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Abstract

In this paper, we propose a fast global illumination solu-
tion for interactive lighting design. Using our method, light
sources and the viewpoint are movable, and the character-
istics of materials can be modified (assuming low-frequency
BRDF) during rendering. Our solution is based on particle
tracing (a variation of photon mapping) and final gathering.
We assume that objects in the input scene are static, and
pre-compute potential light paths for particle tracing and
final gathering. To perform final gathering fast, we propose
an efficient technique called Hierarchical Histogram Esti-
mation for rapid estimation of radiances from the distribu-
tion of the particles. The rendering process of our method
can be fully implemented on the GPU and our method
achieves interactive frame rates for rendering scenes with
even more than 100,000 triangles.

1. Introduction

Today, various applications, such as movies, lighting de-
sign, games and virtual reality, make use of the calcula-
tion of the global illumination for the purpose of improving
the realism in rendered images by capturing lighting effects
such as the inter-reflections of light. One of the challenging
goals in Computer Graphics is to compute global illumina-
tion at interactive frame rates.

In this paper, we propose a fast global illumination so-
lution for lighting design, where it is reasonable to assume
that the objects in the input scene are static. This means that
potential light paths can be pre-computed, with the energies
they carry being recalculated only when the viewpoint or
light sources move. Our system deals with diffuse and low
frequency glossy BRDFs (Bi-directional Reflectance Dis-
tribution Functions), and can handle various types of light
sources. The features of our method are as follows:

e light sources and the viewpoint can be moved at inter-
active frame rates,
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e materials (including the textures and BRDFs) of ob-
jects in the scene can be changed at run-time.

We use particle tracing and final gathering to com-
pute global illumination. We pre-compute potential light
paths, and propose an effective algorithm called hierarchi-
cal histogram estimation for fast final gathering. Using our
method, there is no need to perform ray tracing during ren-
dering, and the radiance estimation via particles can be per-
formed with only a few array accesses. Moreover, the ren-
dering process can be fully implemented on the GPU.

The rest of this paper is organized as follows. Section 2
reviews related previous methods. Sections 3 and 4 de-
scribe the system flowchart and the theoretical background
of our method, respectively. The detailed process of the
pre-computation and rendering are described in Sections 5
and 6, respectively. In Section 7, we describe our GPU im-
plementation. We show the results and limitations in Sec-
tions 8 and 9, respectively. The conclusions and the future
work are brought together in Section 10.

2. Previous Work

Global illumination solutions: The goal of the global
illumination is to solve the rendering equation proposed
by Kajiya [12]. Some well-known approaches are the
Radiosity solutions [17, 4, 7, 5] and the Monte Carlo based
solutions [26]. We will not focus on Radiosity solutions
since they often have difficulties in dealing with specular
(glossy) surfaces. To improve the rendering efficiency in
Monte Carlo based solutions, multi-pass methods were
introduced. One of the most famous multi-pass methods
is photon mapping [11]. Other methods that accelerate the
rendering are the irradiance caching methods [27, 23] and
the radiance caching method [14]. These methods exploit
the coherence in the image space, and use interpolation
schemes to reduce expensive radiance evaluations.

Final gathering: This method estimates the radiance
distribution incident onto a calculation point by shooting



many sampling rays from the calculation point. Tawara et
al. [25] introduced an algorithm that exploits coherence
in the temporal domain to reduce the number of sampling
rays. Scheel et al. [20] proposed a grid based final gathering
that stores irradiance in hierarchical grids to accelerate
the rendering of diffuse surfaces. Christensen et al. [3]
proposed to store irradiance in hierarchical grids to accel-
erate the rendering of diffuse surfaces. Arikan et al. [1]
accelerated final gathering by decomposing the radiance
field into far and near field components. These methods,
however, did not achieve interactive rendering.

Path re-using: Selective photon tracing [6] uses co-
herence between frames to re-scatter photons only into
some critical regions where the illumination distributions
change significantly. Bekaert et al. [2] presented an ac-
celeration path tracing algorithm by re-using paths for the
reduction of noise. Sbert et al. [19] re-used light paths to
generate animations of moving light sources in real-time by
using graphics hardware. A limitation in this method that
the viewpoint is fixed was removed by Szécsi et al. [22].
These methods, however, can deal with diffuse surfaces
only and cannot change surface materials at run-time.

Real-time re-lighting using PRT: Pre-computed Ra-
diance Transfer (PRT) was first developed by Sloan et
al. [21] to re-light a scene in real-time, and a lot of
variants were proposed, including using wavelet bases to
handle all-frequency light transport [16]. Kristensen et
al. [13] proposed a PRT method for local light sources.
Their method needs a huge amount of memory for the
pre-computed data, and can handle only isotropic point
light sources. HaSan et al. [8] used wavelet formulation
for final gathering, and achieved high-quality rendering
at interactive frame rates under the assumption of a fixed
viewpoint and fixed material characteristics. Iwasaki et
al. [10] extended shadow fields methods [28, 24], and
achieved real-time rendering with global illumination even
when moving objects rigidly or modifying materials. The
rendering frame rates of their method, however, drop
rapidly as the number of objects increases.

3. System Flowchart

In this section, we show the system flowchart of our
method, and indicate the corresponding section that de-
scribes the details of each process. Some definitions of im-
portant terms used in the rest of this paper are shown in
Figure 1, and the system flowchart is shown in Figure 2.
An intuitive illustration about our particle tracing is shown
in Figure 3. We would like the readers to notice that the
definition of the term photon path is different from some
previous literature, and is not to be confused.

Term definitions
Photons:
Photon paths:
Entry points:

Gathering rays:

particles in the particle tracing.

the paths of the particles. The vertices
belonging to light sources are NOT included.

a special class of photons, the first vertices of
photon paths.

sampling rays for final gathering.

Gathering points: locations where we shoot gathering rays.
Hierarchical volumetric data structure (HVDS):

Grid-cell:

hierarchical 3D voxels to store radiance
distribution.
a 3D voxel of the HVDS.

Hierarchical histogram estimation:

our radiance estimation technique using the
HVDS.

Figure 1. Term definitions.
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Figure 3. Particles are traced without the
consideration of light sources during pre-
computation. Energies of particles are recal-
culated after the locations of light sources
are determined during rendering.

4. Theoretical Background

In order to achieve our goal, there are two problems to be
solved. The first one is how to pre-compute light paths and
use them during rendering even when we have no knowl-
edge about the materials during pre-computation. We re-
view the Monte Carlo integration, and show a way to deal
with this problem. The second one is how to efficiently
estimate the radiances form the distribution of photon en-
ergies during final gathering. Traditional photon mapping
uses nearest neighbor searching of photons, which is pro-
hibitively time consuming for the purpose of interactive ren-
dering. We propose hierarchical histogram estimation to
solve the second problem.

4.1. Contribution of photons

Assuming we are to compute the integration of a func-
tion f(x ) in a domain D, then the integrand I is given by
I=[,f p f(x)dz. The Monte Carlo approximation of I is
calculated by sampling « at a certain pdf (probability den-
sity function) P(x), and calculating the weighted sum by

1 X
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where X is the random variable. For computing global illu-
mination, this corresponds to sample a large number of light
paths in order to compute the color of each pixel. Veach [26]
formulated the contribution function for a light path. In his
case, X; in Eq.(1) is the random variable in the path do-
main, and f(X;) is the contribution funciton. By follow-
ing his discussion, we can compute the contribution of each
photon.

We consider light paths that are sampled without the con-
siderarion of light sources or the viewpoint. Each of these
paths connects two arbitrary locations on the surfaces of ob-
jects, allowing an arbitrary number of bounces (see Figure
4(a)). These light paths are used in our particle tracing, and

(b)

Figure 4. (a): A photon path. (b): The photon
path is connected to a light source.

are called photon paths. Assume a photon path p; is sam-
pled starting from p; o (the entry point), and the remaining
vertices are p; 1, Pi 2, -+ Pi,m—1, Where m is the number
of vertices of p;. Then the contribution Cj; j of the photon
Di,k in the photon path connected to a vertex Pr, on a light
source (Figure 4(b)) is given by,

fs(PrL = pio = pi1)

Cik = Le(Pr = pio)G(Pr < pi70)PJ_(PL — Pio = Pi1)

H fs ng 1 —>Pm _>pz,J+1) (2)
o (Dij—1 = Pijj = Pijy1)’

where L. is the radiance emitted from Py, toward the en-
try point, G(Pr > p; ) is the geometry term between Py,
and p; o (see Section 6.1 for detailed definition), f5 is the
BRDF, and P;- is the pdf used to sample the photon path.
We used the notation P;- rather than P since the cosine term
is included implicitly (see [26] for the detail). We would
like to mention that the pdf P can be chosen arbitrarily
as long as f; > 0 = P; > 0 holds. Therefore, photon
paths can be pre-computed with certain pdfs, and the con-
tributions can be re-computed correctly during rendering by
recalculating the BRDFs even when we change a material.
Since we have no knowledge about the BRDFs during pre-
computation, we choose the pdf to be the cosine term. Note
that if a certain material is chosen to be fixed during ren-
dering, then we can select the pdf according to the BRDE,
which will make the computation of glossy surfaces more
accurate.

4.2. Hierarchical histogram estimation

Following the rendering equation, the outgoing radiance
L,(z,w,) at the calculation point  towards the direction
w, reaching the viewpoint is calculated by estimating the
radiances incident onto the calculation point. This can be
described as follows:

L,(z,w,) = / Li(x,w;) fs(v,w; — wo)di, 3)
Q

where () is the upper hemisphere aligned to the normal at
x, L;(x,w;) is the radiance of light incident from the di-
rection w;, fs(x,w; — w,) is the BRDF at z, and di‘i is
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the projected solid angle (with the cosine term implicitly
included).

We rewrite Eq.(3) by subdividing 2 into solid angles
Qi(j=1,..,N)as

N
Lo(z,w,) = Z/Q Li(z,w;) fs(z,w; = wo)di, 4
=179

where N is the number of gathering rays, and Q; satisfies
Zévzl ; = . We approximately calculate Eq.(4) by as-
suming the BRDF f,(x,w; — w,) to be constant within the
solid angle Q; (this is simply a Monte Carlo approximation,
and L, will converge to the correct value as we increase V).
That is,

N
LD(:L':UJO) = Zfs(xawj - C’-)O)Lj: ®)

j=1

where w; is the representative direction of the solid angle
Q j» and

Lj= / Li(w,w)d;, (6)
J
represents the total radiance incident from the solid angle
;. To compute L, a sampling ray in direction —w; is shot
from «, and the hit point y of the sampling ray is calculated.
Then, the energies of photons within the projected area of
2; aty are collected (see Figure 5).

As shown in Figure 6, a bounding box of the scene is
divided into 3D voxels. We collect the photon energies ef-
ficiently by accumulating the photon energies into the 3D
voxels after recalculating photon energies, and by using the
accumulated energies stored in the voxel including y. We
call each voxel a grid-cell. There are still two things to deal
with. The first one is to handle glossy surfaces, and the sec-
ond one is to take into account the variation in projected
areas.

To deal with glossy surfaces, we discretize outgoing di-
rections of photons in world coordinates, and accumulate
the photon energies per each discretized outgoing direction
(Figure 6(d)).

To deal with the second problem, we use an octree-like
hierarchical representation of the voxels, in other words, the
hierarchical volumetric data structure (HVDS). An appro-
priate grid-cell is selected for a projected area. We calculate
the projected area by using ray differentials [9]. We show
an example of the HVDS in Figures 6 (a) to (c). Note that
in this example, the base level (the finest level) is created by
uniform partitioning, whereas we will propose an adaptive
subdivision construction technique in Section 5.2.

We call the above processes for radiance estimation, Hi-
erarchical Histogram Estimation, since the accumulated en-
ergy distribution is intuitively like a histogram, and the hi-
erarchical representation is used for radiance estimation.

Now, we can describe the processes of pre-computation
and rendering (described in Sections 5 and 6, respectively),
having the theoretical background described above.

5. Pre-computation

In this section, we describe the pre-computation process
for photon paths, gathering rays, and the hierarchical volu-
metric data structure.

5.1. Pre-computation of photon paths

To pre-compute the photon paths, we first determine the
locations of entry points. In lighting design, the user may
frequently try the arrangement of light sources in a limited
region, for example, ceilings. To calculate accurately the
intensity distributions in such a region, our method deter-
mines the locations of entry points adaptively. Initially, en-
try points are distributed uniformly on the surfaces of the
scene. To determine where to add entry points, our method
considers two conditions, 1) the number of visible entry
points seen from a light source exceeds a threshold, and 2)
the distribution of the entry points seen from a light source
should be as uniform as possible. To assure these two con-
ditions, we uniformly subdivide the user’s intended region
into grids, and check the number and the distribution of vis-
ible entry points seen from each grid point. If the distri-
bution is highly skewed or the number is not sufficient, we
then adaptively add new entry points.

After the entry points are distributed, we check the near-
est neighbors of each entry point and pre-compute the dif-
ferential area for each entry point, since we use the area to
calculate photon energy during rendering. Note that if the
entry points are sampled uniformly, the differential area is
simply the total area of the triangles in the scene divided by
the number of the entry points.



Then, we start particle tracing from each entry point. The
outgoing directions of entry points are selected randomly
according to the cosine term. For the other photons, the
directions are chosen according to particular BRDFs if the
corresponding materials are assumed to be fixed during ren-
dering, or to the cosine term, otherwise. We pre-compute
the photon paths with length up to a particular number, in
this paper, which is 3.

Since the energies of the photons are stored in grid-
cells of the HVDS, the index of the grid-cell of the finest
level and the index of the discretized outgoing direction are
stored for each photon. We store the reflectance as well
as the indices for fast recalculation of photon energies dur-
ing rendering, since the reflectances will remain the same
unless the user modifies the corresponding materials. We
assign 5 bytes to the index of the grid-cell, 2 bytes to the in-
dex of the outgoing direction, and 3 bytes to the reflectance.
To efficiently recalculate the reflectances of entry points as
the user moves a light source, the geometric data consists
of the index of the triangle and two barycentric coordinates
are also stotred for each entry point.

5.2. Pre-computation of gathering rays

To pre-compute gathering rays, we first determine the
locations of gathering points. We use a rejection-sampling
technique to find appropriate locations. That is, we densely
sample candidate points for the gathering points, and then
discard those where the radiance can likely be interpolated
from the radiances at other points. We use a modified er-
ror metric proposed by Tabellion et al. [23] to do this. The
error metric F;(x, n) estimates the error when using the ra-
diance at a gathering point «; to interpolate the radiance at
a candidate point « with normal 7, and is given by

Ee,n) = r-mar(Bu(),Bu(®), O
Epi(z) = [z~ o

maz(min(R;/2,Ry),R_)’
Vi—-n-n;
/1= cos(ay)’

where n; is the normal at x;. x is added as a new gath-
ering point if, and only if E;(x,n) > 1. The parame-
ters except for R4 and R_ are equal to those proposed
in [23]. Thatis, Kk = 1, ay = 10° and R; is set to
be the minimum distance from among all the distances
between z; and intersection points of sampling rays shot
from «;. These two parameters Ry and R_ control the
maximum and minimum distances, respectively, between
any pairs of gathering points, and are specified by the
user according to accuracy requirements. Each gathering
point is therefore valid only in a sphere with the radius
max(y/1 — cos(ay ), max(min(R; /2, R;), R_)), which

is called the effective radius of the gathering point.

Em' (n) =

Figure 7. The finest level, subdivided uni-
formly (a) and adaptively (b).

We then shoot gathering rays from each gathering point.
The intersection point of a gathering ray is stored as the
index of the corresponding grid-cell in an appropriate level,
and the index of the reverse direction of the gathering ray.
The data size for each gathering ray is only 7 bytes (5 bytes
for grid-cells and 2 bytes for direction).

5.3. Calculation of HVDS

The determination of the resolution of the grid-cells of
the finest level is crucial to the final gathering. Finer resolu-
tion grid-cells are required in places near edges or corners
while coarser resolution may be sufficient for other places.
Our method determines the appropriate sizes of grid-cells
efficiently as follows. Initially, the scene is subdivided uni-
formly. Since the projected area for each gathering ray is
calculated during the pre-computation of gathering rays, the
minimum projected area at each grid-cell can be obtained.
‘We maintain an octree that covers the entire scene and adap-
tively subdivide the octree based on the projected areas of
gathering rays. We show examples of grid-cells uniformly
subdivided and adaptively subdivided in Figure 7. After we
determine the resolution of the finest level, we construct the
hierarchy by grouping the neighbor grid-cells.

6. Rendering

In this section, we describe the recalculation of the pho-
ton energies, firstly. Secondly, we describe how to store
photon energies in the HVDS. Lastly, final gathering using
the HVDS is described.

6.1. Recalculating photon energies

Energies of photons are recalculated when light sources
are moved or the materials of the surfaces are changed. We
first explain the calculation in the case where light sources
move.

First, we calculate the energy transport between light
sources and entry points. Let P, be a sample point on a
light source (Figure 8). ny, and n; g are the normals at Pr,
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Figure 8. Calculat-
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and p; o, respectively. The energy E, assigned to the entry
point p; o from Py, is given by,

E =L.(Py = pio)G(PL < pio)nfs(PL = pio = Pi1)-

®)
The factor 7 appears since we have selected the direction
(pio — pi,1) according to the cosine term. G(Pr > pio)
can be computed as follows. Let r be the distance between
Pr, and p; o, and dA; be the differential area related to p; g.
Then the solid angle, dw, of p; o, viewed from Py, is cal-
culated from dw = (cosf;/r?)dA;. The geometry term is
calculated by

G(Pr < pio) = V(P <> pig) cosb,dw, ©)

where V(Pr, <> p; ) is the visibility function between Py,
and p; . For area light sources, points on the area sources
are sampled and the calculations described above are per-
formed per sample point. For point light sources, cos#, is
set to 1. Our method can deal with spot lights by modifying
L.(Pr — pio). For parallel lights, the direction from Py,
to p;,0 is set to the direction of the parallel light source, and
both r and cos 6, are set to 1. For distant lighting, repre-
sented by an environment map, the incident radiances from
the distant lighting are approximated by a set of parallel
light sources.

Energies of photons p; ;(j > 1) are calculated by multi-
plying the pre-computed reflectances.

In the case where the material of a surface is changed,
the reflectances of the photons on the surface are re-
quired to be recalculated. To recalculate the reflectance
of p;j, we set the reflectance to fi(p;j—1 — pi; —
pij+1)/PF(pijo1 = pij — pij+1), where Pl is the
pdf used in pre-computation.

6.2. Storing photon energies
Firstly, we accumulate the photon energies into the finest

level of the HVDS. To describe this process in more detail,
let us assume that a set of photons within a single grid-cell

have the same outgoing direction (Figure 9). Let the energy
of each photon be E;, and the area of the surface within
the grid-cell be A. We simply store the accumulated ener-
gies (i.e., ), E;) in the grid-cell. The contribution of the
photons seen from a calculation point z can then be cal-
culated as follows. Let 6 be the angle between the normal
direction of the surface and the outgoing direction. The to-
tal energies of the photons per unit area within the grid-
cells will be w ), E; /(A cos§), if the outgoing direction
of photons was selected according to the cosine term (in
a general case, >, E;/(AP;-(0) cos)). Suppose that we
have discretized the direction uniformly into Ny;,. direction
clusters, then each direction cluster will have the solid an-
gle of 47 /Ny;,.. Therefore the total energy of the photons
per unit area per solid angle is N, » ., E;/(4A cos@). Let
r be the distance between x and the center of the grid-cell,
the solid angle dw of the grid-cell viewed from « is given
by A cosf/r?. Therefore, the energies leaving the grid-cell
toward z is equal to Ny; >, E;/4r%. Hence, the recorded
energy in the grid-cell can be efficiently used during final
gathering.

Next, we explain how to calculate the energies stored in
coarser levels of the HVDS. It can easily be shown that by
simply summing up the stored energies in the corresponding
grid-cells in the finer level, we can obtain the energies that
are to be stored in the coarser level, and the energies can be
used in exactly the same way as described above.

6.3. Rendering using final gathering

In the rendering of the scene, our method first calculates
the positions, normals and colors of the visible surfaces
based on the concept of the deferred shading [18]. Then
the direct illumination of the visible surfaces is calculated
by using previous methods, and shadows are rendered by
using a shadow mapping method. The indirect illumination
of the visible surfaces is interpolated by the radiances due
to indirect illumination at gathering points. Although radi-
ance caching [14] can interpolate the indirect illumination
of glossy surfaces more accurately than irradiance caching,
we used irradiance caching since irradiance caching is more
efficient and is sufficient for low frequency glossy surfaces.
The outgoing radiance at each gathering point is calculated
by summing the estimated incident radiance estimated us-
ing the hierarchical histogram estimation, multiplied by the
BRDF of the gathering point.

7. Implementation on the GPU

In this section, we describe the overview of our GPU
implementation, while details of the GPU implementation
are described in Appendix. The rendering process consists
of two stages. The first stage is the process in the object



space as described below, and the second one in the screen
space using the irradiance cache splatting (similar to photon
splatting [15]). The first stage consists of the following five
steps.

1. calculation of the energies of entry points p; g

2. calculation of the energies at the reflected locations
pij(G=1)

3. storing the photon energies into the finest level of the
HDVS

4. construction of coarser levels of the HDVS

5. calculation of outgoing radiances at gathering points

To calculate the energies at entry points, the calculation of
the visibility function V' is required. We use shadow map-
ping for efficient calculation.

The ideas to perform steps 3, 4, and 5 on the GPU are as
follows. Since we consider only static scenes, the hierarchy
of the volumetric data structure and the correspondences be-
tween each grid-cells, between photons and grid-cells, and
between gathering rays and grid-cells do not change. There-
fore, by carefully reordering the process, we can rearrange
the rendering process to a fashion that is suited for sequen-
tial processing using GPUs.

8. Results

We show some results rendered by using our method and
compare them with images rendered using a pure Monte
Carlo solution. We used an NVIDIA GeForce 7800 GTX
and 3.0 GHz PentiumD CPU with 2GB RAM for all the
results shown in this section.

We show the rendered results of four scenes: Box,
Sponza, Tree, and Room. The numbers of triangles in these
scenes and the rendered image sizes are shown in Table 1.
The rendered images, using the CPU implementation of our
method, are shown in Figure 10.

In the Box scene, a light source is placed in the upper
backward side of the scene. The front of the glossy teapot
is illuminated due to the indirect illumination. The Sponza
scene is lit by a point light source located in the back cor-
ridor, and most parts of the scene, such as the pillars and
the upper part of the arch seen through the pillars, are il-
luminated due to indirect illumination. The Tree scene is
complex in visibility, and contains a glossy bunny. A light
source is placed above the tree so that the leaves, the floor
and the bunny are illuminated mostly by indirect illumina-
tion. The rendered results of the Room scene show an ex-
ample of lighting design.

The RMS errors measured with respect to the pure
Monte Carlo solution are between 1.3% to 5.7%. As shown
in these figures, the images rendered by using our method
are indistinguishable from the images rendered by using
pure Monte Carlo solution.

Table 1. Results.

Scene Box Sponza Tree Room
#Tri. 2,914 76,154 | 141,287 | 121,696
Image 512 640 640 640
Size x 512 x 480 x 480 x 480
T 6 ms 15 ms 30 ms 28 ms
Tpe 11 ms 15 ms 23 ms 22 ms
Thods 11 ms 12 ms 112 ms 107 ms
Tty 5 ms 27 ms 142 ms 162 ms
Tsplat 76 ms 122 ms 281 ms 302 ms
Tiot 109 ms 191 ms 588 ms 621 ms
Tiight 109 ms 191 ms 588 ms 621 ms
Tricw 87 ms 164 ms 453 ms 492 ms
Trnat 1271 ms | 1310ms | 1507 ms | 1911 ms
Tprecomp 1h30m 2h 2h40m 2h20m
Memory 7.5MB | 25.IMB | 75.0MB | 84.7MB
1 light 9.1 fps 5.2 fps 1.7 fps 1.6 fps
2 lights 8.6 fps 4.8 fps 1.5 fps 1.3 fps
4 lights 8.2 fps 4.3 fps 1.2 fps 1.1 fps
8 lights 7.2 tps 3.6 fps 1.0 fps 0.9 fps
Gather pts. 2k 17k 36k 39k
#Gthr rays 291k M 8M 8M
#Photons 426k 638k 730k 1.4M

The parameters for rendering these scenes are shown in
Table 1. The resolutions of the discretized directions are all
set to be 128 for these scenes.

Next, let us show the results rendered by using the GPU
implementation and discuss the details of the computational
time. Results are summarized in Table 1. In the case where
the materials are fixed, the rendering process consists of the
calculation of direct illumination (shown as T}; in Table 1),
recalculation of photon energies on the GPU (T},), storing
photon energies into the HVDS (T},45), the final gathering
(T'q), and irradiance splatting (Tp1q¢). The total time to
render a single frame is shown as 73,;. Note that most time
during rendering is spent on irradiance splatting. Memory
shows the required memory to store the pre-computed pho-
ton paths and gathering rays for each scene. Tj;gnes Tviews
and T',,4¢ show the times to render a single frame when we
move a light source, the viewpoint, and modify a material,
respectively.

In frames where the light sources remain fixed, we do
not have to recalculate the photon energies or re-store the
photon energies into the HVDS. In case where materials are
changed, the reflectance of each photon and the material
information of each gathering point have to be updated, re-
sulting in the increase of the computational time. We also
show the rendering performance as we vary the number of
light sources in Table 1. For each light source, we use the
same shadow map to calculate both direct illumination and
the energies at the entry points. Therefore, the computa-




tional time does not increase drastically with the increase
in the number of light sources. The performance gained by
running the rendering process on the GPU instead of CPUs
is about an order of acceleration. We show some captured
images from our GPU implementation in Figure 11.

Figure 11. Rendered results of the Tree scene
using our method. (a) and (b): moving the
light source, (c): moving the viewpoint.

9, Limitations and Discussion

Our method makes several approximations and limita-
tions to achieve interactive rendering. Firstly, since we dis-
cretize the direction of photons and gathering rays, we can
deal only with low-frequency BRDFs. Though it is pos-
sible to deal with materials with sharp gloss by increasing
the number of discretized directions, the required memory
will increase. A GPU-based implementation is not possible
in these cases. The minimum number of discretized direc-
tions Ny4;,- needed to deal with a glossy surface with certain
cosine exponent n can be decided by considering that a sin-
gle discretized direction should at least be smaller than the
range of the glossy lobe. The relationship between Ngy;,.
and n is given by n < 1/ tan?(7/Ny;,.). Practically, Ny,
should be larger, and in our experiments, we found that we
can deal with Phong BRDFs with cosine exponent up to 15
with 128 directions. We believe the discretization in the
Cartesian coordinates will not be a critical problem since
the resolution of the finest level of the HVDS is adaptively
determined according to the scene complexity.

Secondly, when using a grid-cell in a coarser level, since
the energies in the grid-cell are simply the sum of the en-
ergies in corresponding grid-cells in the finer level, occulu-
sion is ignored which may result in errors (Figure 12(a)).
We believe we can solve this problem by replacing the
gathering ray collecting the energy from the grid-cell in a
coarser level with several gathering rays collecting the en-
ergies from the grid-cells in the finer level (Figure 12(b)).
We repeat this process until each ray collects energy from a
grid-cell where the occlusion problem can be ignored.

Thirdly, we ignore shadows due to objects representing
light sources.

selected grid-cell

grid-cells in finer levels

gathering point
(a) (b)

Figure 12. Using the coarser level will cause
problems (a). Replace gathering rays to
gather from finer levels (b).

gathering point

10. Conclusion and Future Work

We have proposed two techniques aimed for the fast
computation of global illumination: a path pre-computation
algorithm and the hierarchical histogram estimation. By
pre-computing the paths, energies of photons can be recal-
culated very quickly, without involving ray tracing calcula-
tions. By directly using the radiance recorded in the HDVS,
we can perform final gathering without any nearest neigh-
bor searching, but only a few array accesses.

By using the proposed techniques, we achieved interac-
tive rendering of complex scenes with global illumination.
Our method can deal with any type of local light sources
and can change the materials of the surfaces interactively,
therefore can be applied to lighting design.

In future work, we aim to achieve the interactive render-
ing of dynamic scenes, where objects in the scene move.
In such scenes, a part of the light paths changes and needs
to be recalculated. If the object moves rigidly, the density
of the entry points on the surface of the object does not
change. Therefore, photon paths, which are changed due to
the movement of the object, are re-sampled. The gathering
points and the gathering rays can be re-sampled according
to [25], which uses the temporal coherence and changes a
portion of gathering rays one by one.
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Appendix Details of GPU Implementation
For the sake of the simplicity, the resolutions of the grid-

cells in the base level are assumed to be the same and the

details of step 4 are explained before those of step 3.

Calculation of energies at entry points: Initially, a tex-
ture storing the positions of the entry points p; ¢ is prepared.
Then sample points for the calculation of the visibility func-
tion V' are allocated on light sources. The depth values seen
from each sample point on a light source are stored in each
texture. The visibility function V' is calculated by compar-
ing the depth stored in the texture and the depth of entry
points on a fragment program. At the same time, the ener-
gies of the entry points are calculated from Eq.(8) and are
stored as a texture.

Calculation of photon energies: To calculate the en-
ergies of photons p; ; on the GPU, Np,q, + 1 textures
13,17, ..., Ty, are prepared to store energies of photons,
where N,,.. 1S the maximum number of bounces (in our
case, Nyax = 3). The i-th pixel of the j-th texture TJP
stores the energy of the photon p; ;. We call these textures
photon energy maps. The j-th texture T]’? is calculated by
multiplicative blending of the (j—1)-th texture T}, and the
texture that stores the reflectances at p; ; in the i-th pixel.

Construction of the HVDS: The HVDS at level [ (coarser
resolution) is constructed by using the HVDS at level [ — 1
(finer resolution). To represent the HVDS, which is a tree
structure, on the GPU, we use textures, each corresponding
to each level of the HVDS. To construct the HVDS effi-
ciently, we re-order the texture data. Let T}* be the texture
corresponding to the HVDS at level [. To construct the tex-
ture Tlh, we first reorder the texture Tl’il so that the pixels of
T[L 1» corresponding to the pixel of T/, are packed as shown
in Figure 13. And for each pixel of 7}, the addresses of the
corresponding pixels of 7} | are stored as textures.

gé»;é )/ level I-1
e

textures storing addresses
of corresponding pixels of T,

level |

Figure 13. Construction of the hierarchical
histogram on the GPU.

Storing energies of photons into the base level: The oper-
ations for this step are similar to those for the construction
of the hierarchical histograms. We prepare a texture T,
corresponding to the base level, where each pixel of the tex-
ture stores the accumulated energies of the corresponding
component of the base level. For each component of the
base level, the indices of the photons that are stored in the
component are stored as a texture, called the photon index
map in Figure 14. For each component of the base level, the
addresses of the photon index map are stored as textures.

Photon index map

: textures storing addresses
¢ for Photon index map -i-

base level - FILTE T

Figure 14. Storing photon energies using
GPUs.

Calculation of indirect illumination on gathering points:
The energies of the gathering points are calculated by refer-
ring to the data of the HVDS. This calculation is performed
in a similar way to storing the energies of photons in the
base level. We create a texture that stores the energies of the
gathering points and each pixel of the texture corresponding
to each gathering point. Then we perform splatting of gath-
ering points on a vertex program by using the texture stor-
ing the energies of gathering points. In this step, the texture
that stores the material color of the object surface is mapped
onto the splats with multiplicative blending.
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