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Efficient Relighting by Clustering Environment Lights

HENRY JOHANt and TOMOYUKI NISHITA!

We present a novel pre-computed radiance transfer method for an efficient relighting under
arbitrary, all-frequency environment illumination. Environment illumination is represented
ag a set of environment lights. Fach environment light has a direction and an intensity.
In the pre-processing step, the environment lights are clustered into several clusters taking
into account only their directions. Through experiments, we confirmed that the environment
lights can be clustered into a small nmmber of clusters compare to the original number of
environment lights. Given any environment illumination sampled as an environment map, an
efficient. relighting is then achieved by computing the radiance using the pre-computed clus-
ters. The proposed method also enables relighting under very high-resolution environment
illuminations, resolution that is higher than any previous methods can handle. In addition,
different from previous approaches, the proposed method can efficiently perform relighting

when some regions of the given environment illumination changed.

1. Introduction

Producing photo-realistic images is one of the
most important goal in computer graphics. Re-
cently, rendering photo-realisitic images under en-
vironrnent illumination has gained much attention.
However, in the case of environment illumination,
we consider lights coming from all directions re-
sulting in a high rendering cost when using conven-
tional methods such as ray tracing. This becomes
a serious problem, for instance in application such
as lighting design where the lighting environment is
continuously manipulated and rendering has to be
performed each time.

With the emergence of the pre-computed radi-
ance transfer methods, fast relighting of a rigid
scene under environment illumination is realized.
The idea is to represent the light transfer phenom-
ena on each vertex of the objects as a light trans-
fer function. The light transfer function and the
lighting environment are approximated using some
basis functions, such as spherical harmonics!® or
wavelets?!?). The radiance at each vertex is then
computed thmugh these basis functions.
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The limitation of using the spherical harmonics
is that they can only be applied to low frequency
lighting environment. Using wavelets overcome this
problem, realizing high-frequency shadows in-the
rendered images. However, due to the computa-
tional cost and the storage requirements, they can
only deal with environment illumination, which is
represented as cubical environment map, up to res-
olution 6 X256 x 256. Another limitation is that full
recomputation of relighting is required even when
only some portions of the environment illumination
changed.

We present a method for fast relighting that over-
comes the two limitations mentioned above. Qur
method can deal with all-frequency lighting envi-
ronment and thus we can produce all-frequency ef-
fects such as hard and soft shadows in the rendered
images. If the scene consists of only diffuse objects.
the view point can be changed during the relight-
ing. For the scene consists of objects with arbitrary
BRDF, the view point is fixed.

Different from all the previous approaches, in-
stead of each vertex, we define a light transfer vec-
tor for each environment light. The clements of
the light transfer vector are the light transfer func-
tions at the vertices of the objects. We observed
that environment lights whose directions are close
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to each other tend to have similar light transfer
vector. Using this fact, we cluster the environ-
ment lights based on the similarities of their light
transfer vectors. We will show that the environ-
ment lights can be clustered into a small number
of clusters compare to the original number of en-
vironment, lights while preserving the all-frequency
effects in the rendered images. Given an environ-
ment map as the environment illumination, using
the pre-computed clusters, an efficient relighting is
achieved.

Our approach of clustering the environment

lights also has the following advantages.

e Since increasing the resolution of the envi-
ronment illumination is simply increasing the
number of lights whose directions are close to
each other. the increase in resolution results
only in a relatively small increase in the num-
ber of clusters. As a result, relighting under
very high-resolution environment illumination
is possible.

e When the light intensities at some regions of
the given environment map changed, the radi-
ances at all vertices are updated by recomput-
ing only the radiance due to the clusters that
are affected by the changes. That is, full re-
computation for the relighting is not required,
resulting in an eflicient relighting.

2. Related Work

Dobashi et al.>) presented a method for rendering
under skylight illumination using) basis functions.
Ramamoorthi and Hanrahan'"'?) proposed meth-
ods to rendered scenes under environment illumina-
tion in real time nsing spherical harmonics. How-
ever, their methods did not take shadows into con-
sideration. Sloan et al.**) proposed a pre-computed
radiance transfer method using spherical harmonics
as the basis functions for rendering various cffects
such as soft shadows, direct and indirect illumina-
tion and caustics. Kautz et al.”) proposed a method
for rendering scenes with arbitrary BRDF. Lehti-
nen and Kautz” presented a method for rendering
glossy objects efficiently. Sloan et al. used clustered
principle component analysis for compressing the
pre-computed data'® and also presented a method
to handle meso-structures on surfaces'®. The lim-
itation of these approaches is that they can only
deal with low-frequency lighting environment.

Ng et al”'" used wavelets instead of spheri-
cal harmonics and achieved relighting under all-
frequency environment illumination. By using sep-
arable BRDF approximation®, Wang et al.*® and
Lin et al.®) extended the work in® to handle objects
with complex BRDF. These approaches, however,
can only handle environment illumination up to a
certain moderate resolution. The highest resolution
is 6 x 256 x 256 achieved by the method in'?. An-
other limitation is that even when only some parts
of the environment illumination changed, these ap-
proaches have to perform full recomputation for the
relighting.

(b)

B 1 (a) Relighting a scene under environment illumina-
tion sampled as lights coming from a cube. (b} Sev-
eral environment lights.

Agarwal et alY), Kollig and Keller® presented
methods to accelerate rendering by reducing the en-
vironment lighting to hundreds of directional light
sources. However, this method still take a few
minutes to render an image. Moreover, given any
environment maps, these methods have to con-
vert the environment maps to a set of directional
lights before the rendering can be performed. Our
method. on the other hand, clusters environment
lights based only on their directions, and thus the
clustering results can be applied to any environ-
ment maps. In addition, our method can relight a
scene in several seconds.

3. Basic Idea

We assume that the environment illumination is
sampled as environment lights coming from a six-
sided cube with resolution 6 x R x R, where R is
an arbitrary positive integer (Figure 1(a)). In other
words, each face of the cube is subdivided into Rx R
regions. The directions of the environment lights
are determined as the directions from the center of
the regions on the faces of the cube to the center of
the cube (Figure 1(b)).

3.1 Radiance due to environment illumi-

nation

Assume that there are N vertices in the scene.
The radiance B at vertex a; (i = 1,...,N) lit by
direct illumination from environment illumination
is computed as follows.

M
B(xi,0:) = Y L(wy) V(wi.w;) plai.w;. 0)
Jj=1
max(w; - n(z:).0). (1)
0; is the viewing direction, w; (j = 1,..., M = 6R?)

are the incident light directions, L(w,) is the inci-
dent light intensity from direction wj, V (2, w;) is
the binary visibility function indicating if the light
from direction w; reachs z;. n(z:) and p(xi, wj, ;)
are the normal vector and the BRDF at. «¢;, respec-
tively.

Similar to Ng et al., we consider two cases.

o Geometry relighting: When all the objects
in the scene are diffuse surfaces, p only depends
on surface location and we define a transfer
function as




Ti(x;) = V(viw;) plx:) max(w; - n(xi).0).
(2)
Since we do not fix the viewing direction, in the
relighting process, we can interactively chaunge
the view point.
¢ Image relighting: When the scene consists of
objects with arbitrary BRDF, we fix the view
point and define the transfer function as

Tj(z:) = V(wi,w;) p(ai. w;. 0:)

max(w, - n(x;),0). (3)

In both cases, the radiance computations are not
depend on the viewing direction. Using Tj(zi).
Squation (1) can be rewritten as

M
B(x;) = ZTJ(:K;) L{wy). 4)
i=1
Then, the radiance of all the vertices can be written
in matrix notation as follows.

B=TL, (5)

where B is a N-dimensional vector of radiance of

all the vertices. T'is a N x M-transfer matrix, and

L is a M-dimensional vector of light intensities.

3.2 Efficient radiance computation

When the resolution R of the cube is large, it
is computationally expensive to evalute Equation
(4) for cach vertex. Ng et al.”) perform the Haar
wavelet transform to each row of matrix T and
illumination vector L in Equation (5). By em-
ploying non-linear approximation, efficient radiance
computation at each vertex is achieved. Their ap-
proach, however, has the following limitations.

(1) Increasing the resolution R resulting in the
increases of both the computational cost
and the storage requirements of the pre-
computed data, which are proportional to
the increase of R. This limits their approach
to handle very high-resolution environment
illurnination.

(2) When the light intensities in the given envi-
ronment map are locally changed or editted,
the full computation of the relighting must
be performed as if a new environment map
was given.

We propose an efficient method to compute the
radiance at the vertices. In addition, our method
overcomes the above-mentioned limitations. In-
stead of the row of T', we pay attention to the col-
umn of T. The j-th column of T represents the
transfer function of each vertex with respect to the
7-th environment light. In this paper, we will call
the j-th column of T as light transfer vector T,
which is a N-dimensional vector.
T;(z1)
T; = : (6)
Tj(xn)

Using the light transfer vectors, the radiances at all
vertices B can be expressed as

M
B=) Lw)T; (7)

=1
The cost for computing Equation (7) is reduced
as follows. We pay attention to the fact that when
the incident directions of several environment lights
are close to each other, then there is a high prob-
ability that their light transfer vectors arc simi-
lar. Based on this fact, we cluster the environiment
lights, based on the similarities of their light trans-
fer vectors, into m clusters Ci (k = 1. ...,m), where
m < M. Then, the radiances at all vertices are

approximated as

m

BrBa=) Le, To,. (8)
k=1

L, is the radiosity of cluster Cy which is the sum
of the light intensities of the environment lights in
Cr. Te, is the light transfer vector of cluster Cy
which is computed based on the light transfer vec-
tors of the environment lights in C. By performing
the clustering based on the similarities of the trans-
fer vectors, all-frequency effects can be preserved in
the rendered images.

As shown in Equations (2) and (3), transfer func-
tions depend on light directions but not on light
intensities. Therefore, after the environment lights
are clustered. in the relighting process, we can ap-
ply the clustering results to any given environment
maps.

3.3 Overview of the proposed method

The proposed method has two steps.

(1) Preprocessing: Given R, the environment
lights in the environment illumination of res-
olution 6 x R x R are clustered based on their
light transfer vectors. For each cluster Cy, its
light transfer vector T, is also computed.

(2) Relighting: Given an environinent map, the
scene is relighted. We also propose an effi-
cient method to relight a scene when the light.
intensities in the given environment map arc
locally changed.

4. Clustering Environment Lights

The simplest approach to cluster the environment
lights is to compute the light transfer vectors of
all the environment lights and then perforining the
clustering using all the light transfer vectors. How-
ever, this approach is not efficient especially when
the resolution of the environment illumination is
high because the computational cost for computing
all the light transfer vectors is high and the cluster-
ing of many high-dimensional vectors is not easy.

However, since the environment lights whose inci-
dent directions are close to each other tend to have
similar transfer vectors, in our approach, we only
choose some samples out of the whole environment
lights and perform the clustering based on these
samples.
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2 (a) Selecting samples of environment lights from the
clustering domain. (b) Quadrisecting the region when
the approximation error is large.

The clustering is performed for each cube face of
the environment illumination independently as fol-
lows. We initialize the clustering domain with the
cube face of the environment illuinination. The en-
vironment lights in the clustering domain are clus-
tered using the following procedures.

(1) Select some environment lights as samples
from the clustering domain (Section 4.1).

(2) Compute the light transfer vectors at the
samples (Section 4.2).

(3) If these light transfer vectors are similar to
each other, then all lights in the clustering
domain are treated as oune cluster. Other-
wise, quadrisect the current clustering do-
main into four smaller domains and pro-
cess each new smaller domain independently
(Section 4.3).

4.1 Selecting environment light samples

Our strategy is to choose a set S of small number
of samples uniformly inside the domain. Basically,
we choose nine samples of the environment lights.
In order to cover all the possibilities of the light
transfer vectors, we choose four samples at the cor-
ners, four samples at the middle of the edges. and
one sample at the center of the domain (see Figure
2(a)). If the domain has less than nine samples,
then we use all the environment lights inside the
domain as samples.

4.2 Computing light transfer vectors

For each enviromment light sample in set S, its
light transfer vector is computed by computing the
transfer function at each vertex using Equation (2)
or (3). During the clustering, several environment
lights might be chosen as samples several times.
In this case, it is not efficient if their light trans-
fer vectors are computed several times. Therefore,
the computed light transfer vector for a specific en-
vironment light is stored and is reused whenever
required. Only when the environment light is not
going to be chosen as sample any more, that is the
environment light. was classified to a specific clus-
ter, its light transfer vector is deleted.

4.3 Clustering test

We compute the light transfer vector T¢: for the
clustering domain such that the sum of differences
between T¢ and the light transfer vectors of the
cenvironment lights at the samples, Ty, | € S is
minimized.

min Z I1Te — T (9)

les

The light transfer vector T¢: that satisfies Equation
(9) can be obtained as follows.

T
Te = —zll%!—l (10)

where |S| is the cardinality of set S which is the
number of samples in S.

To decide whether we can treat all the environ-
ment lights in the current clustering domain as one
cluster, we perform the following test to all samples
les.

< €. (11)

¢ is a given threshold. If all the samples satisfy
the above condition. then we treat all the environ-
ment lights in the current clustering domain as one
cluster and T¢ as the approximated light transfer
vector. Otherwise, we quadrisect the current clus-
tering domain (see Figure 2(b)) and process each
new domain independently.

5. Relighting

Assume that the environment lights of an envi-
ronment illumination with resolution 6 x £ x R are
clustered into m clusters Cy (k = 1....,m) for a
particular scene.

5.1 Computing the radiance

Given an environment map, we first compute the
intensities of the environment lights at the cube of
the environment illumination from the given map.
Then, based on the clustering information, we com-
pute the radiosity L¢, of each cluster by summing
the intensities of lights that belong to cluster C.
Finally, the radiances at all the vertices are deter-
mined by computing Equation (8).

5.2 Local changes in the environment

map

Let B4 be the radiances at all vertices illu-
minated under a specific environment map. As-
sume that some portions of the map changed which
means that the radiosities of some clusters changed.
Let C¢ (1 <t < m) be one of such clusters and its
radiosity changed from L¢, to Le,. The new radi-
ances at all vertices B’y due to the change in the
radiosity of cluster C¢ can be computed efficiently
as follows.

The radiances at the vertices before the change
are

Ba=Lo, To,+ Y Loy To,. (12)
[
The radiance due to clusters other than C, are as
follows.
> Le, To, =Ba— L, T, (13)
kstt
The radiances at the vertices after the change can
be determined as

B/A = L:;'t Te, + Z LCk TC';; i
kAt

By substituting Equation (13) into Equation (14),
the new radiance can be computed efficiently as

(14)
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3 (a) An example of clustering result at one face of the
cube and (b) its clusters distribution represented us-
ing a quadtree. O is the root, [ represent the internal
nodes, and C' represent the leaf nodes which are clus-
ters.

+ 1 Statistics of the three scenes used in the
experiments.

Bunny | Dragon | Buddha
F#vertices 73196 137499 6GALTT
#res. R of env. illum. 1024 1024 256
#elusters 9831 5337 4701
#pre-comp. data (MB) 405 326 623
#pre-comp. time (min) 50 35 8
##relighting time (sec) 6.5 8 3.5

B, =B+ (L'q —Le,) T, (15)

That is. we do not have to recompute the contribu-
tions of all the clusters and sum up the results. In-
stead, we just compute the amount of changes due
to cluster C; (the second term in Equation (15))
and use the results to update the radiance.

The only problem left is how to find the clus-
ters whose radiosities changed when some regions
of the given environment map changed. In the clus-
tering process, the clustering domain is recursively
quadrisected. As a result, a quadtree can be used
to represent the clusters distribution (see Figure
3). The leal nodes of the quadtree represent the
clusters. Assume that D is the bounding box of a
region in the environment map that changed. Clus-
ters whose radiosities changed can be easily deter-
mined by traversing the quadtree and checking if
D intersects the region represented by a node. If
D intersects the region represented by a leaf node.
the radiance is updated according to Equation (15)
for the cluster corresponding to this leaf node.

6. Results

We performed the experiments using three
scenes, a Stanford Bunny scene, a Dragon scene,
and a Buddha scene. The Bunny and Dragon
scenes consist of diffuse objects while the Buddha
scene consist of specular objects. The statistics of
these scenes are shown in Table 1. For compression,
we quantize each element of the light transfer vec-
tor to one byte and discard all the zero clements.
We used the environment map images provided by
Paul Debevec? in our experiments. The computa-
tion were performed on a machine with Pentium 4
3.4 GHaz.

Figures 4 and 5 show some examples of the re-
lighting results. It is clear that our method enable
to produce hard and soft shadows which are the

(b)

5 Rehghting specular Buddba and Hoor medels vinder
fa) the Uthzi and {b) o kitchen envivonment ithami-

( ;-;)b (h

[ 6 Comparison between the results of (a) our method

and (b) the reference image created by exact integra-
tion under the St. Peters Basilica illumination.

effects due to all-frequency relighting. In particu-
lar, Figure 4(a) shows that our method enables to
produce high frequency shadows. In this example.
there is only one small area light source located at
the top left in the environment. For the specular
case, we can see highlights at the head, the stom-
ach, and the stander of the Happy Buddha statue
(Figure 5(a)). In addition. the floor in Figure 5(b)
has color variations including highlights which is
different to the shading of the Hoor in diffuse case.

We also performed experiments by changing the
threshold value ¢ used in the clustering. For all the
examples in this paper, we set € to 5 x 107" and
found that this threshold is sufficient for produc-
ing high quality rendering results. Figure 6 shows
that the result of our method has a comparable
quality to the result of exact integration due to all
environment lights. When we increase the e, then
the environment illumination is approximated us-
ing a small number of clusters. In this case, we can
only produce hard shadows. When we reduce the
¢, then the number of clusters is increase resulting
in a slower relighting.

For the bunny scene, we conducted experiment of
relighting when some parts of the environment map
are manipulated. In this experiinent, the scene is
initially illuminated using the beach environment
map. Then, two circle light sources are added to
the environment map, one at the front and one at,
the side of the bunny. The radius of the two light
sources are around 5% and 10% of the resolution
of the environment illomination. We control the
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intensities of the light sources such that their in-
tensities gradually increase. After that, the two
light sources are moved. When the environment
map was changed, using the method described in
Section 5.2, it only took on average 0.06 sec for re-
lighting. This is almost 100 times faster than to
perform full recomputation.

Finally, for the bunny scene, we performed a test;
of clustering environment illumination with resolu-
tion 6 x 4096 x 4096. For this resolution, the num-
ber of resulting clusters is 10170 clusters. Com-
pare to the case of resolution 6 x 1024 x 1024, even
tough the number of environment lights increase 16
times, the number of clusters increase only slightly
(9831 to 10170). This fact shows that the proposed
method can be applied for efficient relighting under
very high-resolution environment maps.

7. Conclusions and Future Work

In this paper, we have presented an efficient ap-
proach for all-frequency relighting under environ-
ment illumination by clustering the environment
lights. Since increasing the resolution of the en-
vironment illumination only increases the number
of lights with similar directions, the increase in the
number of cluster is relatively small compare to the
increase in the resolution. As a result, our approach
is able to relight under very high-resolution envi-
ronment. In addition, clustering can be efficiently
performed by processing only a set of light samples.
Another advantage of using clusters is that for ap-
plication such as lighting design, when some parts
of the environment map are manipulated, it is easy
to find the affected clusters. Thus, efficient relight-
ing is possible by updating the radiance due only
to the affected clusters.

The future challenge is to extend the proposed
method for allowing changing of view point when
relighting a scene consisting of objects with arbi-
trary BRDF.
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