
EUROGRAPHICS 2005 / M. Alexa and J. Marks
(Guest Editors)

Volume 24 (2005), Number 3

Temporally Coherent Irradiance Caching
for High Quality Animation Rendering

Miłosław Smyk1,2, Shin-ichi Kinuwaki3, Roman Ďurikovič4, and Karol Myszkowski1
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Abstract
In rendering of high quality animations that include global illumination, the final gathering and irradiance caching
are commonly used. However, the computational cost they incur is high enough to discourage their wide use in
production rendering. We introduce a data structure called anchor, which lets us permanently link cache loca-
tions to points intersected by their final gathering rays. Consequently, we can cheaply probe and transfer the
(ir)radiance by exploiting the temporal coherence of successive animation frames, resulting in half an order of
magnitude acceleration and reduced temporal artifacts. Additionally, our anchor structure lets us render moder-
ately glossy surfaces at the cost much lower than the traditional importance sampling techniques. We also describe
an efficient, perceptually motivated and independent scheme for limiting the growth in the number of irradiance
caches. Finally, an implementation in a practical rendering system is demonstrated.

Categories and Subject Descriptors (according to ACM CCS): I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism I.3.6 [Computer Graphics]: Methodology and Techniques

1. Introduction

The rendering of high-quality CG movies featuring global
illumination effects is considered very expensive. The main
reason for the cost is the design of global illumination algo-
rithms, which are optimized for static scenes only. In prac-
tice this means that when such algorithms are used for a
dynamic scene, all computations should be repeated from
scratch even when only minor changes take place.

An important issue in terms of frame quality is temporal
aliasing in animations. Many typical errors in the lighting
computation and the reconstruction cannot be perceived by
the human observer when they are coherent in the temporal
domain. However, they may cause unpleasant flickering and
shimmering effects when this coherence is lost.

In recent years, several global illumination algorithms
have been proposed that exploit temporal coherence between
frames to improve the computation efficiency and reduce
temporal aliasing (refer to [DDM03] for a recent survey on
this topic). In this work we focus on the photon mapping al-
gorithm proposed by Jensen [Jen96, Jen01], which is com-

monly used for the global illumination computation both in
academia as well as in the industry [CLF∗03, CB04]. The
method works well even for complex environments and all
possible light paths can easily be simulated. The computa-
tion is performed in two stages. In the first stage, photons
are traced from light sources toward the scene and photon
hit points are registered in a kd-tree structure, the so called
photon map. The map is used in the second rendering stage
for the lighting reconstruction using nearest neighbor den-
sity estimation [Hec90]. Usually the direct lighting and the
specular effects are explicitly computed for each pixel, and
the soft indirect lighting is obtained through the costly fi-
nal gathering procedure [Rei92, Jen01], which relies on the
integration of the incoming radiances over the hemisphere.
Those costs can be reduced by using the irradiance cache
data structures [WRC88, WH92] to store irradiance samples
sparsely in the object space. The cached values are used to
interpolate the indirect lighting for each pixel and are com-
puted lazily.

In animation rendering the irradiance cache computation
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is a real computation bottleneck [CLF∗03, CB04, TL04] that
prevents a more widespread use of global illumination ef-
fects in a standard movie production pipeline. The main goal
of this work is the improvement of the irradiance cache per-
formance through exploiting temporal coherence between
cache locations and their irradiance samples for the subse-
quent animation frames. This naturally leads to a significant
reduction of popping artifacts as well. We introduce a lazily
build data structure, which monitors local changes of illu-
mination across the scene at the so-called anchor points,
whose density adapts to changes in the lighting distribu-
tion. Since anchor points are directly linked to hemispherical
samples (strata) for each irradiance cache, lighting updated
at those points for each frame is immediately propagated to
the corresponding strata (many strata belonging to different
caches can be linked to the same anchor). A visibility map
computed using graphics hardware is used to detect occlu-
sions/disocclusions between anchors and a given cache lo-
cation, which are caused by dynamic objects in the scene.
All affected strata are identified in the visibility map and ray
tracing is used to assign another nearest anchor point or pos-
sibly to create a new one. Thus, in our approach costly ray
tracing is only used to update visibility changes caused by
dynamic objects and it is not repeated for all strata and for
each frame as in traditional approaches. Moreover, our tech-
nique is conservative in detecting scene illumination changes
with a controllable accuracy, which is imposed by the den-
sity of anchor points and the resolution of visibility maps.
Since irradiance values are known for each stratum in our al-
gorithm, we can easily extend the irradiance cache algorithm
to handle moderately glossy surfaces (for specular surfaces
importance sampling is more efficient than stratified hemi-
spherical integration) by reprojecting (warping) strata from
neighboring cache locations to the corresponding strata at a
given point in the scene.

The paper is organized as follows. In Section 2 we discuss
previous work on final gathering and related interpolation
schemes in spatial and temporal domains which improve the
computation performance. In Section 3 we present our an-
choring approach and we demonstrate its efficiency in the
visibility computation and lighting reconstruction. We out-
line our animation rendering framework in Section 4 and we
discuss the extensions of irradiance caching that are needed
to take advantage of our anchor data structures. In Section 5
we present our approach to handle glossy surfaces using an-
chors. We demonstrate the results obtained using our tech-
niques in Section 6 and we conclude this paper and discuss
future work directions in Section 7.

2. Previous Work

Final gathering is the method of choice in the high
quality rendering of indirect lighting for Lambertian sur-
faces, in which case BRDF-weighted importance sam-
pling [LW95, Jen95] does not work and a full hemispherical

integration of the incoming radiance is needed. Final gath-
ering enables the reconstruction of fine lighting details for
each image pixel even for a very coarse solution of the global
illumination on the scene surfaces. Final gathering has orig-
inally been introduced for radiosity methods, which use the
mesh for the light transport computation, and the mesh gran-
ularity limits the size of lighting details that can be directly
rendered [Rei92, Smi94]. Final gathering is also commonly
used in photon mapping because a direct rendering of the
diffuse illumination based on the density estimation of pho-
tons leads to a poor image quality [Jen01].

In the following two sections we discuss final gathering
solutions which exploit spatial lighting coherence for Lam-
bertian and glossy surfaces. Then, we present final gathering
extensions into the temporal domain.

2.1. Diffuse Surfaces

Since the lighting distribution is smooth over Lambertian
surfaces, various interpolation schemes have been devel-
oped, which work in the object space and lead to high qual-
ity of lighting reconstruction [WRC88, BDT99]. Ward et al.
proposed to cache the irradiance at adaptively chosen loca-
tions on the scene surfaces and then to interpolate the cached
values to reconstruct the radiance for each pixel [WRC88].
The quality of interpolated lighting can be improved by us-
ing translational and rotational irradiance gradients to weight
the contribution of neighboring caches [WH92]. Tabellion
and Lamorlette [TL04] found that considering the projected
pixel size in heuristics controlling the spatial layout of
caches leads to a more favorable irradiance sampling den-
sity and a better image quality. Kato [Kat02] proposes an
image-space driven approach for controlling the cache den-
sity, in which image features, such as object silhouettes, are
taken into account. Kato explicitly stores irradiance values
for each stratum and reprojects them to new cache locations,
which leads to a significant reduction in the amount of traced
final gather rays and improves the image quality with respect
to a simple interpolation between the cache values.

Since the incoming radiance contributions can be signifi-
cantly different as a function of direction in the hemispheri-
cal integration, the computation accuracy can be relaxed for
less important directions. In the hierarchical radiosity such
directions can easily be determined through link data struc-
tures that connect all surface pairs in the scene. Scheel et
al. [SSS02] and Granier and Drettakis [GD04] use a less ac-
curate mesh-based interpolation for slowly changing light-
ing components and explicit sampling of the most contribut-
ing emitters. Link data structures, inherent in the hierarchi-
cal radiosity, are used to speedup the visibility and the form
factor computation for those emitters. Arikan et al. [AFO05]
split the incoming radiance integral into two separate com-
ponents for distant and nearby emitters. In the former case,
smooth and slow changes of the incident radiance are ex-
pected, therefore the number of directional samples and the
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density of cache locations (they use spherical harmonics to
store and interpolate incoming radiance) can be relaxed. The
nearby surfaces must be sampled more densely to approxi-
mate the rapid changes of the radiance. To reduce the sam-
pling cost, ray tracing towards the nearby surfaces is not
performed and full visibility of those surfaces is assumed,
which may lead to image artifacts.

In this work, we address the cache density control and
efficient schemes of hemispherical integration for dynamic
scenes.

2.2. Glossy Surfaces

Final gathering can easily be used for surfaces with arbitrary
scattering functions. Here we narrow our discussion to those
approaches that aim towards relaxing the requirement of
pixel-by-pixel computation for glossy surfaces. Christensen
et al. [CLSS97] mention the possibility of reusing the indi-
rect lighting results over several pixels with a low variation,
but they do not provide any specific algorithm to select such
pixels and do not report any results concerning the efficiency
of such an approach. Mostefaoui et al. [MDG99] build a
hemispherical representation of the incoming radiance along
with a lists of clusters (patches) that may cause a high varia-
tion of lighting within the currently rendered mesh element.
To compute the shading of a pixel, the incoming radiance
stored at the hemispheres is bilinearly interpolated while the
contributions of all clusters (patches) from the list are explic-
itly sampled using stochastically traced rays. Mostefaoui et
al. demonstrate the effectiveness of their algorithm for the
rendering of surfaces with Bidirectional Texture Functions
(BTFs).

Recently, a successful attempt to extend the irradiance
cache technique to handle moderately glossy surfaces has
been proposed [GKPB04] by Gautron et al. In their approach
incoming radiance values at each cache location are pro-
jected to the spherical harmonic basis functions. To recon-
struct the outgoing radiance at a given point, spherical har-
monic coefficients for neighboring cache locations are in-
terpolated (as in [AFO05]) and the reconstructed irradiance
field is convolved with the surface BRDF.

In this work we propose a solution that extends the irradi-
ance cache algorithm for glossy surfaces in dynamic scenes.

2.3. Exploiting Temporal Coherence

For animated sequences it is desirable to keep possibly
the same cache locations for subsequent frames and to up-
date cached values so that they are consistent with dynamic
changes in the scene.

Martin et al. [MPT03] use the final gathering algorithm to
compute texture movies that are dynamically assigned to vis-
ible surfaces. The resolution of movie textures is adaptively
chosen so that at least one texel stores an irradiance value

for each pixel in the final frame. This may lead to popping
artifacts when the camera or textured objects are moving.
Martin et al. found that usually around ten times more texels
than pixels are sufficient to obtain high quality frames, which
leads to a huge number of final gathering steps. The tempo-
ral coherence in the radiosity solution is obtained using the
line-space hierarchy [DS97, GD04], which is designed to ef-
ficiently identify links that are affected by changes in the
scene and to redistribute the lighting energy for the current
scene configuration. In the final gathering step, the expensive
visibility computation is performed once for a given time in-
terval for links that are classified as static, but is repeated for
dynamic links in each frame. The method is limited to the
Lambertian surfaces.

Tawara et al. [TMS04] extended the irradiance cache tech-
nique into the temporal domain. They stored incoming radi-
ance samples for all strata and stochastically updated a fixed
percentage of those samples using a simple aging criterion.
Changes in the scene have not been taken into account in
the sample updating process, which potentially could lead
to the use of invalid samples. A fixed percentage of updated
samples was chosen manually and has not been dynamically
correlated to the changes in the scene. Each sample update
was performed by shooting a ray as in the traditional final
gathering technique.

In this work, we detect all visibility changes for a given
cache location and selectively shoot rays only for those strata
which are affected by those changes (due to direct occlu-
sions/disocclusions). We also take into account changes in
illumination that are not accompanied by visibility changes,
in which case ray shooting is not required to update incom-
ing radiance samples. In the following section we describe
our approach to achieve these goals.

3. Anchor Data Structure

Selective update of irradiance cache strata requires an ex-
plicit storage of the incoming radiance samples for each
stratum. Such a storage is feasible even for complex scenes
and high resolution frames as it was recently demon-
strated [TMS04, Kat02]. A problem is to decide how to mon-
itor local illumination changes in the scene and how to iden-
tify strata that they affect.

We address this problem within the framework of photon
mapping by introducing a new data structure which we call
the anchor points. Anchor points are lazily created at inter-
section points of final gathering rays with scene surfaces. Ex-
plicit links for the energy transfer (similar as in [BF89]) be-
tween the anchor points and the corresponding strata are cre-
ated (see Figure 1). Inserting a new anchor point is avoided
if suitable (see Section 3.1) existing anchor points in the lo-
cal neighborhood can be found (we discuss the problem of
anchor density control in Section 3.3). As a result of such an
anchor inserting procedure, a number of strata from different
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caches can be linked to a given anchor point. To speed up the
search of existing anchor points, an anchor kd-tree is built.
Each node of the tree refers indirectly to the anchor point by
a pointer to the following record in the anchor list:

struct Anchor{
float3 pos; \\ Anchor position
uchar theta, phi;\\ Object normal at anchor
RGBE Li; \\ Anchor irradiance value
Material* mat; \\ Anchor material
};

When calculating the radiance of a diffuse surface, the lo-
cal albedo is multiplied by irradiance during the final gather-
ing stage. Since the anchor is directly accessed without space
traversing (refer Section 4.2), the material information at the
anchor position should be stored in anchor’s data structure.

The anchor list is maintained through subsequent anima-
tion frames. New anchor points are inserted when the visi-
bility between scene surfaces is affected by moving objects.
Also, the camera animation can lead to the exposition of pre-
viously invisible scene fragments that must be covered by
irradiance caches, which in turn may require the insertion of
new anchor points. Existing anchor points are removed from
the list as well when they are not linked to any cache location
(in Section 4.3 we discuss our approach to the cache inser-
tion and removal). However, a vast majority of anchor points
can be maintained for the subsequent animation frames and
only anchor irradiance values Li must be updated. For this
purpose photon tracing is performed for each frame and Li
values are computed for all anchor points using the standard
nearest neighbor procedure [Jen01]. All changed Li are im-
mediately propagated to strata that are linked with a given
cache. We use quasi monte carlo (QMC) sequences for tem-
porally coherent photon tracing and strata sampling [Chr02].

Non-random insertion of nodes into the anchor kd-tree
during final gathering results in the tree becoming unbal-
anced. In our implementation over 80% of all anchors are
placed deeper than the optimal depth of a balanced tree and
the maximum tree depth is three times larger than the op-
timal one. While a slightly skewed tree does not influence
the performance very much, we measure the average num-
ber of nodes visited during the anchor insertion/search and if
it reaches a certain threshold, we rebalance the entire anchor
kd-tree before proceeding with the next animation frame.

In the following section we elaborate on heuristics used to
decide on anchor’s suitability for the reusage as a target lo-
cation of a particular stratum. Then, we discuss an important
problem of handling visibility changes between strata and
corresponding anchor points due to moving objects. Finally,
we present our approach to controlling the density of anchor
points.

3.1. Anchor Reuse Heuristics

Before a stratum is linked to a preexisting anchor, it is
checked against a set of criteria that are chosen to exclude

Figure 1: Cache and anchor data structures: each cache
stratum is linked to an anchor point in the scene. One anchor
point can be linked by many caches. Neighboring strata of
a cache are usually linked to different anchor points, possi-
bly with the exception of scene corners which are handled
separately.

anchors that probably do not correctly represent the irradi-
ance at the exact point of the final gather ray intersection.
Involved heuristics include a normal vector check equiva-
lent to the one used in photon mapping to qualify a photon
for the irradiance estimation [Jen01], a surface albedo check
to eliminate the influence of high-frequency textures, and fi-
nally a visibility check (performed by sending a shadow ray),
which guards against using anchors that could be located
behind a wall, e.g., in the neighboring room. The anchor’s
verification tests are conducted in the cheapest to the most
expensive order. If three consecutive anchors do not pass the
tests, a new anchor is created at the exact final gather ray
intersection point and used instead.

3.2. Handling Changes in Visibility

Our anchor data structure, presented in the Section 3, re-
quires an update when links between strata and anchor points
are broken due to the occlusion by moving objects. For the
same reason new links must be established when moving ob-
jects expose some scene fragments that were invisible in the
previous frame from a given cache position (the disocclu-
sion problem). A common solution to this problem is to use
shafts [HW91] that represent the set of line segments join-
ing two surfaces. A simple test for the intersections of shafts
by the bounding box of a dynamic object allows to rapidly
identify changes in the visibility [DS97, GD04]. Since in our
application the links originating at a given cache position are
diverging over the full hemisphere, many shafts would be re-
quired.

Currently, the film industry is evaluating the use of graph-
ics hardware to support accelerated rendering, as it reduces
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the cost of traditional effects and widens the application area
of computationally intensive techniques like global illumi-
nation [nVI05]. While the visibility determination is a gen-
eral problem and temporally coherent irradiance caching can
use any of the preexisting methods to tackle it, we explore a
hardware-assisted route to demonstrate its benefits.

Graphics hardware can be employed for very efficient vis-
ibility testing. Two steps are involved in the visibility test:
the z-buffer test on dynamic objects only, and the mapping
of occluded pixels to the corresponding strata.

In the first step, all dynamic objects in the current frame
are projected from a given cache position to a hemisphere
using a vertex shader program. This step is repeated for all
caches in the scene. Note, that when a dynamic object is hid-
den behind a static one, the occlusion will not be detected.
However, this case does not cause any particular problem be-
cause all rays shot from strata, marked as dynamic strata, are
tested for the object type they hit, either dynamic or static. In
this framework we can speed up the visibility detection be-
cause all dynamic objects are loaded into an OpenGL display
list or a vertex buffer object only once. Loaded dynamic ob-
jects — either rigid or soft — can then be used for all cache
projections within the currently processed frame.

In the second step, we assume that the visibility sphere
map is defined over the discretized space. Based on our ex-
periments, the adequate resolution of a sphere map n×n is
approximately n = 2×Ns, where Ns is the total number of
final gather strata. The visibility sphere maps are transferred
from the video memory to the CPU memory space and then
each stratum element’s center is projected back to the sphere
map coordinates. The sphere coordinates are converted into
a 2D strata array, which corresponds to the direction of the
final gather rays in the cache.

Finally, we detect the strata with dynamic object(s) over
them by checking the color labels at the sphere map pixels.
For every such stratum we need to retrace a new ray in two
consecutive frames: in the current one to detect a possible
intersection with the dynamic object, and in the following
one, to properly handle the case where an object has moved
away, exposing static geometry behind it. To achieve this,
for each stratum we maintain a boolean flag field which
is set to TRUE whenever the visibility test for this direction
determined a possible overlap with a dynamic object. Later,
this field is checked when the irradiance of the cache hold-
ing the strata is computed and if it is found to be TRUE, a
final gather ray is shot instead of just using a link to stra-
tum’s anchor. The ray can either hit a dynamic object and re-
turn irradiance computed in a traditional way, or hit a static
geometry, at which point we repeat the anchor attachment
procedure for the stratum and set its flag field to FALSE.

3.3. Anchor Density Control

The question arises how to control the density of anchor
points? For example, should we apply a higher density at
bright regions of the scene, or should they be denser in re-
gions that are often accessed by final gather rays, or at places
with rapid illumination changes? When a final gather ray in-
tersects an object at location P we search for the nearest an-
chor within the Dmax radius of P and if it is unsuccessful, we
insert a new one exactly at P, thus putting an upper limit on
the distances between anchors. At the same time, we have
to make sure that anchors are not placed too densely, as it
may negatively impact the performance without increasing
the quality. Dmin is the minimum valid distance between an-
chors. In the following sections we discuss our strategies for
the Dmax and Dmin selection.

3.3.1. Maximum Anchor Distance Dmax

We propose two approaches for estimating radius Dmax.

In the first method, anchors are distributed with a con-
stant radius Dmax, specified by the user. This is a simple
and effective method to control the number of anchors in the
scene. Our measurements indicate that even for a fast mov-
ing camera or quickly changing strong indirect illumination,
the method constantly manages to maintain a low error and
the lowest computation time (see Figure 7).

In the second approach to determine anchor density, we
use “global” importons, as described by Suykens [Suy02].
They are emitted from the camera location towards the
screen and stored on the second diffuse surface they en-
counter on their path. As a result, they tend to amass in
places which will be frequent targets of final gather rays or,
to put it in other words, in places which will have a higher
than average contribution to the reconstructed irradiance. It
thus makes sense to lower the search radius Dmax in such ar-
eas (and hence increase the density of anchors) by making it
inversely proportional to the local importon density estimate.

We also experimented with an anchor placement strategy
that considers the local irradiance value for the Dmax estima-
tion. Unfortunately, according to our study, such an approach
does not produce noticeable improvement of the final image
quality in spite of increased computation time.

Figure 2 demonstrates the actual placement of anchors in
the SPONZA scene (refer to Figure 6) with the constant ra-
dius and importance driven placement.

Finally, it is necessary to observe that any non-random
modifications to the final gather ray hit locations introduce
bias. While in our testing we did not encounter significant
bias-related artifacts, some other Dmax determination strate-
gies may require scaling the weights of irradiances coming
along different final gather rays based on solid angles they
represent. One solution to this problem has been described
in [SP01].
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Figure 2: Anchor density control with constant radius (left)
and importance driven (right) anchor placement. The same
number of anchors is distributed for the two density control
methods. Dots represent the actual positions of anchors.

3.3.2. Minimum Anchor Distance Dmin

Enforcing a lower limit for the anchor density becomes im-
portant in places where the number of final gather ray hits
has a potential to exceed the number of stored photons. One
such situation, where this is especially evident, occurs when
surfaces are located close next to each other, e.g., in the cor-
ners. The photon density there is usually lower than the aver-
age, while many caches are present and thus many gathering
rays are intersecting small areas.

As a result, both density control methods proposed above
place many anchors close to the corners. However, as the
anchor density approaches the photon density, the value of
information gained by adding further anchors rapidly de-
creases. Finally, when the densities equalize, there is nothing
more to learn about region’s irradiance and hence there is no
point in having more than one anchor per photon (this is also
why the precomputed irradiance works [Chr99]). We thus
decide to select Dmin on the fly and tie it with a local photon
density. We achieve this by letting the photons themselves
control the placement of anchors (see Figure 3).

Assume that stratum S is responsible for the shooting of
a final gather ray that intersects a static geometry at point P.
The procedure of locating a suitable anchor, to link S with,
starts with the search for a photon ξ closest to P within a
user-settable radius. If ξ is found and it already contains a
link to an anchor, we reuse the anchor and link the stratum S
to it.

However, if ξ is not found or does not contain a link to
any anchor, we revert to behavior described in Section 3.3.1.
The anchor resulting from this operation is then linked from
photon ξ if it was found earlier.

Since the anchors are reused in subsequent frames and
the photons are always reshot from scratch, the approach de-
scribed above requires one additional step to work correctly:
after the photons for the next frame are shot, for each an-
chor a search is made for the nearest photon and a link is
made from this photon to the anchor. Without it, the anchor

density could be underestimated in some areas, leading to
wasted computational effort.

Pseudocode 1 summarizes the use of Dmax and Dmin by
our method.

Pseudocode 1 AttachToAnchor(stratum)
Find the nearest photon ξ from the final gather hit point P.
if Photon ξ has a link to anchor then

Link stratum to the photon’s anchor.
else

if Nearest anchor within Dmax neighborhood of P was found.
then

Link stratum to this anchor.
else

Create new anchor.
Link stratum and photon ξ to the newly created anchor.

end if
end if

Anchor points
Photon hits

Pointer Link
Final gather ray hit

Figure 3: If the photon that is nearest to the requested loca-
tion has a pointer to an anchor, it is likely that the density of
photons and anchors are similar in this scene region. Then,
we do not perform a search but rather link photon’s anchor
directly. The density of photons is much higher than that of
anchors (left). The densities of photons and anchors are sim-
ilar (right).

4. Rendering Algorithm

The complete temporally coherent rendering framework
based on irradiance caching must not only support the reuse
of information obtained during the final gathering, but also
efficiently manage auxiliary data structures. In this section,
we demonstrate extensions to the irradiance caching, which
enable it to work hand in hand with our anchoring technique,
presented in Section 3. We also describe a perceptually mo-
tivated scheme for avoiding the unlimited growth of the irra-
diance cache nodes, which can be used independently from
other parts of our framework.

4.1. Cache Data Structure

For each incoming direction at the cache location (stra-
tum) we store a pointer to an anchor structure that contains
(among other things) the incoming radiance. The distance

c© The Eurographics Association and Blackwell Publishing 2005.



Smyk, Kinuwaki, Ďurikovič, and Myszkowski / Temporally Coherent Irradiance Caching

to the nearest intersection point is preserved to enable the
reevaluation of the harmonic mean distance [WRC88] or to
find the closest distance to the intersected surfaces [TL04]
in the upper hemispherical directions, which is required to
compute well-distributed cache locations. An indication of
whether the sample hits a moving object is stored in the
flag field. The same field is also used to store the infor-
mation whether the sample hits any geometry in the scene.
This information is employed to adaptively estimate the
number of rays to be updated. The data structure for strata
(RadianceSample) is designed as follows:

struct RadianceSample{
Anchor* pA; \\ The nearest anchor
float16 t; \\ Distance to the nearest

\\ intersection point
uchar flags; \\ The flag of hitting

\\ a dynamic object
\\ and the flag of hitting
\\ any geometry combined

};

4.2. Cache Update for the Animation

Since irradiance caching distributes caches in scene space, it
is tempting to reuse available information in successive an-
imation frames. Let us first consider a cache located on a
static part of the scene geometry, which contributes to one
or more pixels and thus should be updated. Final gather rays
shot from such cache can be categorized into two groups:
the group that intersects a static geometry and the group that
intersects a dynamic object. In the former group, the cache
strata hit static geometry at the same intersection points for
two consecutive frames (see Section 3.2) and thus space
traversal is not needed as we only have to read the incom-
ing radiances from the updated anchor points. In the latter
group, the intersection points may change and thus the rays
need to be retraced.

If the cache that is updated is located on the dynamic ob-
ject we do not try to reuse any information from previous
frames. Therefore, all old dynamic caches are discarded and
new ones are distributed over the dynamic object in their
place.

The algorithm implementing these ideas divides the ren-
dering into two phases. In the first phase the photons are
shot using Quasi Monte Carlo (QMC) sequences to deter-
mine their paths and surface events. One of benefits of us-
ing QMC is the ability to easily recreate these photon paths
where the geometry remains unchanged.

Then, as the rendering progresses and successive caches
are queried for the irradiance at their location, they actually
reconstruct it with the help from the anchor tree. For each
cache stratum an anchor nearest to the intersection points is
located as described in Section 3 and its irradiance is mul-
tiplied by the surface albedo. The resulting value is used as
the irradiance arriving at the strata. If no suitable anchor is

found (see Section 3.1), a new one is created and inserted
into the anchor tree, with the irradiance value estimated at
its location.

Pseudocode 2 summarizes the steps taken by our method
to render a frame of animation.

Pseudocode 2 Animate(frame)
Shoot photons
if first frame then

for each static cache do
for each stratum do

Shoot this final gather ray
AttachToAnchor(stratum)
Read Li from anchor

end for
end for

else
for all anchors do

Recompute irradiance at anchor location
Relink nearest photons

end for
for each static cache do

Detect dynamic objects in the scene, Section 3.2
for each stratum do

if dynamic object was hit in current or previous frame
then

Reshoot this final gather ray
AttachToAnchor(stratum)

end if
Read Li from anchor

end for
end for

end if

4.3. Cache Density Control

As caches are added due to viewpoint changes and the object
movement, their number will continuously grow, gradually
decreasing the caching scheme’s efficiency in assisting the
irradiance reconstruction. We therefore need a method that
will delete the caches that are no longer necessary or useful.
Caches that can be removed fall into three categories that
need to be treated separately:

• Caches that are no longer visible due to camera location
changes.

• Caches on dynamic objects.
• Caches that were added when a dynamic object neared,

but are no longer needed because the object is gone, and
the ones caused by viewpoint change/zoom (in the cache
allocation scheme proposed by [TL04]).

The first category can be handled by keeping a use marker
C f rame in each cache. When rendering, all caches that con-
tributed to a particular pixel are marked with the current
frame number. After the frame is completed, we remove all
caches which are older than a user-defined age. Note, that it
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is not enough to simply discard the caches that are not vis-
ible directly, as off-screen caches can also contribute to the
image.

The caches that fall into the second category are simply
discarded.

Finally, the last category consists of caches whose influ-
ence radius will grow when the distance to nearest objects
increases. Because the cache density remains constant, pix-
els in the surrounding area have more and more caches con-
tributing to them. Thus, we keep a cache use counter in each
pixel (i.e., the number of caches used to extrapolate the ir-
radiance at this pixel), as well as a list of caches and their
respective contribution weights. After the frame is complete,
we first find pixels that have more than N caches contribut-
ing to them (we empirically derived six to be a good value
for N).

Then, for each such cache we measure the total effect of
its potential disappearance: in each pixel it affected we re-
move its contribution and renormalize the contributions of
the remaining caches, calculate the Weber’s fraction by di-
viding the result by the original pixel value (Equation 1).

δi =

j

∑
pixels∈i

|Pj,i −P j,i|

Pj,i
(1)

where δi is the total influence of the cache i on the image,
Pj,i is the value of pixel j including the influence of cache i,
and P j,i is the value of pixel j excluding it.

In the end, we remove the caches with δ below some pre-
defined threshold, i.e., the ones having the lowest influence
on the entire image. The example results of this process are
demonstrated in Figure 4.

Figure 4: The visualization of our cache removal scheme.
Larger red dots indicate the 5% of caches with the lowest
influence on the visible reconstructed irradiance.

5. Rendering Moderately Glossy Surfaces

At this point we will expand the anchor based method to han-
dle moderately glossy surfaces. Moderately glossy surfaces
have a surface bi-directional reflectance function (BRDF)
close to the Lambertian BRDF. The approach proposed
by Gautron [GKPB04] employed hemispherical harmon-
ics (HSH) to interpolate both the BRDF and first few low
frequency coefficients of incoming radiance. However, HSH
based approaches and cache based interpolation approaches
may have a problem with higher frequencies as pointed out
in [GKPB04].

To overcome the above weakness and to evaluate incom-
ing irradiance rapidly and accurately, we propose an exten-
sion of our anchor scheme, which enables more anchors to
contribute to a single stratum (anchor bucketing).

5.1. Anchor Bucketing

For all pixels representing moderately glossy surfaces we
must evaluate the outgoing radiance using the final gather-
ing (rather than to interpolate it as for Lambertian surfaces)
because the pixel radiance values can be very different.

Let us consider a final gather sample location C (the ray
intersection point) in object space and nearby sample cache
points A and B. We can predict the final gathering result at
C by hemispherical projection of all anchor points visible
from A and B onto a sample C (refer to Figure 5), similarly
to [Kat02].

The hemisphere at C is also discretized into strata, but
some anchor points can be occluded by an object during the
projection to a hemisphere stratum. In general, such a case
can be resolved by choosing the anchor point nearest of all
anchors projected to a given strata, similarly to how the Z-
buffer algorithm works. Unfortunately, each stratum would
hold only a single irradiance value while we would clearly
prefer more than one in order to increase the accuracy of the
incoming radiance evaluation.

Therefore, we introduce a bucket of anchors that will be
projected to a single stratum. The bucket of anchors contains
all anchors above the stratum whose distance to hemisphere
center C is less than Dbucket . All anchors in the bucket are
linked to the stratum and used for the evaluation of incoming
radiance.

For fast calculation of Dbucket we employ the GPU hemi-
sphere mapping of all scene objects and store the depth val-
ues. The hemisphere map is then transformed to the 2D strata
array. Finally, distance Dbucket for a given stratum is com-
puted by increasing its depth value by a small offset.

6. Results

We demonstrate the implementation of the proposed algo-
rithms in our custom rendering system by using it to com-
pute two animation segments — SPONZA and SIBENIK
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Anchor points

A BC

Final gather point

D_bucket D_bucket

Anchor Bucket

Figure 5: Final gathering at points A, and B. The radiance
value is interpolated at C by reprojecting the anchors cre-
ated from cache locations A and B.

(see Figure 6). The scenes contain respectively 60,000 and
70,000 polygons and are illuminated by large amounts of
diffuse light. In both cases, in addition to camera movement,
we also animate several objects which, due to their strong
diffuse reflectance, noticeably influence nearby surfaces.

Figure 6: Example frames shaded with full global illumina-
tion and using constant anchor distribution: SIBENIK (left)
and SPONZA (right).

Figure 7 summarizes the error measurements for the three
methods: anchor placement with constant density, anchor
placement driven by importance, and precomputed irradi-
ance [Chr99]. In order to provide a fair comparison, we ar-
ranged the number of anchors to be the same as the num-
ber of precomputed irradiance points and also used the same
cache distribution for all methods. The error was calculated
relative to the reference sequence computed with brute-force
k-nearest neighbors method for all final gathering rays, again
with the same cache distribution as in the compared meth-
ods.

Relatively high RMS error present in the images rendered
with precomputed irradiance demonstrates that for spatially
large scenes with a lot of detail even 106 photons may not
be enough. As only 1/4 of them is actually used to hold ir-
radiance estimates, they are too sparsely distributed to be
effectively sampled by final gather rays. On the other hand,
anchor search always ends up with a valid link, noticeably
improving the overall quality of irradiance reconstruction.
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Figure 7: Error measurements of radiance values for
SIBENIK and SPONZA scene. RMS error in [%].

Also, observe that the type of anchor density control strat-
egy has a negligible impact on the measured error.

What this graph does not show is the inter-frame tem-
poral coherence achieved by our technique, and manifested
by a significantly lower number of popping artifacts and re-
duced image flickering (as demonstrated by video materials
from [?]).

Statistics regarding the reuse of anchors appear in Fig-
ure 8. Reuse of irradiance estimates stored at photon loca-
tions with precomputed irradiance is also shown for com-
parison purposes. Observe that it has higher reuse count than
anchor-based methods only at the extreme ends of the chart,
where either almost no reuse happens (1–10) or the reuse is
excessive due to many final gather rays in the corners getting
their (redundant) irradiance estimate from the same photon.
In other cases we are getting better reuse with anchors, es-
pecially when they are distributed according to importance
(Section 3.3.1). Note, that this is an important feature when
recomputing anchor irradiance lazily, as in such scenario
large numbers of frequently reused anchors directly trans-
late to performance gains.

Figure 9 shows how rendering of moderately glossy sur-
face done with our technique compares to importance sam-
pling. 128 and 196 final gathering rays are used respectively.

6.1. Timings

Average timings for frames from both sequences are shown
in Table 1. These and further measurements were performed
on an AthlonXP 1900+ PC machine running Windows 2000
and equipped with an nVidia GeForce 6800 graphics card.
Frames were rendered in 800× 600 resolution using 1,800
rays in final gathering. The average number of anchors
used is 270,000 for SPONZA and 310,000 for SIBENIK.
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Table 2: Statistics concerning the GPU-based visibility algorithm.

# of polygons Size GPU [%] GPU→ CPU [%] Conversion [%] Total relative time

Subdivided box
(300)

SA8×32, V SM32×32 40.78 55.30 3.91 1.0
SA20×80, V SM64×64 29.84 56.63 14.63 1.391

Chair (4000)
SA8×32, V SM32×32 47.77 51.17 1.10 3.417
SA20×80, V SM64×64 43.75 50.81 5.42 3.827
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Figure 8: Breakdown of anchor reuse frequencies.

Figure 9: Rendering of moderately glossy surfaces: impor-
tance sampling — 254s (left) and our method — 108s (right).

Table 1: Single frame timings breakdown for the SIBENIK

and SPONZA scenes.

Brute Proposed
force [s] algorithm [s]

SIBENIK/SPONZA SIBENIK/SPONZA

Photon tracing 34 / 28 34 / 28
Irradiance est. 23 / 21 6 / 6
Final gathering 1040 / 901 122 / 115
Cache interpol. 33 / 37 36 / 41
Total 1130 / 987 198 / 186

The average cache count is around 12,000 for SPONZA

and 15,000 for SIBENIK. The photon count is 0.82 M and
1.07 M, respectively. The number of rays shot is 21 mil-
lions for SPONZA and 27 millions for SIBENIK. Only 1%–
1.5% of total rays are reshot for both scenes in the animation
framework. Each stratum and anchor point requires 7 and
22 bytes of storage, respectively. The memory use by cache
strata (151 MB and 189 MB) overwhelms the cost of stor-
ing anchors (5.9 MB and 6.8 MB for SPONZA and SIBENIK,
respectively).

As evidenced by Table 1, we achieve total speedup by a
factor of 5.7 for SIBENIK and 5.3 for SPONZA. Not surpris-
ingly, the largest reduction in computational effort happens
in final gathering (8.5×), but there are also savings during
irradiance estimation due to anchor reuse. In fact, final gath-
ering performance is increased so much that typically less
critical stages become significant factors in the total result.
Moreover, irradiance cache interpolation is slower than in
the classical approach because of additional computations
required for cache removal (Section 4.3).

Table 2 summarizes the statistics of the GPU visibility
algorithm. The first column shows the name and number
of polygons used in the test (i.e., the moving objects in
SIBENIK scene), the second column shows the size of strata
array SA in CPU and visibility sphere map V SM on GPU, the
third column shows the GPU time, the fourth column shows
the time needed for loading GPU map to CPU, the next col-
umn shows the time needed for the conversion of V SM to
SA, and the last column shows the relative time, where time
of the first test is scaled to 1.0 (which roughly corresponds
to one second for 10,000 caches).

7. Conclusions

In this paper we have presented a novel technique for high
quality animation rendering. By introducing and effectively
exploiting the concept of anchors — a data structure that
links irradiance caches to final gather ray hit points — we
achieved a dual goal of enabling inter-frame temporal co-
herence, while simultaneously obtaining a significant perfor-
mance boost. We also demonstrated how anchors can be em-
ployed to provide efficient rendering of moderately glossy
surfaces.

Although we proposed the method for final gathering on
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glossy surfaces using anchor bucketing, the problem of ef-
ficient querying the incoming radiance from surrounding
glossy surfaces remains unsolved. Essentially, the anchor
points should be placed on diffuse surfaces only. Brute force
photon density estimation is needed in final gathering for
each intersection point that involves a surface with an ar-
bitrary BRDF. Also, a better scheme for the cache density
control over glossy surfaces is required to improve the com-
putation efficiency.

As future work we intend to explore a multi-resolution
strata representation, which would considerably accelerate
the hemispherical reprojection used for glossy surfaces.
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