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Abstract

Today, in computer graphics, many di erent domains of researt are explored to make synthetic
ernvironments more and more realistic. We count among them the computation of global illumina-
tion e ects. During many years, the Radiosity method [8] has beenthe best way to approad it.
But due to the complexity of its computation, it is not possibleto castits e ects in real time for
walkthroughs.

This project proposesan alternativ e, lesscomplex, in order to cast global illumination e ects over
an avatar moving in real time in a sceneunder precomputed illumination scene.The main ideais
to identify in a preprocessand evaluate the cortributions of the major 3D polygonal contributors
of the scene,and usethem as secondarylight di users.

This project is built over a common plateform, that has been dewelopped in collaboration with
the project of Barbara Yersin [30]. The nal goal is to evaluate the strengths and weaknesse®f
this method, compareit to the method developped by Barbara Yersin, and nally proposesome
ideasleading to a hybrid represenation.
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Chapter 1

Intro duction

During many years,the Radiosity method has beenconsideredas\the" solution to solve problems
of indirect illumination. Unfortunately, this method su ers of a lack of speedand a computational
bottleneck : the form factor and particularly the visibilit y within its evaluation. In this documert, |
proposea new method basedon Radiosity to compute an approximation of the global illumination

e ects over an avatar moving in real time in a pre-illuminated scene.Hereis preseried a summary
of the di erent chapters constituting this documert :

Chapter 1 explains further the major goal of this project and the previous work realized in
the domain;

Chapter 2 details somebasicsof light transfer and the Radiosity method from a theoretical
point of view;

Chapter 3 describesthe common platform created with Barbara Yersin [30]. This platform
is the baseon which my method is explored;

In Chapter 4, | detail the contributor cube maps that are necessaryfor the developmert of
my method, and summarizethe other cube maps available on the common platform;

Chapter 5 describes step by step how my method works and how two dierent problems
encourtered have beenapproaded,;

In Chapter 6, | preseri the results obtained, and carry out an objective comparisonbetween
theseresults and the onesobtained with the method of Barbara Yersin [30];

In Chapter 7,1 nally presen a conclusionto the project, proposesomeideasto improve my
method, and someideasfor a hybrid solution with the method of Barbara Yersin [30].



1.1 Previous Work

Today in the world of computer graphics, the rendering of images has becomemore and more
realistic. An excellert way to provide this feeling of realism is to compute the e ects of global
illumination. Global illumination is the term usedto describe the indirect e ects that light hason
objects. For example, if a sceneis only directly illuminated, all the placesthat the light cannot
directly \reach" are rendered completely black or with a constart \ambient" color. This brings a
feeling of oddness,but certainly not of realism. In the real world, light bouncesagainst walls and
objects and somepart of it reachesthesedark places. So, global illumination is very important and
much researt in the domain are carried out to nd good ways to render thesee ects in computer
graphics. These researd directions have leadedto di erent methods that | explain below. The
most commonvery simple solution is the ambient term of Phong's lighting equation [19]. This term
represerts a light that doesnot particularly comefrom anywhere. It is omnipresent and illuminates
all objects of a scene.A small ambient term addedto a sceneallows the dark placesto be lessdark,
and thus, more realistic. This is a simple solution, not expensiwe in terms of computation, but
today it is not enoughany more. The e ects of the light interre ections causecolor bleeding. For
example, if a white object is put near a red wall, the object should becomereddish at the points
the nearestto the wall. Another solution has beendiscovered about 20 yearsago and developped
during more than 15 years: the Radiosity method [12, 18, 7]. It computesthe e ects of global
illumination on ead patch of surfaceby summing the cortributions of the patchesof all the other
surfacesin the scene. Unfortunately, its major drawbadk is the cost of the computation of the
\form factor”, that becomesmore and more complex as better image quality is required. This
method is the baseof my project and is detailed in Chapter 2. Jensenmore recerly has preseried
a new method called photon mapping [15]. This method is more general, sinceit considerslight
sourcesas photon emitters and it computes their bouncesin the scenefor any re ection model.
Although the results are impressiwe, this technique, due to its complexity, cannot also support
real-time movemerts of an avatar in a static 3D ervironment. Photon mapping and the Radiosity
method give good results, aslong asthey are not neededin real time. As soon asthe computation
of global illumination is neededin real time, none of these methods are directly exploitable, and as
explained above, the ambien term is a very poor approximation.

1.2 Goal of the Pro ject

This project is basedon the Radiosity method [12, 18, 7]. Its main goal is to compute in real time
the e ects of global illumination over an avatar moving in a pre-illuminated scene. The idea is
to identify the major 3D polygonal cortributors to the global illumination of the avatar at some
prede ned positions in the scene.The identi cation is achieved by creating contributor cube maps
(seeSection4.3) and placing them at the prede ned positions. To be ableto seethe evolution of the



Radiosity method over the avatar moving in the scene,| neededa meanto interact easily with the

contributor cube maps, i.e., create, save, and delete them. Since Barbara Yersin [30] also needed
such a platform to dewvelop her own method, we have developped together a common platform. It

is detailed in Chapter 3.



Chapter 2
Radiosit y

In this chapter, the required knowledge to understand the method | have developped is detailed.
In the rst section, | de ne the basic terms used in the Radiosity equations and introduce the
rendering equation. Then, in the secondsection, | explain how the Radiosity method can be used
to solve the rendering equation.

2.1 Light Transfer and Rendering Equation

There are a few basic terms necessaryto understand the rendering equation and the Radiosity
method. They are detailed below :

The steradian (sr) : it is a measuremen unit, analogousto the radian, but in 3D. It is used
to measuresolid angle

The solid angle! : asthe steradianis analogousto a radian in 3D, the solid angleis analogous
to the anglein 3D. It represens the area of the projection of an object on the unit sphere
placed at the position p, asshown in Figure 2.1.

The di er ential solid angled! : it is often usedin light transfer computations. For example,a
point on a sphereat coordinates (r; ;') and adierential areadA at this point areillustrated
in Figure 2.2. The areaof dA is computed as:

dA=rd rsin d =r?sindd (2.1)
and the resulting di erential solid angleis :
d =sin dd = crl_,;k: (2.2)

The ux  of power Q : this quantit y usually de nes the ratio of power emitted, for example
by a light, per second(W=s) :
_ dQ
= qr (2.3)

10



The re ectance : it is the proportion of ux of power that is re ected by a surface:

d
= 2 (2.4)
|
The radiance L : aray castin the direction ! from a point x on a small surfaceis shovn
in Figure 2.3. The radiance L representis the ux of power per unit projected area dA
perpendicular to the ray per unit solid angle in the direction of the ray (W=(sr m?)) :
d? d

L= dAdl cos _ dl (2.5)

whered is the dierential ux of power and cos allows to project dA along the direction
of the ray.

The radiosity B : it is the fraction of power ux leaving a surface per di erential area dA
(W=m?) : 7

B = d—° = Lo(x; ;')cos d! (2.6)
where the term L, is the outgoing radiance. It must not be confoundedwith the Radiosity
method, which is a method to solve the Rendering equation.

The bi-directional re ectance distribution function (BRDF) f, : it is a function illustrating
how light is distributed when re ected by a given material. When the Radiosity method is
employed, it is assumedthat all surfacesare opaqueand lambertian. This kind of material
has the following BRDF :

fr=— (2.7)

where is the re ectance. This BRDF dependsonly on the re ectance. This implies that
wherewer the light comesfrom, it is re ected equally in intensity in all directions. This is
illustrated in Figure 2.4.

The last equation necessaryto introduce here is the Rendering Equation [16]. It is expressedas:
Lo(X; %) = Le(X; &) + L (X5 ¥): (2.8)

This meansthat at a point x on a surface,the outgoing radianceL , in a direction + is computed by
summing the light emitted (L¢) and re ected (L) by the surfaceat x in direction +. This second

term is dewvelopped as::
Z

Le = f.0x3 xH)Lixd x)V(x; x3G(x; x9dA° (2.9)
s

for all points S of the scene. The function of visibility V (x; x9 returns 0 if x and x° cannot \see"
ead other, 1 otherwise. G(x; x9 de nes the geometricrelationship betweenx and x°. The equation

11



Unit Sphere

Figure 2.1: The de nition of solid angle! at P [28].

Figure 2.2: The de nition of di erential solid angled! .

of L, (Equation (2.9)) is very di cult to solve and has beena subject of researt for many years.
Today, two classesof solutions have been proposedto solve the Rendering equation : the nite

elemernt methods to which the Radiosity method belongs, and the sampling methods with the
Monte Carlo, bidirectional, and photon mapping [15 methods. The Radiosity method is more
detailed in the next section.

12



dA

L(x,W)

Figure 2.3: The de nition of the radiance.

A L
N

Figure 2.4: BRDF of a lambertian surface.

2.2 The Radiosit y Metho d

The Radiosity method is today the best nite elemeris method to approximate global illumination.

It is inspired from heat transfer betweendi use surfaces,and hasbeenstudied during many years.
Goral et al. [12] and Nishita et Nakamae[18] werethe rst to apply the results of these studiesin
computer graphicsand especially on light transfer. Section2.2.1details how the classicalRadiosity
equation and its form factors are computed. Section2.2.2shows an easierway to compute the form
factors.

2.2.1 The Classical Radiosit y Equation

First of all, in order to apply Radiosity techniques, a few assumptionsmust be made :
Every surfacecan emit, absord, and re ect light;
Every surfaceis opaqueand lambertian;

To improve the quality of the radiosity, every surfaceis divided into small patcheson which
the computations are done;

The di use re ectance is constart over a patch;

The radiosity over a patch is a uniform value;

13



There is no absorption or dispersion due to the participating media;

No di raction, uorescence,or polarization e ects are considered.

The Radiosity equation is expressedas:

X Aj
Bi = Ei + Bj Fjif (210)
_ Aj
j=1
where B; is the radiosity of patch i, E; is the emissionof patch i, ; is the diuse re ectance of

patch i, Fj; is the form factor, or the fraction of energy going from patch i to patch j, and nally
A; is the areaof patch i. A rst simpli cation can be doneto Equation (2.10). Since

8(i;j) AiFj = AjFyi (2.11)
by reciprocity, Equation (2.10) becomes:
hd
Bi=Ei+ i BjFj; (2.12)
j=1
which is known to be the classical Radiosity equation [8]. The form factor is an important com-

ponent of the classicalRadiosity equation. In fact, it is the major computational bottleneck of the
method. It dependson the distance, the mutual orientation and the visibilit y of a pair of patches.

dA

j
Figure 2.5: Point-to-p oint form factor.

The form factor Fgig; of di erential patchesi andj is expressedas:

COS  COS |

Faigj = %Vdidj (2.13)
whereV is the visibilit y function, asdescribed in Equation (2.9) and r is the distance betweendA;
and dA;. The terms cos ; and cos j are presert to project both areasin ead other's direction.
We can seein Figure 2.5 an illustration of a point-to-p oint form factor. To obtain it, two integrals,

oneover ead patch area, are necessary.
ZZ
1 COS j COS |
———— Vi

Fij = A_| dA dA;: (2.14)

Aj Aj
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Analytic and numerical methods have beenapplied to compute the form factor integral of Equa-
tion (2.14). Analytical formulae are far from straightforward. They are often usedin conjunction
with form factor algeba. This allows the form factors for the union or di erence of simple areas
to be computed from the form factors to the individual areas[8]. Sincepolygonal objects are often
involved in computer graphics, the form factor formula from a di erential areato a polygon is
particularly useful [8] :
1 X
Faair A} = 5 i COS | (2.15)
2 .
i=1
or equivalertly,
1 X
2 i
where n represerts the number of sideson the polygon, ; is the angle betweenR; and Rj+1)y n in
radians, ; is the angle betweenthe plane of di erential areadA; and the triangle formed by dA;
and the i edgeof the polygon. N; represeits the unit normal to dA;. To illustrate this formula,
we can seean exampleinvolving a triangle in Figure 2.6.

2

Faair A = iNi (Ri R+10n) (2.16)

Figure 2.6: Di erential areato triangle form factor.

2.2.2 Nusselt Analog and Hemicub e

The Nusselt analog provides a geometric way to nd the form factor from a di erential areato
an elemen. We take an imaginary unit hemispherecerntered on a di erential area, project the
elemen radially onto the hemisphere,and nally project it orthogonally down onto the baseof the
hemisphere,asin Figure 2.7. The fraction of the baseareacoveredby the secondprojection is equal
to the form factor. We can deducethat an elemer projecting on the zenith of the hemispherehas
a larger form factor than the sameelemen projecting on the horizon of the hemisphere. Following

15



unit radius

Figure 2.7: NusseltAnalog. The form factor from the di eren tial areato an elemen is proportionnal
to the area of the double projection onto the baseof the hemisphere[8].

this idea, the hemicube [7] is basedon the Nusseltanalog. The main di erence is that the elemens
are projected onto the planar facesof a half cube instead of onto a hemisphere. Each face of the
hemicube is subdivided into a set of rectangular areas(texels), which de ne a direction and a solid
angle. A delta form factor F is precomputedfor ead cell basedon its sizeand orientation, asin
Figure 2.8.

Z Y Hemi-cl?]be pixel AA
Rectangular areas I — (D
(4
e i 177
L~ /
7 p i r

P ,
//j ,72 % Y
X
ad Lé— L— X

Figure 2.8: The hemicube and a delta form factor [7].
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Chapter 3

Platform

As introducedin Section1.2,the goal of this project is to identify and usethe main cortributors of a
pre-illuminated environment to approximate the e ects of global illumination over a moving avatar.
To readh this goal, | use a structure called \the contributor cube map", that will be detailed in
Section4.3. To explorethe advantagesand drawbadks of this approacd, | neededa exible platform
with the possibility of interacting with the contributor cube maps. Note that Barbara Yersin has
also dewvelopped a method to approximate global illumination over a moving avatar, but with a
method emplaying radiance and irradiance cube maps [30]. Since our methods have somesimilar
requiremerts (the employemen of cube maps), we have developped together a common platform
that is detailed in this chapter. This common baseallows usto comparethe results that we obtain
with ead method. First, in Section 3.1, | explain why this platform has been created and what
are its functionalities. Then, in Section 3.2, | detail how the platform works, step by step.

3.1 The Alternativ e to Pixie [5]

A solution to easily dewvelop the platform wasto directly usePixie [5]. It is an open source(under
GNU GPL [11]) photorealistic Renderman compliant renderer. It supports raytracing and photon
mapping and can be downloadedfor free. But we have thought better to developthe ertire platform
from scratch for the following reasons:

1. Pixie is not yet stable. Although it hasbeendevelopped for about six years,it still hasa lack
of maturity;

2. The documentation for this renderer is far from complete, and thus, the debuggingtask is
di cult;

3. The opportunit y to develop a platform from scratch and manageits ewolution wasexcellert to
improve my knowledgein real-time computer graphicsdesignaswell asC++ implementation.

17



We have seenthis solution as a real opportunity for us to improve our knowledge. Our platform
hasbeenconstructed with an emphasison exibilit y and facility of interaction with the cube maps.
Note that the term \cub e map" usedabove is general. It meansa triplet of radiance, irradiance,
and contributor cube maps. Indeed, the platform does not o er the possibility to move them
independertly. The reasonfor this restriction is quite simple : Barbara Yersin needsher radiance
and irradiance cube maps at the sameposition, sincethe rst is usedto compute the second,and |
needthe irradiance cube maps and the contributor cube maps at the sameplace, sincethe values
in the irradiance cube maps are usedto sort the important contributors (Section 4.3).

3.2 Step by Step

Just asillustrated in Figure 3.1, 1 will detail the work that the platform achievesstep by step. Note
that the two rst sectionsdetail stepsthat occur beforethe platform starts.

3.2.1 Create Scene and Av atar

This stepis not really part of the platform; it is achieved beforethe platform is launched. Maya [4]
is a complete 3D padkage. Among its facilities is a great 3D modeler. The entire sceneBarbara
Yersin and myself are using has been created with this modeler, and so have been some of our
avatars. It is important to note that the ervironment, or scenedewelopped in Maya [4] is not
a simple polygonal structure. It is hierarchized in meshes. A meshis a structure of polygons
represerning an object. For example, in our scene,ead wall is a mesh,and sois a sphere,or the
avatar. The sceneis thus composed of meshescomposed of polygons. They can also be re ned
(subdivided) as desired as we experimented with various illuminations (Section 3.2.4).

3.2.2 Export Scene and Av atar

Oncethe mesh-structured sceneand the avatar are createdwith Maya [4] (Section 3.2.1), they need
to be exported sothat the platform canread them and render them in OpenGL. For this purpose,
| have developped a Maya plug-in that createsa le in a custom XML format that is readable by
the platform. For the purposeof Barbara Yersin, the sceneand the avatar are also exported by
another Maya plug-in called Liquid [9]. This open sourceplug-in (under MPL 1.1 [1]) allows to
output any Maya sceneto a Renderman Interface Bytestream (RIB) le. The RIB le format is
readablewith any Rendermancompliant renderer, such asPixie [5]. Barbara Yersin usestheseRIB
les to compute her radiance cube maps. To learn more about Renderman format and language,
pleaserefer to her diploma work [30], the book of Upstill [27], or the o cial renderman site [20].

18



Create scene
and avatar

A 4

Export scene
and avatar
RIB file and OpenGL file

A 4

Start platform

Load scene, avatar )
and cube maps configuration

A 4

Render avatar and scene
with direct illumination

A 4

Render avatar wit
indirect illuminatio
using ...

irradiance contributor
cube maps cube maps

Modify cube map
configuration
Change cube maps position
Add / delete cube maps
Save configuration

End platform

Figure 3.1: Application pipeline overview.
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3.2.3 Start Platform

When the platform is launched, it needssome information : the sceneand the character les
that | have introduced in the previous section and someother les detailed belon. To bring this
information, we passan \initializer" le as parameter when we run the platform. This initializer
le is written in XML format. Each of its tags givesthe needed lenames and the paths leading to
them. There are usually four of them :

1. A scenedescription in a XML formatted le. This le is obtained from the custom Maya
plug-in introduced in the previous section. It will allow the platform to render the scenein
OpenGL;

2. The description of the avatar, alsoin a le in the XML format (Section 3.2.2);

3. A cube maps con guration le in the XML format. This le cortains the information con-
cerning the cube maps : their positions, the place where their textures are stored, and their
resolution;

4. A scenedescription in a RIB formatted le that Barbara Yersin usesin her project [30].

With this information, the platform can start its rendering process.Each frame is renderedin two
passes. The rst passcomputes and casts the direct illumination over the ertire sceneand the
secondpasscomputesthe global illumination e ects over the avatar and rendersit. The two next
sectionsdetail the two rendering passes.

3.2.4 Render Avatar with Direct lllumination

Each object of the scene,including the avatar, are given a basic color when created. When the rst
passis carried out, the e ects of direct illumination are computed and summedwith these basic
surfacecolors. This direct illumination is independert of the way global illumination is cast. Thus,
its computation is the samein the project of Barbara Yersin asin mine. The platform provides
two di erent methods for direct illumination : the OpenGL basic per-vertex Phong lighting [19]
and a per-pixel lighting implemented with the OpenGL shading language GLSL [22, 23]. These
two methods are dewelopped below.

Fixed Lighting Functionalit y

If no shaderis implemented, OpenGL illuminates its scenewith the per-vertex Phong model [19].
This model is very simple and can be expressedas :

color = ambient + dif f use+ specular: 3.1

OpenGL alsousesGouraud shading[13]to give smoothnessto the polygonal meshesof the scene.In
Figure 3.2(a), we shanv how OpenGL illuminates our common scene.Unfortunately someproblems
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Figure 3.2: Final scenerenderedwith (a) xed lighting and (b) per-pixel lighting.

arise with this mode for large polygons. Indeed, a color interpolation between vertices of a large
polygon can lead to strange results if the computed colors at all verticesaretoo di erent. To solve
these problems, ead polygon of the meshesof the environment is subdivided by a scalar. This
\sub division scalar" represerts the subdivision level, i.e., ead incremert subdivides a polygon into
four polygons. A subdivision level of s for n initial polygonswill result in 4° n polygons. This
scalaris prede ned for eady meshof the scenein the XML scenele (Section 3.2.3). The result of

a subdivision can be seenin Figure 3.3.

Figure 3.3: The scenerendered(a) with subdivision and (b) without subdivision.
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Per-pixel Ligh ting

Nowadays, xed functionalities in the graphics pipeline of the 3D cardsbecomemore and more pro-
grammable. The vertex and fragmert processingare now the programmable points in the OpenGL
pipeline. The OpenGL Shading Language(GLSL) [22, 23] is designedto easethe programming of
these units. Indeed, the application programmer doesnot needto write assenbly code anymore.
Instead, he can use GLSL to write code in a high level language. GLSL is basedon the C/C++

language and extended with vector and matrix typesto make it more friendly with common 3D
graphics operations. GLSL is part of the core OpenGL 2.0 speci cations [25]. By exploiting the
programmability of the vertex and fragment processingunits with GLSL, we have provided similar
e ects asthe Rendermanpoint light shaderinteracting with a matte surfaceshader. This mode of
lighting allows a more realistic rendering thanks to the per-pixel lighting computation. Below, two
piecesof code are preseried. First the Rendermanpoint light shaderand matte surfaceshader:

/**  Rendermanmatte surface shader */

surface matte( float Ka=1, Kd=1) {

normal Nf = faceforward( normalize( N), | );
Oi = Os;
Ci =0Os* Cs* ( Ka* ambient() + Kd* diffuse( Nf ) ),

}

/**  Rendermanpoint light source shader */

light pointlight( float intensity = 1; color lightcolor =
point from = point “‘shader" (0,0,0) )
illuminate(  from ) {
Cl = intensity * lightcolor / (L . L);

1;
{

}
}.

Second,the translated GLSL vertex and fragmen programs:

/**  GLSLVertex Program */

1l
/I Uniform variables
Il

uniform float intensity; /I point light intensity
uniform vec4 lightcolor; /[ point light color
uniform vec3 from; /I point light position

uniform vec4 objectcolor; // object diffuse color

1
/I Varying variables
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1

varying vec3 N; /' normalized surface normal

varying vec4 Cs; /| surface diffuse color

varying vec3 L; /I vector surface->light

varying vec4 ClI; /[ point light color viewed by the surface;

void main(void) {
N = normalize( gl _NormalMatrix * gl Normal );
L = from - gl_Vertex.xyz;
Cl = ( lightcolor  * intensity ) / dot( L, L);
Cla = 1.0f;
L = normalize( mat3( gl_ModelViewMatrix ) * L );
Cs = objectcolor;
gl_Position = ftransform();

[**  GLSLFragment Program */
1l

/I Varying variables
/i

varying vec3 N; /I normalized surface normal

varying vecd4 Cs; /| surface diffuse color

varying vec3 L; /I vector surface->light

varying vec4 ClI; /[ point light color viewed by the surface;

vec4 diffuse( const in vec3 N, const in vec3 L, in vec4d C) {
C=C* max( 0, dot( N, L) );

return C;
}
void main()
{
vecd diff = diffuse( N, L, CI);
diffa = 1.0f;
gl_FragColor = Cs * diff;
}

Note that the ambient and opacity terms of the Renderman shadershave not beentaken into ac-
cournt in the translation into GLSL. The result of the per-pixel lighting canbe seenin Figure 3.2(b).

3.2.5 Render Avatar with Indirect Illumination

The platform updatesin real time the indirect illumination over the moving avatar. Somekeyboard
keys can be usedto move the avatar in any direction. Thus, the global illumination e ects over
it can be obsened. Moreover, another key allows to switch from my own method to the one
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dewvelopped by Barbara Yersin [30]. It allows to compare both methods and obsene at any time
when oneis better than the other. Sincethe method usedto approximate the global illumination
e ects over the avatar is the main subject of my project, Chapter 5 is completely dewoted to it and
thus this sectionis not further detailed.

3.2.6 Modiying the Cube Maps Con guration

As explainedin Section3.1, the platform is especially con gured to facilitate interactions with cube
maps. The main functionalities are :

Add a new cube map in the scene;
Move a cube map;

Delete a cube map;

Save the con guration of cube maps.

The manipulation of cube maps allow to improve interactively the results of global illumination
e ects over the avatar. If the usernoticesa discortin uity on the avatar's global illumination, a cube
map can be added, and the ertire initialization restarted to obsene interactively the new results.
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Chapter 4

Cub e Maps

As introducedin Chapter 3, there are three typesof cube maps available in the platform :
Radiance cube maps, that represen the incoming radiance at a point;
Irradiance cube maps, that represent the irradiance at a point;

Contributor cube maps, that provide for ead texel a color determined by the ID of the rst
geometry intersectedwhen tracing a ray from the certer of the contributor cube map in the
direction of the texel.

A cube map triplet is represened In Figure 4.1. This triplet is represetted top to down for
corvenience. Indeed, they are located at the same position, ead of them being a di erent layer
of the global structure. The computation of the contributor cube maps is fully detailed in the
last section of this chapter. In the rst two sections,only a short summary is presened, sincethe
radiance cube maps are of no usein this project and the irradiance cube maps are detailed in the
document of Barbara Yersin [30].

4.1 Radiance Cub e Maps

A radiance cube map hasthe property to re ect its ervironment. This meansthat if onewatchesits

ernvironment from somepoint of view p, the imagesseenare exactly the sameas if he was looking

from the certer of a radiance cube map, at the sameposition p. It is often called an ervironment

cube map and is composedof six imagesfor ead of its faces. Its computation is carried out by

tracing raysin all the sceneand lling ead texel of its six imageswith the color of the rst geometry
hit. Its six imagesare usually oriented in the directions ( Xx; y; 2z). Figure 4.2 showsthe process
for one of the six images.
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Figure 4.1: A cube map triplet. From top to down : a radiance, an irradiance, and a cortributor
cube map.

radiance image
Renderman scene
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Figure 4.2: Raytracing of one of the six imagesof a radiance cube map.

4.2 Irradiance Cub e Maps

The term irradiance is usedto represen the total ux of power (seeSection 2.1) incident onto a
surfaceper unit area. Mathematically, the irradiance E is the integral of the incoming radiance L ;

from all direction at a point x on a surface:
d z
= 1= Li(x; ;' )cos d!dA: (4.1)

E= dA =
Figure 4.3 illustrates this equation. An irradiance cube map has the particularit y that when a
ray is traced from its certer x in any direction, the texel hit has the color of the irradiance for
a surface perpendicular to the ray at x. In my project, the irradiance cube maps help me to
evaluate the cortribution of the di erent contributors of the scene. This is more detailed in the
next section, but for now, note that the valuesof the irradiance cube mapsgive valuable information
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Figure 4.3: The traditional computation of irradiance.

to know which cortributors are important to the global illumination of the scene,and which ones
lessimportant. As showed in Equation (4.1), nding the irradiance value for ead texel should
imply the computation of an integral, which is very expensive. Fortunately, there is a way to

approximate this integral with the impressive percertage of 1% of averageerror : Ramamoorthi

and Hanrahan [21] preseried an approximation of the irradiance with spherical harmonics[28, 14],

which are 3D basisfunctions. This is possiblebecauserradiance hasmostly a low frequency In the
diploma work of Barbara Yersin [3(], the computation of irradiance with spherical harmonics and
the processto create an irradiance cube map are fully detailed, and thus | do not further describe
the subject.

4.3 Contributor Cub e Maps

As written in Section 3.2.1, the polygons are grouped in meshesduring the modeling of the envi-
ronmert. Each of thesemeshess a potential contributor to the global illumination e ects castover
the moving avatar. From now on, | alternativ ely usethe words mesh and contributor to indicate
the sameconcept. With the purposeof using the Radiosity method (Chapter 2), | needto know
the main cortributors at somegiven points inside the environment. The data structure used to
hold this information is the contributor cube map. To createit, | rst assaiate a unique color as
the ID of eadh potential contributor. Then, the facesof the contributor cube map are populated
(by rendering) with theselDs. The cortributor cube map is created by tracing rays from its certer
to the certer of eath texel of ead face. For ead ray, the ID of the rst meshintersectedis kept.
This ID is then usedas the color of the texel. In the following piece of pseudaode is shovn how
are created the contributor cube maps:

for each contributor cube mapc {
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for each texel t of each face {
trace a ray from the center of c through t
for each polygon p of each meshm/{
if ray intersects with p
keep the ID of m(that contains p)

}

color of t = ID of the meshcloser to the center of c.

}

This technique is similar to the technique usedwith the radiance cube map (Section4.1). The main

di erence is that rays are traced directly inside the platform without the help of Pixie [5]. Ray

tracing is a computationally expensive task, becausefor ead ray, the platform must test the ertire

set of polygons belonging to the environment for potential intersections. This procedure has been
acceleratedby assaiating a bounding volume to eact mesh. The bounding volume that has been
choosenis the Axis Aligned Bounding Box (AABB) [3]. Bounding volumesallow us to decrease
the number of ray/p olygon intersection tests [3]. Indeed, the platform tests for the intersection of

the ray/AABB of the mesh[29], and only after this test returns true, it tests the intersection of all

the polygonsof the mesh. So, the piece of pseudaode preseried above becomes:

for each contributor cube mapc {
for each texel t of each face {
trace a ray from the center of c through t
for each AABBof each mesh{
if ray intersects with AABB{
for each polygon of this mesh{
if ray intersects with this polygon
keep the ID of the mesh

}
}

color of t =ID of the meshcloser to the center of c.

}

At this stage of the creation of the cortributor cube maps, we have at eat cube map position
all the contributors that can be seen. Using all these contributors could reduce the form factor
computation in the Radiosity method, but only if lots of occlusion occurs. To reduce even further
this computation, we have to selectthe most important contributors amongall of them and thus,
we sort them. Note that this sorting will allow later to keeponly a certain number of them, that
will be usedto compute global illumination. To acdhieve the sorting, we needa sort criteria. First
we compute for ead texel a weight, which is received independenrily of its ID. The weight of ead
texel is basedon :
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The irradiance that the sametexel received on the irradiance cube map at the sameposition :
a greater irradiance value will result in a higher score;

The delta form factor, as seenin Section 2.2.2. This factor depends mainly on three terms.
First, the distance that separatesthe patch and the certer of the cube map : the farthest
the patch, the smaller the delta form factor. Second,the size of the patch, i.e., a small
patch implies a small delta form factor. Third, the place on the cube map where the patch
is projected : as explained in Section 2.2.2, the delta form factor is reducedif the patch is
projected against a texel near the bordersof a face. It is maximal whenthe patch is projected
againstthe center of a face. Becausethe form factor is dependen on the normal at the vertex,
we cannot pre-compute the delta form factors for all possiblenormal orientations. Instead,
we assaiate with ead cube map face one normal oriented along its face normal. Therefore,
delta form factors will be larger for any other given normal, but consenatively, this will give
an order of comparisonwhich will provide us with good quality evaluations.

The secondpart is to actually give a global score(the sort criteria) to every cortributor seenby
the cube map. So, we group the texels of the contributor cube map accordingto their ID. Then for
ead group we sum the scoreof its texels. This way we are able to sort the contributors according
to their score,measuredat the point certral to the cube map.

29



Chapter 5

Computing the lllumination

OpenGL computesin the rst rendering passthe contribution of the direct illumination, either with
the xed-function, or with the per-pixel lighting. At the secondrendering pass,the Radiosity-based
method explained in this chapter computesthe contribution of the indirect illumination over the
avatar. Indeed, the core of the project is exploring this method to obtain an approximation of
global illumination e ects cast over a dynamic avatar that can be animated, or deformed. Though
the full computation of the Radiosity method in real time is not yet possible,it is possibleto obtain
satisfying results at interactive frame rates. As mertioned in section 3.2.1,the term \mesh" is used
to describe an object composedof polygons. The term \contributor" hasthe samemeaning. In
the platform, all the meshes,or cortributors are composed of triangles. The bottleneck of the
Radiosity method is the computations of the form factors. Indeed, a form factor is necessaryfor
ead triangle of ead cortributor of the scene. Thus, it is not really the increasing number of
contributors that slows down the method, but more the number of triangles they are composedof,
i.e., if 2 contributors composedof 2 triangles are usedto compute the global illumination e ects
over the avatar, it costslessthan having only 1 corntributor composedof 100 triangles. Here are
the approximations that | make for the Radiosity method :

The e ects of multiple interre ections betweenthe avatar and the ervironment are not taken
into accourn;

Only the main 3D polygonal corntributors are taken into account for the computations;
The occlusionsbetween cortributors are not considered;
The avatar self-shadaving is not considered.

Identifying the main 3D polygonal cortributors is a time-consuming task. Computing them at
every frame is not possibleif | want the systemto run at interactive frame rates. Therefore, | make
the assumptionthat in small parts of the environment, the list of the main contributors is invariant.
Using the cortributor cube maps (Section 4.3), it is possibleto precompute at someplacesin the
environment the list of corntributors to take into accourt. A Delaunay tetrahedralization is usedto
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join the cortributor cube mapstogether. Then, depending on the position of the avatar inside this
structure, a list of 3D polygonal contributors is assaiated to it. The platform providesat any time
the possibility to increaseor decreasehe desirednumber of main cortributors. This feature makes
it possibleto tweakthe balancebetweenrealism and speed. Indeed, a larger number of cortributors

allows to have more realistic global illumination e ects cast over the avatar, but this increaseof
realism is accompaniedby a drop of frame rates. In Section 5.1, | explain how the contributor

cube maps and the Delaunay tetrahedralization are exploited. Then, in Section 5.2 | detail the
form factor computation. The algorith of polygon clipping that my method usesis described in
Section5.3. Finally, | detail how have beentreated two problems encourtered in Section5.4.

5.1 Contributor Selection

This section discusseshow the platform selectsthe main 3D polygonal contributors. This process
involvesworking with the contributor cube mapsintroducedin Section4.3 and with their Delaunay
tetrahedralization. The Delaunay tetrahedralization is the 3D analogueof the Delaunay triangu-
lation (in 2D). The latter algorithm takesa set of data points as input, and returns as output a
collection of corresponding triangles whoseoutcircle never corntains any data point. Figure 5.1illus-
trates this property, which is usedin seweral di erent domains such as computation of neighboring
problems, meshgeneration, etc. In 3D, the algorithm takesa set of points asinput and constructs

Figure 5.1: A Delaunay triangulation with the data points pl to p4 and the outcircles of the
generatedtriangles.

a set of tetrahedra with the property that ead of them has a circumsphere containing no other
points of the tetrahedralization. The Qhull library [6] is usedto tetrahedralize the set of cube maps.
This library is very e cient and fast. Thus, the platform is able to use Qhull oine and online
whenewer cube maps are created, moved, or deleted. In Figure 5.4 is shavn a tetrahedralization of
cube maps.

1 for each vertex v of the avatar {

2 for each tetrahedron t {
3 if t contains v {
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4 return ft;
5

6 }
7}
This algorithm is not very e cien t, becauseead vertex is looked for over the ertire list of tetrahe-
dra. It doesnot take into accourt the fact that the bounding volume of the avatar potentially lies
inside a fewer number of tetrahedra. The full list of tetrahedra can be limited to a few by applying
the following piece of pseudaode :

potentialTetrahedraList = nil;

for each tetrahedron t {

1

2

3 if t intersects the AABBof the avatar ({
4 add t to potentialTetrahedraList;
5

6

}
}

Thus, the rst pieceof pseudaode is much acceleratedif the iteration on the full list of tetrahedra at
line 2 is replacedby the potential list of tetrahedra of the secondpieceof code. In the latter, at line
3, ead tetrahedron is intersectedwith the axis aligned bounding box (AABB) of the avatar. This
tetrahedron/AABB intersectiontest is in fact four consecutive callsto atriangle/AABB intersection
test [2]. One of these calls returning true is su cien t to deducethe intersection. The Delaunay
tetrahedralization is not exploited with the purposeof interpolating between cube maps asin the
project of Barbara Yersin [30]. Instead, a list of contributors is assaiated to ead tetrahedron.
This list is precomputed by :

1. Intersecting the four sorted lists of ead cortributor cube maps (Section 4.3) presen at the
vertices of the tetrahedron;

2. Updating the score of ead contributor ¢ of the intersected list by computing the average
scoreof c in the four contributor cube maps.

3. Sorting the contributors accordingto their nal score.

Thus, whenewer the avatar (or a part of it) is inside a tetrahedron, the platform knows instantly
the major polygonal contributors that will cast global illumination e ects over it. So, rst the
Delaunay tetrahedralization is usedto detect in which tetrahedron the moving avatar is located.
Then the platform usesthis information to selecta number of major polygonal cortributors out of
the corresponding precomputed list.

5.2 Form Factor Computation

Global illumination e ects are cast over the avatar by applying Equation (2.10) to all its vertices.
In the following piece of pseudaode is shovn the simplied computations involved at every vertex
of the avatar.
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for each vertex of the avatar {
for each patch of each contributor  {
compute patch color;
compute form factor;
vertex global illumination contribution  += patch color * formfactor;

NOoO o WDNPRE

}

Computing the patch color at line 3 is not a time-consuming computation, but it requiresworking
with the vertices of the patch after the rst bounce of the light of the scene. The platform owns
two di erent lists of meshesfor the ervironment :

A subdivided one usedto circumvert the problems assaiated with Gouraud shading while
rendering the scenein OpenGL;

An unsubdivided list sothat the major contributors are composedof a few large polygons.
This allows to compute as few form factors as possible.

The unsubdivided list of meshess stricly usedin the Radiosity-basedmethod : whenthe Radiosity
equation is computed, it requiresthe colors of the contributing polygons (from the unsubdivided
list) at every one of their vertices. If we want the results to be correct, these colors must take
into accourt the in uence of direct lighting on them. The naive approac to get these colors is
to ask the OpenGL frame-bu er for the direct lighting cortribution computed in hardware. But
this method is not yet suitable with the current graphics hardware, becauseit involves breaking
the hardware graphics pipeline. So, the direct illumination cortribution hasto be precomputed
in software. As it is shavn at line 4 of the pseudaode above, the bottleneck of the method is
the form factor computation. To achieve the latter, the dierential areato polygon form factor
(Equation (2.16)) is used. Oncethe form factor is computed, it is multiplied by the patch color. In
the following pseudaode is shavn the algorithm usedto compute the form factor and the patch
color for every vertex of the avatar :

for each vertex of the avatar {
globalllluminationContribution = nil;
for each patch of each contributor {
formFactor = nil;
patchColor = nil;
r[0] = normalize( polygonVertices[0] - avatarVertex );

/I ' n = number of vertices of the patch.
for (i in 1.n ) {
offset = (i+1) %n;
patchColor += color of patchVerticesi];
r[offset] = normalize( polygonVertices|i] - avatarVertex );
b[i] = acos( dot( r[i], r[offset]) );
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formFactor += ( ( b[i] * avatarVertexNormal ) *
normalize( cross( rfoffset], M ) ) )

}

patchColor /= n;
formFactor *= ( 1/ 2Pl );

globalllluminationContribution += patchColor * formFactor;

}

Note that in the computation of the form factor, the terms r and b correspond to R and in
Equation (2.16).

5.3 Polygon Clipping

The form factor computation discussedn the previous sectiontakesfor granted that for eat vertex
of the avatar, eat patch is located on its upper hemisphere. This fact is not always true. Indeed,
the patch can be partially contained in the upper hemisphereasillustrated in Figure 5.2. In the

N
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Figure 5.2: Clipping a patch for accurate form factor computation.

worst casethe patch can be fully contained in the lower hemisphere.In these casesthe computed
form factor will have areducedor negative form factor. To avoid thesecasesthe platform hasto clip
the patchesagainst the plane perpendicular to the normal of the vertex of the avatar. Sutherland
and Hodgman [26, 10] have a very tight and e cien t algorithm to achieve this task. This polygon
clipping algorithm is genericand is able to clip arbitrary polygons against arbitrary volumes. To
properly useit, the userhasto provide an insideVolume function, which is a function determining
whether a point is in a valid place (in our case: the upper hemisphere)and an intersectVolume
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function, which tests the intersection between an edge of the polygon and the boundaries of the
valid volume (in our case: the supporting plane of the avatar vertex). Here are thesesfunctions in
pseudaode :

/I Any point whose geometric distance to the clipping plane
/I is positive is in the space located above the plane,
/[ where the normal of the plane lies.

boolean insideVolume( vertex in v ) {
if geometric distance from v to clipping plane >=0
return true;
else
return false;

}

void intersectVolume( edge in e, vertex out v ) {
Trace a ray originating from the start of e
and having the direction ( end of e - start of e);

Computethe intersection  between the ray and the clipping plane
and output the result in v.

}

5.4 Encountered Problems

From the method preseried in the previous sections,two major problems have beenencourtered :
the visibilit y problem and the casewhen the avatar movesoutside all the tetrahedra. Both issues
neededto be solved and thus additional resear® has been undertaken on these subjects. In the
two next sections, the situations encourtered and the solutions implemented in the platform are
detailed.

5.4.1 Visibilit y Issues

In somecasesvisibilit y problems have occured. It happenedthat somecube maps conbined in a
tetrahedron should not have beenusedtogether becauseof the con guration of the environment.
The problems particularly arosewhen the scenewas for example concave. In Figure 5.3, such a
problem is illustrated : a concave sceneis presered, exclusively composed of red walls, except
for one yellow wall. Avatar A is inside a tetrahedron composed of cube maps 1, 2, 3, and 4.
As explained in Section 5.1, the nal list of contributors usedto compute the e ects of global
illumination over the avatar is the intersection of the lists of ead corntributor cube map. In the
caseof Figure 5.3, cube map 4 includes as main cortributor the yellow wall. But, sincethis cube
map is assaiated with cube maps 1, 2, and 3, the intersection of the four lists of contributors will
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discard the yellow wall. This is causedby the fact that not all the cube maps of the tetrahedron
can \see" it. This unfortunately implies that A will not be in uenced by the yellow wall, even
when approading it. Note that Barbara Yersin in her project [30] has also encourtered visibilit y

yellow
3 4 | wall

4

1 2

Figure 5.3: The global illumination e ects over avatar A are computed with a tetrahedron causing
visibilit y problems.

problems. We have thus thought together about a method that would solve her problemsand mine.
The solution found was simple to implement and is cheap in terms of memory : the tetrahedra
pruning. This method is basedon the fact that all tetrahedra that intersect somegeometry of the
sceneare potentially a sourceof visibilit y problems. All there is to do is discarding thesetetrahedra.
The application carries out this task by executing what is illustrated by the following pseudaode :

1 TetrahedraVector tetrahedraPruning( MeshVector meshes,

2 TetrahedraVector allTetrahedra) {
3 int numTotalTetra = size (allTetrahedra);

4 boolean intersectinumTotalTetra] = all false;

5 int numMeshes= size (meshes);

6

7 TetrahedraVector goodTetrahedra = empty;

8 for (i in 0O..numMeshes) {

9 for (j in O.numTotalTetra) {

10 if (meshes]i].intersect(allTetrahedra[j]))

11 intersect(j] = true;

12 }

13 }

14 for (k in O.numTotalTetra) {

15 if (not(intersect[k]))

16 goodTetrahedra.push_back(allTetrahedra[k]);
17 }

18 return goodTetrahedra;

19}

The method tetr ahedraPruning returns a vector of tetrahedra and requirestwo parameters:

1. meshesis a vector that cortains all the mesheswe do not want to intersect the tetrahedra. It
can be all the meshesof the sceneor a subsetof them. This vector allows to sort the meshes
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of the scenesothat small piecesof geometry that do not causemajor visibilit y problems are
not taken into accourt;

2. allTetrahedra is a vector of all the tetrahedra returned by the Delaunay tetrahedralization
(Section 5.1).

The array inter sect declared at line 4 is the key of the method. It is of the samelength as the
total tetrahedra number and ead of its componerts is set to f alse at the beginning. After this
initialization, ead mesh of meshes and ead tetrahedron of all T etrahedra are intersected. If a
tetrahedron intersects a mesh, the corresponding cell of the array is setto true. Thus, the array
inter sect is like a chedlist : whene\er a tetrahedron t intersects somemesh, the array marks it.
Lines 14to 17 are executedonceall tetrahedra for all mesheshave beencheded : the array is read
and ewvery time a true boolean is met, the corresponding tetrahedron is pushedin the vector to
return. Sinceevery meshis composedof triangles and sois every tetrahedron, the intersection test
of line 10is carried out by executing four consecutiwe triangle/triangle intersection tests [17]. The
result of a tetrahedra pruning carried out in the platform is illustrated in Figure 5.5

5.4.2 Avatar Outside All Tetrahedra

In my method, dewelopped in Sections5.1 to 5.3, the assumption was made that the avatar was
inside the set of tetrahedra. In this standard case,ead point p of the avatar simply looks up
in which tetrahedron t it is placed and the contributor selection can then be carried out. But
the casewhen the avatar is outside all tetrahedra is not dealt with. Since Barbara Yersin in her
project [30] had major problemsin this situation, we have worked together on this caseto nd the
best solution that would ideally work for both our methods. The rst and logical ideato solve this
problem is to simply nd the nearesttetrahedron t to ead point p of the avatar and to carry out
the computations just asif p wasinside t. This solution worked not too bad with my method as
long as the number of contributors was not too small. On the cortrary, it gave bad results in the
method Barbara Yersin. Someother attempts have beencarried out. Sincethey are fully detailed
in the diploma work of Barbara Yersin [30], | will directly jump to the last method implemented,
which is currently the oneusedin the platform for both our methods. This solution is not the best
to usein the caseof the Radiosity method; it is even too slov comparedto the improvemerts it
provides. But, dueto a lack of precioustime, the various possibilities | have thought about to deal
with this caseare developped in Section7.1.1for future improvemerts. The processcurrently used
by the platform computesa \moving certer of mass" computed as follows :

1. The Delaunay tetrahedralization (Section5.1) and the tetrahedra pruning (Section 5.4.1) are
carried out. From thesestepsa list Ist of the remaining tetrahedra is created;

2. From Ist, a new list hull _list is created. This new list cortains only the tetrahedra that are
part of the hull of all tetrahedra;
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Figure 5.4: The left image represerts cubesmaps in the scene,the right image represens a tetra-
hedralization of the samecube maps.

() (b)

Figure 5.5: A scenecomposed of two rooms and a corridor (a) with and (b) without tetrahedra
pruning.
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. For ead tetrahedron t(i) of hull_list, its certer of massCOM (i) is computed;

. A number n in the range [1; size(hull list)] has been chosenby the platform programmer,
i.e., this parameter cannot be changedat run time by the user;

. For eath point p of the avatar that is outside the hull, n tetrahedra are chosenfrom hull list,
sothat their certer of massare the nearestto p;

. Two averagecerters of masscoml and com2 are computed from the n chosentetrahedra :

COM(1)+ COM(2) + =1+ COM(n 1)

ml = A

co — (5.1)
+ + 4+ +

comp = COM (1) + COM (2) : i:OM (n 2)+ COM(n) (5.2)

where COM (i) represetts the i nearestcerter of massto p;
. A segmen s is traced from coml to com2;

. The moving certer of massis found by tracing a ray r from p to its nearestpoint on s.

Figure 5.6: The processof the moving certer of masscomputation (1).

The following exampleillustrates the method : imagine a set of pruned tetrahedra, asin Figure 5.6.
With this example, the list created at step 2 corntains the tetrahedra T1 to T5. Then, the certers
of massare computed for every one of them and are drawn as black dots in Figure 5.6. For step 4,
imagine that the programmer has chosenthe number n = 3. At the next step, the tetrahedra T1,
T2, and T3 are selected,becausetheir certers of massare the nearestto p. A close-upto these
three tetrahedra is shawn in Figure 5.7. Then, coml and com2 are computed as follows :

COM (1) + COM (2)

coml = 5 (5.3)
com? = COM (1) ; COM (3): (5.4)
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com2

* COM(

T3

Figure 5.7: The processof the moving certer of masscomputation (2).

Finally, aray r from p to the nearestpoint of the segmen s connectingcoml to com?2 is traced.
The rst tetrahedron T1 hit is the onewe werelooking for. So,the global illumination cortribution
to p will be computed just asif it wasinside T1. As previously mentioned, this solution is quite
complex for the results it provides. For the method | have dewelopped, a much simpler method
could be usedand provide results just asgood asthe onesobtained with the moving certer of mass
method. | discussfurther the di erent possibilities in Section7.1.1to acceleratethe system.
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Chapter 6

Results

In this chapter, | present and analize my results. First, in Section 6.1, the results of the Radiosity
method and its advantages and drawbacks are preserted. Then, in Section 6.2, | carry out an
objective comparison between the results that Barbara Yersin has obtained with her irradiance
cube maps and mine. In the gures of this chapter, the global illumination e ects are cast only
over the avatar. Indeed, only direct illumination is usedto illuminate the scene.However this does
not a ect the algorithm that cast global illumination over the avatar, neither its e ciency . We
could have created light maps with Pixie's photon mapping algorithm and usedthem as textures
in the platform, but unfortunately Pixie is unstable, and its photon mapping algorithm is bugged.
Also, it would have beenpossibleto useanother Rendermancompliant renderer, but it would have
meart to spend someprecioustime and e orts on the visual results of the scenerather than on the
algorithms.

6.1 Results of the Radiosit y Metho d

In Chapter 5, the Radiosity method was preseried. Now it is time to look at the resultsit produces
and its advantagesand drawbadks. In Figures 6.1 and 6.2, we can seethree versionsof the same
image of the avatar in a shadoved corner of the scene:

With only the direct illumination contribution (Figure 6.1(a));

With only the indirect illumination contribution, computedwith the Radiosity method. Note
that the rest of the sceneis black, sincethesee ects are computed only on the avatar (Fig-
ure 6.1(b));

With both direct and indirect illumination cortributions, i.e., the nal result (Figure 6.2).

As we can seein these gures, the Radiosity method provides nice e ects. This image triplet
shawvs how a scenebecomesmore realistic with the cortribution of the global illumination e ects
cast over the avatar. Note that only six contributors have beenusedto create Figure 6.2. This
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(a) (b)

Figure 6.1: The avatar in a dark corner of the scenewith (a) direct and (b) indirect illumination
contributions.

Figure 6.2: The same image as Figure 6.1 with the cortributions of both direct and indirect
illumination (the six major cortributors are used).
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(a) (b)

Figure 6.3: The avatar in an illuminated section of the scenewith (a) direct and (b) indirect
illumination contributions.

Figure 6.4. The same image as Figure 6.3 with the cortributions of both direct and indirect
illumination (the six major cortributors are used).
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Figure 6.5: The avatar illuminated with a low global illumination cortribution.

Figure 6.6: The avatar illuminated with a global illumination contribution three times higher than
in Figure 6.5.
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number is su cient to provide subtle and realistic di erences in the shading of the avatar.

In Figures 6.3 and 6.4, three images decomposed similarly are presened. The cortribution of
global illumination is much lessimportant than in the previous gures. This is becausethe avatar
receivesa lot of illumination directly from the light sourceof the scene.lt is thus normal that the
secondarye ects of global illumination are lessnoticeablethan in the previous images. Figures 6.5

(a) (b)

() (d)

Figure 6.7: The global illumination e ects of (a) one, (b) three, (c) v e, and (d) nine contributors
on the avatar (only the contributing meshesare rendered).

and 6.6 show the avatar at the same location and from the same point of view, but with an
increasedglobal illumination cortribution. This appearanceresults from raising the factor of global
illumination contribution added to the avatar. The higher this parameter, the more visible the
globalillumination e ects. This parameter can be changedin real time by pressingsomeprede ned
keybord keys. It allows the userto set the global illumination e ects as he wishes, more or less
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realistically, depending on the desirede ect. This feature illustrates the exibilit y of the platform.
It also provides the possibility to change the number of cortributors taken into accourt for the

(@) (b)

(©) (d)

Figure 6.8: The samesceneas shown in Figure 6.7, but from a more distant point of view (only
the contributing meshesare rendered).

global illumination computations. In Figure 6.7, we show the avatar from the samepoint of view,
but with an increasing number of contributors. To better identify these cortributors, we show in
Figure 6.8 the samescenefrom afar and we only render the selectedcortributors in the scene.The
main advantages of the Radiosity method are the following :

The casewhen the avatar is outside all tetrahedra : with the Radiosity method, this caseis
not a major problem. When the avatar nds itself outside the hull, a tetrahedron is selected
with the method of Section 5.4.2. Then, the list of cortributors is simply chosenas if the
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avatar was inside this tetrahedron. Sincethe avatar is not far from the selectedtetrahedron
{ otherwise, there is a lack of cube maps - the list of cortributors taken is approximativ ely
correct;

The platform provides a great exibilit y to position the cube maps. It is an advantage as
much for irradiance interpolation [30] as for the Radiosity method;

The global illumination cast over an animated or deformed avatar is still accurate. This
is a major advantage over other techniques developped to approximate global illumination
in real time. This advantage comesfrom the fact that in all these techniques, visibility is
precomputed and when the character is deformed, the precomputations are no more valid;

If a small piece of geometry is placedin the certer of a tetrahedron, the Radiosity method
can, depending on the number of cortributors taken, take it in its list. And if this object
appearsin the list, it is takeninto accourt when the global illumination is computed over the
avatar. Thus, when the avatar gets nearer the smaller piece of geometry, its e ect over the
avatar can be taken into accourt;

With the Radiosity method, the computations of global illumination e ects over the avatar
depend on the distancesbetweenthe avatar and the di erent contributors. Sincethis infor-
mation is valuable, this leadsto more realistic results;

The main drawbadks of the Radiosity method are listed below :

When a scenebecomescomplex, with many contributors, the Radiosity method may have
somedi culties to keep a real-time rendering. Indeed, for real-time rendering, we cannot
take too many contributors into accourt. And if the sceneis very complex, this small number
leadsto imagesthat are no more realistic;

Self-shadaving : this method doesnot take into accoun the self-shadaving of the avatar.

The main problem with this method is the constart compromisethat must be done between
high frame rates and image quality. The higher the number of cortributors, the lower the
frame rate. This is causedby the number of form factors to compute. Table 6.1 shovs some
results for the Radiosity method with di erent avatars and a changing number of cortributors.

If we analizethe caseof an avatar composedof 7560vertices (2520triangles), with 30 patches
(belonging to the 7 main cortributors), 1134000form factors are computed at ead second
to reach 5 frames per second. From the obsenations of Table 6.1, an avegageof about
900000form factors are computed per second. For an avatar with a xed number of vertices,
this averageallows to approximate how many patches (total, independart of the number of
cortributors) canbe usedto reach a desiredframe rate. For example,if a frame rate of 30 fps
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is desiredand the avatar has 7560vertices (2520 triangles), the maximal number of triangles

(patches)is of :
900000 _

7560 30~ 4; (6.1)
6.2 Comparison with the Ilrradiance Interp olation Metho d [30]

In this section,| comparethe results of my method with the resultsthat Barbara Yersin hasobtained
by interpolating the global illumination e ects on irradiance cube maps[30]. In Figure 6.9, we can
seethe sameimage computed with both methods. The Radiosity method has three advantages

(@) (b)

Figure 6.9: Global illumination e ects over the avatar computed with (a) the Radiosity method
and (b) irradiance interpolation.

over the irradiance interpolation method.

First, the casewhen the avatar moves outside all tetrahedra. This caseis very complex to
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treat in the method of Barbara Yersin, becauseshemust deal with extrapolation. In my case,
the problem canberelativ ely easily solved, becausehere should not be major modi cations in
the contributor list from a tetrahedron to its neighbors (aslong asthe cube mapsdistribution

is not too poor).

(@) (b)

Figure 6.10: The contribution of the yellow coneto the global illumination of the avatar is (a) taken
into accourt with the Radiosity method and 7 cortributors and (b) missedwith the irradiance
interpolation method.

Figure 6.11: A global view of the scene.

Second,as mentioned in the previous section, if a smaller piece of geometry is placed at the
certer of a tetrahedron, my method can compute its contribution and cast the e ects it has
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Num ber of triangles of the avatar : 544 1012 2520 | 5100 | 10224
Radiosity with 2 cortributors (4 triangles) | 104fps | 56fps | 21fps | 11fps | N.A.
Radiosity with 4 cortributors (20 triangles) | 41fps | 21fps | 8fps | 4fps | N.A.
Radiosity with 7 contributors (30 triangles) | 25fps | 13fps | 5fps | 2fps | N.A.
Irradiance interpolation 443fps | 210fps | 80fps | 47 fps | 20 fps

Table 6.1: A comparison of speed (in frames per second) between the irradiance interpolation
method of Barbara Yersin [30] and the Radiosity method. If no algorithm is used, the sceneand
avatar are rendered at 500 frames per second. These tests have been carried out with an AMD
Athlon(tm) 64 processor3500+ with 2 Go of RAM and a GeForce 6800GT with 256 Mo of RAM.

on the approadiing avatar. With irradiance interpolation, the irradiance gathering of the
four irradiance cube maps should miss its presence,exceptif they are very closeto it. This
meansthat when the avatar approadesit, the object will not castany e ect overit. This is
illustrated in Figure 6.10. Figure 6.11shows a global view of the sceneto realizethe situation
and the size of the small geometry (the yellow cone).

Third, irradiance interpolation does not take into accourt distances. It is only basedon
directions. This is an important inconveniert, becausethe distancesbetweenthe avatar and
the objects of the sceneplay a major role in the computation of global illumination e ects.
The Radiosity method, on the contrary, usesthis information and is thus closerto a physically
real computation.

Irradiance interpolation hastwo main advantagesover the Radiosity method.

Each irradiance cube map storesonly nine coe cien ts. With the Radiosity method, for eadh
cortributor cube maps, we needto store a sorted list of the cortributors. Moreover, the list
of unsubdivided polygons (Section 5.2) must also be saved.

The greatest advantage of irradiance interpolation is its speed. The computations are less
complexthan for the form factors. Toillustrate this, in Table6.1are preseried somerendering
results that have beencarried out.

Finally, both methods have their advantagesand drawbadks. If a choice had to be done, it would
depend on the user's priorities : speedor realism. If speedis the most important factor, irradiance
interpolation is the solution. But if realism is capital, the Radiosity method is more physically
correct and thus provides more realistic images.
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Chapter 7

Future Work and Conclusion

In this chapter, | explain how the Radiosity method could be acceleratedand how the platform
could be improved. Then, a conclusionto this project is drawn.

7.1 Future Work

In this section, | presert two main directions for future improvemert : rst, the Radiosity method
could be accelerated. My ideasto achieve this are detailed in Section7.1.1. Second,the platform
could provide more functionalities to help the user. This is detailed in Section7.1.2.

7.1.1 Acceleration

Three ideasare proposedhere to acceleratethe Radiosity method. First, as dewelopped in Chap-
ter 5, this method carries out a lot of computations for ead vertex of the avatar :

A form factor for ead polygon of eat cortributor taken into accour;
The polygon clipping to avoid to take into accourt cortributors that are not visible.

The idea is to carry out these computations at only some vertices of the avatar. For the other
vertices, a bilinear interpolation could be done. This would not aect the results if the avatar
is not too coarse,and it would acceleratethe system. Second,the geometry of the meshesused
as contributors could be simpli ed. This track has already been studied and solutions have been
found to achieve this kind of simpli cations [24]. Another possibility is to reduce the weight of
computations given to the CPU and to delegateas much of the burden as possibleto the GPU. If
all these solutions were implemented, my method would run much faster.

7.1.2 Towards a Semi-automatic Real-time Global lllumination System

In this section, | detail dierent ideas Barbara Yersin and | have had to improve the common
platform. Theseideas rst proposeto nd functions to help the userin placing the cube maps
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and second,to create a hybrid method switching between the Radiosity method and irradiance
interpolation depending on the location where the avatar moves.

Cub e Maps Swelling

Sinceglobal illumination e ects are computed more accurately when the avatar is inside the tetra-
hedrathan whenit getsoutside of them, the ideais to increasethe spaceformed by the hull of these
tetrahedra as much as possible. This would provide the avatar with more freedom of movemert in
the scene. A scenehas borders. Usually, these borders are represerted by walls. The larger hull
of tetrahedra that can be created must always stay inside thesewalls. This meansthat there will
always be a small spacebetweenthe cube maps and the borders of the scene. This restriction is
logical : if a contributor cube map is placedoutside the borders of the scene,or even on its borders,
the raytracing carried out to createthis cortributor cube map will Il someof the texelswith black
(exterior to the walls). Indeed, somerays will be cast away from the sceneand will never hit any
geometry The algorithm proposedis detailed below :

1. The user placescoarselycube mapsin the scene;

2. The cube mapsconstituting verticesof the hull of tetrahedra are identi ed; soare the normals
of thesevertices;

3. Eacdh of these cube maps are slowly moved in the direction of their assaiated normal;

4. As soon as the cube map intersects a border of the scene,it is moved bad to its previous
position.

This \swelling" of cube maps will increasethe size of the hull of tetrahedra to its maximal size
and thus, the avatar will have more spacein which its global illumination is correctly computed. A
secondadvantageto this method is that the platform could eventually extendits capacities. Imagine
that we want to compute the global illumination e ects over the whole scene,walls included. This
of course, would have to be done in precomputation to keep real-time rendering. But it could
provide good results, sincethe cube maps with this swelling are very closeto the walls.

A Hybrid Solution

As detailed in Section 6.2, both the Radiosity method and irradiance interpolation have their
advantages. Thesetwo methods could be combined to compensateead other's weaknesses.Two
di erent approadescan be taken:

First, irradiance interpolation is faster and Radiosity more accurate. We could always use
irradiance interpolation and work with the Radiosity method to re ne the cube maps posi-
tioning : wherewer the di erence betweenRadiosity and irradiance interpolation is too large,
an irradiance cube map is addedto re ne the results.
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Second, switch from irradiance interpolation to Radiosity when in some tetrahedron, the
results of the rst method are too approximativ e. To avoid a discortin uity when the platform
passesfrom irradiance interpolation to Radiosity, we could add irradiance cube mapsin the
surrounding tetrahedra. To illustrate this, imagine that in a tetrahedron t, the rst method
provides bad results. Imagine that t has four tetrahedra neighbors. If ead of these four
tetrahedra are re ned, i.e., by adding an irradiance cube map at the certer of ead of them,
their results will improve and thus the passagefrom the rst method to the secondwill be
lessnoticeable.

The solutions proposed here are all interesting. Unfortunately, due to a lack of time, we have
not beenable to implement them in order to seeif the results could have been as corvincing as
expected.

7.2 Conclusion

To conclude, | am very satis ed by the work we have achieved on this platform. With the two
di erent methods of real-time global illumination cast over an avatar that we have implemented,
we have openedthe way to dewvelop a robust method usable for examplein games.| am very glad
to have learned so much during this project.
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