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Abstract

This thesis presents a volumetric representation for the global illumination within a

space based on the radiometric quantity irradiance� We call this representation the

irradiance volume� Although irradiance is traditionally computed only for surfaces�

its de�nition can be naturally extended to all points and directions in space� The

irradiance volume supports the reconstruction of believable approximations to the

illumination in situations that overwhelm traditional global illumination algorithms�

A theoretical basis for the irradiance volume is discussed and the methods and issues

involved with building the volume are described� The irradiance volume method is

tested within several situations in which the use of traditional global illumination

methods is impractical� and is shown to provide good performance�
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Chapter �

Introduction

One of the major goals in the �eld of computer graphics is realistic image synthesis�

To this end� illumination methods have evolved from simple local shading models to

physically
based global illumination algorithms� Local illumination methods con


sider only the light energy transfer between an emitter and a surface �direct lighting�

while global methods account for light energy interactions between all surfaces in

an environment� considering both direct and indirect lighting�

The visual e�ects of global illumination are important in most real scenes� For

example� consider the o
ce shown in Figure ���� where most of the visible illumi


nation is indirectly re�ected from the ceiling� Simulating this scene with only local�

direct lighting calculations would yield erroneous results�

Even though the realistic e�ects that global illumination algorithms provide are

frequently desirable� the computational expense of these methods is often too great

for many applications� Consider a dynamic environment in which objects can be

�



�

Figure ���� An o�ce lit indirectly by a halogen lamp�

added or change position� Traditionally� when some aspect of a globally
illuminated

environment changes� a new illumination solution is computed from scratch because

the current solution is now incorrect� There has been a considerable amount of

work done to extend global illumination methods to dynamic environments� often�

however� the gain in rendering speed from these methods is not large enough� or

especially in the case of radiosity methods� limited in the kind or complexity of the

environmental changes�

Environments with complex geometry also pose problems for many global illumi


nation methods� When a large number of surfaces are necessary to accurately repre


sent complex environments many global illumination algorithms are overwhelmed�

Methods have been developed to reduce the computations required to render intri


cate environments but they are not fast enough in most situations�



�

As a less expensive alternative� many current systems compute only the direct

lighting of a surface and use a constant ambient lighting term to roughly approx�

imate the indirect component� Figure ��� compares this approach to direct�only

illumination and full global illumination� Note that some geometric features disap�

pear on the box illuminated with the ambient term�

A di�erent approach to calculating the global illumination of objects is presented

in this thesis� Instead of striving for accuracy at the expense of performance� the

goal is rephrased to be a reasonable approximation with high performance� This

places global illumination e�ects in the reach of many applications in which visual

appearance is more important than absolute numerical accuracy�

Figure ���� The image on the left was rendered with direct lighting only� The center image

was rendered with direct lighting and an ambient light term� The image on the right was

computed using both direct and indirect lighting�
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Consider a set of surfaces enclosing a space 	e�g�� the walls of a room
� The

visual appearance of a di�use surface within the space can be computed from the

re�ectance of the surface and the irradiance at the surface� Calculating the irra�

diance analytically requires a cosine�weighted integral of radiance for all incoming

directions� For complex environments� this is a resource intensive computation that

overwhelms most applications�

We extend the concept of irradiance from surfaces into the enclosure� This exten�

sion is called the irradiance volume� The irradiance volume represents a volumetric

approximation of the irradiance function� The volume is built in an environment as

a pre�process� and can then be used by an application to quickly approximate the ir�

radiance at locations within the environment� This thesis represents an exploratory

study on the feasibility and e�ectiveness of sampling and storing irradiance in a

spatial volume�

By considering light transport through space instead of between surfaces� the

irradiance volume method yields high performance in several important situations

for which traditional global�illumination algorithms are too slow� These include

�semi�dynamic
 environments and environments with a very large number of small

geometric features� Another relevant application includes light �ow visualization

systems for lighting designers and computer graphics researchers� in which interac�

tive rates are essential� Due to the ease with which the irradiance volume can be

represented in a data structure� querying the irradiance takes nearly constant time

independent of the complexity of the environment the irradiance volume is built in�

Chapter � of the thesis discusses previous work in image synthesis and extensions
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to these methods for dynamic environments� Rendering methods which use a volume

storage methods are also covered� Chapter � examines radiance and irradiance� and

provides a de�nition of an irradiance volume� Chapter � discusses how sources

of radiance data such as rendered environments can yield irradiance volumes� and

outlines some of the properties of irradiance volumes� The details of implementing

and querying the volume are presented and an extension to the irradiance volume

method for non�di�use surfaces is described� Chapter � explores several applications

which utilize the irradiance volume� Chapter � summarizes the material presented

in this thesis and discusses several open issues related to this work�



Chapter �

Previous Work

This chapter summarizes prior work that relates to rendering realistic images� Sec�

tion ��� describes rendering methods for dynamic environments� Section ��� de�

scribes algorithms which utilize radiometric volume storage�

��� Rendering Dynamic Environments

Rendering algorithms were �rst developed for static environments ���� ��� ��� ���� To

render a scene whose properties did not remain constant typically required execut�

ing the entire rendering algorithm each time the scene changed� Because rendering

procedures are generally computationally expensive� new methods and extensions

to existing methods were developed to reduce the cost of rendering non�static envi�

ronments� This section covers common rendering methods and attempts to extend

these methods to dynamic environments� We de�ne a dynamic environment as

one in which objects are added or deleted� or change position� rotation� or surface

�
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properties through time� Changes can either be known in advance� such as the pre�

de�ned motion from an animation script� or unknown in advance� such as changes

resulting from simulations or interactive applications� An environment in which

a user can modify and receive feedback in a responsive manner is designated an

interactive environment�

����� Local Illumination Methods

Local illumination methods consider only the interaction between a light source

and a surface� ignoring the rest of the environment� They were the earliest lighting

methods developed in the computer graphics �eld�

One of the simplest shading models is the di�use illumination model which de�

scribes the shading across a completely di�use surface lit by a point light source �����

Phong ���� developed a model which handled specular surface properties� Blinn ����

applied a physically based re�ection model of rough surfaces based upon work by

Torrance and Sparrow ���� ���� The He model ���� extends the Cook�Torrance ����

model to conserve energy re�ected from rough surfaces�

Simple local illumination methods such as the Phong method are useful for

interactive and dynamic environments because of the relatively low computational

costs� Due to the locality of the lighting algorithm� additional objects can be added

with only a linear increase in rendering time�

Many current hardware graphics systems quickly render polygonal environments

by using a local illumination technique to compute the color of the vertices� The

polygons are shaded using an interpolative method such as the Gouraud shading
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model ����� Display rates of several million triangles per second can be obtained

using this procedure ����

The use of shadows adds an extra degree of realism to a rendered scene �����

Crow ���� and Atherton et al� ��� developed some of the �rst shadowing methods�

Reeves et al� ���� and Brotman et al� ���� described software�based depth�bu�er

shadow methods� Segal et al� ���� provided a real�time method of casting shadows

using texture mapping hardware�

����� Ray Tracing Methods

Global illumination algorithms consider both direct and indirect light distribution

in an environment when calculating the color of a pixel or point on a surface� The

most common global illumination methods are ray tracing and radiosity�

Ray tracing methods compute view�dependent global illumination solutions�

Ray tracing was developed by Whitted ���� and Kay ���� as an extension to the

ray casting technique formulated by Appel ���� Most of the work on ray tracing has

been attempts to reduce the rendering time and to expand the range of phenomena

ray tracing can render� such as volume densities ����� gem stones ����� polarization

e�ects ����� and motion blur ����� Figure ��� shows an image of an environment

rendered using ray tracing�

E�orts to increase the rendering speed of ray tracing have concentrated heavily

on reducing the cost of computing ray�object intersections� Methods include spatial

subdivision ����� bounding volumes ����� and hierarchical intersection tests �����

Woo ���� discussed procedures used in a modern rendering package�
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Figure ���� A ray traced image modeled by Keith Howie and rendered by Ben Trumbore�

Cornell Program of Computer Graphics� �����
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The general method of ray tracing a dynamic environment is to render a sequence

of frames� each requiring a full and separate ray tracing solution� Because of the

heavy computational expense� methods have been developed which take advantage

of advance information about the motion of objects or information gleaned from

previously rendered frames� Chapman et al� ���� notes that animations typically

have a large amount of coherence between frames because human viewers would

not be able to make sense of the sequence otherwise�

Some ray tracing algorithms which exploit temporal coherence can be classi�ed

as screen space methods� Screen space methods make rendering decisions based

solely on pixel values in a series of frames� Rendering time is reduced for animation

sequences by only computing a subset of the pixels in a frame and estimating the

rest� Badt ���� presented a method which made random comparisons of correspond�

ing pixels between subsequent frames� If the pixels di�ered� a �three�dimensional

�ood �ll
 across the current and surrounding frames de�ned a region of pixels to

be re�rendered�

Chapman et al� ���� developed an algorithm which fully renders every nth frame

of an image� Pairs of rendered frames are compared and pixels which have the same

value in both frames are assumed to have that value at that location throughout

the frames in between� If the value of a pixel di�ers� it is ray�traced on the frame

lying midway between the two comparison frames� This process is recursively re�

peated� performing a �binary search in the temporal domain
 until the animation

is complete�

The screen space methods described have two major disadvantages� High fre�
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quency changes in the scene will be missed� and each frame of the animation must

be available during the entire rendering process�

Some methods use object coherence and exploit how geometric objects within

an environment change between frames� Several methods have been developed for

animations with a static viewpoint� S�equin et al� ���� created a method that allowed

surface attributes of objects in a static scene to be changed without having to re�

render the entire scene� By storing the ray tree associated with each pixel� the

pixels that would be a�ected by changing a surface could be identi�ed� Murakami

et al� ���� presented an extension to this method that works for animated objects�

In addition to storing the ray tree for each pixel� note is made of each spatial�

subdivision voxel the rays in the tree intersect� By recalculating the voxel grid after

objects move� the rays that need to be re�traced can be determined� Jevans ����

discussed a method of keeping a record of the pixel associated with each ray in the

environment� Each voxel in the scene keeps track of the pixel indices of the rays

that intersect the voxel� When the content of a voxel changes� the pixels associated

with that voxel are re�traced�

Some methods utilize �D ray tracing which tests ray�object intersections in the

temporal domain as well as in the three Cartesian dimensions� Glassner ���� devel�

oped a method to reduce animation rendering times by using �D bounding boxes

which enclosed an object and the volume that object occupied through time� Chap�

man et al� ���� presented a method which produced bounding volumes that repre�

sented objects and vector descriptions of their movement�

Bergman et al� ���� introduced the concept of progressive re�nement for image
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rendering� A progressive re�nement algorithms attempts to make the most compre�

hensible image it can initially and then continues to re�ne until the �nal solution

in computed� Painter et al� ���� presented a progressive re�nement approach for

ray�tracing�

Even though ray tracing methods continue to increase in speed� at the present

time relatively simple environments still cannot be rendered at interactive rates�

Interactive applications which use computationally expensive rendering methods

will often use progressive re�nement approaches to render dynamic scenes� When

motion occurs� each frame is allotted a certain amount of time to make the most

thorough image it can within that time span� During a break in the motion� the

algorithm continues to re�ne until it is done or movement begins again�

The RADIANCE system developed by Ward ���� uses a hybrid ray tracing al�

gorithm to render scenes� Several stages of re�nement are performed to calculate

the �nal image� By using an interactive front end to the system ���� a user can

interactively change the viewpoint of a scene while an image is being re�ned� Fig�

ure ��� shows an example� A similar front�end also exists for the popular Rayshade

package ��

����� Radiosity methods

The radiosity global illumination method solves for energy transfer between sur�

faces in environment� Radiosity methods originally developed in the heat transfer

�Rayshade is a public domain ray tracing package developed by Craig Kolb at
Princeton University� See http���www�graphics�stanford�edu��cek�rayshade�
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Figure ���� User rotating between two views �panels a and d� using an interactive front

end of a progressive re�nement rendering package �RADIANCE��
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�eld ���� and were �rst applied to computer graphics by Goral et al� ���� in �����

Cohen ���� introduced a method for producing radiosity solutions of environ�

ments with occluding surfaces� Nishita ���� developed a shading method to reduce

surface�to�surface illumination computation cost� An adaptive subdivision tech�

nique to capture better shadows was presented by Cohen et al� ����� Rushmeier

et al� ���� extended the radiosity method to include participating media such as

fog and smoke� Immel et al� ���� produced a hybrid radiosity method to render

non�di�use surfaces�

The basic radiosity method is an O	n�
 algorithm� The entire solution must

be computed before it can be viewed� In ����� Cohen et al� ���� developed a pro�

gressive re�nement technique for radiosity� This method quickly produces an image

based on an approximate solution and continues to re�ne towards convergence� The

incremental changes to the solution can be continuously displayed as the algorithm

progresses� Wallace ���� and Sillion at al� ���� presented methods for extending

progressive radiosity to render non�di�use surfaces�

Hierarchical radiosity was developed by Hanrahan at al� ���� ��� in ����� The

hierarchical method reduces the order of complexity of radiosity by reducing the

number of energy transfer calculations� Extensions to hierarchical radiosity include

the use of clustering to increase e�ciency ���� and the ability to render non�di�use

surfaces �����

After the energy exchange has been computed� the solution must be represented

in a form suitable for display� This is usually accomplished with a polygonal mesh

with radiance values at mesh vertices� Gouraud shading is used to linearly interpo�
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late between vertices to produce smoothly shaded surfaces�

In many environments� discontinuities in the radiance function occur across sur�

faces so that smooth Gouraud shading is not appropriate� Lischinski et al� ����

developed a method to precompute discontinuities and produce a more accurate

mesh�

Because radiosity solutions are view�independent� radiosity methods are well

suited for applications such as simulated walkthroughs of static environments� Once

a solution has been computed� it can be navigated as quickly as the polygonal

mesh of the solution can be displayed� Puech et al� ���� developed an interactive

radiosity�based lighting simulator� Airey et al� ��� described an interactive building

walk�through system� Figure ��� shows images from a walkthrough program�

For complex scenes� display systems may be unable to quickly display the large

number of polygons in the radiosity solution� Several methods that determine the

subset of the environment that is potentially visible from a given viewpoint have

been developed ���� ��� ��� Display speed is increased by not displaying invisible

geometry�

If the set of visible surfaces is still too large to display quickly� the geometric

complexity of the visible objects can be reduced for display� Funkhouser et al�

used varying levels of detail to display objects in complex scenes� Objects are

displayed at di�ering geometric resolutions based on heuristic methods determining

their importance in a particular view� Maciel et al� ���� presented a method of using

clusters and texture maps of clusters of objects to reduce display time�

Although the radiosity method produces view�independent solutions� they be�
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Figure ���� Two views of a radiosity solution from an interactive walkthrough program�

These images were displayed in real�time from a single solution computed using the method

presented in 	

�� Modeled by Gene Greger�
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come inaccurate if geometry or surface attributes in the scene change� Fully recom�

puting the energy exchange when the scene content changes is the obvious solution�

but radiosity� like many other global illuminations methods� is computationally ex�

pensive�

Several parallel computing methods have been developed to speed computation

of the energy distribution� An analysis of parallel radiosity methods can be found

in ����� The increase in speed from parallel methods is often less than expected due

to system overhead and the global nature of the radiosity algorithm�

Several authors have extended the radiosity method to render dynamic environ�

ments� An early method was developed by Baum et al� ���� for sequences with a

static viewpoint and pre�planned object motion�

George et al� ����� Chen ����� and later M�uller et al� ���� extended the progressive

radiosity method ���� to address dynamic environments� Extensions to hierarchical

radiosity were made by Shaw ���� and Forsyth et al� ����� Shaw�s technique does

not allow light sources to be moved� The approach taken by Forsyth et al� does not

permit moving objects which occlude static geometry�

Although the above extensions result in a signi�cant decrease in rendering time

over the original algorithms� only relatively simple environments can be rendered

at or near interactive rates� In addition� environments containing more than one

object changing simultaneously often create algorithmic di�culties�
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����� Picture�Based Methods

All the rendering techniques discussed so far in this chapter are geometry�based

systems� illumination is computed given a set of mathematically de�ned geometric

regions� A relatively recent body of work� picture�based rendering systems� also

known as image�based systems� use pictures as the basic data type for rendering�

McMillan et al� ���� discussed how picture�based methods approximate the plen�

optic function ���� also called the radiance distribution function ����� The plenoptic

function is de�ned as the view seen in all directions from all points within a space�

Picture�based methods sample and attempt to reconstruct a continuous represen�

tation of this function� A real environment can be sampled using photographic

techniques� Virtual environments are sampled by rendering images�

Picture�based methods can be especially useful for modeling environments which

exist in reality but are too complex or time�consuming to geometrically model and

render� Also� since the scene does actually exist� the �photo�realism
 is inherent�

McMillan presented a method of approximating the plenoptic function by cap�

turing cylindrical panoramas of images at various locations in a scene� Transforma�

tions and registration are performed on the images taken at each location to form

a seamless cylindrical projection� By interpolating between projections� a view can

be displayed for most locations and directions in the scene� With a su�ciently fast

hardware system� the scene can be navigated interactively�

Chen et al� ���� presented a method for view interpolation� In later work�

Chen ���� put forth a method similar to McMillan et al� for navigating picture�

based environments� His work was developed with the goal of making the method
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Figure ���� This �gure shows a cylindrical panoramic image and some of the pictures it

was created from� The aspect ratio of the panoramic image was modi�ed to �t the page�

The panoramic view was computed based on the algorithm presented in 	����
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Figure ���� This �gure illustrates a problem with picture�based methods� In the environ�

ment shown� the viewer is at position I viewing a panorama interpolated from circular

plenoptic samples at P� and P�� Since object O cannot be seen from either P� or P�� O

will not be visible to the viewer�

viable for interactive use on home computer systems� Nimero� et al� ���� discussed

the use of image interpolation in an animation system�

Because picture�based rendering systems do not utilize geometric descriptions

of an environment� the potential exists for these systems to miss features within a

scene� Objects which are not visible from any sample point cannot be seen from

any possible viewer location� Figure ��� shows an example� This problem can be

lessened by sampling an environment more �nely� but this may be infeasible for

large scenes�

Max et al� ���� developed a method for decreasing the rendering time of complex

polygonal objects such as tree models� Instead of sampling with rendered images�

parallel projection z�bu�er images are used� By storing multiple z values at each

pixel in the z�bu�er image� forming a depth image� hidden objects can be accounted

for� Images are taken from preset directions surrounding the object and are used
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to reconstruct views from any angle�

Picture�based methods are currently only useful for rendering static environ�

ments� Chen suggested some methods for the composition of �D objects into an

picture�generated scene but noted that true interaction is di�cult� Depth informa�

tion for each image sample must be obtained� which is impractical for real scenes�

����� Summary

The ideal dynamic rendering system would provide realistic images of complex en�

vironments while not placing any constraints on motion and geometry� Local illu�

mination methods are very fast but su�er from low realism� Ray tracing methods

provide a much greater degree of realism but are view�dependent and expensive�

Rendering of ray traced sequences at interactive rates for even moderately com�

plex environments rates is still intractable� Extensions for dynamic environments

decrease the rendering time but not enough for interactivity�

Radiosity methods are also computationally expensive but have the advantage of

being view�independent and highly realistic� Several extensions to progressive and

hierarchical radiosity procedures were discussed� Unfortunately� these methods do

not perform well for complex environments or are limited in the number of moving

objects the method can comfortably handle�

Picture�based methods can provide interactive exploration of very realistic spaces�

but only when objects in the scene remain static� Although it is possible to approxi�

mate the plenoptic function in time by sampling the environment completely at each

time step� it impractical to do so due to storage limitations and the large amount
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of samples needed�

Even though many extensions have been made to rendering methods to reduce

the computation time for dynamic environments� realistic rendering of non�trivial

dynamic scenes at interactive rates is an unmet goal� Ray tracing and radiosity

methods have been unable to become e�ectively interactive for dynamic environ�

ments� Picture�based methods are targeted for static scenes�

��� Radiometric Volume Methods

A radiometric volume is a data structure containing radiometric information corre�

sponding to a three�dimensional region of space� Radiometric volume methods are

a class of rendering techniques which utilize radiometric volumes�

Picture�based rendering methods fall into this category� Discussed previously�

picture�based methods sample the radiance distribution function and attempt to

generate a continuous representation of that function �����

Several rendering methods employ radiometric volume structures to simplify and

quicken computation� Patmore ���� utilizes a radiance volume to simplify ray tracing

of dense foliage illuminated by an area light source� He notes that objects containing

dense clusters of polygons� such as trees� do not render well when illuminated by a

point light source� Using the sky or other area light source for illumination becomes

prohibitively expensive due to the large amount of ray�object tests needed when

sampling the area source from intersection points�

His method employs a regular grid which is placed over the polygonal object to
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be rendered� The radiance is sampled in a set of directions at each point on the

grid� This procedure is done as a pre�process to the rendering stage� When a ray

intersects a polygon during ray�tracing� the illumination at the intersection point

is interpolated from the eight locations on the grid surrounding that point� The

orientation of the intersected polygon determines which directional values to query

at the eight grid points�

Greene ���� implemented a similar method for calculating fractional sky visibility

from complex ground scenes� Approximate visibility at a location is constructed

from hemicube projections at the surrounding grid points�

Rendering algorithms which utilize volumes of radiometric data are relatively

rare� Most illumination methods are concerned only with light energy leaving from

and arriving at a surface� Energy interactions at surfaces can be very complex while

light behavior in space is comparatively straightforward� As attempts are made to

render progressively complex objects� radiometric volume methods should prove to

be increasingly useful�



Chapter �

Radiance� Irradiance� and the

Irradiance Volume

This chapter discusses the radiometric quantities radiance and irradiance and de�

�nes an irradiance volume�

The fundamental radiometric quantity is radiance� which describes the density

of light energy �owing through a given point in a given direction� This quantity

determines the luminance of a point when viewed from a certain direction� This

concept is shown in Figure ���� where a point x is shown in the center of a room

with four constant colored walls� At all points on the left wall� and for all outgoing

directions� the radiance is ���� At point x� the radiance is thus ��� for all directions

that come from the left wall� The radiances at x for many directions are shown

in Figure ���	b
� Note that the radiances are shown with arrows pointing in the

direction from which the light comes� although this convention seems somewhat

��
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Figure ���� Building a radial plot of radiance as seen from a point in space�

backwards� it will prove convenient when dealing with irradiance�

The radiance in all directions at x makes a directional function called the radi�

ance distribution function ���� which is shown as a radial plot in Figure ���	c
� As

can be seen� the radiance distribution function is not necessarily continuous� even in

very simple environments� Since there is a radiance distribution function at every

point in space� radiance is a �ve�dimensional quantity de�ned over all points and

all directions�� Since the radiance distribution function may be discontinuous� it

follows that radiance is not necessarily continuous over the space of all positions

and directions�

The radiance of a surface is determined entirely by its re�ective properties and

the radiance incident upon it� The incident radiance de�ned on the hemisphere of

incoming directions is called the �eld�radiance function ���� The �eld radiance for a

point on a very small surface is shown as a radial function in Figure ���	a
� Because

�Three dimensions are spatial� and two are directional� analogous to latitude and
longitude over the spherical set of directions�



��

Radial curve represents field
radiance on small patch.  Only
radiance above horizon is counted

surface
normal
vector

horizon

2.5π

Irradiance is cosine weighted
average of field radiance.  In 
this case symmetry implies it 
has value 2.5π.

x

(a) (b) (c)

3

2

wall with radiance 3.0

w
al

l 
w

it
h 

ra
di

an
ce

 2
.0

Radial distance from x is the
irradiance for hypothetical 
surface with surface normal
aligned to that direction..

Figure ���� Building a radial plot of irradiance for irradiance for all potential surfaces at

a point in space�

the surface is very small� the radiance in the room is not signi�cantly di�erent from

the empty room of Figure ����

If the surface is di�use then its radiance is conveniently de�ned in terms of the

surface�s irradiance� H� Irradiance is de�ned to be

H �
Z
Lf 	�
 cos � d�� 	���


where Lf 	�
 is the �eld radiance incident from direction �� and � is the angle

between � and the surface normal vector� With this de�nition� the radiance of the

surface� Lsurface� is

Lsurface �
�H

�
� 	���


where � is the re�ectance of the surface� This radiance is constant for all outgoing

directions�

If we rotate the small patch shown in Figure ���	b
 by a small amount counter�

clockwise� then the �eld�radiance function will become slightly larger on average�
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Thus the irradiance will increase slightly� but will not change radically because

of the smoothness of the averaging process� If we compute the irradiance for all

possible orientations of the small patch� then we can plot these irradiances as a

radial function� as shown in Figure ���	c
� We call this the irradiance distribution

function at the point� Note that this function is continuous over direction� even

though the underlying �eld radiance is discontinuous�

An irradiance distribution function can be computed at every point in space�

yielding a �ve�dimensional function� This function represents the irradiance of

a hypothetical di�erential surface oriented at any location and direction within

a space� We represent this �ve�dimensional irradiance function with the notation

H	x� �
� x corresponds to the three spatial dimensions� and � to the two directional

dimensions� Note that H	x� �
 is a function which reduces �ve dimensions to one�

Thus� it is quite di�erent than vector irradiance �
�� which maps three dimensions

to three dimensions�

Evaluating H	x� �
 e�ciently is the key to the fast rendering of di�use surfaces�

Since evaluating H	x� �
 would require explicit visibility and radiometric calcula�

tions for all surfaces in the environment� explicit evaluation of H	x� �
 is not a

practical option for complex environments� For high e�ciency� we must approxi�

mate H	x� �
�

Now suppose we have a volumetric approximation to H	x� �
� called Hv	x� �
�

within the space enclosed by an environment� If we have Hv in a form we can

evaluate quickly� we can avoid the costly explicit evaluation of H� This approxi�

mation is what we call the irradiance volume� and the key assumption is that we
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can approximate H accurately enough that the visual artifacts of using Hv are not

severe�

The simplest way to approximate a function is to evaluate it at a �nite set

of points and use interpolation techniques to evaluate the function between these

known points� This approach is practical only if the function is reasonably smooth�

In the case of H	x� �
� H	�� �
 	the function of direction while holding position

constant
 is continuous� while H	x� �
 is not necessarily continuous� The latter

statement should make us hesitate to approximate H	x� �
 using interpolation�

What gives us con�dence that we can interpolate irradiance in the volume is

that researchers have had great success interpolating irradiance on surfaces ��
� ���

���� even though discontinuities exist at some surface locations �

�� In practice�

irradiance on surfaces is continuous in space between visibility events ���� 

� 
�

	Figure ���
� Since the smooth regions between these visibility events are large

in practice� approximating the spatial variation of irradiance using interpolation

is practical for most surface locations� The same facts are true in the volume� as

shown by Lischinski �

� who computed discontinuity regions in space and projected

them onto surfaces�

Thus� we can store the approximation to H	x� �
 as point samples� and use

interpolation methods to approximate the irradiance at locations between those

samples� We then use this reconstructed irradiance to compute the radiance of a

surface� Figure ��� illustrates this process in two dimensions�

The crucial issue of where to put sample points and the methods used to obtain

directional samples at these points are discussed in Chapter ��



��

Figure ���� �b� shows a discontinuity in the irradiance across a surface due to an occluding

patch� �a� illustrates the geometry corresponding to the image� The discontinuity on

surface R lies across the line AB� This �gure was redrawn from �����
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Figure ���� The irradiance for normal direction � at point x is interpolated from the

values stored at the vertices of the surrounding cell�



Chapter �

Implementing the Irradiance

Volume

This chapter describes the procedures and data structures used in implementing

the irradiance volume� The �rst two sections discuss reconstructing the irradiance

function� Section ��� deals with the issue of determining where to sample in the

irradiance function�s domain and Section ��� describes how sampling is performed�

Section ��� discusses the data structures used to represent the volume and how the

completed irradiance volume is queried� Finally� Section ��� describes an extension

to the irradiance volume for illumination of glossy surfaces�

��� Sampling Strategy

To build the irradiance volume we need to be able to sample the radiance at any

point in any direction� For environments with an explicit geometric representation�

��
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such as one composed of polygons� acquiring the radiance can be easily done with

ray�casting techniques� An irradiance volume can also be built in environments

which do not contain explicit geometry� such as ones used by picture�based meth�

ods� The type of source environment does not matter� provided that radiance can

be freely point�sampled� This section describes a sampling strategy designed for

environments with explicit geometry� Section 
�� in the following chapter describes

how a volume might be constructed for a picture�based method�

In deciding which points and directions are sampled� and how to build these

samples into a data structure� we gain some inspiration from previous work on

building radiometric data structures� Patmore ���� and Greene ���� utilized radiance

volumes to simplify rendering of complex scenes� Reinhard ���� used environment

maps to approximate radiance ����� LaFortune �
�� and Jensen ���� used radiance

volumes to guide importance sampling�

All of these methods used either regular subdivision� or k�d tree subdivision�

Since they also were approximating quantities much less well�behaved than irradi�

ance 	i�e�� visibility or radiance
� we should expect similar data structures to work

at least as well for irradiance�

An immediate question is whether to build the irradiance volume with uniformly

spaced samples or adaptive samples� Uniform samples are appropriate if we expect

the function to vary slowly relative to the distance between adjacent samples� We

could treat the three spatial and two directional dimensions similarly� yielding a gen�

eral �ve�dimensional data structure ���� but there are reasons to treat the spatial

and directional dimensions di�erently� As discussed in the last chapter� any discon�
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tinuities in the irradiance volume will be associated with the spatial dimensions�

and thus adaptive sampling should be used only there�

We chose a bilevel grid approach for adaptive sampling in the spatial dimensions�

This has the advantages of being easy to compute and having a well�de�ned order

of complexity for search operations� Using a bilevel grid� the irradiance volume is

computed as follows�

�� Subdivide the bounding box of the scene into a regular grid�

�� For any grid cells that contain geometry� subdivide into a

finer grid�

�� At each vertex in the grid� approximate the irradiance

distribution function�

Subdividing within cells containing geometry alleviates the most likely source

of serious error in irradiance interpolation since most discontinuities are caused by

interruptions of light �ow by surfaces 	Figure ���
� Using a bilevel grid also allows

low density sampling in open areas� while providing a higher sampling resolution in

regions with geometry� Ultimately� a �nite�element�style mesh based on volume dis�

continuities is needed to eliminate interpolation errors completely� but good results

can be attained in practice with surprisingly coarse subdivisions�

Figure ��� shows an example of a bilevel grid� First� a ����� �rst�level regular

grid is built within the room� with each sphere representing a vertex of the grid�

Next� every grid cell containing geometry is subdivided into a second�level �����

cell� Note that the regular grid has actually been placed slightly within the outer
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Figure ���� �a� shows a room with a ��� �rst�level grid	 with circles representing spatial

volume sample locations� There is a discontinuity in the irradiance function in the cell

ABCD across the surface O
 samples C and D are in shadow whereas samples A and

B can see the the light source� Because of this	 interpolated irradiance within the cell

will be incorrect� The irradiance at locations above O will appear unnaturally dark due to

the contribution of C and D	 and brighter than it should at locations below� �b� shows a

�x� second�level grid placed within the cell� Only cells EFHD and and FGCH will now

yield bad approximations	 halving the erroneous area� The region could be improved even

further by using a second�level grid with a higher resolution�
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Figure ���� A bilevel grid being built in a room with a lamp� The center panel shows

the �rst�level grid� In the right panel	 second�level grids have been built in the the cells

containing the lamp�

walls of the volume so that the grid does not subdivide around them� This is often

done in practice so that the grid vertices at the edges of a volume do not intersect

pieces of geometry�

We have not discussed any heuristic for choosing a �rst or second�level sampling

rate� currently� the rates are chosen manually� The sampling resolution needed de�

pends greatly on the size of an environment and the density of objects contained

within� Large open areas of space often only need a sparse sampling whereas �clut�

tered� spaces generally need more� Other situations which may a�ect the needed

sampling rate include placement of the luminaires in the scene and the requirements

of the application using the volume�
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��� Approximating the Irradiance Distribution

Function At a Point

The irradiance distribution function at a point is approximated using the following

procedure�

�� Given a directional sampling resolution� choose a set of

directions over the sphere of directions in which to sample

radiance�

�� In each direction chosen� determine and store the radiance�

�� Using the stored radiance� compute the irradiance distribution

function�

These steps are performed at each grid vertex to form the irradiance volume�

Each step is discussed in detail in the following sections�

����� Computing Sampling Directions

When gathering the radiance at a point x� we point sample the radiance in a set of

directions over the spherical set of directions �S���� ��� This results in a piece�wise

constant approximation of the radiance distribution� each sample de�ning a region

of constant radiance over �S��

Given that we have chosen to sample uniformly over the two directional dimen�

sions� we would like to pick a good method for selecting a set of directions for a

speci�ed sampling resolution� In addition to covering �S� as uniformly as possible�
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Figure 
��� �a� shows the hemispherical mapping of a grid� �b� shows a sphere composed

from two hemispheres�

we would like the regions surrounding the sample points to have equal area in order

to simplify the computation of the irradiance distribution function later on�

Shirley et al� �	�� provide a method of mapping a unit square to a hemisphere

while preserving the relative area of regions on the square� By using this procedure�

we are a
orded the mathematical convenience of being able to uniformly subdivide

to a given resolution on a square� This mapping procedure expresses better behav�

ior than latitude�longitude mapping because the mapped areas have better aspect

ratios� reducing distortion�

Figure 
���a� shows a ��� grid on a unit square and its hemispherical mapping�

The dot in the center of each grid square represents a direction in which the radiance

will be obtained from a point at the center of the sphere� Each grid cell shows the

size of the region that the sample represents� The mapping is performed twice to

form the upper and lower hemispheres of the sphere shown in Figure 
���b��

As the resolution of the sampling grid increases� the approximation of the radi�
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ance distribution becomes more accurate� Super�sampling can be also be performed

by taking more than one radiance sample per region and then averaging the results�

This may sometimes be preferable to using a �ner grid since the cost of computing

the irradiance distribution is proportional to the number of radiance samples�

����� Sampling Radiance

Given a point in an environment and a direction� the radiance� L�x� ��� is computed

by casting a ray from x in the direction � and determining the �rst surface hit� If

that surface is di
use� the radiance is queried from that surface� Otherwise� the ray

is specularly re�ected o
 the surface and the next intersection is found� This process

is continued until the ray intersects a di
use surface or meets some other stopping

criteria� such as the attenuation of the ray being below a speci�ed tolerance �
��� If a

di
use surface is ultimately hit� the remaining specular coe�cient after attenuation

from intersections with specular surfaces is multiplied with the di
use color to give

the radiance� otherwise� a constant quantity analogous to an ambient component is

returned� To reduce the number of ray�object intersection tests performed when ray�

casting� a uniform spatial�subdivision grid ���� ��� is computed in the environment

before the volume is built�

At each grid vertex in the volume� the radiance is sampled in a pre�computed set

of directions� f��� � � � � �ng� obtained by using the method discussed in the previous

section� Each radiance value is stored in an array and is used to compute the

irradiance distribution at that point once the sampling is �nished�

Figure 
�
 illustrates this procedure in a di
use environment� Panel �a� shows
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a point x in the center of a room� In panel �b�� the radiance is sampled in a set

directions� each line represents a ray from x and is colored with the value of the

radiance seen in that direction� A radial plot of the red component� of the gathered

radiance is pictured in panel �c��

In addition to radial plots� another useful representation of directional radiance

data at a point is the radiance sphere� shown in Figure 
�
�d�� The radiance sphere

can be thought of as a magni�cation of an in�nitesimal sphere centered at x� The

color of a point on the surface corresponds to the radiance seen in that direction

from the center of the sphere� Each polygon comprising the sphere corresponds

to the region� or �bin�� of constant radiance de�ned by a radiance sample taken

through its center�

Figure 
�� shows close�up views of three radiance spheres with di
ering reso�

lutions� The spheres are placed at the same location as the one in the previous

�gure� but viewed from behind� Note that as the sampling resolution increases� the

sphere increasingly takes on the appearance of a completely re�ective ball�� This

is what we would expect� since a radiance sphere re�ects what can be seen of the

environment from a particular location�

The number of radiance samples needed to ensure a good approximation of the

irradiance distribution function at a point depends heavily on the environment� In

general� unless the sampling resolution is very high� some surfaces in the environ�

�When sampling the radiance and computing the irradiance� each independent
color component needs to be considered separately� In this thesis� the standard
RGB color channels are used�

�It is also unlike a mirrored ball in the sense that it is view�independent� the
color of a point on the sphere remains unchanged when viewed from di
erent angles�
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Figure 
�
� Sampling radiance at a point� Note that the front wall of the room is not

shown for display purposes�
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�a� �b� �c�

Figure 
��� Radiance spheres at di�erent resolutions� �a� ��� bins� �b� ��	� bins� �c�


	�� bins�

ment will be missed by radiance queries� Since the irradiance is a weighted average

of the radiance� missed surfaces whose luminance does not di
er greatly from the

surrounding area will not greatly e
ect the irradiance calculation� Larger inaccura�

cies result when a surface with a relatively high luminance� such as a light source�

is passed over by the sampling� Currently� the only way to ensure that no surfaces

are missed is to increase the sampling rate� for large environments with many small

surfaces� this may not be practical� To fully address this problem with a reasonable

number of samples� an informed sampling strategy ��	� should be used�

Another factor to consider is the e
ect of the number of radiance samples on the

computation time of the irradiance distribution� As will be shown below� calculating

the irradiance in a particular direction involves all the radiance samples� If the

directional resolution of the irradiance computations is large� even a reasonably

small increase in the number of radiance samples can have a signi�cant e
ect�
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����� Computing Irradiance

After the radiance is gathered at a point� it is used to compute the irradiance for

each directional bin on the sphere� For convenience� we compute the irradiance at

the same resolution and in the same directions as the radiance� Since irradiance

is a smoother function than radiance� we can assume that a higher sampling rate

is not needed� The optimal rate for sampling is an open issue� in practice� fewer

irradiance samples may actually be needed�

The irradiance in a given direction is computed for a hypothetical surface which

is normal�aligned in that direction� Given a directional set of radiance samples

f��� � � � � �ng� taken at a point in space x� the irradiance in direction � is calculated

using the following formula�

H��� �
NX
i��

L��i�max��� �i � ����i� �
���

L is the radiance seen in direction �i from point x� ��i is the solid angle of the

bin associated with �i� and N is the number of directional bins on the sphere� This

formula is a di
erent form of Equation ���� instead of analytically integrating the

radiance over a hemisphere to �nd the irradiance� numerical quadrature is used

instead to produce an approximation�

If the sphere of directions is subdivided into regions of equal area� then

��i �

�

N
� �
���

and Equation 
�� becomes

H��� �

�

N

NX
i��

L��i�max��� �i � ��� �
���
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Figure 
��� Calculating the irradiance for a single direction� Each shaded bin corre�

sponds to a contributing radiance value� The intensity of each bin indicates the amount

of contribution� brighter areas a�ecting the irradiance more�

This equation is evaluated for a number of directions at x to obtain a set of direc�

tional irradiance samples� For each irradiance direction �� the irradiance is com�

puted by summing the cosine�weighted contribution of each radiance sample on the

hemisphere oriented in that direction �Figure 
���� The approximate irradiances

form an approximation of the irradiance distribution function at x�

The irradiance distribution function can be displayed in a manner analogous to

the radiance sphere as an irradiance sphere� Figure 
�	 shows both an irradiance

sphere and a radial plot of irradiance in the environment shown in the previous

section� Note how much smoother the irradiance is compared to the radiance �Fig�

ures 
���� Figure 
�� shows three irradiance spheres at the same position as the

radiance spheres in Figure 
���

Figure 
�� presents a completed irradiance volume� An irradiance sphere is

displayed at each grid vertex� representing the irradiance data stored at that point







�a� �b�

Figure 
�	� The irradiance distribution at a point in the center of the room� Panel �a�

shows a radial plot of the red component� and �b� shows an irradiance sphere�

�a� �b� �c�

Figure 
��� Irradiance spheres at several resolutions� �a� ��� bins� �b� ��	� bins� �c�



�� bins�
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in the volume�

��� Querying the Irradiance Volume

The irradiance volume is represented as three distinct data structures� samples�

cells� and grids� Samples contain directional irradiance values corresponding to a

particular point in the environment �Section 
������ A cell represents a box� in space

bounded by eight samples� one at each of its corners� A grid is a three�dimensional

array of cells� Each cell may also contain another grid� forming a bilevel structure�

Figure 
��� shows examples of each of the three structures� Figure 
��� presents

a map of the how the data structures are used to represent the volume shown in

Figure 
���

Given a point x and a direction �� querying the irradiance from the volume

requires the following steps�

�The term box is commonly used as shorthand for the three�dimensional analog
of the rectangle� which is more precisely known as the �rectangular parallelepiped��
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Figure 
��� A completed irradiance volume�




	

�a� �b�

�c� �d�

Figure 
���� Volume data structures� samples �a�� a cell �b�� the �rst�level grid �c�� and

a second�level grid �d��




�

samples

cell cell cell cell

grid

grid grid

cell cell cell cell cell cell cell cell

volume
first level

second level

samplessamplessamplessamples

samples samples samples samplessamplessamplessamples

Figure 
���� A graph of the data structures used to store the volume� The �rst�level

grid contains ����� cells� Two of those cells contain geometry �the lamp� and include

second�level grids� each containing another eight cells� Each cell has pointers to eight of

the sample structures� adjoining cells may share samples�
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�� Calculate which cell in the first�level grid contains x�

�� If the cell contains a grid� calculate which cell in the

second�level grid x lies in�

�� Find out which data value in the cell�s samples corresponds to

��

�� Given the position of x within the cell and the eight

values from the surrounding samples� interpolate to get the

irradiance�

To �nd which cell in a grid structure contains a point x and the fractional

o
set of that point within the cell� the following quantity� qd� is computed for each

dimension d � �x� y� z��

qd �
xd � grid mind

grid maxd � grid mind

� num cellsd� �
�
�

where grid min and grid max are the minima and maxima of the grid�s bounding

box and num cells is the size of the grid in a given dimension� The cell containing

the point x is element �cellx� celly� cellz� of the grid structure� where celld is the

integer component of the above quantity�

celld � bqdc � �
���

The fractional o
set of the point within the cell� used for interpolation� is the

fractional component of the quantity in Equation 
�
�

o�setd � qd � celld� �
���

o�setd � ����� ����� Figure 
��� shows an example of these quantities�
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Figure 
���� Finding out which grid cell contains a point� In the above two�dimensional

� � � grid� point x lies at coordinates ������ ������ The numbers at the lower left of

each cell indicate the index of that cell in the grid array� Using Equation 
��� cellx �
j
��������
��������

� �
k
� b�����c � � and celly �

j
��������
��������

� �
k
� b��	
	c � �� indicating that point

x lies in the cell contained in grid array element ������ Using Equation 
��� the fractional

o�sets are o�setx � ����� and o�sety � ��	
	�
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Every sample is stored as two two�dimensional arrays� Each array represents

the irradiance computed over a hemisphere� with each array element corresponding

to a direction in �u� v� space �Figure 
���� A simple check is �rst performed on � to

determine which hemisphere it belongs to� Then� an inverse mapping of the method

used in Section 
���� is used to �nd the which bin on the unit square the direction

lies in� After the eight values are obtained� trilinear interpolation is used to get the

irradiance at point x�

Given a surface with re�ectance �� and an irradiance value from the volume H�

the formula for the radiance of the surface is�

radiance �
�H

�
� �
�	�

Figure 
��� shows an icosahedron at several locations within the volume� The

volume is queried to obtain the irradiance at the vertices of each face in the direction

of the face�s normal� The patch is then displayed with Gouraud shading�

��� Illuminating Non�Di�use Objects

The irradiance volume can be extended to simulate non�di
use e
ects by storing

higher order moments than irradiance ���� This allows the simulation of such phe�

nomena as Phong�like glossy re�ections� as long as the specularity is not too high��

�One of the main assumptions in the creation of the irradiance volume is that
we can interpolate between samples to get a good approximation of the irradiance�
As we move away from irradiance towards increasingly specular functions� this as�
sumption becomes less valid�
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�a� �b�

�c� �d�

Figure 
���� An object illuminated from the volume� shown at several locations�
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To build a volume with higher�order moments� we use the following formula�

instead of Equation 
���

Hn��� �
�
n� �

�

�

�

N

NX
i��

L��i�max��� �i � ��
n� �
���

where n is the order of the moment� Note that if n � �� the above equation becomes

H��� �

�

N

NX
i��

L��i�max��� �i � ��� �
���

which is exactly same as Equation 
��� the method we use to compute irradiance�

As discussed in Section 
����� the irradiance in a particular direction � is a

cosine�weighted average of radiance samples on the hemisphere oriented around

�� As n increases� it has the e
ect of weighting the integration of the radiance

further towards �� This is shown in a series of graphs in Figure 
��
� The vertical

axis designates the weighting a radiance sample on the hemisphere would receive

at a given angle �indicated on the horizontal axis� from �� As n increases� the

curve approaches the ideal specular function� Figure 
��� shows several orders

of irradiance moment spheres	 in the environment used in Figures 
�� and 
���

Figure 
��� shows a complete irradiance moment volume� contrast this with the

irradiance volume shown in Figure 
���

When a higher�moment volume is used in an application� changes must be made

to the volume query function� Since we are no longer storing and using irradi�

ance to shade objects� the illumination on a surface is no longer view�independent�

Queries to the volume must take into account the position of the viewer� Instead of

�The notation Hn is used here to indicate the nth moment of H�
	Analogous to irradiance spheres�
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n � � �irradiance� n � �

n � 
 n � ��

n � ��� n � � �totally specular�

Figure 
��
� Weighting graphs�
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n � � �irradiance� n � �

n � 
 n � ��

n � ��� n � � �totally specular�

Figure 
���� Irradiance moment spheres�
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Figure 
���� A completed irradiance moment volume� n � ���
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QN

V

N

(a) (b)

VQ

Figure 
��	� Volume query directions for irradiance �a�� and higher�order moments of

irradiance �b�� 
N is the surface normal� 
V is the viewing vector� and 
Q is volume query

direction�

querying in the direction of the normal of the surface� the view vector is mirrored

about the normal to obtain the query vector in the direction of specular re�ection�

�Figure 
��	��

As n increases� the frequency of the illumination function also rises� As it be�

comes more specular� higher directional and spatial sampling rates are needed to

maintain a good approximation� In addition� interpolated shading across a surface

�such as Gouraud� becomes less accurate� Objects which query the volume to get

the illumination at their vertices may need to have �ner meshes for good results�

Figure 
��� shows several views of an object illuminated by three volumes of

di
ering moment orders�



��

Figure 
���� An object �a rabbit� illuminated from volumes with di�erent orders of ir�

radiance moments� n � � in the left panel� � in the center panel� and �� in the right

panel�



Chapter �

Applications

The previous chapter described the technical details of building an irradiance vol�

ume� this chapter discusses how irradiance volumes might be used for several dif�

ferent types of generic simulations�

��� Rendering Dynamic Objects in Semi�Dynamic

Environments

Our de�nition of a semi�dynamic environment is one in which most surfaces are

stationary� and the few dynamic objects are small relative to the scale of the envi�

ronment� For example� positioning an object in an architectural application would

fall into this category� The use of an irradiance volume is well suited for semi�

dynamic environments and can be used to approximate the global�illumination of

dynamic objects� Such a system starts with a preprocessing stage that builds an

��



��

irradiance volume from the static objects� as described in Chapter 	� Once the

volume is built� it is queried to acquire the illumination of non�static surfaces�

This section presents an example implementation of an interactive semi�dynamic

system and discusses several issues related to using the irradiance volume method

in this context� Our implementation builds an irradiance volume in a radiosity�

rendered environment and allows a user to move an object� illuminated from the

volume� around the environment� The model used for this example� an o
ce scene�

is pictured in Figure ���� The dynamic object positioned under user control� in this

case a grey polygonal model of a rabbit� is shown illuminated by the volume in

Figure ����

Figures ��
 and ��	 each show a sequence of frames of the rabbit in motion� In

Figure ��
 the rabbit moves from an open area of the o
ce to a position under

the desk� becoming darker as it enters the desk�s shadow� Figure ��	 shows color�

bleeding e�ects as part of the rabbit takes on a yellow tinge as it approaches a

divider�

����� Performance

Building the Volume

The irradiance volume used consists of a �� �
	
� sample �rst�level grid and ��


 � 
 � 
 second�level grids� equaling a total ���� samples� Each sample has a

directional resolution of ����� ����� angular bins� The volume took approximately
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Figure ���� Two views of the o�ce model�



��

Figure ���� Rabbit shaded by irradiance volume�
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Figure ��
� Rabbit moving under desk�



�	

Figure ��	� Rabbit moving by divider�
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�	 minutes to compute� and used about �� megabytes of main memory for storage�

Figure ��� shows the structure of the completed volume�

Querying the Volume

Ignoring system factors such as memory paging� querying the volume is a near�

constant time operation� Algorithmically� queries will di�er at most by a ��nd

which cell contains a point� operation� if the level of hierarchy of the queried cells

are not the same �Section 	�
�� Finding the correct cell is a relatively inexpensive

procedure� resulting in only a small time di�erence between �rst� and second�level

queries�

Because queries to the volume are well�bounded�� the use of the volume is well

suited to time�critical applications� In addition� the volume supports� levels of de�

tail �LOD�s� for dynamic objects� While the user is moving an object� the system

can draw the lower resolution LOD� and then draw the higher resolution LOD when

stationary �Figure ����� Finding an e�ective balance between speed and accuracy�

coupled with a scheduling algorithm �
��� could enable time�critical rendering� Fig�

ure ��� shows the rabbit at two levels of detail�

�All timings in this chapter were made on a Hewlett Packard ������������ sys�
tem with a PA�RISC ����LC processor ���� Mhz� ��� MIPS� SPECfp�� �
��
��

�The lower bound on the time it takes to illuminate an object from the volume
can be expressed as the number of queries � time it takes to perform �rst�level

query� Similarly� the upper bound can be described as number of queries � time it

takes to perform a second�level query�
�Some rendering algorithms attempt to take advantage of object coherence be�

tween frames� and run into problems if the object changes� The irradiance volume
is meant to be used to completely re�shade an object every frame� This means that
dynamic objects can be deleted� added� or modi�ed freely�
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Figure ���� The top image shows the �rst�level volume grid� and the bottom image the

entire bilevel grid�
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Stationary object is displayed
at highest complexity level−of−detail.

Stationary object is displayed
at highest complexity level−of−detail.

Moving object is
dynamically shaded and
displayed at a lower
level−display.

(a) (b) (c)

Figure ���� As a dynamic object is manipulated� a less complex level�of�detail model can

be used�

To test how fast our irradiance volume implementation supports queries� a num�

ber of queries were made to the volume at random positions and in random direc�

tions in the o
ce environment� The total time to perform ������� queries was ����

seconds� averaging approximately ������ queries per second�

Interacting with the Application

In an semi�dynamic application implementation of the kind presented here� three

main computational procedures account for the large majority of time needed to

compute a display frame� The geometry of the static objects are displayed �in this

case the o
ce�� the volume is queried to obtain the illumination of the dynamic

object or objects �the rabbit�� and the dynamic geometry is displayed��

�Note that we consider the display of the static and dynamic geometry sepa�
rately� Our implementation uses the OpenGL ���� graphics system� which allows
unchanging geometry to be put into a display list that greatly reduces overhead�
Since the rabbit is dynamic� it must be sent one polygon at a time to the display
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Figure ���� Two polygonal resolutions of rabbits�

The o
ce model contains 	
�	� polygons and rabbit is comprised of ���� poly�

gons with ��� shared vertices� resulting in 	���� displayed polygons and ��� volume

queries per frame� Using high�end graphics hardware�� we were able to achieve near

real�time interactive rates� averaging approximately ��
 frames per second�

Since a goal of the implementation is to run at interactive rates� it is useful to do

an analysis of the time costs involved to perform the major procedures to determine

the bottlenecks in the implementation� We measured the time for the display and

query procedures as the rabbit was moved across the model in ��� frames� The

results for several polygonal resolutions of rabbits are shown in Figure ���� For all

processor� with the associated overhead� Also� the irradiances obtained from the
volume must be transformed into display colors� which is a relatively expensive
procedure�

�An Evans and Sutherland Freedom 
��� series with �	 processors�
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resolutions� querying the volume is faster than the shading and displaying of the

rabbit�

����� Comparison with a Full Global�Illumination Solution

Several comparisons were made between a rabbit illuminated from the volume and a

rabbit rendered using a standard radiosity method� To obtain an global�illumination

solution� the polygonal rabbit model was added to the o
ce environment and ren�

dered using the method described in ����� A visual comparison� was then made on

images acquired from the two methods �Figure ����� As shown in the �gure�� the

volume method provides a believable approximation to the analytical solution�

����� Display Issues

Self�Occlusion of Dynamic Objects

Signi�cant inaccuracies can result in the shading of object from the volume if it

has large areas of self�occlusion� As discussed in the previous chapter� for a given

direction �� the volume approximates the irradiance based upon the gathered radi�

�There is not a standard metric for quantifying visual di�erences between images
because there is no accurate model of human vision ����� Direct visual comparison
is currently the most practical method to evaluate images�

�Note that the polygonal facets comprising the rabbits shown in the �gure are
much more apparent then in previous images� In the previous �gures� smoother
shading was obtained by averaging the normals at vertices shared by several poly�
gons� The radiosity method used to make a comparison did not have the capability
to interpolate the illumination between polygons� Because of this� the rabbit from
the volume was displayed faceted for comparison purposes� Note that the facets tend
to maximize visual error� if both rabbits were displayed with interpolated shading�
any di�erences would likely be less noticeable�
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Figure ���� Breakdown of computational costs for our test implementation� Timings

were taken over ��� frames with the rabbit in motion� Column �a	 shows the polygonal

resolution of the rabbit� and Column �b	 shows combined number of polygons displayed

each frame for the o�ce and rabbit models� Column �c	 indicates the number of irradiance

volume queries each frame� equal to the number of vertices on each rabbit� The numbers

in Column �d	 represent the total time in seconds used by the implementation to render

��� frames�

Columns �e	� �f	� and �g	 show the percentage of the total time used to display the geometry

and the rabbit� and to query the volume� The remainder of the time� shown in Column

�h	� is used by other functions in the program� such as event handling� Column �i	 shows

the update rates of our implementation in frames per second for each resolution of rabbit�
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Figure ���� The images on the left were produced using the volume� and the images on

the right were obtained from a radiosity solution� The top row shows the rabbits partly

under a desk� the middle row shows them by the wall paintings� and the bottom row shows

them in the center of the o�ce�
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Figure ����� Shading inaccuracies caused by self�occlusion� A model of a table has been

placed into the o�ce environment� The lower and upper shelves of the table are nearly

the same brightness� which is incorrect� The lower shelf of the table should be noticeably

darker than the top shelf due to shadowing by the top of the table� Note also the lack of

shadows on the 
oor from the object �Section �����	�

ance over the entire hemisphere centered around �� When the irradiance is queried

at a point on an object whose hemispherical �view� of the environment is partially

blocked by the object itself� the approximation obtained from the volume becomes

less accurate �Figure ������ The amount of potential inaccuracy caused by self�

occlusion depends on how much of the hemisphere above a point on the object is

subtended by the object itself�
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Shadows

In our implementation� dynamic objects do not cast any shadows on the environ�

ment� Calculating shadows from an object due to indirect illumination is a di
cult

problem and except for very simple cases� cannot be performed quickly enough for

use in interactive applications� Several high�end graphic systems� support direct

illumination in hardware and can compute shadows at real�time rates� but only

from point light sources� To simulate e�ects that would be possible with hardware

shadowing� we produced a static image� shown in Figure ����� In this image the

direct illumination is performed by ray�tracing� using classic Whitted�style direct

lighting� The indirect lighting on the rabbit comes entirely from the volume� there

is no ambient component�

��� High Complexity

As rendering algorithms continue to improve and computing hardware becomes

faster� increasingly complex environments can be rendered interactively� Currently�

for direct lighting algorithms� high�end systems can render scenes with millions

of surfaces �
�� Unfortunately� this type of geometric complexity overwhelms tra�

ditional view�independent global illumination algorithms such as radiosity� Even

though hierarchical and clustering methods have greatly reduced rendering times

compared to the original radiosity algorithm� the computational expense is still too

�Such as a Silicon Graphics RealityEngine system� which uses projective texturing

to create shadows ��
��
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Figure ����� The rabbit is illuminated using ray tracing for the direct lighting and the

irradiance volume for the indirect lighting�
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large for environments with millions or even hundreds of thousands of surfaces� In

addition� in order to avoid page faulting� these methods require the entire envi�

ronment to reside in main memory while they are executing� placing an additional

practical constraint on the size of the model�

Rushmeier et al� ���� discusses the use of geometric simpli�cation to accelerate

global�illumination renderings of complex environments� In their method� clusters

of surfaces are replaced with optically similar boxes before performing the global�

illumination calculation� After the global�illumination solution is obtained� it is

used in rendering the original geometry�

The irradiance volume can be used in an analogous manner� After a global�

illumination solution is obtained with simpli�ed objects� an irradiance volume is

built�� The simpli�ed geometry is then replaced with the original complex sur�

faces� which are shaded using the volume� This has the advantage over Rushmeier�s

method by using fast queries from the volume rather than an expensive gather

operation requiring tens or hundreds of traced rays�

To test the e�ectiveness of the above procedure� we replaced one of the �at walls

in the model with a polygonal model of a cinder block wall� An irradiance volume

was created from a global solution of the room with the �at wall �Figure ����� After

the volume was built� each polygon of the cinder block wall was read into memory

one at a time and rendered from the volume� The wall consists of approximately

������� polygons� not counting disk�access time� it took about 
� seconds to shade

�Note that a volume does not have to be built which encompasses an entire
environment� but could be built only around an area of interest�
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Figure ����� A polygonal model of a cinderblock wall� illuminated from the volume�

the polygons� Figures ���� and ���
 show two views of the wall� By using this

method� arbitrarily complex geometry can be placed in a scene�	� Note that the

polygonal texture� unlike bump�mapping� generates true geometric perturbations

and will thus have a correct appearance at oblique viewing angles�

By placing new geometry in a scene after the global�illumination has been com�

�	Since objects illuminated from the volume do not cast shadows� the geometric
simpli�cation method as we use it tends to work best for rendering objects whose
lack of a shadow will not be missed� For instance� the lack of self�shadowing on the
cinder block wall is not noticeably apparent� but if a di�erent texture with a higher
pro�le was used� the lack of shadows could be signi�cant�
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Figure ���
� A closer view of the cinderblock wall�
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puted� we are introducing inaccuracies into the illumination solution� However� if

we are careful in choosing the simpli�ed geometry� these inaccuracies will be small�

A discussion of accuracy issues for geometric simpli�cation can be found in �����

Rendering Procedural Models

Many rendering algorithms produce complex procedural models while executing�

The best known example is the software developed by Pixar ����� In Pixar�s soft�

ware� geometric primitives are processed independently without reference to others�

allowing the rendering of large scenes containing numerous highly�detailed complex

objects� During rendering� each surface is composed with optional surface maps���

and diced into �micropolygons� which are then shaded and scan�converted� Because

each primitive is rendered separately� only local illumination techniques are used to

shade the micropolygons�

An irradiance volume could be used to approximate the global illumination on

each micropolygon as it is created� This method would require an initial rough

rendering of a scene using a global�illumination algorithm to get the approximate

light �ow in the environment� An irradiance volume would then be built from

this rough rendering and used to shade the micropolygons created during the �nal

rendering�

��Such as texture� bump� and displacement maps�
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��� Illuminating objects in picture�based environ�

ments

As discussed in Section ����	� picture�based methods use sets of pictures of an envi�

ronment� either rendered or taken through photographic means� to compose a scene�

Currently� picture�based methods are only used to render static environments� How�

ever� Chen ���� notes that interactive rendered objects can be composited onto

a reconstructed view using layering� alpha�blending� or z�bu�er�� techniques� As

picture�based methods become more popular� applications containing non�static

objects will likely increase in number� This section describes how an irradiance

volume might be built and utilized to illuminate objects in an application of this

kind�

Volume samples are taken at the same locations� or �nodes�� of the plenoptic

samples� Actual views of an environment only exist at these nodes� views at other

locations than these nodes are either interpolated from the nodes or are ignored���

depending on the application� If an application does support interpolation between

nodes� additional volume samples can be constructed between nodes using an in�

terpolated image panorama� However� using this process only makes sense if the

interpolated panoramas result in volume samples that provide better accuracy than

simply linearly interpolating between volume samples at the nodes �Figure ���	��

��If the pictures composing an environment are obtained through rendering� depth
information can be recorded for each pixel ����� This is� of course� impractical for
photographically captured images�

��Some applications constrain the position of the viewer to the node locations�
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Figure ����� P� and P� represent panoramic plenoptic samples� P� is a plenoptic sample

interpolated from P� and P�� V�� V�� and V� are irradiance volume samples computed from

their respective panoramas� In �a�� the illumination of object O is linearly interpolated

from V� and V�� In �b�� the illumination is linearly interpolated from V� and V�� If adding

V� increases the accuracy of the illumination of O� the �application�dependent� plenoptic

interpolation method can be used to calculate volume samples at non�node locations�

The method used to acquire the radiance� L�x� �	� is application
dependent�

depending on such factors as the way the image data is stored and the shape of the

plenoptic panorama��� Once the radiance is sampled� the irradiance is computed

using the method described in Section ������ Querying the irradiance from the

volume remains the same�

In order to build an irradiance volume in a picture
based environment� a practi


cal environmental issue which must be resolved is the dynamic range of the pictures�

Large dynamic range compressions typically occur when natural scenes are imaged

onto 
lm and videotape� In addition� these images may also lose further dynamic

��In order to get a true plenoptic sample at a point� data must be gathered over
the entire sphere of directions� In practice� cylindrical panoramas are often used
instead to avoid problems inherent to spheres� such as the distortion and di�culty of
stitching images together at the poles� When sampling radiance from a cylindrical
panorama� a default value needs to be assigned to the samples that are taken in
directions which point out the top or bottom of the cylinder�
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range when they are transferred into a digital format for computer use� Compres


sion of the dynamic range has the e�ect of causing the irradiance volume to lose

intensity detail� The dynamic
range problem may be somewhat alleviated in the

future as high
dynamic range cameras are developed� Currently� regions of images

corresponding to high
intensity features may have to be numerically enhanced either

manually or with some image
processing algorithm�

��� Light Transfer Exploration

Rendering researchers and lighting engineers both attempt to understand the �ow

of light in the environment� Since light is only seen where it re�ects from surfaces�

and runs invisibly through the environment� it is di�cult to understand this light

�ow� In addition� it is often di�cult to understand where the light striking a surface

originates�

Because the irradiance volume caches information about light �ow in the volume

and can be interactively queried� it is useful as a pedagogical tool� For example�

by pre
computing separate volumes for the direct and indirect irradiance� an appli


cation can allow a user to see the in�uence of direct lighting� indirect lighting� or

combined lighting on an object� Figure ���� shows direct and indirect only volumes

computed in the environment shown in Figure ����

Before an irradiance volume is built in an environment� a set of surfaces could

be selected that are to be ignored while building the volume� During the radiance

gathering stage �Section �����	� rays hitting these surfaces return zero or some other
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Figure ����� The top image shows a volume computed with direct lighting only and the

bottom image a volume computed with indirect lighting only�
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constant for the radiance value� The e�ects of ignoring the selected surfaces can be

seen by building two volumes� one which ignores the chosen surfaces and one which

is constructed normally� By switching between the volumes� visual di�erences of

objects lit by the volumes can be compared� This procedure could provide useful

information about how various surfaces a�ect the light �ow through an environment�

Another example in which an irradiance volume could be used is an interior

design application� Consider the task of furniture placement in an o�ce environ


ment� A model of a desk could be interactively moved around a pre
rendered scene

of an o�ce using an application similar to the one discussed in Section ���� The

approximate irradiance across the surface of the desk could be displayed both in

numerical and visual form to the user� The application would warn the user if the

desk was moved into areas where it was insu�ciently or overly illuminated� When

a good location is found� the scene could be rendered with the desk by a separate

program to obtain the exact lighting�

Analyzing Global Illumination Algorithms

In order to decrease the computational complexity of many global illumination al


gorithms� techniques have been developed that approximate portions of the global

illumination calculation� Examples of such approximations include clustering meth


ods ����� and patch
and
element radiosity ����� The irradiance volume could prove

useful in analyzing these types of algorithms by enabling the interactive exploration

of their resulting spatial characteristics� Several methods could be compared with

one another or with a reference irradiance volume�
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To compare global illumination algorithms� the irradiance values that comprise

an irradiance volume would be computed using those algorithms rather than using

the method presented in Section ���� For example� to compare two clustering meth


ods� two volumes would be built� with each volume obtaining its irradiance from

the environment by using one of the clustering approaches� The two volumes could

then be interactively compared by illuminating objects from the volumes or by com


paring the irradiance spheres of the volumes themselves� In addition to switching

between di�erent volumes for comparison� separate objects in an environment can

also be illuminated by di�erent volumes concurrently� giving a useful side
by
side

comparison�



Chapter �

Summary and Conclusion

During the past two decades� computer graphics researchers have developed global

illumination algorithms in an attempt to accurately model light
energy transfer in

an environment� Even though the realistic e�ects that these algorithms provide

are often spectacular� the computational expense is frequently too great for many

applications� This thesis takes a di�erent approach� Instead of striving for greater

accuracy at a large computational expense� we present a new method� the irradiance

volume� which provides a reasonable approximation with high computational perfor�

mance� Thus� global illumination e�ects can be obtained by applications where the

use of global illumination techniques was previously impractical�

Chapter � describes the basic radiometric quantities radiance and irradiance�

The radiance distribution and irradiance distribution functions are discussed and

their behavior is examined� A volumetric approximation to the irradiance distribu


tion function� the irradiance volume� is presented�

��
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Chapter � describes how an irradiance volume is built within an environment�

Volume sampling strategies are discussed and methods for e�ciently obtaining the

radiance and approximating the irradiance distribution function are presented� A

method of querying the volume is described and the data structures used to represent

the volume are outlined� Finally� an extension to the irradiance volume method for

non
di�use surfaces is presented�

Chapter � describes how the irradiance volume method might be used in several

classes of applications� The volume is shown in use to shade dynamic objects and

complex polygonal textures� Methods to use the irradiance volume in picture
based

systems are discussed and ways in which the volume might be used for light
�ow

visualization are described�

��� Future Work

����� Sampling Strategy

One of most important avenues for further exploration is the study of the sampling

strategies and rates and how they a�ect the accuracy of the volumetric approxi


mation� Currently� these rates are chosen interactively until a satisfactory result is

obtained�

Spatial Sampling

As discussed in Chapter �� most of the serious errors in spatial interpolation occur

across visibility events� Although using a bilevel grid helps to alleviate this problem
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by reducing the size of the areas in which interpolation does not work well� it does

not eliminate the problem� The accuracy of our implementation could be improved

by some type of three
dimensional discontinuity meshing algorithm but this would

require a much more di�cult implementation� This would not seem to be a useful

approach unless the inaccuracy of simpler data structures proved to be a problem

for a particular application�

Instead of sampling on a regular grid� an adaptive sampling scheme might prove

useful� A initial regular grid would be produced� and if the eight samples surround


ing each cell di�ered by a speci
ed tolerance� the cell would be subdivided into

sub
cells� This process would continue until some stopping criteria is met� How


ever� as with any adaptive sampling strategy� areas with discontinuities may still

be missed� It is also not clear what metric should be used to compare two sample

spheres�

Directional Sampling

As mentioned in Section ����� the directional sampling resolution needed to obtain

a good approximation is heavily environment
dependent� Since it is impractical to

increase the directional sampling rate so that every surface in an environment is

sampled� a better method must be used� Some form of informed sampling seems

to be the most promising method� Before the volume is built in an environment�

light sources and other �important� surfaces could be �agged� The radiance sam


pling routine would make sure that the �agged surfaces are sampled� ensuring their

contribution�
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We currently use a constant directional resolution for each point sample in a

volume� Higher e�ciency would most likely result from sampling at a di�erent

resolution at each spatial sample location� depending on some environmental metric

at that point�

����� Querying the Volume

Queries are made to the volume with an associated position and direction� The

direction is mapped back to �u� v	 space to determine which bin on the sample sphere

contains the irradiance value corresponding to that direction �Section ���	� All

query directions which map back to a particular bin will return the same irradiance�

Smoother shading on an object could be obtained by interpolating the irradiance

between neighboring bins �Figure ���	� However� performing these interpolations

will reduce the performance of volume queries�

����� Display Issues

Self Occlusion of Shaded Objects

As discussed in Section ������ objects which have large self
occlusions may be incor


rectly shaded from the volume� One possible approximate solution to this problem

is to pre
process the objects which are to be shaded� The amount of self
occlusion

seen from each vertex of the object could be determined� resulting in a visibility ra


tio� indicating how much of the hemisphere above that vertex was visible� This ratio

could be used in the shading calculation� perhaps as an attenuation factor to darken
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Figure ���� Interpolating between bins for better shading� Consider two query directions�

d� and d�� shown in panel �a�� Both directions map to �u� v� coordinates contained in the

same bin� resulting in the same irradiance value being assigned �panel �b��� At a greater

computational cost� bilinear interpolation can be used to interpolate the irradiance from

neighboring bins �panel �c���

areas in self
shadow� This method� of course� does not account for inter
object light

re�ection�

Shadows

When shading objects in an environment with the irradiance volume� the lack of

shadows cast on the environment by the object may be distracting and detract

from the visual quality of the scene� Graphics systems which support hardware

shadowing can be used to produce shadows from direct sources� Hardware texture

mapping can also be used to create direct shadows at interactive rates� Segal et

al� ���� describes a texturing method to create shadows from point light sources and

Heckbert et al� ���� describes a texturing method for producing shadows from area
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light sources�

Calculating shadows from indirect sources is di�cult because every surface in

an environment is a potential source� Typically however� only a small percentage

of surfaces in an environment account for noticeable indirect shadowing� e�g� the

re�ector in a lamp� These few important indirect sources can be reclassi
ed as

emitters and thus handled by conventional direct lighting methods�

����� Irradiance Volume Applications

The volume methods presented are appropriate for applications in which visual

appearance is more important than numerical accuracy� The two test applications

�Sections ��� and ���	 produced good results� For the irradiance volume to be useful

in a wider array of applications� such as a lighting
design system� more studies must

be performed on ways to both measure and improve the accuracy of the method�

��� Conclusion

This thesis presented an exploratory study on the feasibility and e�ectiveness of

sampling and storing irradiance in a spatial volume� Constructing a volumetric

approximation of the irradiance distribution function within a space enabled the

approximate irradiance at any point and direction within that space to be quickly

queried� This allowed the reconstruction of believable approximations to the illu


mination in situations which overwhelm traditional global illumination algorithms�

such as semi
dynamic environments� The irradiance volume procedures may also



��

prove useful as a research tool for testing the validity and accuracy of new global

illumination algorithms�
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