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Abstract

This paper presents a summary of the current
state of research in the area of radiosity. Besides dis-
cussing the basic formulation for radiosity, we also
examine several extensions of radiosity; inclusion
of specular effects, adaptation to dynamic environ-
ments, and acceleration methods.

l. Introduction:

Throughout its history, one interest of
computer graphics has been to produce
interesting realistic pictures quickly and
accurately. There have been several meth-
ods introduced in the literature that
attempt to model the interactions between
light and the surfaces of a scene to achieve
this result. These methods have progres-
sively moved from techniques which
merely produce good pictures to tech-
niques which have a valid physical basis.

Early attempts, characterized as “in-
cremental methods” by Hall [Hall86],
transformed the geometry of a scene using
perspective projections into a flat image
and then used scan-line rendering to com-
pute the color of the surfaces. These tech-
niques are called incremental because each
pixel on the screen is based on the color of
the previous pixel or scanline. The typical
lighting model used in incremental algo-
rithms is as follows:

I (1) = f(d) " (ambient + diffuse + specular)

where 1 (1) is the intensity for a particular
wavelength, f (d) is a function based on the
distance from the viewer, and the ambient
light is an empirical term added to account

for all the light in the scene that is not rep-
resented by direct influence from identi-
fied light sources.

Light source

Fig. 1: vector notation for illumination models

Using the vectors in Fig. 1, we can further
define the diffuse and specular terms so
that the general lighting model for the in-
cremental rendering techniques is:

Hnyrits
(1) =f(d)" (KJI,+Kg & N-L,
lights j=1
Kd & (R,-LYNe)

i=1 1)

This is just one of the incremental
shading models, known as Phong Shad-
ing, for a more complete description, see
[Hall87]. Besides problems with perspec-
tive distortions, these models do not
accurately depict the complex effects of
light interacting with the objects in a scene;
no shadows are generated, and shading is
based only on the initial position of the
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lights. No reflection or transmission is
taken into account.

Raytracing was introduced in the mid
1970’s and corrected many of these deficits.
Raytracing calculates both the geometry
and the color for every pixl of the image.
Raytracing can account for shadowing and
interreflections, but besides being compu-
tationally expensive, it works well only on
smooth, highly specular surfaces. This is
because the number of rays that must be
traced becomes prohibitively large when
diffusely reflecting surfaces are modeled.
Methods have been introduced in raytrac-
ing that both increase the computational
efficiency of the algorithms, and add to
their capability for handling diffuse scenes,
but at the present time, however, another
method is much better suited to this very
important type of environment (some say
that diffuse objects make up more than 70%
of a typical scene [Greenberg86]). This
method is known as “radiosity.”

Around 1984, methods of radiative
heat transfer were introduced into the com-
puter graphics literature and the name
“radiosity” was coined to describe this new
method for generating photorealistic
images [Goral84]. Radiosity is particularly
suited to diffuse environments, and the
algorithm is based in object space rather
than image space. This means that the col-
ors of objects are calculated before they are
projected onto the screen thus once the ini-
tial calculations have been made, they can
be rendered from any point of view using
fast hardware rendering techniques. This
aspect alone makes research in radiosity
extremely important as interest in realistic
“virtual environments” becomes much
more prevalent.

This paper will describe the basic radi-
osity method and discuss extensions of
various kinds, including techniques for
incorporating specular effects in radiosity,
adaptation to dynamic environments, and
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parallel implementations. Not only can
radiosity create extremely realistic pictures,
but it can also accurately simulate the com-
plex electromagnetic interactions that exist
in closed spaces. This makes other applica-
tions possible besides photorealism.

[I. Basic Radiosity Formulation:

The derivation of radiosity described in this
section draws from [Kajiya90], [Hall90],
and [Cohen90].

Before deriving radiosity, we must first
establish what various terms mean. Since
light is electromagnetic radiation, to mea-
sure the intensity of this radiation, we must
measure energy flow, the rate of radiant
energy per time, which is also called flux:

d

FL= oTSL
)
To measure a flow, we must define a region
of space across which we measure that flow.
Essentially we define an area across which
we measure the rate of energy and continu-
ally shrink this area until we are measuring
what is called the flux density or energy den-
sity which leaves a surface; for diffuse
surfaces, this is also known as the radiosity:
B.

B :d7A 3)

dA
-ig. 2: Flow across a differential area.

A light might not radiate flux uniformly in
all directions; if we measure the flux density
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at a unit distance away, we must specify at
what solid angle we measure. We define
the intensity | as the energy flux per unit
projected area of the source per solid angle
w, through which the source radiates, see
Fig. 3:

dF
dAdw (4)

In terms of intensity, the energy flux is the
intensity integrated over the solid angle of
the source and the area of the receiving
surface:

F = (jdAdw (5)
WA
Lastly, we define the bidirectional reflectance
Rpg as:

!R = A (6)

Iy = A (7)

These terms describe the reflection and
transmission as a function of geometry,
surface roughness characteristics and
wavelength and intensity of the incoming
light.

Projection onto .
illuminating hemisphere

dw

Fig. 3: Theilluminating hemisphere.

Radiosity is inherently an energy bal-
ance formulation, so to start the derivation,
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we begin with the equilibrium at the sur-
face relating the reflected and transmitted
energy from the definition for flux; the flux
from a surface is equal to the amount of
flux either being reflected from the surface
or transmitted through it:

FL = OlrACOSOLaWg + ()l1A cosgaw, (8)
2p 2p

Because reflective and refractive relation-
ships are independent of direction, this
equation can be inverted so that the inten-
sity transmitted in a certain direction V, is
given as a function of incident intensity
I as:

Iy = O RpgCOSURAW, + )i Ty cosq, dw, 9)
2p 2p
For opaque surfaces, there is no transmit-
tance and for light sources, the emissive
intensity, e must be added. Thus this
equation becomes:
ly = ey * QL RpqCosq, dw, (10)
2p
This equation is also known as the Render-
ing Equation [Kajiya86]. The physical
interpretation of this equation is straight-
forward. The light that comes from any
surface in the environment consists of the
light which that surface itself emits, and
the light which that surface reflects from
all the other incoming lights in the envi-
ronments.

In radiosity, we make the assumption
that all the surfaces are diffuse and for dif-
fuse surfaces, the bidirectional reflectance
is constant and can be taken out of the inte-
gral resulting in:

ly, = &, +Ryy O cosq, dw, (11)
2p

From equations (6) & (7), and the fact
that the integral of the projected angle over
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the hemisphere is:

Qcosqdw = p

2p (12)
We get the following relations; intensity,
emissive intensity and reflected energy all
related to the radiosity:

e =

oW
o.Im

Ry = rﬁ (13)

Thus we get the general equation for radi-
osity as:

ByudA = EydA +r1

B, cosq, dw
L L L (14)

2p

In other words, as in the rendering equa-
tion, the radiosity for a particular surface is
related to the amount of energy emitted
from that surface, and the amount of
energy that is reflected from the incoming
energy in all directions. More commonly
however, radiosity is expressed as a rela-
tion between the surfaces in an
environment so we can express equation
(14) as an integral over all the surfaces in
the environment:

Bua dA; = EdAidAi"'rdAiC\?dAdeAj—dAidAi (15)
i

where Fgajgai called the Form-Factor
from dA, to dA;, represents the fraction of
energy leaving dA; and arriving at dA;.
The Form-Factor will be discussed exten-
sively in section I1l. We now need to recast
equation (15) in a way that is computation-
ally feasible. Since we can’t manage to find
the separate radiosity for each differential
area, we begin by discretizing the environ-
ment into small patches of uniform
radiosity. Turning the environment into
discrete patches is discussed in section V.
This turns the integral equation into a sys-
tem of linear equations:
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(16)

BuA, = EAiAi+rAié B Fa_aA
J

If one were to switch the roles of emitters
and receivers, the fraction of energy emit-
ted by one and received by the other
would be identical to the fraction of energy
going the other way. Thus, a reciprococity
relationship exists between the form fac-
tors such that they are simply related by
the ratio of their areas:

A

F A =F —
Aj_AiAi

A-a A A OFF, , =F

A=A A=A,

(17)

Dividing equation (16) through by A; and
incorporating equation (17) we get:

[]
Ba = B *Tad BaFa-a (18)
j

Rearranging to matrix form and realizing
that the Form Factor from a patch to itself
is 0, gives us the following system of equa-
tions:

1 aFy IR o TRNG oFy IF . 77 T
12 13 1N Bl E1

-I'F2‘1 1 - szg 'rFZ.N-l - FZ,N B2 EZ

T )
TRy || BN | B
LBy J LEv ]

TFnag TPnag TRvgg 1

7-rFN‘1 TR TR Ry L

This matrix is always strictly diagonally
dominant and can be solved by an iterative
Gauss-Siedel solution which is guaranteed
to converge. One note on the computa-
tional complexity of the radiosity solution.
The order of the problem is order N for
each form factor computation, thus the
entire order for finding the full matrix for
the radiosity solution is O(N2).
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Area Ai

Fig. 4: Form-Factor Geometry

l1l. Form-Factor Calculation:

To find the form factor we must find
the fractional contribution that a single
patch makes upon another patch. This
term is purely geometric, related only to
the size, orientation, distance and visibility
between the two patches. The basic geom-
etry for form factor calculation is shown in
Fig. 4. If we look at Fig. 5 we see that the
area A is related to the projected area, A,

by Ap=Acosq, and the contribution of a
projected area Ay, is related to the solid

angle by w =%3 :

llluminating
hemisphere

projected area, Ap

. A
solid angle, W:—zp
r

<>
r

Fig. 5: Projected area onto hemisphere

The expression relating the contribution
from one infinitesimal area to another is:

cosf . cosf .dA ;
FdAv—dA = )] (20)

i i pr2
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The contribution from an infinitesimal
area to a finite area is found by integrating
over the receiving area:

L cosf;cosf ;dA,
O e

A

And from a finite patch to another finite
patch, we take the area average of the pre-
vious equation:

FdAi—dAj =

(21)

L Lcosfcosf dA,
00 prz

i

1
FdAi—dAj A (22)

Contour Integral Evaluation:

There are several different methods for
evaluating this integral. In [Goral84], the
contour integral is found by transforming
the double integral with Stoke’s Theorem:

1 N\
FdAi_dAi = Kim(ln(r)dxidyﬁln(r) dy; dx;
AA,

+1n(r) dzidzj) (23)

see appendix | for pseudo code for this
evaluation. One limitation of this algo-
rithm is that it doesn’t take into account the
visibility between one patch and another,
another is that it is extremely expensive
computationally. Baum et al. [Bauma89]
also use an analytical approach to find
form factors. They integrate the outer inte-
gral numerically, while integrating the
inner integral analytically by converting it
into a contour integral. They then calculate
the contour integral by piecewise summa-
tion, from Fig. 6.

Foaa, = 2—1pgiéleiNj - G, (24)

where: G; is the set of edges in surface i.

Njis the surface normal for the differential surface j.
is a vector with magnitude equal to the

angle gamma illustrated in Fig. 6and direction

given by the cross product of vectors Rg and Rg+1.
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Fig. 6: Geometry for contour integral.

aum et al. use this approach when evalu-
ation by the more efficient hemi-cube
method of evaluation described in the fol-
lowing sub-section is geometrically
inappropriate for form factor evaluation.
They also incorporate an extra term to
account for the visibility between surfaces.

Normal A

unit radius
Fig. 7: Nusselt's Analog

Hemi-cube evaluation:

The hemi-cube approach for evaluat-
ing form factors was introduced by
[Cohen85]. It is motivated by examining
the geometry in Nusselt’s Analog shown in
Fig. 7. First, a patch is projected onto the
hemisphere surrounding a patch. This
projection accounts for the cosine of the
angle between the normal of the projected
patch and the hemisphere as well as one 1/
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r term. This projected patch is now pro-
jected onto the base of the hemisphere
accounting for another 1/r and cosine
term. The area at the base is equivalent to
the form factor. Many areas are identical to
the projected area on the hemisphere, and
several of these lend themselves to calcula-
tion in a more straightforward fashion. See
Fig. 8.

Fig. 8: A,B,C,D, & E dl have same form factor.

Instead of projecting the environment
onto a hemisphere, a cube is placed with
the receiving patch at the center (see Fig. 9)
and each surface of the cube is divided into
a set number of pixels. The contribution of
each pixel on the cube’s surface to the form
factor value can be precalculated since it is
only dependent on the pixel location and
orientation. The environment is then pro-
jected onto the faces of the cube (and half
faces). Object visibility can be determined
by using simple z-buffer techniques.

Fig. 94e hemi-cube.
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After determining which patch is visi-
ble at each pixel on the hemi-cube, the sum
of all the delta form-factors for each pixel
occupied by that patch determines the
overall form-factor from the patch at the
center of the cube. See Appendix Il for
details on the calculation of form factors
via hemicubes.

Two primary problems exist with the
hemi-cube formulation. Since only the
integral over the sending patch is per-
formed, inaccuracies can occur if the size of
the patch is large relative to the distance
between the patches. This problem can be
alleviated by averaging the results of sev-
eral hemicubes distributed over the
receiving patch or by subdividing the envi-
ronment into smaller patches or by using
the contour integral method discussed
above. A second problem exists because
the hemi-cube samples the environment at
regularly spaced solid angles, thus aliasing
problems can occur. Small patches in the
environment might never be seen while
others may only be sampled by one or two
hemi-cube grid cells. One solution to solv-
ing these problems is to use a different
visibility algorithm; ray tracing.

W

Fig. 10: Aliasing problems of the hemi-cube.
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Raytracing for finding Form Factors:

Using ray tracing to find form factors
has a number of attractions. First, since ray
tracing can be done adaptively and sto-
chastically, many of the aliasing problems
in hemicubes can be overcome. Second,
raytracing can handle a wide variety of
geometries so that the objects which act as
the “masks” need not be discretized into
patches and the original geometries for the
objects may be used. Although raytracing
is not easily implemented in silicon, a
number of acceleration techniques have
been found for raytracing and in fact, for
complicated scenes, algorithms have been
found that actually perform better than the
software z-buffers [Fujimoto86]. Finally,
ray tracing techniques can play an impor-
tant role for the inclusion of specular
effects as will be discussed in section VI.

([T 7

Fig. 11: Sillion's proxels for form factors

Sillion used a hybrid approach
between hemi-cubes and ray tracing by
placing a plane close to a receiving patch
and sampling a rectangular grid on that
plane centered about the patch. Some light
is lost beyond the edges of the rectangular
grid, but that amount can be made arbi-
trarily small by adjusting the distance of
the plane from the patch. The grid is
divided up into uneven elements (called
proxels - projection elements) based on
each elements contribution to the form fac-
tor and visibility is calculated by
Warnock’s algorithm. Once the patch visi-
bility is calculated from each window, the
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contribution number of proxels is summed
and the form factor is calculated. Raytrac-
ing is then used on the corners of the
window to verify that it has been subdi-
vided properly, and for the generation of
extended form factors which will be dis-
cussed in a sectionVI. [Sillion 89].

One straightforward approach in
using raytracing (actually ray casting since
only object visibility information is used),
is to sample the hemisphere around a
patch uniformly in all directions. How-
ever doing so wastes effort by sampling
areas that do not contribute a great deal.
Directions close to the normal will have a
large effect while those at the periphery a
smaller effect. Malley uses this method by
jittering a number of samples in a distribu-
tion about the normal [Malley 88].

Another way of using ray tracing for
form factor calculation was used by Wal-
lace in [Wallace88]. Here, instead of
computing the entire environments contri-
bution to a single patch, the computation is
turned around and the contribution of a
single patch to every differential area in
the environment is found. This is particu-
larly suited to the progressive radiosity
method discussed in section IV. Essen-
tially a patch is divided into a number of
smaller regions DA’s and each region is
sampled by a ray from some point in the
environment. In other words, equation
(13) is discretized and calculated for each
subregion:

FdA‘—Aj = a

k=1

This however still does not overcome

the problem when DA is large relative to r.

To do so, one can discretize the environ-

ment into ever smaller patches, or treat the

DA’s as finite areas and use an analytical

expression between a differential area and
a finite area to sum the form factors.

f . f .
COsT ;) COS JkDA (25)

pr2 i
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q2

Aaq

dAq
Fig. 12: Differential areato disk form-factor.

If each DA is considered to be a small disk
of area A, the form factor from a differen-
tial area to a directly opposing disk of area
A2 is:

Fop p = —2 (26)

A pré+A,

Taking into account the relative orienta-
tions of the source and receiving areas
makes:

A, cosf i cosf i

FdAI—Aj =

pre+A, (27)

and finally if a patch of area A2 is subdi-
vided into n delta areas:

E cosf ;, cosf i
dA-A; T T oA

Az o
o a (28)
N -, Pr2+A,

IV. Progressive Radiosity:

Harkening back to equation (19) we
already discussed how the system of equa-
tions can be solved iteratively by a Gauss-
Siedel iteration method. In a landmark
paper, Cohen et al.[Cohen88] suggested a
faster approach to solving the radiosity
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equation. Solving the matrix by Gauss-
Siedel, converges to the correct solution
one row at a time. This is equivalent to say-
ing that the i row of the equations
provides an estimate of the radiosity of
patch i based on the current estimates of all
the other patches.
n
B, = E+r; 4 BF;
j=1

This is commonly interpreted as gathering
in the light from the rest of the environ-
ment at a single patch. In a similar fashion,
the solution can be arrived at by distribut-
ing the light from a single patch to all the
other patches in the environment. This can
continue until all the energy in the environ-
ment is redistributed.

(29)

Gathering

X X XX XX XX

XXX XXX

Fig. 13: Gathering

) X \\//
—

Shooting

X
+

XX XXX X
I

XX XX XX

XXX XXX

Fig. 14: Shooting
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Step 1 Gathering

3 \4 3 4
. 3 4
2 5 2 ‘\‘ 5
1 T

Step 1
Shooting

Fig. 15: Shooting vs. Gathering

Mathematically, shooting is equivalent to
the following:

Bj = Bj +Bi(erji)

(30)

where F, = F.ﬁas by reciprococity (equa-
ji ”Aj

tion (17)). These two interpretations are
shown in Fig. 13 and Fig. 14. If the bright-
est patch in the environment is shot first,
the solution converges very rapidly to the
final solution. An inexact solution is often
good enough so that the most lengthy part
of the computation (the calculation of the
form factors) need only be performed for a
limited number of shoots. To display the
results intermediately, an ambient term
must be calculated to approximate the
total lighting in the environment. To do so,
the form factor is approximated from each
element to another as a simple area
weighted ratio between the area of the
patch and the area of the entire environ-
ment:

(31)
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and an average reflectivity for the
environment:

(32)

Thus the overall intereflection factor is
simply a geometric sum:

1 (33)

— 2 1, —
R= 1400+ 12,,+% = 1
ave

and the overall ambient term is the total
energy which has not yet been shot via
form factor computation times the reflec-
tion factor R:

Ambient = R § DBjF, (34)
j=1
So, at rendering time, the radiosity for any
patch is augmented by the ambient term
times the reflectivity for the patch (only for
display purposes):

B = B, +r. (Ambient) (35)

Sorting the patches so as to always shoot
the brightest patch also increases conver-
gence. Since the solution converges much
more rapidly to the real solution for the
environment, every patch need not shoot
for the overall solution to be within accept-
able tolerance from a final result. Thus all
the form factors from every patch to every
other patch need not be computed and the
computational order of the radiosity solu-
tion is no longer O(N2); it is nearly O(N).
Convergence times for gathering, shoot-
ing, shooting with sorting, and shooting,
sorting, & ambient light are shown in Fig.
16.
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Sorting and Ambi

Shooting and Sorting
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error l

05 Shooting only

Gathering only
1 1 L ]

10 50
Number of shoots

Fig. 16: Convergence Times [Cohen88]

1.0

V. Discretizing the Environment:

One major concern in radiosity
research is the subdivision of the environ-
ment into appropriate sized patches. If
patches are too large, then the radiosity
solution is not only inaccurate, but patches
that lie along large radiosity changes are
inaccurately represented. If patches are
too small however, the computational bur-
den imposed by the O(NZ) problem
becomes overwhelming. One solution to
this problem is “substructuring”
[Cohen88]. Here, patches are subdivided
into elements, which receive radiosity for a
more accurate solution. However ele-
ments do not send out radiosity, the
radiosities of all the elements that make up
a patch are summed together to compute
the radiosity of the patch that will then be
distributed to the rest of the environment.
In this fashion, hemicubes (or other meth-
ods such as raytracing) can be placed on
the sending patch and form factors com-
puted to all other elements but this
calculation only needs to be performed at
the patches, and not at the elements. This
patch-element subdivision can be per-
formed before any radiosity calculation is
done, or it can be done adaptively based on
high radiosity gradients during the solu-
tion. Whenever a patch’s radiosity differs
by too much at the vertices, that patch can
be subdivided into elements and the radi-
osity can be reshot. This will result in

10
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substructuring as pictured in Fig. 17.
T HA

o
/-'
L/
2

/

Fig. 17: Adaptive subdivision

Adaptive subdivision still suffers from
several drawbacks. One problem is that
the patches must initially be small enough
for the high radiosity gradients to exist in
the first place. If a patch is too large, a
small object casting a shadow will not be
seen at all at the patches, thus no substruc-
turing will take effect. Also, since emitting
surfaces are not subdivided (in other
words, patches are point sampled), soft
shadows, or penumbras, are not seen.
Another method generates patch-element
subdivisions based on shadow boundaries
[Campbell90]. The shadow boundaries are
computed based on BSP trees as described
in [Chin89]. In their work, form factor cal-
culation was performed by the raytracing
method, but visibility was calculated with
the BSP tree structure that was already
formed for the shadow boundaries.

VI. Incorporation of Specular
Effects:

The radiosity calculations described in
the preceding sections have all been for
solely diffuse environments. Several
extensions have been suggested for the
radiosity method to include specular
effects, some still retaining view indepen-
dence, while other add a view dependent
step.
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View Independent Approaches:

Immel et al. [Immel86] suggested
extending radiosity by including direc-
tional information at each patch besides
just diffuse illumination. The algorithm
proceeds by propagating the incoming
light outwards in the corresponding out-
going direction. Since each patch retains
all outgoing information, the final view-
point can incorporate all specular
information for every patch independent
of where that view is. The pseudocode for
the algorithm is given in appendix IV. The
major problem with the algorithm is that
enormous amounts of information must
be stored and computed. A finite number
of directions must be chosen to be retained
for each patch, but that number must be
extremely large for specular objects since
they may receive and reflect light along
any direction. The imposing requirements
for storage and computation make this
algorithm unfeasible at the present time,
but may be intriguing in the future for
large scale parallel implementations.

Shao et al [Shao88] take a similar but
less computationally intensive approach.
Essentially, they modify the concept of the
form factor to include not only geometric
information between two patches, but
general radiant information as well. If a
patch is a specular patch, the form factor
F1 2 between patches 1 and 2 in Fig. 18 will
be dependent on the amount of light being
received from patch 3. The algorithm
starts by assuming a diffuse approxima-
tion to the solution using a typical
radiosity solution. This solution is then
used to iteratively adjust all the form fac-
tors in the solution so that non-diffuse
patches form factors with other patches in
the environment account for the incoming
and outgoing information. Although this
method produces directional information
from each pass, the authors had to add a
final rendering of the scene to capture

11
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quickly changing specular patches.

Fig. 18: Form Factorsfor Shao et al [Shao88]

Two pass methods:

Several researchers have suggested
combining the strengths of two different
types of calculations; raytracing and radi-
osity. Raytracing is well suited to specular
environments since “importance” sam-
pling in the reflected direction is possible
[Kajiya86] (that is, to send the most rays in
the direction which will have the greatest
affect on the perceived intensity at a pixel).
Radiosity, as we have seen above, is well
suited to diffuse environments. Extensions
have been made to each method that try to
include aspects of the other. Kajiya used
“path-tracing” to stochastically sample
paths through the environment, but an
imposing number of rays must be shot to
attempt to calculate the effects of diffuse
transmission. Immel et al [Immel86] (as
discussed previously) extended the radios-
ity method to include information about
specular transmission and reflection, but
specular surfaces often needed to be subdi-
vided to a level that make computation
infeasible. Essentially, two pass methods
use radiosity as a first pass to compute the
effects of diffuse light, and a post process
pass of raytracing or z-buffering adds spec-
ular contributions. The details of this
method are described below in the follow-
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ing section.

light specular

spheres

specular to —
specular to

specular

—

diffuse to
specular eye

diffuse
patches
Fig. 19: Transport mechanisms for light

Wallace et. al [Wallace88] character-
ized the “transport” of light via four
mechanisms; (1) diffuse to diffuse, (2)
specular to diffuse, (3) diffuse to specular,
and (4) specular to specular (shown in Fig.
19). Radiosity will account for only the
first transport mechanism, diffuse to dif-
fuse. A post process step can be added
which traces rays from the eye point into
the scene, recursively following specular
objects while stopping as soon as a diffuse
object is hit. This however does not
account for specular to diffuse transport.
To do this, the basic formulation for radios-
ity must extended to account for this mode
of transport.

Rushmeier and Torrance [Rush-
meier91] outline the method for extending
the calculation of form factors to include
diffuse transmission, specular transmis-
sion and specular reflectance. Diffuse
transmission is accomplished by the sim-
ple expedient of calculating the form
factors on the hemisphere at the back of the
surface (they placed a hemi-cube centered
at the patch but facing in the direction of
transmission. Specular transmission was
calculated by considering the specularly
transmitting patch as a window into the
environment through which additional
form factors are calculated (see figure Fig.

12
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20).

\

Surface m

Surface n

Fig. 20: Specular Transmitting Form-Factors
(formfactor at n from specular surface mis due to
all surfaces seen at n through m)

Finally, both Wallace and Rushmeier
et al. treat specularly reflecting surfaces as
ideal mirrors through which a duplicate of
the environment is visible. Form factors
are then calculated in a similar fashion as
through the specularly transmissive fac-
tors. Sillion and Puech [Sillion89]
extended the concept of form factors by
considering them not just as the direct con-
tribution between one patch to another,
but the proportion of energy leaving patch
i and reaching patch j via any number of
specular reflections or refractions. This is
similar to the Wallace or Rushmeier mod-
els, but any specular surface, not just
mirrors may be used because they use ray
tracing to calculate the form factors.

Raytracing the resulting environment
Is quite a bit more efficient than typical
raytracing since no shadow rays are
present (generally accelerating the process
and making it independent of the number
of lights in the scene), and the shading
model is trivial; simply the value of the
radiosity interpolated to the intersection
point. Finally, specular surfaces do not
need to be as finely subdivided as in Shao’s
or Immel’s methods.
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VII. Dynamic Environments:

Once the computationally intensive
form factor computations have been per-
formed, and the solution is solved by
whatever method, the scene can be ren-
dered from any point of view by simply
redisplaying. However the moment the
geometry within the environment
changes, the radiosity solution is no
longer accurate and new calculations must
be performed. Since the calculation of the
entire scene is extremely computationally
intensive, it would be beneficial to lever-
age the results of the previously calculated
solution to generate a new solution. Two
methods that have been introduced in the
literature to deal with this problem are
those of Baum et al [Baum86] and of Chen
[Chen90] or closely related to Chen’s
method, that of [George90].

Back-Buffer Algorithm:

Baum proposed the first method in
[Baum86]. This method requires that the
movement of any objects in the scene is
known before hand. The first part of the
algorithm is to make a generalized volume
through which the dynamic objects travel
in time. Then, all the static objects calcu-
late their form factors with all the other
static objects in the environment. Objects
that are occluded by the swept volume
from a certain patch’s point of view are
stored in a structure called a “back-buffer”.

The initial solution is calculated com-
pletely. When it comes time to update the
solution, only the form factors between
static objects that are behind the swept vol-
ume need to be recalculated based on the
current position of the moving object. In
addition, only the form factors between the
dynamic object and the static patches in
the environment that can “see” the swept
volume need to be calculated. In this fash-
ion, most of the previously calculated form
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factors can be reused and the solution can
proceed to the iterative solution stage.

el

swept volume and scene

i

Form factors for static cbjects in environment

SIS —

Current position of car and items in backbuffer

Fig. 21: The Back Buffer

Incremental radiosity & redistribution:

Not all the motion in an environment
might be known beforehand. Two essen-
tially identical methods for dynamic
environments proposed by [Chen90] and
[George90] involve redistribution of the
changed radiosity throughout the environ-
ment. This redistribution has been dubbed
incremental radiosity by Chen. The incre-
mental radiosity method is essentially an
extension of the progressive radiosity
method discussed in section V.. Instead of
just shooting radiosity energy throughout
the environment, however, corrections in
the radiosity are redistributed into the
environment as well. When the attributes
of a patch are changed, the patch’s incre-
mental radiosity (the difference in
radiosity as a result of the attribute change)
iIs computed first. This incremental radios-
ity is then distributed to the rest of the
environment. For example, ifalightina
scene is suddenly turned off, the resulting
incremental radiosity will be negative, and
this negative radiosity will be distributed
throughout the scene, making each surface
that it reached before correspondingly
darker. Eventually, all the changes will
propagate through the scene for the proper
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solution. The mathematical derivation is as
follows (from [Chen90]). Remembering
equation (18), the old radiosity for a patch
is:

B = E+r,d BF_, (36)

i
J

if we let E;” and r ;" be the new emission and
reflectance of patch i. The new radiosity is:

B, = E, +r'ié Bij— (37)

J

and the incremental radiosity is simply
their difference:

DB, = E\~E + (r'i—r) & BiF,_, (38)
i
or incorporating equation (36) again:
pB, = £ £ + im0 _(Bi_E‘) (39)

i i i
r i

Once this incremental radiosity is com-
puted, it is added to the radiosity and
unshot radiosity of the patch. The progres-
sive radiosity can proceed as before. If an
object in the environment moves, the form
factors between many of the objects in the
environment must be recalculated, though
fortunately, object coherence may be used
to limit this computation, see Fig. 22.

Here the new radiosity is based on a
change in the form factors:

B", = B, +r,(BSDF; +BIF}) (40)

What this means is that all the previ-
ously shot information must be reshot
based on the change in the form factors DF;
and previously shot radiosity. Thus
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patches that previously saw light from a
certain patch now must receive negative
radiosity from that patch combined with
the unshot radiosity from other patches
based on its current form factor. Care must
be taken to either reshoot all the previously
shot patches before any new movements,
or to keep track of which patches have shot
depending on which geometry. Fig. 23
shows the dangers of adding an object, and
then removing it before all patches reshot
their radiosity based on a change in the
patch form factors. A hole is created by
light shooting negative radiosity to a place
that is no longer in shadow.

[

Fig. 22: Object coherence for incremental form-factors

AN 3

sphere added and sphere removed
1 light shoots ut 2nd light
shoots negatlve

Fig. 23: incremental radiosity dangers.

This general technique for adding and
subtracting radiosity based on changes in
the environment shows great promise for
eventually generating real time interactive
radiosity based pictures. Another method
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that might produce real time radiosity
solution is the incorporation of parallel
processing.

VIIl. Parallel Processing:

The radiosity method lends itself to
parallelization quite conveniently and sev-
eral researchers have explored techniques
to accomplish this. The primary method,
utilized by Puech et al. [Puech90], Recker
et al. [Recker90], and Baum et al[Baum90]
distribute the calculation of form factors to
many different processors which each con-
tain a copy of the entire database. One
server process maintains contact with all
the clients and sends patches to each client
to compute the form factors. The server
than receives updates from the clients and
in turn updates a display. Bottlenecks can
result when the server cannot communi-
cate with more than a certain amount of
clients without the clients waiting for
another patch to calculate.

Baum et al take a slightly different
approach to parallelizing the radiosity
algorithm. Since the hemi-cube algorithm
is essentially a rasterization problem, they
use the graphics hardware already present
in the SGI GTX platform. Using the
already parallel geometry pipeline they get
improvements of over 40 times the perfor-
mance of non-dedicated platforms. They
distribute as parallel tasks the conversion
of the hemicube item buffers into form fac-
tors and the redistribution of light into the
environment. Shared memory is used to
retain information about the radiosities of
all the patches in the environment. Bottle-
necks will still result when the geometry
pipeline is completely full and clients need
to wait for information to process. They
also use a double buffered approach to
reduce idle time for an unfilled geometry
pipeline while the item buffers are being
processed. The pseudocode for this algo-
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rithm is shown in appendix V.

Other researchers have designed VLSI
architectures to achieve a high speed solu-
tion. The architecture proposed by Bu et al
[Bu89] divides the system into two parts,
the first subsystem calculates the form fac-
tors while the second subsystem
implements a parallel Gauss Siedel itera-
tive solver. The calculation of form factors
is done by parallel raytracing, each form
factor being computed independently.
This concept can also be implemented on
more general SIMD parallel processing
machines such as the Connection Machine.

Drucker has implemented a radiosity
algorithm on the Connection Machine
[Drucker91]. The algorithm is based on the
calculation of form factors by ray tracing.
Essentially, all the form factors to a single
shooting patch can be computed at the
same time. Each vertex calculates a new
radiosity value based on the calculated
form factor and then each patch to which
this vertex belongs is updated simulta-
neously. Since parallel processing is used,
there is no speedup for the incorporation
of more elements to which the radiosity is
computed. Currently the algorithm uses a
simplistic serial based ray tracing algo-
rithm at the core process, thus the system is
O(N) in computing form factors. More
sophisticated raytracing algorithms are
currently being explored. Preliminary per-
formance results are extremely
encouraging in comparison with other
methods of radiosity calculation.

IX. Conclusions:

Radiosity techniques have a number of
advantages over other forms of rendering.
Greater realism, view independence, accu-
rate simulation of physical phenomena,
and now, competing speed versus other
methods of global illumination (ray trac-
ing). Realism, though important in several
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applications, (such as architectural visual-
ization) serves little benefit if the user can
not interact conveniently with the results.
Because of the view independence of con-
ventional radiosity formulations, (and
growing speed at which radiosity solu-
tions can be achieved), interactive
radiosity is almost a reality. Coarse grain
parallelism has already brought this tech-
nique to the threshold of practicality and
fine-grain parallelism holds promising
possibilities for even greater improve-
ments. The pursuit for greater and greater
realism is perhaps always an elusive goal
to which some feel too much attention has
already been devoted. “Rendering is a
solved problem” some feel, with faster
machines just making more complex envi-
ronments possible. Yet radiosity as an
algorithm did not exist in the computer
graphics literature 6 years ago, and the
pace at which innovations and modifica-
tions to the algorithm have taken it from a
mere curiosity to perhaps the best way to
simulate interior environments, is aston-
ishing. Photorealistic pictures computed
at interactive update rates is not yet a real-
ity, but the results in radiosity research
show that improvement is not only in the
domain of faster hardware but also basic
new algorithms.

Radiosity has the added benefit of
accurately simulating the physical situa-
tion of the environment. Extensions might
be made to deal with other physical phe-
nomena based on the techniques that have
only now become clear, already some
papers are attempting to model sound
using formulations similar to radiosity.
The techniques used to solve one problem
may have great effects on other problems
as well.

Finally, | feel that research into radios-
ity can be a motivating force in examining
the desirability of certain architectures.
Already the SLALOM benchmark uses the
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radiosity problem as a standard at which to
rate several machines with completely dif-
ferent architectures and capabilities.
Examining how course and fine grain par-
allelism can be used to solve the radiosity
problem has lead to some rethinking about
the benefits or drawbacks that are inherent
in SIMD architectures over MIMD ones.

Steven M. Drucker
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Appendix I: Pseudocode for Con-
tour Evaluation of Form Factor:

FF := 0
for each segnent of the perineter of
el enent i:
{
for each segnent of the perineter
of elenent j:
{
eval uate the di stance between
the segnents;
take the natura
di st ance;
eval uate the lengths of the
segnents al ong each axis (dxi,
dxj, dyi, dyj, dzi, dzj);
mul tiply the natural |og by
(dxidxj + dyidyj + dzidzj);
add the result to FF;
}
}
divide FF by 2p tines the area of
el enent i;

| og of the

Appendix Il: Hemi-cube calcula-
tion of Form Factors:

r=+/(x2+y2 +1)
cosf j = cosf
cosf = 1
A (X2 +y2 + 1)
cosf,cosf,DA
r2

DForm-Factor =

Fig. 24: Hemi-cube calculations

DForm-Factor is the delta form-factor asso-

ciate with pixel g on the hemi-cube
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R is the number of hemi-cube pixels cov-
ered by projection of patch j onto the hemi-
cube centered at patch i.

Appendix lll: Progressive Refine-
ment Pseudocode

for each iteration, for patch i:
{
calculate the formfactors Fij
using a hem -cube at patch i;
for each patch j:
{
DRad = rDBiFiin/ Aj;
/* updat e change since last time
patch j shot Iight */

DBj = DBj + DRad;
/* update total radiosity of
patch j */

Bj = Bj + DRad;

/* reset unshot radiosity for
patch i to zero */

DB;=0. ;

Appendix IV: Pseudocode for
Non-diffuse Radiosity environ-
ments:

/* Initial estinmate for directional
intensities */

for each direction d and patch p:
intensity[p][d] = emission[p][d];
end

for each iteration:
for each patch p:
for each direction:
newi ntensity[p][d] =
em ssion[ p][d]
end
for each direction in:
energy[in] =
i ntensity[Cube[p][in]]
[d-in] cosgw[in]
for each direction out:
newi ntensity[p][d] +=
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r’'’(p, in, out) x
Energy[i n]
end
end
/* check for convergence and
replace old intensity with new/
for each direction d:
conpare intensity[p][d] with
new ntensity[p][d]
intensity[p][d] =
new ntensity[p][d]
end
end

Appendix V: Pseudo for Parallel
Implementation (Baum et al):

/* Initial estimate for directiona
intensities */
Pr oducer ()

{

[* find first patch to shoot */

until (done) do:

/* use graphics hardware to conpute
hemi - cubes */
render _pol ys_to_hen _cube();

/* give rest of conputation
(including formfactors and
distribution of light to consumer
process */

/* must wait while consumer is busy
*/

whi |l e (Consumer _Buff == FULL)
wai t;

/* free up the consumer task to
process item buffers */

Set _state(consuner_buff) = FULL;

/* get next patch to shoot (from
consumer) */

patch =
get _shooti ng_pat ch(consuner _buf f
)

end

}
Consuner ()

until (done) {
/[* wait until itembuffer is
present in shared nmenory */
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whi | e(get _buf _stat e(consuner _bu
f) == EMPTY) wait;

/* find out which patch was shot
for current item buf */

get _shooti ng_pat ch(consuner _buf
)

/* fork computation off to
several sub processors */

m f or k( Comput e_For m Fact ors);

/* for out distribution of |ight
energy to env */

m f or m( Shoot _Li ght _Ener gy);

/* find next patch to shoot */

next to_shoot =(Unsel ect ed
patch w hi ghest delta energy);

/* make this patch the next one
sel ected by the producer*/

set _shoot i ng_pat ch( consuner _buf
f, next_to_shoot);

set _buf state(consuner_buf) =
EMPTY;
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