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Abstract

Image space photon mapping has the advantage of simple implementation on GPU without pre-computation of
complex acceleration structures. However, existing approaches use only a single image for tracing caustic photons,
so they are limited to computing only a part of the global illumination effects for very simple scenes. In this paper
we fully extend the image space approach by using multiple environment maps for photon mapping computation to
achieve interactive global illumination of dynamic complex scenes. The two key problems due to the introduction
of multiple images are 1) selecting the images to ensure adequate scene coverage; and 2) reliably computing ray-
geometry intersections with multiple images. We present effective solutions to these problems and show that, with
multiple environment maps, the image-space photon mapping approach can achieve interactive global illumination
of dynamic complex scenes. The advantages of the method are demonstrated by comparison with other existing

interactive global illumination methods.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Color, shading, shadowing, and texture

1. Introduction

Global illumination (GI) is essential for synthesizing photo-
realistic images. Currently, accurate and efficient computa-
tion of GI is still a challenging research topic. Photon map-
ping [Jen96] is one of the most important advances in tack-
ling the problem in the past decade. It is an efficient method
for high quality photo-realistic image synthesis, capable of
producing many GI effects, such as color bleeding and caus-
tics. Photon mapping is a consistent rendering technique in
the sense that it converges to the correct physical result as
the number of photons and bounces increases [JenO1].

The idea of photon mapping is to trace photons through-
out the scene, and to cache the hit points in a data struc-
ture called the photon map. Radiance is then reconstructed
in the rendering pass using photon density estimation. Exist-
ing methods achieve interactive rate by speeding up spatial
traversal with an acceleration structure, such as KD-trees,
either on CPU [WKB*02] [LC04] or on GPU [SZS*08]
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[WWZ*09]. This requirement on pre-computation of the
acceleration structures restrict their use to static scenes or
scenes with limited object movement. For truly dynamic
scenes, methods for interactive building of the spatial struc-
tures have been proposed [HMS06] [SSKO7] [ZHWGOS].
While achieving impressive performance, these methods are
relatively complicated to implement.

An alternative implementation of photon mapping is the
image space approach, in which the scene geometry is rep-
resented by a depth image, and ray-geometry intersections
required by photon tracing are computed directly using the
depth information. This approach has two distinct advan-
tages: it is relatively easy to implement because textures can
naturally be processed in the GPU; and it is more efficient
because it does not need to build any complex acceleration
structure for a dynamic scene. However, the existing image
space methods [SKALPOS5] [SKPO7] [WymO08] use only one
image and only caustic photon rays are traced. Therefore
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Figure 1: Without pre-computation, our technique produces
global illumination of dynamic scenes in real-time.

they are limited in both scene complexity and the range of
global illumination effects that can be simulated.

To achieve interactive global illumination of dynamic
complex scenes, we propose to use multiple environment
maps for photon tracing and photon splatting for radiance
estimation. That is, photon tracing pass and rendering pass
of the photon mapping algorithm are both approximated in
image space. Our contributions are an effective heuristic
method for selecting multiple environment maps to provide
adequate coverage of scene geometry and a robust method
for computing ray-geometry intersections with multiple en-
vironment maps. Our method is capable of computing all
Gl effects of photon mapping. Dynamic scenes and dynamic
lightings are supported without preprocessing of scene ge-
ometry or light transfer. The method is easy to implement
on a consumer GPU and achieves interactive frame rates for
dynamic scenes with global illumination fully recomputed at
every frame.

2. Related Work

Interactive Global Illumination Interactive GI is one of
the most challenging problems in graphics. Keller [Kel97]
introduced instant radiosity, which traces a small number
of photons and treats the hit points as virtual point lights.
To avoid expensive visibility testing, Dachsbacher et al.
[DSDDO07] proposed to produce GI with implicit visibility
in radiosity. Ritschel et al. [RGK*08] introduced Imperfect
Shadow Maps (ISM) for efficient visibility testing for instant
radiosity. Reflective Shadow Maps (RSM) [DS05] com-
putes single-bounce indirect illumination from an extended
shadow map, but visibility for indirect lighting is ignored.
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Lehtinen et al. [LZT*08] proposed a meshless hierarchical
representation for light transport with pre-computation and
reconstructed GI interactively. Fabianowski and Dingliana
[FD09] achieved interactive photon mapping in static scenes
by differential photon tracing with a pre-computed KD-tree.
Wang et al. [WWZ*09] dynamically built a KD-tree on the
GPU for tracing primary and photon rays and the shading
points are partitioned with K-means clustering for final gath-
ering. McGuire and Luebke [MLO09] proposed an interactive
photon mapping technique in image space, which however
still uses a pre-computed KD-tree of the scene for photon
tracing. A recent technique [KD10] simulated light propa-
gation with lattices for approximating one-bounce indirect
lighting in real-time without any pre-computation.

Multi-Image Representation Image representation of
geometry has been used extensively in the literature of com-
puter graphics. Depth peeling [Eve0l] samples the scene
from a single viewpoint and stores multiple layers of depth
values. Shanmugam and Arikan [SA07] used depth peeling
to generate sample buffers for estimating ambient occlusion.
Obviously, sampling the whole scene from a single view-
point is impossible in most cases. Ritschel et al. [RGS09]
used several cameras to capture the scene, but the positions
of these cameras are manually set which are quite inaccu-
rate for covering the whole surfaces. Many studies on view-
point selection [KK88] [BDP00] [VFSHO04] go beyond cov-
erage and focus on determining “good viewpoints". Werner
et al. [WPH*02] used multiple images to represent a sin-
gle object. To the best of our knowledge, there has been no
research on using multiple environment maps to represent
complex scene geometry for photon mapping.

3. Overview

As same as traditional photon mapping, our technique con-
sists of two passes: the photon tracing pass and the render-
ing pass. Figure 2 shows the process of our photon tracing
pass. Photon information is encoded into photon textures.
Each texel in the texture stores a photon’s position, direc-
tion, power and surface normal. Photons are traced through
the scene in image space. The images used for intersection
estimation in our method are environment maps representing
the scene’s geometry. To construct the environment map for
a certain center point, the surrounding objects are rendered
to the six faces of a cube map. Unlike traditional environ-
ment maps that store colors, the maps used to represent ge-
ometry contain the positions, normals and material indices
of the surrounding surfaces. Whenever a photon-surface in-
tersection is detected, the geometric and material informa-
tion is read from the environment map and is stored in the
intersection textures which contain all the intersection infor-
mation between photons and surfaces. New directions and
powers are sampled based on the values in the intersection
textures and they are stored in the photon textures for the
next bounce. This process is repeated until the desired level
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Figure 2: Photon tracing process. Photon rays are stored in
photon textures. With the help of multiple environment maps,
intersections of these photon rays can be found and stored in
intersection textures. Then new photon rays are generated by
the geometry and material property of the intersections. This
process is repeated until the required level of light bounces
is reached.
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of light bounces is reached. Indirect illumination is produced
by photon splatting to take advantage of the features of mod-
ern GPU’s. The final result is the composite of this indirect
illumination and direct lighting computed with shadow map-
ping and deferred shading.

4. Selecting Environment Maps

When using multiple environment maps for photon map-
ping, it is important to appropriately select the maps to en-
sure adequate coverage of a given scene. Areas not covered
by any environment map cannot receive photons, thus lead-
ing to inaccuracy. In the following we introduce an efficient
method for quickly choosing environment maps with satis-
factory scene coverage.

4.1. Image Selection Algorithm

Ideally one wishes to select a minimal number of environ-
ment maps that cover the entire scene. Such a formulation
is equivalent to the classical set-covering problem and the
art gallery guide problem, which are NP-hard [CLRSO1]
[OJ87]. We are going to describe a heuristic method that
yields an approximate yet satisfactory results and, most im-
portantly, is efficient enough for our purpose of interactive
rendering.

Initially, a set U of 30 to 50 random points is generated in-
side the bounding box of the scene and we use these points as
candidate environment map centers EMCs. Then we select a
subset C of Kk EMCs in U and hope that these selected EMCs
in C provide maximal scene coverage. The value of size k is
defined by users; in our experiments, k is typically set to 8
to 15. Our selection algorithm runs as follows. Initially, the
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Figure 3: Red pixels mask the uncovered regions. (a) Ran-
dom selection of 8 EMCs; (b) Our selection of 8 EMCs out
of 27 random EMCs;

(b)

set C is set to be empty. In each step, for every unselected
EMC v € U — C, we compute the area that is visible from v
and invisible from all the EMCs already in C, and call this
area new coverage area of v and denote it by A(v|C). Then
the EMC v with largest new coverage area will be selected
and added to C. We iterate this selection process k times to
find kK EMCs of C.

The above selection algorithm is used at the starting for
initializing the k selected EMCs in C. To maintain a good
coverage for a dynamic scene, the set C is updated regularly
as follows. In each update step, we first select an EMC from
U — C that has the largest new coverage area and add it to
C. Then among the resulting £+ 1 EMCs in C, the EMC
v with the smallest new coverage A(v|C — {v}) is removed
from C. Hence at any time a good coverage is maintained
while keeping the number of EMCs in C unchanged. Note
that the update process is carried out only in two cases. The
first case is when finishing the initial selection. In this case,
the updating step is repeated for several times until elements
in C is invariant, i.e. the EMC added and the EMC removed
are the same point. According to our experiments, the ini-
tial updating needs only 2 to 5 such update steps. The sec-
ond case is when the scene is changed. When the geometry
is changed continuously, this update process is run progres-
sively, that is, the update is carried out once every 5 frames.
Figure 3 shows a comparison between using randomly se-
lected EMCs and using the EMCs selected with our heuristic
method; although 8 maps are used in both cases, our selec-
tion obviously produces better coverage.

4.2. Computing New Coverage Area

A key problem in image selection is how to efficiently com-
pute the new coverage area A(v|C) by an EMC v. We com-
pute it using shadow mapping [Wil78], based on the the ob-
servation that if we put a point light source at every v € C,
the new covered region by v will be lit by none of these light
sources. Therefore, the region must lie within the shadows
cast by the light sources which are the EMCs of the exist-
ing set C; in fact, the required region is precisely the part of
the shadow region that is visible from v. Shadows are gen-
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Figure 4: [llustration of pixel covered area. V: position of
EMC, Xp: object position, fip: object normal, ¥: forward di-
rection of camera, r: half side length of projection plane, R:
distant between V and pixel in projection plane, 0.p: angle
between iip and projection direction, Bp: angle between ¥
and projection direction.

erated using shadow mapping and the area is computed in
image-space. Since the distance information for every pixel
is available in the environment maps, the extra depth-map-
generation step in a standard shadow map algorithm is un-
necessary. The six faces of the cube map are rendered with
shadow testing. The resolution used for this rendering is
32 x 32 x 6; at such a relative low resolution the shadow
algorithm can run efficiently and the accuracy is sufficient
for our purposes.

The new coverage area by v is computed by summing up
the areas of all shadow pixels p in the image:

A(IC) = Y A(p)S(p)
p

S 3
= Ay @I

Npixel P (V_xp)'”P

where Npixe| is the number of pixels in the image, V' is the po-
sition of the EMC v, Xp and 7ip are the position and normal
of the surface projected at p, and 7 is the forward direction of
the camera, as shown in Figure 4. S(p) is shadow function,
i.e. S(p) =1 for p in shadow, 0 otherwise. The derivation
of Equation 1 is presented in Appendix A. In our implemen-
tation, the summation is obtained with the aid of an image
pyramid, whose top level produces the desired value.

5. Image-Space Intersection Estimation

Another key problem with multiple-image representation of
a scene is how to reliably compute the intersection of photon
rays and scene geometry. In this section we will first explain
the basic idea of the method used in previous works involv-
ing a single environment map, point out its pitfalls, and dis-
cuss how this computation can be carried out robustly when
using multiple environment maps.
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Figure 5: Computing intersection by iterations in image-
space. The first guess is point A which is obtained from EMC
along the direction of the ray. After one iteration we get the
approximated intersection B' and then C' after second iter-
ation, and so on.

5.1. Ray-geometry intersection with a single image

The issue of computing ray-geometry intersections has been
encountered in some earlier works, such as tracing specu-
lar reflected rays by environment maps [SKALPO5], or trac-
ing caustic rays by an image of light view space [SKP07]
[WymO8]. Their methods all use a single image for intersec-
tion computation because they just need to find hit-points of
specular reflected rays in simple scenes.

When a scene is represented by an environment map with
the center point V, the position information of the scene ge-
ometry is encoded in the texels of the map. Consider a ray
originating from X and pointing in the direction of a normal-
ized vector 7. The ray is defined as P = X+ d - 7, where d
is the distance from the starting point X. Suppose that the
ray intersects the scene surface represented by the environ-
ment map under consideration. The environment map can be
modeled as an implicit function f(X) = 0. Finding the ray-
surface intersection is then equivalent to finding a zero of
the equation f(P) = f(¥+d-7) = 0. There are several ex-
isting algorithms for solving this problem. Below we briefly
introduce the one from [SKALPOS5], which is adopted in our
implementation.

Let S denote the surface represented by the environment
map. The process for finding the intersection of S with a
ray P from X along a direction 7 is illustrated in Figure 5.
We first use the ray from V (i.e. the EMC) along the direc-
tion 7 to produce the initial guess A; this is done by looking
up the distance from the environment map. Suppose that we
now approximate the surface S by the plane passing through
A and perpendicular to 7. Then the next approximate inter-
section points B is obtained as the intersection of this plane
and the ray B. By looking up the distance information again
along the direction \7§, we have a corrected point B’ on the
actual surface S. If the distance [VB]| is larger than [VB’|,
it is called an overshoot, otherwise an undershoot. Next the
surface S is approximated by a plane passing through points
A and B and perpendicular to the plane defined by A, X (the
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Figure 6: Problems of intersection estimation with a sin-
gle environment map. (a) Required point is not stored in the
environment map; (b) Obtained result may not be the first
intersection along the ray.

origin of the ray) and V. The intersection between this plane
and the ray P is point C, which is an undershoot. Distance
lookup will correct the estimate C to the point C’ on S. We
continue this iterative process using points B’ and C’ for the
next iteration. In each iteration an undershooting point and
an overshooting point are kept to keep the refinement going.

The above method is in fact the false position method
[Wei03] for root finding. In practice, this method converges
quickly (if it does converge—see below) and can find reason-
ably accurate intersections within 3 to 5 iterations in most
places of our test scenes.

Even with just one environment map, the above method
from [SKALPOS] has two problems causing erroneous re-
sults. One is that the desired intersection point may not exist
in the environment map due to object occlusion, as shown in
Figure 6 (a). In this case the ray intersects the scene at the
point A, which is invisible from the EMC and thus not en-
coded in the map. As a result, the nearest visible point B is
returned instead. The other problem is that the obtained re-
sult may not be the first intersection point along the ray. For
example, in Figure 6 (b), either the point A or the point B
may be produced by the method as the intersection point of
the ray with the scene, depending on the initial guess used.
On the other hand, B is a wrong output and only A is accept-
able since it is the first intersection on the ray.

These problems with the existing ray-geometry intersec-
tion method become prominent when the source point of the
ray is far from the EMC. Previous applications of this algo-
rithm are usually on tracing reflected rays of a single reflec-
tive object, which is relatively local. However, these prob-
lems become more serious when applied to photons tracing
since photon rays may be shot from any place over the scene.

5.2. Ray-geometry intersection with multiple images
When using multiple environment maps for photon map-

ping, we need to address the above problems with the ex-
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isting ray-geometry intersection method to ensure robust
and accurate computation. Suppose that several environment
maps with different EMCs are used and photon rays are
tested for intersections with each of these environment maps,
which produce multiple intersection points. Our task is to de-
tect those improper results and select only those acceptable
intersection points.

We start with a classification of the intersections that
can be generated. There are four types of possible resulting
points, as shown in Figure 7:

e Type A: A point at infinity, which indicates no intersec-
tion with geometry;

e Type B: A point on the surface but not on the ray due to
the problem in Figure 6 (a);

e Type C: An intersection point but not the first one due to
the problem in Figure 6 (b);

e Type D: A proper intersection.

C .- D
Infinity -
o

Figure 7: Four types of possible results of the intersection
computation.

.
.
)
.
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When an intersection point is returned by any environ-
ment map for a ray, the proper intersection is identified by
the following procedure. First, a type A point can easily be
identified and the ray will not be further pursued. To detect
a type B intersection p, an error e is computed by the an-
gle deviation 6 between the direction indicated by p and the
direction 7 of the ray P, evaluated as
_ =X

17—
Only points with errors smaller than a predefined € are ac-
cepted. We set the threshold to € = 0.001 in practice and
reject the point as a type B point if e > €; in this case an ac-
cepted point, even if it is of type B, lies very close to the ray
and so is acceptable. Finally, to distinguish a point of type C
from the true first intersection, distances to the origin of the
ray are compared and the one with the smallest distance is
chosen as the final, correct, result. If no acceptable intersec-
tion point is found the photon ray will not be traced further.

e=1 T 07)2.

(€3

Modern graphics cards typically have a limited number of
concurrent texture count, i.e. the environment maps are not
all accessible in a single pass. Therefore the process needs
to be broken down into several passes. In each pass, all the
photon rays are tested with a single environment map. Points
not on the ray are rejected. The distance of an accepted point
to the origin of the ray is stored as the depth value of the
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Fixed bandwidth Variable bandwidth

Figure 8: Glossy reflection of Phong material with expo-
nent=100. Fixed bandwidth splatting produces too blurry re-
Afection of the limbs and shadows, while variable bandwidth
splatting greatly alleviates this problem.

pixel, thus comparison of distances can be performed auto-
matically by depth testing of the graphics hardware.

6. Rendering

For the second pass, rendering, we adopt the photon splat-
ting method [SB97] [LPO3] for indirect illumination, with
only little variations. In this section we will outline of the
procedure briefly to make the exposition self-contained.

Photons are splatted onto screen to provide light for
nearby pixels within a radius of influence h. Irradiance is
computed and accumulated for each covered pixel whose
geometric information is provided by the deferred-shading
geometry buffers. The radius 4 is defined as h = C/(A/N),
like that in [LPO3], where A is the total area of the scene,
N is the number of emitted photons, and C is a parameter
that controls the global bandwidth, which is a balance be-
tween variance and bias. We use a variable bandwidth ap-
proach like that in [HHK*07]. C is selected according to the
probability density function (PDF): C = Cy/,/p, where Cy
is a global parameter and p is the PDF which is clamped
to a certain range [Ppin, Pmax]. The PDF is approximated as
p=cos0/ d* where d is the traveled distance of the photon
ray and 0 is the incident angle. See Figure 8 for the differ-
ence between fixed bandwidth and variable bandwidth.

In order to reduce fill rate, a multi-level up-sampling strat-
egy is adopted. Since indirect illumination is often quite
smooth, photons can be splatted at a low resolution, which
is then up-sampled progressively to full resolution. Places
with high-frequency illumination such as corners are recom-
puted at higher resolution. The up-sampling process is per-
formed multiple times, as shown in Figure 9, like the reverse
of a mip-map generation process. Note that it is not the fi-
nal radiance, but the incoming irradiance on the diffuse sur-
faces, that is up-sampled because the final radiance could be
of high-frequency caused by factors like textures. In addi-
tion, for glossy surfaces, up-sampling is only performed for
its diffuse component, while the glossy component is com-
puted at full resolution.
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Figure 9: Rendering with multi-level up-sampling. Inci-
dent irradiance is first rendered to a small image. Then it is
up-sampled to a higher resolution. This up-sampling is per-
formed multiple times until the full resolution is constructed.
The irradiance is multiplied by the BRDF recorded for every
pixel in screen-space to produce indirect illumination, which
is combined with direct lighting to get the final result.

7. Implementation

Our implementation is on DirectX 9.0c and HLSL with
shader model 3.0. The initial photon textures are generated
like reflective shadow maps, i.e. the scene is rendered using
the light source as the viewpoint. Four textures that contain
the position, direction, flux, and surface normal are gener-
ated. Like traditional photon mapping, caustic photons are
stored separately in an additional texture. Caustic photons
are only shot towards the bounding box of specular objects.

Random numbers needed for photon tracing are pre-
generated and stored in a random number texture. To main-
tain temporal coherence, these random numbers are not
changed when changing elements such as light sources or
geometry of the scene to reduce the variations between con-
secutive frames.

Direct lighting is computed by deferred shading with ge-
ometry buffers in screen-space. Shadows are generated by
shadow mapping with simple PCF [RSC87] for anti-aliasing.
We adopt the method in [SKALPOS5] for reflection and re-
fraction on specular surfaces. The final image is gamma cor-
rected with y=2.2.

8. Results

Our experiments are done on an NVIDIA Geforce 260 GTX
with 512MB video memory, and the CPU is an Intel Core 2
Duo running at 2.2GHz with 2GB system memory.

Figure 1 demonstrates global illumination effects com-
puted with our method. There is no pre-computation so
all elements can be changed interactively. The first scene
demonstrates diffuse indirect illumination inside a box, with

(© 2010 The Author(s)
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three bounces of indirect light. The second scene shows re-
flective caustics caused by a dimpled specular surface. The
third scene is a model of a living room, containing glossy and
glass materials, and some caustic effects under the ball. The
last one is the Sibenik model, which is relatively complex,
that requires 12 environment maps to sample the geometry
while all other scenes are sampled using 8 maps.

Comparison with other techniques are shown in Figure 10.
The first row shows a dynamic water scene with the illumi-
nation under the water surface entirely produced by caustics.
Before ours, Wang et al.’s technique [WWZ*(09] is the only
technique which can interactively simulate this type of illu-
mination without pre-computation. Our technique produces
similar effects with better performance even on a weaker
graphics card. The second row shows an occluder inside a
ring. ISM technique [RGK*08] supports low frequency re-
flection only, so the caustics and shadow are quite blurry.
High frequency effects such as specular caustics are sup-
ported by our technique, and the occluder’s shadow on the
caustics is cast correctly with a clear edge.

We also compare our results with some off-line tech-
niques: path tracing for diffuse inter-reflection effects and
traditional photon mapping for caustic effects (Figure 11). It
is clear that our technique can capture all the GI effects such
as color bleeding, shape of indirect shadows and caustics.

Table 1 shows the performance of our examples rendered
at both resolutions of 1024 x 1024 and 512 x 512. All ele-
ments including light, geometry and camera can be changed
interactively. The EMC selection step takes between 100 ms
to 300 ms, but it is called only once during initialization. A
progressive EMC update is carried out whenever the scene
is changed. When the scene changes continuously, the up-
date is performed every 5 frames and the amortized time is
between 1 ms and 10 ms per frame.

Flg T GP CP B FPSS]22 10242
1 (a) 15k | 376k 0 3 22.3/114
1(b) 21k 91k 89k 1 13.6/12.8
1(c) 84k | 403k | 29k | 3 72154
1(d) 79k | 739k 0 2 13.3/5.5
1) | 58 | 464k | 0 | 1| 208/92
11(c) | 101k | 358k 0 2 15.1/17.5
11(e) | 2.1k 0 164k | 1 38.9/28.2
10(a) | 54k | 536k | 822k | 3 74/63

Table 1: Performance Statistics. T = number of triangles;
GP = number of global photons; CP = number of caustic
photons; B = number of light bounces.
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(a) Ours (b) Wang te al. [WWZ*09]

6.3Hz on Geforce 260 GTX 2.7Hz on Geforce 280 GTX

(c) Ours (d) ISM [RGK*08]
Support high-freq reflection. Only slightly glossy.
60Hz on Geforce 260 GTX 13Hz on Geforce 8800 GTX

Figure 10: Comparison with other techniques. Images and
performance of other techniques are copied from their pa-
pers. (a) and (b) in 1024 x 1024, (c) and (d) in 640 x 480.

9. Discussions
9.1. Image-Space Intersection

Advantages Compared with geometry-space ray tracing,
an image-space method has several advantages. Firstly, be-
cause of the GPU’s powerful rasterization and texture lookup
capabilities, the cost of constructing environment maps on
the fly is so cheap that dynamic scenes are supported without
pre-computations. Secondly, intersection computation time
in image-space is not affected by geometry complexity be-
cause it depends more on image resolution which is rather
constant. Thirdly, image space algorithms can easily adapt
to objects of almost any geometric representation as long
as they can be rendered using graphics hardware. Finally,
its simplicity makes the implementation easy. In our imple-
mentation, we utilize only the most common graphics hard-
ware features such as environment mapping, depth and sten-
cil testing and alpha blending. It does not depend on GPGPU
framework such as CUDA so it is easy to integrate it into ex-
isting games or other real-time applications.

Accuracy Intersections are obtained in image-space. The
discrete nature of pixels could cause errors during intersec-
tion testing. However, it does not cause much noticeable ar-
tifact in the final result because each photon illuminates an
area, when overlapped and accumulated, the errors are usu-
ally averaged out, see Figure 12.
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(¢) Our result (d) Path tracing

(g) Our result

(h) Path tracing

Figure 11: . Comparisons of our results (5-20 Hz) and results by traditional techniques (minutes to hours).

E

Figure 12: Rendering results of global and caustic photons
and their point distributions (lower right). The photons are
distributed rather regularly due to the discrete nature of pix-
els, but no visible artifact appear in the final results.

9.2. Limitations

Geometry Complexity  The intersection algorithm in
image-space is independent of number of triangles, but ob-
viously complex topology of the scene requires more en-
vironment maps to sample the whole scene. Our examples
show that for a single room, even with complex objects in-
side, usually 10 maps are sufficient. However, more com-
plex scenes such as a building with many rooms could re-
quire dozens of environment maps. For such situations, it is
possible that our technique will no longer work due to lim-
ited amount of video memory and processing speed. How-
ever, this is a common problem of all existing interactive
GI techniques. In this paper we demonstrate equal or more
complex test scenes than previous no-pre-computation meth-
ods [WWZ*09] [DS05] [NWO09] or light-pre-computation
methods [RGK*08]. Some techniques [LZT*08] [MLO09]
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can handle very complex scenes with the help of a time-
consuming pre-computation. In fact, if the scenes were pre-
processed for visibility, our method has the potential to
handle similar complex scenes in an out-of-core manner
by maintaining a large number of environment maps and
uses just a few of them inside the current potentially visi-
ble region for photon tracing. However, we only focus on
the method without pre-computation, so handling complex
scenes with pre-computation based methods is outside the
scope of this paper.

The factor of geometry quantity (e.g. number of trian-
gles) limits the performance mainly during the stage of EMC
selection because in that stage the scene needs to be ren-
dered into low-res environment maps for each EMC. Since
exact accuracy is not necessary, we can adopt the imper-
fect shadow map technique [RGK*08] to speed up render-
ing, with the expense of an extra pre-processing stage. Other
techniques, such as occlusion culling and level of details ren-
dering, are also applicable.

Bias In Figure 11, some bias is visible in our results. The
bias is caused by two factors. First, photon mapping is a bi-
ased rendering technique therefore our method also inherit
its weakness such as blurring and boundary bias (darken
on edges), such as the blurred indirect shadow in Figure
11 (g). Nevertheless, since photon mapping is consistent,
the bias can be reduced by using more photons. Figure 13
shows the balance between performance and quality shifts
as the number of photon changes. The other factor is up-
sampling, which lead to incorrect blurring and other errors,

(© 2010 The Author(s)
Journal compilation (©) 2010 The Eurographics Association and Blackwell Publishing Ltd.
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459k /42Hz 75k /9.8Hz 35k/14.5Hz 7.7k/25.5Hz

Figure 13: Quality and performance with different number
of photons. Label under the image indicates Photon Count /
Speed.

such as edges in Figure 11 (c). This bias can be reduced by
re-computation at higher resolution, with a tradeoff between
performance and quality.

9.3. Comparisons with Similar Techniques

Here we compare our technique with other momentous
works on global illumination in the past few years.

RSM [DS05] [DS06] [NW09] produces one-bounce in-
direct illumination only. Besides, indirect occlusions are to-
tally ignored. In contrast, multiple bounces of indirect light
and indirect shadows are fully supported in our technique.

ISM [RGK*08] handles dynamic scenes but requires pre-
processing and only deformation based on original geomet-
ric representation is supported. Additionally, it is only suit-
able for diffuse or slightly glossy materials, while ours sup-
ports high frequency glossy materials (Figure 8) and specu-
lar caustics (Figure 10 (c)).

McGuire and Luebke [ML09] use similar ways as ours
to store photons in textures and use splatting for rendering.
Nevertheless, since they need to pre-compute a KD-tree of
the scene geometry on CPU, dynamic scenes are only lim-
ited to rigid movement of some pre-defined objects.

Compared with [WWZ*(09], which is able to produce
GI of a box scene at 2 to 5 Hz, we can also create most
of the visual effects that their method produces (Figure 10
(a)(b)), except for specular reflection and refraction effects
which they achieve by ray tracing (we use the technique
in [SKALPOS5], which only produces approximated single-
bounce specular reflection). The biggest advantage is that
our method is straightforward and is simple to implement.
Their implementation is very complex and challenging, not
only for the technique itself but also for the techniques it
relies on, e.g. a dynamic GPU KD-tree. Moreover, their im-
plementation depends heavily on special features, such as
arbitrary gathering and scattering of GPU memory, of ad-
vanced graphics hardware (e.g. NVIDIA’s CUDA). In con-
trast, our technique does not require any GPGPU function
and can work with very basic GPU features.

(© 2010 The Author(s)
Journal compilation (©) 2010 The Eurographics Association and Blackwell Publishing Ltd.
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10. Conclusion

We have presented a simple GPU-based photon mapping
technique that traces photon rays in image-space to pro-
duce global illumination interactively. To tackle the diffi-
cult problem of handling global photon mapping in complex
scenes, we represent scene geometry using multiple envi-
ronment maps. We described an effective method for select-
ing environment map centers to provide adequate coverage
of scene geometry and discussed how to robustly compute
ray-geometry intersections with multiple environment maps.
With photon splatting in the rendering stage, the whole pho-
ton mapping algorithm is implemented entirely on GPU.
Global illumination is fully recomputed at every frame at in-
teractive rate, supporting dynamic objects and light sources
without the need for preprocessing.
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Appendix A: Derivation of Equation 1
Here we derive the expression of the covered area of pixel p,
A(p), with notations shown in Figure 4. We have
) S o2
_ Awpl[Xp —V|[” _ AgcosPp||x, — V]|
cos Olp RZcos oy

A(p)

where A®), is the solid angle subtended by pixel p and Ag is
the the image area of each pixel, then:
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Recalling that the area of each pixel is the total image area
divided by the number of pixels: Ag = 477 /Npixel, We get the
expression in Equation 1.
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