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Abstract

This dissertation explores the use of a simple model of the human visual system to
vield a performance improvement with hierarchical radiosity. Hierarchical radiosity
is a physically based rendering algorithm and hence makes no attempt to optimize
computation for human perception. We used a model of the edge enhancement prop-
crties of the human visual system to produce a perceptually based refinement oracle
for the hierarchical radiosity algorithm. Tests of the perceptual oracle shows that it
allows the hierarchical radiosity algorithm to produce the same visual quality output
in half the time and using half the memory compared to the same algorithm using

the standard refinement oracle.



Acknowledgements

[ would like to extend my gratitude to my supervisor Prof. Edwin Blake for his
guidance and advice throughout my research. I would also like to thank Dr. Nicolas

Holzschuch for his help as a research advisor and co-supervisor.

Furthermore I would like to thank my fellow students and friends whose support and

often excellent suggestions were invaluable.

1



Contents

Abstract i
Acknowledgements i
List of Figures 3
1 Introduction 1
1.1 Chapter Outline . . . . . . ... . . ..o 2
2 Background 4
2.1 Global llumination . . . . . . . . . . . . 4
2.1.1 Iatroduction . . . . . . .. 4

2.1.2  The Rendering Equation . . . . . . . ... . ... . ..... 6

213 BaypTracing . . . . « o 6 6 ¢ v o mos o v 668 86 s o w b b i 83 8

2.2 Radiosity Methods . . . . . . .. ... 9
221 Introduelion . . « ¢ = = o5 s 5 5 0 s 5 s s mw s s 5 s 8B &« & 9

2.2.2  The Radiosity Equation . . . . ... .. ... ... ... ... 10

2.2.3 Hierarchical Radiosity Methods . . . . . . .. ... ... ... 11

2.2.4 Refinement . . . . ..o 13

2.3 Summary ..o 15

111



3 Human Visual Perception

Bol INErBdUBTION « o 5 6 5 ¢ 2 8 5 € 5 2w B e s n kB me h s s o
3.2 Motivation . . . . . ..o
3.3 Human Visual System . . . . . .. ... ... ... ... .. ... .
331 TheEye . . . . . . .
3.3.2 Receptive Fields. . . . . ... .. ... ... ... ... ...
333 Mach Bands : - « o o ¢« v 6 w5 0w wm i s h s w b e e s
3.3.4 The LGN and Visual Cortex Cells . . . . . .. ... ... ...
3.4  Contrast Sensitivity . . . . . . . . ...
3.4.1 Just Noticeable Difference . . . . . . .. . ... .. ... ...
3.4.2 Gratings . . . . ..o
3.5 Drawbacks of Physically Based Rendering . . . . ... ... ... ..
3.5.1 Excessive Refinement . . . . . . . .. ... 0L
3.5.2 Aliasing . . . . ..
3.6 Reconstraction . . . . . . . . ...
3.7 SUMMALY . . . .

4 Computing Radiosity Gradient

A1 Introdietion . « « s s o 5 v 6 3 v o w o s ¢ 8 8 5 86 8 5 56 8863 55 5 8
1.2 Trradiance Gradient . . . . . . . ... oo
4.2.1 Definitions . . . . . . ...
4.2.2  Computing the Irradiance Jacobian . . . . . . . .. ... ...
1.3 Calculating Visibility Information . . . . . . . . .. ... .. ... ..
4.3.1 Measured Gradient and Discontinuities . . . . . . . . .. . ..
4.4 SUMMALY . . . . . o e

v

16

16

18
18
20
21
23
23
24
25
26
26
27
27
29



5

7

Preliminary Exploration

5.1 Introduction . . . . . . ...
5.2 Description of the Algorithm . . . . . . . . ... ... ... .. .. ..
5.2.1 Motivation. . . . . . . ...
5.2.2 Refinement Method . . . . . . .. .. .. ... .. ... ... .
5.2.3 Error and Decision . . . .. ...
5.3 Results . . . . . . .
5.4 Conclusions and Implications . . . . .. . .. ... ... ... ...,
Theory
6.1 Introduction . . . . . . . . ..
6.2 Visual Importance Function . . . . . . . ... ... ... ... ..
6.2.1 Definition and Dependence . . . . . . . .. ... ... ... ..
6.2.2 Areasof Interest . . . . . . . ... L
6.2.3 FError Measure for Image Quality . . . . ... ... ... ...
6.3 Perceptual Refinement Oracle . . . . . .. ... ... ... . .....
6.3.1 Visual Importance Heuristic . . . . . . ... .. ... .. ...
6.3.2 Linearity Coefficient . . . . . . ... ... ... .. ... ..
6.3.3 Perceptual Refinement Formulation . . . . . . . ... ... ..
6.3.4 Behaviour of the Perceptual Refinement Oracle . . . . . . ..
6.4 Summary . . . .. ...

Results and Analysis

7.1 Introduction . . . . . . . . .,

46
16
46
16
47
48
49
30

53



7.3 Performance

7.3.1  Graphing Assumptions . . . . . . .. ... ... ...
7.3.2 Occluded Scene . . . . . ... .
7.3.3 Unoccluded Scene . . . . . . ... ... ...
7.3.4 Linear Regression . . . . . .. .. ... ... ... ... ...
7.4 Subjective Image Quality Evaluation . . . .. .. .. ... ... ...
75 Filter. . . . ..
7.5.1 Center-Surround Receptive Field . . . . .. .. ... . . ...
7.5.2 Constrained Size Experiment . . . . . . . ... ... ... ..
7.5.3  Visual Quality Comparison . . . . . .. ... ... ... ..
7.6 SUMMALY . . . . . ..

8 Conclusion

8.1 Future Work

Bibliography

vi

71
73
73
76
78
78
81
82

87

89

93



List of Figures

16

17

Local and global illumination . . . . ... ... ... .. ... .... 5
Ray tracing view frustum . . . . . . .. ... oL 8
Ray propagation tree . . . . . . ... Lo 9
Point to patch form factor . . . . . . ... ... ... 12
Hierarchical patch refinement . . . . . . .. .. ... ... ... ... 13
Schematic view of theeve . . . . . . .. . .. ... ... ... ... . 18
Visual pathways . . . . . . . .. ..o 19
Receptive field response . . . . . . .. ..o 20
Gradient discontinuity causing Mach bands . . . . . . . ... ... .. 21
Large gradient causing Mach bands . . . . . . .. .. ... ... ... 21
Receptive fields causing edge detection . . . . . .. ... ... . ... 22
Luminance profile response . . . . . . .. . ... ..., 22
Ratio of just noticeable differences . . . . . . . . .. ... ... .. .. 24
The CSF for sine wave gratings . . . ... ... ... ......... 25
Reconstruction of a radiosity curve . . . . . . ... .. L. 28
Receiver and emitter configuration with vertex vectors . . . . . . .. 32
Apparent and intrinsic vertices . . . . . . . . . ... ... 34



LIST OF FIGURES 2

18  Determining the vertex Jacobian . . . . . .. . . ... ... .. ... 35
19 Depth clipped polygon contour . . . . .. ... .. ... .. .. ... 41
20 Depth clipped polygon captured from a radiosity simulation . . . . . 42
21 Testscene . . . . .. 42
22 45° occluder with a large emitter . . . . . . ... ... L 43
23 45° occluder with a small emitter . . . . . . .. ... ... ... .. 43
24 Aligned emitter and occluder with a large emitter . . . . . . . . . .. 44
25 Aligned emitter and occluder with a small emitter . . . . . . . . . .. 44
26 Preliminary experiment results . . . . . . .. . . ... ... 51
27 Patch sample points . . . . . . ..o o 58
28  Slice through the radiosity function . . . . . ... ... ... ... .. 58
29  Computation of the refinement criterion . . . . . ... . .. ... .. 29
30  Aliasing in radiosity methods . . . . . . . .. ... ... ... ... 60
31 Linear and non-linear patch radiosity . . . . . . . ... .. ... ... 61
32  Measured radiosity across a shadow boundary . . . .. .. ... ... 62
33  Full Office . . . . . . . 67
34 Office. . . . . . e 68
35 Dining Room . . . . . ... 69
36 Cube . . . . .. 70
37 Graph of R, against size . . . . . .. .. ... 71
38  Plot of size against time for a scene with a high degree of occlusion . 72
39  Plot of size against time for a scene with a low degree of occlusion . . 73

40  Standard refinement test image . . . . . ... ... Lo 75



LIST OF FIGURES

41

48

49

Perceptual refinement test image . . . .
Standard refinement test mesh . . . . . .
Perceptual refinement test mesh . . . . .
Reference image . . . . . .. . ... ...
Filtered reference image . . . . . . . ..

Filtered standard refinement test image.

Filtered perceptual refinement test image.

Plot of visual quality against output size

Plot of visual quality against output time



Chapter 1

Introduction

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

behavior of the human visual system — Donald P Greenberg[6]*

Over the past few vears, radiosity methods have emerged as one of the primary
realistic image synthesis tools in computer graphics — in particular hierarchical
radiosityv[16] has been developed as a verv efficient radiosity method. Radiosity meth-
ods are examples of physically based rendering algorithins which attempt to solve the
so-called global illumination problem by modeling physical laws of light and energy in-
teraction using finite element methods. Much research has been invested into making
hierarchical radiosity algorithms more efficient and accurate but, by far, the majority
has been making "t more physically accurate and little or no research has been aimed

at incorporating the perceptual behavior of the human visual system (HVS).

The human visual system is a vastly complex and incompletely understood system

that begins at the eye and proceeds through to the visual cortex. A lot of image

'Quoted from the foreword of [6]
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processing is performed by the HVS including compression (from roughly 135 million
photoreceptors in the eye to about 1 million optic nerve fibers), edge detection, filter-
ing, adaption and shape recognition. Knowledge of the H\'S has been very profitable
in other areas of computer graphics such as image coding. The development of second
generation image coding algorithms has lead to compression improvements of about
an order of magnitude[28][21]. If a realistic image synthesis algorithm could predict
which data would be discarded as irrelevant, which grouped and treated as a unit
and which were visually important to the HVS, it could have a substantial benefit in

terms of computation cost — without noticeably compromising image quality.

In this dissertation we marry a restricted model of the HVS with hierarchical radiosity
—- a powerful physically based realistic image synthesis algorithm — to yield signif-
icant improvement in not only rendering time, but also memory requirements. Our
model of the HVS is based on the receptive field theory in neurophysiology[14] and
incorporates such visual phenomena as edge detection and contour sensitivity (Mach
banding). Our rodel of the HVS predicts that contours, highlights and shadow
boundaries are v'sually more important features so we present a refinement oracle
that increases refinement in these areas and suppresses refinement in visually less
important areas such as those with linear radiosity. Our perceptual refinement oracle
uses accurate computation of radiosity gradients[19][2] to estimate the visual impor-
tance in a region represented by a patch and thus drive the refinement. We produce a
theoretical visual importance measure and an objective image quality measure based

on perceptual criteria to compare output images.

1.1 Chapter Outline

The first three Chapters (Chapters 2, 3 and 4) consist of background information
relevant to the discussion of a perceptually based refinement oracle and the rest of
the dissertation (Chapters 5 through 8) is devoted to the development and discussion

of the perceptual refinement oracle.

1. Chapter 1, is this Introduction.
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Ct

Chapter 2, The Background Chapter, contains some relevant background infor-

mation about global illumination and hierarchical radiosity.

Chapter 3, Human Visual Perception, is a discussion about some aspects of

human perception relevant to computer image synthesis.

Chapter 4, Computing Radiosity Gradient, is a chapter concerning the compu-
tation of radiosity gradients using the formulations by James Arvo and Nicolas
Holzschuch.

Chapter 5, Preliminary Exploration, contains a description of a preliminary ex-
periment conducted using a simple heuristic refinement criterion on a restricted

radiosity algorithm.

Chapter 6, Theory, describes the relevant theory pertaining to the development

of the perceptual refinement oracle which also appears in this chapter.

Chapter 7, Results, sets out the tests made and the results obtained. These

results are ciscussed in some detail.

Chapter 8 is the Conclusion.



Chapter 2

Background

2.1 Global Illumination

2.1.1 Introduction

In general realistic image synthesis is concerned with converting an internal represen-
tation of some environment into a picture with some degree of realism so that the user
can better understand and interpret the original model. The environment is stored in
the computer memory as a geometric model of objects with their surface properties
— colour, reflective properties, transmission, etc. Very often this model doesn’t even
correspond to a “real-world” environment and is just some construct developed in
the mind of the designer and memory of the computer. Some objects are flagged as
being emitters — light sources — and therefore have an emitted colour attribute as
well. Some realistic image synthesis algorithms don’t distinguish between emitting
objects and other objects in the model, they rather treat all objects as being potential
emitters of light cnergy. Some of these objects could have a light emittance of zero.

The model often includes a camera or eve position for viewing the scene.

The objective of realistic image synthesis is to render the model using all the informa-
tion about light sources, shape and surface properties. This rendering step computes

the colour of each point on the display as seen from the eye (or viewpoint). Some

4
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Object:Sphere

.......

d Object :Cube

Figure 1: This figure shows a few of the rays from a light source causing illumination
on the surface of a sphere.

rendering algorithms compute the visible colour for each point on all surfaces in the
model. This effectively computes the colour for viewing from all possible viewpoints

in the model.

[llumination effects can be separated into two categories; local and global. Local illu-
mination effects depend on the surface and the incoming light from the light sources.
These effects can be accurately rendered knowing the position and orientation of the
surface and light sources and the surface properties of the receiving surface. For ex-
ample in Figure 1 local illumination can be computed at surface point @ of the sphere
where light arrives from the source. This light arriving from the source depends only
on the object receiving the light and the source itself — this is local illumination.
Algorithms designed to approximate local illumination effects include Gouraud and
Phong[27] shading. Local illumination effects also include the computation of shadows

and visibility information.

Global illumination has been the subject of an immense amount of research since
almost the first colour displays were developed. The problem of global illumination
is that of realistically modeling visual phenomena including the complex interreflec-

tions of light between surfaces in the modeled environment. Global illumination
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effects incorporate subtle phenomena such as colour bleeding and diffuse interreflec-
tion. Algorithms that render global illumination effects require information about all
surfaces in the environment to correctly render any surface. Global illumination is
essentially the tendency of a surface to behave like an area light source as a result
of reflecting light back into the scene and affecting nearby surfaces. This behavior
causes the fairly subtle effects like colour bleeding that are often taken for granted in
the real world. Global illumination effects, while subtle, contribute substantially to
the perceived realism of the output — without them rendered pictures appear very
stark and have a discernible computer-generated feel. In Figure 1 the light received
at point d on the surface of the cube from the light source via point b on the surface
of the sphere causes global illumination effects. Say the light source emitted white
light and the sphere was red then the light from b to d would cause a red tinge to

whatever colour the cube would have been.

2.1.2 The Rendering Equation

There are many varied algorithms, such as radiosity and ray-tracing, designed to
cope with specific visual phenomena. All of these algorithms solve some subset of
the complete global illumination problem. One standard formulation of the global
illumination problem that unifies a wide variety of illumination algorithms is the

rendering equation due to Kajiya[20].

I(z,2") = g(z,2) {6(1‘,1‘,) +/ p(x,z' "I (z', x")dz" (1)
S
where
I(x,x") Intensity of light from point 2’ to
g(z,7")  “geometry” term

)

(2, ")
¢(x,x') Intensity of emitted light from z’ to

)

Intensity of light scattered from z” to 2 by point z
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As is noted in the paper[20] this equation simply balances the energy flows from one

surface to another.

The rendering equation (1) is a non-trivial integral equation that does not submit to
tractable analytic solution except in extremely restrictive circumstances. It is inter-
esting to note that most rendering algorithms can be viewed in terms of this unified
equation — mostly using an approximation to increase the efficiency of evaluation.
Ray-tracing solutions restrict this equation to perfect specular reflection and trans-
mission and approximate all the other phenomenon. Radiosity uses finite element
analysis to compute the complete solution for all diffuse interactions between patches

(discrete elements of the surfaces present).

It is worth noting (as noted in Kajiva’s paper) that as an approximation to Maxwell’s
equation for electromagnetics, the rendering equation makes some simplifying as-
sumptions and ignores some - possibly important - physical phenomena. The
ignored effects include polarization, participating media for transparent objects and
diffraction. These effects can be included, however the increased complexity of the
rendering equation may cause the rendering algorithm to become unacceptably com-
plex and slow. The extra computation expense far outweighs the increased visual
realism except in fairly specialized and restricted circumstances. Undoubtedly as
hardware speed and capacity increases and more sophisticated algorithms are devel-

oped modeling of these phenomena will become more commonplace.

As mentioned above, the rendering equation doesn’t submit to tractable analytic so-
lution for almost all useful applications. It also turns out that most realistic image
synthesis algorithms can be regarded as partial solutions and approximations to the
rendering equation. Given certain simplifving assumptions, the rendering equation
can be computed in reasonable time for environments having a useful level of com-

plexity.
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o Sphere

o1 viewplane

Eye

Figure 2: This figure shows the viewing frustum for a ray traced scene.

2.1.3 Ray Tracing

Ray Tracing operates by computing a ray within the viewing pyramid from the eye
out into the scene — typically one ray per pixel (Figure 2). These eye rays are
compared against the world model for intersections — the closest one to the eye
being the most important. At this point of intersection all local illumination effects
are computed by examining each light source, the relevant surface properties, etc.
Light sources are traditionally modeled as point light sources and are distinct from
the visible objects in the scene. Rays are then computed in the specular reflection
and transmission direction to investigate the properties of incoming light on those
directions. The process is recursively repeated along each of these specular rays till
some user definec recursion limit is hit or the ray intersects no objects. In this way,
ray tracing algorithms capture all local illumination effects and all perfect specular
global illumination effects. Diffuse global illumination is usually approximated by
adding some ambient light term[11]. The ray tracing algorithm has been extended
to incorporate many different types of surfaces and objects[17] and hence is a widely

used tool in realistic image synthesis.
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Figure 3: This figure illustrates the generation of a ray tree for a ray tracing algorithm.
At each point of intersection, all of the local illumination is computed and the reflected
and transmitted rays are computed recursively.

2.2 Radiosity Methods

2.2.1 Introduction

Radiosity is the name given to the luminous flux density per steradian leaving the
patch [4] usually denoted by the letter B. Tt is also used to refer collectively to
the algorithms that use radiosity to compute diffuse interreflections. Intuitively the

radiosity on a patch is the rate at which energy leaves the surface[8].

Radiosity solves the rendering equation for diffuse surface interreflections by means of
finite element analysis. This approach is based on emission and reflection of radiation
in thermal-engineering models and was first introduced by Goral et. al.[13] and
Nishita and Nakamae[25]. These methods are based on the conservation of light
energy in a closed environment and operate by balancing the energy flows from one
surface to another. Light energy interactions are considered between all surfaces and

their radiosities computed.
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Firstly all the surfaces are broken down into a finite number of simple polygonal
patches - these patches are the finite elements used to evaluate the radiosity approx-
imation to the rendering equation (Equation 1). The radiosity on any given patch
is assumed to be constant. The integral equation is solved iteratively to convergence
using numerical methods. The radiosity values for each patch are stored along with
the polygonal description of the scene to yield a complete solution for all diffuse
light interactions between the patches. The solution can then be examined using
some (interactive) polygon simulation and is accurate (within certain bounds) and

independent of viewpoint.

It is this viewpoint independence that makes radiosity one of the more convenient
global illumination solutions. The entire solution can be precomputed and then
viewed interactivaly without any need for viewtime recomputation. Even if some
of the light sources are changed, most of the computation — specifically the formfac-
tors and visibility — can be reused for the new solution. Form factors are defined in

the next section.

2.2.2 The Radiosity Equation

Hanrahan et. al. [16] use the term “element” to refer to the leaves on the surface

subdivision tree und the term patch to refer to any larger piece.

Using this terminology, the radiosity equation is
Bi = Ei + p; Z Eij (2)
j€S

where the 7 and j refer to two different elements, B; is the radiosity, F; is the emis-
sivity, p; is the diffuse reflectance, F}; is the form factor and S is the set of elements

in the scene.

Where the form “actor between two finite elements i and j is defined as

1 7 cos B; cos 0, ,
Fy=7 . /AJ T A (3)
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and represents the fraction of light leaving element 7 and arriving at element j. The
form factor is a completely geometric term and is independent of any lighting effects.
In this equation the angle #; relates the normal of element i to the vector joining the

two differential elements on 7 and j. The area of element i is denoted as A;.

This integral equation can be computed by a closed form analytic solution in certain
special cases. The one used in this dissertation is the point (or differential area) to
closed polvgon, which can be evaluated by a contour sum around the edges of the
polygon[6]. The subscripts for r are computed modulo n where n is the number of

vertices on the emitter polygon.

1 n
FdA,-—)/—\j = -2? Zﬁi]vi g ||Ti X Ty l|| (4)
=]

We note that the radiosity equation (2) actually represents a set of simultaneous

equations and can be represented as a matrix as follows:

1 — poF1y —prfyy oo —p1 s B, Ey
—peFor 1 —poFoy -0 —paFyy B, E, 3
. o | o= (5)

'—,OnFnl _pnFnQ R B pnfnn Bn En

Equation 5 can be solved using Gauss-Seidel iteration or other variations of Jacobi

methods.

Generally, the form factor is sampled at various points over the patch and used to
compute values for the radiosity at each of these points. The radiosities are then
interpolated between these sample points. Usually the radiosities are computed at

the vertices and/or center of each patch or element.

2.2.3 Hierarchical Radiosity Methods

The problem with standard radiosity is that the form factor matrix in equation 5

is O(n?) where n is the number of elements in the scene. Obviously this O(n?) is
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Figure 4: This figure demonstrates how the form factor is computed from a point r
to an emitting patch.

a problem, both in space and time constraints. Hierarchical radiosity reduces this
matrix, by blocking methods, to O(n). This is equivalent to reducing the number of

patch-to-patch interactions in the scene to O(n) rather than O(n?).

Hierarchical radiosity algorithms achieve this optimization by maintaining a tree of
recursive patch refinement and limiting the interactions between two patches to a
level in the tree at which the error involved in the interaction is just below some user

defined error threshold.

Typically radiosity programs approximate the patch-to-patch form factor equation
(double integral cquation 3) by a differential area to patch calculation. In these cases,
we find that the error on an interaction is almost exclusively due to the form factor
calculation not approximating the actual form factor when the patches are too close
relative to their size. The two interacting patches need to be small enough relative

to their separation to make the differential area-to-patch approximation sensible.

Fach patch in the scene has an associated patch interaction hierarchy. The radiosity
contributions are obtained from each interaction at the appropriate level of the tree.
The radiosities propagated pack into the scene at each level are computed by a single
depth first traversal of the hierarchy in what is known as a push-pull. Firstly all the

radiosities are added (pushed) down the tree to their children. These values are then
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Figure 5: The adaptive sampling due to hierarchical patch subdivision (refinement).

pulled back up the tree with each parents radiosity being the area weighted average

of its children’s radiosities.

2.2.4 Refinement

Definition 2.1 Refinement is the process of splitting a patch into smaller sub patches
(as in Figure 5). The radiosity calculations are also forced down the tree to interact

with smaller patches by this refinement process.

Definition 2.2 The refinement threshold (or refinement criterion) is the user speci-

fied mazimum allowable error on an interaction.
Definition 2.3 The refinement oracle s a module of code used to evaluate the error
on a patch-to-patch interaction. If the error is greater than the refinement threshold,

then the interaction 1s refined.

The refinement process is the method used by radiosity algorithms to increase the
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sample density in an area. This process is driven by the refinement oracle and is effec-
tively an adaptive subdivision algorithm (Figure 5). Standard progressive radiosity
requires all radiosity interactions happen at the lowest level of refinement which re-
sults in most interactions occurring at a much lower error level than the user specified
refinement threshold. While this has no negative impact on the output visual qual-
ity, it substantially increases the computation load. Hierarchical radiosity algorithms
maintain the refinement subdivision in a quadtree as opposed to only keeping the leaf
patches. This allows the radiosity interaction to occur at a higher level in the tree
— effectively minimizing computation while still ensuring that the interaction error

is below the user specified threshold.

The refinement oracle is generally a heuristic measuring the error on an interaction
between two patches. It is generally designed to ensure that the error is never under-
estimated (hence often substantially overestimates the error). The major source of
error in an interaction arises from the use of the point-to-patch form factor (Equa-
tion 4). The assumption is that one of the patches can be represented as a point or
differential area and this is only accurate if the separation is large compared to the

patches area.

The standard error-control refinement oracle (often called BF refinement[16]) makes
use of the form factor size as an indication of the error on the interaction. The form
factor value (F') is weighted by the amount of radiosity (B) on the interaction. When
more than one sample point is used per patch, AF can be used (AF = Fax — Finin)-
This form factor value is usually weighted by B the radiosity, A, the area of the patch
and, p, the reflectance coefficient. If this computed error value is above the refinement
threshold, then the interaction is refined. This process is repeated recursively till all

interactions occur below the specified error threshold.

The formulation for the standard refinement threshold value[18] is then

R., = (Frnax — Fuin)BA4p (6)

We will usually refer to the refinement criterion as R, and leave the specification of
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standard as understood by the context.

Discontinuity Meshing

Not all radiosity wlgorithms use quad tree structures to represent patches and refine-

ment. Some radiosity systems implement a scheme known as discontinuity meshing.

The radiance function is smooth except along certain discontinuity lines or curves[23].
Radiance discontinuities are denoted D0 and occur along the intersection of surfaces
in the scene. For instance, a table top touching a wall creates a D0 discontinuity.
Discontinuities in the first and second derivatives (D1 and D2) occur when objects
in the scene line up — for instance moving along a line on the receiver from a shadow
into an illuminated area crosses a line where the emitter becomes partially visible
(from being comy.letely obscured). See Section 4.3.1 for example radiosity functions

with discontinuity lines.

Discontinuity meshing strategies split the polygons along the lines of discontinuities
- usually limiting the discontinuities considered to a small subset of those possible
for efficiency reasons. For a more complete description of discontinuity meshing cases
and an algorithm that performs discontinuity meshing, including discontinuity curves
caused by “EEE” events (curves of discontinuity caused by three edges interacting),

see Drettakis and Fiume[7].

2.3 Summary

In this section we have described the global illumination problem in terms of the
rendering equation (1). We have briefly discussed rayv-tracing and, in much more
detail, raciosity as two partial solutions to the rendering equation. We have developed
some of the introductory mathematics for the radiosity solution and described a fairly
fundamental optimization called hierarchical radiosity — which we intend to make

use of in this dissertation.



Chapter 3

Human Visual Perception

3.1 Introduction

In this chapter we motivate the use of perception theory for hierarchical radiosity and

outline some properties of the human visual perception system.

We describe the human visual system (HVS) is some detail. The HVS is complex
and interesting enough to merit much more space than we devote to it here so we
concentrate on an overview and some specific properties relevant to computer graphics

and image synthesis. These properties include Mach banding and contrast sensitivity.

Many of the relevant properties of the HVS can be described in terms of receptive
fields of neurons in the visual pathways. These receptive fields are responsible for
edge detection, shape resolution, Mach banding and many more properties. It is the
edge detection property that is the most useful for exploitation by image synthesis
algorithms and hence will be the primary property of the HVS considered in this
dissertation. The description of the rest of the HVS is included to give a more

complete overview of the processing performed on the path from the eye to the brain.

We outline some of the drawbacks of physically based rendering algorithms - - with
particular emphasis on the specific problems in radiosity. These include aliasing of

the radiosity function and over refinement, due to error estimates.

16
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We also show how to take advantage of features built in to most radiosity algorithms
— such as the bi-linear reconstruction of output polygons - to improve the radiosity

refinement algorithm.

3.2 Motivation

Radiosity is an example of both a visualization system and a realistic image synthesis
algorithm. The goal of a radiosity simulation is to render an environment to the
screen so that an observer can understand it and interact with it. As with most
visualization systems, the primary target is the Human Visual System (HVS) rather
than the screen. Typically the screen is just the medium for communicating the data

to the eve.

An example of the successful application of knowledge of the HVS to computer science
is in image coding. Up until the 1980’s, most image coding systems relied entirely on
information theorv to exploit redundancy in images[28]. These techniques were pixel-
based and hence the primary goal was screen accuracy rather than visual perception
accuracy. With the incorporation of the HVS knowledge, compression rates improved
from around 2 — 10 : 1 to 70+ : 1 with acceptable image quality — ie the decoded

image appears identical to the original.

There is considerable scope for the application of HVS kuowledge to hierarchical
radiosity algorithms. Most radiosity algorithms overestimate the error on an inter-
action and hence overcompute the interaction. Most image synthesis algorithms are
concerned with computing exact values for all the pixels in the output image or pro-
ducing the most physically accurate rendering of the data without considering the
HVS. While this is useful for analysis purposes, it is usually a waste of effort for
viewing. Due to the fact that the HVS processes the input data and codes it in much
the same way as a second-generation image compression algorithm, much of the la-
boriously computed (pixel) data is ignored or discarded as irrelevant in the process
of actually viewing the image. If the radiosity algorithm could predict which data

would be discarded as irrelevant by the HVS, which grouped and treated as a unit and
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Figure 6: A schematic view of the eye after [12].

which were in some way more visually important, it could have a substantial benefit
in terms of computation cost and data storage — without noticeably compromising

the image quality.

3.3 Human Visual System

3.3.1 The Eye

The eye is a complex visual sensor and acts as the entry point for the human visual
system. At the front of the eye Figure 6 is a fairly complex focusing mechanism
consisting of the cornea, iris and lens. The cornea and lens act to focus the light
onto the retina at the back of the eye and the iris acts as a diaphragm controlling
the size of the pupil (aperture). The retina is a thin but complex neurosensorial layer
covering about 200deg on the back of the eye. It contains two different types of
photoreceptors: cones and rods. In a normal eye, there are approximately 120 — 130
million rods and 6 — 6.5 million cones[21][12]. Rods are much smaller than cones and
are sensitive to light intensity. Because more of them can be packed into the same
space, they improve the spatial resolution. Rods are used in low light conditions

(scotic vision) hence the black and white appearance of night vision. There are three
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Figure 7: A schematic diagram of the visual pathways from the eyes to the visual
cortex. (Diagram after [5])

types of cones corresponding to three different wavelengths of light. Cones need more
light than rods (photopic vision) and are typically active in daylight. There is a small
region in the center of the visual axis known as the fovea which contains only cones.

Cones are used for resolving details and colour.

The rest of the retina is made up of other neurons: bipolar, horizontal, amacrin and
ganglion cells. Photoreceptors synapse with bipolar cells which in turn connect to
the ganglion cells. The axons of the ganglion cells make up the optical nerve and
go all the way to the Lateral Geniculate Nuclens (LGN) in the thalamus (Figure 7).
Horizontal and amacrin cells are responsible for parallel and feedback connections in
the retina. The parallel and feedback connections are responsible for lateral inhibition

of photoreceptors.

It is interesting to note that although there are about 135 million photoreceptors in
the eye, there are only about a million fibers in the optical nerve[12]. These figures

give a rough idea of how much visual processing is performed by the retinal cells.

The optic nerve crosses over in the optic chiasm. At this point the nerve fibers
corresponding to the left field of view from both eyes proceed into the right side of
the brain and the right field of view to the left side of the brain.
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Figure 8: The response of the retinal ganglion cell center on surround off receptive
field. Note that this response is very similar to an edge detection filter.

3.3.2 Receptive Fields

Definition 3.1 The receptive field of a cell is simply the area of the retina which can
influence the behavior of that cell[21].

The excitory and inhibitory areas of the receptive field are known as “on” and “oft”
areas respectively. The ganglion cells in the retina have on-center off-surround or off-
center on-surround receptive fields[1][21][14]. These receptive fields take the shape of
a circular center area with a circular surrounding annulus. The receptive fields for
individual ganglion cells overlap on the retina and have a response curve cross section
like that of Figure 8. This response curve is exactly an edge detection filter. This is
why accurate representation of edge information is essential to our perception of an

image[28].

The area of the receptive fields generally increases as one moves out toward the edges
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Figure 9: Mach bands can occur when the intensity gradient is discontinuous. This
figure shows the intensity vs position on the left and the gradient of the intensity vs
position on the right.

I

Figure 10: Mach banding can occur when the intensity gradient is continuous but
sufficiently large. The intensity plot is on the left and its gradient is shown on the
right.

of the retina. The retinal ganglion cells are responsible for edge detection in the visual

system due to the filtering nature of their receptive fields.

3.3.3 Mach Bands

Mach bands are the illusion of edges or discontinuities in a region of a picture where
the intensity is in fact varying continuously, i.e., no edge is actually present. Mach
bands generally occur in regions where the intensity gradient is discontinuous as shown

in Figure 9.

Mach bands are not limited to discontinuities in the intensity gradient, however. They
can quite easily occur in regions with large but continuous gradient values such as in
Figure 10.

The causes of Mach bands, while not fully understood, are usually explained in terms
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Figure 11: Several retinal ganglion cells superimposed on a region that is partitioned
by two luminous intensities. This diagram shows how the receptive felds accentuate
the bright/dark horder causing the Mach banding effect.
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Figure 12: Contrasting the the relative response of the eye (dotted line) to the lumi-
nance profile (solid line).

of retinal ganglion cells (Figure 11), in particular the center-surround receptive field[1]
These cells act as weighted integrators of the response. The ganglion cells sum the
response of the photoreceptors over a small circular region and subtract over adjacent
cells (center on surround off). This phenomenon is also partly the result of lateral

inhibition [12] in the retinal cells.

This analysis suggests that Mach bands will occur in regions where the intensity
gradient is sufficiently large or undefined - i.e. where the intensity is changing rapidly.
Note how the weighted integration over this visual field increases the response in the

region of the edge (intensity boundary).

[t is interesting to note that Ernst Mach based his conclusions more on observa-

tion and insight than on neural ganglion response theory and he deduced the lateral
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inhibition caused by the ganglion cells.

We note that the human visual perception system doesn’t present the true luminance
profile to the brain, rather it exaggerates the importance of certain areas in a method
analogous to an edge detection filter (Figure 12). This implies that the brain is going
to be more sensitive to edges and regions of rapid intensity change (large gradient)
rather than on large regions of plain unchanging colour. [t is precisely these areas than

need to be captured in detail by any perceptually based image synthesis algorithm.

3.3.4 The LGN and Visual Cortex Cells

After the optic chiasm (Figure 7), the nerve fibers pass into the LGN in the thalamus.
This region of the brain is organized into layers of cells that perform a similar function
to the retinal ganglion cells — they have circular receptive fields. Information from

each eye alternates across layers in the LGN. This is known as optical dominance.

From the LGN the signal passes into the visual cortex. The visual cortex is also
arranged into layers, in this case layers of columns corresponding to directional de-
pendence. The cells in the visual cortex are simple, complex, hvpercomplex or higher
order hypercomplex. The receptive field of simple cells is elliptic with a bar shaped
center causing it to have a response with an orientation dependence. The cells in
the visual cortex all have different responses and enable the detection of edges, lines,
endpoints on a line, corners and discontinuities. The LGN and visual cortex also

contribute significantly to edge and feature enhancement.

3.4 Contrast Sensitivity

Contrast sensitivity can be measured in a variety of ways. Some of the common ways

include just noticeable differences (JND) and response to frequency gratings.



CHAPTER 3. HUMAN VISUAL PERCEPTION 24

Just Noticable Difference

0.02

Intensity

Figure 13: Ratio of just noticeable differences

3.4.1 Just Noticeable Difference

Suppose we have a visual field with two adjacent areas having an intensity of I. If
the intensity of one of the areas is increased by A till a difference is noticed, the
Al Al

ratio 5~ remains constant for a very wide range of I. The ratio 5~ is known as the

Weber constant and is approximately equal to 0.02 (Figure 13).

This suggests that the HVS is sensitive to ratios of intensities rather than on the
absolute intensity value. This ratio sensitivity is a major contributing factor account-
ing for the HVS being able to operate under a very wide range of absolute intensity

conditions.

Gibson and Hubbold[10] show how to use the JND to optimize radiosity computation.
In their paper they show that computing the colour change on each interaction in a
perceptually uniform colour space (CIE LUV) allows reductions in computation by
ignoring interactions that change less than the JND. Their results show a 93% saving
in the number cf shadow rays for radiosity solutions of a large number (500) of

1terations.
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Figure 14: The contrast sensitivity function for sine waves for an adult human visual
system. This figure is reproduced from Andrew Glassner, Principles of digital image
synthesis, Figure 1.18[12].

3.4.2 Gratings

Contrast sensitivity can be measured with respect to gratings of different frequencies
and contrasts. Figure 14 shows the contrast sensitivity function (CSF) of a human
adult to sine wave gratings of different frequencies. The spatial frequency of the sine
wave is measured by the number of cycles per mm on the retina. Above the line in
the graph there is not enough contrast to resolve the frequency of the grating and it

appears as a gray blurred field.

Contrast sensitivity is affected by many factors including age, adaption to a frequency,

use of photopic or scotic vision and direction.
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3.5 Drawbacks of Physically Based Rendering

Physically based rendering algorithms are those that are based on properties found in
physics. For instance, radiosity algorithms based on variants of Maxwell’s equations
of electromagnetic energy propagation. These are contrasted to empirical or heuristic
algorithms which have no consistent basis and perceptual rendering algorithms which

are based (at least in part) on properties of the HVS.

The end point of most rendering algorithms is the HVS and not the screen as is the
usual misconception. Consequently physically based rendering algorithms exclude
a substantial part of the realistic image synthesis process -— the human perception
of the image produced. Without a doubt the HVS modifies the form of the input
image in complex and interesting ways. If knowledge of the process of the HVS is
not incorporated in the rendering algorithm, it is likely that the rendering process
will make mistakes. For instance some areas may be computed in detail while the
HVS would ignore that area causing a lot of computation time to be wasted. In other

regions, not enough detail may be computed and give rise to image artifacts.

3.5.1 Excessive Refinement

In hierarchical radiosity, physically based rendering generally applies to the decision
process devoted to calculating the refinement of an interaction between two patches.
This process is often called the refinement oracle (See Definition 2.3). In a physically
based radiosity program, the refinement oracle is based on measuring the error present,
in the computation of the energy flow across and interaction. This energy error is
computed based on the approximations made in the computation of the energy flow
(radiosity). The oracle often guesses at this error as it is fairly complex to compute and
the oracle needs to be a fairly streamlined routine. The guess made is an overestimate
of the error and hence often promotes excessive refinement of an interaction which

adds to the total computation time.

This problem of excessive refinement is even more pronounced where the error on an

interaction is large but perceptually the interaction is unimportant — ie the HVS will
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ignore much of the information in this region. The physically based radiosity oracle
will force a lot of excess refinement in this area. Due to the extra refinement, a lot
of space is wasted storing information for areas that could be represented with much

less refinement.

3.5.2 Aliasing

Definition 3.2 .iliasing is the misreconstruction of a high frequency phenomenon as

a lower frequency phenomenon caused by the sample density being too low.

In radiosity algorithms this problem frequently manifests itself by the algorithm com-
pletely missing visual phenomena such as small highlights and shadows. These phe-
nomena are typically contained within a patch — and hence miss all the sampling

points which are usually at the vertices of the patch.

Physically based radiosity algorithms make no attempt to assign importance to visual
phenomena such as shadows and highlights. The error values (which drive the refine-
ment oracle) are computed in the same way as for regions which have less important
visual phenomena. All radiosity algorithms are subject to this aliasing problem due
to the discrete nature of the sample points and the impracticality of sampling on the
pixel scale. Physically based algorithms, however, suffer from non-uniform picture
artifacts. Picture artifacts of a given scale are more noticeable in areas which have
visually important features than in other areas. Physically based algorithms compute
the error on an interaction to the same level for every interaction regardless of the
visually important features and weather that amount of error is going to be more

noticeable than in other regions.

3.6 Reconstruction

There are two phases to radiosity algorithms. Firstly the radiosity surface is sampled

at points determined by the radiosity algorithm. The sample points are then used to
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Figure 15: Reconstruction of a radiosity curve. Segment 3 shows aliasing occurring,.

reconstruct the radiosity function on the screen for viewing by the user. Generally it

is impractical to compute sample points on a pixel level.

Most radiosity systems compute the sample points in a regular adaptive grid. Some
use a triangular mesh of samples. Almost all radiosity algorithms use bi-linear inter-
polation to reconstruct the radiosity function. Bi-linear interpolation assumes that
the radiosity surface is linear between two sample points — this is not true in general
and hence the interpolated shading can be in error. This is often seen as aliasing
where small visual phenomena are missed or incorrectly reconstructed. This is gen-
crally a problem of too few sample points rather than a reconstruction error (See

Figure 15).

If the radiosity refinement oracle has knowledge of the bi-linear nature of the recon-
struction system, it can optimize the selection of refinement. When the radiosity func-
tion is linear over a region, the sample density can be reduced because the bi-linear
interpolation is going to (coincidently) represent the linear nature very accurately.
Care should be used when determining the linear nature of a region of the radiosity

function, to avoid aliasing problems.
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3.7 Summary

This chapter is about motivating the use of knowledge about the human visual system

(HVS) in realistic image synthesis — specifically to hierarchical radiosity.

To this end we describe the HVS in some detail including descriptions of the eye and
visual pathways in the brain. Many of the properties discovered about the HVS can be
explained using the theory of receptive fields for neural cells in the visual pathways.
Among other things these receptive fields account for edge and line detection and
Mach banding. For this dissertation, however, we will only require knowledge of the

edge detection filter performed by the HVS at various levels in the visual pathways.

We point out the shortcomings of classical or physically based rendering algorithms
- - again specifically hierarchical radiosity. We pay particular attention to the re-
construction of the sample points provided by the radiosity algorithm. The sample
points can cause aliasing of the radiosity function. The reconstruction of the sample
points is usually accomplished by bi-linear interpolation and we point out that this

is exploitable by the radiosity refinement algorithins.



Chapter 4

Computing Radiosity Gradient

4.1 Introduction

In Chapter 3 we determined that the HVS performs edge detection over the field of
view. Because of this, we note that accurate reproduction of edges is essential to our
perception of the image. To be able to more accurately represent edges, we need to

be able to predict where they will occur in the radiosity simulation.

As the radiosity is closely related to the intensity (Chapter 2) we can predict where
edges occur by examining the slope of the radiosity function over a surface. These

intensity edges are indicated by rapidly changing or large radiosity gradient.

Most of the relevant work on computing radiosity gradients is contained in papers
by James Arvo[2] and Nicolas Holzschuch[19]. Paulin and Caubet[26] also produce
a closed form derivation of the radiosity gradient combining the work of Arvo and
Holzschuch.

In any given scene description the light sources define a radiance function with the
domain being all spatial positions and directions. This radiance function is uniquely
defined and completely defines the radiant energy distribution[2]. When this function
is restricted to the surface of an object, it can be used to compute the radiosity over

the surface as a function of surface position. This function determines the intensity

30
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at each point on that surface. Arvo’s paper defines and computes the irradiance
Jacobian which can be employed to compute the irradiance gradient as a special case
and therefore can be used to determine the radiosity gradient. Holzschuch’s paper

provides a formulation that directly computes the radiosity gradient.

4.2 Irradiance Gradient

Most of the derivations in this section are due to James Arvo and are set out in more

detail in his paper[2]. They are reproduced here for convenience and completeness.

4.2.1 Definitions

Definition 4.1 [rradiance: The encrgy flux per unit area arriving on a surface.

Definition 4.2 Radiosity: The emissive flux per unit area, plus the irradiance times

the diffuse surface reflectance.

These definitions are due (in this form) to Ward and Heckbert[30].

Vector Irradiance and Light Field

A vector field is a function ® : IR® — R®. The particular vector field used in these
derivations is known as the light field. Assuming that the radiance at point r in

direction w is defined as L(r,w) we define

O(r) = /5'2 L(r,w)wdo(w) (7)

The vector irradiance is then defined as ®(r) for each point r and is a vector quantity.
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g

Figure 16: This figure shows the emitter and a receiving point r. The vertices are
labeled as v;.

Jacobian

A vector field derivative D® is a 3 x 3 Jacobian matrix defined as follows:

0Px(r) O0Py(r) 9P.(r)

ox oz o
— 0P (r) OPy(r) 08P (r)
Ji(®) = dy By dy (8)
0e(r)  OBy(r)  OT-(1)
Oz dz dz

Vertex Vectors

Vertex vectors are vectors from the receiving point » pointing in the direction of each
of the vertices of the emitter as in Figure 16. In most cases the vertex vectors point to
the vertices of the emitter after visibility information is computed — ie. the occluders
are clipped from the emitter. These vertex vectors are used in many of the equations
that follow. Setting the vertices of the emitter v; € vy..2,, we define the vertex vectors

U; as:

vp—T
u; - —
[[vi = 7|

These u; are normalized vectors from the receiving point pointing in the direction of

the emitter vertex v;.
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4.2.2 Computing the Irradiance Jacobian
The irradiance at a point 7 on a surface is derived from Equation (7) giving
o(r) = —(r) - 7 (9)

which defines the net flux at any point 7 in space - - equal to the irradiance at a point
r on a surface. To derive the gradient of the irradiance over the surface of a patch in

a radiosity simulation Equation 9 is differentiated as follows:

6 = & (10)
Deriving
B\ - B\ - BY -
Vo = (a—>2+ (a—>j+ (6—> k
T Y 0z
0 = = 0 2 - 0 =
= %((I)'n)“L@—y(@ n)J+aZ( )k
a(bz = aq)y s a@z =
a(pz’ 7 aqby a(bz 7
B I$/~u+ E yk+ B nzk+
= WT[J(S)] (11)

where J is the Jacobian matrix defined in Equation (8).

This assumes a constant 77 which is the case under the assumption that the object is
planar. For nonplanar objects, the derivation is slightly more complex and results in
an additional term in Equation 11. This additional term is dependent on how 7i(r)

changes as a function of » and reduces to 0 for planar objects.

Arvo distinguishes between two types of emitter vertices —— intrinsic and apparent
(Figure 17). Intrinsic vertices are those that appear either as a vertex in the emitter
or a vertex on one of the blockers i.e. they are actual vertices. An apparent vertex is

not actually a vertex. It is the illusion of a vertex that appears due to the conjunction
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Occluder

Occluder

Figure 17: This illustrates a partially occluded emitter with an apparent vertex (a)
and intrinsic vertex (i) labeled.

of an emitter edge and a blocker edge or two blocker edges as seen from a receiving
point. Intrinsic vertices exist independent of the viewpoint, but apparent vertices
may or may not appear depending on the viewpoint chosen. Two expressions are
constructed to define the vertex Jacobian for both intrinsic and apparent vertices.
These vertex Jacobians are then used to compute the irradiance Jacobian. According
to Arvo the vertex Jacobian is the 3 x 3 matrix resulting from taking the derivative

of the vertex vectors.

For apparent vertices we set § and ¢ to be unit vectors parallel to the two lines (L,

and L) defining the vertex as in Figure 18. Firstly we have
JWu = 0
So @ — which is any vertex vector — is an eigenvector of J(u) with an eigenvalue of

0. This corresponds to the fact that the Jacobian doesn’t change when the receiving

point 7 is moved in the direction of .
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Emitter

Occluders

Figure 18: This is the same scene as in Figure 17 seen from a different angle. The
vertex Jacobian is determined by the two vectors § and ¢ and the vertex vector ;.

Then defining

Set «; to the distance to L, along u and similarly a; the distance to L. Moving the
receiving point in the direction of either § or £ gives us the other two eigenvector and

eigenvalue pairs.

J(@)s = —— (12)
J(@f = —Oi (13)

Then using the three eigenvectors §, t and @ with their corresponding eigenvalues of

~L — L and 0 we have
ey Qg
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—% 0 0
Ja) = [siall o -2 ol|[sial’
0 0 0

36

(14)

Equation (14) can be found in both Arvo’s[2] and Paulin’s[26]' papers and is an

accurate method for computing the vertex Jacobian in all cases (provided the Jacobian

exists).

The vertex Jacobians for the implicit vertices is a special case of Equation (14) with

a, = oy = a. Using the simplification, the vertex Jacobian for intrinsic vertices is as

follows:
J(@) = ——(1 -7
u = pe uu
Setting
a = u;
b= uip
w = axb

we define F as

- 1\ ww?  cos'aTh wat
BEE = (—Q _ B % By
@9 = =) @t .

—,

where £(d,b) is the edge matrix defined by Arvo[2].

For notational convenience we set (Q as

'We note that the version of Equation (11) in Paulin’s paper [26] has a typographical error. They

list part of it as A = [ & ¢ ] and it should read A =[ é; &,
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QT = pxq

0 P _py
Q (ﬁ) = —Dz 0 Pz
Py —DPz 0

=qxp = Q)

The corner matrix C' is defined as

Cla,b,c) = E(a,b)Q(a) - E(b,c)Q(c) (16)
Using the corner matrix and the equation for the Jacobian we have

ME

J(é) — Q’H'ZC uz lau’nul-i-l)‘](u‘)

From Equation (11) we have

Substituting gives

MZ

Vo = Q—Zn Cuily, w0y, uitr)J ()
=]
A[ T
= 5 2 [T Bl @)Q(ui) - 7B, ui)Q(ui)| J()
1[ m
= 5] [(nTE(u;l,zz;-)) x u”y — (AT E(d, uil) % uib] J ()
71'

As suggested by Arvo, a substantial optimization is achieved by multiplying out by

the normal vector 7i. This eliminates the need for matrix mathematics except for the
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computation of the vertex Jacobians. As this results in a substantial computation

saving we show the multiplication in full.

- 1\ @t cos "alh wuwt
7" = =T =T
v - (), !
i E(d,b) n =7 ,U-;T17)+n T T
( 1 )FTtUu'J'T cos 1 alh P A ning
= — = + = T S
aly/ Wl ||| wT W
1\ (7 @)@ cos'a-b 7 - %)W
_ ( ﬂ>(4 Y sosB-Gf, (R D) (17)
i-b/) Wi [l | ORRT

Pseudo Code

In the pseudo code that follows, all subscripts are computed with modulo arithmetic

so that the vertex indices wrap around e.g. u,, = up.

We point out that the computation figures listed in Paulin’s paper are for the full
computation of the corner matrix at each vertex without the optimization described
above. This full computation requires a costly recomputation of the edge matrix —
the corner matrix requires the edge matrix data for both contributing edges. We
propose the fairly simple optimization of computing all the edge matrices (with the
normal already multiplied out) once for each edge and storing the values. This opti-
mization is implied by Arvo in his description of the algorithm. The corner matrices
are then computed by looking up the edge matrix values resulting in a fairly substan-

tial computation saving (~ 50%).



CHAPTER 4. COMPUTING RADIOSITY GRADIENT 39

For all vertices i do {
//Compute edge matrix from Equation 17
E; « il B(;, uig,)
//Compute vertex Jacobian
Ji — J ()

G0

For all vertices i do {
//Use corner matrix to compute gradients
G+ = [E; x @ ~ Eipy X uita) Jin

=

LG

'’

}
G
L

N

Another fairly obvious optimization can be made by noting that in the computation
of the gradient, we have computed most of the terms needed to compute the radiosity
value. Due to this fact, if the radiosity is combined with the gradient calculations,

we have the radiosity value almost for free — see Holzschuch[18] for details.

4.3 Calculating Visibility Information

Calculating the gradient requires the distance from the receiving point r to each of the
vertices (apparent or intrinsic) appearing in the depth clipped emitter (Figure 18).
Calculating this depth clipped polygon is equivalent to computing the visibility infor-
mation between point 7 and the emitter with the provision that the 3D information

is preserved.

One of the most time consuming tasks for a rendering algorithm is that of comput-
ing visibility information. It is still a research issue to efficiently compute visibility

between two objects in a scene. The naive or brute force methods compare every
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object in the scene with the two objects under consideration for the interaction and
compute the extent of the occlusion that results. This algorithm is O(n®) in the
number of objects in the scene. There are many more efficient algorithms to handle
this problem. Most of these algorithms operate by maintaining lists of potential oc-
cluders for each pair of objects and culling obviously non-occluding objects from the
list. This system is usually O(n?) in time and in storage. Several optimizations on
this system allow for ignoring pairs of objects that cannot interact - - for example
two objects in different rooms (clustering) or two objects with no occluders. Other
optimizations provide more efficient and accurate culling algorithms for reducing the
size of the potential occluder lists. One such algorithm is known as shaft culling [15]
which culls patches in a radiosity simulation based on a shaft generated between the

two interacting patches.

Once the rendering algorithm has determined that an object is occluding an inter-
action between two other objects, it needs to determine the amount of light that
actually arrives at the receiving object. Some algorithms cast some rays between the
two objects and use the ratio of unblocked to blocked rays to determine how much
of the emitter’s light arrives at the receiver [16]. Some systems project the occluder
edges onto the receiver from the points of the emitter and compute the discontinuity
mesh, splitting the receiver into portions that are fully visible, shadowed or partially
visible [23].

In this dissertation we use the system of backprojection and depth clipping proposed
by Arvo for his gradient computation. It turns out that precise computation of the
irradiance Jacobian or radiosity gradient requires an accurate clipped contour of the
visible portion of the emitter and the distance from the receiving point to each vertex
on the clipped emitter. This requires a 3D clipping algorithm or a projection of the
occluders to the emitter from the receiving point, 2D planar clipping algorithm and

then a reverse projection back to 3D.

We use a variation of the Weiler/Atherton clipping algorithm due to Alexey Nikitin

and Michael Leonov[24]?. This algorithm is a modification of the Klammer Schutte

2http://woland.afti.nsu.ru/ leonov/clipdoc.litml
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Occluders

Figure 19: The bold contour illustrates the depth clipped polygon — clipping retain-
ing the 3D information required for the gradient equations.

3. Our modified version of this algorithm clips projections of the

Clippolyv program
occluders from the emitter in the emitter plane and maintains the 3D information for
each vertex so that the vertices can be reverse projected back into 3D as shown in

Figure 19.

Figure 20 illustrates five frames of a rotating model representing a depth-clipped
polygon. The depth clipped polygon is that of the emitter (wall) as seen from a point
on the floor. The occluder is a kneel chair on the floor obscuring some of the light

transport from the wall to the receiving point on the floor.

The radiosity function is dependent on the depth clipped polygon of the resultant
emitter and occluders. It can be seen in this figure that the radiosity can be a fairly
3Copyright of GNU
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Figure 20: This figure shows a series from a rotation of a depth clipped emitter
polygon from a kneel chair casting a shadow on a wall. The view in (a) is the shape
of the emitter as seen from approximately the receiving point.

Emitter

Occluder

Receiver

Figure 21: This is the scene used to generate the graphs that follow.

complex function. for even simple “real-world” models, exhibiting similarly complex

behavior in the gradient.

4,3.1 Measured Gradient and Discontinuities
Graphs

In all the scenes the occluder, emitter and receiver are in parallel planes as shown
in Figure 21. We tested two planar rotations of the occluder - - first with its edges
parallel to the emitter as in Figure 21 and second with the edges at 45° to the edges
of the emitter. For both of these cases we tested two different sizes of the emitter.
Each of the four figures is presented with a part (a) which shows the graph of the

computed form factor and a part (b) which shows the norm of the gradient.
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Figure 22: 45° occluder with a large emitter. Note that the shadow causes a depression
in the form factor plot (left). Also note the vertical creases in the gradient plot (right)
which indicate second derivative discontinuities.

Figure 23: 45° occluder with a small emitter. Note now sharp the edges of the shadow
depression are compared to the previous set of graphs.

For the first scenc, the occluder is rotated 45° to the emitter. In Figure 22a we see the
plot of the form factors resulting from this scene. Its companion Figure 22b shows the
norm of the computed gradients for the same set of points and scene. We note that
while the form factor graph is fairly smooth, the gradient exhibits some discernible

creases. These are lines of second order discontinuities in the resulting function.

The second scene illustrates the same configuration as the first — the emitter and
occluder are rotated 45° to each other, however, in this scene the emitter is much
smaller (and brighter) than in the first scene. This scene is shown in Figure 23. As
can be seen by comparing the two figures, this scene has much more defined edges

and a much sharper gradient. This is the result of having a much smaller penumbra
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a b

Figure 24: Aligned emitter and occluder with a large emitter. Note that the alignment
of the emitter and occluder causes the gradient (right) to exhibit discontinuities.
These are seen as creases in the form factor plot (left).

o ge — g —

Figure 25: Aligned emitter and occluder with a small emitter. Note that the discon-
tinuities in the gradient (right) are much more obvious than in the previous pair of
graphs.

as the smaller emitter is a closer approximation to a point light source.

In the third scene the emitter and occluder are aligned (edges are parallel). In the
Figure 24a the graph appears to be fairly smooth and intuitively correct. The Fig-
ure 24b, however we see that the gradient shows some fairly pronounced creases and

even some discontinuity lines.

In the fourth scene the emitter and occluder are in the same configuration as the
third, but again the emitter is substantially reduced in size. This results in very

sharp gradient values with obvious discontinuity lines.
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Discontinuities

Note that several discontinuities of varying order are visible in the Figures 22-25.
These discontinuicies are particularly noticeable in the gradient plots such as Fig-
ure 24b. The D1 discontinuities - discontinuities in the gradient plot or creases in
the radiosity plot — are the result of an emitter edge aligning with the occluder edge.
This causes a sudden change in the behavior of the radiosity and hence a gradient
discontinuity. This is most visible in Figure 25b. D2 discontinuities arise due to the
conjunction of an occluder edge with an emitter vertex or an occluder vertex and
emitter edge. This results in a more subtle change in the radiosity giving rise to
creases in the gradient plot. These are most visible in figure 22b and 24b. Note that

24b also has some fairly visible D1 discontinuities.

4.4 Summary

In this chapter, we show how to compute the irradiance and radiosity gradients re-
quired for the prediction of edges in a radiosity scene. The derivations for the com-
putation of the gradient are primarily due to James Arvo and Nicolas Holzschuch.

We also point out some fairly useful optimizations we used for these computations.
We show how the visibility information is computed using a general depth clipping
algorithm. This depth clipping is essential to the computation of the gradients.
Finally we show some measured graclients for a simple class of environments. The

gradient plots are contrasted to each other and to their corresponding form factor

radiosity) plot. We also point out how discontinuities arise in the gradient graphs.
v) P p g g



Chapter 5

Preliminary Exploration

5.1 Introduction

This chapter describes the initial experimentation with perceptual refinement ideas.
These experiments were in the nature of a feasibility study to determine if there was

anything worth exploring and if so what directions were likely to be fruitful.

The experiment |.roposes a few heuristics for determining “areas of interest”. These
areas are those patches with enough detail to warrant extra refinement. The critical
factor being that if a patch containing an area of interest is not refined, the visual
quality of the image will suffer in a way that is much more noticeable than for a patch

containing no areas of interest.

5.2 Description of the Algorithm

5.2.1 Motivation

Our refinement method is designed to increase the refinement process in areas that are
visually important such as highlights, contours and shadow boundaries. Our hypoth-

esis 1s that the eve is more sensitive to contours and boundaries than it is sensitive

46
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to differences in lighting and colors. In order to detect such contours and boundaries,
we suggest using differences in the radiosity derivatives, instead of differences in the

radiosity values, as suggested by Lischinski [22].

We note that large but constant radiosity gradient values over a region indicate a
linearly varying radiosity which is modeled very well by the standard bi-linear inter-

polation methods common in most radiosity programs.

On the other hand, a large difference in the radiosity gradient, whether a difference
in orientation or a difference in norm indicates an area where the radiosityv function
is not modeled properly by the standard linear interpolation. Hence, it makes sense

to refine such areas.

This idea is consistent with previous work on perceptual reproduction and images by
Ashdown [3].

5.2.2 Refinement Method

In this section, we present our algorithm for computing the perceptual error. We single
out an interaction between a given emitter and a given receiver, and we measure the
visual effect of this interaction on the final output. If the visual error due to this

interaction is above a certain threshold, then the interaction will be refined.

We start by computing the point-to-area form-factor values and its gradient at the
vertices of the receiver, using the method presented by Arvo and Holzschuch in Chap-

ter 4.

Projection of the Radiosity Gradient

The gradient computation gives a vector in 3D-space which needs to be projected to

the plane of the receiver.
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Equation 18 projects @, the gradient in 3-space, to a plane parallel to the receiver

defined by its normal N,

Perceptual Error Measurement

To compute the perceptual error for a given interaction, we simply compute the

difference of the point-to-area form-factor gradients at the vertices of the receiver:
AG = max {|lpr(G) — pr(G))|l} (19)

where G, is the form-factor gradient at the vertex ¢ of the receiver. This Equation
is simply the maximum norm of the radiosity gradients at each vertex of the patch.

Each gradient must be projected to the plane of the patch under consideration.

We then use this gradient difference to define the refinement oracle using the radiosity
of the emitter, By, the reflectivity of the receiver, pg, and the area of the receiver,
Ag:

7= AGBLArpr (20)

We define the refinement criterion R, as the brightness of the resulting 7 vector. The
refinement criterion is compared to the refinement threshold. If it is larger than the
threshold then this interaction (either the receiver or emitter) requires refinement.

This constitutes the refinement oracle.

The point-to-area form-factor gradients are computed for each interaction and are
stored for the duration of the refinement process, so that we can reuse the values
of the form-factor gradient for patches sharing common vertices. This optimization

reduces the time spent computing the gradients.

5.2.3 Error and Decision

Once it has been determined that the interaction requires refinement, we need to
determine which of the receiver or emitter requires the refinement. It is often the

case that both the receiver and emitter require refinement, but only the one that
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requires it the most is refined and the other is refined in a subsequent iteration of the

refinement algorithm.

We first compute the change in the radiosity derivatives on the receiver cue to changes

in radiosity values on the emitter:
EE = (Bma.x - Bmin)Gmax (21)

where Gax 18 the maximum norm of the form-factor gradient on the vertices of the

receiver, and By, and B, are the maximum and minimum radiosity on the emitter.

We then compute the changes in the radiosity derivatives on the receiver due to

changes in the point-to-area form-factor gradient:

Ep = AG By (22)

If Fr > E then the receiver is refined, otherwise the emitter is refined.

5.3 Results

We ran the radiosity simulation contrasting the standard error-control refinement

method described by Lischinski [22] with our perception-based refinement method.

We produced a reference image with our refinement method (Figure 26b). The re-
finement threshold was deliberately chosen to produce lower levels of refinement so
that the difference between the pictures would be more obvious. We then ran the
standard error-control refinement criterion with the threshold adjusted to produce
an output mesh that is within 0.09% of the size of our reference image (Figure 26a).
We also adjusted the threshold to produce a picture with the standard error-control
refinement which took the same computation time as our reference image — to within
0.03%. In both cases we find that the image produced with our refinement method

has a noticeably better visual quality.

[t is important to note that if the standard error-control refinement criterion and

our perception-based refinement criterion are used to produce similar visual quality
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output, our refincment method would not only produce smaller output, but would

also take less time.

The sizes quoted in Figure 26 are the output mesh sizes (in KBytes) and are propor-
tional to the number of patches generated by the relevant refinement method. The
times quoted are average execution times for each scene on a 132MHz Indy with a
MIPS R4600 CPU. The results are displayed for the first iteration of the hierarchical

radiosity algorithm.

The refinement grid patterns shown in Figure 26 shows how our refinement method
(26b) produces deeper levels of refinement for the chosen area. The chosen area being
one which contains visually important effects — in this case a highlight on a wall. Our
refinement, method produces less refinement in areas with constant or linear radiosity
as is evident by comparing the walls of the overall mesh images in the top row of
Figure 26. In column (a) of Figure 26 we have the standard algorithm constrained
to the same output mesh size as our refinement method (b) and in column (c) the
standard algorithm is constrained to have the same rendering time compared to our
method.

5.4 Conclusions and Implications

In this chapter we have presented a refinement oracle based on our intuitive notion
that visually important regions are indicated by large gradient difference. This re-
finement oracle makes use of some simple heuristics involving the radiosity gradient
to determine the areas of interest or areas that are visually important. The heuristics

then concentrate more of the cpu time on visually important regions.

This initial experiment produced some modest savings in both time and number of
output polvgons. The most surprising result, however, was the improvement in the
visual quality over standard refinement methods as shown in Figure 26. These results
suggest that perceptual refinement methods can be constructed using the radiosity
gradient that would perform in reasonable time/space constraints (similar to existing

algorithms) but producing substantially better looking output.
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Figure 26: Comparison of our perception-based refinement oracle with the standard
error-control refinement oracle, showing the complete mesh (top), and a close-up on
a highlight (middle) (with the mesh(bottom)), with the size of the output and the
execution time.
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While these results may sound impressive, the refinement oracle presented in this
chapter is incomplete which makes it unsuitable for a final perception based algorithm.
First and foremost is that no visibility computation is attempted. This means that
the algorithm was not tested on shadow boundary conditions. Shadow boundaries
contribute some very visually important information to the scene, so any serious

perceptually based refinement criterion must be able to handle them efficiently.

Secondly the heuristics that the algorithm uses are chosen because they produce
results, rather than being based on some theory of perception. The aim of the per-
ception based refinement criterion is not to be accurate according to some theory on
perception or physics, but to produce results with a better visual quality in a rea-
sonable time. It would, however, be useful to base the heuristics on some model of
human perception as the extra insight should promote even better visual importance

prediction.

Another problem is that the heuristics for determining which of the emitter or receiver
needs to be refined were found to be incorrect and actually produce unnecessary

refinement on some patches (equations 21 and 22) .

Even considering this incompleteness. the positive results certainly suggest the poten-
tial for an effective perception based refinement oracle for radiosity algorithms. These
results also strongly suggest that the use of radiosity gradients should be fundamen-
tal to any perception based refinement method as part of the prediction of visually

important regions.



Chapter 6

Theory

6.1 Introduction

Firstly we introduce the visual importance function. This function is based on our

HVS model and an intuitive notion of areas of importance.

Due to the abstract nature of the visual importance function, we present a heuristic
approximation and develop the refinement oracle based on this. This perceptual
refinement oracle uses the radiosity and radiosity gradient computed at each sample
point on the patch to determine if the patch needs refinement. We also include
a coefficient that optimizes refinement for use with a bilinear interpolation based

rendering program.

6.2 Visual Importance Function

The visual importance function is a function that associates each point on a patch
with a number representing the relative importance of rendering this point to the
visual quality of the scene. The visual importance function is then a surface over
the patch having large values associated with areas deemed important by the HVS

(for instance edges or shadow boundaries), and correspondingly lower values in other
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less important regions. The visual importance function then mimics the importance
associated with each visual effect over a patch by the HVS. The use of the visual
importance function is in increasing the quality of the resulting image. Thus a visual
importance function has a corresponding image quality metric associated with it. In
this section we define the visual importance function and derive an effective image

quality metric.

6.2.1 Definition and Dependence

We define the visual importance function V as follows:
V(X)) : P—(0,1] (23)

Where the domain P is the set of all points on the surface of the patch in question.

This equation associates each point on the patch with a scalar quantity which we call
visual tmportance. This quantity is proportional to the amount which the point X
effects the final output visual quality. It is not possible for a point X to have a value
of 0 for its visual importance as every point, even if completely in shadow, contributes

to the visual quality of the scene.

Intuitively, the visual importance associated with a point X is dependent on the
other points in the neighbourhood of X. The visual importance is dependent on the
intensity function over the surface of the patch and hence on the radiosity at each
point. Because of this, the visual importance function must be dependent on all the
patches in the scene. We note that this global dependence of the visual importance
function makes it useless for direct application to refinement oracles even if an exact
formulation could be found (an exact formulation would require complete knowledge
of the HVS and complete foreknowledge of the solution). Instead we use the visual
importance function as a guide in developing a heuristic that estimates the visual

importance in a region based on only a few sample points.
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6.2.2 Areas of Interest

We define areas of interest or visually important areas as those areas on the surface
of the patch containing a local maximum or an otherwise large value of the visual

importance function V.

As noted in Section 3.3.2 edges are important to visual quality and hence our visual
importance function should have maxima associated with shadow boundaries and
other rapidly changing intensity phenomena such as highlights. Thus our approximate
formulation of the visual importance function would be similar to passing the entire
region’s intensity image through an edge detection filter, however such an image is
not available during the application of the refinement oracle since it has not yet been

computed.

Larger values of the visual importance function in a region imply that more refinement
in the region will have a larger positive impact on the final visual quality than in other

areas. Similarly less refinement will have a proportionally large negative effect.

The amount of refinement in an area (sample point density) should be proportional
to the visual importance to get the best visual quality for the smallest number of

sample points and hence the smallest amount of computation.

6.2.3 Error Measure for Image Quality

Having determined that edges are of significant importance to image quality (Sec-
tion 3.3.2), we wish to have a measure of image quality that incorporates the edge

information as the most significant contributor.

Radiosity algorithms output view independent model and colour information. In
order to compare radiosity refinement due to the two oracles we set all the other
variables to be constant. We produce radiosity output for exactly the same model
and then take shapshots of the view independent solution using exactly the same
viewing parameters, i.e. the initial colours and object placement in the comparison
images are the same and only the refinement level is allowed to vary. In this way we

can isolate only the refinement information for measurement by the metric.
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In addition to isolating the refinement information, we wish to measure how accurately
the oracle represents edges for a given level of refinement. We reiterate that accurate
representation of edges is essential to correct perception of an image (Section 3.3.2).
The first step in computing the error measure for a picture is to pass it (and an ideal
reference image) through an edge detection filter. All the pictures in the following

discussion are filtered with an edge detection filter.

Given a picture P we define P; as pixel 7 in P following the standard lexicographical
ordering (left to right, top to bottom). As our metric requires a single value associated

with each pixel, we used the brightness of the pixel to be the value of F;.

We detfine the discance d, between two pictures P and () to be

d,(P,Q) = J . i(Pi - Q) (24)

where n is the number of pixels in a picture — note that the pictures’ dimensions

must be equal.

This distance measure is simply the root mean square of the difference between the
two pictures taken pixel by pixel. We define ||P||z to be d,(R, P) where R is the
reference picture. The reference picture R is typically considered the ideal picture
and is usually a radiosity scene computed to excessively high levels of refinement. For

convenience we will refer to ||P|| and leave the subscript as understood.

We use ||P|| to represent the error in visual quality of the image. This value represents
how far (in our metric) the picture P is from the ideal picturc. Obviously as P gets
closer to R. the value of ||P|| gets closer to 0. This quantity, ||P||, represents the
error. or the difference from the ideal image. In this way it is similar in nature to the

benefit heuristics used in level of detail computations|[9].

The use of an edge detection filter on a picture often leaves the picture with low
amplitude noise in areas that have no edges. This is mostly due to the edge detection
filter picking up boundaries between intensity changes in otherwise uniform fields. To
a certain extent this can be fixed by choosing an edge detection filter with a larger
radius, but in practice the RMS calculation is sufficient to minimize the low amplitude

noise.
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As this metric requires snapshots of a computed radiosity scene. it is not very useful
for radiosity computation. It does however give us a consistent means of comparing
the visual quality of output scenes. Indeed, above a modest level of refinement, two
pictures with the same error in visual quality (||P|| = ||R||) are visually indistinguish-
able.

6.3 Perceptual Refinement Oracle

The visual importance function (23) is very abstract and serves only to guide our
construction of an appropriate refinement oracle. Note that (from Section 6.2.1)
the visual importance function V' is dependent on the knowledge of the complete
intensity function over the patch. This implies that it would be impractical to apply
the visual importance function directly in the computation of the refinement oracle —
the oracle is used Lo guide the computation of radiosity sample points and it would be
counterproductive to require foreknowledge of the result (intensity function). For this
reason, we develop a heuristic for the visual importance function that estimates the
level of visual importance over a patch based on the radiosity and gradients computed

at a small number of sample points.

6.3.1 Visual Importance Heuristic

Each patch radiosity function is sampled at five points - — indicated in Figure 27.
These points coincide with the vertices and the center of the patch. The radiosity
function is a thrce dimensional surface over the domain of the patch area. At each
sample point indicated in Figure 27 the radiosity and the (vector) gradient values are
computed. The primary use for the refinement oracle is as an indicator of whether
there are enough sample points to reconstruct the radiosity function with a reasonable

level of accuracy. This level of accuracy is set by the user defined refinement threshold.

In Figure 29 we show how the refinement criterion is computed. A line is taken

through the patch between two radiosity sampling points (shown in Figure 28 and
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Figure 27: The small circles indicate the points where the patch radiosity function
is sampled. The double headed arrows indicate the line segments along which the
radiosity function is examined.

Figure 28: This figure shows the line through the patch and the associated radiosity
graph.

27). At the two end points of the line (sample points) we have both the computed
value of the radiosity and the gradient of the radiosity function. To find the gradient
to the radiosity curve in the two dimensional graph in Figure 29 we need to project
the vector gradient computed for that sample point to the plane through the line

segment perpendicular to the patch.

The scalar gradient ((7;) at sample point ¢ in the direction of sample point 7 is defined

as

oG
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Figure 29: Computation of the refinement criterion. The x axis is the spatial dimen-
sion in the plane of the patch. The v axis in the size of the radiosity on the patch at
each point along the line cut through the patch.

where V; is the vector gradient at point 7 and N is the normal to the patch. This
(Equation 25) is simply the projection of the vector gradient Vé; to the relevant

plane. See Chapter 4 for the computation of V¢; (Equation 11).

As the patch is going to be reconstructed using bilinear interpolation, this will be
equivalent to a linear radiosity function on this line segment. The refinement criterion
is a measure of how closely the linear radiosity matches the actual radiosity. The only
information we have about the actual radiosity function behavior on this line is what

we can deduce from the gradient at the two end points.

In Figure 29 the gradient computed at point 7 makes a tangent, labeled T}, to the
radiosity curve at point (i, B;). This tangent 7; makes an intercept with the line
z = j' at a point (j', B; + r;;). The distance 74 is an indication of the behavior of

the radiosity curve near (i, B;). The closer r;; is to 0, the closer to linear the curve
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Figure 30: This figure shows two cases where the endpoint gradients don’t predict
the behavior of the radiosity. The left hand plot shows the effect of a small shadow
and the right hand plot of a small highlight.

is at that point. Similarly the displacement r;; is computed from the tangent line
T; and is an indication of the behavior of the radiosity graph near the point (5, B;).
These r values are also distance dependent which implies that we tolerate less error
on larger patches. While this is a good indicator of the linear nature of the gradient
over the area under consideration, it is by no means accurate. There are any number
of cases — particularly involving shadows — where the gradient values at the end
points of the line are not a very good indicator of the radiosity behavior over the
entire area. For example, in Figure 30, the left graph is an example of a shadow
affecting the radiosity on a scale smaller than the sample granularity. This effect is
not detected by the gradients computed at the end points. Also the right hand image
shows an apparently linear radiosity - - if the end point gradients are examined. The
radiosity actually contains a highlight in the center, again, on a scale smaller than
the distance between sample points. As these phenomena are not sampled at the
sample point density used, aliasing occurs when the radiosity is reconstructed and

these phenomena are not present.

If the gradient of the tangent T} is G; and similarly the gradient of T} is G/ then

Tj,; — l — G;d—f— Bj = Bl|
Tij = ‘Gid + Bi - Bj| (26)
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Figure 31: The left patch shows gradient vectors for a highlight (radiosity local max-
imum) contained within the patch. The right patch shows linear radiosity over the
patch with the vector gradients pointing towards the maximum radiosity outside the
patch.

6.3.2 Linearity Coefficient

In addition to the calculation of the tangents above. we also use a linearity coefficient,
k, to roughly determine the overall linearity of the patch radiosity by using the dot
product of the gradient vectors to determine how much they “line up” — i.e. the
degree of collinearity of the vector gradients. The linearity coefficient is where we
use knowledge of the nature of the reconstruction algorithm (See Section 3.6) in

determining the refinement.

1

b=
2

(1-Ve,-Vo,) (27)

The linearity coeflicient, Equation 27, simply scales the dot product of a pair of
vector gradients (V¢) to the range [0,1] and reverses the order so that a k value
of 0 implies the two vector gradients are identical, and a value of 1 implies vector
gradients pointing in opposite directions. The vector gradients sampled over the patch
are taken pairwise and the largest value (indicating the worst divergence from linear
radiosity) is used as a coefficient in computing the the refinement criterion. Two

example configurations of patch vertex vector gradients are shown in Figure 31.
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Figure 32: The intensity plot along two lines across a shadow boundary in a radiosity
scene.

6.3.3 Perceptual Refinement Formulation

The complete refinement oracle is then governed by
R., = k-max/{r;, Vi, jon patch P} (28)

where the 7 and j are vertex endpoints of the line segments depicted in Figure 27, k is
defined in Equation 27 and 7;; is defined by Equation 26. This R, is the perceptual
refinement criterion and we will usually refer to it as R, when it is clear from the
context that we are dealing with the perceptual version. Note that r;; # 7;; in general

and therefore 7;; and rj; are included as distinct quantities in the formulation of E..

This R, is then compared against the user supplied refinement threshold to determine

if the patch needs refinement.

6.3.4 Behaviour of the Perceptual Refinement Oracle

Due to the nature of the geometry of the model, a patch can never cross an object
boundary as the patches define the object. In this discussion we choose a sharp shadow

boundary as a typical case of rapidly changing gradient in a visually important feature.

In Figure 32 we show the intensity plot for a line across a shadow boundary in a

radiosity scene. The line in Figure 32a passes through a single shadow boundary
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while that in Figure 32b passes through two. The intensities are plotted on a per

pixel basis. The steep vertical region corresponds to the penumbral shadow.

As can be seen immediately by applving the method of Figure 29 to Figure 32, if one

of the sample points falls on the slope of the penumbra, it’s corresponding value of r;;

or r;; can be very large compared with the values at any other point as the gradient

(G) at that point is very large.

There are four main cases for a patch interacting with a shadow boundary:

a)

It is fairly clear that if a patch doesn’t cross the penumbra boundaries, all the r;;
for that patch will be very close to zero — the tangents are horizontal (G = 0)
and the point radiosities (intensities) are approximately equal (B; = B;). This
is the case for a region of low visual importance. Substituting these values
into Equation 26 gives r;; = 0. This gives low values for [, which implies low

refinement levels.

For a patch that crosses the entire penumbra boundary, but has no sample
points (vertices) within the penumbra region, we have the tangents horizontal
(G = 0) but we have the radiosities different (B; # B;). In this case we have the
values for 7,; being the magnitude of the difference between B; and B; which
(by Equation 28) implies that R, & Byax — Bmin- Lhis is almost identical to
the standard refinement oracle in Section 2.2.4 which implies similar refinement

levels to the Standard algorithm.

If a patch crosses the penumbra boundary with at least one sample point within
the penumbra region, we have some of the r;; very large relative to the other
cases which indicates a visually important feature. This is due to the fact that
the tangent at the sample point within the penumbra region is approaching
vertical (G very large). In this case we find that R. >> Bpax — Bmin due to
at least one large (G value. This implies that the R, for the perceptual oracle
is much larger in this case than that of the standard oracle and consequently

that the perceptual oracle is much more likely to cause refinement. In patches
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of this nature we have the gradient value changing greatly over the extent of

the patch which is a good indicator for edges.

d) In the final case, all sample points of the patch lie within the penumbra, we find
that although all the tangents are non-horizontal, they are all roughly equal.
Also the radiosity over this area is close to linear, so the r;; are going to be
quite small. Due to the fact that all the gradients are approximately equal (in
size and direction), the linearity coefficient £ hecomes closer to 0 (Equation 27).
These factors contribute to make R, fairly small. inhibiting refinement in this

case.

As can be seen from the above cases, our perceptual refinement oracle reduces to the
standard oracle in cases a and b. In case ¢ we find that our perceptual refinement or-
acle produces much more refinement than the standard oracle. These are the patches
containing large gradient variation. In case d the radiosity is linear over the patch

and our refinement oracle suppresses refinement in this region.

6.4 Summary

Firstly we define the visual importance function . We point out some of the prop-
erties and dependences of 17 - particularly its dependence on the perceptual model
of the HVS. We define areas of interest as maxima in the visual importance function.
We also produce an objective image quality measure based on our edge detection
model of the HVS.

Next we point out that the major drawback of the visual importance function is the
required foreknowledge of the solution which we are trying to compute. For this
reason a heuristic is developed that can operate on knowledge of the radiosity and
gradient at a few sample points over the patch. With the use of a visual importance

heuristic, computation of the perceptual refinement oracle becomes practical.

We describe in detail how the heuristic is constructed. The heuristic involves the

correct use of a projection for the vector gradients and a method of computing the
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effective divergence from linear of the actual radiosity function based on these gra-
dients. We also point out that using the gradients can lead to the aliasing of the

radiosity function when it contains effects on a small enough scale.

When the radiosity solution is reconstructed using bilinear interpolation rendering
(e.g. Gouraud shading), an optimization can be applied directly to the refinement
oracle. When the radiosity is close to linear it is very effective to leave the recon-
struction of the radiosity up to the bilinear interpolation shading, so we develop a

linearity coefficient which can be incorporated into the refinement oracle.

Lastly we present the complete computation of the perceptual refinement oracle as a
simple equation based on our heuristic visual importance function and the linearity
coefficient. We discuss the behavior of this oracle. We note that under certain
conditions R, reduces to the standard refinement oracle. When the patch crosses
an edge the refinement is enhanced and when the radiosity is linear refinement is

inhibited by the perceptual refinement oracle.



Chapter 7

Results and Analysis

7.1 Introduction

This chapter details the results obtained for a comparative experiment between the
perceptual refinement oracle developed in the previous chapter and the standard

refinement oracle (Section 2.2.4).

Firstly we provide some sample output pictures to demonstrate global illumination
and other effects modeled by radiosity. These included soft shadows and colour bleed-
ing.

Next we present the performance analysis, which shows the linear relation between

the output mesh size and the computation time. This analysis is performed for two

scenes with very different occlusion properties and the results contrasted.

Due to the fact that the performance data doesn’t incorporate the visual quality, we
show contrasting pictures produced by the two radiosity refinement oracles. These
pictures are constrained to have the same output polygon mesh size — the only vari-
able is the sample density distribution which is determined by the refinement oracle.
We then demonstrate that the perceptual oracle better captures the information in

visually important areas with no visible degradation in less important areas.

Finally we use our objective visual quality measure (Section 6.2.3) to measure output

66
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Figure 33: This scene shows the Full Office rendered for three iterations. Colour
bleeding can be noticed along the far wall.

quality. We perform a filter analysis modeled on the center-surround receptive fields
presented in Section 3.3.3. This experiment is divided into two parts. Firstly two
pictures are computed with the output mesh sizes equal one image for each refinement
oracle. These images are passed through an edge detection filter and then compared
with a reference image to see which oracle has better edge reproduction. Secondly
we compare two pictures with the same visual quality and show that the perceptual

oracle achieves a substantial reduction in output mesh size and computation time.

7.2 Sample Output

We produced some rendered scenes to demonstrate the global illumination solution
due to hierarchical radiosity. These scenes demonstrate the multiple iterations, soft

shadows and colour bleeding, etc.

The Figures 33-36 all represent various differing scenes rendered at different levels of
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Figure 34: This scene is a stripped down version of the Full Office. It is rendered with
a higher refinement level than the previous scene. Again colour bleeding is noticeable

along the walls.

refinement. They are included as a demonstration of both our testbed program and

the perceptual refinement oracle.

The Full Office, Figure 33, is the representation of a simple office with a table, chair,

shelves, etc. This scene has a relatively high degree of occlusion and is rendered with

three iterations.

Figure 34 is a stripped down version of the above Figure 33. It is rendered at at a
fairly high level of refinement and for three iterations of the radiosity algorithm. The
colour bleeding from the table top onto the adjacent wall is fairly clear. This scene

has a higher level of refinement than the previous one.

The Dining Room — Figure 35 is a large room with a single light source. It was mostly
used to test the for the perceptual rendering oracle in areas with complex shadows.
This scene was also rendered for three iterations. The scene is large compared to the

size and brightness of the light source so the extremities of the room are fairly dim
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Figure 35: The Dining Room is very large compared to the size of the light source.
This causes the table top to be brightly lit and the corners of the room to be very
dim.

compared to the brightness of the table surface.

The Cube (Figure 36) is the interior of a cube with different colour walls. Inside the
cube is a single light source and a smaller cube which casts a shadow on the floor.
This scene has a very low level of occlusion — indeed a low number of overall patches.
This scene was rendered for three iterations and clearly demonstrates colour bleeding

from the coloured walls onto surrounding surfaces.

All of these scenes were rendered for three iterations of the radiosity algorithm. We
found increasing the number of iterations did little more than increase the overall

brightness of the images.
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7/

Figure 36: The Cube is a very small scene designed to have a small amount of internal
polygons. This reduces the amount of visibility computation.

7.3 Performance

7.3.1 Graphing Assumptions

The input control for radiosity simulations is the refinement threshold or refinement
criterion. We denote this quantity as R. (Equations 6 and 28. As noted in Sec-

tion 2.2.4, R, is a user specified maximum allowable error tolerance on an interaction.

Both the output scene size and the time taken to render are dependent on R, which is
Jjustification for plotting size vs time in the graphs that follow. We note that the size
1s not actually proportional to R., instead it follows the relation shown in Figure 37.

In this figure we show that R. is related to the size in a way similar to a hyperbola.

Setting s as the output data size we have determined that the variables are related

approximately by:
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Figure 37: This is a plot of R, (domain) against the output size.

s ~ 10.0/R. (29)

It is important to note that Equation 29 was determined experimentally and.is not
an accurate relation, rather it was chosen as being simple and one that fit the data
fairly well. Equation 29 is used to get an approximately constant spacing between
the data in the size domain of the graphs that follow — linearly varying the input
control (R.) gives a graph with all the data points concentrated in the region near
the origin with very few points describing the rest of the curve. What is required is
a linear variation of the size parameter which requires varying R. according to the

relation 29.

Factors such as a minimum polygon area limit in the hierarchical radiosity simulation
and the fact that the size increases according to 4™ with respect to the quadtree depth
all have an impact on Equation 29. Even so, we still find it useful and have retained

it’s use in generating the graphs shown.

7.3.2 Occluded Scene

All the timing statistics were generated using a 200MHz MIPS R4400 CPU in a Silicon
Graphics Onyx equipped with 128Mb RAM and a Reality Engine II. The results are
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Figure 38: Shows the our method vs the standard BF refinement method. The
horizontal axis is number of output polygons and the vertical axis is time to render
in seconds. Qur method is shown above the standard method.

displayed using an Inventor viewer.

Figure 38 shows the comparison between our perceptual refinement oracle and the
standard refinement oracle. The domain is the number of leaf polygonal patches
generated and the range is the time taken to render a scene at that size. The scene
is rendered for one iteration and the size and time measured for different values of
R.. The scene under consideration is the Office scene shown in Figure 34. This scene
has a fair amount of occlusion so visibility calculations have a substantial impact on
the computation time. As expected, the use of our perceptual oracle causes a slight
increase in rendering time for the same output mesh size. It is important to note that
no attempt is made to factor in the visual quality of the output scene in the above
graph, so the graph is a naive comparison of the two refinement oracles’ computation
time for the same output size. As we shall note later, our perceptual refinement
oracle substantially improves the visual quality of the scene given the same output

size constraints, i.e., the same quality is reached for much smaller output size.
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Figure 39: Timing statistics for the Cube scene. Has a lower polygon count and much
less occlusion.

7.3.3 Unoccluded Scene

The graph in Figure 39 shows the size vs. time relation for the relatively unoccluded
scene in Figure 36. This scene has very few interior patches and hence visibility calcu-
lations are much less of a factor in the computation time. Nicolas Holzschuch[18] has
shown that visibility computation in a hierarchical radiosity scene contribute about
71-80% of the entire scene computation time. Again, the graph of our perceptual
oracle lies above that of the standard refinement oracle. This relatively unoccluded
scene is also relatively simple compared to the previous scene (Figure 34) containing

many fewer initial (top level) patches.

7.3.4 Linear Regression

In order to predict the extra per polygon overhead incurred by the perceptual refine-

ment oracle we need to ascertain the correlation between the size and time variables.
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Also we need to compute the best fit straight line to each of the graphs. Using the

best fit lines, we can predict the computation time for any given output mesh size.

The method we use to fit a line to the data shown in Figures 38 and 39 is the least

squares linear regression[29]'.

Given that

y = a+be

is the linear best fit to a set of data, we have determined that for the data sets

presented in Figures 38 and 39 we have:

Occluded Unoccluded
(Figure 38) (Figure 39)
Standard | Perceptual || Standard | Perceptual
n 1000 689 100 100
a| 3.918 -10.17 -1.34 -0.606
0.02247 0.02758 0.00973 0.0101
r| 0.994 0.999 0.997 0.994

where n is the sample size and r is the correlation coefficient.

As an example we note that at 10000 leaf patches, our perceptual refinement oracle
adds about 16% onto the total rendering time for the occluded scene (Figure 38) and
about 4% for the relatively unoccluded scene (Figure 39) given the same output size

constraints. These percentages are computed by substitution into the regression line

formulae.

The linear regression analysis shows that our perceptual refinement oracle increases
the rendering time in scenes with higher occlusion levels. As the oracle is only invoked
when we need to determine if an interaction needs refinement, this increase can only be
attributed to our oracle increasing the amount of visibility computation by the choice

of which interactions to refine. While this may sound counter-productive, we note

10r see any standard undergraduate statistics textbook
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Figure 40: This picture shows the Office scene rendered at a fairly low level of re-
finement with the standard BF refinement oracle to highlight where the rendering
artifacts are noticeable.

that we defined areas of interest to include shadow boundaries (Section 6.2), so our
perceptual refinement oracle increases refinement in areas with shadow boundaries.
This actually increases the proportion of partially occluded patches that need to be
evaluated. This proportional increase is what causes our refinement oracle to appear
to perform worse in the case of higher occlusion — causing the increased use of the
visibility computation algorithm required for partial occlusion. We note, however,
that it is this proportional increase that causes scenes rendered with our perceptual
refinement oracle to have a higher visual quality compared to scenes rendered with

standard oracles.
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Figure 41: This picture shows the Office scene rendered with the perceptual refine-
ment oracle with the level of refinement computed to yield the same number of output
polygons as the standard oracle above.

7.4 Subjective Image Quality Evaluation

In this section we allow the reader to participate in a subjective visual quality evalu-

ation. In Section 7.5.3 we present our objective measure.

Candidate areas for high visual importance are those containing a highlight, shadow
boundary or edge. The areas of interest in Figures 40-43 are the shadow boundaries
along the back and side walls and the shadow on the floor underneath the table.
These pictures show the refinement for the first iteration only. The refinement levels
have been computed to result in comparison scenes that have the same number of
output polygons. This means that the same number of sample points is used for both

methods and thus the same amount of information is used to encode each scene.

When comparing the shaded scenes (Figures 40 and 41) it can be seen that the per-

ceptual refinement oracle produces a better representation of the shadow boundaries
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Figure 42: The mesh version of the standard BF refinement oracle figure.

Figure 43: The mesh version of our perceptual refinement oracle.

7
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along the back and side walls. This effect is particularly noticeable on the shadow
boundary under the table. While the jagged edges are still seen in the perceptual
result, it is obvious that the shadow boundaries are rendered with more detail than
the same regions in the standard result. Also we note that the areas of lower visual
importance — the table top and the back and side wall areas not containing shadow

boundaries — show no discernible difference when compared.

When comparing the mesh diagrams for the same scenes (Figures 42 and 43) it can be
seen immediately that the perceptual refinement oracle has substantially reduced the
number of patches used to represent the table top and the back and side walls — the
areas of lower visual importance. We reiterate that this reduction is obtained at no
sacrifice to the (perceived) visual quality in these regions. Also it is fairly clear how the
improved visual quality in the areas of interest is achieved. The additional refinement
allowed by the reduction of polygons in the regions of lower visual importance is fairly
easy to see in Figure 43 and results in a marked improvement in the overall visual

quality of the scene.

It is fairly obvious from the mesh diagram in Figure 42 that the standard oracle
produces more polygons in the regions of low visual importance than our perceptual
refinement oracle. This implies that the standard oracle causes much more data to
be devoted to encoding this region. The shaded images show that there is little
or no difference in the visual quality of the output between the standard and our
refinement methods in these regions. This implies that the standard method includes

wasted data in these areas.

7.5 Filter

7.5.1 Center-Surround Receptive Field

As shown in Figure 8 the on-center off-surround filter performed by the retinal gan-

glion cells takes the form of an additive center with a subtractive surrounding annulus.
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Figure 44: This is the reference image for the center-surround image filter experiment.
This picture is rendered at a much higher refinement level than the two comparison
images.

The filter performed by the eye is a weighted sum of the stimuli from the photorecep-
tors and is very similar in nature to an edge detection filter. It is generally deduced

that edge information is essential to human perception of a scene (Section 3.3.2).

We use a very highly refined reference scene — Figure 44 and Figure 45 — to represent
the ideal image of a radiosity simulation for a given set of viewing parameters. The
alm of the experiment is to show that after processing by the HVS, the perceptual
refinement oracle (Section 6.3.3) produces substantially better looking pictures in less

time and using less memory than the standard refinement oracle.

As the level of refinement used in the reference image is orders of magnitude more
than that used in the test images, it shouldn’t make a difference which refinement
oracle was used to produce it. However, in case the choice of refinement method
for the reference image does introduce a bias into the results, we chose the standard

refinement oracle to produce the reference image. If a bias is introduced, it will tend
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Figure 45: Filtered reference image

to favour the standard refinement oracle, as all the test images are compared against

the reference image.

We split the experiment into two parts. Firstly we constrain the rendering size to be
the same and compare the two produced radiosity simulations. Constraining the size
forces the two simulations to be rendered using exactly the same amount of informa-
tion (sample points). The refinement level is chosen low enough so that artifacts are
visible and the results are compared to see which oracle produces the more noticeable
artifacts. The scenes are passed through an edge detection filter before comparison

to mimic the process of the center-surround receptive fields in the HVS.

The second part of the experiment also uses edge filtered pictures for comparison, but
this time the output size is allowed to vary. Instead for each picture we compute the
error in visual quality for the image using our metric defined in Section 6.2.3. This
visual quality measure allows us to compare the size and time requirements of the

two oracles for pictures of similar visual quality.
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Figure 46: Filtered standard refinement test image.

7.5.2 Constrained Size Experiment

We reuse the data from the previous experiment (Section 7.4) to compute the images
used in this experiment — Figures 46 and 47. These edge filtered pictures are com-
puted from Figures 40 and 41 respectively. This previous experiment also constrained
the output mesh sizes to be the same for both oracles, so the size constraint required

for this experiment is met.

We note that, by examining the filtered reference image (Figure 45), shadow bound-
aries produce very strong and pronounced edges. These shadow edges are certainly
the most significant features of this filtered image, save only the object boundaries

themselves.

Note that we consider mainly the shadow edges, as the object edges are effectively

1dentical independent of the refinement oracle used.

The standard refinement oracle produces an image in which the shadow edges can

be seen to be very jagged and broad (Figure 46). A certain amount of jaggedness
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Figure 47: Filtered perceptual refinement test image.

and indistinctness is to be expected compared to the reference image as the standard

oracle was restricted to a much lower level of refinement.

The perceptual refinement oracle produces the image in Figure 47. Bearing in mind
that the two oracles were constrained to use the same amount of information to repre-
sent the radiosity simulation, we can immediately see from Figure 47 that the shadow
edges produced by the perceptual refinement oracle show a marked improvement in
distinction and definition compared to those produced by the standard oracle. The

shadow edges still exhibit a jagged nature, but this is generally confined to a smaller

arca.

7.5.3 Visual Quality Comparison

In this part of the experiment we are concerned with comparing images produced by
the standard and perceptual oracles that have the same visual quality. We use the

definition of visual quality developed in Section 6.2.3. This definition depends on a
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Figure 48: Plot of the error metric for various refinement levels against the output
polygon size. Note that picture quality and refinement increases (error decreases)
going left (towards the origin).

simple metric on the edge filtered images. The reference image used for the metric is
Figure 45. The measure of visual quality is based on the distance between the test
image and the reference image using the defined metric. The metric depends on the

RMS difference between the two images.

We computed images for several radiosity simulations (of the same model) for both
the standard and perceptual oracles, varying the refinement threshold. For each
radiosity simulation we capture a picture P with the same viewing parameters as in
Figure 41. We measured the error in visual quality ||P|| and mesh size for each of the
radiosity simulations. These values are plotted in Figure 48. The error (||P||) is the
domain and the size is the range. As the error tends to 0 along the horizontal axis,

the corresponding radiosity simulation in both cases gets closer to the ideal reference

image.

The graph shows that, for the same visual quality, the perceptual refinement oracle
produces substantially smaller mesh files. In fact as the refinement levels increase

(error drops) the ratio increases to better than 2 : 1 so the perceptual refinement
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Figure 49: Plot of the error metric for various refinement levels against the rendering
time in seconds. Note that picture quality and refinement increases (error decreases)
going left (towards the origin).

oracle uses approximately half the number of mesh elements as used by the standard
oracle. As was shown previously (Section 7.3.4 and Figures 38 and 39) the radiosity
solution computation time is linearly related to its output mesh size. This implies our
similar 2 : 1 improvement in computation time. We also point out that the perceptual
refinement oracle performs better relative to the standard oracle as the refinement
levels increase (rendering becomes more detailed). This is a very useful property, as
the more highly refined the scene, the more the optimization is required. We note
that below a certain level of refinement, less than 1800 — 2000 polygons in this case,
none of the edge information is captured at all (aliasing) so both methods are equally
bad. In Figure 48 this is shown for error levels above (to the right of) +4.3.

As expected the visual quality vs time plot in Figure 49 is very similar to the quality vs
size plot in Figure 48. This is due to the linear relation of output size to computation

time (Section 7.3.4). Again note that the visual quality increases to the left.
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7.6 Summary

In this chapter, we set out to compare our perceptual refinement oracle against the

standard refinement oracle.

Firstly we presented some introductory images to demonstrate that the code produces
correct output at high levels of refinement for more than one iteration (typically 3).

We found that more than four iterations added very little to the output.

Next we showed that, for a naive comparison of output mesh size, our perceptual
refinement oracle adds a small computation overhead compared to the standard oracle
— ~ 4% to ~ 16%. This increase is due to the additional computation of vertex
radiosity gradients and the increased ratio of partially occluded patches relative to
completely occluded or visible patches. We note that although the computation of
vertex gradients in addition to the vertex radiosity is substantially more expensive
than simply computing the vertex radiosities required for the standard oracle, we
don’t substantially increase the per patch computation time. This is due to the
fact that the oracle is a very small part of the load involved in the computation of a
radiosity solution — the majority being the visibility computation. More significantly
we show that for a high level of correlation, the output mesh size is linearly related
to the computation time which agrees with our understanding of the complexity of

hierarchical radiosity.

We show two comparison images with the same output size to demonstrate that the
perceptual oracle produces images that have noticeably better visual quality. This
improvement in visual quality is clearly seen in the comparison of the mesh diagrams
where we noted that our perceptual oracle “moves” refinement from visually less

important regions to areas of interest.

We also showed that our notion of visually important areas is accurate by using an
edge detection filter that matches some of the visual processing performed in the HVS.
This processing is performed by the center-surround fields of the retinal gangleon cells
and cells in the LGN and is analogous to edge detection. We filter two comparison 7

images and show that our perceptual refinement oracle produces results that, after
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filtering, are a closer match to a very highly refined scene passed through the same
filter. This implies that the signal produced by the perceptual image along the optical

nerve to the brain is a closer match to that produced by the reference image that the

standard oracle.

Finally we use our previously developed visual quality metric to measure the visual
quality of radiosity images. When comparing images of equal visual quality we have
shown that the perceptual refinement oracle produces its results in half the time and

using half the memory compared to the standard refinement oracle.



Chapter 8
Conclusion

The purpose of this dissertation was to explore the application of knowledge of the hu-
man visual system (HVS) to a powerful physically based rendering algorithm such as
hierarchical radiosity. Inspired by the impressive achievements of perceptually based
algorithms in other fields of computer graphics and on our preliminary experiment,
we set out to produce a perceptually based hierarchical radiosity algorithm. We found
it effective to create a perceptually based refinement oracle and leave the rest of the
hierarchical radiosity algorithm physically based — the refinement oracle guides the
refinement process and hence the sample point density distribution. Effectively the

oracle decides how much computation to devote to each region of the scene.

To build a perceptual refinement oracle, we needed a model of the HVS. The model we
adopted is based on neuron receptive field theory in neurophysiology. This effectively
means that much of the information presented to the brain is an edge detection filtered
version of the field of view. The choice of this fairly simplistic model for the HVS is
supported in part by claims that edge information is essential to our perception of an
image[28] and in part by the results we obtained in Chapter 7. Our model includes

properties of the HVS such as sensitivity to contours and edges.

After examining the visual importance function (Section 6.2), we deduced that the
perceptual oracle would have to be a heuristic that estimated the visual importance

in a region based on a small number of computed sample points. In order to predict
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the occurance of edges or other visually important features, we required accurate
computation of the radiosity gradient (Chapter 4). We produced an oracle based
on the HVS model using the gradient to estimate the visual importance and hence
predict the presence of edges and other visually important features. This oracle
produces high refinement in areas with a predicted high visual importance (such as
shadow boundaries) and low levels of refinement in regions with low visual importance
(such as areas with linear radiosity which are accurately reconstructed by the bilinear
shading algorithms). Our refinement oracle reduces to the standard refinement oracle

in other cases (See Section 6.3.4).

After verifying that the algorithm worked (Figures 33 to 36) we set out to measure
its performance relative to the standard refinement oracle. Our first (naive) approach
was to measure size v.s. time. The size measured is the number of polygons in the
output mesh. The graphs show that our oracle takes slightly longer to render for
the same output size (Figures 38 and 39). These results appear dissapointing till one
realizes that two equal size renderings with the two oracles do not have the same
appearance (visual quality). We did (accidently) verify the unique (among radiosity
methods) O(n)[16] complexity of hierarchical radiosity in output size v.s. time to a

very high degree of correlation.

To demonstrate this visual quality difference, we photographed a scene rendered with
each oracle with the constraint that they produced the same number of output poly-
gons. From these pictures we easily verified that the perceptual refinement oracle
produced images of a higher visual quality. In addition to a better representation of
shadow boundaries and other visually important features, we noted that there was
no noticeable visual degradation in regions with lower visual importance (hence fewer
sample points with our oracle) which implies that these regions are being overrefined

by the standard oracle — compared to the overall visual quality.

Considering our edge detecting model of the HVS, we performed an edge detection fil-
ter of the two images discussed above. Comparing these to a filtered image of a highly
refined reference scene, we were able to determine that our perceptual refinement ora-

cle more faithfully reproduced the edge information. This is an approximation to the
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objective visual quality measure we developed and it compares very well with subjec-
tive experience in spite of its simplicity. This is likely due to the variable restriction

required in Section 6.2.3.

In order to compare the two oracles at the same level of visnal quality, we needed
a measure of visual quality. We proposed a visual quality measure based on the
RMS difference between an edge filtered test image and the edge filtered reference
image. This measure coincides with our model of the HVS in that accurate edge
reproduction is equated with a good visual quality. Also for a wide range of refinement
levels we verified that images with very similar visual quality measures were visuallv
indistinguishable. Using our visual quality measure, we were able to compare the two
oracles at the same level of visual quality output (See Figure 48). We found that for
the same visual quality our perceptual refinement oracle requires half the memory
(half the output polygons) and takes about half the time to render. Furthermore, as
the level of refinement increases, so our perceptual refinement oracle improves relative

to the standard refinement oracle.

8.1 Future Work

Having verified that using the HVS in hierarchical radiosity yields substantial per-
formance improvements for even the restricted HVS model we used, we propose the
use of a more complete model of the HVS. A more complete model would possibly
include features like the more complex behavior of receptive fields in the visual cor-
tex, contrast sensitivity and just noticeable differences. The use of a more complete
model for the HVS would require a more complex perceptual refinement oracle to
take into account these added features. Also it would probably invalidate our visual
quality measure as it was based on our simplistic model of the HVS. More complex
HVS models would require the use of a perceptual experiment using the observations
of a number of test subjects to ascertain relative visual quality rather than relying

solely on a mathematical measure.
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