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Progressive Photon Mapping 
on the Parallel GPU Architecture

Master Thesis: 

For my master thesis at Utrecht University’s Game & Media Technology master 
program, I’ve studied the adaptability of global illumination rendering algorithms 
to parallel hardware architectures. This master thesis was completed under the 
tutelage of Professor Geoff Wyvill at the University of Otago graphics department in 
New Zealand and was concluded with an 8.0/A- final grade.

The focus of this project was two-fold. On the one hand the emphasis on global illu-
mination algorithms entailed a study into photorealistic image synthesis using indi-
rect lighting effects such as caustics through a wine glass, softly scattered illumina-
tion using diffuse reflection and the color bleeding perceptible in both of these 
effects. On the other hand the emphasis on recent developments in parallelism on 
modern hardware architectures allowed for research into the adaptation of these 
innately parallel rendering algorithms to cutting edge commodity parallel hardware 
platforms. The main focus of this master thesis lay on the problems encountered 
when combining these two aspects.

The preliminary research of this master thesis consisted of a study into the differ-
ent global illumination methods and parallel hardware architectures. The Photon 
Mapping rendering algorithm (Wann Jenssen) was chosen for parallel adaptation 
due to the inherently parallel properties of both its photon shooting phase and 
the per-pixel ray tracing based gathering phase. The parallel hardware architecture 
of choice became Nvidia’s Compute Unified Device Architecture (CUDA) due to its 
massive parallelism, floating point operation throughput, suitability for commodity 
computing and C-like programming language. Furthermore, the research potential 
accompanied with combining the popular Photon Mapping algorithm with the 
modern unified GPU pipeline allowed for some very cutting edge and contempo-
rary relevant work.

The core research for this thesis encompassed a variety of topics that required 
a full reading of “Advanced Global Illumination” (Dutré et al) to have a thorough 
academic understanding of the mathematics behind the physical behavior of light. 
Furthermore, for the specifics on the Photon Mapping algorithm the seminal book 
on “Realistic Image Synthesis using Photon Mapping” by Dr. Wann Jenssen has been 
studied in full. 

(continued on the next page)
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Epicurus, the CUDA based Progressive Photon Mapping rendererer created for my master thesis.
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In the context of this research a CUDA based Photon Mapping renderer named 
‘Epicurus’ has been constructed. Part of this implementation included the parallel 
adaptation of a nearest neighbor search algorithm, for which construction and tra-
versal algorithms of the spatially aware point-based uniform grid and KD-tree data 
structures were rewritten to parallel variants. Although the ray tracer presented at 
the graphics course entry of this portfolio would have made for a solid develop-
ment base for Epicurus, a CUDA based ray tracer constructed for another master 
thesis by Michael Phillips at the University of Otago was found to be an even better 
fit as a framework. Adoption of this framework entailed a full analysis, commenting 
and efficiency refactoring iteration of the code, the results of which are fully docu-
mented in the source code and its change log.

Although Epicurus serves its main goal by demonstrating that modern day consum-
er-level hardware has become a viable platform for near real-time implementation 
of Photon Mapping through use of its massive parallelism and high floating point 
operation throughput, it also exposes some of the fundamental issues of Photon 
Mapping when adapted to parallel hardware architectures. The first of these is the 
high dependency on memory size and bandwidth accompanying the high num-
ber of photon map queries, which happens to be a common bottleneck shared 
between many parallel architectures. The second issue is the increase in required 
memory latency hiding due to the heavy heap dependency of the nearest neighbor 
algorithm. The last issue is the lowered core occupancy due to the high number of 
code divergences in the associated data structure traversal mechanisms.

(continued on the next page)
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Copyright by Carlo Vloet.Epicurus, the CUDA based Progressive Photon Mapping rendererer created for my master thesis.

As an encore to this thesis’ research, a novel solution to these remaining problems 
is found by expanding Epicurus with a parallel adaptation of Progressive Photon 
Mapping (Hachisuka et al), which is an algorithm similar in vein to Photon Mapping 
that approaches the problem from a different perspective. This algorithm has been 
selected due to its shared benefits of Photon Mapping while being solely memory 
bound on the size of the image instead of the number of photons used, making 
it a perfect fit for the bottleneck posed by the GPU’s global memory limitations. 
Additionally, since Progressive Photon Mapping’s radiance estimate does not rely 
on the nearest neighbor find algorithm and uses simplified data structure traversal 
algorithms, the amount of code divergences and stack dependency are also signifi-
cantly reduced.

Through this example of Progressive Photon Mapping as an alternative for paral-
lel adaptation to classic Photon Mapping it is shown that inherently parallel global 
illumination algorithms can form a nice fit for the GPU architecture, as long as the 
properties of the specific algorithm are adapted in such a way that they maximize 
the benefits and minimize the drawbacks of the specific parallel architecture. The 
relevancy of this topic is further attested by similar work published by Hachisuka et 
al on Siggraph Asia 2010.

Ongoing development of Epicurus is continued in the role of a hobby project and 
its source code and change log can be obtained upon request. It also serves as a 
further test platform for advanced graphics related topics, such as comparisons 
between global illumination algorithms, support for dynamic scenes and further 
parallel adaptations of algorithms such as the nearest neighbor search and final 
gathering. 

Furthermore, its development also led to promising potential future research on 
using precomputation to improve certain parallelized aspects of Photon Mapping, 
similar in fashion to work done by Wang et al (2009) on enabling irradiance caching 
on parallel architectures. 

Finally, continued work is also done on Epicurus in the context of further course-
related research, as a reading of “Real-Time Rendering” (Akenine-Möller et al) has 
inspired a comparative experimentation project on object-object intersection 
routines in the context of ray tracing.
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Visualizing Temperature Data in 3D using OpenGL
Bachelor Thesis: 

ClimaView3D, the OpenGL-based temperature/climatological data visualization program. 
Copyright by Carlo Vloet and Van Schaik Innovation Handling B.V.

4

For my bachelor thesis internship at Fontys University of Professional Education,
I worked for half a year at Van Schaik Innovation Handling, which is a multidisci-
plinary research & development company creating equipment for measuring spatial
climatological information. My project there consisted of visualizing layers of two
dimensional measurement data in a three dimensional manner. 
The internship was completed with an 8.0/A- grade.

The design and implementation of this project has been preceded by research on
the possibilities of displaying and manipulating existing temperature data in a two
and three dimensional manner. The core research of this thesis consisted of an
intensive study of the “OpenGL Programming Guide (redbook)” (Shreiner et al) and
Neon-Helium’s OpenGL tutorials (nehe.gamedev.net). Furthermore, since my work
formed a module in an overarching application, this project required collaboration
in creating the global programming design model and cooperation with colleagues
specialized in various disciplines for integration of the visualization module.

The project resulted in a rasterization based rendering engine which takes control
data from a 8051 microcontroller and mathematical data from Matlab as input and
outputs a fully navigational three dimensional visual representation of multi-layered
temperature and airflow data. During this research I’ve also implemented a
seperate renderer as a support framework for visual testing/debugging.

The image included in this portfolio displays an example of the temperature data
visualization. It shows three orthogonal views from the three individual axes and
one three dimensional perspective view. The application includes full camera
navigation of the perspective view, full control over temperature slices in all axes,
the possibility to move through various data models (temperature, airspeed and
airflow) and several visual supporting mechanisms to make interpretation of the
visualized data more user friendly.
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This Game & Media Technology master program course focused on introducing
academic concepts in the graphics field. Topics included advanced linear algebra
(e.g. Gaussian elimination, determinants, ray-object intersection optimizations for
several implicit/parametric surface primitives), rendering techniques, graphics
pipelines, shading models, global illumination algorithms, spatial data structures,
view frusta, clipping/culling techniques, constructive solid geometry and many
more. This course required an intensive study of “Fundamentals of Computer
Graphics” (Shirley et al).

To place the theoretical knowledge in a practical context, part of the course con-
sisted of creating our very own ray tracer. For this purpose we were provided with
an application consisting of the basic skeleton structure and parsing functionality, 
in order to enable the student to fully focus on the actual graphics aspects.

The ray tracer constructed for this course included support for multiple primitives
(triangles, planes, spheres) with optimized intersection algorithms, Gouraud and
Phong-Blinn shading, texture mapping, bilinear filtering and Perlin noise. This
framework continues to function as a nice test platform for various graphical effects
(e.g. field of depth, anti-aliasing, soft shadows, bump/displacement mapping, etc).

Constructing a Basic Ray Tracer
Graphics Course: 

Graphics course ray tracer. 
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The main focus of the Virtual Worlds course of the Game & Media Technology 
master program was on academic topics concerning physics in games. Some of the 
topics included mass, inertia, kinematics and dynamics of rigid bodies and particles. 
Furthermore, this course also touched upon some conceptual topics about 
networking in games, like dead reckoning.

To see these physics and networking topics at work, we were given a visual frame-
work using ODE and OGRE, providing the student with a solid base to focus on 
implementing physics and networking aspects directly.

Physics implementation: The main focus of this part of the practical consisted of 
implementing physical surface properties of contact joints, including the coefficient 
of restitution (bounciness), softness constraint forces and static and kinetic cou-
lomb friction coefficients. Further techniques that were implemented include colli-
sion detection and handling, laminar/turbulent air drag forces and wind influence.

Network implementation: For the second part of the practical, focus lay more on 
client/server interaction. To demonstrate this, we were asked to implement dead 
reckoning with first and second order prediction algorithms. Once the server finds 
out that the client’s prediction is different from the real physics data by a certain 
margin, either snap or linear convergence will be activated to correct the situation 
on the client side.

Game Physics and Networking in ODE
Virtual Worlds: 

Copyright by Carlo Vloet. Framework copyright by Arno Kamphout.
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Virtual Worlds OGRE/ODE based physics/networking application.
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The three dimensional modeling course of the Game & Media Technology master 
program divulged information on topics like model representation using curves 
(analytic, bézier, b-spline, rationals, nurbs) and surfaces (meshes, implicit, paramet-
ric, subdivision), shape acquisition and reconstruction, procedural modeling, model 
simplification and animation. For this course’s practical there was an emphasis on 
curvature techniques and shape reconstruction by implementing a simple Spiro-
graph simulation and surface reconstruction application. 

A | Spirograph Simulation: program analyzing the approximation efficiency of 
splines to a subset of implicit curves called ‘The Rose’ (mathworld.wolfram.com/
Rose.html). Clever use of these specific mathematics resulted in formulaic simplifi-
cation, increasing processing efficiency. The program visualizes the approximation 
of cardinal & hermite splines to the original curves and gives the user various tools 
like variable control points & error percentages.

B | Surface reconstruction: using statistical analysis to retrieve an approximation 
to the original surface of a point cloud. Various statistical techniques, including 
principle component analysis, Prim’s algorithm, Hausdorff signed distance functions 
and contour tracing using marching cubes were used. The result is a program that 
recovers surface description belonging the point cloud measurement data input, 
including debug options that visualize each step of the simulation.

Spirograph Simulation and Surface Reconstruction
3D Modeling Course: 

Copyright Carlo Vloet & Dennis Cappendijk. Copyright Carlo Vloet & Dennis Cappendijk.A B
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The Rose, an application for testing spline performance. Surface Reconstruction, an application for testing spline performance.


