
















IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 14, NO. 8, AUGUST 2016 9

Fig. 5. Comparison between our method (left), ray tracing (middle), and imperfect shadow maps (right).
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Fig. 6. Visualization of approximation errors εs for our method (top) and ISM (bottom), for the same frame rate, as reported in Table 1. The images
correspond to Figures 1 and 2. Darker and brighter regions are highlighted with blue and red. The error is scaled by a factor of 10 for illustration
purposes. .

Fig. 7. Pixel shadow value errors for ISM as a function of the number of
samples used, and for our method, for comparison. The ISM errors stop
decreasing as the number of samples increases, and they do not reach
the error values of our method.

precomputation and compression of the voxelizations takes
492s, 470s, 527s, and 726s for the Trees, Garden, Cathedral, and
Planes scenes by computing each voxelization from scratch
as shown in Algorithm 1. The smallest speedup of 6 is
obtained for the Bear scene where the non-rigidly deforming
bear model requires computing the voxelizations on the
fly using Algorithm 6. Computing the voxelizations using
Algorithm 6 takes 277ms and 210ms for the Bear and the
Park scene (without compression), or 89% and 48% of the
total frame rendering time.

Compared to conventional shadow mapping, our
method achieves a substantial speedup (e.g. 89× for Cathe-
dral). The conventional shadow maps were rendered at the
resolutions given in the last row of Table 5, which achieve a
similar pixel visibility error εv to our method.

We have attempted to perform an equal quality com-
parison to ISM. However, when substantially increasing the
number of geometry sample points used by ISM, the quality
plateaus, and it does not reach the quality generated by our
method, as shown in the graph in Figure 7. Furthermore,
once the number of samples increases above what can be
handled in a single rendering pass, the additional rendering

pass makes ISM slower than ray tracing. ISM defines sam-
ples relative to scene triangles, therefore the samples do not
have to be recomputed for dynamic scenes, as the updated
vertices of a deforming model implicitly define the updated
sample location. This gives ISM a performance advantage
for scenes with deforming geometry like the Bear, where
ISM is five times faster than our method, which comes
however at the cost of a shadow error εs that is twice as
large (i.e. 4.9 for ISM vs. 2.1 for our method). In conclusion,
compared to ISM, our method has the advantage of better
quality for equal performance, as shown in Table 1, and
also of providing quality levels that cannot be matched by
ISM, whereas ISM has a speed advantage for non-rigidly
deforming scenes.

Table 6 shows the frame rendering times for our method
as a function of the number of lights. As expected, for static
scenes (i.e. Trees, Garden, and Cathedral) and for the scene
with rigidly moving objects (i.e. Planes), the frame times
double as the number of lights doubles, since almost all
of the frame time goes to looking up light ray-voxelization
intersections. For the Bear the voxelization computation time
dominates, so supporting a larger number of lights comes at
a relatively smaller additional cost.

TABLE 6
Rendering times [ms] as a function of the number of lights.

Lights 512 1,024 2,048 4,096 10,000
Trees 20 38 77 159 378

Garden 21 43 89 183 459
Cathedral 29 59 124 273 683

Planes 35 66 135 266 647
Bear 297 312 345 417 630

Our method achieves performance by avoiding march-
ing diagonally through the voxelization when computing
the ray intersection. We have compared our performance
to marching diagonally one voxel at the time, and the
speedup brought by our method is substantial, see Table 7.
We have also implemented a method that partitions the ray
into subsegments based on the rows of the voxelization it
traverses, and that steps one ray subsegment at the time.
Stepping one subsegment at the time is made possible by
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storing in each voxel the distance to the next occupied
voxel on the same row. Even compared to this fast diagonal
marching approach, our speedups are 22× and 31× for the
Trees and Garden scenes.

TABLE 7
Rendering time of our method and speedup versus Diagonal tracing.

Scene Trees Garden Cathedral Planes Bear Park
Ours [ms] 38 43 59 66 312 441
Diagonal

tracing [ms] 2858 3401 2673 2825 3806 22482

Speedup 75× 79× 45× 43× 12× 51×

6.3 Compression
Compressing the array of voxelizations reduces memory
footprint at the cost of a small shadow quality loss, of pre-
processing computation, and of a small frame rate decrease.

6.3.1 Memory reduction

TABLE 8
Memory reduction by compression.

Voxelization resolution 323 643 1283 2563

Uncompressed[MB] 32 254 2025 16200
compressed[MB] 36 95 333 1298

Table 8 shows the memory reduction by compres-
sion.The overhead of compression is prohibitive for the
32 × 32 × 32 resolution, but compression reduces memory
consumption by a factor of 6× to a manageable 333MB for
the 128× 128× 128 resolution.

6.3.2 Quality loss
Table 9 shows the shadow approximation errors intro-
duced by our lossy voxelization compression scheme for
the frames shown in Fig 5. Whereas the visibility errors
go up, the quality loss in terms of shadow intensity is
small, which indicates that the visibility errors introduced
by compression are random and that they cancel out.

TABLE 9
Quality loss due to voxelization compression.

Scenes. Trees Garden Cathedral Planes

Without compression εv [%] 4.5 7.6 6.4 3.3
εs[%] 1.7 2.7 3.2 1.6

With compression εv [%] 4.8 7.8 6.4 3.4
εs[%] 1.8 2.7 3.2 1.7

6.3.3 Performance
For static scenes, the array of voxelizations is pre-computed
off-line. For dynamic scenes with deforming objects, the
voxelizations are recomputed for every frame. Row 1 in
Table 10 gives the times for computing the arrays of vox-
elizations on GPU (using Algorithm 1). Except for dynamic
scenes with deforming objects, when the voxelizations are
used as is, the voxelizations are compressed using Algo-
rithm 2. Row 2 in Table 10 gives the times for compressing
the arrays of voxelizations on a single CPU.

TABLE 10
Pre-computation time.

Scenes. Trees Garden Cathedral
Voxelization [s] 0.2 0.19 0.19
Compression [s] 492 470 527

Using a compressed array of voxelizations to compute
shadows adds a decoding step to the intersection lookup.
Table 11 shows that the performance loss due to this addi-
tional step is small.

TABLE 11
Frame rate loss due to compression.

Scenes. Trees Garden Cathedral
Without compression 28fps 25fps 20fps

With compression 26fps 23fps 17fps

6.4 Extensions

We have extended our approach to handle colored light
sources. In Figure 8 the TV is modeled with 1,024 col-
ored point light sources. The voxelization resolution is
128×128×128. The compressed memory footprint is 333MB.
The scene is rendered at 16Hz. We have also extended our
method to support indirect illumination, where virtual point
light sources are placed on scene surfaces to compute second
order light rays. Figure 9 shows a Cornell box rendered with
our approach with 1,024 real and virtual point light sources
at 20fps (128 × 128 × 128 voxelization resolution, 333MB
memory footprint).

6.5 Limitations

Our method reduces the complexity of the per-ray com-
putation at the cost of storage, resorting on several ap-
proximations. First, the scene geometry is approximated by
voxelization. Second, the light ray direction is discretized
based on angle increments. Third, the array of voxelizations
are compressed using a lossy vector quantization scheme.
These approximation errors are easily controlled and our
method will be able to leverage any advances in GPU
storage and computing capability.

Like with any ray tracing acceleration scheme, our
method handles dynamic scenes with the additional cost
of updating the acceleration data structure for every frame.
Unlike hierarchical data structures that do not map well to
the GPU, our voxelization is computed with GPU-friendly
depth peeling. For scenes where the number of dynamic ob-
jects is small, and the dynamic objects are rigid, it is feasible
to pre-compute a 2D array of voxelizations for each object
and to transform the ray to the local coordinate system of
the moving object. The spatial resolution of the per-object
voxelizations can be smaller than for those used for the
entire scene, e.g. we have used 32x32x32 voxelizations for
the airplanes.

We have demonstrated our technique with voxelization
resolution of up to 256x256x256. This resolution might not
be sufficient for large scenes with complex geometry, where
discretization ”banding” like artifacts might remain. Future
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Fig. 8. Scene with TV modeled with 1,024 light sources, rendered with
our method at 16fps.

work will investigate extending cascaded shadow map ap-
proaches [41] to our method, by computing a 2D array of
voxelizations for the part of the scene located in the near
light frustum.

Shadow intensity errors are small because occasional
visibility errors cancel out. Like for many methods for
rendering soft shadows, the approximation error of our
method increases with the hardness of the shadows. This
limitation could be addressed in future work by detecting
the occurrence of hard shadows and by building conven-
tional shadow maps for the lights that cast them.

Our method requires substantial amount of storage to

Fig. 9. Cornell box with lighting modeled with with 1,024 real and virtual
point light sources, rendered with our method at 20fps.

anticipate all possible rays that have to be intersected with
the scene. Good shadows are obtained for a 90x90 discretiza-
tion of ray directions and a 128x128x128 scene geometry
discretization, which, with vector quantization compres-
sion totals a practical 333MB. Today’s GPUs also support
256x256x256 voxelizations, and the accuracy of the ray-
scene intersection approximation will go up as the storage
capacity of GPUs continues to improve.

We did not investigate parallelizing the compression of
the array of voxelizations since compression is performed
off-line. From Algorithm 2, one can see that the running time
of compression is dominated by the search for the simplified
row r′ in the simplified dictionary D′ (line 8). This yields an
asymptotic running time of Nlog2n, where N is the total
number of rows, and n is the number of dictionary entries.
If pre-processing time is important, future work could ex-
amine parallelizing compression by compressing each row
in parallel. Rows are independent and processing them in
parallel does not result in concurrent writes, which promises
good speedup scalability with the number of processors.

7 CONCLUSIONS AND FUTURE WORK

We have presented a method for interactive rendering with
thousands of dynamic lights based on an approximation
of the intersection between a ray and the scene geometry.
Our method has a significant frame rate advantage over
ray tracing, while quality remains acceptable. Compared to
imperfect shadow maps, our method produces more accu-
rate results for the same frame rate. Our method computes
visibility for each one of the many lights, and it does not
cluster the lights. As the lights move from one clustered
distribution to another, our method produces smoothly
changing shadows, avoiding the temporal artifacts caused
by sudden changes in light cluster topology. Visibility is
not computed by interpolation, as visibility is notoriously
discontinuous, but rather by intersecting individual light
rays with the scene.

Our method handles scenes of medium complexity very
quickly and it could be extended to high complexity scenes
when used in conjunction with prior art methods. For
example, our method is compatible with prior work that
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relies on hierarchical scene subdivisions. For example, one
could use an octree where a leaf is modeled with one of
our 2D array of voxelizations. Such a hybrid approach will
not guarantee a fixed, small number of texture look-ups per
ray-scene intersections, but the powerful leafs will reduce
the depth of the hierarchical subdivision, and will aid with
balancing it.

Ray-geometry intersection is a primitive operation in
computer graphics and our acceleration scheme could bene-
fit a number of rendering techniques, including ambient oc-
clusion, soft shadows, and specular and diffuse reflections.
We make the distinction between the question of whether a
ray intersects a scene’s geometry, and the question of where
the ray-scene intersection occurs. Some applications, includ-
ing the lighting context explored by this paper, only need to
answer the first question, whereas other applications, such
as for example specular reflections, also need to answer
the second question. The first question is answered by
simply testing whether the voxelization row truncated to the
extent of the ray is non-zero. The second question requires
locating the first non-zero bit in the truncated row, which
can be done with a binary search in logw steps, where w is
the voxelization row resolution (e.g. 7 steps for our 128bit
voxelization rows). Once the location of the intersection is
found, the location can be mapped to a main, unrotated
voxelization that stores all ingredients for shading, i.e. color
for first order reflections, or normal for the spawning of the
second order reflected ray.

Our method relies on a scene geometry approximation
that not only reduces the complexity of the scene geometry,
but that also anticipates all possible directions of the rays
with which the scene has to be intersected. The scene
geometry approximation scheme is simple and uniform, so
its construction, storage, and use map well to the GPU. The
scheme reduces the cost of intersecting a ray with a scene
to the smallest possible value. With a four channel, 32bit
per channel lookup, the intersection with a 128× 128× 128
voxelization is essentially obtained with two lookups, one
to lookup the row index in the dictionary, and one to
lookup the ray. The ray-scene intersection is accelerated by
“throwing memory at the problem”. Our method is already
practical in the context of today’s GPUs, and it has the
potential to become the standard approach for estimating
scene-ray intersections in interactive graphics applications,
much the same way trivial z-buffering has supplanted com-
plex polygon sorting visibility algorithms.

Our method moves towards making complex dynamic
lighting practical in the context of interactive graphics
applications. As the number of supported dynamic lights
increases, so does the challenge of lighting design and ani-
mation. An important direction of future work will have to
devise algorithmic approaches for assisting digital content
creators with the complex task of defining, calibrating, and
animating tens of thousands of lights.
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[29] E. Eisemann and X. Décoret, “Single-pass gpu solid
voxelization for real-time applications,” Proceedings of
Graphics Interface 2008, pp. 73–80, 2008. [Online]. Available:
http://dl.acm.org/citation.cfm?id=1375714.1375728

[30] J. Pantaleoni, “Voxelpipe: A programmable pipeline for 3d vox-
elization.” ACM Siggraph/eurographics Conference on High PERFOR-
MANCE Graphics 2011, Vancouver, Canada, August, pp. 99–106,
2011.

[31] M. Schwarz and H.-P. Seidel, “Fast parallel surface and solid
voxelization on gpus,” ACM SIGGRAPH Asia 2010 Papers, pp.
179:1–179:10, 2010.

[32] V. Kämpe, E. Sintorn, D. Dolonius, and U. Assarsson, “Fast,
memory-efficient construction of voxelized shadows,” IEEE Trans.
Vis. Comput. Graph., vol. 22, no. 10, pp. 2239–2248, 2016. [Online].
Available: https://doi.org/10.1109/TVCG.2016.2539955

[33] K. Myers, “Sparse shadow tree,” in Special Interest Group on
Computer Graphics and Interactive Techniques Conference, SIGGRAPH
’16, Anaheim, CA, USA, July 24-28, 2016, Talks, 2016, pp. 14:1–14:2.
[Online]. Available: http://doi.acm.org/10.1145/2897839.2927418

[34] C. Wyman, “Voxelized shadow volumes,” Proceedings of the ACM
SIGGRAPH Symposium on High Performance Graphics, pp. 33–40,
2011.

[35] P. Voicu, C. Mei, D. Jordan, and S. Elisha, “Reflected scene impos-
tors for realistic reflections at interactive rates,” Computer Graphics
Forum, vol. 25, no. 3, pp. 313–322, 2006.

[36] A. Gaitatzes, A. Andreadis, G. Papaioannou, and Y. Chrysanthou,
“Fast approximate visibility on the gpu using pre-computed 4d
visibility fields,” in WSCG ’10: Proceedings of the 18-th International
Conference in Central Europe on Computer Graphics, Visualization and
Computer Vision, 2010.

[37] D. Kauker, M. Falk, G. Reina, A. Ynnerman, and T. Ertl,
“Voxlink - combining sparse volumetric data and geometry for
efficient rendering,” Computational Visual Media, vol. 2, no. 1, pp.
45–56, 2016. [Online]. Available: https://doi.org/10.1007/s41095-
016-0034-8

[38] I. Wald, G. P. Johnson, J. Amstutz, C. Brownlee, A. Knoll, J. Jeffers,
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