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Abstract—Coherent Lightcuts is an extension to Lightcuts that
exploits coherence between neighbouring pixels in an image.
Unlike the Reconstruction cuts algorithm, proposed by the
authors of Lightcuts, we achieve this without approximating the
Lightcuts solution.

We efficiently detect coherence in both large and small regions
in the image using a new coherence heuristic. Though we only
focus on reducing the cost of the error estimation and other
overhead of Lightcuts, we achieve a significant speedup.

We believe, however, that existing techniques to exploit ray
coherence can be efficiently combined with our algorithm. This is
possible due to different order of computations in our algorithm.
This way a much larger speedup could be achieved.

Index Terms—Computer Graphics, Rendering

I. INTRODUCTION

EALISTIC models of a real world scene often require

using many or complex lights. Because most illumination
can be approximated by the direct illumination from many,
simple lights, this is also called the many light problem. Yet
most techniques for realistic image synthesis do not handle this
situation well. Lightcuts [1] is a recent algorithm proposed
by Walter et al. that scales sublinearly in the number of
light sources. In this algorithm light sources with similar
contribution are approximated using a single, brighter light.

The Lightcuts algorithm calculates a unique clustering of
lights for each point. Yet the approximations used for neigh-
bouring pixels in an image are often very similar. This can also
clearly be seen in Fig. 1. Here the regions with an identical
clustering of the lights are marked for a simple scene [2]. The
authors of the Lightcuts algorithm propose a technique, named
Reconstruction cuts, to exploit this coherence. However, this
algorithm relies on interpolation, which inevitably results in
missing fine details.

The technique proposed in this paper exploits the coherence
in the Lightcuts algorithm without approximating its solution.
In our implementation of Lightcuts, about 50% of the total
time is spent estimating the contribution of a single cluster. The
most expensive part here is testing a shadow ray to determine
visibility of the cluster. Because there already exist a number
of techniques to exploit the similarity of several shadow rays
(e.g. MLRTA by Reshetov et al. [3]), we focused on efficiently
determining coherent regions and reducing the overall cost of
the other calculations. An important part of these is estimating
the error of a cluster (+£30% of the total time).

The next section of this article discusses the previous work,
including a brief overview of Lightcuts. Section 3 presents our
algorithm to exploit the coherence in Lightcuts. The results of
this algorithm are discussed in Section 4. The conclusions are
in Section 5. There is also an Appendix with details about the
coherence heuristic used.

Figure 1. The regions in a simple scene where the clustering used by the
Lightcuts algorithm is identical.

II. PREVIOUS WORK

A. Lightcuts

The Lightcuts algorithm handles many lights efficiently by
approximating lights with similar contributions by a single,
brighter light. To quickly determine a good clustering, a binary
tree containing all lights is built in a preprocess step. In
this light tree, a cut is determined for each visible surface
point. A cut is a set of light clusters such that each light is
contained in exactly one cluster. The cut for a specific point
is calculated by starting with a very rough cut and iteratively
refining the cluster with the largest estimated error until a
perceptual heuristic is met. The heuristic, based on Weber’s
law, allows a constant relative error for each cluster (e.g. 2%).
This avoids visible discontinuities between different pixels due
to a different set of clusters being used in the approximation.

To estimate the contribution of a cluster, all lights are
concentrated at the position of a single, representative light in
this cluster. To estimate the error of a cluster, an upper bound
on its contribution is calculated by calculating upper bounds
on all individual terms. From this maximum absolute error,
the maximum relative error is estimated using the estimate of
the current cut.

B. Coherence

Several techniques exploit coherence by interpolation of
some quantity. The most famous technique is probably the
one introduced by Gouraud [4], which simply interpolates the
colors calculated at the corners of a triangle. Pighin et al. [5]
use Gouraud interpolation in the image plane to interpolate
the colors of a sparse set of samples. The sample locations



are determined using a dicontinuity mesh. This avoids in-
terpolating over discontinuities due to polygon edges and
shadows. Guo [6] and Bala et al. [7] also propose techniques
to detect discontinuities and use these to determine the sample
locations. In the techniques of Bolin and Meyer [8] and
Farrugia and Peroche [9] the image is also adaptively sampled
but they use a perceptual metric to determine the sample
locations. In the Irradiance Gradients technique proposed by
Ward and Heckbert [10], the illumination for diffuse materials
is calculated by interpolating the irradiance in surrounding
points where possible. The interpolation uses both translational
and rotational gradients to account for differences in position
and orientation respectively. This technique was generalised
by Kfivanek et al. [11] to allow interpolating illumination
on glossy materials. This is achieved by caching the incom-
ing radiance from several sets of directions separately and
interpolating these partial results when possible. A different
approach is the Discontinuity Buffer, used by Wald et al.
[12]. Here different light sources are sampled for each pixel
to get an initial estimate of the irradiance. To achieve smooth
illumination, a number of estimates around the pixel (e.g. up
to 8 direct neighbours for a 3 x 3 discontinuity buffer) are
averaged. To avoid artifacts, an estimate is only used in the
average if geometric continuity is detected. This depends on
the distance between both points and the similarity of their
normals. Walter et al. [1] also propose the Reconstruction cuts
technique to exploit coherence in their Lightcuts algorithm.
This is achieved by first subdividing the image into blocks,
depending on the similarity of the points (again based on
position and orientation). At the corners of each block, a
complete cut is calculated. To estimate the illumination for
the other points, a rough cut is iteratively refined like before.
The estimates for the cluster contribution and error are now
interpolated, with the cuts at the corners, if possible.

There exist other techniques that exploit coherence without
relying on interpolation. Multidimensional Lightcuts, proposed
by Walter et al. [13], is an extension of Lightcuts to efficiently
calculate the total illumination in a large number of points
(referred to as gather points). This is for example useful
for calculating effects like depth of field, motion blur and
participating media. To achieve this, a secondary tree (next
to the light tree) containing all gather points is built to allow
grouping similar gather points. Now, similar to Lightcuts, a
rough cut is refined in an implicit graph, obtained as the
product of the gather and light tree. So the cut now consists of
a number of cluster pairs (one from each tree). Another recent
technique that exploits coherence without interpolation was
proposed by Hasan et al. [14]. In their Matrix Row-Column
Sampling algorithm, the many-light problem is formulated as
a matrix with one row for each point where the illumination
should be calculated and one column for each light. Similar
to Lightcuts, the different light sources are clustered but
only one clustering is used for the entire image. To achieve
good performance, the costly visibility for an entire row or
column in the matrix is calculated on the GPU using shadow
maps. However using a single clustering of the lights for the
entire image can be problematic for lights with a locally high
contribution.
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Figure 2. The construction of the cut for a block of gather points with

Coherent Lightcuts. The current block is indicated in color, the processed
blocks in dark grey and the unprocessed or partially processed blocks in light

grey.

III. ALGORITHM

In Coherent Lightcuts, the coherence within a number of
pixel blocks is exploited separately. This can be seen as a
compromise between Lightcuts, which uses a unique cut for
each point, and Matrix Row-Column Sampling, which uses
a single cut for the entire image. Unique cuts will result
in a lot of similar work being done for determining them,
but ensures a minimal cut for each point. Using a single
cut for the entire image on the other hand requires minimal
work for building the cut, but it will be larger due to local
contributions. Coherent Lightcuts tries to unify the advantages
of both techniques: build a locally adapted cut but exploit
coherence when available.

A. Basic Algorithm

The image is initially subdivided in regular blocks, typically
we use 16 x 16 pixels. The coherence between the cuts of all
the points associated with the pixels in a single block (further
referred to as its gather points) is exploited separately. Al-
though more coherence can be expected by explicitly grouping
gather points based on their similarity, the cost would also
be higher than a simple subdivision based on the pixels in
the image. Generally the cuts in neighbouring points are very
similar, as also shown in Fig. 1.

The process to determine the cut for a group of gather points
is very similar to Lightcuts. We also start with a very rough
cut (i.e. the root of the light tree) and iteratively refine this
cut until a stop criterion is met. The estimated contribution
for a cluster is calculated separately for each gather point to
guarantee the same quality as a Lightcuts solution. However,
the maximum error for a cluster is estimated in one go for
the entire block. This is done by calculating the upper bounds
between two bounding boxes similar to the approach used in
Multidimensional Lightcuts. The first bounding box encloses
all gather points and the second bounding box encloses all



lights in the cluster. Because the cuts for all gather points are
most likely not identical in Lightcuts, we also check whether
they are still coherent. If this is not the case, the block is
subdivided in 4 equally sized blocks. A block is considered
incoherent if the next refinement is not required for some
gather point in the block. This can either be due to a higher
total illumination (i.e. a higher allowed absolute error) or a
lower absolute error for this cluster.

In Fig. 2, the Coherent Lightcuts algorithm is illustrated.
Initially the image is subdivided into 4 blocks. Only the
construction of the cut for the green block is shown in the rest
of this figure. This cut is refined once (i.e. the green cut) after
which the block is detected as incoherent. This results in its
subdivision into 4 smaller blocks, which will each refine this
cut individually. The first block satisfies the stop criterion after
one refinement (i.e. the orange cut), so an accurate estimate
for the illumination in each gather point of this block is now
known. The cut is also refined once for the second subblock
(i.e. again the orange cut). However this block is now detected
again as incoherent, causing a second subdivision. The last
step shows one more refinement for one of these blocks (i.e.
purple block and cut) after which it also satisfies the stop
criterion.

B. Block Subdivision

When a block is subdivided, the estimated error for each
cluster on the cut is also re-evaluated. After all, the reason
for its subdivision is that the estimated error could be below
the threshold of a gather point in the block. Because esti-
mating the error is not very cheap, unnecessary recalculations
are avoided. We use the improved perceptual heuristic from
Multidimensional Lightcuts, so the error for a cluster is only
re-estimated if:

Lq
+ 10
The estimated error for the parent block is FEgq4, the al-
lowed relative error is a, the lowest estimated illumination is
min(Lcy) and L, is the adaptation luminance for the image.

When a block with less than 10 gather points becomes
incoherent, it is subdivided into its individual gather points.
The cut for these points is completed using regular Lightcuts.
This avoids blocks consisting of 1 pixel (e.g. when a block of
3 x 3 pixels is subdivided). Similar to regular blocks, the error
for the clusters on the cut is re-estimated to avoid unnecessary
refinements.

Eoq > amin(Lcut) (D)

C. Coherence Heuristic

To determine whether a block is incoherent, the smallest
possible upper bound on the contribution of the next cluster
that will be refined is estimated. This minimal upper bound
Unmin, 18 used as an estimate for the lowest error in the block.
So a block is considered incoherent, using the perceputal error
metric from Multidimensional Lightcuts, if:

La

min < Lcu Ty
U amax(Leyt) + 10
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Where max(Leyt) is the highest estimated illumination in a
gather point of the block.

To calculate the minimum upper bound between a number
of gather points and a cluster, a minimum upper bound on
each term is calculated. For the geometric term of a cosine
weighted point light, this is:

ming (maxz(cosfg))

min(G,) = 3)

maxg (ming(d))>?
Here G is the bounding box around the gather points, £ the
bounding box of the light cluster, 85 the angle between the
normal of the light cluster and the direction from a point
in £ to a point in G and d the distance between points
in both bounding boxes. Details about the calculation of
the ming(max, () and maxg(ming(d) terms are given in
Appendix A. For the material term, only the minimal upper
bound on the diffuse part is estimated:

min(My) = Pmax mgin(mgx(cos Or)) 4)

Here 6, is the angle between the normal in a point in G and
the direction to a point in L.
Finally the estimate of the minimal upper bound is:

Unin = min(M,,) min(G,,)I ®)

Here [ is the intensity of the light cluster.

IV. IMPLEMENTATION DETAILS

Our implementation of Lightcuts has a number of small
modifications compared to the original algorithm. As men-
tioned in the previous section, we use the improved perceptual
heuristic used in Multidimensional Lightcuts. This heuristic
accounts for the lower sensitivity to errors in dark regions
of the human eye. A second difference is the BRDF we
use to model glossy surfaces. Instead of the Phong or Ward
model, we use the microfacet model proposed by Torrance
and Sparrow [15], combined with the microfacet distribution
proposed by Blinn [16]. The upper bound on this BRDF uses
a trivial value for both the Fresnel and geometric attenuation
terms. The microfacet distribution is bound using the half
angle bound described by Walter [17]. A final modification
is the use of a trivial lower bound on the contribution of a
cluster (i.e. 0), to improve the accuracy of the error estimate.

|L — L| < max(L,Up, — L) (6)

Here L is the contribution of the cluster, L the estimated
contribution and Uy, the upper bound on its contribution.
Using this upper bound reduces the cut size by 5%—10%, for
the scenes used in our results, at a negligible extra cost. A
consequence of this is, however, that the automatic clamping
of clusters of multiple indirect lights is no longer guaranteed,
but in practice this does not result in visible artifacts.

As also mentioned in the previous section, we calculate the
upper bound on the contribution of a cluster to some gather
point in a block using the bounds proposed for Multidimen-
sional Lightcuts. However we do not require the material term
to be normalized (the contribution of the cluster to each gather



(a) Shirley6

(b) Conference

(c) Statues

Table I
THE CUT SIZE AND RENDER TIME FOR LIGHTCUTS AND COHERENT LIGHTCUTS. THE RELATIVE DIFFERENCE TO LIGHTCUTS AND RELATIVE COST OF
ESTIMATING THE CONTRIBUTION, CALCULATING THE ERROR AND OTHER CALCULATIONS FOR LIGHTCUTS IS ALSO SHOWN.

Scene Polygons | Lights Lightcuts Coherent Lightcuts Difference Relative cost

Cut | Time Cut | Time Cut [ Time Estimate | Error [ Rest
Shirley6 804 1000 113 104s 119 59s +5% -43% 45% 38% 17%
Conference 64534 4000 102 172s 106 136s +4% -21% 50% 28% 22%
Conference (d) 64534 4000 102 155s 105 107s +3% -31% 51% 24% 25%
Conference (d,g1) 64534 | 31000 234 329s 234 210s 0% -36% 53% 25% 22%
Statues 2028597 4000 118 215s 124 228s +5% +6% 59% 23% 18%
Statues (d) 2028597 4000 97 158s 100 132s +3% -16% 66% 13% 21%

point is estimated separately) and set the strength to 1. So the
upper bound is:
U=M,G,I (N

For calculating the upper bound on glossy components in
the material term, a cubemap is required. We also use a 6 x 6
subdivision on each face. Building such a cubemap is quite
costly (i.e. 216 evaluations of the upper bound), considering
building a cut requires 100-200 evaluations of the upper
bound for most points on a glossy material. Although at high
resolutions the number of cubemaps can easily be reduced
(in our implementation of Multidimensional Lightcuts +2%
of the cubemaps is computed for an image of the Conference
scene with 256 samples/pixel), this is not the case for the
low resolution images used in the results. For this reason
no cubemaps are re-used in our implementation of Coherent
Lightcuts.

Because Lightcuts calculates each cut separately, memory
usage is very limited. Coherent Lightcuts on the other hand
requires information about an entire image block. For medium
block sizes the amount of memory required is still small but
rises quickly for larger block sizes. For example the required
memory for blocks of 16 x 16 pixels is only 3.5MB but 50MB
and 200MB for respectively 64 x 64 and 128 x 128 pixels. This
is mostly due to the estimated contribution of each cluster in
the cut that must be stored for all gather points.

V. RESULTS AND DISCUSSION

For our results 3 scenes were used: Shirley’s 6th test scene
consisting of a table lit by a single area light (Shirley6)
[18], Ward’s conference room lit by 24 area light sources
on the ceiling (Conference) [2] and a number of statues
from the Stanford 3D scanning repository [19] lit by an

environment map (Grace cathedral) of Debevec [20]. Because
the Conference and Statues scenes have some glossy materials,
a diffuse version is also used (indicated by “(d)”). For the
Conference scene, a version with global illumination is also
used (indicated by “(gi)”). All results use a maximum allowed
error of 2%, a resolution of 640x480 (1 sample/pixel) and
a maximum cut size of 1000. The initial block size for the
Coherent Lightcuts results is 16 x 16. The render times are
for a single core of a Core2 Duo T7100 processor.

The results for Lightcuts and Coherent Lightcuts are shown
in Table I. Comparing the cut sizes for both algorithms shows
a slight increase in cut size for Coherent Lightcuts. This is
caused by a slightly different order of cut refinement for some
points (i.e. for some points the refined cluster is not the one
with the largest error). However the render time does decrease
significantly for most scenes. On the one hand, the decrease in
render time is larger for the Conference scene than the Statues
scene. This is due to the trivial upper bounds for the directional
light sources (i.e. 1) used in the latter, as also visible in the last
columns. On the other hand, glossy materials have a negative
influence on the render time. This increase is smaller for the

Table 11
THE PERCENTAGE OF THE TOTAL CUT THAT IS EQUAL IN LIGHTCUTS FOR
BLOCKS OF 162, 82, 42 AND 22 PIXELS AND THE PERCENTAGE OF THE
TOTAL CUT THAT IS CONSTRUCTED BEFORE SUBDIVISION OF THE BLOCKS
OF THESE SIZES IN COHERENT LIGHTCUTS.

Optimal (%) Coherent Lightcuts (%)
Scene 16[p8[4[2 16[8[g4[ 2
Shirley6 85 | 90 | 95 | 98 76 | 87 | 94 98
Conference 66 | 79 | 88 | 95 61 | 76 | 86 93
Conference (d) 66 | 79 | 88 | 95 || 62 | 77 | 87 94
Conference (d,gi) || 62 [ 76 | 87 | 94 || 33 | 55 | 75 90
Statues 55|66 | 76 | 88 40 | 54 | 65 72
Statues (d) 63 | 76 | 86 | 94 52 | 71 | 86 94
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Figure 3. The percentage of the total cut that is constructed before subdivision
of the 2 X 2 blocks in Coherent Lightcuts.

Conference scene than for the Statues scene (10% and 20%
respectively) because in the first scene the diffuse component
is always more important whereas in the latter some materials
are mainly glossy.

The smaller advantage or disadvantage for glossy materials
is caused by the usage of cubemaps and the lack of a
good minimum lower bound in the coherence heuristic. The
construction of the cubemaps increases the render time by
+10%.

In Table II the available coherence between the cuts in
Lightcuts and the detected coherence in Coherent Lightcuts
is shown. Generally the detected coherence is close to the
optimal value, which indicates the proposed coherence heuris-
tic is good. This improves as the blocks become smaller
because the minimum upper bound is estimated better due to
tighter bounding boxes. The results also show less coherence is
available on curved surfaces with a strong glossy component.
Our algorithm also exploits this coherence less, due to the
lack of a good minimum upper bound for glossy materials.
This can also be seen in Fig. 3.

VI. CONCLUSION AND FUTURE WORK

We have shown that the cuts calculated by Lightcuts are very
similar for neighbouring pixels and presented an algorithm to
detect and exploit this coherence. We subdivide the image in
a number of blocks and exploit coherence in both the entire
block and its subblocks. We do not approximate the Lightcuts
solution but reduce the cost of finding it (i.e. cut construction).
To detect incoherence we use a heuristic based on estimating
the lowest possible error.

Our algorithm reduces the render time for diffuse scenes
by 15%-45%. Even though this speedup is not spectacular,
we believe a much larger speed up could be achieved by
exploiting the coherence between the shadow rays required
for estimating the contribution of a cluster to the points in a

block. A number of techniques have already been proposed
(e.g. MLRTA by Reshetov et al. [3]) which typically require
a bundle of coherent rays as input. These are efficiently
identified by our algorithm.

Although our coherence heuristic works very well for dif-
fuse materials, it is not good at determining coherence on
materials that are mainly glossy.

APPENDIX
CALCULATING THE MINIMUM UPPER BOUNDS

The calculation of the minimum upper bound on the cosine
of the angle between the normal in a point p in a 1st bounding
box P and the direction to a point ¢ in the 2nd bounding box O
can be transformed to the angle w.r.t. a normal perpendicular to
the z-axis. The minimal upper bound, if max(p,) < max(q.),
is:

mgx(cos ) > minp(njgf(Az)) ®)
D <m0 g0

+ ]fr%;n(mgax(Az))2

The minimum upper bound and maximum lower bound on the
distance along the x axis are:

mgx(mgin(Ax)) < max(0, min(g,) — min(p,), (10)
max(p,) — max(q;))

min(max(Az)) > max( min(p,) — min(g ),
P Q (11)

maX(Qz) - max(pz ))

The equations for the other axes are similar. In (11) it is
assumed @ is not completely inside P along the x-axis.

The maximum lower bound on the distance can be calcu-
lated in a similar way:

. 2 < . 2 : 2
H%Il(d ) _mgx(len(Ax)) + mgx(mgln(Ay))

+ mf)ﬂux(nagin(Az))2 .
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