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Abstract

Using object clusters for hierarchical radiosity greatly improves the efficiency and thus usability of radiosity
computations. By eliminating the quadratic starting phase very large scenes containing about 100k polygons can
be handled efficiently. Although the main algorithm extends rather easily to using object clusters, the creation
of ’good’ object hierarchies is a difficult task both in terms of construction time and in the way how surfaces or
objects are grouped to clusters. The quality of an object hierarchy for clustering depends on its ability to accurately
simulate the hierarchy of the energy flow in a given scene. Additionally it should support visibility computations
by providing efficient ray acceleration techniques.
In this paper we will present a new approach of building hierarchies of object clusters. Our hybrid structuring
algorithm provides accuracy and speed by combining a highly optimized bounding volume hierarchy together with
uniform spatial subdivisions for nodes with regular object densities. The algorithm works without user intervention
and is well suited for a wide variety of scenes. First results of using these hierarchies in a radiosity clustering
environment are very promising and will be presented here.
The combination of very deep hierarchies (we use a binary tree) together with an efficient ray acceleration struc-
ture shifts the computational effort away from form factor and visibility calculation towards accurately propagat-
ing the energy through the hierarchy. We will show how an efficient single pass gathering can be used to minimize
traversal costs.

1. Introduction

Clustering for hierarchical radiosity 11; 13 works by grouping
patches or objects to clusters and performing approximative
energy exchange between these clusters. Starting with a sin-
gle self-link the algorithm checks if a given link accurately
represents the energy exchange between two object clusters
or if it has to be refined. Link refinement means 3 deleting
the current link and establishing new links to or from the
next level of the object hierarchy, thus defining a recursive
refinement process. Once the surface level of the hierarchy
is reached a standard hierarchical radiosity algorithm pro-
ceeds.

After introducing clustering algorithms for radiosity com-
putations enhancements to the radiosity algorithm like in-

corporating glossy reflection 2 and the efficient use of error-
bounds 3; 14 have been published. Recent research however,
focuses on the efficient and accurate creation of object hier-
archies that can be used as a starting point for the radiosity
calculation.

Hasenfratz et al.7 give a thorough analysis of different
clustering algorithms used for radiosity computations. Their
investigation was driven by two issues. First, the quality of
the simulation, i.e. the accurate flow of energy, and second,
the overall application performance which is typically dom-
inated by the ray casting costs due to visibility checks. At-
tention must also be paid to the cluster creation time, which
can be significant if an elaborate optimization step is in-
volved. Comparing different clustering strategies by apply-
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ing them to ’real-world’ scenes, i.e. scenes modeled for other
purposes than radiosity calculations, they made the follow-
ing observations: Clustering schemes based on hierarchical
bounding volumes typically behave the most predictable but
do not always result in best performance. The combination
of a k-d tree with a local bounding volume optimizations
in densely populated inner nodes however, gives good ray
acceleration results, thus probably improving overall perfor-
mance (but not necessarily image quality). Finally, bottom-
up construction methods generally produce better object hi-
erarchies although the costs for the creation step can easily
become quadratic.

Led by these observations we will present a new clus-
tering algorithm that can be characterized by the following
properties:

� hierarchical bounding volumes in a binary tree
� fast creation time (O(n logn))
� reliable detection of original scene objects
� efficient ray-acceleration

The structure of our paper is as follows. In the next sec-
tion the clustering algorithm will be explained. Section 3
describes our radiosity implementation and finally we will
present and discuss our results.

2. Finding Object Clusters

2.1. Overview

Our new clustering algorithm creates a hierarchy of bound-
ing volumes which define the individual clusters for the ra-
diosity process.

The algorithm examines the existing objects and their mu-
tual spatial relationship. This yields very high quality hierar-
chies with structures which are often called intuitive or nat-
ural. The cluster hierarchies adapt well to the spatial distri-
bution of objects:

� Spatially separated geometry is identified and placed into
separate clusters.

� Overlaps between clusters are reduced and tight bound-
ing volumes are built by finding bounding volumes with
minimal surface areas.

The basic idea behind the construction scheme is close
to the median cut scheme described in 5; 8 which recursively
computes partitions of the objects in two equally sized sub-
sets based on their spatial location relative to a coordinate
axis. We extend this scheme by introducing a cost function
similar to 4 to gain significantly better scene partitions. Also,
we will show that the data structure can be built very effi-
ciently.

2.2. Construction

Our hierarchical bounding volume optimization method sub-
divides recursively the set of scene objects into two disjoint

subdivision entities. Each node of the corresponding binary
tree represents a specific subscene of the whole scene. At
each subdivision level, the individual objects are assigned to
exactly one subdivision entity of that level. No objects are
split, hence no new objects (e.g. polygons, triangles, etc.)
are created by this method.

Starting from the root node, we sort the objects along
all major coordinate axes, where the center of an object’s
bounding box serves as sorting key. Based on these sorted
lists, we evaluate potential partitioning positions along each
axis for each entry in the respective list by splitting the sorted
list of object into a left and right part. In contrast to the me-
dian cut scheme applied in 5, we don’t have a predefined
partitioning position. Instead, we minimize a cost function
describing the approximated costs computing the ray/scene-
intersection for a specific subdivision position. By minimiz-
ing the cost function over all partitioning positions, we ob-
tain an optimal subdivision position which generates two
new subdivision entities; one containing the left objects, one
containing the right objects (Figure 1). The subdivision pro-
cess terminates for subscenes which contain only a single
object.

Figure 1: Possible object partitions along a single coordi-
nate axis for a simple example scene containing 5 objects.
The partition with minimal costs according to function C will
be used in the subsequent recursion step.

The cost function used has already been successfully ap-
plied in a ray-tracing environment and has shown its supe-
riority compared to other bounding volume schemes. The
costs of a subdivision entity H, with children Hle f t and
Hright , is given by:

CH(axis) =
S(Hle f t)

S(H)
� jHle f t j+

S(Hright)

S(H)
� jHright j

with

� jHj the number of objects within hierarchy H
� S(H) being the surface area of the bounding box associ-

ated to scene H
� axis 2 fX ;Y;Zg

Applying hierarchies based on this cost function to ra-
diosity clustering is primarily a consequence of two obser-
vations:
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Figure 2: Visualization of bounding volumes of the aircraft test scene at tree levels 10, 12, 14, 16, and 18. The image at bottom
right shows the Gouraud shaded original scene model.

� An efficient ray acceleration scheme is needed for fast vis-
ibility computations based on ray casting.

� Results in 10 show that this algorithm generates hierar-
chies that adapt well to the distribution of objects in the
scene. E.g. polygons of individual objects are detected and
clustered together, and overlaps of bounding volumes are
minimized (although overlaps are still possible).

Construction Costs

Many previously proposed bounding volume schemes fail
for large scenes because of the high computational com-
plexity involved in the respective construction method. Their
complexities easily become quadratic by checking mutual
spatial relationship making them unusable for large geome-
tries composed of many objects. Our method will need only
time O(n logn) in the average case while guaranteeing hier-
archies of very high quality comparable to bottom-up meth-
ods.

When performing a subdivision step at an inner node of
the hierarchy, the cost function has to be evaluated for all
potential subdivision positions and coordinate axes. This can
be done in time linear in the number of objects by incremen-
tally unifying bounding volumes assigned to the elementary
objects. The sorting should be done in a pre-process for each

coordinate axis, since the mutual relative object positions
will not change throughout the construction algorithm. For
the analysis of run-time complexity, we assume randomly
chosen split positions for object partition, which leads to
an overall run-time complexity of O(n logn) in the average
case. The actual subdivision position is determined by the
cost function, though.

Quality of Hierarchies

Figure 2 illustrates the resulting bounding box hierarchy
when our method is applied to a real-world test scene (air-
craft) containing more than 180,000 triangles. Even at a very
low level of hierarchy (level 10) individual basic structural
objects like seats and overhead compartments emerge. At
level 12 details of the individual objects appear like arm-
rests, backrests, or headrests. The total number of boxes at
level 12 is less that 212, which is only about 2% of the total
number of scene objects.

Figure 3 shows the results for an architectural scene
containing more that 36,000 polygons. Again, close fitting
bounding volumes emerge at a relatively low level of the hi-
erarchy. Please note that at level 12 details of the scene like
chairs, tables, cubicles, monitors, and keyboard are detected
at a very abstract but informing degree. At level 14 smaller
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Figure 3: Visualization of bounding volumes of the vrlab test scene at tree levels 10, 12, 14, 16, and 18. The image at bottom
right shows the Gouraud shaded original scene model.

details like a ladder to the second floor or book shelves
emerge.

The clustering scheme even detects inhomogeneous detail
at a very early level of hierarchy and is thus suitable for a
vast range of scene arrangements.

2.3. Optimizing Ray Acceleration

Besides the quality of the cluster hierarchy the performance
of the radiosity algorithm is mostly influenced by the ef-
ficiency of the underlying ray acceleration scheme. Al-
though bounding volume hierarchies deliver acceptable per-
formance in many cases, these schemes involve high tree
traversal costs which can often be reduced by using hier-
archical grid approaches. To answer visibility queries, we
have presented a novel hybrid ray acceleration scheme 10

that combines the advantages of bounding volume hierar-
chies with uniform grid approaches. We have shown that the
performance is at least equal to similar schemes like 1 and 9.
In this paper, we will only summarize the major subdivision
algorithm and its results:

Given a bounding volume hierarchy, our goal is to detect
inner scene nodes that are suitable base nodes for a local

space subdivision. To achieve this goal, we recursively clas-
sify scene nodes based on the

� surface area of neighbor hierarchy nodes
� volume of neighbor hierarchy nodes
� average size of elementary objects below a hierarchy

node

We classify an inner scene node as a suitable base node for
a uniform space subdivision if the surface area and the vol-
ume of the node are not significantly larger than respective
summed values of its child nodes. Also, we demand that the
elementary objects below each child node have similar size
to justify a locally uniform space subdivision for this sub-
scene. The involved threshold constants were determined
empirically.

Additionally, all scene nodes hold a counter representing
the number of uniform classified sub-nodes which will be
used in the actual space subdivision phase. In the next phase,
uniform space subdivisions are built for sub-scenes marked
in the previous step. This is efficiently achieved by recur-
sively subdividing the bounding box of a scene node along
the dominant coordinate axis. The node counter is used to
determine the number of voxels or subdivisions. The avail-
able bounding volume hierarchy can be used to speed-up
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the voxel initialization significantly by applying hierarchical
voxel membership tests.

Figure 4: Combining bounding volume hierarchies and
space subdivisions.

Figure 4 shows an example of a resulting data structure.
A scene is partitioned into two (possibly distant) subscenes
using a bounding volume hierarchy. One subscene contains
many subscenes uniformly distributed in space, thus we are
building a uniform spatial subdivision to represent the sub-
scene. Note that highly inhomogeneous detail contained in
one of the resulting voxels, could again be modeled using a
hierarchy of bounding volumes.

Construction Costs

We have shown in 10 that both, run-time complexity and
space complexity of the space-subdivision approach is linear
in the number of scene objects. Thus, the overall complex-
ity of the cluster construction is dominated by the time to
build bounding volume hierarchy. This is a remarkable fact,
because it implies, that the whole scene voxelization can be
done in a very short time, provided the scene hierarchy from
Section 2.2 is available. We could compute the scene hierar-
chy once, save the result to an external storage medium, and
perform a fast voxelization based on the precomputed scene
hierarchy, whenever using the scene.

3. Radiosity with Optimized Clusters

3.1. Overview of the Implementation

Our radiosity implementation mainly follows the one pre-
sented in 3, where the authors propose using an error driven
refinement technique to improve the efficiency of the algo-
rithm. To decide whether a given link has to be subdivided,
upper and lower error bounds on the energy transfer are com-
pared. These error bounds are a combination of bounds on
form factors, visibility and irradiance transfer involved in
that particular interaction. During energy exchange bounds
are gathered and propagated exactly like radiosity thus ac-
curately reflecting the quality of the transfer. BF-refinement
6, which is often used in standard hierarchical radiosity only
uses the product of form factor and radiosity as an indicator
for link refinement. The error driven approach leads to fewer

links when compared to BF-refinement and it produces more
subdivisions at the element level, thereby improving the de-
tection of shadow boundaries.

The second important detail is the way how energy is
transferred from and to clusters. Energy received by a cluster
is directly deposited on the contained surfaces obeying their
orientation with respect to the source. An iteration process
that pushes the energy down the tree is started once the top
level surfaces are reached. When energy is gathered from
a cluster, surface orientation inside that cluster also plays
an important role. To account for the non-diffuse reflection
property of a surface cluster, the reflection of each contained
surface is weighted by its orientation to the receiver.

Visibility calculations between patches or between
patches and clusters are done via ray casting. Only if visibil-
ity between two clusters is needed, we use the approximative
visibility approach based on a voxel grid with extinction co-
efficients 11.

3.2. Using the Cluster Hierarchy

The algorithm described in Section 2.2 builds a binary tree
containing a bounding volume hierarchy. If the algorithm
detected regions of regular object densities inner nodes en-
capsulating these regions are specially marked. Inside these
regular nodes, however, the bounding volume hierarchy still
persists. This is important, because the algorithm might find
regular regions quite early, thus probably resulting in no hi-
erarchy at all. Because we want to use the same hierarchy
for ray tracing (i.e. visibility checks) and for clustering we
decided to combine both data structures. Ray tracing can
benefit from regular regions whereas the radiosity algorithm
needs the full hierarchy. Nodes with a regular structure are
derived from standard inner nodes (our implementation is
done in C++) and overload the method performing a ray in-
tersection test. Instead of just propagating the test to their
child nodes, regular nodes use a local voxel array created
during the construction of the hierarchy.

When performing our first tests with this data structure
applied to large models, we found that most time was spent
during gathering energy over the links and propagating it
through the hierarchy. The refinement steps consisting of
form factor calculations, visibility checks, and subdivision
of links however, only used a fraction of the gathering time.
The reason for both observations lies in the nature of our
hierarchy. The subdivision of links is very fast due to the
branching factor of two in a binary tree. The visibility checks
are performed either approximatively or based on ray casting
which greatly benefits from the tight fitting bounding vol-
umes and the local voxel arrays. The problem we encoun-
tered in the gathering step however, is the depth of the tree.

Optimizing the Directional Transfer

As mentioned above, propagation of energy in a cluster is
performed by depositing energy directly to the inner sur-
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faces. This means traversing the hierarchy below a cluster
to enumerate all leaves and computing a dot product of each
surface normal with the direction of transfer. Thus, perform-
ing this step for each link and at all levels of the hierarchy
results in an excessive number of partial sweeps through the
hierarchy. Because the same traversal has also to be done
for the sending cluster, deep hierarchies degrade the per-
formance of this process. To optimize the number of itera-
tions on both sides (sender and receiver) our gathering step
for clusters first loops over all links. While visiting each
link, the sender’s weighted radiosity is computed once and
pushed on a stack together with the direction of transfer. Af-
ter all links are visited, the receiving cluster’s resembling
surfaces are enumerated and the saved radiosities are accu-
mulated on these children, again weighted by their orienta-
tion. This results in only two traversals for each link. This
approach is similar to the α-links proposed by Smits et al.
13. In our implementation however, the direction of transfer
for each individual contribution to the receiver’s radiance is
taken into account. Smits computes a single average value
for the sender and uses it to update all patches of the receiv-
ing cluster which can be wrong if most patches are oriented
sideways regarding the direction of transfer. Using the tech-
nique described above a higher accuracy is obtained without
increasing the complexity.

Efficiently Solving the System

The original hierarchical radiosity algorithm 6 and subse-
quent clustering algorithms 11; 13 split the solution process
in two passes. In a gathering step the energy is transferred
across the links, which is done for all links of all nodes. In
a second pass the radiances must be swept to each object’s
parents and children to obtain the proper amount of energy
at all levels of the hierarchy. The radiosity received by a par-
ent node is pushed down the hierarchy to the children and
on the way up the parents receive the area-weighted average
radiosities from their children. The separation of a gather-
ing and a push-pull pass corresponds to the Jacobi iteration,
where the solution vector is only updated after a full itera-
tion step 12. To speed up the convergence rate and thereby
minimizing the number of full hierarchy traversals Gauss-
Seidel iteration should be used, which means that the entries
of the solution vector are updated in place during an itera-
tion. A combined gather and push-pull procedure is recur-
sively called for each child node. At each element radiosity
is gathered and pushed down the hierarchy. At the leaf level
the emissivity is added and the radiosities are area-averaged
on the upward pass 3. Thus, energy can be propagated in
a single sweep without an additional push-pull step as re-
quired for Jacobi iterations. We consider a gathering step to
be complete when the maximum energy gain drops below
some fixed threshold. For our test scenes this never required
more than 3 full iterations for a single gathering step.

4. Results

To test the overall behavior and efficiency of our clustering
algorithm we computed radiosity solutions for several large
scenes containing up to 180,000 polygons (see Figure 5).

The scenes chosen cover a broad range of features that are
typically not found in ’synthetic’ test scenes. The aircraft is
a highly tesselated model of the interior of an aircraft with
mainly curved surfaces. wichmann is an architectural model
of an office building containing moderately subdivided fur-
niture and many large light sources. Most surfaces of the
scene are textured. The vrlab scene has lower overall com-
plexity than the former one but here the chairs are highly
tesselated. The atrium scene has the lowest complexity of
our test scenes, but it is rather irregular due to several trees
on the ground floor.

For rendering times and additional statistics please refer
to Table 6 (all tests were run on a 250MHz R10k with 2GB
RAM). To measure the quality of the clustering algorithm,
we have chosen the error threshold to not subdivide more
than about 20% of the initial polygons. This ensures that the
timings reflect the quality of the bounding volume hierarchy
as well as the ray-tracing speed. Finer error thresholds shift
the main computational effort towards ray tracing. Solutions
of higher quality are presented in Figure 7.

5. Discussion

Our impression from these tests is that the algorithm in gen-
erally behaves very well. This confirms the results regarding
the quality of our bounding volume hierarchy documented
in Figures 2 and 3. Although we did not directly compare
our algorithm to one of the clustering algorithms published
before, two of our test scenes (aircraft and vrlab) have al-
ready been used in 7. Comparing our rendering times at the
given visual quality to the former results shows that using
the same hierarchy for clustering and ray acceleration is a
very promising approach.

Beyond these observations our algorithm closely matches
several requirements found to be useful in clustering
algorithms7: The creation time of the hierarchy is very ef-
ficient and tightly fitting bounding volumes are generated.
These bounding volumes are stored in a binary tree, which
allows for fast link refinement steps. Additionally, the pure
ray-tracing speed of our bounding volume hierarchy com-
bined with voxel grids has been shown to be superior to most
other approaches 10.

The reliable detection of almost arbitrary scene details,
even at moderate hierarchy depths opens several perspec-
tives for future work. Rapid prototyping applications using
the tight bounding boxes as an approximation of a scene
could improve the efficiency of various algorithms. For in-
stance, a radiosity computation could be performed on only
a fraction of the number of the original scene elements. Pro-
jecting the results obtained by this method onto the real
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scene polygons (i.e. using texture mapping hardware) would
deliver high-speed approximative solutions, applicable to
dynamic environments.
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5.a) aircraft 5.b) wichmann

5.c) atrium 5.d) vrlab

Figure 5: Renderings of the four test scenes.

aircraft wichmann atrium vrlab

number of polygons 183,114 59,844 13,558 36,337

max. hierarchy depth 26 27 25 27

hierarchy creation [min:sec] 0:53 0:22 0:03 0:12

rendering time [min:sec] 14:37 7:01 3:29 6:55

Figure 6: Rendering times and statistics for the rendered test scenes.
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7.a) interior view

7.b) view from outside

Figure 7: High quality renderings of the scene wichmann (47 min)
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