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Abstract

A reformulated radiosity algomthm s presented that produces
imtial images 10 time linear to the aumber of patches. The
enormous memory costs of the radiosaty algorithm are also elim-
inated by computing form-faciors on-the-fly. The techrique 1=
based on the approach of rendening by progressive refinement.
The algonthm provides a wseful solution almost immediately
which progresses gracefully and continuously to the complete
radicsity sclution. In this way the competing demands of real-
ism and interactivity are accommedated. The technique brings
the use of radiosity for interactive rendering within reach and
has implications for the use and development of current and
future graphics woarkstations,
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1 Introduction

Two goals have largely shaped the field of image synthesis since
its inception: wisual realism and interactivity, The desire for
realism has motwvated the development of global illumination
afgonthms such as ray tracing (18], |5]. [12] and radiosity [7].
[13]. [}]. with often impressive results. However, the need for
interactive manipulation of abjects for geomatric madehng and
ather computer aided design areas has generated another path
of evalution, This path, daminated by speed, led from the work
a1 early researchers [18]. [8), [14] and others, to the develop
ment of current enginecring veorkstations capable of drawing
thousands of shaded polygons a second [18], |8]. In crder to
achieve this performance, much of what is central to the goal of
realism has had to be sacrificed, including the effects of shad-
owes and global iHumination. Cn the other hand, algorithms Like
ray-traceng and radiosidy are too expensive on current machines
to be used as the basiz of interactive renderng.

Cne approach to accommodating the competing demands of
interactivity and image quality is offered by the method of ren-
dering by adaptive refinerment [2]. In this approach rendering
begins with 2 simple, quickly rendered version of the image,
and progredses through a sequence of increasing realism, until a
change in the scene or view requires that Lhe process start again.
The aim is to provide the highest quality image possible within
the time constraints impased by the user's manipulation of the
scene. It is crucial 1o this approach thal the early images be
of usable quality at interactive speeds and that the progression
to greater realism be gracefuwl that is, automatic, continuaus,
and not distracting to the wser. Im the words of Bergman, what
i5s needed 15 3 golden thread, a single rendening operation that,
with repeated application, will continually refine the quality of
an image.

This paper presents a reformulation of the radiesity algonthm
that provides such a thread. The radiosity approach is a particu-
larty attractive basis for a progresave approach for twe reasons.
First, the process correctly simulates the global illumination of
diffuse snvirenments. Second, it provides a wisw-independent
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solution of the diffuse component of reflection. Thus the re-
finement process may continue uninterrupled as the user views
the scene from different directions. Unfortunately, the conven-
tignal radicsity lgorithm provides no usable results until after
the solution is complete, a computation of arder n¥, { where n s
the number of discrete surface patches). The original algoeithm
has the additional disadvantage of using ([n') storage.

in the revis=d radiosity algonthin presented here, an initial ap-
picoemation of the global diffuse illumination prowides a starting
pont for refinement. A rearganization of the iterative selution
of the radicsity equations allows the illumination of all surfaces
in the environment to be updated at each step and ensures that
the correct selution 15 approached zarty in the process, la addi-
tion Lo providing a basis for graceful image refinement, the new
algarithm requires only (N(n} storage,

2 The Cozt of Realism for the Conven-
tional Radiosity Algorithm

The radiasity algorithm is a methed for evaluating the intensity
or tadiosity al discrete points and surface areas in 2n enwiran.
ment, T he relationship between the radiosity of a given diserete
surface area, or patch, and the radiesity of all other patches in
the enyvironment @ given by

BA, =EA+p % B F,A (1)

a=i

where

B, = radiosity of patch ¢ (emergy/unit area/unit time),

E; = emission of patch ¢ (energy/unit areafunit time),

A; = area of patch ¢, 4; = area of patch J,

Fi: = form-facter fram § to @ (fraction of energy leaving patch
§ which arrives at patch 1},

i, = reflectivity of pateh 1, and

n = number of discrate patches.

Using the reciprocity relationship for form-factors [15],
e = Fu A, (2)
and drviding through by A1, the more familiar radiosity equation

is obtained:

H; o B + E f1; s, (3)
a=1
ar in matrnx farm:
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The computation invelved in the conventional hemi-cube ra-
diassty algorithm is divided into three major sections as follows:

L. Computing the form-factors (Fi;). Ths requires deter-

mining the patches visible to each patch over the entire
hemusphere of directicons above the patch, For each patch,

Th

all the other patches of the eavironment are projected onta
the five faces of & hemi-cube placed over the patch and
a z-buffer hidden-surface operation is performed tor each
face |3]. Using standard scan conversion and hidden sur-
face routines, the cost of each hemi-cube 15 proportional
to the number of discrate patches as well as the resolution
of the hemi-cube. This results in an Ofx?) computation
for the whale enviranment

?. Solving the radiosity matrix equation [4) using the Gauss-
Siedel method. Due to the strict duagonal dominance of
the matrix, the solution converges in a few iterations and
its cost 15 thus proportional to square of the number of
patches [L0]. The solution is performed for each color
band., Since the form-factors are dependent on geometry
onby, this does not have a significant impact on the cost
of the radicsity algorithm.

3. Dasplaying the resolis. This invelves selecting viewang pa-
rameters, determiming hidden surfaces, and interpolating
the radeosity values. Current workstations are capable of
rapidly displaying high resclution radiosity images from any
vantage peint through the use of Gourawd shading and z-
butTer hardwaie,

The overwhelming cost of the radiesity methoed lies in the com
putaticn of the form-Tactors. To reduce this cost, the form-
factors are calculated once and stored for repeated use duning
the iterative matrnx solution. The total number of form-factors
to be stared s potentially the number of patches squared, al-
thaugh the matnx of coefficients is narmally queite sparse since
many patches cannot see each other. Even so, the n by n ma-
inx of coefficients will guickly excesd a reasonable storage size.
For example, assuming a matrix that is 90 percent sparse and
four bytes of memory per form-factor, an environment of 50,000
patches will require a gigabyte of storage.

For rendering by progressive refinement, an important eriterian
is the time required to achieve a useful as opposed to complete
solution. In the conventional radicsity algonithm, all the form-
factors for the entire envirgnment are pre-calcylated before the
solution begins at a cost of O{n®). Furthermore, using the
Gauss-Siedel solution for the system of radiosity equations, an
estimate of the radiosity of all patches 15 pot available until
after the first complete iteration oycle, Thas cleatly canpot be
implemented at interactive speeds and 15 not the graceful first
step required for progressive refinement.

3 Progressive Refinement Methods for the
Radiosity Algorithm

The radiosity algonithm can be restructured to achieve the goals
of pregressive refinement. In the restructured algorithm, form-
factors are calculaied on-the-fly 1o eliminate the (2(n?) storage
and startup costs, Ahlthough the basic Gauss-Siedel approach
still remains, the order of operations of the ieration cycle has
been modified so that a good approximation of the final results
can be displaved early in the salution process.

The restructured algonthm differs from the previous ones pri-
marily in two aspects. First, the radiosity of all patches is up-
dated simultaneously. Second, patches are processed in sorted
order according to their energy contribution to the enviconment.
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To further improve the guality of the images generated during
the sarliest stages of the algorithm. an estimate of globab illu-
mination is determined directly from the known geametric and
reflective characteristics of the environment. This estimats iz
gradually replaced by more exact information as the salution
progresses, providing a graceful and continuvous convergence to
a realistic image.

4.1 Simultancous Update of Patch Radiosities:
Shooting va. Gathering Light

I the conventional radiosity algorithm, the Gawss-Siedel methad
is used 1o obtain the solution to the simultaneous equaticns(4).
This iterative approach converges te the solution by solving the
system of equations one row at a time, The evaluation of the
e'th row of the equations provides an estimate of the radiosity

of patch ¢ based on the current estimates of the radiosities of
all other patch radiosities:

Bi=Fi+p 3 WPy (5]
=1

In & sense, the light leaving patch i is determined by gatkering
in the light from the rest of the enviranment (figure 1).

A single term from the summaticn in [5) determines the con-
tribution to the radiosity of patch ¢ from patch

B due to B, = p, B, F,; (6]
It 15 possible to reverse this process by determining the contri-

bution made by patch § to the radiosity of all cther patches.
The reciprocity relationship (2) provides the basis for reversing

VH.

Far all j:

By =By +By [Py §y)
where: B~ By /ay

51=51+£ (P4 R 5By

I=1

Figure 1@ Gathoering vs, Shooting

Gathering light through a hemi-cube allows ane patch rad sity o be up-
dated. In contrast, shooting light threwgh a single Femi-cube allows the
whole emvireament’s rediosity valves to be updated simultanecusly

this relationship. The contribution of the radiosity from patch
i to the radiosity of patch § is:

H; due to B; = p, B FLA A, {T)

This iz true for all patches 3. Thues the total contribution to the
environment from the radiosity of patch 2 is given by:

For all patehes 7+ By due to Be = p, 8F A0 A4; (8]

It should be moted that while this equation adds radiosity to
patches 5, the form-factors used, Fj;, are still the form-factors
calculated using the hemi-cube placed at patch <. Thus, each
step of the solution now consists of performing a single hemi-
cube over a pateh and adding the contribution from the radiesity
of that patch to the radiosities of all other patches, in effect,
shooting ight out from that patch inte the snvironment.

Dunng the course of the iterative solution this step rmay be
repeated for patch © several times as the solution converges,
Each time the estimate of the radiosity of patch { will be more
accurate. However, the enviranment will already include the
contribution of the previous estimate of 2. Thus, only the dil-
ference, 5 EH,, between the previous and current estimates of M,
needs 1o be considered, A5; represents the unahol radiosity.

The solution step may be restated as follows;

for each iteration, for each pateh i:
calculate the farm-factoes F}; using a hemi-cube at
patch i;
for each patch ;:
-'i'l..fl'l?r]! ] ll':'_-ul':'l-ﬂ|F;;r'1;ll'l.l‘1.lj.:
Al = AR, + Afad, {* vpdate change since last
tirme palch 7 shot hight */
By = B 4+ ARad; [* ppdate total radiasity of
patch § */
M =0, MPreset unshot radeosity for patch | ta zero®)

All radiosities, Bi and AR, are initialized to zero for all non-
light sources and are set to the emission values far emitting
patches

The above step continues until the solution converges to within
the desired tolerance. Each intermediate step simultanecusly
improves the solution for many patches, providing intermadiate
results which can be displayed as the algorithm proceads.

This appraach bears some relationship to backward ray-tracing
solutions [1] which shot light cut from light sources ento diffuse
surfaces, but did not propagate the reflected light any further
into the environment. A recursive extension of the Atherton-
Weiler shadow algorithm was proposed and briefly described by
Heckbert and Hanrshan [%] as a way of propagating light fram
light sources through the environment, but light reflected from
diff use surfaces was hkewnse not propagated further,

3.2 Solving in Sorted Order

In addition ta converging gracefully, 1t is desirable for the solu-
tion to improve in accuracy as quickly as possible.

The final radiosity 5, of a given patch j consists of the sum
of the contributions from all other patches. The final value
of this sum will ke approached earliest in the process if the

I



