
The Visual Computer, 2006 (Proceedings of Pacific Graphics)

Johannes Günther · Heiko Friedrich · Hans-Peter Seidel · Philipp Slusallek

Interactive Ray Tracing of Skinned Animations

Fig. 1 The “UT 2003” and “Cally” example scenes demonstrating interactively skinned meshes. These dynamic scenes are ray traced between 4
(including shadows, right two images) and 15 frames per second (with a simple shader, left two images) at 1024×1024 pixels on a single CPU.

Abstract Recent high-performance ray tracing implemen-
tations have already achieved interactive performance on a
single PC even for highly complex scenes. However, so far
these approaches have been limited to mostly static scenes
due to the high cost of updating the necessary spatial in-
dex structures after modifying scene geometry. In this pa-
per, we present an approach that avoids these updates al-
most completely for the case of skinned models as typi-
cally used in computer games. We assume that the char-
acters are built from meshes with an underlying skeleton
structure, where the set of joint angles defines the charac-
ter’s pose and determines the skinning parameters. Based
on a sampling of the possible pose space we build a static
fuzzy kd-tree for each skeleton segment in a fast prepro-
cessing step. These fuzzy kd-trees are then organized into
a top-level kd-tree. Together with the skeleton’s affine trans-
formations this multi-level kd-tree allows fast and efficient
scene traversal at runtime, while arbitrary combinations of
animation sequences can be applied interactively to the joint
angles. We achieve a real-time ray tracing performance of
up to 15 frames per second at 1024× 1024 resolution even
on a single processor core.
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1 Introduction

Interactive image synthesis and real-time visualization is to-
day a matter-of-course. Rasterization hardware is continu-
ously using new tricks to support more advanced shading
and lighting effects. Moreover, ray tracing – famous for its
superior rendering quality – has finally become fast enough
for real-time applications. Even highly complex scenes with
millions of primitives can be ray traced at real-time frame
rates [RSH05].

A feature that is still not supported to its full extent in
real-time ray tracing is dynamic scenes. Unfortunately, many
applications require at least the interactive rendering of dy-
namically changing objects, and computer games even de-
mand at least 60Hz. Real-time rendering of animations is
still the domain of graphics hardware because of its immense
hardware acceleration, e.g. for vertex shaders. With more
than 48 pipelines [ATI] at present, GPUs provide massive
parallel computation power. Furthermore, rasterization does
not depend on precomputed acceleration structures for ren-
dering, because every polygon is rendered in every frame
anyway.

However, ray tracing, first introduced into the field of
computer graphics by Appel et al. [App68], must to exploit
spatial index structures to speed up the rendering process
by minimizing the number of ray-primitive intersections. All
current spatial index structures used in ray tracing, such as
grids [CWBV83,AW87], octrees [Gla84], bounding volume
hierarchies [RW80] (BVHs), and kd-trees [Jan86], must be
rebuilt when objects change. Depending on the scene and
the type of index structure, the reconstruction can take up
to several minutes, which of course is not tolerable for in-
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teractive applications [Hav01]. Especially highly optimized
kd-trees [WH06] built with surface area heuristics [MB89]
tend to have extremely long construction times.

In recent years, kd-trees have been shown to be an effi-
cient acceleration structure for static scenes, which can yield
excellent ray tracing performance [HPP00]. One main ad-
vantage of kd-trees is that they subdivide space into irregu-
larly sized areas [PH04,Hav01] and thus they also adapt to
unevenly distributed scene-primitives very well (compared
to grids). Additionally, the simple traversal algorithm of kd-
trees can be mapped efficiently to modern processors (com-
pared to octrees and BVH) [Wal04]. As a consequence, most
modern real-time ray tracing systems implement kd-trees,
including CPU-based systems [WSBW01,RSH05], ray trac-
ing hardware [SWS02,WSS05], and GPU-based ray trac-
ers [FS05].

2 Related work

Real-time ray tracing has a short history and not much re-
search has been done in the area of interactive ray tracing
dynamic scenes yet.

In 2001 first practical results towards real-time ray trac-
ing of static scenes on commodity PCs were presented by
Wald et al. [WSBW01]. An extensive study of acceleration
structures by Havran [Hav01] showed that kd-trees perform
best for a large number of test scenes.

Lext et al. [LAM01] proposed a novel algorithm to effi-
ciently ray trace animated objects that undergo simple affine
transformations such as rotation and translation. To do so,
they used a hierarchy of oriented bounding boxes over the
objects, with each object having its own grid as the accel-
eration structure. Two years later, Wald et al. [WBS03] in-
troduced the concept of a two-level kd-tree to ray trace the
same class of dynamic objects as Lext but with kd-trees.

Reihard et al. [RSH00] proposed the usage of interac-
tive grids to render scenes with random motion like particle-
and turbulence systems. In order to achieve interactive re-
sults they used an SGI Onyx 2000 with 32 processors.

Recently, Günther et al. [GFW+06] proposed a motion
decomposition approach to ray trace animations. A motion
clustering algorithm identifies regions with coherent motion
that can be expressed as an affine transformation of the ver-
tices of the scene. After subtraction of this common transfor-
mation for each cluster, the residual motion is handled by a
so-called fuzzy kd-tree. A fuzzy kd-tree is not directly built
over the scene primitives but over axis-aligned fuzzy boxes,
which bound the space where an primitive can be located
during the animation. Although real-time rendering frame
rates can be achieved with this approach, the algorithm has
the disadvantage that the complete animation sequence has
to be known in advance. Furthermore, the motion clustering
is a costly preprocessing step. In this paper, we extend the
idea of motion decomposition to skinned animations.

Very recently it was demonstrated that ray tracing of dy-
namic scenes at interactive frame rates can also be accom-

Fig. 2 To ray trace a frame of an animation we first build a small kd-
tree over the current bounding boxes of each bone object. These boxes
are shown for three configurations of the “Cally” scene. Rays hitting a
box get inversely transformed into the local coordinate system of this
box and traverse its fuzzy kd-tree.

plished with grids [RSH00,WIK+06], bounding volume hi-
erarchies (BVHs) [WBS06,LYTM06,CHCH06], or hybrid
data structures [WMS06,WK06]. These acceleration struc-
tures can be rebuilt or updated faster than kd-trees when ge-
ometry changes. However, they are still inferior in ray trac-
ing performance in the general case.

3 Ray tracing of skinned animations

Although kd-trees are widely considered as the most effi-
cient acceleration structure for ray tracing, their large con-
struction time heavily complicates its utilization for dynamic
scenes. Thus our goal is to avoid rebuilding the kd-tree while
still retaining its efficiency as an acceleration structure.

The idea is to compensate for most of the motion of
the scene by transforming rays instead of the geometry. For
this purpose, we adapt the concept of two-level kd-trees of
[WBS03]. The residual motion of the scene that cannot be
compensated is handled separately by fuzzy kd-trees similar
to the approach in [GFW+06].

We extend the approaches of previous work by support-
ing a more flexible type of animation, specifically skinned
meshes. By exploiting the underlying bone information, we
can efficiently construct the fuzzy kd-trees once in a prepro-
cessing phase. During ray tracing of the skinned animation
these fuzzy kd-trees do not need to be updated.

Before describing our work in detail, we will briefly re-
view the concept of two-level kd-trees.

3.1 Two-level kd-trees

If an animated scene consists of several moving rigid ob-
jects, separate kd-trees can be built, one for each object. This
has the advantage that these kd-trees can be pre-built and re-
main valid during the course of the animation.

The absolute motion of all objects is accounted for by a
top-level kd-tree. Only this kd-tree needs to be updated ev-
ery frame as it is built over the current bounding boxes of all
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objects. This way the top-level kd-tree adapts to the chang-
ing positions and orientations of moving objects (Figure 2).
However, this rebuilding can be done very quickly because
the number of moving objects is usually rather small (less
than 100), allowing interactive frame rates.

To render a new frame, ray traversal starts in the top-
level kd-tree. For every intersected bounding box the ray
is transformed into the local coordinate system of that box
and traversal continues at the root node of the corresponding
second-level kd-tree.

With such a two-level kd-tree hierarchy it is possible to
interactively ray trace animated objects that just undergo
simple affine transformations. A distinct example for this
type of animation is the BART robots scene [LAM00].

3.2 Vertex skinning

Nevertheless, for more flexible animation types the two-level
kd-tree scheme alone is not sufficient. Our goal is to ray
trace skinned animations because they provide many advan-
tages. Skinned meshes are a powerful tool for content cre-
ation in computer games and animated movies. Artists cre-
ate meshes, e.g. an avatar for a game such as the “UT 2003”
model in Figure 1 and attach a bone model as well as physics
to it. Using this additional information they can then apply
deformations to the mesh. This type of motion is a good ap-
proximation of many real scenarios and is also common for
animated synthetic datasets.

A skinned mesh is animated with the help of an underly-
ing skeleton, usually referred to as skeleton subspace defor-
mation [MTLT88,MTT91]. Each vertex of the mesh is in-
fluenced by one or more bones. For example, vertices form-
ing an arm move together with the corresponding arm bone.
Additionally, vertices near the joints of two bones are in-
fluenced by both bones, resulting in a smooth skin surface
without cracks or other artifacts near the joints.

Mathematically, bones are described by transformations
and standard skinning is a simple weighted interpolation:

v′ =
n

∑
i=1

wiXiv, with
n

∑
i=1

wi = 1

The value n is the number of bones influencing the skinned
position v′. Xi is the current transformation of bone i and
wi is the associated scalar weight (or influence) of that bone
for the vertex v in the rest pose of the mesh. The rest pose is
the original mesh configuration modeled by an artist without
applied skinning.

If all vertices were to be influenced by only one bone
(n = 1) we would have the situation of simple affine-only
transformations where the two-level kd-tree scheme can be
applied.

However, it is an important observation that even when
n > 1 the interpolated motion of a vertex in the local coor-
dinate system of a carefully chosen bone is typically rather
small. The reason is that usually vertices are significantly
influenced by neighboring bones only.

Fig. 3 The residual motion of each triangle (green) is bounded by a
fuzzy box (red). As the fuzzy kd-tree is built over these fuzzy boxes
instead of the triangles it is valid for all poses of the skinned model.

This small residual motion of the vertices and triangles
is then bounded by so-called fuzzy boxes. A fuzzy box is
an axis-aligned bounding box in the local coordinate system
that contains the valid positions of a triangle. For each bone,
a fuzzy kd-tree [GFW+06] is then built over the fuzzy boxes
rather than the triangles. This has to be done only once in a
preprocessing step, because the local movement of the trian-
gles does not invalidate the fuzzy kd-tree (see also Figure 3).

To render a new frame the pose of the skeleton is up-
dated as well as the vertex positions. Then the world coordi-
nate bounding boxes of each bone and associated triangles
are calculated. Finally, we can apply the two-level kd-tree
scheme and rebuild the small top-level kd-tree over the bone
fuzzy kd-trees.

3.3 Stochastic fuzzy box computation

For the correctness of this algorithm it is crucial that the
fuzzy boxes used to build the fuzzy kd-trees are conserva-
tive. Otherwise it might happen that triangles get culled dur-
ing traversal of the fuzzy kd-trees and that rays erroneously
miss these triangles, which will result in holes in the mesh.

Additionally, we also want to optimize ray tracing per-
formance. Thus it is preferable to have small fuzzy boxes,
because the surface area of the fuzzy boxes is proportional
to the probability that a random ray will hit this box [MB89].

To estimate a set of small, but sufficiently conservative
fuzzy boxes, we sample the pose space during the prepro-
cessing phase. The full pose space can be sampled by rotat-
ing each bone arbitrarily. However, tighter fuzzy boxes and
thus better ray tracing performance can be achieved by re-
stricting the bone rotation relative to its parent bone. Addi-
tional information from the rendering application – such as
joint limits – can be used to restrict the pose space, because
arbitrary bone rotations are quite unnatural for most models.
Another possibility is to only sample the different animation
sequences – such as walking, running, or kicking – used e.g.
by a game application.

Note that the size of the fuzzy boxes depends not only
on the pose space but also on the choice of the bone a trian-
gle is assigned to. In order to find the optimal bone, we do
an exhaustive search by calculating the fuzzy box in every
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bone’s local coordinate system. The fuzzy box of a triangle
is the union of the fuzzy boxes of its vertices.

The fuzzy boxes of all vertices are calculated by sam-
pling as follows. For each sample (i.e. a pose of the skele-
ton), every vertex is skinned and subsequently transformed
into the local coordinate space of each bone. The fuzzy box
of a vertex in a bone’s local coordinate system is then the
axis-aligned bounding box of its samples, i.e. its transformed
positions.

4 Implementation and results

We implemented our ray tracing engine with C++ and use
SSE [Int02] for optimizing inner loops. The kd-tree traver-
sal is loosely based on multi-level ray tracing and the in-
verse frustum culling approach of Reshetov et al. [RSH05]
with a ray packet size of 4×4. The ray-triangle intersection
test is basically the same as described in [Wal04] for pack-
ets of rays. To manage the skeleton and skinning parameters
of the models, we use the open source library Cal3D [Cal].
With Cal3D we can also smoothly blend different anima-
tion sequences as well as interpolate between key frames
(see Figure 4). All measurements are done on a workstation
equipped with two AMD Opteron 2.4GHz processors and a
GeForce 6800 GT PCIe graphics board.

4.1 GPU accelerated display

In real-time ray tracing implementations it was common to
store the color of each computed pixel of the current frame
in the main memory of the PC. After all pixel calculations
were done, an OpenGL or DirectX call was made to transfer
the image to the graphics hardware for display. With a float
frame buffer of full-screen resolution, this transfer can easily
be a bottleneck – measurements have shown that it can slow
down the overall rendering process by up to 25%.

To ease this problem, we use the OpenGL pixel buffer
objects extension to directly store computed pixel values in
the texture memory of the graphics board. Besides reducing
the display overhead to only 4ms, this approach has the ad-
ditional advantage that color channel swizzling or tone map-
ping (see e.g. [GWWH03]) can be efficiently performed by
the pixel shader pipelines of the GPU. Merely moving the
swizzling and float-to-int conversion of the color channels
from the CPU to the GPU significantly increases the frame
rate.

4.2 Fuzzy box estimation

To evaluate the trade-off between the flexibility of posing
a skinned mesh and ray tracing performance, we restricted
the valid pose space in several steps. Arbitrary rotations of
the bones on the one hand allow the greatest freedom for a
user to interact with the model. On the other hand, it is of-
ten meaningful to apply joint limits to the skeleton to avoid

fuzzy avg. #tris
pose space #samples area per leaf fps
arbitrary bone rotations 1000 747k 4.1 7.7
applying joint limits 245 580k 3.4 10.2
many animation sequences 124 552k 3.2 11.6
just one animation sequence 62 515k 3.1 12.0

Table 1 Influence of the valid pose space on the fuzzy box surface
area, the quality of the fuzzy kd-trees and subsequently the rendering
performance for the “UT 2003” scene. Restricting the pose space – at
least by joint limits – greatly improves ray tracing performance.

unnatural mesh deformations. The pose space can be fur-
ther restricted by allowing only certain types of (predefined)
movements (such as walking or waving), which is often the
case in game applications.

Table 1 shows our measurements for all these pose space
configurations. With increasing freedom of the bone rota-
tions, the fuzzy boxes become larger. This leads to more
overlap of the fuzzy boxes, which decreases the efficiency of
the fuzzy kd-tree. More intersections need to be calculated,
resulting in decreased ray tracing performance.

The accumulated surface area of the fuzzy boxes of all
triangles is a good measure for the expected ray tracing per-
formance because it is proportional to the number of inter-
sections of a random ray with these boxes [MB89]. Note
that the absolute value of the surface area is meaningless,
because it directly depends on the scale of the scene. One
measure for the efficiency of kd-trees is the average num-
ber of triangles per kd-tree leaf. Higher numbers account for
larger overlap of fuzzy boxes, because it is not meaningful
to split the overlapping area during kd-tree creation – every
child node would contain the same triangles – and we cannot
save intersection tests. Finally, we verified our expectations
by measuring the achieved frames per second for ray tracing
the rest pose with the same viewpoint for all the different
pose space configurations.

All these measures show that restricting the pose space
improves the ray tracing performance. The biggest perfor-
mance gain can be obtained by applying joint limits.

4.3 Performance depending on mesh size

To evaluate the preprocessing as well as the rendering per-
formance of our ray tracing implementation we measured
the pose space sampling time, the time to construct the fuzzy
kd-trees, and the achieved frames per second for two scenes.
We were not able to acquire models with a high number of
polygons that include the necessary skeleton and skinning
parameters. To still be able to estimate the performance of
our system for scenes with a high number of triangles, we
decided to iteratively subdivide our low-resolution models.

Table 2 summarizes our results. All numbers were mea-
sured at a screen resolution of 1024× 1024 pixels on a sin-
gle CPU with a simple diffuse shader. Even with hundreds
of thousands of triangles we achieved reasonable fast pre-
processing within seconds to a few minutes. As expected,
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preprocessing time in seconds
scene #tris sampling building kd-trees fps
Cally 3k 0.63 0.65 9.5
Cally 10k 1.80 2.28 7.1
Cally 30k 5.21 8.77 5.7
Cally 90k 16.4 34.5 3.6
Cally 271k 50.4 150 2.0
UT 2003 2k 0.59 0.39 15.5
UT 2003 7k 1.23 1.67 12.3
UT 2003 22k 3.08 6.41 7.4
UT 2003 67k 8.63 23.8 4.0
UT 2003 200k 29.7 88.9 1.9

Table 2 Measured performance data of our example scenes for differ-
ent subdivision levels. Even with hundreds of thousands of triangles
we achieved reasonable fast preprocessing within a few minutes and
still ray trace at interactive frame rates.

the sampling time was roughly linear in the number of trian-
gles. For ray tracing dynamic scenes, we achieved a render-
ing performance of up to 15 frames per second. Furthermore,
interactive frame rates were still possible for large scenes.

Günther et al. [GFW+06] compared their fuzzy kd-tree
for a predefined animation with highly optimized kd-trees
which were pre-built for every time-step. Our results are
congruent with their reported numbers: The more flexible
fuzzy kd-trees degrade the rendering performance approxi-
mately by a reasonable factor of two.

5 Discussion and conclusions

We have presented a novel algorithmic approach to ray trace
skinned meshes efficiently. We use a small top-level kd-tree
and bone transformations to account for the dominating de-
formations of the mesh. As the residual motion of triangles
can be handled by fuzzy kd-trees, we avoid almost com-
pletely the costly reconstruction of acceleration structures.
As a result, we are able to achieve interactive frame rates
even for high polygonal models.

Supporting skinned meshes rather than only predefined
animations as in [GFW+06] has several advantages:

– The preprocessing time is greatly reduced. For prede-
fined animations an expensive clustering step is neces-
sary to find coherent moving triangles.

– We save a lot of memory because we just need one base
mesh for the entire animation, plus the corresponding
bones and skinning information – in contrast to many
meshes, one for every time-step.

– The most important advantage is the gained flexibility:
With skinned meshes it is no problem to smoothly inter-
polate between key frames or to blend several animation
sequences. Even direct user interaction is possible if we
sample the (optionally limited) pose space.

6 Future work

One direction for future work is the investigation of ray trac-
ing even more general types of animations, such as blending
meshes or meshes deformed by physical simulations. For ex-
ample, ray tracing the cloth worn by a game character is not
yet possible with our method.

Under-sampling of the pose space can lead to underes-
timation of the fuzzy boxes and consequently to rendering
artifacts. Thus instead of sampling the pose space it might
be desirable to find the extent of the fuzzy boxes analyti-
cally or by using affine arithmetic. Nevertheless, in practice
we noticed no such artifacts when using a moderate number
of samples (i.e. one sample per key frame, see also Table 1).

With the advancements in ray traversal and intersection
performance, the actual shading of the hit-points already be-
came the bottleneck. Thus it is not yet possible to run a fully
featured ray tracing system at interactive frame rates on a
single CPU. Advanced ray tracing effects, such as glossy re-
flections, soft shadows, or global illumination still require
the combined power of many processors – even with static
scenes. Thus it is desirable to further research the accelera-
tion of distribution ray tracing and shading operations.

It has been shown by Yoon and Manocha [YM06] that
a cache-efficient layout of BVHs significantly increases ray
tracing performance. Certainly the same idea should be ap-
plicable to (fuzzy) kd-trees.

It would also be interesting to compare our approach of
using approved kd-trees for ray tracing dynamic scenes to
other acceleration structures, such as grids or BVHs that can
be quickly updated.
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