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Abstract

Rendering of high quality animations with global
illumination effects is very costly using traditional
techniques designed for static scenes. In this pa-
per we present an extension of the photon mapping
algorithm to handle dynamic environments. First,
for each animation segment the static irradiance
cache is computed only once for the scene with all
dynamic objects removed. Then, for each frame,
the dynamic objects are inserted and the irradiance
cache is updated locally in the scene regions whose
lighting is strongly affected by the objects. In the
remaining scene regions the photon map is used to
correct the irradiance values in the static cache. As
a result the overall animation rendering efficiency is
significantly improved and the temporal aliasing is
reduced.

1 Introduction

Global illumination is an important visual cue,
which greatly improves the appearance of computer
animations. However, the vast majority of state-
of-the-art global illumination algorithms require re-
peating the computation from scratch for even mi-
nor changes in the scene. This leads to redun-
dant computations which could be mostly avoided
by taking into account the temporal coherence of
global illumination in the sequence of animation
frames. Another important problem is the tempo-
ral aliasing which is more difficult to combat effi-
ciently if temporal processing of global illumina-
tion is not performed. Many small errors in light-
ing distribution cannot be perceived by the human
observer when they are coherent in the temporal
domain while may cause unpleasant flickering and
shimmering effects when such a coherence is lost.

The algorithm of choice for the final rendering of
high quality images is the so-calledfinal gathering

[14, 9, 19, 2]. Usually the direct lighting is com-
puted for a surface region represented by a given
pixel, and the indirect lighting is obtained through
the integration of incoming radiances, which is very
costly. Those costs can be reduced by using their-
radiance cachedata structures [20, 21] to store irra-
diance samples sparsely in the object space. The
cached values are used to interpolate the indirect
lighting for each pixel and are computed lazily. The
coarse distribution of lighting, which is used for the
irradiance integration can be computed in the pre-
processing stage using a deterministic or stochastic
radiosity [18], photon maps [7], and so on. The ir-
radiance cache technique efficiently removes shad-
ing artifacts which are very difficult to avoid if the
indirect lighting is directly reconstructed based on
the radiosity mesh or the photon maps. However,
the price to be paid for this high quality lighting re-
construction are long computation times, which are
mostly caused by the irradiance integration that is
repeated for many sample points in the scene.

In this work we extend the concept of irradiance
cache for dynamic environments to improve the ren-
dering performance and reduce the temporal alias-
ing. Also, we extend the photon mapping algorithm
make the global illumination computation more ef-
ficient for such dynamic environments.

In the following section, we briefly overview ex-
isting solutions for the global illumination computa-
tion for dynamic environments and then we discuss
the final gathering for animations, which mostly re-
mains an unexplored problem.

2 Previous Work

Existing global illumination solutions for dynamic
environments can roughly be categorized as inter-
active and off-line. The interactive techniques are
designed to trade the image quality for the response
speed in order to preserve a constant frame rate
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[13, 5, 17, 6] (for a complete survey refer to [3]).
Their main objective is to provide a fast response
for frame-to-frame changes in the environment, but
not to a sequence of such changes. The temporal
coherence of lighting can be exploited much better
when longer image sequences are considered which
requires the knowledge of changes in the environ-
ment in advance. Those conditions are met for the
off-line global illumination algorithms that are used
in the final production of high quality animations.

Many existing off-line solutions resulted from
extending hierarchical radiosity algorithms into the
time domain, however, they involve huge storage
costs which makes them impractical for complex
scenes [4, 10]. In Global Monte Carlo Radios-
ity [1] the temporal coherence of costly visibility
computations is efficiently and conservatively ex-
ploited, but then the radiosity solution is performed
independently for each frame and all radiosity so-
lutions are stored simultaneously in the memory.
In the range-image framework [12], direct and in-
direct lighting are independently sampled in time
for selected keyframes. The temporal frequency
of sampling is adaptive to the changes in scene
illumination. Interpolation is performed between
the obtained solutions to derive lighting for inbe-
tween frames, but some important lighting events
between keyframes can be overlooked. To avoid
this problem, sparse sampling of the scene illumi-
nation can be performed for all animation frames
[11]. However, the mesh-based lighting reconstruc-
tion has many limitations in terms of rendering fine
details in the lighting distribution such as caustics
and indirect shadows.

The final gathering has been initially introduced
in the context of the radiosity algorithm to over-
come the problems arising with the mesh-based
storage of lighting [14, 9, 19, 2]. Recently, some
efficiency versions of the final gathering designed
specifically for the hierarchical radiosity with clus-
tering algorithm have been proposed [15, 16]. Fi-
nal gathering based on the irradiance cache concept
[20, 21] is also commonly used in the photon map-
ping algorithms because a direct rendering of dif-
fuse illumination based on the density estimation of
photons leads to poor image quality [7]. All those
final gathering approaches can be used for the walk-
through animation, however, they are not suitable
for the rendering of dynamic environments.

Recently, Martin et al. [10] proposed a final gath-

ering algorithm in the framework of space-time hi-
erarchical radiosity. Martin et al. classify the hier-
archical radiosity links into thegood linksif the er-
ror of gathered lighting is within given bounds and
thebad linksotherwise. For the good links the final
gather step is not required, and resulting lighting is
accumulated in a texture using linear interpolation
within a given patch. For each shooter polygon as-
sociated with a bad link the graphics hardware is
used to estimate the visibility of a receiver patch
texels using the projective shadows technique. In
the temporal domain the bad links are classified as
staticanddynamic. The costly visibility computa-
tion is performed once for a given time interval for
the static links, and is repeated for each frame for
the dynamic links.

The final gathering method proposed by Martin
et al. leads to significant rendering speedup (1.7–7
times in the examples given by the authors). How-
ever, the method shares typical drawbacks of hier-
archical radiosity solutions such as poor handling
of non-Lambertian surfaces and significant storage
costs required by the link data structures. Those
costs are even more significant in the presented so-
lution because the history of links is also stored,
e.g., links are not deleted when refined for possible
reuse in different time intervals.

The problem of efficient handling the final
gathering rendering in dynamic environments for
photon-based algorithms was not addressed so far.
In the following section we present our technique
which is an attempt to fill this gap.

3 Algorithm

In our approach we use a two pass photon map-
ping algorithm [7]. In the first pass, photons are
traced from light sources and stored in the photon
map. In the rendering pass, the lighting computa-
tion is performed separately for direct illumination
and glossy/specular reflection, diffuse indirect illu-
mination, and caustics. The two first lighting com-
ponents are computed for each frame from scratch
using ray tracing. The diffuse indirect illumination
is computed using the irradiance cache [20, 21].
Illumination values stored in the cache are com-
puted through integration of the scene illumination,
which is reconstructed from the photon map using
the nearest neighbor density estimation technique.
Such an integration is not performed to render direct
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Figure 1: Processing flow in the computation of global illumination for an animation frame: a) the final
frame, b) direct lighting, c) indirect lighting, d) static indirect lighting computed using the static irradiance
cache, e) dynamic indirect lighting computed using the dynamic irradiance cache, and f) the dynamic indi-
rect lighting computed through the photon density estimation and summed with the static indirect lighting
which is shown in d).

caustics, which are directly reconstructed through
density estimation of the caustic photon map.

In this work we focus on exploiting the temporal
coherence of photons to speedup the costly irradi-
ance cache computation and to improve the qual-
ity of indirect lighting reconstruction. We intro-
duce the notion ofstatic irradiance cache, which is
computed once for an animation segment. For the
static irradiance cache computation we remove all
dynamic objects (i.e., objects changing their posi-
tion, shape or light reflectance properties as a func-
tion of time) from the scene and we trace the so-
calledstatic photons.

The illumination component reconstructed from
the static irradiance cache is perfectly coherent in
the temporal domain and results in the flicker-free
animations. However, the dynamic illumination

component caused by dynamic objects must be also
considered. For this purpose thedynamic photons
which interact with dynamic objects are computed
for each frame and are stored in a separate photon
map. The map may store photons with negative en-
ergy [8], which are needed to compensate for occlu-
sions of the static parts of the scene by dynamic ob-
jects. For example, the negative photons are stored
in the regions of indirect shadows cast by dynamic
objects. We describe the dynamic photons approach
in more detail in Section 3.1.

Figures 1 illustrate the illumination reconstruc-
tion using our technique. Figure 1a shows the fi-
nal animation frame whose lighting was composed
from the direct illumination and specular reflec-
tion (Figure 1b) and the diffuse indirect illumina-
tion (Figure 1c). The dynamic component of the
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indirect lighting is reconstructed at two levels of ac-
curacy depending on the influence of dynamic ob-
jects on local scene illumination. In the regions
with the higher influence (we discuss the problem
of detecting such regions in Section 3.3) the dy-
namic irradiance cache is recomputed, which leads
to better accuracy of reconstructed dynamic light-
ing (refer to Figure 1e). In the remaining scene re-
gions as shown in Figure 1f the illumination stored
in the static irradiance cache (shown in Figure 1d)
is corrected by adding its dynamic component re-
constructed from the dynamic photon map using
density estimation. A direct visualization of the
dynamic illumination component is not shown be-
cause its values are rather small for the most parts
of the scene and are negative in the regions oc-
cluded by dynamic objects. We blend lighting re-
constructed using those two different methods (Fig-
ures 1e and 1f) to assure smooth transition of the
resulting lighting.

While the static photons processing is performed
in the same way as tracing ordinary photons for the
static scenes [7], the dynamic photons are treated
differently which we describe in the following sec-
tion. In Section 3.2 we discuss our extensions of the
irradiance cache to handle dynamic and static illu-
mination components. We describe our animation
rendering algorithm in Section 3.3.

3.1 Tracing Dynamic Photons

We introduce the dynamic photon map which is an
extension to the photon maps to handle dynamic
environments. It is leveraged to estimate the in-
direct illumination contributed only from dynamic
objects (i.e., objects changing the position, orienta-
tion, shape, and material properties). The dynamic
photon map stores dynamic photons which intersect
with dynamic objects at least once.

Figure 2 illustrates the paths of two dynamic pho-
tons in the room with two dynamic objects, which
are shown as an ellipsoid and a circle. The dynamic
photons are traced from light sources toward the
scene as in the traditional photon tracing approach
[7]. When a photon hits on a dynamic object, the
ray is marked as a dynamic ray, and then it is re-
flected or transmitted with the positive energy, or
simply absorbed. In the first intersection with the
dynamic object, a negative ray is spawned at the in-
tersection point. This ray pierces the dynamic ob-
ject and it is traced further as an usual ray with the

only difference that it carries negative energy (in
Figure 2 all negative rays are depicted using dashed
lines). When a dynamic photon hits on a diffuse
surface, it is stored in the dynamic photon map.

Special care is required in handling the direct
photon paths from light sources to the scene. Since
we separately compute the direct illumination, a
dynamic photon directly hitting an object is not
stored in the dynamic photon map to avoid doubling
the computation of the direct illumination (refer to
points a, b andg in Figure 2). Also, for the negative
rays their intersection with dynamic objects must be
ignored because their purpose is to subtract the en-
ergy from the static irradiance cache, which is com-
puted for the scene without dynamic objects. For
example, note that the ellipsoid is simply ignored on
the way of the negative ray which travels between a
pair of points h and i. Finally, note that the nega-
tive ray is not spawned atpoint e when the dynamic
ray hits on the another dynamic object. This can be
interpreted as the redirection of energy which in the
case of static scene traveled along the path between
points b, c, andd into the new path betweenpoints
a, e, andf in the complete scene with dynamic ob-
jects.

The key point of construction of the dynamic
photon map is to store only those photons which
indirectly intersect with a dynamic object at least
once.

Light source

Positive photon
Negative photon

g
a

b

h

i
e

c

f

d

Figure 2: Tracing the dynamic photons: Example
photon paths.

666



3.2 Static and Dynamic Irradiance
Caches

We also extend the irradiance cache to handle dy-
namic environments. We use two (static and dy-
namic) irradiance caches for the efficient render-
ing of indirect illumination in dynamic environ-
ments. The static irradiance cache is computed for
the scene with static objects only, i.e., all dynamic
objects are removed. This cache can be computed
only once for an animation sequence when light-
ing conditions do not change significantly. Other-
wise, the animation must be split into shorter seg-
ments with coherent illumination. For example, a
new static irradiance cache must be computed when
a light is turned on in the dark room.

When the camera path is known in advance,
which is usually the case for the off-line animation
rendering, all values in the irradiance cache can be
pre-computed. It is also possible to lazily recon-
struct the static irradiance cache in the frame-by-
frame manner. However, in such a case all photons
for the static scene must be kept in the memory.

On the other hand, the dynamic irradiance cache
is always lazily recomputed for each frame from
scratch for those scene regions whose illumina-
tion changes significantly (e.g., for dynamic objects
themselves and their neighborhood). The irradiance
in the dynamic irradiance cache is computed us-
ing the global photon map of the current frame for
the complete scene with static and dynamic objects.
This approach is similar to the traditional irradiance
cache technique with the only difference that in our
approach the computation is not performed for the
whole scene but rather for its selected regions. The
problem of identifying such regions is discussed in
detail in the following section.

Note that the sample locations in the dynamic
irradiance cache are different for each frame, and
they depend on the dynamic changes of illumina-
tion. By contrast, the sample locations in the static
irradiance cache are the same for each considered
animation segment.

Figure 3 shows the locations of sample points
in the static and dynamic irradiance caches for the
scene depicted in Figure 4.

3.3 Rendering

A practical two-pass rendering algorithm using
photon maps is presented in [7]. In this algorithm

a) b)

Figure 3: Locations of sample points for the a) static
and b) dynamic irradiance caches.

the outgoing radianceLr is computed as a sum of
four terms: direct illuminationLd, soft indirect illu-
minationLi, causticsLc, and specular component
Ls:

Lr = Ld + Li + Lc + Ls

In this work we focus on the computation of indirect
illuminationLi, which is usually quite expensive to
compute. We further splitLi into two components:
Ly which is strongly affected by dynamic objects
andLt which is less affected by them. The choice
betweenLy andLt depends on the influenceI of
dynamic objects on changes of illumination in the
scene as follows:

Li =

8

>

>

>

<

>

>

>

:

Ly I > τu,

f(g(I)) ∗ Ly+ τu > I > τl,

(1 − f(g(I))) ∗ Lt

Lt τl > I.

whereτl andτu are the lower and upper threshold
values forI , andf(g(I)) is a blending function be-
tweenLy and Lt in the transition scene regions.
The blending function must be introduced to avoid
discontinuities at lighting distribution due to inac-
curacies inLy and Lt estimations. In particular,
the dynamic component ofLt which is computed
using density estimation is prone for such inaccura-
cies. We use a cubic equation as the blending func-
tion f(x) and the scaling functiong(x) to map the
influence valuesI into the range from 0 to 1:

f(x) = −2x
3 + 3x

2

g(x) =
x − τl

τu − τl

The influenceI is computed using the following
density estimation equation based on the dynamic
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photon map:

I =
1

πr2

N
X

p=1

max(|∆Φp,r|, |∆Φp,g |, |∆Φp,b|)

where∆Φp is a power of the photonp, andr, g and
b denote the red, green and blue components in the
power ofp. The absolute value of photon energy
is used because the dynamic photon map contains
photons with both positive and negative energy.

Ly is computed using the dynamic irradiance
cache as described in the previous section for the
scene regions withI > τl and the dynamic ob-
jects themselves. Because such regions are strongly
affected by dynamic objects, we use an accurate
method for the lighting computation.

To computeLt, first, all irradiances of the static
irradiance cache are updated by adding the differ-
ential power estimated by the density estimation of
the dynamic photon map. We apply the density esti-
mation only in the positions of the static irradiance
cache because we assume that in the scene regions
less affected by dynamic objects we do not need to
recompute cache positions. ThenLt is computed
using interpolation of sample values stored in the
updated static irradiance cache.

Figures 4 illustrate the concept of splitting the in-
direct illumination into two localized in the scene
componentsLy (Figure 4a) andLt (Figure 4b). The
final image (Figure 4c) is obtained by combining
Ly and Lt with the direct illumination. The in-
fluence functionI is shown in Figure 4c, where
brighter regions correspond to higher values ofI .

4 Temporal Consideration

It is very important to reduce temporal aliasing
in rendered animation frames because the human
observer is very sensitive for such artifacts. The
stochastic noise, which is inherent for Monte Carlo
rendering, may result in intolerable degradation of
animation quality if proper temporal antialiasing
techniques are not used. The photon mapping ap-
proach usually eliminates successfully the high spa-
tial frequency noise in the reconstructed lighting
distribution. However, the remaining low frequency
noise can be still quite objectionable in the context
of animation.

We reduce the aliasing problem by introducing
the concept of static irradiance cache, which means

a) b)

c) d)

Figure 4: Decomposition of indirect illumination
into a)Ly and b)Lt components, and c) the result-
ing image. The corresponding influence functionI

is shown in d).

that the static part of illumination in the scene
is perfectly coherent for the subsequent animation
frames. For the dynamic illumination component
we use two simple techniques applied for theLy

andLt computation.

The dynamic irradiance cache used to deriveLy

is computed by gathering incoming radiances, i.e.,
shooting a number of random rays into the scene.
The noise inLy can be substantially reduced by
fixing the directions of gathering rays. This sim-
ple solution works well for the pseudo-random and
stratified sampling.

Our second antialiasing technique deals with
shooting dynamic photons. Because illumination
changes inLt are computed through density esti-
mation of the dynamic photon map, ideally those
photons should be coherent in the temporal domain
as much as possible. One way to achieve this goal is
to use quasi random walk for photon tracing. Then,
the index of the quasi random sequence should be
reset for each frame. Of course, the resulting photon
paths are not exactly the same because the presence
of dynamic objects in the scene but at least should
be quite similar. Another solution is to process pho-
tons in the time domain as in [11].
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a) b)

c) d)

Figure 5: Example animation frames a) and c), and
the corresponding influenceI b) and d).

5 Results

We experimented with animation rendering for
scenesBALL andTABLE (refer to Figures 4 and 5,
respectively). The corresponding animations can be
accessed on the Web1.

Since the most time consuming part of the anima-
tion rendering is the irradiance cache computation
we estimated the number of recomputed irradiance
samples per frame (refer to Table 1). The reference
solution recomputes the irradiance samples for all
visible scene regions of each frame from scratch.
On the other hand, our method recomputes them
only for the region strongly affected by dynamic ob-
jects. Our method usually requires 3–4 times less
irradiance samples per frame than the reference so-
lution.

Table 2 compares the rendering time of indirect
illumination per frame for our method and the ref-
erence solution for sceneBALL . The frame reso-
lution is 320 × 240 pixels. Our method needs ex-
tra 1.4 seconds for tracing dynamic photons as well
as 1.4 seconds for tracing global photons (shown in
the column PT). The computation time for the influ-
enceI is rather significant in our approach because
we used a large number (300) of nearest photons for
its estimation, and a large searching area for every
pixel. The timing ofLy is much smaller than in the
reference solution. Before computingLt, we must
update the static irradiance cache using density esti-

1http://www.mpi-sb.mpg.de/˜ tawara/research/vmv2002/vmv2002.html

mation but this updating takes only 1 second. Table
3 compares the timings for sceneTABLE. In the ex-
periment performed our method is 1.4 to 3.2 times
faster than traditional approach for computation of
indirect illumination.

Reference Our method
Scene1 6,719 1,543
Scene2 6,081 1,635

Table 1: The number of recomputed irradiance sam-
ples per frame.

PT Li (sec.)
(sec.) I Ly Lt

Our method 1.4 + 1.4 16 40 5.5
Reference 1.4 - 205

Table 2: SceneBALL : Timings per frame.

PT Li (sec.)
(sec.) I Ly Lt

Our method 6.6 + 33 12 59 54
Reference 6.6 - 224

Table 3: SceneTABLE: Timings per frame.

6 Conclusions

We presented an efficient technique for high-quality
animation rendering. For this purpose we extended
the photon mapping approach for dynamic envi-
ronments. Significant speedup of the computa-
tion was achieved by localizing in the scene space
costly recomputation of the irradiance cache. Also,
the temporal aliasing was reduced by introducing
the concept of static irradiance cache which can
be reused across many subsequent frames until the
scene lighting conditions do not change signifi-
cantly.
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