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The hierarchical radiosity algorithm solves for the global transfer of diffuse illumination

in a scene. While its potential algorithmic complexity is superior to both previous radios-
ity methods and distributed ray tracing, for scenes containing detailed polygonal models,
or highly tessellated curved surfaces, its time performance and memory consumption are
less than ideal. Also, the density and orientation of the polygons in the input scene
unduly affect the output of the method. The aim of this thesis will be to show that by using
flexible surface hierarchies similar to those in the surface simplification literature, the
use of regular refinement and to a large extent isotropic volume clusters can be avoided,
increasing both the speed and the quality of the basic algorithm.

| will develop a radiosity system incorporating these ideas, and show that its perfor-

mance is superior to existing hierarchical radiosity algorithms, in the domain of scenes

containing complex models. The underlying goal of my thesis work is to make high-qual-
ity radiosity possible with such scenes.

1 Introduction

One of the greatest challenges of realistic image synthesis is the simulation of global illumination, which
requires modelling the transfer of light through the environment being rendered, including the effects of
interreflection between objects. Currently there are two classes of methods for calculating global illumina-
tion; Monte Carlo-based and Finite Element-based. The former is usually referrechtotescingand the

latter asradiosity Broadly speaking, Monte-Carlo based methods are better suited to simulating the inter-
reflection between highly specular (mirror-like) surfaces, and finite element methods to diffuse (matte-like)
surfaces. This proposal is concerned with improvements to the radiosity method.

1. Also available at http://www.cs.cmu.edu/~ajw/proposal.html



Although the basic radiosity algorithm is limited to simulating scenes with diffuse surfaces, it is still worth
pursuing for a number of reasons. The interreflection of diffuse light is an important phenomenon in realis-
tic image synthesis, particularly for indoor scenes, where a significant fraction of the light illuminating a
surface comes not directly from a light source, but indirectly, by bouncing off one or more other surfaces.
Also, the algorithm can be extended to handle specular surfaces, and although some ray-tracing schemes
that cache diffuse samples [12] are currently competitive with those radiosity methods used in industry, the
hierarchical nature of state-of-the-art radiosity systems promises better performance. Finally, a global solu-
tion for the light flow in a scene can be useful, both as a guide to a ray-tracing postprocess, and for reuse in
similar scenes, such as successive frames in an animation.

Thehierarchical radiosityalgorithm solves for the global transfer of diffuse illumination in a scene. While

its potential algorithmic complexity is superior to both previous radiosity methods and ray tracing, it is
more inflexible than pure ray-tracing algorithms, and the density and orientation of the polygons in the
input scene unduly affect the output of the method. Figures 2 and 3 illustrate these particular problems. |
aim to show that by using flexible surface hierarchies similar to certain model simplification hierarchies
[4], the use of regular refinement and to a large extent isotropic volume clusters can be avoided, increasing
both the speed and the quality of the basic algorithm.

Because these techniques allow the surface hierarchy to be extended well above those polygons in the orig-
inal scene (thenput polygon} we can eliminate the dependence of the algorithm’s complexity on the
number of these input polygons. The ability to refine in arbitrary orientations below the input polygons
gives greater flexibility to adapt the mesh to the current radiosity solution.

| propose to base my thesis on the following modifications to the hierarchical radiosity algorithm:

1. The use of binary tree-based simplification operations, both above and below the input polygons.

2. The recasting of the radiosity equation in terms of vector irradiance [1] rather than scalar irradiance. In
effect, this decouples the transfer of radiosity in the algorithm from the local surface normals of clus-
ters of input faces. This is necessary to gain acceptable quality results when using the hierarchies gen-
erated by (1).

3. The use of directional information from the vector-based transfer links predicated by (2) to guide the
orientation and position of refinement past the level of input polygons. This will allow edges in the
refinement mesh to follow contours in the radiosity function as well as shadow boundaries, leading to
higher quality results. (Traditional regular refinement does not adapt the shape of subfaces to fit the
current solution, only their resolution.)

The underlying goal of my dissertation work is to help make high-quality radiosity usable for scenes con-
taining complex models.

2 Radiosity Methods

The radiosity algorithm is the most commonly used algorithm for simulating diffuse interreflection [3]. It
subdivides surfaces in the environment into a mestl@hentsand then sets up and solves a large system

of linear equations in order to compute tlaliosity (the amount of emitted or reflected light) at each sur-

face point. Since each element can potentially illuminate every other element, the number of element-to-
element interactions is quadratic. Early radiosity algorithms used a fixed mesh of elements, and had costs



that were quadratic in the number of elements in the scene. These algorithms did a poor job of exploiting
the sparseness of the element-to-element interaction kernel; most objects are visible to only a small subset
of the other objects in the scene, and the transfer of radiosity also obeys an inverse square law, so much of
this kernel is either zero, or of small magnitude.

The most significant subsequent modification of the radiosity algorithm was the hierarchical algorithm,
which takes advantage of this sparseness by employing techniques similantbalg algorithmused in
gravitational simulations. By treating interactions between distant objects at a coarser level than those
between nearby objects, the hierarchical radiosity algorithm reduces the cost from quadratic to linear in the
number of elements used.

2.1 Existing Hierarchical Radiosity Methods

Classic Hierarchical Radiosity

The hierarchical radiosityalgorithm [7] and its
generalization, thavavelet radiosityalgorithm

[6], represent the radiosity on each surface with
an adaptive, hierarchical mesh. The meshes con-
sist of a quadtree or similar data structure rooted

® polygon/element gt each of the input polygons.
O cluster

@ ® link lllumination from geometrically distant surfaces
employs a coarse level in the hierarchy, while
illumination from nearby surfaces employs a
finer level of subdivision. lllumination is repre-
sented by links between elements. This adaptiv-
ity makes the cost of the algorithm linear in the
number of elements). Unfortunately, because
the light transport from each polygon to every
other polygon must be computed, the cost is
quadratic in the number of input polygoris,
The cost is thu®© (k2 + n)

a) hierarchical radiosity (no clust.)

Figure 1 is a schematic comparison of variants
of hierarchical radiosity on a scene with two
large polygons A & B in close proximity, and
eight small polygons C-J more distant. Simple
hierarchical radiosity (a) yields a forest of
quadtrees. Polygons A & B are subdivided and
¢) hierarchical radiosity with multiresolution models some of their children are linked. The large
number of links between the small input poly-
gons C-J makes the algorithm inefficient.

Figure 1: Three approaches to hierarchical radiosity.

Hierarchical radiosity algorithms without clustering work well on scenes with a small number of large
polygons, but become impractical in time and memory consumption for scenes of several hundred poly-
gons.



Hierarchical Radiosity with Clustering

To combat this problem, clustering methods for hierarchical radiosity were developed [9, 10, 5]. These
methods group the input polygons intolume clustersbuilding a hierarchy above the input polygons that
culminates in a root cluster for the entire scene. The lower nodes in this hierarchy are elements in quadtrees
(small surface patches, with normal and reflectance), as before, but the upper nodes are different. They are
boxes containing a set of possibly disconnected polygons with potentially varying normal vectors and
reflectances. Clusters are assumed to radiate isotropically. The use of clusters reduces the number of links
needed from quadratic to linear.

Unfortunately, the isotropic assumption is a poor one. Consider a large wall or a panel-type light source set
in the ceiling; both radiate in one direction only. To get acceptable results it is necessary to correct for this
assumption on each transfer of radiosity, both by incorporating the projected area of the child polygons of
a source volume cluster in the direction of transfer, and similarly finding the projected area of the polygons
in the receiving cluster [10, 9, 11]. This modification raises the cost of the algorithm @6k n) to
O(klogk+ n). It also requires accessing each child polygon in the scene at least once while calculating the
radiosity transfer. Although clustering is significantly faster than standard hierarchical radiosity, the need
to touch all of the input polygons on each solver iteration causes its working set to be excessively large for
complex scenes.

Figure 1b shows hierarchical radiosity with clustering. If cluster Q is sufficiently small and distant from
cluster P then a single link between them suffices. Since a cluster can illuminate itself, a self link on Q is
necessary as well. The algorithm is still slow because it is necessary to find the projected area of polygons
C-J.

2.2 Meshing for Radiosity

Generally the input scene to a radiosity method is polygonized, and the polygons are then split into a mesh
of triangular or quadrilateral elements. There are two methods commonly used to adapt this mesh to a radi-
osity solution as it progresses.

Regular Refinement

The standard mesh-refinement technique employed in hierarchical radiosity algorithms is the regular
refinement of elements. For instance, a triangle can be refined into four elements by splitting each edge at
its midpoint, and retesselating these points into four subelements. Such refinement operations on an origi-
nal mesh element form a quadtree. Regular refinement has the advantage of simplicity, and indepen-
dence—any particular element can be refined independently of another. It also makes refinement decisions
straightforward; if the total estimated error across the element is above a certain threshold, we refine it. It
has the disadvantage that, if an element is poorly shaped, or not well aligned to the current radiosity solu-
tion, the same will hold for its subelements. Also, quadtree meshes can feature T-vertices, which lead to
interpolation problems when rendering. This can be corrected by balancing and anchoring the mesh [2].

Discontinuity Meshing

Discontinuity meshing takes adaptive methods using regular refinement a step further by computing where
shadow edges or other visibility discontinuities will occur, and pre-splitting the mesh along such features.
This can produce impressive results, especially when the shadows in question are relatively sharp. Its pri-



mary drawbacks are that it can be difficult to implement robustly, and it is an object space method, depen-
dent on the edges in the scene. Most previous implementations of discontinuity meshing modify the mesh
as a preprocess, and thus attempt to calculate all possible discontinuities. This makes them poorly suited to
curved objects and objects with highly detailed polygonal silhouettes.

2.3 Problems with Existing Methods

The hierarchical radiosity with clustering algorithm described above, while capable of impressive perfor-
mances with scenes of medium complexity, has three flaws which | wish to address with my thesis work.

* SpeedlLlarge, highly-tessellated objects can cause problems when using hierarchical radiosity with vol-
ume clustering because the algorithm is le@gklog k) , Wkesethe number of input polygons. An
example of such an object can be seen in Figure 2. This is even though the general n-body finite ele-
ment method has the potential to ¢ n) , wheiie the number of elements used in the simulation,

andn « k in many situations.

* Memory. There are similar problems with memory behavior. Because the isotropic-assumption correc-
tion forces all input polygons to be touched at least once on each solver iteration, the algorithm exhibits
poor memory locality whem « k . Moreover, a radiosity sample must be stored for all polygons, rather
than only for the n elements being used in the simulation, as we might wish.

* Quality. Shadows look poor with most existing methods. The regular refinement employed in refining
input polygons means that the orientation and shape of these polygons can have a detrimental effect on
interpolation results, both in areas of high radiosity gradient, and in the presence of shadows. Figure 3
demonstrates these problems.

In conjunction, these problems have largely limited hierarchical radiosity methods to the research commu-
nity. There are a number of commercial rendering systems employing radiosity, including those produced
by Lightscape and Lightworks, and recent 3D games have started to incorporate the algorithm for precal-
culation of shadows and lighting. However, these systems all use the progressive radiosity algorithm,
which has the advantage that it is simple to implement, and for scenes on the order of ten thousand poly-
gons can produce a good quality result in an acceptable time.

In this thesis | will be addressing these problems by the replacement of the standard isotropic volume clus-
ter/regular surface hierarchy with multiresolution meshes, as described in the next section.

3 Radiosity with Multiresolution Meshes

In this section we present our new hierarchical radiosity algorithm which uses multiresolution meshes.
Figure 4 shows the fundamental premise behind the algorithm; the replacement of most isotropic volume
clusters with simplified models of the input polygons. With this scheme, the data structures for elements
coarser than and finer than the input polygons are more similar. Hierarchical radiosity is now free to subdi-
vide below the level of the input polygons and to cluster surfaces together above this level. This largely
removes the dependence of the hierarchical radiosity algorithm’s time and space complexity on the input
polygons, permitting it to represent light transport at more natural levels of detail, and to operate more effi-
ciently in complex scenes.

Specifically, by incorporating such multiresolution meshes into our radiosity simulation, we can reduce the



Figure 2: Large, highly-tesselated objects cause problems for existing hierarchical radiosity algorithms.
Top: The model of the ‘starship enterprise’ pictured is composed of 203878 triangles. The model shown is a
medium resolution version of the original model. (Models captured by cyberware scanner or equivalent
device can sometimes reach complexity levels of the order of a million triang§leddm: Such models can

be simplified by a technique that creates a multiresolution hierarchy of the model. The simplified model
shown here has 1000 triangles.

complexity of the algorithm t@®(slog s+ n) , whergis the number of faces in the most simplified version
of our scene. In complex scenes; n

The use of simplified models also improves the accuracy of our representations and permits our algorithm
to avoid touching the lowest portions of the hierarchy during iterations. In Figure 1c we see how a tree of
simplified models is built above the input polygons. The subtree below T can be paged out, saving time and



Figure 3: The underlying base mesh can have a large effect on the result of the radiosity algoefthra.
poorly-tesselated disc leads to streaking in the well-lit aRéght: the orientation of the initial triangulation of

the ground square affects the shadow cast on it. Shown from top to bottom are the post-processed solutions, the
original solutions, and the solution meshes. In post-processing, these meshes have been balanced and anchored
before shading interpolation, but this still leaves us with noticeable shading artifacts.



Isotropic volume clusters

-

Input surfaces /
Face clusters

Regular refinement

Split refinement

'\

Figure 4:Left: traditional hierarchical radiosity with clustering builds a volume hierarchy above the input
surface (light green), and then employs regular refinement below that surface to form the complete
hierarchy.

Right: | propose to replace this with a multiresolution hierarchy, in which a much shallower volume
hierarchy encloses a simplified form of the input surface, which is then refined into the original input
surface. This gives us a better directional approximation to the surface than an isotropic volume hierarchy,
and the complexity of the radiosity simulation depends on the number of simplified faces in the scene, rather
than the number of faces in the original input models., Below the input surface, refinement based on the
same edge-contraction operations used in the multiresolution model gives greater flexibility in adapting to
local intensity gradients.

memory.

Using a multiresolution mesh in a radiosity algorithm requires two things; the construction of a suitable
simplification hierarchy oface clusterdrom models in the original scene, and the adaption of the tradi-
tional radiosity equations to allow the calculation of light transfer between such face clusters. The next two
sections look at how these are achieved.



3.1 Multiresolution Meshes

To approximate the light transport from a complex object, we will need shape approximations that are both
geometrically accurate and compact (few polygons). There is a variety of simplification algorithms to
choose from. The most promising for our purposes seems to be Garland’s surface simplification technique
[4], which is fast and produces reasonable quality results. His edge collapse algorithm is capable of simpli-
fying 3-D triangulated manifolds with boundary (models each of whose edges have two or fewer adjacent
triangles). The algorithm iteratively simplifies the model. At each iteration it collapses the edge (Figure 5)
whose removal introduces the least error. This tends to eliminate small polygons in nearly planar regions of
a surface.

collapse

Before After

Figure 5: An edge-collapse operation.

The sequence of edge collapses builds a tree of vertices from the bottom up [8]. Cuts across this tree con-
stitute approximations of the geometry at various levels of detail (Figure 6).

s

original: 2320 polygons 500 polygons 110 polygons

Figure 6: Progressively simplified models of a DC10 aircraft.

A detalil is that we need a tree of face clusters, rather thamehex hierarchythe above method produces.

This can be rectified by treating the nodes in the vertex hierarchy as representing the equivalent faces in the
dual of the polyhedral model. A promising alternative is to use similar quadric simplification methods to
directly build aface hierarchyconsisting of a tree of faces, by iteratively clustering pairs of faces.

3.2 Vector-based Radiosity

To properly account for the transfer of light between face clusters, which may contain a number of surface
faces of different orientation, it is necessary to adjust the usual formulation of the radiosity equation. Using
the standard scalar radiosity formulation leads to the faceting effect shown in Figure 10c, which is obvi-
ously unacceptable.



Consider the light transfer from one face cluster to another in Figure 7 below.
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Figure 7: Radiosity transfer between two clusters of faces.

We letj denote an element in the source cluster on the left, amdelement in the receiver cluster on the
right. Elements on the left have radiositiBs  and elements on the right have resulting irradignces, . If
we assume that ali,{) pairs are inter-visible and that the sources are close together and far from the
receiver, then we can approximate the irradiance from a single cluster as:

E = —mmTP, (1)

We refer toP as the power vectoE as the irradiance vector, amad as the transport vector; their relation-
ship is shown in Figure 8.

The irradiance vectoE is a 3-vector whose components are the irradiances on planes normal to the x, v,
and z axes, respectively, positioned at the receiver. Recording this information, rather than a scalar irradi-
ance to the average plane of the receiver, allows coarse variations in the irradiance as a function of orienta-
tion to be modeled. The irradiance of individual faces can then be recovered as:

i E. (2)

The power vector similarly measures the direction radiosity of the source cluster, and can be calculated as:
P = Z_njAij, 4

The transfer vectan is simply

.

JTr

The use of this technique eliminates most of the faceting effects of Figure 10c, as seen in Figure 10d.

m = 3)

We can substitute these vector quantities directly for the irradiance and radiosity in a standard hierarchical
radiosity algorithm, although d3is area based, when pulling radiosity up the hierarchy we sum the power
vectors of a node’s children, instead of averaging them.

3.3 Refinement of Input Polygons
The construction of a multiresolution mesh for a particular model leaves us with a face cluster hierarchy
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Figure 8: Approximating the radiosity transfer between clusters of
faces with vector-based quantities.

above the input polygons. However, the radiosity algorithm may need to access the hierarchy at a finer res-
olution than this, which will require refining the input polygons to finer levels of detail. One possibility is

to switch over to regular, quad-tree subdivision at this point, but a more natural alternative is to employ the
same edge-split or face-split operations that make up the multiresolution mesh below the input polygons as
well as above. In the case of a vertex-cluster hierarchy, the standard edge-split operation can be used, as in
Figure 9a. For a face-cluster hierarchy, a cluster of two faces can be split into two such clusters, as in
Figure 9b.

There are three advantages to this approach. First, there is no switch between representations, and the
degree of the refinement remains the same; a binary tree, as opposed to a quadtree. Secondly, we have
more freedom to adapt the refinement according to local variations in irradiance. In particular, with the
directional irradiance available to us, possibly augmented with other stored information, it seems likely
that we can use this information to pick an optimal direction in which to split a face. Finally, we can use
information about the topology of the mesh to refine the surface in a smoother manner. If two abutting
faces are tessellations of a smooth surface, the refined faces can follow that surface, rather than lying
exactly in the plane of their parents.

At best, this approach may allows us to approximate the effects of a priori discontinuity meshing, without
the complexity of its implementation or running time. At worst, the ability to refinestrepeandorienta-

tion of the mesh in addition to iteesolutionshould allow fewer elements (and thus links) to be used for a
given solution accuracy. The hope is that such an approach will provide a suitable compromise between the
simplicity but inflexibility of regular refinement, and the sometimes excessive refinement introduced by
discontinuity meshing.

A-r E -

Figure 9: Multiresolution refinement operatio(e), an edge spliib), a face-cluster split.



3.4 Initial Results

| currently have a working prototype of the multiresolution radiosity algorithm, and initial results look very
promising. Example results can be seen in Figure 10, which shows a simple scene containing a detailed
dragon model. As can be seen, the use of the multiresolution algorithm reduces the time taken to that tradi-
tional hierarchical radiosity would take on a simplified model, with comparable quality. Also, Figure 10c
shows why the vector transfer form of the radiosity equation is needed to model transfer of radiosity
between face clusters well.

(a) HRC, 108,000 triangles, 707s (b) HRC, 1000 triangles, 7 s (c) Constant MR, 108,000 triangles, 7s  (d) Vector MR, 108,000 triangles, 8s

Figure 10: Hierarchical radiosity with clustering (HRC) and multiresolution radiosity (MR) applied to a
detailed dragon model.

A more complex test scene, shown in Figure 11, contains a number of highly detailed models, with a total
count of around 200,000 triangles. The table to the right of the scene shows the results for hierarchical
radiosity with clustering and multiresolution radiosity when run on the same scene with the same refine-
ment parameters. As can be seen from this table, the execution time speedup was significant, approaching
a factor of 9. The memory efficiency was also greater than that of volume clustering, by a factor of 3.

3.5 Developing a Robust Multiresolution Radiosity System

To achieve the goal of a robust radiosity system using the methods | have outlined, and to demonstrate that
it works as expected, the following tasks must be accomplished:

1. Establish the best kind of face-cluster hierarchy to use
Is a vertex hierarchy or face hierarchy better? (See Section 3.1.) Michael Garland has developed new
methaods for creating clusters of original faces of the model, rather than vertices. This scheme has the
advantage that it can produce clusters with smooth borders, and give certain guarantees about the vari-
ation in surface normal over the patch. There is a trade-off here between (assumed) better quality from
direct face-clustering, and the advantage of having direct vertex-to-vertex face-cluster compatibility
with simplified models used for final-stage rendering. The suitability of either method to polygon
refinement will also help determine which is the better technique to use.

2. Eliminate inter-element shading discontinuities
The current scheme does not attempt to fix possible discontinuities in irradiance between adjacent leaf
elements that belong to different face clusters. There are no longer value discontinuities in the scalar
irradiance between the borders of adjacent face clusters, but there are discontinuities in the vector irra-



3.

4.

5.

Parameter HRC MR
Simulation Memory |[ 31Mb 10Mb
Rays cast 2.1 million 1.7 million
Execution time 80 minutes | 9 minutes
Links used 134860 117491
Volume clusters 22774 331
Face clusters/faces || 199124 8800

Figure 11: A medium-complexity scene, with results for the standard hierarchical radiosity with
clustering algorithm (HRC), and our new multiresolution radiosity algorithm (MR).

diance. There are two approaches to this problem. One is to use information about neighboring face
clusters to interpolate the directional irradiance. The other is to use a higher-order representation of
directional irradiance, analogous to the use of higher-order basis functions in hierarchical radiosity.

Find a suitable representation for link visibility

In the initial implementation of radiosity using multiresolution meshes, the fractional visibility
between two face clusters is used to scale the entire transfer. This leads to poor shadow resolution, as
can be seen by comparing the shadowed area under the dragon’s neck in Figure 10a to Figure 10d. One
possibility is to incorporate visibility sampling into the calculation of the transfer veastdknother is

to store higher-order visibility information about visibility between the two clusters; linear, or even a
small shadow map.

Extend use of the multiresolution mesh past the input surfaces
The prototype implementation only uses the multiresolution mesh above the input surfaces. The mesh
hierarchy needs to be extended beyond those surfaces with as outlined above.

Establish the system’s performance empirically

We expect sublinear performance from the algorithm in the number of input polygons, in the domain
where the number of faces in the simplest models is smaller than the number of elements required for
the radiosity solution. To establish whether this occurs, and to gain some insight into the interaction of
memory, computation time, and solution accuracy, we need to run a number of experiments on the sys-
tem’s performance. Similarly, we would like to establish how the system performs relative to hierarchi-
cal radiosity with volume clustering, for scenes of varying complexity. | also hope to show that using
radiosity for scenes larger than one million polygons is possible on a mid-sized workstation.

To carry out these empirical studies, | will use the same systematic approach as in my earlier compara-
tive study [13].



4  Contributions and Timetable

In this thesis | propose to deal with some of the problems with current hierarchical radiosity techniques by
using a surface hierarchy based on multiresolution meshes. The expected contributions of this work would
be:

* The extension of the radiosity algorithm to work on detailed, industrial-strength scenes, using the
resources of a standard workstation.
* Artifact-free resolution of shadows.

* The production of a reasonably robust radiosity system, to be released to other researchers and inter-
ested parties over the internet.

Table 1 contains an approximate timetable for the tasks necessary to complete this work, as outlined in
Section 3.5.

Activity Months | Start Date

Find Best Clustering Method 1 April ‘98
Seam Elimination 2

Visibility Scheme 2 August ‘98
Input-polygon Refinement 3

Slack time/addition of features to system 2 January ‘99
Experiments and testing 3

Writing Dissertation 4 June ‘99
Total/Finish 18 October ‘99

Table 1. Rough Timeline for Thesis
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