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Divide and Conquer Radiosity

R. van Liere

ABSTRACT

This paper presents a coarse-grain parallel algorithm for solving the radiosity method. It
describes a technique that partitions a large scene into a number of independent subscenes.
The well known progressive refinement solution process will be applied to each subscene.
After a fixed number of iterations each subscene will transfer accumulated energy to its
neighbor.

Although we have limited ourselves to only diffuse scenes, the algorithm can easily be
extended to specular scenes.

1.1 Introduction

During the past few years the field of image synthesis has been dominated
by two trends : visual realism and interactivity. On one hand, considerable
research is being done on producing increasingly realistic global illumination
models. On the other hand, mainly due to the high expectations of future
workstations, a trend towards interactive algorithms has been set. Within
this context, novel techniques are being developed that will allow global il-
lumination models to be solved at interactive speeds.



a limited, but in many cases adequate, global illumination model. Originally,
the radiosity method was restricted to environments consisting of only ideal
diffuse reflectors and emitters. Later extensions, [6] and [8], have relaxed
these restrictions somewhat so that specular and translucent reflectors and
emitters can now also be taken into account.

Implementations of the initial radiosity method resulted in the so-called
hemi-cube methods, [4], and its superior progressive reformulation, [3]. Subse-
quent extensions resulted in various two pass approaches which use hemi-cube
method to determine the diffuse to diffuse surface reflections and ray-tracing
techniques to take the specular surfaces of the environment into account, [9]
and [8].

Recently, some researchers have also focussed their attention to parallel
implementations of the radiosity method. Reker et. al., [7], use multiple work-
stations to solve a number of steps of the progressive refinement method in
parallel. This method applies the server/client approach in implementing a
coarse-grain parallel solution. It relies on future network technology to solve
the high communication band-width between clients and server. Baum et. al.,
[2], is an example of a finer grain parallel solution. This approach is unique
in that it allows the end user to steer the radiosity calculations during the
solution process. Finally, a completely alternative approach has been taken in
a recent publication by Xu et. al., [10], in which a mathematical formulation
is given of a method that subdivides a scene into multiple smaller scenes.

In this paper we present a parallel algorithm for solving the radiosity equa-
tions. We describe a technique to partition the complete set of radiosity equa-
tions into a number of independent smaller sets. Although we have limited
ourselves to only diffuse environments, the algorithm can easily be extended
to specular environments.

This paper is organized as follows: we first review the governing radios-
ity equations which are relevant for our environment. Next, we discuss the
algorithm. Finally, we discuss convergence and error analysis of the method.

1.2 The Radiosity Equations

In [8], Rushmeier and Torrance extend the radiosity method to include spec-
ularly reflecting and translucent surfaces. Applying their results to surfaces
that are only diffuse or ideal specular transmitting, we arrive at the following
intensity equations:

e for ideal specular transmitting surfaces :

[o,n(go,na ¢o,n) = [o,n(t) (go,n(t)a ¢o,n(t))

Intuitively, this equation says that the outgoing intensity of surface n
is equal to the outgoing intensity of the surface, denoted as n(t), that
intersects a ray specularly transmitted through surface n.

Note that the intensities of ideal specular transmitting surfaces are
direction dependent. This is indicated by the two angles, 8,, and ¢, ,,
denoting the polar and azimuthal angles.



the used notation.

e for diffuse surfaces :

N N
Io,m = [e,m + Pm Z{Io,nan + Tn Z [o,qTf,nmq}

n=1 g=1

Intuitively, this equation states that the outgoing intensity of diffuse
surface m is equal to its emission plus a term due to other diffuse sur-
faces plus a term due to the other ideal specular transmitting surfaces.

The term due to other diffuse surfaces is the same as in the original
radiosity equations for diffuse surfaces, [3]. It includes the form-factor,
denoted as F,,,, that specifies the fraction of the energy leaving one
surface which lands on another.

The term due to the ideal specular transmitting surfaces is equal to
the sum of the outgoing intensities times the so-called forward window
form factor, denoted as T’ ,,mq. Window form factors denote the fraction
of energy leaving the transmitting surface, n, from its back side which
impings on surface m. Window form factors are direction dependent.

The terms, p, and 7,,, denotes the reflectance resp. transmittance func-
tion of surface n. Since we consider only diffuse surfaces this functions
are independent of direction.

These equations are diagrammed as follows :
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Figure 1. - Surface n(t) from which light is specularly transmitted by surface
n into the direction ¢, , and impinging onto surface m. (Adapted from [8]).

1.3 The Algorithm

1.3.1 AN INTUITIVE VIEW

Before going into the details, we first give a step-wise intuitive idea of how
the algorithm works :



number of disjunct subscenes. Intuitively, this is done by placing a
number of ideal translucent surfaces into to the scene. These translucent
surfaces act as boundaries for individual subscenes. Each boundary has
two sides, the front and back sides.

2. Next, apply in each subscene a number of iterations of the progressive
refinement solution process. All energy that impings a boundary surface
is stored in the front side of the boundary surface and will not be shot
back into this subscene. Both the impinging energy and impinging angle
are stored in the accumulation buffer. Note that since the subscenes are
independent of each other that this step can be done in parallel for each
subscene.

3. Transfer the accumulated boundary energy from one subscene to the
boundary in the adjacent subscene. This is done by transferring the
impinging energy from one accumulation buffer (stored in the front
side) to the corresponding angle in the adjacent buffer (which will be
stored in the back side of the boundary). The energy stored in the back
side of a boundary will subsequently be shot into the subscene.

4. Display all subscenes without displaying the boundary surfaces. Strictly
speaking, this step can be done in parallel with the energy transferring
step, or after each iteration of the progressive refinement solution pro-
cess in each subscene. We choose to display the scenes sequentially
simply for clarity reasons.

5. Go back to step two and repeat the process.

1.3.2 A CLOSER LOOK

The more detailed discussion of the algorithm can best be described through
the following fragments of pseudo-code.

subDivideScene ()

while (notConverged)

{
foreach subScene
doIlterations (n, subScene)
foreach boundary
transferEnergy (boundary)
displayScene ();
}

Pseudo-code fragment 1. - The main loop.

This fragment of code contains the main loop which forks off a number of
"workers” each executing the function dolterations. Note that during execu-
tion of dolterations there is no communication between workers. Once the



boundary is passed on to the adjacent subscene, transferEnergy.

doIterations (n, subScene)

{
while (n--)
{
shootPatch (selectPatch (subScene))
}
}

Pseudo-code fragment 2. - The worker.

dolterations is a straightforward extension to the original sort and shooting
algorithm. It selects a patch for shooting (the one with the greatest energy),
and shoots its energy into the scene. The difference is that directions will
have to be taken into account for boundary patches.

transferEnergy (boundary)

{
foreach patch
{
transferEnergy (patch-> twinl, patch-> twin2)
transferEnergy (patch-> twin2, patch-> twinl)
b
+

Pseudo-code fragment 3. - The "synchronizer”.

A boundary is divided in a number of patches. Each patch has two parts
called twins . Twins are defined as : !

struct twin
{
Radiosity incoming [SOLIDANGLES];
Radiosity outgoing [SOLIDANGLES];
by

in which SOLIDANGLES is a constant that determines the number of solid
angles of the hemisphere. Note that the amount of memory used in a twin is
proportional to the discretization accuracy of the hemisphere.

The following figure depicts a two dimensional view of the basic idea. The
(progressively accumulated) incoming radiosity of {win! will be transferred
to twin2 which, in turn, will become a ”shooting” candidate in its subscene.

!There is substantial room for memory optimization here.
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Figure 2. - Twins on a boundary.

Immel et. al., [6], have published an implementation technique that deter-
mines the radiosity in a non-diffuse environment. Aside from the convergence
speed, Immel’s method suffers from the vast amounts of storage needed to
store directional form-factors and directional radiosity. Our method also re-
quires a vast amount of memory. Two comments must, however, be made

1. memory needed for the boundaries can be distributed over a number
processors/workstations instead of only one central workstation.

2. additional memory is needed only for boundaries. This allows the ad-
ditional memory needed to be a function of the available hardware
resources and is independent of the complexity of the scene itself.

1.4 Convergence Analysis

In [3] , Cohen et al. introduce a metric for comparing convergence rates of
various radiosity solution methods. The given metric provides a quantitative
measure of the overall radiosity inaccuracy after each iteration in the pro-
gressive refinement solution process. The square root of the area weighted
mean of the square of the the individual errors (RMS error) was used as a
indication of the error made at each iteration; i.e.

ZiEEnv (([z* - [1)2141)
ZiEEnv Al

RMS error = J

where I is the converged intensity and I; is the intermediate intensity of a
patch ¢ in an environment Enuv.

The following graph shows a hypothetical graph of the normalized RMS
error set out against the number of iterations during the solution process.
Function S denotes the convergence curve of the progressive refinement solu-
tion process in one environment as a function of the number of iterations; i.e.
the sequential case. Function P denotes the convergence curve of the progres-
sive refinement solution process in multiple subenvironments as a function of
the number of iterations; i.e. the parallel case. Both functions will converge
to the same result.



RMS-error

No of Iterations

Figure 3. - Plot of normalized RMS error for the sequential (thick) and
parallel (dotted) cases.

In general, the following statements can be made about the behavior of S
and P :

1. For small n: S(n) < P(n) ; i.e. after a small number of iterations the
mean error made by the single environment method is smaller than
in the multiple subenvironment case. This is due to a) extra bound-
ary patches that are introduced in the subenvironment method, and b)
a partial ordering is used in the case of multiple subenvironments to
determine the shooting patch. Recall that patches in each subenviron-
ment are sorted in increasing order. Partial orderings do not guarantee
that a patch with the maximum accumulated energy is chosen as the
shooting patch.

Note that n is the sum of the iterations in all subenvironments.

2. For large n : S(n) = P(n); i.e. both cases converge to the same mean
error. This is because both methods converge to the same result.

3. For small n and k£ > 1: S(n) > P(kn) with k£ as the number subenvi-
ronments; i.e. after n iterations in a single environment the mean error
is greater than after n iterations in each subenvironment in the multiple
environment case. This is because k patches are shot simultaneously.
Hence, k£ times the number of iterations are made.

1.5 Error Analysis

The assumption made by the divide and conquer method is that introducing
additional boundaries does not influence the results of light energy calcu-
lations in any way. In practice, however, additional errors are made during
the form-factor calculations. The quantity of the errors depend in a compli-
cated way on the scene being rendered. In practice, worst case errors are not
very useful and ”average case” errors are not well defined. We will, therefore,
restrict ourselves to a qualitative analysis of errors that may occur.

Baum et al. [1] have shown that three types of errors can occur when the
hemi-cube method is used to calculate form-factors :



tance between patches ¢ and j is small compared to the diameter of
patch 7. The proximity assumption is violated when, for example, ¢
and j are adjacent patches that share a common edge. Since introduc-
tion of boundaries decreases the average distance between patches, the
proximity assumption will be violated more often.

2. errors due to the violation of the wvisibility assumption; i.e. the visibil-
ity of a projected patch 7 does not alter across the shooting patch 1.
The visibility assumption is violated if another patch partially occludes
the projected patch. Due to the additional boundaries, the visibility
assumption will tend to be violated less frequently since there are a
reduced number of patches per subenvironment.

3. errors due to the violation of the aliasing assumption; i.e. that patch
J projects exactly onto whole pixels of patch i’s hemi-cube. Introduc-
tion of boundary patches cause additional violations of the aliasing
assumption. These errors can be minimized by, for example, using a
larger hemi-cube.

Note that the divide and conquer algorithm does not mandate that form-
factors be calculated with the hemi-cube method. Other form-factor calcula-
tion methods should be equally applicable.

1.6 Conclusion

We have presented a parallel algorithm for applying the progressive refine-
ment method to the radiosity equations. The implementation of the algo-
rithm is well suited for multi-processor architectures because of the limited
synchronization between processes.

We have also discussed convergence / error analysis of the algorithm. The
convergence curve is far better than the sequential case. Additional errors are
due to artifacts caused by the hemi-cube method for calculating form-factors.

The algorithm has been implemented in C+4 on a network of Personal
Iris workstations using SGI's graphics library for the low level rendering.

Future work will concentrate on : determining heuristics for optimal sub-
scene division, dynamic subscene reconfiguration, minimizing memory con-
sumption of boundaries.
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