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10.

. Hoewel nauwkeurige modellering en texture mapping op het eerste gezicht

belangrijker lijken voor het verkrijgen van realisme, mag globale belichting niet
genegeerd worden.

De voor hardware implementatie noodzakelijke algoritmische vereenvoudiging
van radiosity kan uiteindelijk leiden tot een lagere overall performance dan van
een software implementatie.

Voor het maken van fotorealistische afbeeldingen van bestaande scenes is de
camera nog altijd sneller dan de computer.

Gezien het belang van een goede belichting in veel toepassingen, zou men meer
interesse voor radiosity methoden mogen verwachten.

Voor realistische beeldsynthese zijn twee zaken van groot belang: de modellering
van scenes en de berekening van de belichting daarin. Er is nog weinig onderzoek
gedaan naar de interactie tussen beide.

Gezien de toename van het aantal dubbeldeksrijtuigen en de beenruimte daarin,
lijken de Nederlandse Spoorwegen te anticiperen op een contract met het Minis-
terie van Onderwijs en Wetenschappen over een OV-kleuterkaart.

. Door de verbetering van de infrastructuur in en naar natuurgebieden worden

deze gebieden steeds minder aantrekkelijk voor echte wandelaars.

Zolang er sporten op het programma staan waarbij de uitslag bepaald wordt
door een jury, zullen de Olympische Spelen nooit een eerlijk verloop hebben.

De verhoging van de tarieven van het openbaar vervoer zijn wel enigszins te
rechtvaardigen. Door alle vertragingen maakt men steeds langer gebruik van
bus en trein.

Bugs in computer graphics programmatuur leiden tot de meest fantastische
plaatjes.
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Realistic image synthesis is an important research direction in computer graphics. The
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1 Introduction

1.1 Realistic image synthesis

One of the most interesting areas in computer graphics is high-quality rendering of
complex scenes, also known as realistic image synthesis. The goal of realistic image
synthesis is to generate images that look real, are physically correct, and represent all
light reflection effects. Ideally, when an environment is built in real life, and an image
is made of a model of this environment, then the image and the view on the real-life
environment should be the same. Another often used definition of realism is
photorealism: a photo of the real scene and a computer generated image of a model of
the scene should be the same. It is a very complicated task to design systems that are
capable of generating images that achieve this goal. However, a lot of research has
been carried out, and better and better images are generated.

Realistic image synthesis can be used for several applications. The most important
ones can be found in architecture and lighting design. Architects and lighting
designers have a strong interest in modelling and simulating the illumination in the
environment they have in mind. Based on the results of these simulations, they can
decide where windows could be placed best in a building, or where and which lights
and light fixtures should be used to get an optimal lighting in the building. It is also
important to decide which materials and colors are used for wall, floors and ceilings.
The Radiance Imaging System (Ward 92) is an example of a global illumination
system that is developed for lighting design. Another application of realistic rendering
is the simulation of the visibility at roads and of road signs at different parts of the
day and season, and in different weather conditions (Clavé and Gross 91). Realistic
image synthesis can also be used to create special effects for movies, for computer art,
flight simulators, computer aided design, etc.

Two aspects are important for generating realistic images:

* Modelling.
The scene of which an image must be generated should be modelled very
accurately. It is impossible to make a realistic looking image from a too simply
modelled scene. One of the requirements on the modelling is that it is not
restricted to polygons only. It should also be possible to use curved surfaces.
Modelling for realistic image synthesis is mainly an unsolved problem yet.

+ Tlumination.
Illumination is important for the appearance of the objects. Some (parts of) objects
are illuminated, others are not. Moreover, when an object receives light, it does
not receive an equal amount of illumination everywhere. In real life several optical
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effects can occur that influence the illumination of an environment. A realistic
imaging system should be capable of simulating all these optical effects. The
computation of illumination is the main topic of this thesis.

1.2 Global illumination

Illumination can be split into two parts: local illumination and global illumination.
These two types of illumination are closely related.

Light can travel a long path before it reaches a surface and eventually the eye. It may
be reflected by many other surfaces after it was emitted by a light source. Light that
reaches a surface from a light source without being reflected by other surfaces is
called direct illumination. Light that reaches a surface after one or more reflections is
called indirect illumination (figure 1.1).

light source

direct illumination

Figure 1.1 Direct and indirect illumination

Local illumination models describe how light that impinges on a surface is reflected.
It describes how much light is reflected and/or transmitted and in what directions. It
ignores where the light is coming from. Local illumination does only take into
account the direct illumination. Moreover it assumes that surfaces are illuminated
with a few point light sources and it ignores that light from these sources can be
blocked by other surfaces. Rendering algorithms that only compute local illumination
can generate images of realistic looking objects, but not of complex environments
with many objects.

Global illumination takes into account where the illumination comes from, and that
the shading of a surface is dependent on the illumination of all other surfaces that can
be seen from the surface.
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Global illumination models enable us to simulate the visual effects, that occur in real
life, and that can not be simulated with local illumination models. Examples of these
visual effects are:

* Soft shadows.
Area light sources generate penumbras (soft shadows), and not the sharp shadows
that were generated before global illumination was used.

¢ Indirect illumination.
Not all parts of an environment are illuminated directly by light sources. Often
these areas are not totally dark. These areas are illuminated by indirect
illumination. Light is reflected by other parts of the scene before it reaches these
areas. In closed environments the effect of indirect illumination is often
considerable.

e Color bleeding.
Color bleeding is one of the effects of indirect illumination. The color of an
illuminated object is visible on other objects, when these objects receive reflected
light from the illuminated object.

» Caustics.
Caustics are generated when light is reflected in a mirror or metal object or when
it is transmitted (refracted) through a transparent object. An example of a caustic
is a highlight that occurs when light is refracted in a glass of water.

* Participating media.
The environment between objects in a scene is not always a vacuum. Often some
kind of medium or atmosphere exists. Such a medium may contain many small
particles (molecules) that can absorb or scatter the light that traverses the medium.
Examples of media are air, smoke and water. Usually air contains very little
particles so it can often be considered as a vacuum, but water and smoke contain
many particles that influence the overall shading of the scene.

1.3 Solution methods

Standard projective algorithms (depth-i)uffer algorithms, scanline algorithms) only
account for the local (direct) illumination, and they usually ignore shadows. Only
light that is reflected once before it reaches the viewer is computed. These algorithms
are therefore not suited for realistic image synthesis.

The global illumination problem can be solved with two methods: radiosity and ray
tracing.

The radiosity method (Goral et al 84; Nishita and Nakamae 85; Cohen and Greenberg
85) computes the illumination within a scene by calculating the power exchange
between all surfaces in the scene. The surfaces are subdivided into patches. The
radiosity method computes the illumination (radiance) for each patch. The radiance of
a patch is assumed to be constant. The radiances are computed by determining
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relations between all pairs of patches. Such a relation (called form factor) describes
the amount of energy that is exchanged between the two patches. All the relations
together form a system of equations. Solving these equations gives the radiance
values for all patches. All patches in the scene can now be projected on the screen
with their computed radiance value as color. Solving all interreflections between the
patches is an expensive process. For scenes with a moderate complexity the radiosity
process may take hours on a standard workstation. The radiosity method is only
applicable for patches that have a matte (diffuse) reflection. It cannot handle
adequately mirroring reflections. Moreover the result is dependent on the subdivision
into patches: the more patches, the better the result.

Ray tracing (Whitted 80; Glassner 89) is a rendering method that computes the pixel
intensity by following one or a few rays from the viewpoint through the pixel into the
scene. The first object that is intersected by the ray is visible on the pixel. The
radiance at the intersection point is computed by following rays from this point to all
light sources. These rays to light sources are called shadow rays. If no objects are
intersected by such a shadow ray, then the point is illuminated by the light source and
the radiance of the point caused by the light source can be computed using a shading
model. When the intersected point was mirroring or transparent, on¢ or more
secondary rays are traced into the reflection or transmission direction and the tracing
process is continued. The main disadvantage of standard ray tracing is that it does not
account for the diffuse interreflection between the surfaces in the scene. This method
can be extended to account for this interreflection, but only at very high costs.

Both radiosity and ray tracing solve parts of the global illumination, but neither of
them is able to solve the global illumination problem efficiently. Hybrid methods, that
combine radiosity and ray tracing, are able to simulate all types of interreflection
(Wallace et al 87; Sillion and Puech 89). A standard two-pass method consists of a
radiosity pass and a rendering pass that is based on ray tracing. The radiosity pass
computes the interreflections between the patches. The results are the radiance values
for all patches. During the rendering pass the illumination of a visible object is
computed from the radiance values for that object that are calculated during the
radiosity pass. Mirroring reflection is added by tracing secondary rays in the
reflection direction.

The main disadvantage of the standard two-pass method is that the surfaces must be
subdivided into patches during the radiosity pass. The quality of the image strongly
depends on the subdivision that is applied. With a coarse subdivision the shadows in
the image will be very soft, although sharp shadows are expected. A fine subdivision
makes the radiosity process give better results but is expensive, as for each generated
patch many form factors must be computed.
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1.4 Goals

The main goal of this research is to improve methods for realistic image synthesis.
Such methods must comply with the following requirements (in order of descending
importance):
¢ The ability to solve the complete global illumination.
All possible paths that light can travel before it reaches the eye should be covered.
All optical effects must be accounted for. This is the most important requirement
to be able to make realistic images.

* The accuracy of the solution.
Sometimes it is possible to simulate all light paths, but is it impossible to compute
them very accurately. This will for example result in shadows that are not totally
correct. The shape of the shadow is not exactly what is expected. The goal is to be
as accurate as possible.

* The efficiency.
Ideally, images should be generated in real-time or at an interactive speed.
However, because of the complex nature of global illumination, this is not
possible. We can strive to generate images as fast as possible. Efficiency
techniques can be applied as long as they do not decrease image quality .

An optimal combination of radiosity and ray tracing methods should be developed
that will give the most accurate image possible. Both radiosity and ray tracing are
computationally expensive processes. Therefore, after developing a new hybrid
radiosity and ray tracing method, efficiency methods will be developed that speed up
the realistic image generation problem.

1.5 Overview thesis

This thesis is organised as follows.

The theory of global illumination is described in chapter 2. Several methods to
compute the global illumination in a scene and to make images of this scene are
described and compared to each other based on how well they solve the total global
illumination problem (the ability to compute all possible light paths), the shading
accuracy, and the processing time.

Chapter 3 describes a hybrid radiosity and ray tracing method that separates the high-
" frequency from the low-frequency illumination. High-frequency illumination is
responsible for perceptible shading contrast. Low-frequency illumination is computed
during a radiosity pass. The high-frequency illumination is computed by shadow-ray
casting during the (ray tracing based) rendering pass. To identify sources that are
responsible for high-frequency illumination a method called source selection has been
developed. Several selection criteria can be applied. Based on how strict these criteria
are applied, this method can perform like all hybrid global illumination methods,
ranging from a standard two-pass method, that can generate reasonable accurate
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images in a limited amount of time, to a Monte-Carlo sampling approach, that
generates very accurate images in a large amount of time.

The method described in chapter 3 can be rather expensive concerning computation
times, both for the rendering pass as for the radiosity pass. The most expensive part of
the rendering pass is casting shadow rays to important sources to capture the
illumination of sources to a point. A first method to reduce the number of shadow
rays is the use of shadow coherence: shadows are visible on coherent parts of the
screen. The shadow image buffer method that takes advantage of shadow coherence is
described in chapter 4. Another method to reduce the number of shadow rays is to
sample area light sources adaptively with shadow rays. Chapter 5 describes an
adaptive stochastic source sampling method. This method is further improved by
sampling pattern coherence.

The main difficulty in the radiosity process is the determination of the meshing on the
surfaces (the subdivision of surfaces into patches). The size of the patches determines
the accuracy of the solution. The smaller the patches, the better are the results, but
also the longer is the computation time. Therefore it is important to find an optimum
meshing for a pair of surfaces when the interreflections between these two surfaces
must be computed. When surfaces are very small and form together one object, it is
sometimes useful to compute the interreflections between objects instead of between
the individual patches. A hierarchy of objects and patches can strongly improve the
efficiency of the radiosity computations. Chapter 6 describes such a hierarchy and
describes methods to automatically subdivide patches to an appropriate size when
they receive energy from a source. Chapter 7 describes another part of the hierarchy:
groups. Groups are clusters of patches that receive and shoot energy as one item
instead of as individual patches.

Chapter 8 evaluates the issues explored in this thesis. Conclusions are drawn and
ideas for future developments are given.



2 Global illumination

2.1 Introduction

A very important factor in generating realistic images is the ability to accurately
simulate the global illumination in a scene. In contrast to local illumination, that is
only concerned with the direct illumination from light sources, global illumination
also includes indirect illumination. Indirect illumination is the illumination after one
or more reflections or transmissions.

Methods that solve the global illumination problem should take into account all
possible paths that light (or photons) can travel before it reaches the viewer. While
travelling through the scene light may be scattered when it traverses a participating
medium, e.g. smoke. However, in this thesis only non-participating media are
considered, and so scattering is ignored. When light reaches a surface, it can be
absorbed, reflected or transmitted, depending on the physical properties of the
surface. It may take many reflections and transmissions before light reaches the
viewer.

This chapter describes methods to make realistic images of scenes by computing the
global illumination within these scenes. Before describing methods that can tackle the
global illumination problem, some background will be given. Section 2.2 describes
the most important quantities that are used in global illumination. In section 2.3 the
formulas are given that are the basis for all global illumination methods. Also a
number of important light transport mechanisms are explained. Ray tracing methods,
as described in section 2.4, and radiosity methods, as described in section 2.5, are
algorithms that are capable of simulating most of the light paths. However,
combinations of radiosity and ray tracing perform best. These hybrid methods are
described in section 2.6. Finally, section 2.7 summarizes and compares all methods.

2.2 Terminology for global illumination

To describe the physics of global illumination methods, the illuminating engineering
terminology (ANSI 86) will be used. A good survey of the use of this terminology in
computer graphics can be found in (Shirley 90b). A summary of the most important
quantities for computer graphics is given below. Note that all quantities are a function
of wavelength A. However, for conciseness this wavelength is ignored in the
following description.

¢ Radiant flux or radiant power ® [W].
Radiant power is defined as the radiant energy per unit time.
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« Radiance L [W sr' m?].
Radiance is the basic unit for describing the radiation of a point on a surface. In
computer graphics literature radiance is often called intensity. Radiance is defined
as the radiant power leaving, passing through, or arriving at an element of the
surface surrounding the point, per solid angle and per area of the orthogonal
projection of the element of the surface on a plane perpendicular to the given
direction (ANSI 86):

d*®d
= 2.1
dwdAcosf @D
+ Irradiance E [W m?].
Irradiance is defined as the density of radiant power incident on a surface:
do
E=— 2.2
m 2.2)

« Bidirectional reflectance distribution function (BRDF) f, [sr].
The bidirectional reflection distribution function is defined as the ratio of
differential radiance reflected in a given direction to the differential power density
incident from a given direction:

dL(®,) _ dL(®,)

= 23
dE(©,) dL(0,)dw,cosb; @3

f,(epe,) =

where ©,=(6,,¢,)! is the incident direction, ©, =(6,,¢,) the reflection
(outgoing) direction, and do; the solid angle of the incident radiance (figure 2.1).

O,

1

do,

dw

\

Figure 2.1 Geometry for bidirectional reflection distribution function

1 A direction ® can be defined with two angles, polar angle 6, and azimuth angle ¢. For conciseness,
mostly © is used instead of these two angles.
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* Reflectance p [dimensionless].
Reflectance is defined as the ratio of reflected flux to incident flux:

(br
P=3. (2.4)

It is often easier to use reflectance instead of BRDF.

* Like the bidirectional reflection distribution function f, and reflectance p to
describe reflections, there exist the corresponding bidirectional transmittance
distribution function f, and transmittance 7 to describe transmission. In the
description of global illumination methods transmission is further ignored.
However, transmission can be computed in almost the same way as reflection.

2.2.1 Diffuse and specular reflection

The BRDF of a surface can be very complicated (figure 2.2) (Nicodemus et al 77).
Therefore often reflection is divided into two types: diffuse and specular reflection.

For a perfectly diffuse (Lambertian) surface the reflected radiance is constant in all
directions (figure 2.3). A diffusely reflecting surface looks the same under all viewing
directions. A diffuse reflector looks matte. For a diffuse reflector the relation between
BRDF and reflectance is given by:

f,<e.-,¢,-:e,,¢,>=”;d 2.5)

For an ideal specular surface radiance is retlected in only one (specular) direction
(figure 2.4). Examples of specular reflectors are mirrors. The following relations exist
between the incident and reflected direction:

0,=6,,0,=¢,+7 2.6)

For other reflection directions the BRDF is zero. Often, however, light is not reflected
in one direction, but in a small cone of directions (figure 2.5). This kind of reflection
is called rough-specular reflection.

Figure 2.2 General reflection Figure 2.3 Diffuse reflection

Figure 2.4 Specular reflection Figure 2.5 Rough specular reflection
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Several methods to evaluate the BRDF and to separate the general BRDF into a
diffuse and a specular component have been used in computer graphics (Phong 75;
Blinn 77; Cook and Torrance 82; He et al 91). However, not all of them are
physically correct. A good survey of computing reflections in computer graphics is
given in (Hall 89).

2.3 The rendering equation

The theoretical background for all global illumination methods is given by the
rendering equation. The outgoing radiance L, at a surface point X in a certain
outgoing direction ©, is equal to the emitted radiance L, plus the reflected radiance
L, in that direction:

L(x,0,)=L(x06)+L(x,0,) 2.7
Using the definition of the BRDF (equation 2.3), the reflected radiance can be written

as:

L(x,0,)= [£,(x,0,0,)L(x,0,)cos8do, (2.8)
Q

where Q, is the hemisphere of all incoming directions. Combining equations 2.7 and
2.8 gives an equation that forms the basis of all global illumination methods, the
rendering equation:

L(x.0,)=L,x.0,)+ [£,(x.6,0,)L(x,0,)cos 6,do, 2.9)
Q

The incoming radiance at point x from the direction ©; is equal to the outgoing
radiance at point x’, the point that is seen from x into direction @, into the outgoing
direction ©’, (©, = ©’). This will give the following form of the rendering equation:

L(x.0,)=L,(x.08,)+ [f,x6,0,)Lx,0,)cos6,do, (2.10)
Q

Instead of integrating over the hemisphere around x, it also possible to integrate over
all surfaces in the scene, as was done for the well known rendering equation of
(Kajiya 86). Using the relation for the projected solid angle:

_ cos 6.dA’
R

where @, is the angle between the outgoing direction and the normal at point X, and
dA’ is a differential area around x’, the rendering equation can be rewritten as:

cos@’dA’
- &1

do (2.11)

L(x,0,)=L(x0,)+ I v(x,x)f,(x,0,,0,)L,(x",0,)cos 6,

allx’

or when written with only outgoing directions using ©, =©7:
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cos @’ dA’

L(x.0,)=L(x.0,)+ | vxx)f,x6,.0,)L,x,0,)cosb, — (2.13)

allx’ x” — x|
In these equations v(x,x”) is a visibility term that has the value one when x is visible
to x’, and zero otherwise.

These rendering equations should be the basis for all methods that solve the global
illumination problem.

The rendering equation can be evaluated recursively until a light emitting source is
reached. Therefore the radiance of a point can be computed by following the light
backwards via reflections until a light source is reached. However, it is also possible
to follow the light into the opposite direction, so from the light source to the surfaces
in the scene. No matter what direction is followed, a system for realistic image
synthesis should be able to simulate all possible paths light can travel between a light
source and the viewer. Figure 2.6 shows several of these light paths. In this case an
ideal situation is assumed, where a surface is either ideal diffusely or ideal specularly
reflecting.

source

- diffuse reflection

- specular reflection

viewing plane

. v .
view point

Figure 2.6 Some light transport paths

Several light transport mechanisms are shown in this figure. Path 1 represents the
light that reaches the eye after only one diffuse reflection. This direct diffuse light
transport is very important because the direct contribution of a light source to a
surface will normally be the main contribution. This contribution is responsible for
the most obvious shadows. Path 2 represents the diffuse-specular light transport. The
light is first diffusely reflected and, before it reaches the eye, it is specularly reflected.
An example of this light path is when one sees a direct illuminated object in a mirror.
Light path 3 shows the diffuse-interreflection light transport. Light that is diffusely
reflected by a surface is again diffusely reflected by (another) surface before it
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reaches the eye. This diffuse interreflection is responsible for the color bleeding.
Although this diffuse interreflection light transport is often ignored, it is very
important, because it may be responsible for a significant part of the total illumination
in a scene. Path 4 represents the specular-diffuse light transport. Light is specularly
reflected, for example by a mirror, onto a diffusely reflecting surface. This path is
responsible for caustics, highlights on a diffuse surface because of specular reflection.
Path 5 represents light that is only specularly reflected. This path may result in
highlights.

2.4 Ray tracing

Ray tracing (Whitted 80) was the first rendering technique that did not only account
for the local illumination, but also included some global illumination effects. An
image is generated by following the light backwards into the scene (figure 2.7). Rays
are traced from the eye through the viewing plane into the scene to find the first
surface intersected by the ray. If this surface is (partially) specularly reflecting or
transmitting, then secondary rays are traced in the reflected and transmitted
directions. To calculate the direct diffuse reflection contribution at the intersection
point, shadow rays are cast to all light sources in the scene. If no intersection of a
shadow ray and the objects in the scene is found, then the intersection point is lit by
the light source, and so the source contributes to the shading at the intersection point.
An extensive description of ray tracing and methods to speed up ray tracing can be
found in (Glassner 89). This section will further concentrate on the possibilities of the
different ray tracing methods to compute the global illumination.

hghé source

light source

view point

viewing plane

Figure 2.7 Ray tracing
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It is possible to describe the ray tracing process in terms of the rendering equation.
The radiance L(p,0,) at pixel p is computed by tracing a ray from the eye into the
viewing direction from the eye to the pixel. This ray will hit a patch at a point x. So
the radiance of the pixel equals the outgoing radiance at point x into the opposite
viewing direction:

L(p.®,)=L,(x,0,)

0,=-0, (2.14)

4

This outgoing radiance is computed by a simplified rendering equation. Instead of
sampling all directions to get the incoming radiance, as indicated by equation 2.9,
only the directions to the light sources and the specular directions (if the hit patch is
specular) are sampled with rays, giving the following ray tracing equation:

L(x,0,)=L(x,0,)+

2 Jv(x,x,)f,‘d(x)Le (x,,0)cos 8, dw, +

L glix;eL

[£..%,0,.8,)L(x,,0,)cos 8 do, +

8,eQ,

Ps(X)L,(x) (2.15)

The second term at the right hand side of this equation computes the direct diffuse
contribution of the light sources L. Shadow rays are cast to evaluate the visibility term
v. The third term accounts for the specular contribution. Secondary (reflection) rays

source

- diffuse reflection

=~ specular reflection

view point

Figure 2.8 Light paths for 'standard’ recursive ray tracing
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are traced into all directions when the specular part of the BRDF at point x is not
equal to zero. When a patch is hit, equation 2.15 is evaluated recursively by tracing
shadow and reflection rays. As no indirect diffuse illumination is captured during ray
tracing, usually an ambient term is used to give a crude estimation of this diffuse
interreflection. The fourth term in the equation gives this ambient illumination.

Recursive ray tracing, as described above, takes only into account the direct diffuse,
the diffuse-specular, and the direct specular light transport (figure 2.8). Although this
method has shown to give nice looking images, fully realistic and physically correct
images cannot be generated with this method.

source

- diffuse reflection

== specular reflection

22 viewing plane

- v .
view point

Figure 2.9 Extra light path of light ray tracing

Recursive ray tracing does not take into account diffuse interreflection and the
specular-diffuse light transport that causes caustics. To capture the latter component a
preprocessing step, light ray tracing2, can be used (Arvo 86). Light ray tracing
computes the radiance values caused by illumination via specular reflections. These
‘radiances are stored on the surfaces in illumination maps. Rays are shot from the light
source into the scene. Each ray represents some amount of power. When a ray hits a
diffusely reflecting surface after being reflected by one or more specular reflecting
paiches, the power of the ray is recorded on this diffusely retlecting surface. When the
ray hits a diffusely reflecting surface without being specularly reflected before, the
ray is further neglected. When the scene is now rendered with standard ray tracing to
generate an image, and a ray hits a diffusely reflecting surface, then the radiance at
the intersection point is calculated by adding the value of the illumination map at the
intersection point to the direct illumination component that is computed by shadow

2On'ginally this method was called backward ray tracing, but this name caused too much confusion.
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ray casting. Light ray tracing accounts for the specular-diffuse light transport as
depicted in figure 2.9. The quality of the caustics is dependent on the resolution of the
illumination map. The higher this resolution the more accurate the shape of the
caustics will be.

Distribution ray tracing (Cook et al 84; Cook 86) extends standard recursive ray
tracing by adding stochastic methods to simulate all kinds of optical effects. Rays are
distributed over several domains (pixel positions, lens positions, area sampling
position, etc.). This will allow anti-aliased images with depth of field, soft shadows,
etc.

In ray tracing algorithms, the diffuse interreflection contribution to the illumination is
usually approximated with an ambient term. It is, however possible to calculate the
diffuse interreflection accurately within a distribution ray tracer, and solve the
complete rendering equation (Kajiya 86). Instead of only sending shadow rays to light
sources and reflection rays into specular reflection directions, rays are traced into all
directions to sample all incoming light. Because the light reflected by the other
surfaces that are hit by these rays is not known, the sampling must be performed
recursively (ﬁgure 2.10). General BRDFs can be used with this method, because all
incoming directions can be sampled with rays, and therefore all light paths can be
computed (figure 2.11).

light source
o

light source
o,

view point
viewing plane

Figure 2.10 Diffuse interreflection calculation with ray tracing

To sample all directions for the complete hemisphere above the intersection point a
ray distribution over the hemisphere can be determined with Monte-Carlo methods
(Kajiya 86; Kalos and Whitlock 86). Random numbers are generated from which
these directions can be computed. However, many rays are needed to get a good
representation of all incoming directions, and so to get an accurate irradiance.
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Methods to reduce the number of sampling rays are path tracing in combination with
importance sampling (Kajiya 86), and irradiance caching (Ward et al 88).

source
== diffuse reflection
~— specular reflection
viewing plane
- v -
view point

Figure 2.11 Light paths for ray tracing with diffuse interreflection

In path tracing the number of rays is reduced by not tracing all secondary (reflection)
and shadow rays, but by selecting only one or a few light sources to which shadow
rays are cast and by selecting only one or a few directions in which rays are traced
recursively to sample the diffuse interreflection. The selection of light sources and
sampling directions can be done randomly, but better results are achieved with
importance sampling (Kajiya 86; Shirley 90b; Shirley and Wang 91). Shadow rays
and rays that sample the diffuse interreflection are distributed over the different light
sources and reflection directions in such a way that the number of rays to each light
source and in each direction is proportional to the importance of these light sources
and directions. A probability factor, proportional to the estimated contribution of a
light source or direction, is therefore assigned to each light source and sampling
direction. This probability factor ensures that shadow rays are sent at least to the
brightest and nearest light sources and patches. A serious drawback of these
stochastic approaches is that although they reduce the number of secondary and
higher generation rays, they require a large number of primary (viewing) rays for each
pixel. They work well for images that are heavily supersampled, but generate a great
deal of noise when the sampling density is low.

Irradiance caching (Ward et al 88; Ward and Heckbert 92) exploits shading coherence
and is based on the assumption that the indirect diffuse component varies only
smoothly over a surface. Therefore the indirect diffuse irradiance calculated for one
point, can also be used when the indirect diffuse irradiance must be calculated for
neighbouring points. This is implemented by storing the calculated irradiance values
in a datastructure. When an indirect interreflection must be calculated for a point in
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the scene, and irradiance values are already calculated for nearby points (for rays that
were traced earlier), the indirect irradiance value can be interpolated instead of
calculated by sampling the environment. For the first rays tracing is done to full
depth, but for later viewing rays the number of rays needed to compute indirect
irradiance values diminishes because enough information is calculated already.
Coherence criteria are used to determine whether earlier calculations provide enough
information. Extra samples can be required for areas with a high surface curvature
and near edges of objects, while interpolation is possible for points on flat patches.
An advantage of the irradiance caching method is that only those areas are sampled
that are involved in the illumination calculation for a given view.

2.5 Radiosity

Another method to solve the global illumination problem is the radiosity method. This
method, that finds its roots in thermal engineering (Sparrow and Cess 78; Siegel and
Howell 81), can also be applied for solving the global illumination problem for the
generation of realistic images (Goral et al 84; Nishita and Nakamae 85; Cohen and
Greenberg 85).

In the 'standard’ radiosity method all surfaces are assumed to be perfectly diffuse. All
surfaces emit diffusely and reflect diffusely. The consequence is that in this case the
radiance is independent of outgoing direction, and is only a function of position:

(x.0,,) = L(x) (2.16)

oul

Also, the diffuse reflectance is independent of in- and outgoing directions, and is
constant in all directions. Using equation 2.5 for diffuse reflectance, equation 2.13 can
be simplified for purely diffuse scenes:

cos6; coslle,, (X, X')dA’ 2.17)

It is not possible to solve this equation for each infinitesimal small point in the scene.
Therefore the surfaces in the scene are subdivided into sufficiently small patches and
the radiance and reflectance are assumed to be constant for each patch. Consider point
x on patch i and x' on patch j, then the radiance for patch i is given by:

L4p Z J'J'cose cosela A dA @.18)

AA,

L(x) = L' (x)+ p*(x) J‘L(x )

where r is the distance between the patches i and j, and &, gives the mutual visibility
between the delta areas of the patches i and j. If no occlusions exist between these
delta areas, then 5,-,. is one, otherwise it is zero.

Equation 2.18 can be rewritten as:
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L =L?+ngLj.fi—)j 2.19)
i
with:
1 cos6;cos b,
fini= IJ’J—‘z—La-'}dAidA-‘ (2.20)
; nr
AA;
Using the relation:
Afini=Af i @21
and writing formula 2.19 in terms of power instead of radiance gives:
®, =] +p;iz(bjfj—n' (222
i

From this equation it is clear that f,_,; is the fraction of the power leaving patch i that
will reach patch j. This fraction is called the form factor. It is based on the geometry
of the two patches and their relative position.

Equation 2.19 gives the radiance of a patch by gathering incoming radiance coming
from all other patches in the scene. It is the basis for the radiosity method (Goral et al
84; Nishita and Nakamae 85). This method received its name from the quantity in
which it was first described: radiosity. Radiosity (B) is a non-standard name for
radiant exitance. It is defined as the density of radiant flux leaving an area. The
relation between radiosity and radiance is given by the following equation:

B= [L,cos6,do, (2.23)
Q,

For diffuse surfaces, radiosity and radiance are therefore related by:
B(x) = mL(x) (2.24)

Radiosity is not part of the standard terminology, so will not be used here further.
Radiosity methods can be defined as methods that solve the global illumination
problem by partitioning the scene into small patches (or zones, the radiosity method is
sometimes also called zonal method) and computing the radiances of these patches by
solving a system of equations.

The radiosity method computes radiance values for each patch in the scene. This
method simulates direct and indirect diffuse light transport (figure 2.12), but does not
account for the specular reflection. It is not a rendering method, but only an
illumination computation method. Any rendering technique can be used to make
images of the scene using the results of the radiosity method. The results of the
radiosity method are view-independent, because only diffuse surfaces are used.
Therefore many images from different view-points can be made with the results of
one radiosity processing.
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source

= diffuse reflection

= gpecular reflection

viewing plane

. v .
view point

Figure 2.12 Light paths of radiosity method with simple rendering algorithm

The attempt to generalize the view-independent radiosity method to include also
specular light reflection (Immel et al 86) was not successful. It required an enormous
amount of memory and an enormous amount of computations, because for the
specular component form factors are not only a function of the position and geometry
of two patches, but also of the reflection directions.

2.5.1 Full-Matrix radiosity

If the scene consists of n patches, then n linear equations with » unknown values
exist. Each unknown represents a radiance value for a patch. The radiance of each
patch can now be calculated by solving the resulting system of » equations:

l_p;ifl-n _P;‘fl—)z _pldfl—)n Ll LT
_P::fz-.l 1 'P{fz—)z —p::fh" lq - L; @2.25)
_p:fn—al _p:fa—)l e 1 _p:.fn—»n Ln L:r

This system is normally diagonally dominant, so a Gauss-Seidel iterative solution
method can be used to rapidly get accurate patch radiances (Cohen and Greenberg
85). Because this method requires solving a matrix equation, and the full matrix must
be known before a solution can be computed, it is often called Full Matrix (FM)
radiosity.

To be able to solve this system of equations, first all form factors must be known. The
storage and computation requirements for these form factors are very high, namely of
O(n?). For very complex scenes this is unacceptable.
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2.5.2 Progressive radiosity

An alternative for the full-matrix radiosity method was given in (Cohen et al 88). In
this method, progressive radiosity (PR), it is not necessary to compute and store all n*
form factors before the radiances can be derived.

From equation 2.19 it can be seen that the contribution of a patch j to the radiance of a
patch i is given by:

L= Pijfi-»j (2.26)
Written in terms of power this equation becomes:

¢'4—j =pf¢jfj-)i (2.27)

If the radiance or power of patch j is known, then the contribution to all other patches
i in the scene can be computed. Patch j shoots its radiant power into the scene to all
other paiches. Thus instead of gathering the radiance at a patch from the other patches
in the scene, now radiance or power is shot from a patch to all other patches in the
scene (figure 2.13). By selecting one of the patches in the environment being the
‘shooting' patch, the contributions of this shooting patch to all the patches in the scene
can be calculated using the form factors from this patch to all other patches. The form
factors need not to be stored for later use, saving an enormous amount of storage.

aq % aq Y.
NN\

Figure 2.13 Gathering (FM) versus shooting (PR)

The shooting algorithm is as follows. The unshot radiant power and the ‘normal’
radiant power of all emitting patches are initialized to the emitting power. For all
other patches these values are initialized to zero. In each iteration step of the iterative
progressive radiosity method, the most radiant patch (the patch with the highest
unshot power) is chosen to be the shooting patch. This patch shoots its unshot power
to the environment by computing the form factors to the other patches. The unshot
power and the normal power of each patch in the environment are updated using
formula 2.27. At the end of the iteration step the unshot power of the shooting patch
is set to zero. Then again the patch with the highest unshot power is selected to shoot
its power. This process stops when the remaining unshot power in the scene is
sufficiently small. After each iteration step an image can be made (for example with
depth buffering) using the radiances calculated so far, so one can see the image
converge to the actual solution. The remaining unshot power in the scene can be used
during display to make a reasonable approximation for an 'ambient’ term.
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The main advantage to use progressive radiosity instead of full-matrix radiosity is the
reduced memory cost, so more complex scenes can be handled.

2.5.3 Form factor computation

The computation of the form factors is the computationally most expensive part of the
radiosity method, both in the full-matrix and in the progressive radiosity method. It is
impossible to solve analytically the double integral while taking into account the
mutual visibility of the two surfaces. Stoke's theorem to solve the double integral as a
double contour integral is only applicable when no occlusions occur (Goral et al 84).
Therefore methods, such as the hemi-cube and ray tracing, that approximate the form
factors are used instead. These methods are often based on Nusselt's analog that states
that the form factor is equal to the fraction of the base of the hemisphere covered by
projection of a surface onto the hemisphere (figure 2.14).

A\N

Figure 2.14 Nusselt's analog to compute the form factor

The Hemicube

The hemicube method (Cohen and Greenberg 85) is based on Nusselt's analog, but
instead of projection on the hemisphere, it uses projection onto a hemicube. The
hemicube consists of five planes, each subdivided into small elements. Each element
of the hemicube represents a delta form factor. The delta form factor of each cell of
the hemicube is determined in advance. The hemicube is placed on the patch for
which the form factors must be computed. The form factors are determined by
projecting all other patches onto the planes of the hemicube. The advantage of the
hemi-cube method is that depth-buffering can be done with the specialized hardware
that is available for several graphics workstations. However, the method is prone to
aliasing, it requires all surfaces to be approximated with polygons, and is less suitable
for including specular light transport within the form factor computation.

Form factor computation by ray tracing

Form factors can also be computed using ray tracing methods. Ray tracing has a
number of advantages compared with the hemicube method. Arbitrarily shaped
surfaces can be used; surfaces need not to be approximated with polygons anymore.
Directions of rays can be determined in a flexible way, allowing adaptive sampling
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and stochastic methods to avoid aliasing. The main disadvantage is that up to now no
specialized hardware is available to speed up the ray object intersection calculations.

Ray tracing based form factor computation methods can be classified into two groups,
the undirected form factor computation, and the directed form factor computation
(figure 2.15).

Figure 2.15 Undirected versus directed ray tracing based form factor computations

Undirected form factor computation

Form factors can be computed by sampling the hemisphere with rays. Rays are traced
from the base point of the hemisphere through points on the hemisphere. Each ray
then represents a delta form factor. The form factor of the patch that is hit and the
patch from which the ray originated is then updated with this delta form factor.
Because rays are not shot aimed at hitting a specific patch, this kind of form factor
computation is called undirected.

The most straightforward method is to distribute the points uniformly over the
hemisphere. A disadvantage of this method is that the delta form factors of the rays
are not equal, because the delta form factors are a function (cosine) of the angle of the
ray direction and the normal of the hemisphere. Also a considerable amount of work
is done for directions where the delta form factor is almost zero (along the base of the
hemisphere). A third problem is that a uniform distribution can result in aliasing.

A non-uniform Monte-Carlo based method will therefore have a better performance.
A good distribution of ray directions is achieved when the base of the hemisphere is
sampled with jittered points (Malley 88). To determine a ray direction, such a point is
projected onto the hemisphere, and the ray direction is now from the center point of
the hemisphere to the projected point. When the total base is sampled evenly, because
of Nusselt's analog each ray represents the same delta form factor, that is equal to one
divided by the number of points.

A third method for undirected shooting uses a plane to determine ray directions
(Sillion and Puech 89). One plane is placed above the point for which form factors
should be calculated. This plane is subdivided non-uniformly into 'proxels' (projection
elements) that all represent about the same delta form factor, and rays are sent
through the proxels into the scene.

Undirected form factor computation has one important disadvantage. When the
resolution of the rays is not high enough, aliasing etfects may occur (figure 2.16).
Although small patches or elements are visible, they are casily missed by the rays,
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especially when they are far away of the origin of the rays. Also it is not guaranteed
that two neighboring elements receive (approximately) the same amount of rays.
Especially when the number of rays is small this may become visible. In figure 2.16 a
surface that is subdivided into 256 patches is illuminated by a source. The number of
rays that is shot from the source is increased. At least 100000 rays (figure 2.16.f) are
needed to avoid aliasing, while for directed shooting only 289 rays are needed (figure
2.16h)

Figure 2.16 Results radiosity computations for a surface, divided into 256 patches, lit
by a small light source. Undirected shooting: 1 (a), 10 (b), 100 (c), 1000 (d), 10000
(e), 100000 (f), 1000000 (g) rays, and directed shooting: 289 (h) rays

Directed form factor computation

Directed shooting does not have this problem (Wallace et al 89). At least one ray is
traced from the patch for which the form factors must be computed to each other
patch or element. So each patch that should be visible is known to be visible. If no
intersections are found, then the form factor can be computed, otherwise it is zero. If
necessary, patches can be adaptively subdivided to find their visible parts more
exactly, and to get more accurate form factors. When the visibility is solved, the form
factor can be computed. Equation 2.20 cannot be used directly to compute the form
factor. Therefore often the integrals in this equation are replaced by summations.
However, this can only be done if the distance between the two patches is much larger
than the delta areas of the patches. Therefore alternative formulas are used that use
finite areas instead of delta areas. One solution is to approximate the area with a
circular disk (Wallace et al 89). A better solution, but also more expensive to
compute, is to use an analytical solution based on Stoke's theorem (Baum et al 89).

2.5.4 Meshing

The radiosity method computes only one radiance value for each patch (or for a
number of elements or vertices of elements of a patch). To represent all shading
transitions properly, the patches or elements should be infinitesimal small. However,
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then the radiosity method will take an infinite amount of time to compute the
radiances. Therefore a meshing scheme is necessary that subdivides the surfaces into
(as few as possible) patches and elements in such a way that patch and element
borders follow the shading transitions. If it creates patches that are too big, then a
very inaccurate shading will result. Shadow areas will be too large and the shadows
will be blurred and jagged. For example, a very small light source is expected to
generate a sharp shadow on a surface. If the shading is represented in a mesh that is
too coarse, then this shadow will be highly blurred. It is very difficult to generate a
good mesh. Many problems will arise when the meshing is not done properly (Haines
91). A good mesh must satisfy a number of requirements (Baum et al 91). An
automatic meshing scheme should take care that all these requirements are fulfilled.

When an initial mesh is made, this mesh can be adaptively refined (Cohen et al 86) to
achieve a better solution. Only those regions of a surface are refined where a large
shading gradient exists (so where important shadow boundaries are). Although this
method can improve the radiosity results, it will never be able to represent the shading
variations accurately, for example when zooming in on a patch.

The goal of the meshing is to be able to represent the shading gradients. If it is known
a priori where these transitions will occur, then the mesh can be made to fit the
shading transitions exactly. Exact meshing or discontinuity meshing schemes
(Campbell and Fussell 90; Heckbert 91; Heckbert 92a; Lischinski et al 92) compute in
advance where discontinuities in the shading will occur. Patches are subdivided along
these discontinuities. The radiosity results with these meshes are very good. However,
determining where the discontinuities will be is a complex and expensive process.
The projection of surface contours onto other patches, that is used for that, is very
difficult and expensive, and storing the mesh requires complex datastructures,
especially when curved surfaces are involved. Also, it is very difficult to include the
discontinuities that are caused by specular reflections.

2.5.5 Particle tracing

In progressive radiosity using undirected or Monte-Carlo shooting (see section 2.5.4),
when a ray hits a patch, the power is stored on this patch, and later, when this patch is
selected to be the source patch, this power is sent further into the scene. It is,
however, also possible to reflect the power and send it back into the scene
immediately. In this case, packets of power (particles or photons) are followed on
their way through the scene until they are absorbed by a surface. This method is
called particle tracing (Shirley 90b; Pattanaik and Mudur 92; Pattanaik 93). A particle
is sent out of an emitter into the scene. When this particle hits a surface, it is either
reflected or absorbed. When it is reflected, the outgoing flux of the surface is updated
and the particle is followed further on its way through the scene. The reflected flux
can be stored by recording the position of the hit on the surface, but this will require
much memory as many reflection points will be computed during the simulation. An
alternative is to store this flux in a mesh as in the radiosity method.
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A number of decisions have to be made at different stages of this algorithm: the
wavelength of the particles, their origin (from which light source and from which
position on this light source they are cast), reflection or absorption when they hit a
surface, and their reflection direction. All these decisions are taken using Monte Carlo
methods by sampling probability density functions (Kalos and Whitlock 86). For
example, the direction in which a particle is reflected is determined by a probability
distribution function that is based on the BRDF of the surface.

Particle tracing is able to simulate all light paths. Even very complicated BRDFs can
be used easily. Because of the stochastic nature of this method, particle tracing must
use many rays to avoid noise.

2.6 Hybrid global illumination methods

From the previous discussion it is clear that ray tracing methods are very well suited
to simulate specular reflections and that radiosity methods are mainly suited to
simulate diffuse reflections. Both methods can be extended to include all light transfer
paths, but only at high costs. However, ray tracing and radiosity complement each
other well. Therefore several hybrid radiosity and ray tracing methods have been
proposed.

One of the first hybrid methods is the two-pass method (Wallace et al 87; Shao et al
88; Sillion and Puech 89). In the first pass, the radiosity pass, the diffuse component
of the radiances is computed with a radiosity method. In the second pass, the
rendering pass, an image, including specular reflection, is rendered by ray tracing
using the results of the first pass. Figure 2.17 shows the different parts of the two-pass
method.

———» radiosity pass
diffuse
radiances

viewing P deri
parameters rendering pass

Figure 2.17 Two-pass method

The radiosity pass computes the diffuse component of the radiances. This diffuse
component can also be caused by a specular reflection, for example when light
reaches a diffuse surface via a specular surface (mirror). It is therefore necessary to
include the specular to diffuse transport in the radiosity pass. To account for this
transport the extended form factor is introduced. The extended form factor f,,; is
defined as the fraction of power leaving surface i that reaches surface j directly or by
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one or more specular reflections. To compute the extended form factor, in (Wallace et
al 87) the concept of mirror form factors is used (Rushmeier and Torrance 90). The
scene is flipped about the plane of the specular patch, and this new (virtual) scene is
used to compute the extended form factors. The specular patch is now an opening to
the mirrored scene. This method, however, is only applicable to planar specular
surfaces and for scenes with a very limited number of specular surfaces. However,
extended form factors can be computed very well with an undirected ray tracing
based form factor calculation method (Malley 86; Sillion and Puech 89; Kok et al 90).
When a form factor ray hits a specular surface, the ray (or a frustum of rays, to
simulate rough specularity) is propagated into the reflection direction. When a (partly)
diffuse surface is hit, the form factor of the surface at the origin of the ray and the hit
surface is updated (figure 2.18). Figure 2.19a gives the light paths that are computed
with a radiosity pass using extended form factors.

diffuse patch j

/ reflection frustum
specular patch F

diffuse patch i

specular patch

Figure 2.18 Extended form factor computation by ray tracing

In the second pass, the rendering pass, an image is generated by ray tracing. However,
here ray tracing is simpler than standard ray tracing (Whitted 80). No shadow rays are
cast to compute the shading of a point. When a viewing ray hits a (partly) diffuse
patch, instead of casting shadow rays as in standard ray tracing, the diffuse
component of the radiance value at the intersection point is derived from the radiance
values computed during the radiosity pass. Only when the patch is (partly) specular,
reflection rays are sent in the reflection direction, as in standard recursive ray tracing,
and the process in repeated. In figure 2.19b the paths are given that are followed
during the rendering pass. The ray tracer uses the radiance values computed during
the radiosity pass at all points indicated with x.

This two-pass method is able to simulate all light paths. The resulting image quality,
however, strongly depends on the meshing used during the radiosity pass, as in all
radiosity based methods. The resolution of the meshing determines the accuracy of
the shading of the surfaces in the sceng (see section 2.5.4). It is possible to make the
meshing dependent on the viewing position (Heckbert 90). An extra ray tracing
preprocessing pass determines which surfaces are visible in the image and what
meshing density is required to achieve good shading results. An important
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disadvantage of this approach is that the radiosity solution is not longer viewpoint
independent, although this is only a disadvantage when more than one image has to
be made of the scene.

source source

viewing plane

N
1o

v \%

view point view point | specular reflection

- diffuse reflection

Figure 2.19 Light paths for two-pass method (Wallace et al 87; Sillion and Puech
89): radiosity pass (a), and rendering pass (b)

Another solution to the meshing problem is to make a distinction between light that a
surface receives directly and light that it receives indirectly from light sources (Ward
et al 88; Shirley 90a). Direct light is the light that a patch receives from a light source
without being reflected by other patches. Indirect light is the light that is received
after one or more (diffuse or specular) reflections. The direct light is responsible for
the larger shading gradients (shadow boundaries) on surfaces, so it is better not to
store this light on a mesh. The indirect lighting usually shows minor variations, and
can therefore be stored in a relatively coarse mesh. The indirectly received light is
calculated by light ray tracing and radiosity (Shirley 90a). First, light ray tracing
(Arvo 86) computes the indirectly specularly reflected illumination and stores it in
illumination maps (figure 2.20a). It accounts for the hard lighting component via
specular reflections. Second, a radiosity computation, using extended form factors, is
performed for the whole scene. Hereafter, for each patch, the light received directly
from light sources is subtracted from the patch radiance value by following the light
again from the sources until a patch is met. The contributions of the light rays are
subtraced from the patch radiance values (figure 2.20b). The resulting indirect
shading will show only minor variations. The patch refinement can therefore be
relatively coarse. Finally, during the rendering pass, light received directly from light
sources is calculated by casting shadow rays to the light sources as in standard ray
tracing, whereas the indirect component is calculated by taking the sum of the
radiance value and the illumination map value at the intersection point (figure 2.20c).
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Figure 2.20 Light paths for hybrid method with distinction between directly and
indirectly received light: light ray tracing pass (a), radiosity pass (b), and rendering
pass with shadow rays (c)

Another hybrid method is one-level Monte-Carlo sampling. This method starts with a
radiosity pass to compute the radiances of all patches as a normal radiosity pass.
When, during rendering, the illumination of a point must be computed, this
illumination is not interpolated from the radiances of the patch that is intersected.
Instead, a gathering step is performed by sampling all incoming illumination with
sampling rays. Each sampling ray represents a delta form factor. When a sampling ray
hits a patch, the illumination represented by that ray is computed from the radiance of
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the hit patch and the delta form factor of the ray. The results of the radiosity pass are
not used for display purposes, only to compute the contributions of the patches to
visible points in the image. Therefore the meshing can be very coarse during the
radiosity pass. This method may give a good shadow accuracy. However, for each
visible point many sampling rays should be cast to capture the illumination.
Otherwise the image will contain much noise. Instead of sending multiple sampling
rays per viewing ray, it is also possible to cast only one sampling ray per viewing ray
and send many viewing rays per pixel (Rushmeier 88). The direction of the sampling
ray is then determined as in Monte Carlo path tracing. The length of the paths is
limited to one. To avoid noise, this method requires many sampling rays at each
intersection point or many viewing rays per pixel. This noise is primarily caused by
direct illumination. Sometimes a light source (or strong radiant patch) is hit by a
sampling ray, sometimes not. To reduce the noise it is also possible to extend the
method to capture the indirect illuminations by undirected sampling (gathering), and
to capture the direct illumination from light sources by directed sampling (by shadow
rays). Then the methods of (Shirley 90a) and (Rushmeier 88) only difter in the way
they compute indirect interreflection: by interpolation trom radiosity results, or by
sampling the environment. Computing the indirect illumination also by directed
sampling may be quite expensive, as it requires sending shadow rays from each
visible point to all patches (and for large patches to several points on these patches).

2.7 Conclusions

This chapter contains a survey of methods to solve the global illumination problem.
To be able to make a decision what method is considered to be the best, the methods
can be compared on the following characteristics:

» The ability to simulate all possible light paths.
* The accuracy of the shading (the ability to represent all shading gradients).
* The time to generate images.

Table 2.1 gives a summary of the methods described betfore, based on the above
characteristics.

To compare the methods in their capability to solve the global illumination the regular
expression notation given in (Heckbert 90) is used. Table 2.2 describes the symbols
and operators in such a regular expresssion.

All light paths can be indicated with L(SID)*E; light leaves the light source and
reaches the eye after an arbitrary number of specular and/or diffuse reflections. For
each of the methods described in this chapter such an expression can be given. These
expressions are given in the second column of table 2.1. Except for standard recursive
ray tracing, with or without light ray tracing, and the standard radiosity approach, all
methods are capable of simulating all paths.
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The third column of table 2.1 gives the shading accuracy that can be reached. Ray
tracing methods give a very good accuracy. A light ray tracing pass uses a mesh
(illumination map) to store the caustics, so the accuracy of these caustics are
dependent on the resolution of the used mesh. The same is true for radiosity methods
and particle tracing that store the diffuse illumination in meshes. When a hybrid
method is used that makes a separation into direct and indirect illumination, the
resolution of the meshing is of less importance, because the highly varying shading is
computed with mesh independent shadow ray casting. The one-level Monte-Carlo
sampling method is strongly dependent on the resolution of the shading rays. When
the number of rays is not high enough, the generated image may contain a lot of
noise, especially if there are some small important light sources in the scene.

An indication of the time that is needed to generate images is given in columns 4 and
5 of table 2.1. Computation times are separated into a view-independent (pre-)
processing time and a view-dependent image generation time. The view-independent
processing has to be performed only once for a scene. After that, many images can be
generated using the same results. The image generation time is therefore of more
importance. Times are given relative to each other, and are dependent on the
complexity of the scene and the resolution of the image. For an image of moderate
complexity, short is in the order of minutes, long of hours, and very long of days.

The ability to simulate all light paths and the shading accuracy that can be achieved
are the most important issues. Considering these issues, two methods are preferable:
ray tracing with diffuse interreflection and a direct-indirect hybrid method. They both
simulate all light paths, and have no problems with shading accuracy of direct
illumination, and only slight problems with shading accuracy for indirect
illumination. Ray tracing with diffuse interreflection has the advantage that no
meshing is needed, and so it is better suited for generally shaped objects. The
advantage of the hybrid method is that the image generation time is shorter. Therefore
this method will be explored further.

The hybrid method uses two passes, a radiosity and a ray tracing based rendering
pass. The radiosity pass should use the progressive refinement approach, because the
full-matrix approach cannot cope with scenes with many patches.

A number of problems still remain unsolved. Both passes can take a considerable
amount of time to run. Therefore we will try to find methods to reduce the amount of
computations in both passes. Following chapters will try to provide solutions for these
problems:

* During rendering, the number of shadow rays necessary to sample the light
sources can still be very high. A mechanism to find the sources that are really
important must be invented. Chapter 3 describes a hybrid method that selects the
really important sources for shadow ray casting. It might also be useful to try to
use coherence during shadow ray casting (chapter 4). Besides it is necessary to
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find a way to limit the number of shadow rays necessary to sample large area light
sources (chapter 5).

» Although shadow rays are cast to capture important shading discontinuities,
surfaces still need to be subdivided into patches and elements to be able to do a
proper radiosity pass. A good adaptive subdivision scheme is necessary to obtain
an optimum between accuracy and computational cost. It might even be necessary
to combine surfaces and to consider these as one 'macro’ patch to get optimal
results. A solution for this problem is given in chapters 6 and 7.

method light paths shading time view- time image
accuracy independent | generation
processing
standard ray tracing | L(S*IDS*)E | good no long
ray tracing with light | L(S*DS*IS*)E | good/(mesh) moderate long
ray tracing
ray tracing with L(SID)*E good/(noise) no very long
diffuse interreflection
radiosity + depth- LD*E mesh long very short
buffering (real-time)
two-pass method L(SID)*E mesh long short
direct-indirect hybrid | L(SID)*E good/(mesh) moderate/long | long
method i
one-level Monte- L(SID)*E good/noise moderate very long
Carlo sampling
particle tracing L(SID)*E good/mesh/noise | very long depends on
rendering
Table 2.1 Summary global illumination methods

symbol operation

L light source * repeat zero or more times

E eye I or

D diffuse reflection @) group sub expressions

S specular reflection

Table 2.2 Regular expression symbols and operators for light paths
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3 A global illumination method with
source selection

3.1 Introduction

Improved shadow accuracy can be obtained by a separate treatment of the direct and
indirect illumination. The indirect component is computed during the radiosity pass
and the direct component during rendering by casting shadow rays. The shading
accuracy is improved compared to 'standard' two-pass methods, because the meshing
that is needed in the radiosity pass does not have to represent the perceptible shadow
transitions caused by obstructions of light sources. Only the indirect illumination
must be represented in the mesh. Therefore this mesh can be relatively coarse (Shirley
90a).

The number of shadow rays that is neceésary to sample all light sources during
rendering may be very high. A scene may contain many light sources, or the present
light sources may have a large area, which means that many shadow rays are required
to sample them properly. To reduce the number of shadow rays it is possible to rely
on a Monte-Carlo integration method (Shirley and Wang 91). Only one shadow ray is
cast, regardless of the number of light sources. Probabilities assigned to the light
sources determine to which source the ray is cast. This method, like all stochastic
methods, has the disadvantage that many samples, in this case viewing rays per pixel,
must be used to suppress perceptible noise.

Moreover, the separate treatment of directly and indirectly received light from light
sources is rather arbitrary. Indirectly received light from a very strong light source
may be stronger than the directly received light from a very weak light source.
Consider for instance a strong spot light that is directed onto a nearby white wall.
Although most of the other patches will not receive direct light from this spot light,
the light received indirectly via the wall may still create perceptible shading
transitions on these patches. Therefore it must be possible to sample not only the light
from light-emitting patches, but also the light from other highly radiant patches. It is
then possible to sample also the important indirectly received light.

This chapter presents a new hybrid global illumination method. It gives a very
flexible way of determining which contributions, and not only those of light-emitting
patches, should be computed very accurately during rendering. Section 3.2 describes
this method. It uses source selection to classify which patches should be considered to
be important contributors. Section 3.3 gives some criteria to select these patches.
Finally, section 3.4 describes the results of some experiments and presents
conclusions.
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3.2 Source selection in a hybrid global illumination method

The separation of direct illumination from indirect illumination does not always
provide the best results in the most efficient way. As a result a new and better
separation of illumination must be used. Instead of separating the direct illumination
from the indirect illumination, we propose to separate high-frequency illumination
from low-frequency illumination:

* High-frequency illumination is the illumination from highly radiant patches that
generate high shading gradients. Often these highly radiant patches are the real
light sources, so often high-frequency illumination corresponds with direct
illumination, but not always. High frequency illumination must be computed very
accurately.

* Low-frequency illumination causes low shading gradients. If it is computed less
accurately, it will not be so perceptible in the resulting image. As a consequence,
low-frequency illumination can be stored in a mesh.

A classification method is needed that localizes high-frequency components in the
shading and the light sources or other strong radiant patches that are responsible for
these high frequencies. This mechanism is called source selection or source
classification (Kok and Jansen 91; Chen et al 91). Source selection classifies patches
to whether they give important radiance contributions or not. When a patch gives an
important contribution, the patch is further considered to be a source. Shadow rays
will then be cast to this source to compute its direct contribution to points in the
scene.

A hybrid system with source selection can be regarded as a generalization for the
different types of hybrid methods:

« If none of the patches is selected for shadow ray casting, because the meshing is
very fine or because we are just interested in an image of moderate quality at a
reasonable speed, the method will be a conventional two-pass method (Wallace et
al 87; Sillion and Puech 89).

» If a limited number of patches is selected to be responsible for the high-frequency
shading, then the method converts to a method in which shadow rays are cast to
the most important patches, and where low-frequency illumination is derived from
the resuits of the radiosity pass (Chen et al 91; Kok and Jansen 91). The method of
(Shirley 90a) is a special case of this method in which only all light emitters are
regarded to be important.

« If all patches are selected to be sampled with shadow rays, then the algorithm
converts to a one-level Monte-Carlo sampling method (Rushmeier 88). In this
case the preprocessed radiance value is not used directly for display. Instead, the
illumination at a visible point is calculated by sampling the incoming light by
sending rays into all directions within the hemisphere placed on this point.
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The separation of high-frequency and low-frequency illumination lends itself well to
an adaptive refinement strategy (Chen et al 91). This strategy combines the three
previously described methods. Initially an approximated image is computed from the
results of a progressive radiosity pass at low cost for previewing reasons (first
method). Later, this image is gradually refined to obtain a more accurate image by
casting shadow rays to the most important sources (high-frequency pass, second
method). This second step uses Monte Carlo path tracing, but rays are only directed to
directions with selected patches. In this pass also a light ray tracing step is performed
to compute the high-frequency caustics. Finally the image can be refined further by
re-computing the diffuse interreflections with a one-level Monte-Carlo sampling
method (low-frequency pass, third method).

Modifying the method that separates direct from indirect illumination (Shirley 90a)
into a method that separates high-frequency from low-frequency illumination, and
combining this method with the notion of source selection, a new global illumination
method, that consists of a low-frequency pass and a high-frequency pass, is proposed.

3.2.1 Low-frequency pass

The first pass of the method, the low-frequency pass, makes use of a progressive
radiosity algorithm (Cohen et al 88). The meshing of the surfaces consists of patches.
Patches are in turn subdivided into elements (Cohen and Greenberg 86). Radiances
are computed for the vertices of these elements. However, a distinction must be made
between the high- and low-frequency illumination. Although the definitive source
selection is performed before the rendering (high-frequency-pass), the low-frequency
pass is already adapted to allow this definitive selection. This selection needs the
contributions of possible sources to patches. Therefore, during the low-frequency pass
a vertex contains, along with the general radiance value, also a list of radiance
contributions (figure 3.1). Because it is impossible to store the contributions of all
patches to all vertices (this can be compared with storing all form factors in full-
matrix radiosity), only a limited number of radiance contributions is stored at each
vertex. These possible source patches, the source candidates, are selected with a pre-
selection during the low-frequency pass. We call this pre-selection the source
candidate selection. After the low-frequency pass each vertex contains a list with
contributions of the source candidates and a general radiance value that contains the
sum of the contributions of all other patches.

The n most important contributors to a patch can be determined with several
strategies.

* An obvious choice is to take the n patches that have shot their power into the
environment during the first » iterations of progressive refinement process. These
patches have the most power. This is a global selection because each patch in the
scene gets the same selection of source candidates.
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e Another strategy is to select the sources for each patch separately. Each patch gets
its own selection of the candidate source set. Two examples of these local
candidate source selection methods are:

* For each patch the source candidate list contains the n patches that provide the
highest radiance contributions on the patch.

* For each patch the source candidate list contains the first n patches that
contribute to it. Often these first contributors provide the highest radiance

values. |
general radiance general radiance
patch-id | radiance contribution patch-id | radiance contribution
atch-id | radiance contribution patch-id | radiance contribution
atch-id | radiance contribution patch-id | radiance contribution
mesh

Figure 3.1 Candidate source list of radiances

A drawback of a local candidate selection is that an important candidate source may
not be detected, because its contribution is not recorded on the patch. When the
meshing is too coarse, local candidate source selection strategies might miss small
details. They might ignore a patch as candidate source although it may give
perceptible shading contrasts. Consider a strong light source that illuminates a patch
through a small gap. Because of the coarse meshing of the patch, this light is not
detected (figure 3.2). Thus the source will not appear in the candidate source list of
the patch. A global source candidate selection does not have this problem, it is
independent of the meshing.

On the other hand, for very complex scenes with many strong radiant patches, a local
candidate selection is preferred. Consider a model of a complete house. It is not likely
that a light source in a room at the second floor will contribute to the illumination of
rooms on the ground floor, let alone that it will be responsible for perceptible
shadows in these rooms. It would be best to have a separate candidate selection for
.each room. To be able to account for all high-frequency illumination during rendering
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when a global candidate selection is used and to allow a local definitive source
selection before rendering, the number of candidate sources in the radiosity pass
should be large, namely all patches that can give shadow gradients somewhere in the
scene. This will require much memory to store all contributions.

element {

""""""" I'""""""‘“"1'-1222:::]
source

patch

target
Figure 3.2 Important light is missed, so a local candidate source selection will fail

Whether a global or a local selection is the best strategy is an open question. It
depends strongly on the complexity of the scene, and the resolution of the meshing
that is used.

When, during the radiosity process, a patch shoots its unshot power into the scene,
and the radiance of a vertex must be updated, one of the following situations arises:

* The shooting patch is not in the candidate set but the candidate list contains empty
entries. The shooting patch is now added to the candidate set and its radiance
contribution is stored in the list.

* The shooting patch is already in the candidate set. The new radiance contribution
is added to the entry in the radiance list that corresponds to the shooting patch.

* A local source candidate selection that selects the patches with the highest
contributions is used, the shooting patch is not a member of the sclected candidate
set, and the candidate set contains no more empty entries. The source candidate
list is searched for the smallest radiance contribution already stored. It the new
radiance contribution is larger than this smallest contribution already stored in the
list, this smallest contribution is added to the general radiance value. The new
shooting patch is added to the source candidate set and its contribution is stored in
the list. If, however, the new contribution is smaller than the smallest contribution
in the list, then the new contribution is added to the general radiance value.

* Another candidate selection is used (not a local highest contribution selection), the
shooting patch is not in the candidate set, and the candidate set contains no more
empty entries. In this case the radiance contribution is added to the general
radiance value.

* In all previous situations it is assumed that the vertex is illuminated by the
shooting patch without specular reflections. If this is not the case, then the
contribution is stored in the general radiance value. The reason is that it is
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impossible to trace shadow rays via specular reflecting patches. The quality of the
caustics is therefore dependent on the mesh resolution used during the radiosity
pass. An alternative would be to use an extra light ray tracing step as part of the
high-frequency pass (Shirley 90a; Chen et al 91) and to store the caustics in very
fine illumination maps. In that case the fact whether a vertex is illuminated via
specular reflection or not can be ignored.

The output of the low-frequency pass consists of a mesh of vertices for each patch.
Each vertex contains a general radiance value and a list of source candidates with
their contributions. The sum of the general radiance and all radiance contributions
from the list gives the total illumination at the vertex.

3.2.2 High-frequency pass

The high-frequency pass starts with the definitive source selection. Betore the image
generation, for each patch in the scene the selection of the n candidate sources is
further reduced to m sources (m < n; m is not constant for all patches). It is again
possible to choose between a global and a local selection. However, a global selection
ignores the fact that a candidate source may strongly affect some patches, but may
have a negligible influence on other patches. Therefore the definitive source selection
is usually done locally. Source selection criteria determine which candidate sources
will be treated as real sources. A survey of some selection criteria is given in section
3.3.

Applying the selection criteria results in one of the following actions:

» The candidate source is selected as source.
The contribution from this source will be recalculated more accurately during the
rendering. The contribution that was stored in the candidate list is discarded.
Sometimes it is useful to keep the sum of the direct contributions of the selected
sources for other purposes (see section 4.5).

» The candidate source is not selected as source.
The contribution from this candidate source is added to the general radiosity
value. After that, the contribution that was stored in the candidate list can be
discarded.

After the source selection each patch in the scene has a source list that contains
references to all patches that will be sampled with shadow rays.

The rendering is done using a ray tracing method. Rays are traced from the eye
through the viewing plane into the scene to determine which patches are visible.
" When a patch is specular, rays are traced into the reflection direction just like
conventional ray tracing methods. When a diffuse patch is hit, the radiance at the
intersection point must be computed. This radiance is formed of two components:

¢ Radiance caused by low-frequency illumination.
This radiance was already computed during the low-frequency pass and is stored
in the general radiance values of the vertices on the hit patch. The low-frequency
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illumination at this point is computed by a reconstruction (e.g. bilinear
interpolation) from the vertex radiances.

» Radiance caused by high-frequency illumination.
To compute this radiance accurately shadow rays are traced to the important
sources: the sources in the source list of the hit patch. The resulting high-
frequency illumination is no longer dependent on the meshing.

The sum of these two components gives an accurate radiance at the intersection point.

3.3 Selection criteria

The main goal of source selection is to find for a patch all those patches that
contribute to the high-frequency shading. Selection criteria determine which patches
are responsible for the high-frequency components in the shading. As mentioned
before, selection can be done locally and globally. Both types of selection have their
own selection criteria. Various selection criteria can be used. In the following two
sections a number of these criteria will be described.

3.3.1 Global selection criteria

A global selection criterion selects the same sources for all patches in the scene.
Therefore it only depends on the characteristics of the candidate source. Let patch j be
a candidate source, then the following global selection criteria can be used.

Emission criterion

Often light-emitting patches are responsible for the most perceptible shading
gradients, for example shadows. Thus by selecting these light-emitting patches many
of the perceptible shading gradients are accounted for. The emission criterion selects
patch j as source if it is a light emitter, so if L] >0. The direct-indirect hybrid method
(Shirley 90a) uses the emission criterion as the only criterion to select sources.

Power criterion

Not only the fact whether a patch is an emitter, but also the total power that a patch
radiates is important. Some strong reflecting surfaces may also generate perceptible
shading gradients. On the other hand some light emitting patches may be too weak to
be responsible for perceptible shading gradients. The power criterion decides to select
patch j as source if the total power shot from this patch during the low-frequency pass
is larger than a certain threshold power value, so if ®;>®, ., ... During the
radiosity pass this criterion can be used to decide whether a patch is a candidate
source, when the n patches with the most shot power are selected as candidate
sources.

Size criterion

Small patches will give ‘sharp' shadow transitions, so they are responsible for high-
frequency shading. Large patches, however, will give smooth shading transitions and
can therefore be represented well with a coarse meshing. If the size of patch j is
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smaller than a given size-threshold value, so if A; < A,,,,.,» then the size critérfon
decides to regard this patch as a source.

Both the emission and the power criterion can be used as the only criterion. The size
criterion should only be used in combination with at least one of the two other
criteria. The size criterion favours small patches, because they need only a limited
number of shadow rays for sampling.

3.3.2 Local selection criteria

A local selection criterion does a selection of sources depending on the expected
interaction between a patch for which a selection of sources must be made and a
candidate source. For each patch in the scene the local selection criteria are applied to
see which candidate sources are important. Important terms in determining the
contribution of a patch to another patch are the irradiance and the radiance. The
irradiance at a point on a patch i caused by a candidate source j is (figure 3.3):

E, ;= [L;cos6,6;d, 3.1)
A
The diffuse radiance contribution from a candidate source j to a point on a patch i is
given by: -

d
Ly ;= [1;c056,6,do, (3.2)
4
In both equations the delta solid angle can be expressed as:
cosé;
do; =—tdA, 3.3)

If we can find those patches j that are responsible for large differences in irradiance
and so possible large differences in radiance on patch i, then a good selection can be
made. The following criteria attempt to do that.

Figure 3.3 Geometry for local source selection

Irradiance criterion

The unoccluded irradiance is the irradiance that would reach a patch if there were no
occlusions between patch i and source j (so when §; is set to 1 in formula 3.1). The
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irradiance criterion decides to select a candidate source j if the unoccluded irradiance
on patch i is larger then some threshold irradiance value, so if E,_; > E,,,;.;- If the
unoccluded irradiance is high, then there is a good chance that patch j can give
perceptible shadows on patch i when the light source is partly occluded. If the
unoccluded irradiance is low, then the possible shadow transitions will be less
obvious. Therefore the pre-computed (meshed) radiance values can be used. This
local criterion should be performed for at least one point on each patch. If, however, a
patch is large, then it is advisable to apply this criterion for several points on the
patch, as the irradiance may vary a lot over the patch. If for one of these points the
criterion decides to select the source, then the source should be selected for the

complete patch.

An alternative irradiance criterion is to sort the source candidates on their unoccluded
irradiance. The first few candidate sources (that have the highest contribution to the
receiving patch) are selected. This method has been used in (Ward 91).

Radiance criterion

It is often useful to take into account the diffuse reflectance of the receiving patch
when selecting its important sources, and to use the unoccluded radiance value for
selection. When this diffuse reflectance is very small or zero, the radiance, and so the
possible differences of radiance on a patch, are very small although the irradiance
values may be large. It is therefore better to use a radiance criterion. It the unoccluded
radiance at a patch caused by a candidate source is larger than a threshold radiance
value, soif L, ;> L, ., then this candidate source is selected as source.

Gradient criterion

Although the value of the radiance of a patch is important for finding possible high-
frequencies on a patch, the distribution of the radiance on a patch is of more
importance. If the light coming from a candidate source gives large radiance
variations over a patch, then this candidate source should be considered as source for
the patch. On the other hand, if it can be detected a priori that light from a strong
candidate source illuminates the whole patch or does not reach this patch at all, then
this candidate source is not responsible for high-frequencies on the patch. The
gradient criterion compares the pre-computed candidate source radiance contributions
at the neighbouring vertices of a patch. If the difference of the radiance contribution
of candidate source j to vertex v;, of patch i and the radiance contribution to its
neighbouring vertex v, , is larger then a given gradient threshold value, so if equation
3.4 is true, then candidate source j will be selected as source for patch i.

gradient
||L"a.v «i” Lv.n.. 4—-j|| > LIIlrexhold 3.4

The efficiency of this criterion depends strongly on the meshing. If the meshing is
very coarse, then shadows, and so gradients, can be missed easily. Also, gradients can
become large because of a large difference in orientation between neighbouring
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sample points on a coarsely subdivided patch, although they are both completely
illuminated.

Radiance-difference criterion.

The source contribution list of a vertex contains the radiance contribution of a
candidate source. This contribution can be compared to the unoccluded radiance value
for the vertex. First, the difference in radiance between the contribution from the list
and the unoccluded radiance is computed:

AL, =L, - ot (3.5)

If this difference is almost zero, then the vertex is completely illuminated by the
candidate source. Otherwise at least a part of the light source is not visible for the
vertex, and some shadow occurs on the patch. The radiance difference criterion
decides to select source candidate j as source for patch i if for one of the vertices on
patch i the radiance difference is larger than some threshold value, so if
AL, _;>AL,,, ;- This criterion should only be applied when the contributions of
path j to the vertices of patch i that are stored in the list are not all equal to zero. In the
case that all contributions are zero, patch 7 is completely in shadow, and it is not
necessary to select source j.

This criterion does not perform so well for a patch with very smooth penumbra
regions. One of the vertices may then have a large radiance difference and so the
source is selected. However, the smooth penumbra can be represented appropriately
with a coarse meshing. Therefore it is not necessary to select the source.

Solid-angle criterion

If the integral of equation 3.1 is approximated by ray casting, then the accuracy of the
results will depend on the resolution of the rays, i.e. the number of rays per solid
angle. If a candidate source is small (for example a point light source) or is seen with
a small solid angle from the patch, then only one or a few shadow rays are needed.
Shadow rays are then effective, and it is worthwhile to select the patch as a light
source. If, however, the candidate source is an area light source and the solid angle is
large, then many rays are needed and so it is not so attractive to select the candidate
source. Also, the soft shadow that may be expected from an area light source can
often very well be represented by the meshing.

Thus, if the solid angle is below a threshold value, so if ©; < @, then candidate
source j will be selected for patch i. Just as the irradiance criterion for large patches,
this criterion must be applied for several points on the patch, because the solid angle
may vary over the patch.

When a source is selected, the solid-angle criterion also decides how many shadow
rays must be cast to this source. This number is equal to the solid angle of the source
divided by a maximum solid-angle-size value @, . A good value for this maximum
size is 0.005 steradians (Campbell and Fussell 90). When source selection is applied
in combination with adaptive source sampling (see chapter S), the solid angle
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criterion can determine the initial source sampling rate. Of coarse, in this case a larger
maximum solid-angle size is used.

View criterion

Patches farther away from the view point are not so critical for the perceived image
quality. The projection of such a patch onto the screen can be computed with the
viewing parameters. If the number of pixels that the patch will occupy is known, the
accuracy of the meshing can be determined. If each mesh element occupies only one
or a few pixels, then interpolation of the pre-computed radiance contributions gives a
good representation of possible shading gradients. No source needs to be sampled
with shadow rays. When the projected mesh elements are too large, the shadow rays
are cast to the sources selected by the other criteria. If the maximum projected
element sizes in x and y direction (figure 3.4) are both smaller than a threshold value,
$Oif p,, < Pureshotd @14 Py, < Pipeshota» then no shadow rays are cast at all.

When images are generated for animation purposes, the view criterion should rather
not be used. It might be possible that this criterion gives diftferent selections for two
successive frames, resulting in sudden changes in shadows. Another problem is that
the view criterion does not take into account the fact that surfaces can also be seen
after one or more specular reflections. This may also cause problems when curved
specular surfaces (mirrors) exist in the scene. If a patch is seen magnified in a mirror,
then also the size of the elements is magnified. Sometimes the size of the element
may become too big, although the direct projection on the screen is not.

Figure 3.4 View criterion

Each of these criteria can be applied to make a selection. Some of them, however, do
not perform well in all circumstances or do not limit the number of sources
sufficiently. Therefore a combination of these criteria should be used.

A final remark about local source selection is that two neighbouring patches may get
a different selection of sources. This may lead to discontinuities in the shading,
although the shading should be continuous. It is therefore advisable to make source
selections not for individual patches, but for clusters of patches (i.e. objects).
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3.4 Results and conclusions

Results

The proposed hybrid radiosity method with source selection is applied to three
models with different complexity. A description of these models is given in Appendix
A. A radiosity pass that uses directed shooting is applied. Statistics for this pass are
given in table 3.1.

The number of iterations for the progressive radiosity for models A and B is
determined by an ambient threshold value. After each iteration a remaining ambient
value, representing the contribution of the unshot power that still has to be shot, can
be calculated (Cohen et al 88). When this value is larger than the threshold value, the
process continues. For model C the process is stopped after 8000 iterations although
the threshold value was not reached yet. To reach the same threshold value as for
models A and B many iterations are necessary because many very small patches exist.
Although the meshing for these models is not very fine (because direct illumination is
recomputed during rendering), still the number of rays, and therefore the execution
times, are high. This shows that radiosity is an expensive process.

model A triangle B small room C computer room
iterations 3 1703 8000

rays 19840 68524556 212840688

time! 00:00:15 09:00:27 26:28:00

Table 3.1 Statistics radiosity pass

During the radiosity a global source candidate selection is performed. The first n
patches that shot their unshot power during the radiosity pass are selected. Model A
has only one source candidate: the square light source. Model B has four source
candidates: two spot light sources, and two area sources. For Model C all twelve area
sources at the ceiling are candidates.

Several images are generated of the models. For each model one image is made as a
'standard' two-pass method. Radiances for visible points are interpolated from mesh
radiances. One image is made with global source selection. Shadow rays are cast to
all source candidates. The number of shadow rays that is cast to each light source is
fixed:

¢ For model A 64 shadow rays are cast to the light source.

» For model B 1 shadow ray is cast to each of the two spot light sources, 64 shadow
rays are cast to the area source on the ceiling and the area source (window) on the

1 All timings are done on a Sillicon Graphics Iris Indigo.
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left wall. Experiments have shown that these numbers are necessary to insure
smooth shadows everywhere (Kok and Jansen 91).

For model C 16 shadow rays are cast to each of the twelve area light sources on
the ceiling.

Also one image of each model is made using a local source selection. For each patch
in the model it is determined independently whether shadow rays need to be cast to a
light source, and if so how many. The threshold values used by the selection are
chosen to ensure good shading accuracy. Statistics are listed in table 3.2.

model A triangle B smallroom 1 B small room 2 C computer room
picture size 240x240 400x400 400x400 800x800
viewing rays | 38125 176989 193251 641601
interpolation

shadow rays 0 0 0 0
sampling time | 00:00:06 00:00:50 00:01:49 00:03:21
global selection

shadow rays 2440000 16654885 19525916 70639928
sampling time | 00:06:00 01:28:28 02:53:32 06:48:45
local selection

shadow rays 2331328 6394347 7968714 15923128
selection time | 00:00:00 00:00:01 00:00:01 00:00:33
sampling time { 00:05:46 00:35:07 01:12:52 01:28:28

Table 3.2 Statistics rendering pass

Several remarks can be made:

A 'standard' two-pass method (indicated by interpolation in table 3.2) renders the
fastest. However, the shading is inaccurate, because the meshing that was applied
was not fine enough.

For model A, local selection does not much improve efficiency. The ground plane,
that covers the largest part of the image, contains important shading gradients and
therefore the light source was selected.

For more complex scenes local selection reduces the number of shadow rays and
therefore execution times considerably. The following reductions of shadow rays
are obtained: model B view 1: 62%, model B view 2: 59%, and model C: 77 %. A
few examples of the reduction due to local selection are given now. No shadow
rays are cast from the books in model B and the walls in model C. The gradient
criterion detects that no shading boundaries are expected on these surfaces. The
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view criterion decides not to cast shadow rays from the lid of the teapot in model
B view 1. The lid covers only a few pixels, and therefore the mesh elements on the
lid are small enough and cover only one or two pixels. The radiance gradients are
therefore represented properly by the mesh. In view 2 of this model, however, the
projection on screen is larger. Therefore shadow rays are cast to compute the
contributions of the sources.

The efficiency gained with local selection depends on the selection criterion
threshold values. The values used for the tests in table 3.2 are determined by
experiments with several models. These values give good image quality for all
scenes tested. Limiting the range for which a criterion decides to select a source
may result in a greater speed up of the rendering.

An example of the influence of the value of a selection criterion value is given. In
the solid angle criterion the maximum allowed solid angle @, , determines how
many shadow rays are cast to a source. A small value means many rays, a large
value few rays. Several values are applied to model C. Figure 3.5 shows the
number of shadow rays for several values of ®,,,. Figure 3.6 shows what errors
are made for these values.
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Figure 3.5 Number of shadow rays for several values of @,
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Figure 3.6 Errors made for several values of [/
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The errors are measured by comparing the images with the image generated with
global source selection. The error metric used is:

(3.6)

$ \/ (2,0 -4,0) +(p, -4, +(p,) - 4,0’

1
£E=—
n 3

i=]
where n is the number of pixels in the image, p,,, (i) € [0,1] and 49, () €[0,1] are
the pixel RGB values of pixel i of the two pictures p and g that are compared. The
result is an error £ €[0,1]. Extrapolation of the graph of figure 3.6 shows that
always an error will be made, no matter what @,_,, is used. There are several
reasons for that. Firstly, during rendering random numbers are used (for example
to jitter in screen space and to jitter on sources). Secondly, except for the solid
angle criterion, other criteria are also responsible for errors. Some shadows are not
detected by these other criteria (e.g. gradient criterion), because the meshing that
was used during the radiosity pass was rather coarse for some patches.

¢ The selection time is limited compared to the sampling time. It might therefore be
a good idea to investigate whether more complicated selection criteria, that take
some more time, can make better selections.

Conclusions

A global illumination method that separates the high-frequency shading computations
from the low-frequency computations generates images with a high accuracy at
reasonable computational costs. The low-frequency shading is computed with a
radiosity method. The meshing can be rather coarse. The high-frequency shading is
computed during the rendering by tracing shadow rays. This high-frequency
component is only computed for parts of the scene that are actually visible in the
image.

Source selection detects where high-frequency shading transitions might occur.
Combining the different selection criteria and varying threshold values used in these
criteria make a very flexible global illumination method. This method can simulate all
methods within the range from a standard two-pass method to a one-level Monte-
Carlo sampling approach.

A disadvantage of the presented and implemented method is the large memory
requirement. Instead of storing one radiance value for each vertex, also a list of
radiance contributions from source candidates is stored. However, these contributions
are only needed to do source selection. If it is known in advance (before the radiosity
pass) which light sources will be selected anyhow, then it is not necessary to store
their contributions.

Although source selection limits the number of shadow rays by selecting carefully the
sources to sample, this number may still be very high, especially when rather large
area sources are selected. Shadow coherence and adaptive source sampling methods,
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as described in chapters 4 and 5, will be needed to further reduce the number of
shadow rays.
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4 The shadow image buffer

4.1 Introduction

Computation of ray-object intersections is the most expensive part within ray tracing.
For good quality images the number of rays to be traced, and therefore the number of
ray-object intersections, can be very large. Much research is done to accelerate the ray
tracing process. Ray-object intersections are optimized, and (hierarchical) bounding
volumes and spatial subdivision techniques are used to reduce the number of ray-
object intersections. A good survey of these methods is given in (Arvo and Kirk 89).

Often shadow rays are responsible for a considerable part of the computational costs.
Shadow rays determine how much light from a light source is received by a point in
the scene. A ray is traced from the point to the light source, and if an intersection is
found between the point and the source, then the point lies in shadow, otherwise the
point is lit by the light source. The number of shadow rays can be enormous. Source
selection methods as described in chapter 3 may limit the number of light sources to
be sampled and hence the number of shadow rays to be traced. However, the number
of rays can still be very large, especially when large area light sources are involved.
Conventional ray tracing efficiency technigues, such as bounding volume and spatial
subdivision techniques, are also applicable for shadow rays, but because of the special
character of shadow rays, also specialized shadow ray acceleration methods can be
used.

This chapter describes methods for accelerating shadow ray casting. In section 4.2
previous shadow ray culling methods are discussed. Section 4.3 describes shadow
coherence. All the methods described in section 4.2 exploit shadow coherence in
object space. A method that exploits shadow coherence in image space, the shadow
image buffer, introduced in (Woodward 90), is described in section 4.4. This method
is extended so that it will be more generally applicable. In section 4.5 the efficiency
and applicability of the shadow image buffer are tested and evaluated.

4.2 Shadow ray culling methods

Several culling methods, specialized for shadow rays, have been designed. These
methods attempt to limit the number of shadow rays or attempt to reduce the number
of intersection tests for a shadow ray.

The light-buffer method (Haines and Greenberg 86) uses a cube around a light source:
the light buffer. The planes of this cube are subdivided into small square cells. Each
cell contains a depth sorted list of the surfaces enclosed by the frustum formed by the
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source origin and the cell. This list is constructed in a preprocessing step by
projecting the surfaces in the scene onto the cells of the planes. Each cell contains
also a depth value of total occlusion. This is the distance after which all further
surfaces are in shadow. When a shadow ray should be traced from a point to the
source, first the cell is determined through which the ray will go. If the distance of the
point to the source (the shadow-ray distance) is larger than the total-occlusion
distance of the cell, then the point is in shadow. If this is not the case, then
intersection computations of the ray with the surfaces with a smaller depth than the
shadow-ray distance are performed until an intersection is found (point in shadow) or
until all surfaces of the cell are processed (point in light). The light buffer may give
an important improvement in shadow ray casting cost, but the memory requirements
(of O(LN*m), where L is the number of light sources, NxN the cell resolution of a
cube plane, and m the number of surfaces in the scene) and the preprocessing time are
large.

Many ray tracers are equipped with a voxel-traversal algorithm. This will also
improve the efficiency for shadow ray casting. But in addition, the voxels can be
extended to reduce shadow ray casting even more.

The hybrid shadow testing method (Eo and Kyung 89) uses shadow volumes in
combination with a voxel grid structure. The shadow polygons of the shadow
volumes are stored in the voxel grid structure. During viewing-ray traversal to find
the visible point a count is kept that indicates whether the ray traverses a shadow
volume or not. This method has several disadvantages. The number of shadow
polygons and so the memory requirements are large. The method is only applicable
for point light sources. It is impossible to account for curved surfaces that will
generate arbitrarily shaped shadow volumes.

In the voxel occlusion testing method (Woo and Amanatides 90) each voxel is
assigned a 2-bit field for each light source. This fields indicates the occlusion type:
full, null, or complicated occlusion. The assignment is done in a preprocessing by
projecting shadow umbra on the voxels. When one wants to know whether a point is
in shadow or not, the occlusion value of the voxel in which the point is situated is
examined. If this value is full or null occlusion, no other actions have to be done.
Either the voxel (and therefore all points in the voxel) is totally visible by the light
source or the voxel is completely in shadow. However, when a complicated occlusion
is found, the voxels are traversed to the light source. In this case intersection tests are
performed with the objects in the voxel. The voxel traversal continues until an
intersection with an object is found or until a voxel is traversed that has full or null
occlusion. The performance of this algorithm depends highly on the resolution of the
voxel grid. It performs well for high resolutions. The extra storage requirements are
2LN? bits, where L is the number of light sources, and NxNxN the voxel resolution of
the uniform voxel subdivision. The preprocessing time for each light source is rather
high, especially when curved surfaces exist in the scene. This method can be extended
to be suited for area light sources, by identifying all penumbra regions as complicated
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shadow and always tracing rays for these areas. However, in this case the method is
less efficient.

All three given methods require a preprocessing. In this preprocessing, a projection
method is used to identify shadow areas in the scene. The time this preprocessing
takes depends on the number of surfaces and the number of light sources in the scene.
The number of surfaces is usually very high, especially because for all these methods
curved surfaces need to be subdivided into many small polygons. In the hybrid
shadow testing method, the necessary subdivision into polygons will also effect the
accuracy of the shadows.

4.3 Shadow coherence

Computer graphics methods often use the concept of coherence. The definition of
coherence given in (Foley et al 90) is:

Coherence is the degree to which parts of an environment or its projection exhibit
local similarities.

Many types of coherence are used within computer graphics. Roughly speaking,
coherence methods can be divided into methods that exploit coherence in object space
and methods that exploit coherence in image space.

Coherence also applies to shadows. Although shadow patterns caused by several light
sources may be quite complex, the shadow shapes caused by each individual light
source tend to be very homogeneous, both on the surfaces in the scene (in object
space) and projected on the screen (in image space). We call this shadow coherence.

The light buffer, the hybrid shadow testing, and the voxel occlusion testing are
methods that use shadow coherence in object space. The shadow image buffer
{Woodward 90; Kok et al 91), as described in the following section, uses shadow
coherence in image space.

4.4 Shadow image buffer

Unlike earlier methods, the shadow image buffer exploits shadow coherence directly
in image space in combination with an adaptive image refinement technique (Whitted
80). Consequently, shadow information is only computed for parts of the scene that
are visible in the image. This information is not computed in a separate preprocessing
step, as for the object space methods of section 4.2, but during the rendering.
According to the method presented in (Woodward 90), a two-bit deep shadow buffer
(the SIB) with a size equal to the screen resolution is attached to each light source.
This shadow buffer can be added to the frame buffer. Each entry in the SIB
corresponds with a pixel in the image. An entry in the SIB can have one of the three
following values:

*+ UNKNOWN: It is not known whether the visible point is in shadow or not. The

initial value of all entries. ‘

51



The shadow image buffer

+ UMBRA: The point that is visible at the pixel is in shadow.
» LIGHT: The point that is visible at the pixel is illuminated and not in shadow.

After a first low resolution ray trace pass, in which rays are traced on a certain
refinement level, a pixel on a not evaluated refinement level keeps the value
UNKNOWN if its neighbouring pixels, for which rays already have been traced have
different SIB values. This indicates that a shadow boundary exists in this region and
that additional shadow sampling will improve the shadow. However, if all its
neighbouring values are the same and are unequal to UNKNOWN, then the pixel gets
the SIB value of its neighbours. No extra shadow sampling is necessary.

However, it is not necessary to have the value UNKNOWN, when the SIB values are
evaluated during the ray tracing instead of as a separate step. In that case, it can be
detected on the fly that an entry was not evaluated before. Therefore a one-bit deep
shadow buffer for each light source suffices, with two values: UMBRA or LIGHT.
The total storage requirements for the shadow image bufter are therefore at most LPQ
bits for a picture of size PxQ with L light sources. Note that the memory requirements
are independent of the number of surfaces in the scene and that no preprocessing is
needed.

First the image is sampled at a low resolution. All shadow rays are computed as usual
and the shadow results are stored in the SIB. Figure 4.1 gives the algorithm for the
initial (low resolution) sampling.

for all viewing samples (iI,3) at level 0 do
TraceRay (i, j,p) /* p is intersection point */
for each light source L do
SIB(L,i,j) = CastShadowRay({p,L)
if SIB(L,i,3j) == LIGHT then
Shade(i,7j,p,L)

Figure 4.1 Low resolution sampling algorithm for shadow image buffer method

TraceRay(i,j,p) traces a viewing ray. The indices (ij) identify the viewing ray
(viewing sample). They determine the point in the viewing plane through which the
viewing ray passes. If an intersection is found then this point is stored in p.
CastShadowRay(p,L) casts a shadow ray from point p to light source L and returns the
result UMBRA when the point p is in shadow or LIGHT if the point is lit by light
source L. Shade(i,j,p,L) computes the radiance of point p due to light source L,
knowing that no occlusions exist, and adds this value to sample (i,)).

When the image is refined, the evaluation of a new sample on refinement level I ( >
0) is performed with the algorithm of figure 4.2.

The effect of this algorithm is that during image refinement only shadow rays are cast
at shadow boundaries where the neighbouring SIB values differ. The obtained
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shadow values are stored in the SIB for the next pass. Figure 4.3 shows an example of
how the shadows of a sphere are refined in successive passes.

for all viewing samples (i,3j) at level 1 do
TraceRay(i, 7, p)
for each light source L do
if all neighbouring SIB(L, i,j) at level 1-1 are equal then
shadow_result = value of neighbouring SIB
else
shadow_result = CastShadowRay(p, L)
if shadow_result == LIGHT then
Shade (i, 7,p,L)
if 1 not antialiasing level then
SIB(L,1i,7) = shadow_result

Figure 4.2 Shadow image buffer refinement algorithm

Figure 4.3 Shadow refinement

The shadow image buffer as described above is applicable for light sources that are
small enough to be sampled with only one shadow ray, e.g. point light sources. The
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shadow image buffer can be extended to be applicable for area light sources in one of
the following ways:

Area light sources can be represented as a number of point light sources. Each
point light source then gets one SIB entry. This method is only applicable if it is
known in advance in how many point sources the light source must be subdivided.
It can not be used in combination with an adaptive source sampling strategy.
Besides, when the subdivision of the source is very fine, the memory requirements
may be high.

Each area light source gets one SIB entry. Three different shadow values are now
possible:

« UMBRA: The visible point is totally in shadow.
¢ LIGHT: The visible point is totally illuminated by the area light source.

« PENUMBRA: The visible point is partly in shadow of the light source and
partly illuminated by the light source.

A two-bit deep shadow image buffer is now necessary. The algorithm is given in
figure 4.4.

for all viewing samples (I,3j) at level 1 do
TraceRay (1, 7, p)
for each light source L do
if all neighbouring SIB(L,i,Jj) at level 1-1 are UMBRA then
shadow_result = UMBRA
else 1f all neighbouring SIB(L, i, j) at level 1-1 LIGHT then
shadow_result = LIGHT
ShadeAreaSource (i, j,p, L)
else /* PENUMBRA */
shadow_result = CastAréaShadowRaysAndshade(i,j,p,L)
if 1 not antialiasing level then

SIB(L, 1,J) = shadow_result

Figure 4.4 Shadow buffer image refinement algorithm for area light sources

CastAreaShadowRaysAndShade(i,j,p,L) casts shadow rays from point p to one or
more points on the light source L. It returns UMBRA if all rays are blocked,
LIGHT if no rays are blocked, and PENUMBRA otherwise. This routine also
computes the radiance of point p using the information of the shadow ray casting,
and adds this radiance to sample (i,j). A shadow image buffer with one (2-bit)
entry for an area light source will save fewer rays than subdividing the area
sources into point sources, but it requires less memory and can be used well in
combination with an adaptive source sampling algorithm as described in chapter
5.
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Instead of storing the SIB in the frame buffer attached to the light sources, as
proposed in (Woodward 90), the SIB can also be stored with the sampling data, e.g.
the primary (viewing) rays.

Usually, the sampling datastructure contains information about the screen-sampling
process. For each viewing ray this datastructure contains information about which
object(s) is/are hit, what the sampled radiance value is, etc. This information is used
to filter pixel radiance values and to decide whether to sample adaptively in certain
areas of the screen.

The SIB can also be added to this sampling datastructure. For each light source one
SIB entry is added to each record in this datastructure. Storing the SIB with the
sampling data has the following advantages:

* The SIB-information can also be stored for samples at sub-pixel (anti-aliasing)
level. This gives more accurate and efficient use of the shadow image buffer at
these levels.

* The SIB-information can be used as an extra criterion to sample adaptively. The
SIB indicates for which light sources the shadows should be refined and for which
light sources not. If SIB-values for one or more light sources of neighbouring
samples show differences, then one can decide to sample the screen in this area
more accurately. From the intersection point shadow rays are cast to the source(s)
that were responsible for the differences in SIB-values. The contribution from the
other sources can be found by inspecting the SIB-values corresponding with these
sources.

An alternative, that reduces the computations even more, is not to trace the
primary ray for the new sample to find the point that is visible, but to interpolate
this point from the visible points ‘of the surrounding samples. From this
interpolated point shadow rays are traced to the source that was responsible for the
differences in SIB-values. Compared with previous method it is now not
necessary to trace primary rays to anti-aliase shadow boundaries.

4.5 Results and conclusions

Results

The effectiveness of the shadow image buffer is tested. The shadow image buffer is
applied in combination with adaptive screen sampling. The following criteria are used
to determine whether the screen is refined:

* Object criterion.
If neighbouring samples (viewing rays) do not all hit the same object, then extra
samples are taken to discover the exact object boundaries.

¢ Shadow criterion.
If neighbouring samples do not all hit the same shadow property (all LIGHT or all
UMBRA, which can be seen from the SIB), then a shadow boundary exists and
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extra samples are taken in this region to find the exact shadow boundaries. This
criterion is only applied to real point-light sources, because only these sources
give sharp shadows that need to be antialiased.

» Difference (gradient) criterion.
If the radiance of neighbouring samples differs more than a certain threshold, then
extra samples are taken. Because of the use of the shadow image buffer, no
shadow rays are needed for these samples.

» Texture criterion.
Textures are sources of aliasing (Heckbert 86). Therefore textures should be
sampled with many rays. If the neighbouring samples hit a texture, then extra
samples are taken. As in the difference criterion, extra samples generated by this
criterion also do not need shadow rays.

The shadow image buffer is applied to all three models described in appendix A. The
number of shadow rays that is shot to each light source is fixed, and is the same as for
the experiments in chapter 3. For each delta area on an area source a SIB-entry of one
byte is used. The results are given in tables 4.1 to 4.4. For all images screen sampling
starts at level -1, which means that one viewing ray is shot for 4 pixels. If started with
fewer viewing rays per pixel, small shadow details can be missed initially, resulting in
missed or distorted shadows in the image. At this initial level all shadow rays are
shot. When refining at level O (1 viewing ray per pixel), all viewing rays are shot
(non-adaptively to avoid missing small objects). Shadow rays are only cast when
necessary, as indicated by the SIB. At levels beyond level 0, the anti-aliasing levels,
the screen is sampled adaptively with the criteria described before. Adaptive sampling
is done until level 2 (16 samples per pixel).

The results show that the shadow image buffer method can reduce the number of rays
significantly. At levels greater than 0 (adaptive image refinement for anti-aliasing),
the shadow-ray reduction of the SIB decreases. The adaptively refined samples are
mainly caused by object boundaries, for which the SIB is not used. The SIB is only
effective if the decision to shoot extra viewing rays is made due to difference in
sample values, due to shadow boundaries of point light sources, or due to textures.

For model B the SIB is not effective for diffuse hits after specular reflection in the
teapot. This teapot is partly specular and partly diffuse. For each sample only one
entry can be stored: the information of the first diffuse hit. For the diffuse hits of
secondary rays the SIB cannot be used, and all shadow rays are cast. This atfects the
results of model B negatively. If the teapot was only diffuse or only specular, the
reduction of rays would be larger.

The SIB can also be used in combination with adaptive sampling with the routine of
figure 4.4, with a two-bit deep SIB. The results for the different models is given in
tables 4.5 to 4.8.
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level diffuse hits shadow rays shadow rays % shadow % saved

saved rays saved cumulatively
-1 9616 615424 0 0 0
0 28509 93548 1731028 94 71
1 4815 130470 177690 58 69
2 4702 241471 59457 20 65

Table 4.1 Shadow buffer results for model A triangle

level diffuse hits shadow rays shadow rays % shadow % saved

saved rays saved cumulatively
-1 44431 4159252 0 0 0
0 132558 2744784 9750968 78 59
1 74513 5452214 1258498 19 47
2 160195 12002881 2637616 18 36

Table 4.2 Shadow buffer results for model B small room, view 1

level diffuse hits shadow rays shadow rays % shadow % saved

saved rays saved cumulatively
-1 48613 4894622 0 0 0
0 144638 2799838 11831541 81 61
1 72403 5141718 1417365 22 51
2 157674 11232727 3024989 21 40

Table 4.3 Shadow buffer results for model B small room, view 2

level diffuse hits shadow rays shadow rays % shadow % saved

saved rays saved cumulatively
-1 160801 17702213 0 0 0
0 480800 8591020 443444836 84 63
220197 18762195 2684043 13 51
2 552536 41639110 7055930 14 38

Table 4.4 Shadow buffer results for model C computer room
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level . diffuse hits shadow rays shadow rays = % shadow % saved
saved rays saved cumulatively
-1 9616 96650 0 0 0
0 28509 145444 143746 50 37
1 18351 325020 0 0 20
2 50213 932678 0 0 9

Table 4.5 Shadow buffer results for model A triangle, adaptive sampling

level diffuse hits shadow rays shadow rays % shadow % saved
saved rays saved cumulatively
-1 44431 3292228 0 0 0
0 132558 5589163 4284521 43 33
1 74814 4846647 327670 6 25
2 160879 10541496 737659 7 18

Table 4.6 Shadow buffer results for model B small room, view 1, adaptive sampling

level diffuse hits shadow rays shadow rays % shadow % saved
saved rays saved cumulatively
-1 48613 1541570 0 0 0
0 144638 3001201 160860 35 26
74629 2152775 331443 13 22
2 163895 4685253 766175 14 19

Table 4.7 Shadow buffer results for model B small room, view 2, adaptive sampling

level diffuse hits shadow rays shadow rays % shadow % saved
saved rays saved cumulatively
-1 160801 7957232 0 0 0
0 480800 7899202 15891736 67 50
1 226335 9181019 1469503 14 40
2 561073 19875268 4047295 17 32

Table 4.8 Shadow buffer results for model C computer room, adaptive sampling
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As expected, the efficiency improvement of the SIB is in this case less than the
efficiency improvement of the one-bit deep SIB. If only one of the shadow rays that
are cast to an area light source has a different shadow type than the shadow types of
corresponding shadow rays of neighbouring samples, then, during image refinement,
all shadow rays have to be cast, while for the one-bit deep SIB only one shadow ray is
cast. For the triangle model the use of the SIB does not improve efficiency at all while
anti-aliasing. Image refinement is applied because of the object criterion, in which
case the shadow image buffer is not used, or because of the difference criterion. When
the difference criterion is applied, the samples are in a penumbra region, in which
case shadow rays are always shot. In the other models, other criteria also decide to
refine the image, and so the shadow image buffer can sometimes be applied.

Conclusions

The shadow image buffer is a shadow ray culling method that exploits shadow
coherence in image space. It is able to reduce the number of shadow rays during the
image refinement process. The shadow image buffer is an extension to standard
image coherence methods. Its efficiency is based on a better discrimination that can
be made to refine the image:

» It gives an extra criterion to decide to refine sampling, namely the existence of
shadow boundaries that should be anti-aliased.

*  When the scene contains multiple light sources, the SIB indicates for which light
sources(s) the shadow boundary should be antialiased and. therefore be sampled
with shadow rays. The contributions of the other light sources can be computed
with the information in the SIB.

This method has several advantages compared to other shadow ray culling methods:

» The shadow image buffer imposes practically no time overhead to the basic ray
tracing algorithm. It is also simple to implement.

* Unlike other shadow acceleration methods that typically rely on polygonal
approximations, the shadow image buffer is accurate also with curved objects
inasmuch the shadow boundaries are traced by rays using exact geometries.

* Because of its compactness and the independence of the number of surfaces in the
scene, the shadow image buffer is particularly useful for scenes with many
surfaces and multiple light sources.

* The shadow image buffer requires no preprocessing.

¢ The shadow image buffer enables us to adaptively refine the image space
sampling to anti-aliase shadow boundaries.

The shadow image buffer method has also some disadvantages:

* The accuracy of the shadow image buffer is dependent on the initial sampling
level and the homogeneity of the shadows. When the initial level is too coarse,
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small shadows are easily missed. At refinement levels these shadows are further
ignored. It is true that for the examples given in (Woodward 90) the shadow
image buffer gives savings of 44% up to 90%, but that is because the shadow
areas are very coherent. Therefore adaptive image refinement can be started at a
coarse level. In real scenes often small, less well shaped shadows occur. Therefore
the initial level should be not too low. The shadow image buffer should mainly be
used for anti-aliasing. However, then the efficiency of the shadow image buffer
will be not so good.

+ The shadow image buffer uses one entry for each light source for each primary
(viewing) ray. This raises a problem when partly diffuse and partly specular
surfaces exist. If such a surface is hit, the radiance is computed and the shadow
result is stored in the SIB. However, one or more secondary rays are traced along
the specular reflection direction. Each of these secondary rays can again require to
store shadow information. Therefore a tree of shadow information should be
stored for each primary ray. It is too expensive to store a multilevel shadow image
buffer (with an entry for each light source for each node in the tracing tree). We
therefore chose to store only the shadow information for the first (partly) diffuse
intersected surface. For diffuse surfaces found at higher levels in the tree, we
always cast shadow rays. This reduces the effectiveness of the shadow image
buffer. If the rendering is part of a two-pass rendering method it is also possible to
interpolate radiance contributions computed in the radiosity pass instead of casting
shadow rays for these higher level intersections, because often the contributions of
higher level intersections are less important for the accuracy of the pixel value, so
they do not need to be computed very accurately.

Concluding, the shadow image buffer can save shadow ray casting, but for complex
scenes (with small objects and general reflectance functions), the efficiency is limited.
Nevertheless, it is useful to apply the shadow image buffer to save shadow rays
whenever it is possible, because the shadow image buffer involves almost no
overhead.
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5 Adaptive light source sampling

5.1 Introduction

Area light sources do not only create umbra and full-light regions, but also penumbra
regions. For these regions, only a part of the light source is visible. An area source
must be sampled with a large number of shadow rays to determine the exact
contribution of this source to the shading of a point. This can be an expensive process.
Therefore a good light source sampling strategy, that minimizes the sampling effort,
is desirable.

This chapter describes sampling of area light sources. In section 5.2 several source
sampling methods are discussed. This discussion shows that an adaptive sampling
method will perform best. Section 5.3 describes an adaptive stochastic source
sampling method. This method can be extended with the use of sampling pattern
coherence as described in section 5.4. In section 5.5, the methods are compared with
non-adaptive sampling.

5.2 Sampling area light sources
The diffusely reflected radiance on a point x caused by a light source § is given by
the following integral:

d Y]
L(x)=”T(") | v x)L(x")cos 828 s’ .1)

Jes I -«
In this formula, x’ is a point on the light source, p?(x) is the diffuse retlectance at
point x, v(x,x’) is the visibility term indicating whether points x and x” are mutual
visible, 6 the angle between the normal at x and the direction of the incoming light,
@’ the angle between the normal at x’ and the direction of the outgoing light, and
dA’ the differential area around x” on S (figure 5.1).

An exact analytic solution for this integral is not feasible. Ray casting is the best way
to determine the visibility term v(x,x"). If a ray from x to x” does not intersect other
surfaces, then this term is one, otherwise zero. Source S contains an infinite number
of points x’, and thus a proper way to sample the source (determining to which points
x’ rays will be cast) is necessary. Several source sampling strategies are possible.

The simplest form of sampling is uniform or regular sampling. The source is
subdivided into equal-sized areas and one shadow ray is cast to the center of each of
these areas (figure 5.2). A problem in this approach is how to find a good sampling
density. A coarse density results in aliasing and can miss occlusions. A high density
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Figure 5.1 Source sampling geometry

may be too expensive. In general, the sampling density should be based on the solid
angle formed by the point and the source and on the properties of the scene within
this solid angle. If it contains many small surfaces then a high sampling density is
necessary. If it does not contain any surface at all, then a less high density is
sufficient. However, normally this information is not available and is expensive to
compute.

A second approach is to sample adaptively. During sampling, information is gathered
where occlusion transitions occur. An adaptive sampling strategy takes advantage of
the sampling information by subdividing the source locally into more areas where
occlusion transitions occur. An occlusion transition is a difference of mutual visibility
between two neighbouring areas on the source and the point to be shaded. The
advantage of this adaptive sampling compared to uniform sampling is that the
sampling effort is directed to regions where it is really necessary: where shadow
transitions occur. An accurate fraction of occlusion, and therefore an accurate
estimate of the energy the point receives, is obtained in this way with a reasonable
number of shadow rays. A disadvantage of regular adaptive sampling is that the initial
sampling rate can miss small shadow details if the sampling rate is chosen too
coarsely. An example of adaptive source sampling is given in figure 5.3. Instead of
casting 96 rays for uniform sampling (figure 5.2c), only 42 rays are cast for adaptive
sampling (figure 5.3c), while the resulting accuracy is the same. In (Wallace et al 89;
Tampieri and Lischinski 91) this adaptive sampling of sources is used to estimate the
form factor between a point and a shooting patch during radiosity processing.

Another approach is stochastic source sampling. Instecad of sending rays to regularly
determined points on the source, shadow rays are cast to random positions on the
" source (figure 5.4). Stochastic methods suffer less from aliasing effects. They trade
aliasing for noise. After a number of shadow rays is cast, the variance of the samples
can be examined. If the variance is high a decision can be made to take more random
samples (figure 5.4b and 5.4c). A disadvantage of this pure random sampling is that it
may take many rays, and so a long time, before the variance reduces.
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Figure 5.6 Adaptive stochastic sampling
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Several methods can be used to improve stochastic sampling.

In a pure random determination of sampling positions on the source these positions
may not be distributed evenly over the source. This may result in high variances. A
better distribution can be obtained with Poisson disk sampling (Dippé and Wold 85).
However, it is expensive to generate such a sampling pattern. Therefore less
expensive sampling methods like jittered sampling (Cook et al 84) and n-rooks
sampling (Shirley 90b) are often used instead. For example, in jittered sampling, the
source is subdivided into areas, and one random position is determined in each of
these areas.

Another method to improve stochastic sampling is stratification. The sampling
domain (here the source) is subdivided into several subdomains. Each of these
subdomains is then sampled independently. This may reduce the variance of the total
domain in cases where the subdivision is done in such a way that several subdomains
will be homogeneous, i.e. do not contain shadow transitions. This can be illustrated
by the following example from (Lee et al 85). If the rectangle is treated as one domain
(figure 5.5a), then with random sampling within this domain it may take a while
before the variance is below a given threshold. If the domain is subdivided (figure
5.5b), the variance in the uniform areas will be zero, which will reduce the variance of
the total domain.

~ This process can be repeated if the sampling is done adaptively. The non-uniform area
can be subdivided again. The old samples are reclassified or thrown away, and new
samples are added (figure 5.6). Adaptive sampling done in this way can optimally
take advantage of the variance reduction qualities of stratification.

Applying these notions to the sampling of light sources, it then seems advantageous
to subdivide the light source into separate subdomains. Some of these domains may
be completely unoccluded as seen from the sample point, some may be completely
occluded by obstructing objects, and some may be partly occluded (as in figure 5.6b).
For the first two categories the variance will be small and the sampling effort can be
directed to the last category. This can be done dynamically by directing the sampling
to the subdomain with the highest variance. If the number of samples in a subdomain
is above a certain level and there still is a high variance, then the subdomain can be
split again (as in figure 5.6¢), and so on, until the overall variance satisfies the image
quality criteria.

The discussion above clearly indicates that adaptive stochastic sampling will give the
most optimal results taking into account speed and quality. Therefore this sampling
strategy is used to sample area light sources.

5.3 An implementation of adaptive stochastic source sampling

A light source can be parametrized in u and v direction, with (u,v) € (0,1] x[0,1]. This
parametrization is used to subdivide the source into smaller elements. A bintree (the
sampling tree) is used to construct and store the source sampling pattern. The source
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is alternately subdivided in u and v direction. Each leaf node in the resulting binary
sampling tree represents a small area of the light source to which one shadow ray is
cast. An example of the subdivision of a source and the corresponding bintree is given
in figure 5.7.

; R

a b c

Figure 5.7 Area source sampling (a), subdivision of source (b), and corresponding

bintree (c)

Two types of nodes can be distinguished in the tree: leaf nodes and internal nodes. A
leaf node represents only one sample (one shadow ray). An internal node contains
gathered information of all leaf nodes in its subtrees. A node contains the following
entities:

Shadow flag.

The shadow flag indicates what type of shadow is generated by this part of the
light source. Tree values are possible:

UMBRA. If the node is a leaf node, then the sample to the corresponding area
of the source showed that no light of the source reaches the point to be shaded.
If the node is an internal node, then all samples in its subtrees have shadow
flag UMBRA.

LIGHT. If the node is a leaf node, then the sample to the corresponding area of
the source showed that light of the source reaches the point to be shaded. If the
node is an internal node, then all samples in its subtrees have shadow flag
LIGHT.

PENUMBRA. This shadow type is only valid for internal nodes. Some but not
all samples in its subtrees have shadow flag UMBRA, and some have shadow
flag LIGHT.

An example of a sampling pattern and the shadow flags at each node is given in
figure 5.8.

Sampling mean.

The sampling mean contains the weighted average of the contributions of all
samples in the subtrees of the node. If the node is a leat node, then the sampling
mean contains the contribution of one shadow ray to the corresponding part of the
source.
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* Sampling variance.
The sampling variance is the variance of the samples of the subtrees of the node.
For a leaf node this variance is zero.

* Number of samples.
It contains the number of samples already cast in the corresponding area, so the
number of samples in the subtrees of the node.

* Position.
For a leaf node, position contains the # and v coordinates of the position of the
sample. When the area corresponding with a node is split, the position parameters
determine in which one of the two new areas the existing sample must be stored.

* Level
Level is the level in the sampling tree at which the node occurs.

¢ Depth.
It contains the longest distance from the node to one of the leaf nodes in its
subtrees, measured in subdivision levels.

P
//\
P L
. L/\P L/\L
: L/\L U/\ P
L : LIGHT
. /. /\ U  :UMBRA
. . UuslL P : PENUMBRA

Figure 5.8 Source subdivision and shadow flags

When the contribution of a light source § to an (intersection) point P has to be
calculated, first an initial number of shadow rays is cast. This initial number can be
chosen based on the information derived during the radiosity pass (chapter 3), or can
be made dependent on some parameter, for instance the solid angle with which § is
seen by P. The source is regularly subdivided and a shadow ray is cast to a jittered
point in each of these areas.

The results of the sampling are stored in the leaf nodes of the sampling tree. The
results of the sampling are also passed to the ancestors of the leafs, so that each node
in the tree will have the mean, the variance, the type of shadow (UMBRA, LIGHT, or
PENUMBRA) it represents, and the number of rays (leafs) in the subtrees. Then the
source is further subdivided in regions where shadow transitions occur or where the
variance is high. When an area to be subdivided is found, the leaf node that represents
this area becomes an internal node and two new leaf nodes are created. The old
sample is reclassified and stored in one of the new leat nodes. For the other new leaf
node a shadow ray is cast to the corresponding part of the source, and the resulting
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sampling information is stored within this node. Then the sampling tree is updated
with the new information. Refinement is continued until a stop criterion is reached.

To find the area to be subdivided a recursive algorithm is used that descends the
sampling tree from the root. At each node a decision is made which subtree is
descended first. It is important to concentrate the sampling on areas with shadow
transitions and with high variances. A simple approach is just to compare the
variances of the two subnodes of the node and to search in the node with the highest
variance. A high variance can, for example, be caused by shadow transitions, or can
occur when the number of samples is small. However, because of the randomness of
the method, a node can have a small variance because the distribution of the samples
in its subtree was not appropriate. Therefore it is better to use an approach that
searches more directly for the areas that are expected to have a high variance.
Subtrees that contain a shadow transition or represent only a limited number of
samples are searched first. The recursive procedure that searches the area to be
refined is given in figure 5.9.

boolean FindAreaToSubdivide(n,nl,n2)

/* Find area on source to subdivide further. Return TRUE when */

/* an area has been found, else return FALSE */
node n /* input node */
node nl, n2 /* output nodes (to be subdivided) */
node sl, s2
node tryl, try2 /* prefer tryl over try2 */
boolean found /* areas are found ? */
boolean slnb, s2nb /* have neighbours same shadow ? */
SubNodes (n,sl,s2) /* sl and s2 are children of n */
if sl and s2 not subdivided then
if sl->level == maximum level then
return (FALSE) /* no more subdivision possible */
else

nl = sl, n2 = s2 /* areas to be subdivided, CASE 1 */
return (TRUE)

/* sl and s2 were already subdivided */

if si->shadow != PENUMBRA && s2->shadow == PENUMBRA then

tryl = s2, try2 = sl /* prefer s2, CASE 2 */
else if sl->shadow == PENUMBRA && s2-»shadow != PENUMBRA then
tryl = sl, try2 = s2 /* prefer sl, CASE 2 */

else 1f sl->shadow == PENUMBRA && s2->shadow == PENUMBRA then
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if sl->depth < s2->depth || sl->nr < s2->nr ||

(gl->nr == s2->nr) && random < 0.5) then
tryl = sl1, try2 = s2 /* prefer sl, CASE 3 */
else
tryl = 82, try2 = sl /* prefer s2, CASE 3 */
else /* sl->shadow != PENUMBRA && s2~>shadow != PENUMBRA */
slnb = CompareNeighbourSamples(sl) /* TRUE if same */
s2nb = CompareNeighbourSamples (s2) /* shadow types */
if slnb && !s2nb then
tryl = s2 /* choose s2, CASE 4 */
if sl->variance is high then
try2 = sl
else
try2 = NULL
else 1f !slnb && s2nb then
tryl = sl /* choose sl, CASE 4 */
if s2->variance is high then
try2 = s2
else
try2 = NULL

else if !sinb && !s2nb then
1f sl->depth < s2->depth || sl->nr < s2->nr ||

(sl->nr == s2->nr && random < 0.5) then

tryl = sl1, txry2 = s2 /* prefer sl, CASE 5 */
else

tryl = s2, try2 = sl /* prefer s2, CASE 5 */

else /* slnb && s2nb */

if n->variance is high then

if sl->nr < s2->nr || random < 0.5 then
tryl = sl, try2 = s2 /* prefer sl, CASE 6 */
else
tryl = s2, try2 = sl /* prefer s2, CASE 6 */
else
nl = NULL, n2 = NULL /* no subdivision */

return (FALSE)
found = FindAreaToSubdivide(tryl,nl,n2)
if !found && try2 != NULL then

found = FindAreaToSubdivide(try2,nl,n2)

return(found)

Figure 5.9 Algorithm to find area of source to be subdivided
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The function CompareNeighbourSamples compares the shadow type of a node with
the shadow types of nodes of neighbouring areas on the source. If the shadow type is
equal to the shadow types of all neighbours and, then this function returns TRUE,
otherwise FALSE.

When a decision has to be made at node n whether to refine its subnodes s/ or 52, the
following cases can be distinguished (in decreasing order of importance):

Case 1
sl and 52 are not subdivided. In this case the areas to be subdivided are found.
Both s7 and s2 are subdivided.

Case 2

The shadow type of only one of the subtrees si and s2 is PENUMBRA. The
subtree that contains the shadow value PENUMBRA certainly contains a shadow
transition. It is selected first. If recursive traversal of this subtree does not result in
new samples, because sampling in this subtree was already performed until
maximum level, then the other subtree is chosen to be searched.

Case 3

Both subtrees s/ and s2 have shadow type PENUMBRA. Extra samples should be
traced in the area where the confidence in the sampling is the smallest. This will
be in the area that contains the least number of samples. So the subtree that
contains the smallest number of samples is traversed first. However, sometimes
both subtrees contain the same amount of samples. In this case the subtree with
the smallest depth value, thus subdivided less fine, is chosen first to be selected. If
however the depth value of both subtrees is equal than the subtree to be selected
first is chosen randomly. Again, when no area to be sampled is found in this
subtree, the other one is chosen.

Case 4

None of the subtrees has shadow type PENUMBRA. The shadow types of both s/
and s2 are compared with the shadow types of the nodes of neighbouring areas at
the same level in the tree. If only s/ has a different shadow type, then one of its
neighbours, and s is traversed to find the area to be sampled. If only s2 has a
different shadow type, then s2 is traversed further. The other subtree is not
searched for areas to be sampled if in the chosen subtree no areas can be found to
be sampled, because no shadow transitions are expected, unless the variance in
this subtree is very high (see also case 6).

Case 5

None of the subtrees has shadow type PENUMBRA and both subtrees have other
shadow types than their neighbours. In this case the subtree that contains the
smallest number of samples, or the smallest depth value is chosen first. If both the
numbers of samples and depth values of the subtrees are equal, the subtree is
chosen randomly. If in the selected subtree no areas to be sampled can be found
then the other one is selected.
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¢ Case6

None of the subtrees has shadow type PENUMBRA and both subtrees have the
same shadow types as their neighbours. Probably the areas that both subtrees
represent contain no shadow transitions. The search for areas to be sampled in
subtree s can be stopped. However, the variance in one of the subtrees s/ or s2 is
very high, it might be wise still to take one or a few extra samples. It is possible
that the source was very large and that the shadow rays are situated far away of
each other. Obstructors may be situated in between those rays. It is wise to take a
few extra samples to reduce the possibility of missing these obstructors in case of
a high variance.

When the area to be subdivided is found, it is subdivided in u or v direction,
depending on the level of subdivision. The sample that was taken already in the area
is put in the new node that covers its position. A new sample position is determined in
the other new node by jittering over its area. After this position is sampled with a
shadow ray the results are stored at the node. The tree is ascended to the root and each
node is updated (new mean, variance, etc.).

It is possible that small shadow details will be missed. Therefore the bintree is
restricted. The subdivision level of two neighbouring not further subdivided areas is
not allowed to differ more than a given maximum value. In this way areas around
shadow boundaries are sampled more densely and shadow gradients are detected
earlier.

An example of the sampling process is given in figure 5.10. After an initial sampling
(5.10a), more samples are taken along the shadow boundary (5.10b-¢). Now the level
difference between the lower left area and the samples to the right is too large.
Therefore the left part is subdivided further (5.10f). Subdivision is continued along
the shadow boundary (5.10g-h). In (5.10i) again a subdivision is done because of
level difference.

The adaptive source sampling is stopped when the mean seems to be a good estimate.
That is when the standard deviation is within a certain percentage (user defined) of
the computed mean. If the variance (and therefore the standard deviation) of the
samples stays high, then probably part of the source is obstructed by some objects, or
the solid angle with which the area source is seen is very large (then each sample
represents a rather different energy contribution). In these cases more samples are
needed to get a good approximation of the amount of light that is received.
Sometimes, however, the variance will reduce very slowly, because of a major
intensity gradient (for example a sharp shadow), but the mean of the samples does not
change very much. Therefore a stop criterion based on the change in the mean sample
value after a few iteration steps may be used in addition. If this mean shows only
minor changes, then the shadow sampling can be stopped also. This stop criterion
based on difference in average is only applied if enough shadow samples have been
cast already.
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Figure 5.10 An example of area sampling

5.4 Sampling pattern coherence

A light source S is sampled from an intersection point P of a viewing ray with an
object. The intersection point Q of the next (neighbouring) viewing ray with the same
object will probably have a similar sampling pattern for light source S. If there is a
shadow boundary for P, then it will be moved only slightly for Q (figure 5.11).

source

N

—_—
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Figure 5.11 Similarity source sampling patterns for neighbouring points P and Q
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This similarity between source sampling patterns for neighbouring viewing rays
shows a special case of shadow coherence: shadow pattern coherence. This shadow
pattern coherence can be used in two ways:

» Sampling pattern coherence during adaptive image refinement.
» Sampling pattern coherence during sampling in scanline order.

Sampling pattern coherence can be applied within an adaptive image refinement
sirategy by storing the sampling pattern for each ray. After an initial low resolution
sampling with viewing rays, the image is locally refined by casting additional viewing
rays. For a new viewing ray the sampling patterns of neighbouring rays can be
compared, and only new shadow rays have to be cast for areas where the sampling
patterns differ. In figure 5.12, P and Q are viewing rays evaluated during low
resolution screen sampling. Source sampling patterns were generated to compute the
contribution of a source to P and Q. R represents a viewing ray generated during
image refinement in between P and Q. If R hits the same object as P and @ then the
sampling pattern for R can be made by identifying the differences in the patterns for P
and Q. Only for areas where the sampling patterns differ, shadow rays must be traced
to compute the radiance contribution to R. Only the highlighted parts in the sampling
pattern of R in figure 5.12 need sampling with shadow rays. This method can save
many rays, but the memory requirements are rather high, because for each viewing
ray a sampling pattern has to be stored for each source.

Figure 5.12 Sampling pattern coherence during adaptive image retinement

The storage of the sampling patterns for each viewing ray is not needed when
+ sampling pattern coherence is exploited when the screen is sampled in scanline order.
For consecutive source samplings on the scanline the shadow transition moves only
slightly, and so the sampling pattern will show only minor changes (figure 5.13). A
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sampling pattern for a new point can therefore be generated by adapting the sampling
pattern from the previous point. Given a sampling pattern from a previous sampling
P, the new sampling pattern Q can be generated by re-using pattern P, and re-
sampling the source with the same pattern. However, there may be areas in the pattern
that are uniform but subdivided because of previous tests. To avoid unnecessary
sampling, the pattern has to be reduced. All areas where no shadow transitions exist,
but that were nevertheless subdivided are combined to be one area. The reduction of
the sampling tree is done as follows (figure 5.14). If the shadow flag for subtree s is
LIGHT or UMBRA, then the subtrees of s/ and s2 gave no new shadow information
and so can be eliminated. The reduction should not be continued to a level below the
initial sampling rate to avoid missing shadows. The reduced sampling pattern is used
as an initial pattern for the new source sampling. First the reduced pattern is
resampled. A shadow ray is cast for each leaf node. Next, extra adaptive sampling is
done to account for the change in shadow transitions. The sampling pattern coherence
used in scanline order sampling, will not necessarily reduce the number of rays for
shadow sampling, but will reduce the noise in the image, because rather good initial
sampling patterns are used.

Figure 5.13 Sampling pattern coherence in scanline order
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Figure 5.14 Reduction, original pattern (left) and pattern after reduction (right)
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5.5 Results and conclusions

Results

The effectiveness of the presented adaptive source sampling method is tested with
model A. This model contains large penumbra areas that need to be sampled properly.
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Firstly, the routine to find the area to be subdivided of figure 5.9 is compared with a
more simple method. This simple method does not search for the shadow transitions,
but when a decision has to be made which node to refine, always the node with the
highest variance is chosen. In figure 5.15 the results of several tests with different
allowed standard deviations for the stop criterion are shown. The error is computed
with formula 3.6. The results show that for the same number of rays the error made
with the new approach is better. The shadow rays arec more often sent to really
important areas on the source.
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Figure 5.15 Results 'better' adaptive source sampling method compared with a
‘simple’ method

Often the variance of the sampling stays high, but the mean of the sampling shows
only minor changes during the sampling. In this case an extra stop criterion based on
the mean will further reduce the number of rays. To prove this assumption, tests were
done with the extra stop criterion, that says that, when the mean does not change
much, sampling can be stopped. The results of figure 5.16 show that in this case
fewer rays are necessary to get the same error. It can be concluded that this extra
criterion performs well.
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Figure 5.16 Results adaptive source sampling with and without mean stop criterion

Figure 5.17 shows the results, when sampling pattern coherence is applied by re-using
sampling pattems during sampling in scanline order. The number of shadow rays used
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for a certain maximum allowed standard deviation is higher. However, the error is
much smaller. The maximum allowed standard deviation can be set much larger, and
still good results will be obtained.
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Figure 5.17 Results of use of sampling pattern coherence in scanline order

Adaptive area light source sampling (with and without pattern coherence) is also
applied during generation of images from the other models. A maximum standard
deviation of 0.05 was allowed. The results are given in table 5.1. The errors in table
5.1 are mainly caused by the randomness of the total ray tracing process (jittering in
screen space, etc.). The errors due to the adaptive source sampling process are very
small. When the images are compared visually, the shadows look the same.

model B small room 1 B small room 2 C computer room
shadow rays fixed 16654885 19525916 70636928
without coherence

shadow rays 13167972 3931885 22701674

% saved 21 30 68
error 0.0017 0.0023 0.0025
with coherence

shadow rays 13368684 5122521 24806964

% saved 20 74 65
error 0.0015 0.0016 0.0020

Table 5.1 Results adaptive source sampling

Conclusions

Methods are presented to reduce the large number of shadow rays that are needed for
sampling large area light sources. The area light sources are sampled in an adaptive
way using statistics derived during the sampling process. With this method most of
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the sampling effort is directed to areas where it is needed, for example in penumbra
regions or in areas close to the source.

The method that is used to find the areas to be subdivided provides better results than
a more simple approach. However, the time to find the area is larger because more
comparisons are done. However, the total time to generate images is usually smaller
than with the simple approach because the reduction of execution time because of the
reduction of rays is larger than the extra time necessary for the more complicated
search algorithm.

Using sampling pattern coherence, a better sampling quality can be obtained with the
same number of shadow rays because we have an estimation of where shadow
boundaries might occur. When a small shadow is found, this information is passed to
the next sampling point, avoiding spatial aliasing. Often sampling pattern coherence
will reduce the number of rays. This is caused by the fact that fewer shadow rays are
cast to areas where no shadow transitions exist, because a larger standard deviation
threshold can be used for the stop criterion to obtain the same image quality.
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-6 Hierarchy within the radiosity process

6.1 Introduction

The quality of the results of the radiosity process strongly depends on the
discretization (meshing) that is applied to the surfaces in the scene. To obtain
accurately represented shading gradients, the surfaces must be discretized into very
small patches to obtain accurate shading transitions.

However, the number of form factor computations depends strongly on the number of
patches in the scene. It is therefore worthwhile to investigate whether adaptive
meshing schemes can reduce these computations while providing the same accuracy
for the radiosity processing. Adaptive meshing schemes may lead to a hierarchy of
discretization levels. For each receiving patch during shooting, an optimal level may
be chosen at which it will receive power, based on the expected interaction with the
source patch.

Chapters 6 and 7 describe the use of hierarchy within progressive radiosity. Section
6.2 describes why some kind of hierarchy is necessary during the shooting in the
radiosity process. Examples of existing methods that use some kind of hierarchy are
given. A combination of these methods may lead to an optimal hierarchical radiosity
method, that is described in section 6.3. Section 6.4 describes the implementation of
one part of the hierarchy: adaptive receiving levels. Section 6.5 gives results and
conclusions. Chapter 7 describes another part of the hierarchy: grouping.

6.2 Hierarchical meshing

Radiosity methods compute the global illumination of a scene by calculating the
interreflections in the scene. Ideally, the interreflection between all points must be
computed. This is not possible. Instead, the power exchange between patches with a
finite area is calculated, assuming that these patches have a constant radiance value.
To approximate the exact solution these patches should be as small as possible.

However, very small patches may cause some problems:

e In undirected or Monte-Carlo shooting (Malley 86), there may be a mismatch
between the density of the rays and the resolution of the mesh. Neighbouring
patches that should receive (approximately) the same power are not guaranteed to
receive the same number of rays. Because of the randomness of the rays, one
patch may receive more rays than its neighbouring patch. Thus the power received
by the patches will not be equal, resulting in aliasing artefacts. A solution to this
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problem is to cast a very large amount of rays from the source patch, resulting in a
large computation time.

* In directed shooting (Wallace et al 89) a ray is traced from the source to each
patch (or sample point in the meshing) in the scene. When the scene contains
many patches (and so many sample points), many rays must be traced. The time
for each iteration will be large.

However, it is not necessary to use the same mesh density during the total radiosity
process. Sometimes small patches are necessary, sometimes large patches can be
used, because none or only unimportant shading transitions result from the interaction
between two patches. For example, the exchange of power between two rather large
patches that are situated far away from each other is usually constant over these
patches. Seen from one patch, the other patch is already small, and need not to be
subdivided into smaller patches anymore. Power can be exchanged while they are
large. Only when a large patch must exchange power with another patch nearby and
occluding objects are expected between these patches, the large patch should be
subdivided into many smaller patches. Also, a large patch can be responsible for a
very small form factor when it is far away from another patch. In this case it can even
be useful to combine patches and compute only one form factor for the whole group
of patches. Once again such a group can be small and so several of these groups can
be again grouped into larger groups.

Adaptive sampling in combination with some kind of hierarchy results in an accurate
and efficient radiosity process. For each iteration in the progressive radiosity process
the level of interaction between the selected source and the other objects in the scene
should be based on the expected interaction. When a high interaction is expected, the
interaction takes place on a fine level, and when almost no interaction is expected,
interaction takes place on a coarse level.

The first effort to use some kind of mesh hierarchy was the use of patches and
elements (Cohen et al 86). The scene is subdivided into patches. In turn the patches
are (adaptively) subdivided into elements. Elements are only used to receive
illumination. Power is sent out at patch level. This method strongly reduces the
number of form factor computations, while still a good shading resolution is obtained.
Elements can be adaptively subdivided when neighbouring elements show large
differences in computed radiance. For the new elements form factors are computed
and the system of equations is solved again. This can be repeated several times,
giving more accurate shading transitions in each iteration.

Another method to use hierarchy in radiosity was presented in (Hanrahan et al 91). In
this hierarchical meshing method all surfaces are recursively subdivided. This
subdivision is stored in a quadtree, in which each node represents a part of the
surface. When power is exchanged between two surfaces, the level in the quadtree is
determined at which the interaction should take place. This is done both for the source
patch as well as for the receiving patch. Form factor estimates determine the
interaction levels for the source and receiver patch. If an estimate is too large, then a
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higher interaction level is used. For this new interaction level again form factors are
estimated, and when necessary, higher levels are selected. When the interaction levels
of the source and receiver surface are determined, power can be exchanged. When a
surface receives power at some interaction level, then all nodes at levels beyond this
interaction level will receive a contribution from their ancestor node at the interaction
level.

An alternative method was presented in (Languénou et al 92). This method is
applicable in a progressive radiosity algorithm that uses undirected shooting.
Polygons are subdivided dynamically. At each iteration, rays, carrying some amount
of power, are sent from the source patch into the environment. The intersection points
with the polygons in the environment are stored with the intersected polygon. The
first intersection point of a ray is marked as a lit point. This point is illuminated by the
sources. Rays are traced further. All further intersection points are marked as shadow
points. These points are in shadow of the source. When all intersections of the rays
with the scene are computed, for each patch the subdivision (or interaction level) that
was necessary for this source is reconstructed from the intersection points. The
subdivision is chosen to be so fine that at most a user specified number of rays
intersects each subpatch. This user specified threshold value determines the accuracy
of the solution. With this threshold value, for each number of intersection points on a
polygon an optimum reconstruction is found. The reconstruction results in an
interaction tree. This tree contains the subdivision that was necessary at the current
iteration. After creation of the interaction tree, this tree is combined with the
subdivision tree that stores the subdivision until the maximum subdivision level that
is reached during previous iterations. Because this method generates lit points and
shadow points, it is possible to detect shadow boundaries on surfaces. Along these
shadow boundaries, subdivision can be increased, although it is not clear how this
should be done exactly. This method has some small disadvantages. Rays are traced
further than the first intersection point. So more intersection computations are
necessary than in 'normal’ undirected shooting. Another problem might be that the
number of intersection points to be stored at the polygons may become large, when
the number of rays that is traced from a source is very large.

All methods described so far ignore the fact that a single surface may be so small that
it is wasteful to treat it as a shooting or receiving patch. The form factor with such a
surface may be much smaller than the form factor estimate threshold used in
(Hanrahan et al 91). The number of intersections with such a surface may be very
small or zero, because the resolution of rays is not sufficient (Languénou et al 92). In
these cases it is useful to take several small neighbouring surfaces together, and treat
them as one item during the radiosity computations. This grouping or clustering
process (Kok 93; Rushmeier et al 93) will be described in chapter 7.

Another solution to reduce the number of form factor computations is to divide the
scene into subscenes (Xu et al 89; Liere 91). Virtual walls are placed in between these
subscenes. These virtual walls can be subdivided into several patches and act as
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power transmitters between the subscenes. The method starts with computing local
radiosity solutions for each of the subscenes. Power is also computed for the virtual
wall patches. When a local solution is known for all the subscenes, power is
exchanged between the subscenes by exchanging the energies on both sides of the
virtual walls. After the power exchange between the subscenes, new local solutions
can be computed. After that, power can again be exchanged through the virtual walls
and the process can be repeated, until the global solution converges.

6.3 A hierarchy for the radiosity method

A method that combines some of the previously described methods may give an
accurate, yet efficient, radiosity solution. The following hierarchy seems to be useful
(figure 6.1). On top of the hierarchy is the scene. The scene consists of several
subscenes. Often a scene consists already of logical subscenes, for example rooms in
a house, but it is also possible to make the separation into subscenes by placing
virtual walls in the scene. A subscene contains a number of objects or groups. An
object or group may again consist of a number of smaller objects that are grouped
together. For example, a plant may consist of leafs, stems and flowers. Several levels
of groups (a hierarchy of groups) should be available. The groups are subdivided into
basic surfaces (polygons, curved surfaces, etc.). Surfaces are subdivided into patches
because these surfaces may sometimes be too large to be handled properly in a
radiosity algorithm. As with groups, a hierarchy of patches is possible. An alternative
to a hierarchy of patches is one level of patches and a hicrarchy of clements. Elements
are small parts of a patch. Elements are only used as receiving entities, not as source.
Shooting is done from the patch level.

Several parts of the proposed hierarchy match with adaptive and hierarchical methods
already used in radiosity algorithms, in particular the subdivision of surfaces into
patches and elements (Cohen et al 86), a hierarchy of patches (Hanrahan et al 91;
Languénou et al 92), the subdivision of the scenes into subscenes (Xu et al 89; Liere
91), and grouping (Kok 93; Rushmeier et al 93).

Concluding we can say that several existing methods cover parts of the proposed
hierarchy. However, these methods are still not integrated into one hierarchical
method, and these methods can not be applied fully automatically at this moment.

6.4 Implementation of adaptive receiving levels

A hierarchical meshing (Hanrahan 91) scheme is an important improvement to the
radiosity process. Therefore a hierarchical meshing scheme has been implemented in
our progressive radiosity method. This scheme is a combination of the methods given
by (Hanrahan et al 91) and (Languénou et al 92). It can be applied with both directed
and undirected shooting. The element level at which a surface receives power is
determined automatically based on the estimation of interaction between source and
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receiver. Unlike the method of (Hanrahan et al 91), the interaction level of the source
is not determined automatically.

scene->subscene subscene->group/object

group->(sub)group (sub)group->patch  patch->patches/elements
Figure 6.1 Anexample of a hierarchy

The element subdivision is stored in a quadtree. Radiances are computed for the
vertices of the elements and stored at these vertices. Two levels can be distinguished
with respect to the quadtree: the maximum subdivision level and the interaction level.

When a patch is selected to be the source patch, for each other patch that will receive
power from the source it is determined at which element level interaction with this
patch should take place.

An estimation of the unoccluded form factor (ignoring occlusions by other objects) is
used to compute the element interaction level, as in (Hanrahan 91):

fo = max(O, °°;9 w’) = max(O,wA'] 6.1)

nrt

where 6 is the angle between the source normal and the direction to the receiver, @’
is the solid angle of the receiver seen from the source, 8’ is the angle between the
normal of the receiver and the direction to the source, r is the distance from source to
receiver, and A’ is the area of the receiver. If f_, is equal to zero, then the patch and
source are not mutual visible, so there will be no power exchange between them.
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The way the interaction level is determined depends on the method that is used in
progressive radiosity. Undirected shooting requires a different approach from directed
shooting.

In undirected or Monte-Carlo shooting rays are sent out in a cosine distribution. The
number of rays in a direction is proportional to the form factor. Each ray represents
the same form factor and therefore carries the same amount of power. In contrast to
the method of (Languénou et al 92) in which the interaction level is determined after
shooting the hemisphere rays, in our method the interaction level of all surfaces is
determined before the rays are shot from the source. The expected number of
intersections of the rays of the hemisphere and the surface determines the interaction
level. Given the number of rays that is shot from the source R,, and the form factor
estimate f,,, the number of rays that probably will hit the receiving patch when there
are no occlusions, R, can be estimated by:

R =f_.R (6.2)

Because of the quadtree structure level / contains 4' elements. The user can specify
how many rays at least must hit each element to get accurate results. With this
number R,, the element level at which interaction must take place can be computed
assuming that the distribution of hits on the receiver is almost uniform. The following
relation is true:

d<sk 63)
R,
Therefore the maximum allowed interaction level [ is given by the following
equation:

|4 5’. = 4 fz.rlR.v
) —l log R, J { log———Rh J (6.4)

For directed shooting the interaction level for a receiving patch can be determined in a
comparable way. The receiving level is derived based on a user specified form factor
accuracy f,.. If the form factor estimate is much larger than this value then the
results will not be accurate enough. If the form factor estimate is much smaller then
too many computations will be performed. The form factors are approximately equal
to f,. if the interaction level / is computed with the following equation:

4 fﬂ
l_‘ log—=&L 6.5

acc

If the resulting level [ is negative, the patch is strictly speaking too small. It should
not be subdivided, but grouped with other patches (see chapter 7).

An alternative for using the form factor estimate to determine the interaction level of
the receiver is to use the solid angle estimate. Sometimes the solid angle estimate will
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give better results. When, for example, rays are sent out uniformly over the
hemisphere (carrying different amounts of power), the solid angle gives a better
estimate of how many rays will hit a patch.

Now the interaction levels of the receiving patches are known, the source will send its
unshot power into the scene. For each vertex of the elements at the chosen interaction
level the radiance contribution is computed. After all radiances for a receiving patch
are computed, the radiance contributions for vertices at interaction levels larger than /
can be computed by interpolation.

6.5 Results and conclusions

Results

Figure 2.16 shows what happens when in undirected shooting the resolution of the
rays does not agree with the meshing. Aliasing occurs.

Adaptive receiving levels should reduce the aliasing. For model B, the small room,
several radiosity runs (250 progressive radiosity iterations) have been performed,
varying the number of rays per shooting patch R, and varying the number of rays
that should hit a patch R, (that determines the interaction level). Results are given in
figure 6.2. Results are compared with a radiosity process in which 200000 rays are
traced from each shooting patch. The results show that the error decreases when the
number of rays per shooting patch is increased. Increasing the number of rays that
should hit a patch will result in coarser interaction levels, and therefore larger errors.
However, when the images are compared visually, images made with larger numbers
of rays per element are visually more attractive. The shadows are somewhat worse,
because they are larger than expected, but the annoying aliasing disappears.
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Figure 6.2 Results adaptive receiving levels for undirected shooting for several
values of the number of rays that should hit an element R, and the number of rays per
shooting patch R,
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Several runs are also performed for directed shooting with varying value for the form
factor accuracy f ... Results are shown in figure 6.3. Decreasing this value results in
finer interaction between patches, and therefore in more rays and smaller errors.
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Figure 6.3 Results adaptive receiving levels for directed shooting for several values
Of f e

Conclusions

A radiosity method that is accurate and efficient should use a multi-level hierarchy.
Up to now, no method is presented that uses a complete hierarchy. For some parts of
the hierarchy methods exist, although not all methods do subdivisions or groupings
automatically.

The hierarchical meshing that was presented by (Hanrahan et al 91) provides a good
solution very efficiently. We combined parts of this method with the method
presented in (Languénou et al 92) into a method in which the discretization level, at
which a surface receives its power, is determined automatically, based on the
expected exchange of power during an iteration of progressive refinement.

Using hierarchical methods during the radiosity process has the following advantages:

* The user does not have to specify exactly how fine patches should be subdivided
into elements. The algorithm will decide what is the best interaction level.

¢ The interaction level is computed for each iteration independently. As a
consequence, subdivision is coarse when possible. Many computations can be
saved.

* Interaction is guided by a user specified threshold. With this value the user can
influence the time the computations will take. Given the effort the user wants to
spend, the best possible radiosity solution is computed. For example, when the
user knows that the results of the radiosity pass are used in a Monte-Carlo
sampling based rendering pass, the user can choose the threshold value in such a
way that subdivision is coarse. If, however, the user knows that the results of the
radiosity pass are interpolated to éomputc the complete shading, then the user can
choose the threshold in such a way that subdivision is fine (and consequently
execution time is large).
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Our implementation has the following advantages:

It is applicable for both directed and undirected shooting.

The adaptive receiving levels method does not need the extra memory that is
necessary to store the intersection points of the rays with the polygons, as in
(Languénou et al 92). Also it is not necessary to trace rays beyond the first
intersection point.

The disadvantages of the given method are:

The method only provides a method to compute the interaction level of the
illumination receiving patch. No interaction level is determined for the shooting
patch, as is done in (Hanrahan et al 91).

While determining the interaction level, it is not known whether shadow
boundaries will occur. Therefore it is not possible to choose a higher interaction
level for surfaces that contain shadow boundaries. However, because in our case
the radiosity pass is part of a hybrid method in which important shadow
boundaries are computed again and more accurately during the rendering, this will
not strongly affect the image quality.

Next chapter will describe another part of the hierarchy: grouping.
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7 Grouping of patches

7.1 Introduction

To make realistic images, scenes must be modelled accurately. Most objects are very
detailed. Modelling them requires many, often small, surfaces. Examples of complex
~ objects with many details are plants, keyboards, etc. It is the accurate modelling of
such detailed objects that makes scenes look realistic.

Radiosity programs usually have problems handling very small surfaces or patches.
Most programs ignore the fact that a single surface can be too small to be treated as a
patch. Artefacts like aliasing may occur or else very expensive computations have to
be performed.

The radiosity method can be improved by (adaptively) grouping small neighbouring
patches into groups. Computations normally done for the individual patches are now
applied to these groups. Groups receive power from the environment, and can shoot
power into the environment. The radiances of the patches in the group are derived
from the power the group receives. Grouping small patches reduces the number of
form factor computations, reduces aliasing effects, and improves the convergence in
progressive radiosity.

This chapter presents methods to use grouping of surfaces in ray tracing based
progressive radiosity algorithms. Section 7.2 shows the need for grouping. Section 7.3
describes how to group patches and section 7.4 describes transfer functions. These
functions transfer the power that a group receives to radiance values for the individual
patches within the group and vice versa. Results and conclusions are presented in
section 7.5.

7.2 Motivation for grouping

In chapter 6, methods are given to determine the interaction level of a patch. The
result of applying formula 6.4 or formula 6.5 to a patch may be a negative interaction
level 1. If this interaction level  is negative, then the patch was too small to be treated
as a single patch during the radiosity pass. It is possible to ignore such a negative
level and to set the level in this case to zero. Then the patch is not subdivided into
smaller elements. However, the progressive radiosity algorithm will not perform
optimally. For example, consider the scene of figure 7.1. A light source illuminates a
computer from a reasonable distance. The solid angle of the computer seen from the
source is small. The computer consists of 441 quadrilateral patches, mainly
constituting the keys of the keyboard.
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If the undirected shooting method is used, an enormous amount of rays must be traced
from the light source to avoid aliasing effects caused by inappropriate ray density
over the keys of the keyboard (figure 7.1, right). The distribution of the ray hits on the
patches is not correct (because of the random effect of undirected shooting). Some of
the patches are hit with zero rays, others with 3 rays although they should be
illuminated approximately the same. A solution is to increase the number of rays that
originate at the source in such a way that all patches are expected to receive a
comparable amount of ray hits. However, this may require an increase in the number
of rays of several orders. This solution is therefore not feasible.

If the directed shooting method is used, and radiances are calculated for the vertices
of the patches, then 1348 rays (= number of vertices) must be traced to calculate the
form factors for all sample points that are facing the light source, although the mutual
visibility for all these sample points will be the same. This is an enormous waste of
effort.

Figure 7.1 Object with many small patches in directed shooting (left). Aliasing on the
keyboard due to insufficient sampling density in undirected shooting (right)

Another problem with small patches is that they are almost never selected to be
source patch, because their unshot power is always less than the unshot power of
larger patches in the scene. However, the total unshot power of a number of
neighbouring small patches can be quite considerable. It is therefore useful to
consider patches, that are close to each other, as one shooting group, so that they are
selected together as a source during the progressive radiosity.

7.3 Grouping patches

The previous discussion showed the need of a method that handles small patches. One
way to solve this problem is grouping or clustering. Grouping can be defined as
follows:
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Grouping is the process of regarding a number of patches that are close to each
other as one 'macro-patch’ during the radiosity process. This 'macro-patch' is
called group.

A grouping method consists of two parts:

* A method to cluster small patches into meaningful groups. This clustering method
identifies the patches that can be taken together.

* A transfer function for the illumination computation of the group with the world
outside the group. This part consists of the computation of the radiances of the
group caused by illumination from other parts of the scene, and computation of
the radiances of other parts of the scene caused by illumination from the group.

First the decision must be made which patches should be grouped and which patches
can stay separately. Preferably, this decision is made at each iteration of the
progressive radiosity algorithm. Given the relative positions and sizes (the solid
angles or the form factors) of patches with regard to the source the interaction level of
the patches can be determined. Patches with negative interaction levels that are
situated close to each other regarding the distance to the source are grouped.
However, it can be rather expensive to do all these computations at each iteration. An
alternative is to do the grouping in a preprocess before the radiosity process starts (for
example during the modelling). The scene for which the illumination must be
calculated can be scanned for clusters of small patches that are close to each other,
where 'small' and 'close to each other' are defined relatively to the size of the total
scene. Small patches in such a cluster are grouped. Now the determination of groups
is performed only once, but is not well adapted to each individual processing step. A
better solution would be to make a hierarchy of groups in a preprocess. At which
level in the hierarchy of groups the calculations should be performed can then be
determined for each iteration separately. This decision can be taken on basis of the
solid angles of the groups as seen from the source.

The easiest way of grouping patches is to replace a group of patches by its bounding
box. The planes of the bounding box act as patches to the outside world. This method
shows some resemblance with the local environment or virtual wall techniques (Xu et
al 89). During the shooting process, the patches within the group are ignored. The
plane patches of the box receive power from the environment and send out their
power into the environment if necessary. The reflectance of the bounding box planes,
that is necessary to be able to interact with the environment, can be computed by
averaging the reflectance of the patches in the group projected onto the planes. At the
end of the progressive radiosity process, the bounding box plane radiances are
converted to patch radiances for the patches within the group. This method can be
implemented easily in a radiosity algorithm.

A number of disadvantages, however, makes this method less attractive. The accuracy
of the method is affected by the fact that the radiances are stored for a limited number
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of directions (corresponding with the bounding box planes) although the number of
orientations within the group may be much larger. So when reconstructing the patch
radiances from the radiances of the plane patches of the group, large errors may
occur. Also, when other patches, that do not belong to the group, are partially within
the bounding box of the group, the radiances for these patches may be incorrect,
because sample points may be hidden by the group planes, although not hidden by the
group patches themselves. Another disadvantage is that the bounding box exists in the
scene. When the visibility between two not grouped patches is determined, and a
group is situated between these patches, the shadow will have the shape of the
bounding box instead of the group, if no special actions are performed when a group
bounding box patch is hit by a ray.

An improvement to this method is given in (Rushmeier et al 93). As before, small
isolated patches are clustered and replaced with a box. The faces of the box around
the cluster are subdivided into patches. The reflectance of such a patch is determined
by sending a number of rays perpendicular to the patch through the box. The
percentage of rays that do not hit any surface before leaving the box gives the
transmittance of the patch. The box is shrunken in size according to this percentage.
The average reflectance of paiches that are hit within the box is used as the
reflectance of the patch. The result of the clustering process is that there are now two
geometries for the model: the original geometry, and the simplified geometry in
which small groups of small patches are replaced with boxes. The radiosity method.is
now applied to the simplified geometry. When the radiosity pass is completed, the
rendering starts. For viewing rays the original geometry is used. Direct illumination
for each visible point is computed by sending shadow rays to the light sources
through the original geometry. Indirect illumination is computed by Monte-Carlo path
tracing. The original geometry is now used when intersections are found close to the
origin of a ray and the simplified geometry is used when the intersection point is
farther away.

Experiments show a good efficiency improvement without degradation of image
quality for this method. However, the method as described in (Rushmeier et al 93),
combines well with a one-level Monte-Carlo path tracing rendering algorithm in
which indirect illumination is computed for each visible point in the scene. Other
hybrid methods require radiances for each of the patches in the scene, also for the
clustered patches. To calculate the radiances of the clustered patches we need a
transfer function that transfers the box-plane patch radiances into radiances for the
individual patches that were clustered within the group.

7.4 Transfer functions

The grouping method, presented in this chapter, does not use the approximation with
a box enclosure. Patches in a group are not replaced by some larger patches, but are
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only marked as belonging to a specific group. Illumination computed for the group is
directly converted into radiance values for the patches in the group.

A group receives power from the environment and sends power into the environment.
When a group receives power from a source patch, this power must be distributed in
some way over the individual patches in the group, taking into account the orientation
of each patch. When a group is selected to shoot its unshot power, because the unshot
power of the group is larger than the unshot power of all patches and other groups in
the scene, the unshot power of the different patches in the group must be combined to
form the unshot power of the group.

To simplify the transformation from group illumination to the illumination for the
individual patches in the group, a few assumptions are made:

» Patches are only clustered in a group when the distance of the group to the source
patch is large compared to the size of the group; otherwise it is better to use the
individual patches. This means that the distance and the direction of the patches to
the source patch can be assumed to be constant.

* A group has a constant visibility, so all patches in the group have the same
occlusion. This assumption has the consequence that shadow boundaries are not
visible on a group.

» There is no self occlusion, so patches within a group will not generate shadows on
other patches within the group.

The choice of shooting method (directed or undirected) determines the way grouping
is used. Therefore different transfer functions are presented for undirected and
directed shooting.

7.4.1:' Transfer functions for undirected shooting

In undirected shooting (Malley 88) a number of rays is traced from a source patch
into the environment. A distribution function (¢.g. cosine) determines the directions
of the rays. Each ray leaving the source represents some power Ad,. Normally, when
a ray hits a patch, this patch receives all the power, and the radiance of this patch is
updated. The larger the solid angle of the patch with respect to the source point, the
more rays will hit the patch, and so the more power the patch will receive.

A group as receiver of illumination

When a ray hits a patch of a group, the power A®, is not assigned only to the patch
that is hit by the rays, but this power is distributed over all patches in the group. A
weight w, is calculated for each patch p in the group. This weight indicates which
fraction of the total power is assigned to the patch. The power A®,, that a patch p in
the group receives is given by:

AD, =w,AD, @.1)
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The weight should be proportional to the power the patch should receive. An obvious
choice is therefore the estimation of the form factor of formula 6.1. The weight of a
patch p can then be expressed as the form factor estimation of patch p, f, ,, divided
by the form factor estimation of the group f,,

W[, = fe.ﬂ‘p (7‘2)
est,g

At first sight it seems that it is expensive to compute the weights. However, the angles
between the normal at the source and the directions to the different patches of the
group can be considered constant because of the assumption that the group is far away
from the source. The weight can then be expressed as a fraction of solid angles:

_ rnax(O,a)p)

@,

w (1.3)

4

where @, is the solid angle formed by source point and patch p, and @, is the solid
angle formed by source point and group (figure 7.2). Patches not facing the source do
not receive any power contribution.

source patch

L

Figure 7.2 Solid angles of group

group

The solid angle @, from a source point and a patch p is given by:

- A, cosé, _ A(d -n)

[
4 r? %

7.4

where 6, is the angle between patch normal (= n,) and direction to source (= d,),
A, is the area of the patch, and r is the distance between the source point and the
patch. The direction to the source is equal to the negative ray direction.

The total solid angle for the group can be calculated in two ways. The first possible
solution is to calculate the 'exact’ geometrical solid angle for the entire group. The
second solution is to calculate the sum of the solid angles of all patches in the group.

When the geometrical solid angle is used, the illumination of the illuminated patches
is calculated correctly. However, two facts make the use of the geometrical solid
angle less attractive. Firstly, it is very expensive to exactly compute the exact
geometrical solid angle. It is also possible to use the solid angle of the bounding
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volume around the group, but this is not very accurate. Secondly, the patches that
should not be illuminated because of occlusion, caused by patches within the group,
also receive a power contribution, because self-occlusion within a group is not taken
into account. Too much power will be calculated because of overlapping solid angles
(figure 7.3). Therefore the sum of the power received by all patches in the group will
be larger than the power of the ray A®,. When later on the group is selected to shoot
its power, too much power is shot into the environment.

source patch

/]

/

Figure 7.3 Overlapping solid angles

group

When the sum of the solid angles of all patches in the group is used, the total power
that is assigned to the group is correct. It is taken into account that some parts of the
group are not visible because of overlapping solid angles, but it is not known which
parts. However, the total power will be spread over all patches, so the power of the
really illuminated patches will be lower then expected, resulting in darker patches
when rendering these patches. On the hand, patches that should really not be
illuminated because of obstruction within the group get also a part of the illumination.

Both calculation methods for the solid angle of the group are not optimal. The
following solution is therefore proposed instead. The geometrical solid angle is used
for calculation of the radiances (that are used for display), so the shading for the really
illuminated patches is correct. The sum of solid angles is used for calculation of the
unshot power of the patches in the group, so that the power that is shot from the group
in later iterations is correct.

Lets return to the formulas to compute the weight of a patch within a group. Using the
assumption of the constant distance the weight is given by:
_ max(0,A,(d, -n,))

Wy

(7.5)

4

where w, is the total weight of the group. This value can be based on the exact
geometrical solid angle of the group:

w,=ra, (7.6)

or can be based on the sum of the solid angles within the group. In this case w, can
be computed with:
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w, =Y, max(0,4,(d, n,)) 1.7)

4

A group as source of illumination

A group can also be selected to be the source during one of the iterations of the
progressive radiosity process. A method is then necessary to compute the contribution
from the group to the rest of the scene.

From the selected group as many rays are shot as normally is done when a patch is
selected to shoot its unshot power. This number of rays can, for example, be
dependent on the amount of unshot power that will be shot. A decision now has to be
made from which patches in the group the rays will be shot into the environment. A
proper choice is to use a method in which the number of rays that originate from a
patch is proportional to the unshot power of this patch. The larger the unshot power of
the patch, the more rays originate from it. The number of rays shot from a patch in the
group R is therefore:

d)!'
Rp = E;R (78)
where R is the number of rays normaily shot from a non-grouped patch, @, is the
unshot power of the patch in group, and ®, is the total unshot power of the group:

®,=)0, (1.9)
P

With this method, most rays are shot from the most radiant parts of the group. It
allows diffuse interreflection within a group.

7.4.2 Transfer functions for directed shooting

Directed shooting (Wallace et al 89) from a source starts with subdividing the source
patch into delta areas. The form factor of each delta area of the source with respect to
each of the receiving vertices of the patches in the environment is computed. The
visibility is tested by casting a ray from the center of the delta area to a vertex.

A group as receiver of illumination

When the contribution of a source to a group must be calculated, the following
method is applied. For each point (center of delta area) on the source patch one or a
few random points are determined on the group. Points are preferably only chosen on
patches that face the source. Rays are traced to determine the visibility between the
source point and these points on the group (intersections of the ray with patches of the
group can be ignored). The visibility of the group from a source point is given by the
fraction of rays that reach the patches of the group (figure 7.4). The radiances of each
vertex in the group can now be calculated using the form factor from the source patch
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to the vertex given the estimated visibility of the group. Note that the radiances of the
individual patches are now calculated correctly, because they are not based on A®,
contributions as in undirected shooting, but on an exact form factor calculation. Only
the number of visibility tests is reduced. Instead of casting a ray from each receiving
point to each delta area on the source, now rays are cast from only one or a few points
on the group to each delta area on the source.

1234
source patch

occluding patch visibility:

8,=0.0
8,=0.5
83 = 05
8,=10

group

Figure 7.4 Visibility determination between source points and group

A group as source of illumination

When a group is selected to shoot its unshot power in directed shooting, a number of
source points must be determined on the group, just as is usually done for a source
patch. Points are chosen on the boundary of the group. Each of these points has a
direction pointing out of the group. The directions must have a good distribution, so
that all directions that exist in the group can be represented with the chosen
directions.

First, the unshot power of the source points is calculated from the unshot power of the
patches of the group. The unshot power A®,, of source point i, due to a patch p, is
given by:

max(0,cos@,,) max(0,(n; -n,)) AD

=— AD, =~ ’
Zmax(O,cos Bip) Elmax(O,(nj -n,))
j=1

j=t

AD, =

ip

(7.10)

where 6, is the angle between shooting direction (nj) and patch normal (np) (figure
7.5), A®,, is the unshot power of patch p, and n is the number of chosen source
points. ‘

Instead of many source patches representing the group, now only n shooting points
exist. Each source point sends its unshot power into the environment as a regular
source patch.
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A drawback of this method is that no interreflection between the patches within a
group is calculated, because power is shot from the boundaries of the group, so no
power ends up within the group. This can be solved by performing a normal directed
shooting for patches within the group, where each patch in the group is successively
selected to shoot its unshot power, but only to the other patches in the group.

n
shooting point: |
n +— group boundary

P :
'7{_..__“.9“,5

patch p in group"(-ﬁ

Figure 7.5 Calculation of patch contribution to source point power

7.5 Results and conclusions

Results

The described grouping methods are implemented in a progressive radiosity program.
The grouping of surfaces is done manually during the modelling process. However, it
is possible to do the grouping adaptively. When a patch in a group is large enough
with respect to the position of the source, this patch will be treated as a separate patch
and temporarily not be included in the group.

Consider the scene of figure 7.1, showing a computer with keyboard. Grouping
methods were tested both for undirected and undirected shooting. The results of
directed shooting are shown in figure 7.6. The left picture is made without grouping.
The number of rays to be traced to determine the form factors for the computer is
more than 1348 (= the number of vertices on the computer that face the shooting
patch). For the right picture, the patches of the monitor (except the screen patch) and
the patches of the keyboard were grouped into two groups. For these groups the
number of visibility tests is chosen by the user. For the tests only one visibility test
was used. This did not affect the quality of the image, except for small shadow details
caused by occlusion within a group, e.g. near the lower right corner of the screen.

Figure 7.7 and 7.8 show the results for undirected shooting. Although the number of
rays originating from the light source that hit the keyboard is only 691 (for figure 7.7)
and 7464 (for figure 7.8) no aliasing effects are visible when grouping is used (right
pictures). Even for a smaller number of rays the shading of the keyboard will be
smooth, because the power of a ray that hits the group is distributed over all patches
in the group, instead of only over the patch that is hit. When the patches are grouped,
the probability that the group is hit, and so that all patches receive an ‘equal’
contribution, increases considerably.

Model C contains several computers that are modelled accurately. For this scene
grouping gives an enormous reduction of computations. Each computer consists of
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three groups: the computer itself, the keyboard, and the mouse. 8000 progressive
radiosity iterations are done. Results for directed shooting are given in table 7.1. The
reduction of rays to compute the solution with grouping is 53%. The execution time
reduction is 50%. We can conclude that the overhead of the grouping (computation of
transfer functions) is rather small.

time number of rays
without 26:28:00 212840688
grouping
with grouping 13:16:56 99492269

Table 7.1 Results grouping for fixed number of iterations

Although the number of iterations in table 7.1 is the same for both test runs, the
convergence of these two runs differs. With grouping the process converges much
more, because energy is not shot from separate patches, but from groups. To obtain
the same convergence, radiosity without grouping needs more iterations than radiosity
with grouping. Table 7.2 gives the results when the radiosity process is stopped when
the same convergence is reached (the same amount of unshot power remains left over
in the scene). Apart from the fact that the number of form factor computations is
reduced because of the grouping, now also the number of iterations is reduced with
17%, resulting in a total execution time reduction of almost 58%.

iterations time number of rays
without 8000 26:28:00 212840688
grouping
with grouping 6639 10:59:41 83194449

Table 7.2 Results grouping for same convergence

Conclusions

Grouping of small patches is a useful extension for the progressive radiosity method.
It reduces the number of rays for ray tracing based form factor computation. The use
of groups in an undirected shooting method reduces the aliasing caused by an
inappropriate resolution of the shooting rays. The number of shooting rays can be
reduced.

Grouping fits well in an adaptive hierarchical radiosity process. When surfaces are
too small to discretize, and even too small to act as individual patches, for instance
because they are too far away from the source patch and will not be hit by enough
rays, they can be combined into a group.
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Using a group as a source for an iteration in the progressive radiosity algorithm
makes the radiosity process converge faster.

The method presented here has the major advantage compared to the method
" described in (Rushmeier et al 93) that it is applicable for all radiosity methods. It is
not limited to a two-pass method that computes the indirect interreflection during the
rendering pass. Because transfer functions are available, it is possible to compute the
radiances for all patches in the group. These radiances can be used directly for
display.

However, a problem is that shadows generated by obstruction of other patches as well
as from patches within the group are not taken into account because a Con_stant
visibility for the whole group is assumed. Areas that should be in shadow are
iltluminated. The total power that the group receives and reflects, however, is correct.
Thus, although for display the shading of the group is not completely correct, the
error for the indirect illumination of other patches is negligible. When the direct
illumination is computed accurately during the rendering with ray casting with the
method described in chapter 3, the fact that occlusions within a group are ignored
does not reduce the image quality. These occlusions, when caused by important
sources, are then computed during the rendering. '

Another problem is that clustering is now done manually. A method is needed to
automatically cluster patches into groups. It would be worthwhile to investigate
whether the spatial subdivision that is available in almost each ray tracing program
can be used to identify patches that are situated in each other's neighbourhood.

Figure 7.6 Directed shooting; without grouping (left), with grouping (right)
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Figure 7.7 Undirected shooting, 105 rays per shooting point; without grouping (left),
with grouping (right)

Figure 7.8 Undirected shooting, 106 rays per shooting point; without grouping (left),
with grouping (right)
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8 Conclusions and future research

8.1 Introduction

The research described in this thesis was aimed at the development of algorithms for
realistic image synthesis, to provide means to generate images that look real and are
physically correct, and that are capable of solving the complete global illumination of
a scene, and preferably as efficient as possible.

In chapters 2 and 3 several radiosity, ray tracing, and hybrid radiosity and ray tracing
methods were reviewed. Based on the observations made there, a new hybrid method
was proposed. This new hybrid method consists of two computational expensive
processes: radiosity and ray tracing. Several methods were developed to increase the
efficiency of both processes. Ray tracing acceleration methods were given in chapters
4 and 5. Acceleration techniques for the radiosity process were described in chapters
6 and 7.

This chapter summarizes the conclusions from previous chapters, combines the
results of the different methods, and presents some directions for further research.
Section 8.2 brings together all results and conclusions. The presented methods are
evaluated on quality and efficiency. Section 8.3 gives some ideas for further research.
Primarily, global illumination methods can be improved by better algorithms.
However, the applicability of the methods can also be improved by speeding up the
computations with multiprocessor systems or specialized hardware.

8.2 A global illumination system for realistic image synthesis

To generate realistic images it is necessary to compute the global illumination of the
scene to be displayed. All possible paths that light can travel before it reaches the eye
of the viewer must be taken into account. In chapter 2 methods for realistic image
synthesis were compared on their ability to simulate all light paths, the accuracy of
the shading they compute, and their efficiency. Ray tracing methods that include the
computation of the diffuse interreflection may generate correct images, but the time to
generate them will be very high. Diffuse interreflections are preferably computed
during a separate pass in a hybrid method. A standard two-pass method can compute
all light paths, but the shading accuracy is very much dependent on the meshing that
is applied during the first (radiosity) pass. Adequate results can only be guaranteed if
exact meshing schemes are used, that try to find the shading discontinuities before the
radiosity process is performed. However, this is a very complicated task. The hybrid
method that separates the direct from the indirect illumination makes the results less
dependent of the meshing resolution. Important perceptible shading gradients are
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often caused by direct illumination. Indirect illumination is only responsible for
minor, often not perceptible, shading gradients. Therefore, while the indirect
illumination can be stored in the meshing, and can be computed during the radiosity
pass, the direct illumination is computed accurately during the rendering pass by
casting shadow rays to the light sources.

The method presented in chapter 3 is a generalization of the hybrid direct-indirect
method. Instead of separating the direct from the indirect illumination, the method
separates the high-frequency illumination from the low-frequency illumination. High
frequency illumination is illumination that causes important shading gradients.
Although high-frequency illumination often corresponds with direct illumination, this
is not generally the case. Low-frequency illumination causes low shading gradients.
Low-frequency illumination is computed with a radiosity method. The meshing can
be rather coarse, so the execution time of this pass will be limited. High-frequency
illumination is computed during the rendering by casting shadow rays to the
important sources (light emitting and strong reflecting) patches. The source selection
process is used to detect the high-frequency illumination. Source selection detects
which patches generate perceptible shading gradients on a patch. By applying
different selection criteria (using different threshold values), the new hybrid method
can simulate all kinds of hybrid methods within the range from a standard two-pass
method (select no sources) to a one-level Monte-Carlo method (select all patches as
sources). Simple selection criteria already provide good results (savings of 60% of the
shadow rays), while the application of these criteria takes almost no time. More’
complex criteria may lead to even better results.

The presented method tries to find an optimum between what should be computed
during the radiosity pass and what should be computed during the rendering pass to
get a solution, that is as accurately and efficiently as possible. However, both passes
require still too much time. Therefore methods were investigated to further speed up
both passes.

8.2.1 Improvement rendering pass

Although source selection reduces the number of shadow rays to be cast during the
rendering process compared to the direct-indirect hybrid method, the number of
shadow rays to be cast can still be large. Therefore during rendering, two methods
were applied to reduce the number of shadow rays further: The shadow image buffer,
as described in chapter 4, and adaptive source sampling, as described in chapter 5.

The shadow image buffer method reduces the number of shadow rays by exploiting
shadow coherence. In contrast to other methods to cull shadow rays, for example the.
light buffer, it exploits shadow coherence in image space. During adaptive image
refinement, shadow rays are only cast to a light source when a shadow boundary is
expected. In other cases the shadow information of neighbouring samples indicates
whether a point is in shadow or not. The shadow image buffer is very simple: it
requires almost no overhead, almost no extra memory (only one or two bits per light
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source per viewing ray), and no extra preprocessing. The method is applicable for
arbitrarily shaped objects, it is not restricted to point light sources, and gives an extra
image refinement criterion (to anti-aliase shadow boundaries). Experiments showed
that a good reduction of shadow rays can be obtained, especially when shadows are
coherent and well shaped. However, the shadow image buffer is yet not well suited
for scenes with many partly diffusely and partly specularly reflecting surfaces. An
extension to solve this problem will require much more memory.

Large area light sources must be sampled with many shadow rays. An adaptive
stochastic sampling method seems the best method to obtain reliable results as
efficient as possible. In our implementation, rays are semi-randomly cast to the
" source. Rays are cast to areas on the source where a shadow transition is expected or
where the confidence in the sampling up to now is small. The sampling is stopped if
the standard deviation of the samples of the source sampling is small enough.
Adaptive stochastic sampling can be improved with sampling pattern coherence. The
shadow patterns of two consecutive samplings tend to be almost the same. Therefore
a previous sampling pattern can be used for the next source sampling. It provides a
good initial sampling pattern (a good initial estimation of where shadow transitions
are), avoiding aliasing that can be caused when the initial sampling misses small
shadow details.

The three methods to avoid casting shadow rays (source selection, the shadow image
buffer, and adaptive source sampling using sampling pattern coherence) can be
combined. Results for anti-aliased pictures are given in table 8.1. Using all efficiency
methods reduces the number of shadow rays up to 94%. The culling methods are not
independent. Therefore sometimes the reduction of the three methods together is not
as good as what is expected from the test results when the methods were applied
separately. The methods give the best reduction in the same circumstances. For
example, when no shadows are cast on a patch, source selection will decide to cast no
shadow rays, the shadow image buffer decides that no shadow rays are needed for
refinement levels, and with adaptive source sampling a limited number of shadow
rays will be cast.

Also the savings expressed in shadow rays are higher than the savings expressed in
time. The reason is that casting shadow rays adaptively (which is not implemented
optimally) takes more time per ray than casting a fixed number of rays, because
sampling statistics have to be computed, and because for each ray a search is done to
find the area that can be sampled best. The fact that this difference in savings is larger
for model B is caused by the partly specularly partly diffusely reflecting teapot.
Because this teapot is not purely diffusely reflecting, the shadow image buffer cannot
be exploited optimally. Therefore in this region of the image more rays are cast.
Because of the fact that intersection of a ray with a curved surface takes much more
time than intersection with a polygon, much time is spent for casting rays to and from
the teapot.
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B small room 1 B small room 2 C computer room

no culling methods
shadow rays 35871743 37214548 140948622
time 03:53:14 07:11:46 14:34:57
with culling methods
shadow rays 7014358 6701509 9079356
time 01:12:07 02:38:05 01:12:20
% improvement 80 (rays) 82 (rays) 94 (rays)

69 (time) 64 (time) 92 (time)

Table 8.1 Overall efficiency rendering pass

8.2.2 Improvement radiosity pass

An efficient radiosity process needs some kind of hierarchical description of the
scene. Interaction should take place on a level such that the number of form factor
computations is small but sufficiently.

To improve the radiosity pass two methods were proposed: adaptive receiving levels,
as described in chapter 6, and grouping of small patches, as described in chapter 7.

The adaptive receiving levels method is based on the methods of (Hanrahan et al 91;
Languénou et al 92). During progressive refinement, the resolution of the meshing
that is needed depends on which patch is chosen to be the source patch. So at each
iteration for each patch the optimum level of interaction can be determined. This
determination is done automatically based on the expected interaction between the
patch and the source. Using this automatic interaction level determination has several
advantages. Because it is done automatically, the user does not have to define the
meshing so explicitly, making the radiosity program easier to use. In directed
shooting it may save many form factor computations and therefore rays to be traced.
In undirected shooting, aliasing due to the mismatch of the ray resolution and the
meshing is eliminated. Therefore the ray resolution can be smaller, while acceptable
results are still obtained.

The other method, grouping, was presented in chapter 7. Small patches are clustered
to one entity, the group, and instead of interaction with the individual patches, now
interaction is performed with the group. A group can be a receiver of power and a
source of power. Transfer functions transfer group radiances to patch radiances and
vice versa. Grouping small patches has several advantages. In undirected shooting it
reduces aliasing effect, that can occur when the resolution of rays shot from the
source is not sufficient. Therefore the number of rays that is shot from each source
can be limited. In directed shooting, grouping has the advantage that it reduces the
number of visibility tests for the form factor calculation and therefore the number of
rays. Also the progressive radiosity process may converge faster, because the unshot
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power of several grouped patches (often patches that would not be chosen when
handled separately because they are too small) is shot into the environment during
one iteration. Experiments showed that grouping can reduce the execution time with
more than 50%.

8.3 Ideas for future research

The hybrid method described in chapter 3 is able to generate accurate pictures.
However, the time to generate images is still far too long. The methods of chapter 4 to
7 reduce the time to generate the images, but times are still measured in minutes, and
often hours, even for models of moderate complexity. In the end it should be possible
to generate images at interactive times or, preferably, in real-time. Moreover, the
current state of the technique does not allow to compute all possible optical effects.
The methods are still not general enough.

Improvement of functionality and efficiency can be obtained in two ways: by better
algorithms, and by multiprocessor and specialized hardware implementations.

8.3.1 Improvement of algorithms

Algorithmic improvement can be done in two directions: extension of the
functionality and accuracy of the methods, and improving the efficiency.

Standard radiosity algorithms are only suited for completely diffusely reflecting and
transmitting patches. The use of extended form factors makes it possible to use
specularity. However, only perfect specular, and sometimes rough specular, surfaces
can be used. It is still not possible to use general reflection tfunctions. The use of
general reflection and emission functions will further improve the realism of the
images.

As shown in chapter 3, the source selection takes only a very tiny part of the total
processing time. The selection criteria that are applied now are rather simple. The use
of more complex criteria may improve the selection. Better image quality might be
obtained, and/or the efficiency might be improved.

As discussed in chapter 6, a hierarchy should be used during the radiosity pass.
Although some parts of this hierarchy have been applied, a complete solution is not
available yet. Research in the area of a complete multiple level algorithm is therefore
one of the most promising directions for future developments of radiosity methods.

Grouping methods are now applied to groups that are determined during modelling
(by the user). Clustering methods should be available to cluster patches into groups
automatically.

The hierarchy that is used now in the radiosity pass, could also be applied during the
rendering, when a hybrid method is used in which shadow rays are traced during this
rendering (low/high-frequency method, one-level Monte-Carlo sampling). For
example, in a one-level Monte-Carlo sampling normally small strong radiant patches
can be missed easily by shadow rays. A group, that represents the radiance of all
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patches in it, will be hit more often. Therefore, when an illumination sampling ray is
at a certain distance of the point for which the illumination is computed, and therefore
the resolution is low, it will be better to sample the group as a whole instead of the
individual patches. This may help to reduce the number of rays that should be cast to
prevent aliasing. Groups may also be used during rendering in other circumstances.

Participating media have been applied to radiosity algorithms (Rushmeier and
Torrance 87; Bhate and Tokuta 92). The effects of media can be computed by
extending the meshing to a subdivision of the world in volumes, and apply the
radiosity method to these volumes instead of to patches. However, a radiosity solution
with participating media is very expensive to compute. It is worthwhile to investigate
how this method can be combined with hierarchical methods.

8.3.2 Multiprocessor and specialized hardware implementations

Although efficiency improvement techniques are developed for radiosity and ray
tracing, still the processing times on standard workstations are in the order of minutes
or hours, and not in seconds. To obtain interactive or real-time response, processing
times should go to seconds or fractions of seconds. To achieve this goal, multi-
processor implementations or specialized hardware implementations could be
considered.

Several attempts have been made to parallelize radiosity and ray tracing processes.
Both networks of workstations and general purpose parallel computers, such as
transputer networks, have been applied. When transputer networks are used, large
patch databases cannot be duplicated completely on all transputers. The database
should be divided over the transputers. As a consequence, the transputers will have to
communicate this data. This might become a bottleneck. Therefore it is important to
find methods that reduce the communication that is necessary. Solutions to this
problem are finding a good configuration and trying to explore coherence (Green and
Paddon 89; Jansen and Chalmers 93). However, it is still not clear how coherence can
be exploited optimally.

Another approach is to develop specialized hardware for the most computational
expensive processes. Not all possible software implementations for realistic image
synthesis can be implemented in hardware because of the complexity of most of these
methods (Jansen et al 92). A hardware implementation, in the form of a plug in board,
the 'radiosity engine', to enhance the performance of standard workstations for
realistic image synthesis is now being developed (Shen and Deprettere 92; Shen 93).
This 'radiosity engine' will be used to accelerate both the radiosity process and the
rendering process by speeding up the ray intersection calculations. The basic
primitive in the radiosity engine is the (undirected) shooting of rays in a frustum. This
frustum is a part of the hemisphere during the progressive radiosity process, or
represents a number of viewing rays during rendering. In both processes a frustum of
rays is also used when a bundle of rays needs to be traced after (rough) specular
reflection. The radiosity engine consists of a number of processor elements connected
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by a mesh network. The engine is connected to a host, probably a workstation or a
cluster of workstations. Because each processor will be equipped with only a limited
amount of memory, each processor element will be able to contain only a small
portion of the patch database. When a processor needs a patch that is not in its
memory, it sends a request to the other processor elements or to the host. In (Shen 93)
strategies are presented to fill the memories. However, still much communication may
be needed. Therefore also for this hardware implementation it is worthwhile to
investigate whether coherence may reduce the communication. Hierarchical methods,
as described in chapter 6, and especially grouping methods, as discussed in chapter 7,
will be required in order to improve the performance of the radiosity engine and the
quality of the images generated.
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Appendix A Description of test models

The algorithms presented in this thesis are tested with three different models: triangle,
small room, and computer room. These models have a different complexity.

Table A.1 summarizes the main characteristics of the test models. The surfaces that
are used for describing the scenes are often too large to be handled correctly by
-radiosity programs. Therefore large surfaces are automatically subdivided into smaller
patches. These patches are the basic entities for the radiosity computations. Sample
points are placed on these patches. The radiosity program computes radiances for
these sample points.

model surfaces patches  sample points!
A triangle 3 3 314
B small room 477 522 16378
C computer room 8613 10596 51542

Table A.1 Description of test models

A.1 Model A, triangle

Model A is a very simple model consisting of only three polygons: a square area light
source, a triangular surface, and a square surface. Figure A.1 shows the geometry of
the triangle scene. This model can very well be used to test accuracy of shadows that
are generated by the different algorithms. The light source illuminates the triarigular
and the square surface. The triangular surface occludes (parts of) the light source for
some parts of the square surface. Therefore umbra and penumbra regions should be
visible on the square surface. The meshing that is applied is shown in figure A 2.

All illumination in this scene is direct illumination. The light source and the triangle
are mutual visible, and the light source and the square are mutual visible. The triangle
and the square cannot see each other. The light source only emits light, it does not
reflect. Therefore there is no other light interaction than direct illumination from the
light source to the two other patches.

1 Default value. When another number of sample points is used for an experiment, then it is mentioned
in the description of the experiment.
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A.2 Model B, small room

Model B is a small room with several objects. It has a moderate complexity. Figure
A.3 shows the geometry of the small room scene. The scene contains a teapot,
modelled with curved surfaces. In our rendering system it is possible to use rational
bicubic Bézier patches (Kok et al 90). All other furniture, and the walls and the floors
are modelled with polygons. Several surfaces in the scene are (partly) specular. The
mirror is specularly reflecting. The surfaces of the teapot are partly diffusely and
partly specularly reflecting. Two surfaces of the cabinet are specularly transmitting.
The scene is illuminated by two spot light sources on the corners on the right. The
spot sources are pointed to the teapot on the table, and are responsible for sharp
shadows. The scene is also illuminated by two area light sources: a light source on the
ceiling and a light source (window) on the left wall.

This scene is closed, and large parts of it have a high diffuse reflectivity. Therefore a
lot of diffuse interreflection occurs. Rendering without computing the diffuse
interrefiection will result in a rather dark picture.

For this model two different view points are used. View 1 gives an overview of the
scene. View 2 zooms in on the teapot on the table. The meshing that is applied is
shown in figures A.4 and A.5.

A.3 Model C, computer room

Model C is a model of a room with computers. It describes a rather complex scene.
Figure A.6 shows the geometry of the computer room scene. The room contains nine
desks with chairs. On eight of these desks two computers are placed. These computers
are modelled very accurately. They each consist of many polygons. The monitor is
modelled with 24 polygons, the keyboard with 417 polygons (each key is modelled
with 5 polygons), and the mouse with 17 polygons. The computer room is illuminated
with 12 area light sources on the ceiling. The screens of the computers that are turned
on also emit light. However, the power emitted by these screens is small. Therefore
these screens do not contribute largely to the illumination of the scene. Texture
mapping is used (only for rendering purposes) to improve the reality of the images.
The meshing that is applied is shown in figure A.7.
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Fig A.1 Geometry of triangle model
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Fig A.2 Meshing for triangle model
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Fig A.7 Meshing for computer room model
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Summary

Ray tracing and radiosity methods for photorealistic
image synthesis

Realistic image synthesis strives to generate images that not only look realistic, but that
are also physically correct. All kinds of optical effects must be computed to reach this
goal. Examples of these effects are indirect illumination, soft shadows, caustics, etc.
Realistic image synthesis can be used for several applications, for example in
architecture, in lighting design, for special effects in film, for (flight) simulators, etc.

A combination of radiosity and ray tracing methods will be able to compute all optical
effects accurately. The radiosity process computes the illumination for a scene. Because
it is impossible to compute an illumination value for each point in a scene, only a limited
number of points is selected by subdivision of the surfaces in the scene into a mesh of
patches. For each point in the mesh an illumination value is computed. During the ray
tracing based rendering process, these illumination values are used to display the visible
points. A disadvantage of such a hybrid method is that the quality of the resulting
images strongly depends on the meshing resolution that is applied.

In this thesis a new hybrid method is presented, that is less dependent on the meshing.
To avoid inaccurate shadows due to inappropriate meshing, during the radiosity pass
only the illumination that is responsible for minor shading gradients is computed. The
shading that is responsible for important shading gradients (perceptible shading
contrasts) is added during rendering by recomputing the illumination of the important
sources for all the visible points. A source selection mechanism is used to detect which
sources are responsible for the important shading contrasts. This new method is able to
generate very accurate images. The method is also very flexible. Most of the known
hybrid radiosity and ray tracing methods can be simulated with this algorithm,
depending on how strictly selection criteria are applied.

However, this new method still requires much computation time. Therefore the
efficiency of both the radiosity and the ray tracing process must be improved. The
radiosity method can be improved by using a hierarchical meshing of the scene. This
meshing should not only include an adaptive subdivision of surfaces, but also the
grouping of several surfaces into (a hierarchy of) groups. Interaction of light between
two objects is computed at the most appropriate level in the mesh hierarchy, considering
accuracy and efficiency.

For the rendering pass, methods are developed to reduce the number of shadow rays
that are used to compute the most important illumination contributions. The number of
shadow rays can be reduced by exploiting shadow coherence, because shadows tend to
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be very coherent and homogeneous. Also, for sampling large area light sources, an
adaptive stochastic sampling method may reduce the number of shadow rays compared
to other sampling methods.

In future, further speed-up may also be gained by parallel and specialized hardware
implementations.
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Samenvatting

Ray tracing en radiosity methoden voor foto-realistische
beeldgeneratie

Realistische beeldgeneratie is gericht op de generatie van afbeeldingen die er niet alleen
realistisch uitzien, maar die bovendien fysisch correct zijn. Allerlei optische effecten
moeten berekend worden om dit doel te bereiken. Voorbeelden zijn indirecte belichting,
zachte schaduwen, enz. Er zijn verschillende toepassingen voor realistische
beeldgeneratic te bedenken: in de architectuur, voor het ontwerp van
belichtingsoplossingen, voor speciale effecten in film, in (vlucht)simulatoren, enz.

Een combinatie van radiosity en ray tracing methoden is in staat om alle optische
effecten nauwkeurig te berckenen. Het radiosity proces berekent de belichting voor een
scéne. Omdat het onmogelijk is om een belichtingswaarde voor ieder punt in een scéne
te bepalen, wordt een beperkt aantal punten gekozen door alle oppervlakken in de scéne
op te delen in een netwerk van kleine oppervlakjes. Voor ieder hoekpunt in het netwerk
wordt een belichtingswaarde berekend. Gedurende de generatie van de afbeelding door
middel van ray tracing worden deze belichtingswaarden gebruikt om de zichtbare
punten af te beelden. Een nadeel van de zo'n gecombineerde methode is dat de kwaliteit
van de resulterende afbeeldingen sterk afhankelijk is van de resolutie van de gebruikte
opdeling van de scéne.

In dit proefschrift wordt een nieuwe gecombineerde methode gepresenteerd, die minder
afhankelijk is van de resolutie van de opdeling. Om onnauwkeurige schaduwen als
gevolg van een onvoldoende opdeling te voorkomen, wordt tijdens het radiosity proces
alleen de belichting berekend die verantwoordelijk is voor de minder duidelijke
schakeringen in de belichting. De belichting die verantwoordelijke is voor duidelijke
schakeringen (duidelijke schaduw overgangen) wordt gedurende het afbeeldingsproces
toegevoegd door de belichting door belangrijke lichtbronnen voor alle zichtbare punten
opnieuw te berekenen. Een lichtbronselectie-mechanisme wordt gebruikt om te
detecteren welke bronnen verantwoordelijk zijn voor de belangrijke contrasten in de
belichting. Met deze nieuwe methode kunnen zeer nauwkeurige afbeeldingen gemaakt
worden. Bovendien is de methode erg flexibel. De meeste bekende gecombineerde
radiosity en ray tracing methoden kunnen worden gesimuleerd met dit algoritme,
afhankelijk van hoe streng de selectiecriteria worden toegepast.

De nieuwe methode vereist echter nog steeds lange rekentijden. Daarom moeten zowel
het radiosity als het ray tracing proces worden verbeterd. De radiosity methode kan
worden verbeterd door het gebruik van een hiérarchische opdeling van de scéne. Deze
opdeling moet niet alleen bestaan uit een adaptieve opdeling van de oppervlakken, maar
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moet ook de groepering van verschillende oppervlakken in (een hiérarchie van) groepen
bevatten. De interactie van licht tussen twee objecten wordt berekend op het meest
geschikte niveau in de hiérarchie, waarbij nauwkeurigheid en efficiency tegen elkaar
afgewogen worden.

Voor het beeldgeneratieproces zijn methoden ontwikkeld om het aantal schaduwstralen,
die gebruikt worden om de belangrijkste belichtingsbijdragen te berekenen, te
verminderen. Dit aantal kan verminderd worden door gebruik te maken van
schaduwcoherentie. Schaduwen zijn namelijk over het algemeen coherent en
homogeen. Bovendien kan een adaptieve stochastische sampling methode, in
vergelijking met andere sampling methoden, het aantal schaduwstralen om grote
oppervlaktelichtbronnen te samplen verminderen.

In de tockomst zullen de methoden verder versneld kunnen worden door parallelle en
gespecialiseerde hardware implementaties.
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