiance is essentially a directional restriction of irradiance or radiant exi-
tance: it is the flux per area in a differential cone of directions (Figure 1.3). As
a matter of convenience, the surface through which the flux is measured need not
be perpendicular to the direction @. If 6 is the angle the surface normal makes
with the direction @, then dAcos 8 is the projected differential area—the cos 0
factor accounts for the projective foreshortening. If dw denotes the differential
solid angle? about the direction @, as illustrated in Figure 1.3, radiance can be

% Although directions are often represented by 3D vectors, it is also convenient to represent di-
rections from a point x as points on the unit sphere centered at x. Each point on the unit sphere
corresponds to a unique direction. By convention, directions are often denoted by @

3 A set of directions corresponds to a subset of the unit sphere; the solid angle of the set is the area
of the corresponding spherical subset. The set of all directions therefore has solid angle 47, the area
of the unit sphere. The differential solid angle dw of a differential cone is the differential area of the
unit sphere subtended by the cone.



