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Abstract

In the evolution of virtual reality environments and comgngames we observe an ever-growing demand
for realistic e ects such as swashing water, rising smoke, dancing re osimhs or caustics. To be used
in such environments, interactive simulation and rendgtréthniques have to be realized on consumer
class PCs.

This thesis aims at exploiting graphics processing uniB§) for this purpose. We targetthe GPU as
a numeric coprocessor for a couple of reasons. First, amdetheir current utility, GPUs present the rst
commercially successful examples of a class of future caimgarchitectures key to high-performance,
cost-e ective supercomputing. Mainly driven by computer gamesl&Rave now evolved to a fully
programmable and highly parallel vector processor. Seamthe simulation is carried out on the GPU,
simulation results are already where they are needed fplagis-in local GPU memory. This eliminates
CPU-GPU data transfer, which is likely to become the bo#itdrotherwise.

To be able to implement general techniques of numerical coimgpon the GPU, a GPU abstraction
for this kind of application is required. Therefore, we haeveloped a linear algebra framework. This
framework allows the programmer to abstract from the uyileglGPU data structures and algorithms,
and to focus on the application itself rather than the GPUeémgentation. Based on this framework we
have implemented ecient algorithms for solving large systems of linear equati and we have used
these algorithms to solve partial dirential equations such as the wave equation or the NatageS
equations on GPUs.

The proposed framework facilitates the use of numericalikition techniques to drive real-time
visual e ects. By using simulation results to advect geometric pives on the GPU, saving displaced
positions in graphics memory, and then sending these posithrough the GPU again to obtain images
in the frame buer, a variety of di erent e ects can be generated. In combination with particle prugdti
and 3D textures, for the rst time ever is it now possible tmslate and render dynamic 3D ects in
real time on consumer class PCs.

In addition to physics-based simulation of uid phenomeinahis thesis we also present new tech-
nigues to simulate optical ects caused by such phenomena; i.e., caustics that canrappeaever
lightimpinges upon re ecting or transmitting material. § proposed techniques neither require any pre-
processing nor an intermediate radiance representatiointhey can thus deal eciently with dynamic
scenery and scenery that is modi ed, or even created on thé GP






Zusammenfassung

In der Entwicklung von Computerspielen und Virtual-Realitmgebungen lalt sich seit einiger Zeit
ein wachsender Bedarf an realistischenekten, wie z.B. Wasser, Rauch, Feuer, Explosionen oder
Kaustiken, beobachten. Da derartige Softwareumgebungdmeadelsublichen PCs betrieben werden,
mussen zunehmend Algorithmen zur interaktiven Simutatiiod Darstellung auf genau dieser Architek-
tur entwickelt werden.

Ziel dieser Arbeit ist es, aktuelle Gra kkarten — sog. GraggtProcessing Units (GPUs) — fiir diesen
Zweck zu verwenden. Fir den Einsatz von GPUs als numerisapmzessoren gibt es mehrere Grinde.
Zum Einen sind GPUs die erste kommerziell erfolgreiche Maré einer zukiinftigen Klasse von giinsti-
gen, leistungsstarken Supercomputern. Angetrieben diiectandig steigenden Anspriiche der Spielein-
dustrie, haben sich diese GPUs inzwischen zu frei programuaien, hochgradig parallel arbeitenden
Vektorprozessoren entwickelt. Zum anderen fuhrt die \é@relung von GPUs zur numerischen Sim-
ulation dazu, dass die Simulationsergebnisse direkt imk&agtenspeicher verfigbar sind und ohne
Umwege angezeigt werden konnen. Somit wird der zeitanéige CPU-GPU Datentransfer vermieden,
der sonst zum Flaschenhals vieler Applikationen werderde:

Um allgemeine numerische Techniken auf einer derart sligeiden Hardware einfach implemen-
tieren zu kdnnen, muss eine GPU-Abstraktionsschicht arfiigung gestellt werden. Aus diesem
Grund wurde im Rahmen dieser Arbeit zunachst eine Bibdibtfiir lineare Algebra auf GPUs entwi-
ckelt. Dieses Framework abstrahiert von den grundlege@ield-Datenstrukturen und Algorithmen
und erlaubt dem Programmierer, sich auf die EntwicklungeseApplikation zu konzentrieren, ohne
sich mit der GPU-Programmierung auseinander setzen zgenig\ufbauend auf diesem Framework,
bestehend aus elementaren Operationen der linearen Algebrden im Verlauf der Arbeit komplexere
Algorithmen entwickelt, z.B. e ziente Loser fur groRe Systeme linearer Gleichungensé#dgorith-
men erlauben partielle Derentialgleichungen wie z.B. die Wellengleichung oder Mavier-Stokes-
Gleichungen auf der GPU numerisch zu losen.

Das in dieser Arbeit vorgestellte Framework erleichteet derwendung numerischer Simulations-
techniken zur Generierung echtzeitfahiger visuelleeEe. Durch die Verwendung der Simulations-
ergebnisse zur Steuerung geometrischer Primitive dingkder Gra kkarte und der Moglichkeit, diese
Resultate direkt wieder auf dem Bildschirm anzuzeigennlane Vielzahl verschiedener Ekte erzeugt
werden. Beispielsweise wird durch die Kombination von 3®dTliren mit Partikeln zum ersten Mal die
Simulation und Darstellung dynamischer dreidimensiaraleskte in Echtzeit iberhaupt ermoglicht.



iv Zusammenfassung

Zusatzlich zur reinen Simulation von Stomungsphanameverden in dieser Arbeit auch neue Tech-
niken zur Darstellung optischer Ekte, welche durch die Anwesenheit des Fluids auftretésgutiert.
Ein Beispiel fur solche Eekte sind Kaustiken. Diese entstehen, wenn Licht von geteilOber achen
re ektiert oder refraktiert und somit gebiindelt oder geat wird. Da alle hier vorgestellten Techniken
keinerlei Vorverarbeitung bedurfen, kdnnen sie ohneséfinankungen fir dynamische oder erst auf der
Gra kkarte erzeugte Szenen eingesetzt werden.
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Chapter 1

My Thesis

This dissertation demonstrates how today's graphics @sicg units can be eciently used for interac-
tive simulation and rendering of uid eects in computer games and virtual environments.

1.1 Introduction

In recent years there has been an increasing demand fastieattural e ects in virtual environments,
computer games, “infotainment” and scienti ¢ applicaoMany of these applications require real-time
generation, interaction, and display of sucleets, not only on supercomputers but on commaodity PC
hardware. On such commodity PCs most of the rendering wadkleespecially for 3D graphics—is
performed on the graphics card or the graphics processin§&iRU). To keep up with the ever-growing
demands of computer games, the computational power of thB&és has increased dramatically in the
last couple of years, more than tripling Moore's Law. Cutren-the-shelf GPUs outperform commodity
CPUs including recent multi-core models by an order of miagia. This alone lets them appear ideal
platforms for numerical simulation. Even more importarthis fact that the bus performance of today's
PC systems can not keep up with the ever increasing amoumtafeing required, and the processing
speed of both the CPU and the GPU. Therefore, an increasimgrtd exists to transfer not only the
pure rendering workload to the GPU but also to perform theukition on this fast and highly parallel
coprocessor thus avoiding unnecessary bus transfer.

In this thesis a multi-layer framework is developed thatwali for e cient simulation and rendering

3



4 Chapter 1. My Thesis

of uid and uid-related e ects on commodity PCs at interactive frame rates (see Figlije The foun-
dation for the numerical simulation is formed by a linearediga framework on the GPU. Similar to the
BLAS/LAPACK partition more complex algorithms for solving veargie sparse systems of linear equa-
tions are implemented on top of the basic framework. Thegaridhms in turn are used to solve ODEs
and PDEs such as the shallow water or the Navier-StokesiegaatSince the simulation is directly
executed on the graphics card it is ready for display andiresjno time-consuming data conversion or
bus transfer.

Visual simulation Computer

_ . graphics Visual computing
Education and training applications
Basis linear GPU as workhorse General linear

algebra operators / for numerical computations \ algebra package

High Programmable GPUs Parallel
bandwidth computing

Figure 1.1: Using commodity GPUs with their enormous bamitlvand parallel computing capabilities
as the foundation, a general linear algebra package is @il package in turn, is used for computer
graphics applications such as virtual environments, cdaerames, or education and training systems.

In addition to the actual simulation of uid phenomena, tthigsis also presents new ways to simulate
and render eects that originate from the presence of the uid. Suckdas include the interaction of light
with water surfaces such as caustics or light rays as weli@simulation and rendering of other matter
being in uenced by the simulation such as smoke, re or othaiticle-based phenomena. By using the
techniques described in this thesis, all of theseats can be simulated and rendered on today-she-
shelf PC-hardware. By doading the computation entirely to the GPU, the CPU is foggdrform other
tasks. In virtual environments these tasks can be trackioljsion-detection, etc. while in computer
games the CPU can be more @ently used to compute player Al, path nding, and other igpiens.

1.2 My Contribution

Before | started to write this dissertation | read a few astter nd out how to do it best. | realized that
many authors focus their theses strongly around their patidins thus making clear where one of their
papers ends and the next one begins. However, to make tleetdi® more interesting for the interested
reader | decided to write it in a derent way, more like a book about the topic “Interactive Satian
and Rendering of Fluid Eects on GPUs” rather than a collection of my papers. That sadl use the
rest of this section to brie y summarize my papers that lethts thesis.

Figure 1.2 shows the chronological order and the conneztiotong selected papers of mine. A very



1.3. How to Read this Thesis 5

Linear Algebra Operators 5 . . Interactive

for GPU Implementation Numerical Simulations Screen-Space Accurate

of Numerical Algorithms. on PC Graphics Hardware Photon Tracing on GPUs
-

TomE

A Particle System for
Interactive Visualization
of 3D Flows GPU Simulation and Rendering

Acceleration Techniques of Volumetric Effects

for GPU-based

Volume Rendering.

] —J= "

for Computer Games
and Virtual Environments

Figure 1.2: Important papers in my research and their desresiels.

important building block of my work was the paper “Linear Alyya Operators for GPU Implementation
of Numerical Algorithms” [69] that lays the foundation of af the numerical simulations presented later
[64, 66, 71]. In the paper “GPU Simulation and Rendering dixfetric E ects for Computer Games
and Virtual Environments” [70] fast extensions to pseudbs8nulation and a novel approach to control
the uid-based eects is presented. A second line of research consists oernagdoriented papers,
namely “Acceleration Techniques for GPU-based Volume Reind” [68] and “A Particle System for
Interactive Visualization of 3D Flows” [65] that form the &ia of most of the rendering algorithms used
in the later papers to display the simulation results. Rintde paper “Interactive Screen-Space Accurate
Photon Tracing on GPUs” [64] demonstrates how to integteetects into our target applications such
as games and virtual environments.

1.2.1 My Thesis, Our Thesis?

Since it seems to me that there exists no “gold standard”lveinéod write a thesis in singular or plural,
| decided to stick with the “academic plural” as used in maststi ¢ publications. In my opinion this
re ects best the way the results presented here were achi&@ertainly this work would not be as it is
without the help of my colleagues, students, and last bt leg supervisor Rudiger Westermann.

1.3 How to Read this Thesis

The structure of this thesis is similar to my research patr ¢he last four years as it is depicted in
Figure 1.2. In principle, the dissertation is designed tsdguentially read, from cover to cover espe-
cially by readers with no or only very little knowledge ab@PU programming. The more experienced
GPU programmer may want to skip the introduction and hissegtions and start directly with reading
Chapters 3-6. Then again, someone familiar with the prlasipf volume visualization may want to



6 Chapter 1. My Thesis

skip Chapter 5. In the nal chapter we will recapitulate thegented work and take a look at the “big
picture,” the applications that use the proposed algosttand nally elaborate about future work. The
“big picture” is presented at the end of this thesis rathantht the beginning since many of the concepts
needed to understand this work are explained in the pregaeit. Nonetheless the reader is welcome
to peek ahead and start reading with Section 7.1.

1.3.1 Dependencies Between Chapters

The following information is of particular interest for mers who want to read only individual chapters.

The chapter dependencies are similar to the contributiofsgure 1.2. Since all of the chapters
built on top of each other, there is always a certain deperyden the previous chapter. This is most
obvious in Chapters 3 and 4, which should be read togetheap€h5 describes how to display the
results of the simulations from the previous chapters. Thusses a lot of material presented before.
The description of the integration of uid ects into real-world scenes in Chapter 6 is designed to give
enough information to be self-contained. The methods de=tin the nal chapter depend on the entire
previous text as it summarizes the whole thesis. Howeveuitkly answer the question “What has been
done in this dissertation?” it is self-contained as well.
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Chapter 2

“A Short History of GPUs”

The work presented in this thesis is motivated by the trermesdadvances in GPU technology and
performance over the last decade. Graphics hardware helslygadvanced from supercomputer-sized
rendering servers and workstations to small and inexpei&ivadd-on cards. In particular, the graphics
chips on these PC boards have evolved from simple analdigital converters into highly parallel,
almost arbitrarily programmable stream processors. Dubdaapid change in hardware capabilities
there exists a close connection between the graphics ARISGPU features, and the work presented
here. Therefore, this chapter gives a brief overview of thst,ppresent, and near-future features and
limitations of the software and the hardware used in GPU pamogning. Important related publications
in the sense that they present applications of GPUs for gagpother than graphics applicatioase
referenced in this history recap. This allows for a chrogalal classi cation. For a thorough review
of all the GPGPU work from the early days of GPU programmintl wacent advances the reader is
referred to Owen et al.'s state of the art report on GPGPU.[82]

2.1 Today's GPU Pipeline

Before we start with the GPU history we rst make ourselvasifar with the basic structure of a GPU
asitis used in today's PCs (see Figure 2.1). Technically & SR parallel SIMB stream processor. As
can be seen in Figure 3.1, this processor takes a streamtexd&ta and pushes it through a prede ned

These applications are often called GPGPU applicatiorth, @PGPU standing foBeneralPurpose Computation 08P Us.
YSIMD = Single Instruction Multiple Data
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User / Driver
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Figure 2.1: The image depicts the data- ow in a computer giegapplication. First the scene is de-

composed into single triangles, which are sent in a streaimet&PU. On the GPU, the input assembler
schedules the triangles into the vertex shaders. Thesetranitsform each vertex and output the new co-
ordinates and attributes. These values are passed to teazasand reassembled with the information
provided by the input assembler. The rasterizer computesdkierage of each primitive on the screen
and outputs a new stream of covered fragments. Each of theggménts carries the linearly interpolated
vertex values. This stream is passed to the pixel shadeesseTimits perform per-fragment operations
such as texture-lookups. Next the fragment stream is hatodéhte blending and fragment operations
stage. In this nal stage fragment operations, such as tpthetest to resolve visibility, and blending are

performed.

pipeline, until the output stream—a set of fragments— pakaches either the screen or is stored in a
memory array—a texture. The following list gives an ovew i the stages in such a graphics pipeline:

Input Assembler: This pipeline stage combines data from multiple inputastis; e.g., normals,
positions, texture coordinates, and schedules this datdhie vertex shaders.

Vertex Shader. This programmablestage takes all per-vertex information and usually perform
transform and lighting; e.g., conversion from model-spate view-space, projection, and per-
vertex Phong illumination.
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Rasterizer. The rasterizer converts the continuous triangle cootdmato discrete fragment in-
formation. It computes the screen coverage of every treaagt interpolates per-vertex attributes
over it. For this purpose, the rasterizer takes the outptitret vertex shader calls, combined with
adjacency information from the input assembler.

Pixel Shader. This programmablepipeline stage is invoked by the rasterizer for every fragime
covered by a triangle. It takes as input the interpolatetexeralues. All values that vary non-
linearly over the triangle have to be computed in this stagech computations include texture
mapping and Phong shading.

Blending and Fragment OPs The nal stage of the pipeline computes how the color output
of the pixel shader is combined with the values already mteisethe frame-buer. Such opera-
tions include the depth-test, to resolve the visibility opea-fragment basis, or alpha-blending if
semitransparent objects are to be rendered.

2.2 APIs Overview

Since the introduction of standardized graphics APIs ssdB@enGL [81] or DirectX [78] no real-world
application that makes use of GPU features tries to commatmigith the hardware directly anymore.
All programs rely on a graphics API to abstract from the achsdware implementation. This API
layer in turn relies on the graphics driver to eiently communicate with the GPU. Just as any graphics
application we too will use APIs such as OpenGL or DirectXhistwork. Although it requires some
imagination to map linear algebra constructs such as \&atwl matrices to textures and triangles, the
use of a standard API is the most eient and often the only possible way to use the horsepower of
today's GPUs. Therefore, in the following section a shatrtdduction to the most popular APIs is given.

2.2.1 OpenGL & Direct3D

Today, OpenGL and DirectX or more speci cally the Direct3lbsystem of the DirectX APlare the de-
facto-standards that are used for GPU programming. Opendalinitially speci ed by Silicon Graphics
Incorporated in 1992 as the successor of their propriet@&s$L library. The rst version of Direct3D
was released about tree years later by Microsoft. In aorteto create a single graphics API there
even existed a joint project between many vendors in 199ddireg Microsoft and SGI. This new API,
called Fahrenheit, should also include scene-graph fomality. However, it was abandoned for “various
reasons® and thus OpenGL and DirectX still coexist, at least on MiofosVindows systems. Today,

2The term DirectX is used throughout to address Direct3D;esthe graphics community—for no apparent reason—is used to
call the graphics library by the name of the superordinatérfgine.

X[After the project was abandoned] The engineers involve8Githeld a beach party in celebration—complete with bon res
on which they burned piles of Fahrenheit documentation3]11
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the choice between these APIs rather depends on the expedad preferences of the programmer than
on the APIs themselves. However, there exist somerinces that a new user should consider before
starting a project.

In general, both APIs map to the same hardware; thus, masediihe there exists a one to one map-
ping from DirectX code to OpenGL code and vice versa. One @ftindamental design dérences lies
in the way new functionality is added to these APIs. While @Bk has the notion of “extensions” that
allow hardware vendors to add arbitrary functionality toe@@L, DirectX is under closed supervision
of Microsoft. DirectX usually requires a feature set whishbeyond the currently available hardware
generation and only if the hardware reaches this level aftfanality and grows beyond, an entirely new
DirectX version is released. For the programmer, the Opealantage is instant access to new and
sometimes experimental hardware functionality but on therchand it makes the code vendor-dependent
and sometimes even unusable if an experimental extensitindentinued. The DirectX developers on
the other hand can be certain that a well-de ned set of GPUlsswpport their applications; however,
they may have to rewrite parts of their programs every fouvégyears when a new DirectX version is
released and access to the new features is required. Lasttdaast OpenGL has the advantage of being
platform-independent over DirectX, which is only suppdrby Windows, the XBox and the new XBox
360.

2.3 Graphics Hardware and Software

2.3.1 Workstation Graphics

The basic principles of the graphics hardware that we aiegéetoday's PCs is derived from the huge
workstation graphics systems such as SGI's RealityEndiharid the In niteReality [79]. As early as
1993 SGl introduced the RealityEngine, which featured tihéCBgraphics pipeline with parallel vertex
and pixel engines. Although the limited possibilities in9B%indered a tight integration on a single
chip making it hard to see the similarities to a GPU today, geeeral idea of the graphics pipeline
has remained almost the same since then. This should noblsetprising considering that even today's
GPUs still use the same API, namely OpenGL, and still the gaaople that developed graphics hardware
for SGI, design GPUs for today's leading graphics companies

2.3.2 PC Graphics

For commodity PCs the GPU history is even shorter as the ehafitle already suggests. To recapitulate
all relevant hardware developments, it is stient to start in the year 1999. From the many vendors in the
mid-90s today practically only NVIDIA and ATI survived thapid evolution and the hard competition
amongst GPU vendors. Since the software and hardware gogréhe GPU evolution is closely cou-
pled, | will use both NVIDIA and ATI cards to depict the statietloe art in GPU hardware and software.
As can be seen in Figure 2.2, NVIDIA and ATI were always moréess on a par in terms of both, Il
rate and vertex processing performance, as well as feagtire s
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Figure 2.2: Pixel and Vertex performance of NVIDIA (left)daATI GPUs (right).

released| transistors| verticegsec| fragmentésec
TNT2 | 1999 7™ N/A 350 M
GeForce 256 1999 23 M 15M 480 M
GeForce 2| 2000 25M 21 M 664 G
GeForce 3] 2001 57M 25M 800 G
GeForce 4/ 2002 63 M 75 M 12G
GeForce FX| 2003 130 M 187 M 206G
GeForce 6800 2004 222 M 600 M 6.4G
GeForce 7800 2005 302 M 1.1G 132G

Table 2.1: NVIDIA's GPU History.

released transistors| verticegsec| fragmentssec
Rage 128/ 1999 13 M 8M 200 M
Radeon| 2000 30 M 30 M 366 M
Radeon 8500 2001 60 M 69 M 11G
Radeon 9700 2002 110 M 325 M 26G
Radeon 9800 XT| 2003 110 M 412 M 3.3G
Radeon X800 XT PE 2004 160 M 780 M 8.32G
Radeon 1900 XTX 2005 384 M 13G 104G

Table 2.2: ATI's GPU History.

2.3.3 Early PC Graphics Hardware

Our little GPU history starts in 1999 with the last PC graghi@rdware generation without complete
vertex processing capabilities, such as ATI's Rage 128 ofDNA¥s TNT2 (see Tables 2.2 and 2.1).

These GPUs were capable of performing most of the fragmeegsing, such as texturing or blend-
ing but lacked the complete geometry transformation, amevpeex lighting stage as speci ed by the
OpenGL pipeline. This hardware generation was still to¢rieted and incomplete for serious GPGPU
computation; thus, to our knowledge no GPGPU algorithmsemesg of PC hardware those days.

2.3.4 From Fixed-Function Hardware to Register Combiners

Later in the year 1999 the rst consumer graphics card witheseprocessing capabilities—called T&L
(transform and lighting)—became available, the GeFor& Zhis card not only implemented the entire
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OpenGL pipeline in hardware but also featured another itapomovelty, the programmabtegister
combiner(see Figure 2.3). These register combiners, although estyicted in functionality and ex-
tremely cumbersome to con gure, began to change the ideaxefdafunction pipeline in favor of a new
programmable stream architecture. Although earlier gatimrs featured a combiner a stage as well, the
GeForce 256 was NVIDIAs rst card with a customizable comi.

This was the rst important step towards almost arbitraplpgrammable GPUs as we see them
today. With the GeForce 256 NVIDIA also introduced the teril

“A GPU is a single-chip processor with integrated transfgiighting, triangle setufelipping and
rendering engines that is capable of producing a minimumOafillion polygons per second[21]

which happened to mach exactly the GeForce 256 speci cation

Although exclusively designed for graphics-only applicas, graphics processors of that time with
non-programmable (* xed-function”) pipeline inspiredisatists to use them for “non-graphics” appli-
cations. Possibly the rst to do so were Lengyel et al. whadusesterization hardware for robot motion
planning [73]. Ho et al. described the use of z-ber techniques for the computation of Voronoi dia-
grams [48] and extended their method to proximity deteci®}. Bohn et al. [12] used xed-function
graphics hardware in the computation of arti cial neuraivmerks. Convolution and wavelet transforms
with the xed-function pipeline were realized by Hopf andtEH50, 51]. Rumpf and Strzodka [91]
analyzed the applicability of graphics hardware to nordirgi usion operations.

2.3.5 Shader 1.x

With Microsoft's DirectX APl becoming more and more popudend version 7.0 supporting 3D graphics
hardware for the rst time, the vendors began to tune theidivare and drivers for DirectX's speci -
cations. When Microsoft released version 8.0 with prograle vertex and pixel shaders in late 2000,
hardware could be rated by which version of these shadess sugaported. In the process of introducing
updated versions of DirectX 8, Microsoft created a sequafcghader speci cations. Most of these
versions were designed in close collaboration with the GBwers to match a particular hardware such
as the Pixel Shader 1.4 speci cations being introduced fbf'sARadeon 8500 card. While every 1.x
version became more powerful than its predecessor, stilraaemingly odd restrictions remained, such
as a certain order of calls had to be obeyed or variables wayeabtlowed for certain purposes. These re-
strictions were imposed due to limitations of the undedptimrdware, such as a lack of dependent fetch
capabilities etc. While the Shader 1.x improvements wer@amMn for game e ects, the limitations
imposed massive restrictions for non-graphics applicatan GPUs. In particular, the limitation to 8-bit
xed point precision in the pixel shader proved to be a sesibarrier for GPGPU algorithms.
Regardless of these restrictions researchers becameaitlaegossibilities of commodity PC GPUs.
Trendall and Steward gave a detailed summary of the typesapatation available on these GPUs [105],
Thompson et al. [104] used the vertex processor to solve-8ai8 ability problem and to perform ma-
trix multiplication. To overcome the 8-bit limitations ihé much faster pixel shader, Strzodka showed
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Figure 2.3: NVIDIA Register Combiners (simpli ed). The tdfnage shows a general combiner while
the right is a nal combiner with restricted functionaliti2epending on the GPU generation up to eight
general combiners could be con gured to work in a pipeline.

how to combine multiple 8-bit texture channels to creattuair16-bit precise operations [101], and Har-
ris analyzed the accumulated error in boiling simulatiorragions caused by the lack of precision [42].

While most this early work, due to the restrictions of thedweare, never made it into real-world
applications, the ideas presented in these papers ingpiaeyy scientists to take a closer look at the
upcoming Shader 2.0 graphics hardware. This new standanthated many of the drawbacks of the
previous generation.

2.3.6 Shader 2.0 and Floating Point Precision

As mentioned before the next big step in GPU evolution wasiritreduction of the Shader 2.0 API
and its implementation by the graphics card vendors in 202 ATI's Radeon 9700 and NVIDIAS
GeForce FX. The hardware supporting this APl had practicgadhe of the semantic restrictions of the
earlier shader versions left. In Shader 2.0 the only regiris that were left were the length of the
shader program and the number of texture fetches as welkkagaalependencies. However, even these
restrictions were soon removed with the vendor speci ¢ ®naérsions 2.0a (NVIDIA) and 2.0b (ATI).
Apart from the removal of the semantic restrictions in theaseand pixel shader the vendors introduced
oating point textures as well as oating point arithmetit ihe vertexand pixel stage.

In the scope of this thesis and for GPGPU programming in getieis was probably the most im-
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portant improvement to previous hardware generations. fattehat Shader 2.0 functionality together
with the availability of oating point textures boosted GRitogramming can be seen by looking at the
number of new publication that came out shortly after theasé of the new hardware generation. To
give just one example: SIGGRAPH 2003 alone, dedicated areesgssion with papers from Hillesland
et al. [47], Bolz et al. [13], and Kriiger and Westermann [@®}his topic. In the months and years
after, many researches published new ideas to program GRlgling entirely new languages to ab-
stract even more from the hardware implementations such §&$and Brook [16]. While still most of
the researchers prefer the better control and performamative shader languages such as GLSL and
HLSL these approaches re ect the general trend in GPU progriag, to abstract from the hardware
and to concentrate on higher-level algorithms. For a cotaigrvey we refer again to Owen et al.'s state
of the art report on GPGPU [82].

2.3.7 Shader 3.0

Input Data
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Stage (I1A) Buffers, Textures

v

Vertex Shader Texture, Constants
Stage (VS)

\/

Rasterizer Stage
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Pixel Shader Texture, Constants
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Output Merger States
Stage (OM)

v

Output Data

N

N

N
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>

Texture

Figure 2.4: The Direct3D 9c Pipeline. Yellow boxes denotetthio programmable stages. Note the red
“texture” on the arrow to the vertex shader, this is one ofithportant additions to the pipeline by the
Shader 3.0 API.

Although the Shader 3.0 feature set was speci ed togethir 8hader 2.0 as part of DirectX 9.0 it
took until 2004 to built Shader 3.0 capable cards. Apart frmactically removing the last remaining
shader length restrictions and adding new inputs as welpasudo” dynamic branching, Shader 3.0
allowed for the rst time to access texture maps in the vesimge (see Figure 2.4). For this work the
vertex texture fetch capability marks another dramaticygesin GPU evolution since it allows dynamic
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geometry modi cation on chip without the need to download arpload data to the CPU. In general,
the availability of geometry generation and modi catioraferes on GPUs caused a massive speed up
for many applications making them interactive for the rghé. Particular examples of applications
that depend on this functionality are GPU-based particlgres. With the geometry generation and
modi cation features being available on current GPUs, maaw applications were proposed. These
systems made use of either the copy to vertexdoy62, 61], the render to vertex bar [58, 65] or the
vertex texture fetch [70, 63] functionality to displacemitives.

2.3.8 Beyond Shader 3.0

The next shader release, Shader 4.0 is part of the upcomiegt®i10 (DX10) [10]. DirectX 10 in turn
will require an entirely new generation of graphics hardwafs can be seen in Figure 2.5 compared
to Figure 2.4 new stages have been added to the pipelineatyaire a redesign of DirectX 9.0 class
hardware.

Input Data
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Stage (I1A) -~ Buffers,
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* Constant Buffers
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Stage (VS) -~
Geometry Shader|  Texture, Constant Buffer
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Pixel Shader Texture, Constant Buffer
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Buffer, Texture, Constant Buffer

Figure 2.5: The Direct3D 10 Pipeline. Yellow boxes denotettiree programmable stages. Important
additions to the pipeline are marked in red.

The most obvious dierence in the pipeline is a new geometry shader stage tbatsathe program-
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mer to execute a shader on the primitive level, such as gigaiMost interestingly the geometry shader
allows for ampli cation and reduction of the vertex streas an example the geometry shader may
take as input a single point and output hundreds of triandtesvever, there is more to DX10 then just
the geometry shader. New ideas include the uni ed shadens et shader architecture does not nec-
essarily mean that vertex, geometry, and pixel shadersxa@ited on the very same piece of silicon
but it means there exist essentially no elience in their syntax and capabilities anymore. Therefore
shader length, texture indirections, intrinsic functiets are common to all programmable stages. Fur-
thermore, Shader 4.0 requires integer support and bit-epseations both of which will simplify many
GPGPU programs. Apart from the @dirences in shader functionality DirectX 10 in general isrojzted
to relieve the CPU even more during rendering. In OpenGL ainddiX 9 the driver and the DirectX
layer sometimes require a lot of CPU power even though tHecosaputation is done on the GPU,; this
is to change with the entire design of DirectX 10.

Unfortunately, no DirectX 10 class hardware exists at predeat supports this new functionality;
thus, no meaningful speculations about the impact of thefeatures can be made.



Chapter 3

Linear Algebra on GPUs

One of the key challenges in many virtual environments amazder games is interactive simulation and
rendering of uid e ects. In this dissertation this challenge has been addtésskeveraging the power
of today's GPUs. For this purpose we rst need to “teach” thelG which is intentionally built for
the rendering of triangles, how perform basic linear algatperations. Therefore, we have developed
a GPU-based linear algebra framework perform more compbexations, such as solving systems of
linear equations and to perform uid simulation directly thre GPU.

Before the LA framework is described in detail, we give a shimiroduction to the basic concepts
and algorithms of GPGPU programming. To keep this introduadbrief, we will focus solely on the
tools and algorithms required for the numerical simulatiéruids. For a more thorough discussion on
other GPGPU projects the reader is referred to Owen et tdte sf the art report on GPGPU [82].

3.1 GPGPU Stream Programming

In the previous chapter, GPUs were introduced as highlyllphsiream processors, optimized for the
rendering of triangles via OpenGL and DirectX. But from aeatient point of view the exact same hard-

17
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Figure 3.1: The gure shows the pipeline of a DirectX 9.0c GARR&d boxes indicate programmable
pipeline stages. Within these the white boxes show the numbpixel and vertex shader units for
current GPUSs, in this case an ATI Radeon X1900 [7].

ware can be described in a less graphics-speci ¢ mannes vVieiv makes it much easier to understand
how GPUs can be used for numerical computations such as hitgebra.

Input Assembler: The input assembler (IA) is a stream muxer that can combinkipte input
streams into a single output stream.

Vertex Shader. The vertex shader is invoked for every element in the coetbatream output by
the IA. Since it is executed before the rasterizer is usedetéopm arithmetic operations on the
vertex stream to control the pixel coverage of the geometny ® the rasterizer.

Rasterizer. In the rasterizer pipeline stage, the vertex stream is exed into a fragment stream
that in turn is used for the GPGPU computation in the pixetlehaTypically only very few geom-
etry is required, often just a single quad or triangle, ttiaté the processing in the pixel shader.

Pixel Shader. In terms of its capabilities the pixel shader is very simtathe vertex shader, it
also takes one stream element at a time and outputs one elek@mnever, current GPUs have
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much more pixel shader units than vertex shaders makingibéine stage much more eient
(see Figure 3.1). Additionally, these pixel shader units @ecess textures much more @ently;
therefore, GPGPU computations focus on the pixel shaders.

Blending and OPs The blending and OPs stage works as a stream lter that casdxto remove
unnecessary elements from the output stream before itrisdsio memory.

Render Targets Finally, the render target setup controls into which megmarea the output
stream is written.

Planing a strategy on how to use the GPU as a general purposessor means to rst decide how
to represent data eciently on the GPU and how to operate on it. Before we answeseglwo questions
it is worth remembering that the hardware we are dealing wih built for computer graphics, or more
precisely for computer games. These computer games useather richly textured low-polygon models
into a high-resolution viewport. Thus, the amount of triemsgendered is usually much smaller than the
number of fragments generated. Keeping this in mind makes/masign decisions much easier—even
without knowing the hardware exactly.

Back to the considerations on data representation and gsinge With the hardware optimizations
towards computer games in mind the later consideratiorrasgéitforward to answer. As can be seen
in Figure 3.1 the highest level of parallelism on current GRidn be achieved in the pixel shader stage
making this stage the premier choice for our computation

On the GPU large data is either stored as vertex or indexets) or textures. However, access
to vertex and index buers is restricted to read-only in a xed ordeas opposed to textures where
dependent fetches; i.e., using the result of one textuoch f&$ coordinates for a second, allow for truly
arbitrary access. Furthermore, the contents of texturebeahanged by binding them as render targets.
For these reasons textures become the canonical choicesircases and almost all of the computations
presented later will be executed in the pixel shader unit, the data residing in 2D texture maps. The
following Section 3.1.1 will demonstrate a pipeline setop $uch a pixel shader based computation.
We consider the following example: the computation of a-eédle sum of two large grids as shown in
Figure 3.2.

3.1.1 The Power of a Single Quad

Although being a very simple example, this cell-wise sumrafien requires the same setup as many
other GPGPU algorithms; therefore, the understandingistihsic idea is crucial for the understanding
of many GPGPU approaches.

It is worth noting that future generations of GPUs are exguttd have uni ed shaders (see Section 2.3.8) not only inasynt
but also in terms of hardware. If this is the case, the ventekpmxel shader stages would be equally parallelized andutdvnot
matter which stage to use.

YAlthough an index buer can de ne an arbitrary order for reading out of the vertaxdy, yet this order is still xed once the
bu eris created and it can not be changed by the shaders.
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grid 1 grid 2 result

for int x=0;x < N; x++) {
for int y=0;y<N;y++){
result[x][y] = grid1[x][y] + grid2[x][y];

+

Figure 3.2: Cell by cell summation of two grids as it could blemented on the CPU iniG

Once again, remember that the GPU—uwith its parallel vertek @ixel shader units executing the
same code on derent stream elements—is a SIMD processor, which has tobgued in two ways.
Firstly we set up its pipeline to be able to apply the compaiteiternel to every of th&l elements in the
target array, secondly we con gure the kernel itself to exe@n add operation.

As mentioned earlier we always store data in 2D textures the two input gridgrid1l andgrid2
the output gridesult—all of sizeN N—are stored in three textures of the same size. To execute the
sum computation we rst bind the target textwesult as current render target. Then a stream of four
vertices, representing a quadrilateral, is sent to the GWth the vertex shader con gured to do nothing
but simply pass the stream through, the four coordinatelseofjtiadrilateral were chosen such that they
cover the entire viewport. The viewport in turn is con guredthe size ofN  N. With this setup the
rasterizer generatd¢’ fragments and thus invokes the pixel shalétimes—once for every fragment.
The pixel shader is setup to fetch values from both textuaned ,output the sum (see Figure 3.3).

Application Programm

Pass Through [
D ....... > _>

Vertex Stream

Texture Render Target

—» | Pixel Shader |—P

Fragment Stream

_>

Figure 3.3: The basic setup of the rendering pipeline for &B8B computation. The computation is
initiated by a single viewport-covering quadrilateral.iquadrilateral is converted by the rasterizer into
a fragment stream. This stream in turn initiates the contjmutén the pixel shader.

Figure 3.4 depicts the texture setup as well as the vertexpedl shader for the sum operation of
two grids. Both shaders are written in DirectX's High Levéla8ling Language (HLSL). Even without
knowledge about the exact syntax of this language the etegand simplicity of GPU programming
should become obvious. Essentially the GPU stream prawessodel simply removes the “for each
element’-loop from Figure 3.2 by parallel SIMD executioeaVving only the loop's body in the pixel
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shader.
- : viewport
grid 18 texture 1 grid 28 texture 2 wwion VIEWPOM ) 0y
(1) / (0,0).- EEssmssEsEEEEm “(1,-1) 110)
void Vertex8haoaig p : POBHTION, c : TEXCOORDO
out float4 pO : ROBHAION, cO : TEXCOORDO) {
PO =p;
cO=c;
}
void  PixelSiafttex(2 coord : TEXCOORDO,
out float4 result : COLORO) {

result =  (texiiel, coord) + tex@Bxture2, coord);

}

Figure 3.4: This Figure shows the setup of the renderinglipgpéor the sum computation of two grids.
The grids are stored in two textures, with a third texturerzbto the viewport as render target. The
dotted blue square around the viewport depicts the positiahtexture coordinates of the full-screen
guad. Below the textures are the vertex and and pixel shauetisSL code.

With this pipeline setup any componentwise operation ogestis is possible, including operations
that use arbitrarily many input arrays. Since the pixel ghadn fetch textures randomly, more complex
kernels can be implemented using arbitrary kernels.

3.1.2 Reduce Operations

So far we have presented the basic approach that takes twodafa sets—the grids—and computes a
single output data set—the sum grid—of the same size. Whiteidea is already powerful enough to
implement a wide variety of algorithms, we still lack the @tionality to reduce a data set to a single
element or only a few values. Imagine the following scena#ifter a set of componentwise operations
on a data grid, the algorithm needs to nd the maximum valugaiwithe grid. This means that all the
data in the grid needs to be reduced to only a single valuenthémum in this example.

To do this on the GPU, the reduce operation combines the gtigke in multiple rendering passes by
recursively combining the result of the previous pass.tfamwith the initial 2D texture containing the
grid, and the quadrilateral lined up with the texture in sorepace, in each step a quadrilateral covering
only a quarter of the pixels is rendered. This can be achibyegither reducing the render target and
keeping the full-screen quadrilateral or by reducing tlze sif the quadrilateral itself and keeping the
render target. In ourimplementation we use the secondalige since it requires only two intermediate
textures and thus has a smaller memory footprint when comgarstoring the entire reduction pyramid.
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Therefore, the application sets a shader constant sucimtinagry reduction pass the vertex shader scales
the quadrilateral down by a factor off) In the pixel shader program, each fragment that is coveyed
the shrunken quadrilateral combines the texel that is nhfEpié and the three adjacent texels in positive
(u,v) texture space direction. The distance between téxaéxture space is issued as a constant in the
shader program. The result is written into a new texture ctvlis now by a factor of two smaller in
each dimension than the previous one. The entire procelissigsated in Figure 3.5. This technique is
a standard approach to combine vector elements on paraligbater architectures, and is used in this
scenario to keep the memory footprint for each fragmentwsa® possible. Thus, for a grid of siké
dog(N)erendering passes have to be performed until the result i@bigtained in one single pixel.

original texture 1% pass 2" pass

‘ Hh ‘ 4441 ‘
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Figure 3.5: Schematic illustration of the reduce operation

Equipped with the two basic principles, the componentwfserations and the reduce, we are ready
to step from general considerations to the implementatidinear algebra on the GPU.

3.2 The Linear Algebra Framework

In contrast to previous approaches, which were speci cddigigned with regard to the solution of par-
ticular problems, our goal is to develop a generic framewbék enables the implementation of general
numerical techniques for the solution of érential equations on graphics hardware (see Figure 3.6).
Therefore, we provide the basic building block routines #r@ used by standard numerical solvers.
Built upon a exible and e cient internal representation, these functional unitéqoer arithmetic op-
erations on vectors and matrices. In the same way as lingabw libraries employ encapsulated basic
vector and matrix operations, many techniques of numec@alputing can be implemented by executing
GPU implementations of these operations in a particulaeor®ne of our goals is to replace software
implementations of basic linear algebra operators asabaiin widespread linear algebra libraries; e.g.,
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the BLAS (Basic Linear Algebra Subprogram) library [27, 28} GPU implementations, thus enabling
more general linear algebra packages to be implementedpoof these implementations; e.g., the LA-
PACK (Linear Algebra Package)[3].

Visual simulation Computer

_ o graphics Visual computing
Education and training applications
Basis linear GPU as workhorse General linear

algebra operators / for numerical computations \ algebra package

High Programmable GPUs Parallel
bandwidth computing

Figure 3.6: Using commodity GPUs with their enormous bamithivand parallel computing capabilities
as the foundation, a general linear algebra package is Guils package in turn, is used for computer
graphics applications such as virtual environments, caergames, or education and training systems.

3.2.1 Data Structures

In this section we describe the internal representatioreofors and matrices on graphics hardware. The
proposed representation enables theient computation of basic algebraic operations freqyarded

in numerical simulation techniques. The general idea isnaigastore matrices as texture maps and to
exploit pixel shader programs to implement arithmetic afiens. For the sake of simplicity only square
matrices; i.e., vectors and squa¥e N matrices, are discussed. General matrices, however, can be
organized in exactly the same way.

Vectors, Matrices, and Scalars

Most straight forwardly, vectors could be represented ageddures on the GPU. This kind of rep-
resentation, however, has certain drawbacks: Firsthifdiions on the maximum size of 1D textures
considerably reduce the number of vector elements that esstdred in one texture map. Secondly,
rendering into a 1D texture is signi cantly slower than renidg into 2D textures with the same number
of texture elements. On current graphics cards, the use té2res yields a performance gain of about
a factor of two. The reason is a more eient use of the rasterizing and pixel shading hardware when
rendering quads rather than lines. Thirdly, if a 1D vectantams the result of a numerical simulation
on a computational grid, the data nally has to be rearranigea 2D texture for rendering purposes.
Fourthly, this representation prohibits the @ent computation of matrix-vector products. Although,
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both the matrix and the vector can be rendered simultangaunsl combined on a per-fragment basis by
means of multi-textures (see Figure 3.7), the computedegatie not in place and have to be summed
along the rows of the matrix to obtain the result vector.

Matrix
(0,1) (1,1) ;
© @ 2D-Product 1D Vgctor
Reorder E
A AmEEEERAEREASNARREEY » » -L@ﬂ} A
Reduce g
©0.0) (L.0) g
Vector ©) ) B

Figure 3.7: This illustration demonstrates how a matrigtge product using 1D and 2D textures to
represent vectors and matrices could be computed. The 10ré¢eis continued periodically across the
rendered quadrilateral. This can be achieved by specifiyuogsets of texture coordinates as shown in
red and blue in the center image. In the pixel shader the rediotates are used to fetch from the matrix
texture while the blue coordinates are used to fetch fromvéaor texture. This operation results in
an intermediate 2D texture that needs to be reduced véyticatach line to get to the nal 1D vector
structure.

To circumvent the mentioned drawbacks, matrices are repted as a set of diagonal vectors and we
store vectors in 2D texture maps (see Figure 3.8). To evagoatial starting at thieth entry of the rst
row in the upper right part of the matrix, its counterparttitg at the \ i)-th entry of the rst column
in the lower left part of the matrix is appended. In this waytexture memory is wasted. Each vector is
stored in a square 2D texture by the application programtove@re padded with zero entries if they do
not entirely Il the texture. This representation has seyadvantages:

Much larger vectors can be stored in one single texture abjec

Arithmetic operations on vectors perform signi cantly faisbecause square 2D textures are ren-
dered.

Vectors that represent data on a 2D grid can directly be redde visualize the data.
Matrix-vector multiplication can be mapped eiently to vector-vector multiplications.

The result of a matrix-vector multiplication is already ilage and does not need to be rearranged.

Most notably, however, the particular layout of matricesaaset of diagonal vectors allows for the
e cient representation and processing of banded diagonalestwhich typically occur in numerical
simulation techniques. In a pre-process the applicatiagnam inspects every diagonal and discards
those diagonals that do not carry any information. If no ¢erpart exists for one part of a diagonal, it is
lled with zero entries.
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Figure 3.8: The representation of a 2D matrix as a set of diageectors, and nally as a set of 2D
textures is shown.

A nice feature of this representation is that the transpbsawatrix is generated by simply ordering
the diagonals in a dierent way. O-diagonals numbereid which start at the-th entry of the rst row,
now become o-diagonals numbered i. Entries located in the former upper right part of the matrix
are swapped with those entries located in the lower left @antapping does not have to be performed
explicitly, but it can be realized by shifting indices usedaccess these elements. Each index has to be
shifted by the number of entries in the vector that come frioenlower left part of the matrix. This can
easily be accomplished in the pixel shader program, wherttexing during matrix-vector operations
is performed (see Section 3.2.2).

After considering vectors and matrices we nalize the repreations section with scalar values.
Scalars are represented either as a program-speci ed sbadstant or as a one-element vector. A
shader constant is used when the scalar is speci ed by thiicappn while the one-element vector is
used when the scalar is the result of a previous computaticheoGPU. With the current hardware being
able to render solely into texture maps, we have to makerhésrial distinction. Nonetheless, note that
the upcoming DirectX 10 adds functionality to render intadér constants—so called constant brs.

In that case only one scalar representation is required.idethis internal and the possible change in
behavior with DX10, scalar values are stored idclfdloat class that uses whatever GPU representation is
needed and most eient.

3.2.2 Operations

In the following the implementation of basic algebraic @igms on vectors, matrices, and scalars based
on the proposed internal representation is described.dim @aeration, rendering is directed to a speci ¢
render target that can be directly bound to a 2D texture. Txire in turn can be used in subsequent
rendering passes to communicate intermediate resultebeataperations.

Vector and matrix containers are de ned as#CclasseslIVectorandclMatrix, respectively. Both
containers assemblet@ arrays in that the array is decomposed into one or multiptéovs. Vectors
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composed of zero entries neither have to be stored nor todoegsed.

Upon initialization, for each vector a texture is created &ound to a texture handle. Internally,
each class instance stores the resolution of the respe@éter or matrix and of all the textures that
are handled by that instance. Texture handles and the sieaabf texture can be accessed via public
functions.

Vector Arithmetic

Arithmetic operations on two vectors can be realized in apténpixel shader program following the
ideas from the beginning of this chapter: The applicatienés both operands as multi-textures, which
are accessed and combined in the shader program. On curaphics cards supporting at least the Pixel
Shader 2.0 instruction set, arithmetic operations liké@mnty addition, subtraction and multiplication are
available. The product of a scalar times a vector is realgebsuing the scalar as a constant value in
the shader program or via a texture fetch into alltexture.

The method header for implementing standard arithmeticatipeis on vector elements looks like
this:

void clVector:VectorOp (
const ClLenumop,
const clFloat& a, const clFloat& b,
const clVector& X,
clVector& res

The enumeratoop can be one oL _ADD, CL_MULT or CL_SUB. The scalars andb are mul-
tiplied with the vector itself and, respectively. At the beginning of each routine a consistarneck is
performed to verify that both vectors have the same inteeqaesentation. Then, the respective shader
program is activated and the two vectors are issued as tauttires. Finally, a square quadrilateral is
rendered, which is lined up in screen space with the 2D testused to represent the active vectors. The
result is kept as a 2D texture to be used in consecutive catipns. The fact that this operation can be
expressed very eciently in DirectX can be seen in the following example, whdreCL _ADD branch
in the clVector:VectorOp operator is shown. As can be seen it only requires a few lih€s-e code:
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1

2 res. BeginSceng();

3

4 mspShaderClVector-> SetTexture ("g_TexVector" , this ->mpVectorTexture);
5 mspShaderClVector-> SetTexture ("g_TexVectorX", x->m_pVectorTexture);
6

7 switch (op) f

8 case CLADD: ms_pShaderClIVector-> SetTechnique ( "techVectorAdd" );
9 break;

10 [...]

11 g

12

13

14  a.SetShaderValue("a", ms_pShaderClVector);

15 b. SetShaderValue("b", ms_pShaderClVector);

16

17

18 RenderViewPortCover(mspShaderClVector);

19

20 res. EndSceng);

On the GPU the following HLSL pixel shader is executed, farshke of simplicity we only consider
the case where bothandb are stored as shader constants bydector class.

1 float4 psVectorAdd(float2 texCoord : TEXCOORDO COLOR®
2 return tex2D (g -SamplerVector,texCoord) * a +

3 tex2D(g _SamplerVectorX,texCoord) * b;

4 g

Matrix-Vector Product

In the following we will consider, the product of a matrxtimes a vectox. A second vectoy might
be speci ed to allow for the computation éx op y The constanbpis one of CL_ADD, CL_MULT ,
CL _SUB. By allowing multiple operations to be combined in one fimiet semantic optimizations can
be performed to reduce the number of render targets to be dsecomputeAx op y the result ofAx

is rst written into the render target. Then, the result iubd as an additional texture, and in a nal
rendering pass it is combined with the vegg@and rendered into the destination target.

“The other cases are stored in dient shader programs. HLSL allows shader programs to beuphto passes whereas the
application program can select which passes are execukedcall SetShaderValueof the clFloat speci es the pass depending on
whether the value is stored as a shader constant or aslatéxture.
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The header of the function performing matrix-vector operat looks like this (if one of\, x, ory is
NULL, then only the respective component not equal to NULtdssidered in the operation):

void clMatix:MatrixVectorOp  (
const CLenumop,
const clVector& x, const clVector& v,
clVector& res

);

As matrices are represented as a set of diagonal vectorsxswattor multiplication becomes a
multiplication of every diagonal with the vector. Theredofor a matrix withN non-zero diagonald\
rendering passes are performed. In each of these passeisgaral and the vector are issued as separate
textures in the shader program. Finally the corresponditiges in both textures are multiplied. How-
ever, thej-th element of a diagonal that starts at tkte entry of the rst row of the matrix corresponds
tothe((i + j) mod N)-th entry of the vector. First this index has to be computettiinshader program
before it can be used to access the vector.

Valuesi and N are simply issued as constant values in the shader progmadex |, however, is
directly derived from the fragment's texture coordinated . Finally, the destination index is calculated
via((i+ j) modN) and converted to 2D texture coordinates.

After the rst diagonal has been processed as describedtrent render target is used as a texture
and rendering is performed to a second intermediate regdgett. Thus, fragments in consecutive
passes have access to the intermediate result, and theypdateuhis result in each iteratibnAfter
rendering the last diagonal, the result vector is alreaghtane, and the current render target can be used
to internally represent this vector.

A considerable speed-up is achieved by specifying multidgonals as multi-textures, and by pro-
cessing these diagonals at once in every pass. Parametedd\N only have to be issued once in the
shader program. A particular fragment has the same indeall diagonals, and as a matter of fact it
only has to be computed once. Starting with the rst destimaindex, this index is successively incre-
mented by one for consecutive diagonals. The number of delgohat can be processed simultaneously
depends on the number of available texture units; i.e.asixte the employed GPU.

Note that with regard to the described implementation of &imaector product, there is no par-
ticular need to organize matrices into sets of diagonalaorectFor instance, dense matrices might be
represented as sets of column vectors, giving rise to ever mocient matrix-vector multiplication.

In this case every column has to be multiplied with the respewector element, resulting in a much
smaller memory footprint.

*To avoid the re-creation of this intermediate target, f@rgwoperation, all framework classes use a common memoriytipaio
is administered by thelMemManclass. The functionality of this class is further explaime&ection 3.2.5

{If 32 bit oating point blending should become available imapcoming generation of GPUs the switching between interme
diate render targets can be replaced by simply setting tirespmonding blend equation.
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Vector Reduce

Quite often it is necessary to combine all entries of oneardato one single element; e.g., computing
a vector norm, nding the maximufminimum element. Therefore, a special operation that dstihe
result of such a reduce operation to the application progsarovided:

clVector clVector::Reduce (
const CLenumcmb,
const clVector& x

);

The enumeratocmbcan be one ofcL _ADD, CL _MULT , CL_MAX, CL_MIN, CL _ABS. If the
second parameteris not equal to NULL, the operation is carried out on the paididithe current vector
timesx rather than only on the vector.

For the implementation of this operation we use the reduaratipn described in Section 3.1.2,
which combines the vector entries in multiple renderingpasy recursively combining the result of the
previous pass. For a diagonal vector that is representedshiyare texture with resolutiad, dog(N)e
rendering passes have to be performed until the result isbi#ained in one single pixel. The respective
pixel value is nally returned to the application program &tored in a 1 1 texture in theclFloat-
container. If the value is required by the application pemgrtheclFloat can be cast into a regular oat,
which triggers a read-back from the CPU. More often howetrer,scalar is needed on the GPU for
further operations and remains in the 1 texture to avoid the bus transfer latency.

3.2.3 Matrix Update

Some numerical techniques require matrices to be modi ethduhe computation. Single elements or
entire diagonalshave to be replaced, or two matrix diagonals have to be sviapftee latter operation
can be performed simply by swapping the texture handlestosegresent the two diagonals. To replace
a diagonal, however, the set of 2D textures it is compose@std be reloaded. If a diagonal should be
replaced by another vector, the contents of this vectomidesed into the diagonal vector of the matrix.
In exactly the same way the function that copies one vectoranother one is implemented. Below is
the function header for vector modi cation:

void clVector::CopyFrom (
const clVector& source

);

Replacing a single element at positignj) of a matrix is realized by rendering a single point exactly
at the position of the element in the respective diagonathiway, reloading the entire texture map

kAs described above, for full matrices a row based repreents more advantageous. In this representation the tipesa
described here would become row swapping and row replademen
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can be avoided. Furthermore, with a function at hand thatwallone to immediately replace particular
values there is no need to store a duplicate of a matrix in m&imory. The header for this function is
speci ed here:

void clVector::ReplaceElementinplace  (
const int index, const clFloat& value

);

3.2.4 Sparse Matrices

The operations discussed so far execute vergiently on current commodity graphics hardware. On
the other hand, storing all entries of a matrix is not advgedais to process sparse matrices as they
typically arise in numerical simulations. A matrix is calleparse if only a relatively small number of
entries are non-zero. Obviously, storing a sparse matrifat matrix is quite ine cient both in terms

of memory requirements and numerical operations. In omler ¢ctively represent and process sparse
N N matrices, in which onlyYD(N) entries are supposed to be non-zero, alternative refiet&aTs on

the GPU need to be developed. In such cases the represergatogly depends on the patterns of
non-zero entries. In our framework we consider two typegpafse matrices, the banded sparse and the
random sparse matrices.

Banded Matrices

Due to the internal representation of matrices as a set gbd& vectors we can ectively represent
a banded matrix containing only a few non-zero diagonals.o Zéagonals are simply removed from
the internal representation, and-diagonals that do not have a counterpart on either sideeofrthin
diagonal are padded with zero entries. Thus, a matrix-vgetmduct of a banded sparse matrix with
non-zero diagonals is realized byvector-vector products. In contrast to banded matricesrctparse
matrices exist, where non-zero entries are positionedarahdin the matrix, the diagonal layout of
vectors does not allow for the exploitation of the sparseiea straightforward way. To account for this
kind of matrices, a particular representation has to beeeldped. This representation will be described
in the following.

Random Sparse Matrices

To representa random sparse matrix, we use a vertex-basexhap instead of a texture-based approach.
The principal layout results directly from the de nition afvector-matrix produchb = c. For the sake

of simplicity we consider only a single matrix enty; in the matrixA at once. The point of in uence of
this entrya;; with regard to the result-vectaris determined only by its row-indéx The column-index

j of the entrya;;; determines which element in the vectois to be multiplied witha. In our vertex-
based approach we encode the row-indaxthe vertex position and the column-indgin the texture
coordinates of the vertex. The valag itself is stored as the color component of the vertex.
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Figure 3.9: Thisimage illustrates the representation afréex-based matrix and the computation matrix-
vector product. The matrix vertex bars are built such that every four entries in a row are starale
color components of a vertex. The row index is stored as a 2ipn and up to four column indices are
stored in two 2D texture coordinates 0 and 1. To perform thigirnzector product the texture coordinates
are used to fetch into the vectbrand the position is used to instruct the rasterizer wherdaoepthe
result in the target vectar.

For the multiplication of a matrix and a vectdb = c with the aforementioned matrix representation,
we render the vertex that represeats as a single pixel into the target veciofsee Figure 3.9). The
position of this pixel is determined by the row-indethat was stored as vertex-position. In the pixel
shader we use the texture coordinates of the vertex to fe&chespective values from the input vedbor
This value is multiplied with the value @;j, which is encoded as vertex color. Finally, the product is
output to the target vectar

Itis also worth noting that, since we store the vectors in @ures, the coordinatésnd j are two-
dimensional. As with the previous representations we cambioe four non-zero entries in a row into
a single vertex for performance considerations. Finallygfahe vertices of a matrix are combined in a
vertex bu er, which is stored in local GPU memory. As long as the masirat going to be modi ed,
the internal representation does not have to be changed @adirex-vector product can be executed by
simply rendering a vertex ber as a set of points.

Itis a nice feature of the described scheme that the reializat matrix-vector operations on the GPU
as itwas proposed in Section 3.2.2 is notated by the graphical primitives we use to internally repre
and render matrices. The dirence between sparse and full matrices just manifedfsitsieat we render
the matrix entries as a set of vertices instead of a set of 2iDres. With this additional representation, a
signi cant amount of texture memory, rasterization oprenag and texture fetch operations can be saved
in technigues where random sparse matrices are involved.
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3.2.5 Memory Management

In the following we will consider the memory management yghbam of the linear algebra framework.
In particular the ability to pool and reuse texture resosieeciently is described.

As mentioned earlier, some of the framework operationsiredgutermediate texture targets. One of
these operations is the vector reduce operation, whicrersrstquence of quadrilaterals each with only
a quarter of the size of its predecessor. In this operatiortermediate texture targets are needed, one
for reading the four values and a new target to write the caetbivalues into (see Section 3.1.2). After
rendering one quadrilateral in the sequence these twortexare swapped and the process is repeated
until the reduction is completed with rendering a quadeiiatof size 1 1. After the nal value is either
read back to the CPU or copied into a 11 texture on the GPU, the two texture targets are not needed
anymore and could be released. However, this would reqoientirely recreate the textures once the
next reduce operation on this vector is performed. One wayada this recreation is to have every vector
reserve the maximum number of temporary render targetailtiqmssibly need at vector creation time
and then reuse these textures every time a reduce operatitthre wector is performed. This approach
would require every vector to reserve about three timesés $which is too memory-intensive with the
limited GPU resources in mind.

A much more exible and less memory-intensive way of hangllinis issue is to introduce a memory
manager that is shared by all framework classes. Whenewtarya matrix, or any other class needs a
temporary texture or any other GPU resource, it requestsetomurce from the memory manager. When
the resource is not needed anymore it is returned to the reariBtlge manager in turn does not necessarily
destroy the returned texture but keeps it in a texture padbter use. This allows the system to supply
all GPU classes with temporary resources while keeping temany overhead at a minimum. For an
applications such as the Navier-Stokes simulation desdriater, the memory overhead for temporary
textures is only about 1% of the program's overall memorystonption.

Another nice feature of this exible memory management apgh is that many of the GPU restric-
tions can be hidden from the user. Consider the followingareeector summatioa := a + b with the
data of the vectors stored in texturdsandB. When implemented naively, one would bind the textures
A andB as texture and also birals texture as render target. Binding the same texture asraadyet
and as input texture is not allowed on the GPU and such an tipersould lead to unde ned results.
By using the memory manager we simply acquire a temporatyrte from the global texture pool,
computeC := A+ B and return the texturé back to the memory manager's pool. Finally text@e
becomes the new data carrier of vector=rom the users point of view the initial operatian= a+ b
was carried out without any loss in performance, since weawvaid any copy operation, while we still
hide the GPUs restrictions.

The memory management class completes the set of basic kfeslaFor an overview of the whole
framework and the classes it provides see Figure 3.10.

Every vector would have to hold a temporary texture for anppgonentwise operation, due to the GPU restriction thatdelen
target can not be used for reading an writing at the same fitmis.texture, plus the two textures required for the redysration,
sum up to about three times the space required to simply #tereector values.
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Figure 3.10: This gure shows a simplied UML diagram of théFcamework classes. The yellow

classes represent the data types the user interferes vath.the purple clMemMan, which takes care of
the centralized memory management within the frameworkingagure that none of the precious GPU
resources are wasted.

3.2.6 Performance Measures

To verify the e ciency of the proposed linear algebra framework for the enpdntation of numerical
simulation techniques we have timed the performance dialbasic operations such as vector-vector and
vector-matrix multiply as well as the reduce operation.ll experiments were run under Windows XP
on an AMD Athlon 64 X2 4406 processor [2] equipped with an NVIDIA Geforce 7900 GTX griagh
card [22].

With regard to the realization of methods of numerical cotimguon graphics hardware, limited
accuracy in both the internal texture stages and the sh#apessis certainly the Achilles heel of any
approach. In many cases, numerical methods have to be pedoin double precision to allow for
accurate and stable computations. Current generationgphigs cards, on the other hand, provide only
single precision IEEE oating-point arithmetic in both tkbader and texture stages. Other researchers
have investigated methods to circumvent these limitatadrisast for a limited set of applications [35].
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As our linear algebra framework is designed to be a buildioglofor the interactive simulation of uid
e ects in virtual environments and computer games, the laitecision is of lesser importance than
interactivity and control over the ects.

Let us now investigate the performance of our approach akasehe di erences to CPU imple-
mentations of some of the described basic operations. Iexperiments the resolution of vectors and
matrices was chosen such as to avoid paging between texam®m and main memory, and between
main memory and disk. All our operations were run on vectors matrices of size 5220 2048.
We have also not considered the constant time to initialdleextures from main memory to texture
memory. The reason is that uid ects within virtual environments and computer games reqiiéta
upload in form of vectors and matrices to the GPU only duriregihitial startup phase of the application.
During the entire lifetime of the program the results of thawdations are visualized directly, or used
on the GPU for further computation but never read back to th&).dn these applications—on which
this thesis focuses—the initial time required to setup tltvare is insigni cant compared to the time
required to constantly update the simulations. In othenages; e.g., if frequent updates of a matrix
occur, this assumption may not be justi able anymore. Is ttase, also the time needed to transfer data
between dierent units has to be considered; however, none of our apiolits exhibit this property.

On vectors and full matrices the implementation of standaitimetic operations i.e., vector-vector
arithmetic and matrix-vector multiplication, was about2Dtimes faster compared to an optimized soft-
ware implementation on the same multi-core target archite¢see Table 3.1). A considerable speed-up
was achieved by internally storing vectors and matrices@BARtextures. Sets of four consecutive en-
tries from the same vector are stored in one RGBA texel. Tiyiso four times as many entries can be
processed simultaneously. We should note here that opesatn vectors and matrices built upon this
particular internal format perform in exactly the same wayatlined. Just at the very end of the com-
putation need the vector elements be stored in separateamitgponents to be rearranged for rendering
purposes. We can easily realize this task by means of a sshplder program, which fetches the result
image for each pixel in the respective color component.

Vector - Vector Product Vector - Matrix Product
Vector Size | Computation Time| | Vector Size | Computation Time|
512 512 0.025 ms 512 512 0.2ms
1024 1024 0.13ms 1024 1024 1.2ms
2048 2048 0.56 ms 2048 2048 5.2ms

Table 3.1: The left table gives timings for a vector-vectarltiplication, while the right table shows
timings for a multiplication of a vector with a banded spamsa&trix, which was composed of ten non-
zero diagonals.

Obviously, only one vector element can be stored in a sing®R texel if numerical operations
on vector-valued data, i.e., color, have to be performedth@rother hand, in this case also the perfor-
mance of software implementations drops down due to erdargamory footprints. Our current software
implementation is highly optimized with regard to the exfaltion of cache coherence on the CPU. In
practical applications, a less ective internal representation might be used, so that weeraxpect a
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relative improvement of the GPU-based solution.

The least e cient operation compared to its software counterpart is¢dece operation. It is only
about a factor of ten faster even though we store four elesiemine RGBA texture (see Table 3.2). The
relative loss in performance is due to the fact that the pskelder program to be used for this kind of
operation is a lot more complex than the one that is used faiowector multiplication. Furthermore,
more passes are required to obtain the nal ré8ulOn the other hand, even a performance gain of a
factor of ten seems to be worth an implementation on the GPU.

Vector Reduction
Vector Size | Reduction Time
512 512 0.09 ms
1024 1024 0.28 ms
2048 2048 1.08 ms

Table 3.2: Timings for a vector-reduce operation with vextif di erent sizes.

3.2.7 GPU Solvers for Systems of Linear Equations

We will now exemplify the implementation of general techiég of numerical computing by means
of the proposed basis operations for matrix-vector andoveetctor arithmetic. Similar to the BLAS
LAPACK partition we implement more complex algorithms faldng very large sparse systems of
linear equations on top of the basic linear algebra framkwor

Conjugate-Gradient Method

The conjugate-gradient (CG) method is an iterative matigo@hm for solving large, sparse linear
system of equation&x = b, whereA 2 R" ". Such systems arise in many practical applications, such as
mechanical engineering or in computational uid dynamiehijch is of particular interest for this thesis.
The method proceeds by generating vector sequences dégdia., successive approximations to the
solution), residuals corresponding to the iterates, and search directions usagdating the iterates
and residuals. The CG algorithm remedies the shortcomihggeepest descent by forcing the search
directionsp® to beA-conjugate, which i’ Ap) = 0, and the residuals to be orthogonal. Particularly
in numerical simulation techniques, where large but spaite=di erence equations have to be solved,
the CG-algorithm is a powerful and widely used technique.

In the following, pseudo code for the unpreconditioned iersf the CG algorithm is given. Lower
and upper subscripts indicate the values of scalar and weat@bles, respectively, in the speci ed
iteration. For an introduction to the CG method as well agieosolvers for linear system equations we
refer the reader to Press et al. [85].

Wit is worth noting that it is possible to combine more thanrfealues per pass, thus reducing the number of passes until
the reduction result is achieved. Our tests have shown hieabptimum number of combining fetches per pass is strongly G
dependent. For maximum performance it would be possiblenattmark the GPU during runtime and select the optimal textuc
strategy. However, we did not consider this optimizatiomum current implementation since the time for the reductiperation
is negligible compared to the entire simulation processasemted later.
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p@=r@=p AX?Y for some initial guess®
fori  Oto #itr
OO
q® = Aph
= =p0q0
X+ = 50 4+ pi
p(+1) = (0 iq(i)
1= p(+0)7 p(+1)= i
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pi*D = (D) 4 ;o0

[E=Y
o

convergence check

The CG method can ectively be stated in terms of the described building bldoksGPU imple-
mentation of numerical techniqués

1 AMatrixVectorOp (CL_SUB; X?: b; r©) initial guessx®
2 r@.VectorOp(CLADD; 1;0;NULL;r©)

3 r@.VectorOp(CL_ADD;1;0; NULL; p©@)

4 fori Oto #itr

5 i = r).ReducgCL_ADD; r®)

6 A.MatrixVectorOp (CLADD; p@: NULL; q®)
7 i = p¥.ReducgCL_ADD; q")

8 i= il

9 x VectorOp(CL_ADD:; 1; ;; p®; x(+1)

10  r® VectorOp(CL_SUB;1; i;q®;r+D)

11 i = r(*1) ReducgCL_ADD; r(*1)

12 i= il

13 r(*D VectorOp(CL.ADD; 1; ;; p®; pi+D)

14  convergence check

Inthe GPU implementation, the application program onlydsde read back a single pixel value from
the GPU thus minimizing bus transfer. All necessary nunaédomputations can be directly performed
on the GPU. Moreover, the nal resultis already in place aad be rendered as a 2D texture map.

Gauss-Seidel Solver

As a nal example in this chapter, let us describe the GPU enntation of a Gauss-Seidel solver. For
this example we used a column based matrix representatienoting withL andU the strict lower

ZZNote that using a preconditioner matrix, for instance tlegdnal part ofA stored in the rst diagonal vector in our internal
representation, only involves solving one more linearesysin each iteration.
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and upper triangular sub-matrices, and witlthe main diagonal of the matri&, we can rewriteA as
L + D + U. In one iteration, the Gauss-Seidel method essentialiyesdbr the following matrix-vector
equation:

x0 = Lx® + (D + U)xt V

wherex® is the solution vector at the k-th iteration.

r® = (D + U)x( D can be derived from the previous time step by one matrixergmtoduct. To
computeLx®, however, updates of) have to be done in place. Based on the representation ofcestri
as a set of column vectors, we sweep through the matrix inlamolwise order, using the result vector
x() as the current render target as well as a currently boundreexinitially, the content of() is copied
into X, When thej-th column ofL is rendered, each element is multiplied with jath element inx®,
and the result is added t¢). We thus always multiply every column with the most recenipgated
value ofx®.






Chapter 4

Simulation

Inthe previous chapter, the basic techniques to map lingabea operations to the GPU were introduced.
In this chapter it is demonstrated how these building bl@rksused for the physics-based simulation of
a variety of uid e ects.

The evolution of a variety of uid eects can be expressed by the means of Partia¢i2intial Equa-
tions (PDESs), which in turn can in most practical cases oelgdived numerically. This chapter explains
in detail how uid di erential equations are solved numerically on the GPU. Bhisne with the support
of the previously introduced linear algebra frameworks lviorth noting that the proposed linear algebra
framework is not limited to the application of uid simulati. On the contrary, it has been successfully
applied to other simulations as well, such as the simulaifateformable bodies or image registration.

4.1 2D Wave Equation

We will rst consider the numerical solution to the 2D waveuatdjon. We describe the numerical solution
on the GPU in much detail, from the numerical ideas down toGthe and HLSL source code to get
the reader more familiar with the idea of solving uid PDEs tire GPU and with the linear algebra
framework itself. For all further PDEs we will focus less ¢retcode itself but describe the reasons and
challenges of the GPU realization in more detail.

From mechanics we know that the temporal evolution of a ha@megus 2D membrane can be de-

39
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scribed by Equation 4.1 We use this membrane model as an approximation of a hydimktanoge-
neous, incompressible ow on the surface of a plane.

Gu_ 2 @+@“ (4.1)

@ @ @

In this equatioru represents the height of the surface over tirffee every pointx; y on the plane. The
parametec denotes the wave speed. To solve this PDE numerically welisstretize the water surface
with a regular lattice and the time in regular intervals. @is tregular lattice of interval spacirtgwe
replace the partial derivatives by the nite dirences

FOx) = w + O(h) (4.2)
FOx) = w + O(h) (4.3)
o = PO h)ZhF(X W\ o (4.4)
FOQy) = F(x+ h) 2I;§x)+ F(x h) + o) (4.5)

which can be derived from the Taylor expansiorFoat x + handx h. Substituting the second order
derivatives in the wave Equation 4.1 we get the nite eiience equations for each grid point (i,j):

t+l t t 1 t t t
U 2U u C2 &julj u; 1 ;112+1+ ui;j 1 4ui;j§ (4.6)

Solving for the unknowrmt"l we get:

t t 1 . _ tz C2
U UGt U F(204) Uyt with = ——— 4.7)

t+1 —
U i h2

i i+1;

This explicit solution can be rewritten as two basic LA optienas. A matrix-vector product, involving
a sparse matrix with ve non-zero diagonals and a vectotemrsubtraction. Equation 4.8 depicts these
operations for a grid of size 33.

For a derivation we refer the interested reader to Joel Famotes on the Wave Equation [33].
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By using the GPU linear algebra framework these operatiansbe carried out with a single call
to them->MatrixVectorOp (CL-SUB,currentSurface,lastSurface,nextSurface) method of the
matrix class. In this calturrentSurface andlastSurface are GPU vectors containing the grid values
at time-stept and time-stegg 1. The result is written into the vectoextSurface . To initialize the
matrix mwith its ve non-zero-diagonals €+ code in Listing 4.1 is used.

int i
float alpha = (dT*dT*C*C) / (h*h), mainDiag = 2-4*alpha;
float *data = new float [X*Y];

for (i=0;i<X*Y;i++) data[i] = (i>=Y) ? alpha : O0;
m->getDiag (X*(Y-1))-> setData (data);

for (i=0;i<X*Y;i++) data[i] = (1%X) ? alpha : O0;
m->getDiag (X*Y-1)-> setData (data);

O©CoO~NOOUTA,WNPEP

11 for (i=0;i<X*Y;i++) data[i] = mainDiag;
12 m->getDiag (X*Y)-> setData (data);

14 for (i=0;i<X*Y;i++) datafi] = ((i+1)%X) ? alpha : O;
15 m->getDiag (X*Y+1)-> setData (data);

17 for (i=0;i<X*(Y-1);i++) data[i] = (i<X*(Y-1)) ? alpha : O;
18 m->getDiag (X*(Y+1))-> setData (data);

Figure 4.1: G+ code for initialization of the matrix in Equation 4.8. Thedsocontains ve blocks that
Il the ve non-zero diagonals of the matrix.

Thinking about this operation in a more grid-centric way #xplicit solution described so far is
nothing more than a lter kernel. This kernel takes two gradsinput and writes the result into a new
grid. At this point one may wonder: “Why not simply write a ¢oi® shader to compute the water
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surface?” In fact, a customized shader program for thisiexgblution is possibly slightly faster than
the solution using the linear algebra framework. On the rotlaed, the advantage of the linear algebra
framework approach lies in its exibility and extendibilit This can be best demonstrated by using an
implicit solution to the wave equation. Applying the CraNicholson scheme, which speci eu%j =

0:5 u};"jl + u};j to Equation 4.7 results in Equation 4.9. Now, theatience equation contains unknowns
on both sides of the equality and the system of algebraictemsshas to be solved simultaneously.

t+1 t+1 t+1 t+1 t+1 — At
(4 +1) uj Upgp T U7 Uy T U =G
with (4.9)
t — t t t t t t 1 I e
Gi=  Usp U +Ujpg+up, +(2 4) 0y uytand =5

This set of algebraic equations can be rewritten as a systénear equations as follows:

S o

= o

I

NN
ER

To solve this system of linear equations it takes more thamals Iter kernel. Using the linear
algebra framework with the CG solver built-in ,however,yoalfew lines of code need to be changed.
First the matrix has to be initialized derently. Therefore, it is sucient to change the second line
in Listing 4.1 to ‘float alpha = -(dT*dT*C*C)/(h*h), mainDiag=-4*alpha+1; ” Finally we
replace the per fame iteration by the following code:

c->computeRH@astSurface, currentSurface);
iSteps = cgSolver-> solve ();

lastSurface-> copyVector (currentSurface);
currentSurface-> copyVector (nextSurface);

0 ~N O O~ WDN P

RenderTexturedQuad(currentSurface->m _pVectorTexture);
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In this code fragment the right-hand-side vector is computs, then the conjugate-gradient solver
is called. During program initialization this solver cla3ss initialized with the matrixm, and the vectors
¢ andnextSurfaceAfter iStepsterations the solver stores the result in ttextSurfacerector. The next
two lines swap théast, current andnextvectors. Finally, the texture associated with the curriemét
step is used to texture a quadrilateral (see Figure 4.2 fekample). Note that the frameworkectively
hides any GPU programming and allows the programmer to fonube algorithm itself. By means of
this simple example it should be clear that using a generaalialgebra framework on the GPU is much
more exible, and less error prone than rewriting customdsira for every new application.

Figure 4.2: The image shows a quadrilateral textured wighsthlution vector of the water surface PDE.
In this image the values in the vector texture are interprategrayscales.

The beauty of the wave equation is its simplicity both in terf implementational and numerical
complexity. The entire program to compute the images in féigu2 requires only about 200 lines of
code not counting the clFramework les and some DirectXiatitation. The application can render the
implicit water surface on an ATI X1900 XT graphics card [7hadre than 50 fps on a 10241024 grid.
This means that a sparse linear system with more than a miliikknowns is solved and the result is
rendered to the screen in less than 20ms, all this on a contyrfedi

Regardless of the performance and simplicity, a clear da@ege of this simple formulation of the
wave equation is that it models only a 2D membrane. Thereforthe next sections we take a look at
the Navier-Stokes equations (NSE) for incompressibledamiuids.

4.2 2D Fluid Simulation

The Navier-Stokes equations, named after the French esrgplhgsicist Claude Louis Marie Henri
Navier and Irish mathematician-physicist George Gabriek&s, are a set of equations that describe
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the motion of uid substances. Fluids, in turn, are liquigssses or plasma (see Figure 4.3) or—as
de ned by Griebel et al. [37]—"Substances which, in contnagh solid materials, cannot resist shear

stress when at rest.” For these uids, the Navier-Stokesgqgus constitute that changes in momentum
are simply the product of changes in pressure and dissguwiticous forces acting inside the uid.

Figure 4.3: Images of an incompressible uid are shown. OR2& 1128 grid the simulation using ve
CG iterations is performed at about 600 fps on our targetitctare.

Unfortunately so far no closed-form solution for the Nav&tokes equation exists (see [32]). There-
fore, the only known way to solve the equations is via meansoafputational uid dynamics. In the
following we focus on the simulation of incompressible, lnax ows as these have been shown to al-
low for the simulation of many uid eects such as re, water, or smoke (see Figure 4.3). Toiently
control vortex structures in ow we will later introduce tlvencept of pressure- and ow-templates (see
Section 4.2.1).

In the following paragraph we will discuss the two-dimemsih unsteady, laminar ow as can be
described by the following three equations: the two impelgeations for the two dimensions and one
continuity equation, which enforces the ow to be divergerfieé.

1 @u @u! @ @1!

@_1 e e @ @ @

e rRa@ @ ‘a's " @ 0

@_1 & & O@,6 O @

@ Re @+@ u@+v@ + f, @ (4.12)
div(V)=%{+%=O (4.13)

The impulse equations are composed of the following fourpaments, the diusion%e % + % ,

YFor a more thorough discussion of the Navier-Stokes equetad in particular the derivation of the equations thevesgwe
refer the reader to introductory books on CFD; e.g., Griebel.[37], Anderson [4].
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the advectioru% + v%, the external force$;, and a pressure gradie%.

As mentioned earlier, for the general case no closed-follatien for the Navier-Stokes equations
exists, thus we solve the equations numerically. We theegfartition the domain into a regular lattice.
To improve numerical stability we discretize the domain ostaggered grid shown in Figure 4.4. In
this way, centered space derivatives use successive mbitits same variable, and the dispersion char-
acteristics are improved because theive grid length is halved and pressure oscillation iSdea.
Furthermore, we can now handle arbitrarily positioned atdes exhibiting special boundary conditions
such as free-slip and no-slip conditions veryeetively.

j+1
i
@
i Yaig poi'j
@
Vi1
-1
-1 |

Figure 4.4: The image shows a staggered grid with the pressiues stored in the center of each cell,
and theu andv components stored on the cell borders. This image also showshe velocity values at
obstacle (dark cells) borders are mirrored to match thedyaranditions.

By using a discretization on a regular lattice we can appnaxda% and% rst-order accurate with
forward di erences and get:
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t+1 — =t @
u"1 =F tg
+1 — (at
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with (4.14)

Fl=ut+ t & Y+ u2+v2 +
Gl=vi+ t & H+&  uZ+v2 +f,

We can now solve for the velocity = (u;v)T in two passes: First, by ignoring the pressure term
% intermediate value§ andG are computed. The dusion operator is discretized by the means of
central di erences, and, as proposed by Stam [99], we solve for the talvg@art by tracing the velocity
eld backward in time. Let us pause a moment to consider tih@ cations of the previous statements.
By neglecting the pressure and computihgand G with the aforementioned methods we reduce the
computation to an explicit Iter kernel which again could bemputed by either a set of custom shaders
or the proposed GPU linear algebra framework. However, topzde the ow eld itself we need to
consider the third equation (4.13) in our solution. To sdbwethe pressure, we derive from di) = 0:

+1 +1
@.p@t —@t t@-;.@ t@:o

div(V) = - = —
V=" " @ @ '@ @ '@
Discretizing the pressure using central @iences and solving f@'*! we option the following Pois-
son equation:

n+1 n+1 n+1 n+1 n+1 n+1 n n n n
P 2Pt P . Piin 2P+ Pl 1 %i;j Fi i . G Gi 1%

= ~ v
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With the known right-hand side, the solution of the Poissquation requires the linear system of
equations to be solved. This operation can not be expressedIter kernel anymore, therefore we
employ the conjugate gradient method of our linear algetaméwork on the GPU. Finally, with the
solution of the Poisson equation theandG terms are updated according to Equation 4.14 and a new
ow eld is computed. Figure 4.5 depicts the entire 2D Navigtokes pipeline.

Poisson Solver

/ N

Compute

Compute F& G — Poisson RHS Update u & v

Figure 4.5: The principal 2D Navier-Stokes pipeline



4.2. 2D Fluid Simulation 47

In addition to the solution to the Navier-Stokes equatiodescribed above we have integrated the
following extensions (see Figure 4.6).

Figure 4.6: From left to right we show a simple in ow, the sarow with vorticity con nement enabled.
The nextimage depicts a few obstacles placed in the ow whiéerightmost picture shows a temperature
driven in ow

We have integrated a mechanism that allows one to arbitrspigcify in ow regions and charac-
teristics. Therefore, the current in ow settings are sthirethe color components of a 2D texture
map, which is interpreted as external forces acting on theirmevery iteration of the simulation
process.

To preserve vorticity on the regular staggered grid we hategrated vorticity con nement [23]
into our simulation code. At each grid point, a pixel shadenputes

ve=h (r 1) (4.16)

whereri’'= rj ! j9rj ! jjis a unit vector pointing towards the centroid of the voitiegion, and!
is the vorticity vector. This vector is added to the velotityconvect vorticity towards the centroid
(see Figure 4.7).

We have integrated a dynamic time step control that makesthat the Courant-Friedrichs-Levi
(CFL) condition (cf., e.g., [37])

|
. BRe 1 11 x y%
t= m|n§ — + — T T 4.17

Xy jUmy Vi (4-17)

is satis ed. This condition ensures that the velocity magghé is not larger than the discretization
step size, the additional safety factor2 ]0;1] compensates for numerical error due to limited
precision.
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Figure 4.7: The images show a step ow. On top the static &muvithout vorticity con nement can be
seen. In the four bottom images of the dynamic simulatioh watrticity con nement is shown.

In the following listing we give pseudo-code for the GPU-ddsolver.

t =0;

InitializeDomain  ();

while (bSimulationlsRunning) f
if (bDynamicTimestep) dT = ComputeCFLTimstep();
SetupDomainBorderUY);
SetupObstacleBorderUV();
ComputeF_.and_Q);
SetupDomainBorderF@);
SetupObstacleBorderFG ();
ComputePressureRighHandSid€);
SolvePoissonEquation ();
UpdateUY));
t += dT;
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Analogously to the previous chapter, we encapsulated th&l@er-Stokes solver in €+ classes
(see UML Diagram 4.8). These classes include an extendibfermat that allows us to share simulation
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settings amongst all our applications that use the Naviekes framework. This is of particular interest
for the e ects modeling tool presented in the next section and theaeility of the project les created
with this tool for all rendering applications presented imapter 5.

Figure 4.8: This gure shows a simpli ed UML diagram of the 2Mavier-Stokes classes. Note the
connection to the clFramework (see Figure 3.10 for detaits)the data storage classes colored blue.

Performance Measurements

In Table 4.1 we give timings for the presented 2D Navier-8flknplementation for dierent grid sizes.

A comparison with the latest GPU-based work on real-timal simulation using reduced models by
Treuille [106] shows that our GPU approach is still a factbttoee faster, even though we simulate
the entire domain and thus avoid expensive preprocessihis dgives use the advantage to be able to
handle arbitrary obstacle motion. Furthermore, all of dmings include not only the simulation but
also dye advection and rendering. Finally, it is worth ngtthat the fact that our simulation results
are computed and stored on the GPU gives us an advantageryv@P& simulation: Even if a CPU
simulation algorithm should outperform our GPU-based aglthe GPU-based simulation would still
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have to transfer the results over the CPU-GPU interconm@ctvhich is very likely to remain a major
bottleneck. Our tests show that on an entirely idle PC the &PGPU texture upload alone consumes
about the same time as the entire simulation plus renderiigeGPU.

Grid Size | FPS
128 128 | 650
256 256 | 440
512 512 | 140
1024 1024| 35
2048 2048| 7.5

Table 4.1: The table gives performance measures for the 2leN&tokes simulation including dye
advection and rendering. The timings were conducted on a.®&Bz PC equipped with a GeForce
7900 GTX card [22] in every iteration, ve CG steps were penfied.

4.2.1 E ect Modeling with Flow Patterns

Ideally, the simulation of incompressible non-turbulenids using the Navier-Stokes equation produces
physically accurate results. On the other hand, adjustirig parameters to achieve a particulaeet
can be complicated or even impossible due to restrictiotiseofinderlying physical model. In particular,
expansion and contraction ects are not covered by these equations. Additionally, dube limited
size of grids that can be used in real-time scenarios, hidétgiled features can hardly be generated.

Figure 4.9: A vortex in the ow eld, the vector eld and the eesponding pressure eld (red and green
indicate high and low pressure regions, respectively).

To overcome the described limitations one could eitherypkrthe resulting velocity eld to intro-
duce small-scale features [100, 89], or one could try to fiyathie simulation process in such a way
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as to produce the desired features automatically. For tisgse we will now introduce parameterized
templates that can be blended into the respective eldschlvhre then considered by the simulation.
Internally the solver distinguishes between pressure letep—pre-computed pressure masks that are
continually inserted into the pressure ettliring the solution of the Poisson equation—and velocity
templates —vector eld masks that are inserted as exteanaét into the velocity eld.

The key observation that lends itself directly to pressemeglates is that characteristic features in the
vector eld are related to characteristic features in theegponding pressure eld (see Figure 4.9 for
an example). While pressure templates provide an intuiti&g to model divergence phenomena, i.e.,
sinks and sources, direct modi cation of the vector eld bles the user to intuitively add large-scale
structures like vortices of particular shape and size.

The need for pressure templates in addition to impulse t&tepis motivated by the following obser-
vations: First, pressure is a comprehensible feature afes@nd it is thus easy to imagine what would
happen if the pressure at a certain point in space is changeueasing pressure leads to a source in the
eld, whereas a decrease creates a sink. By modifying thespire distribution within a region, a wide
range of di erent velocity structures can be modeled (see Figure 4SHgond, pressure templates allow
for the creation of divergence ects that can not be eciently and intuitively modeled using velocity
templates. As pressure acts as a global correction terrhdarglocity eld, divergence eects created by
velocity templates will be destroyed by the Poisson soleve do not want the eect to be “corrected,”
direct modi cation of the pressure term turns out to be ap@ive mechanism.

~N 7

<\

Figure 4.10: Velocity structures created by dient pressure templates are shown. Pressure templates
are shown in refdreen indicating negatiyjgositive pressure.

The system presented in this thesis provides the user wiet af® ect templates that have been
pre-computed, or which have been captured either from tbsspre or the velocity eld. To the user,
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only iconic representations of the ects generated by a particular template are presented. ahthese

e ects have been generated is hidden. The template procésgimgemented as an extension to the 2D
Navier-Stokes class hierarchy presented above. Note thatave all template parameters as well as the
templates themselves in our extensible NS2D le formatsthllowing all other rendering applications to
use the Navier-Stokes framework for the render of the desigow features (see UML Diagram 4.11).

Figure 4.11: This gure shows a simpli ed UML diagram of th®2Navier-Stokes classes supporting
the ow templates.

User Interaction

Our approach enables the user to desigretént e ects by capturing a template from the respective
elds. By adding external forces via mouse drags or by appyemplates from a library the desired ow
structures are produced. It is possible to switch betweeardnt views showing either the vector eld
visualized by dye-advection or the pressure eld. If a dagistructure has been created, the simulation
can be stopped allowing the template to be grabbed with atgmiebox. Depending on the current view,
the system either captures a pressure- or an impulse-templae current template becomes active and
the user can blend it into the current eld to analyze the&. Selected templates are stored as RGB
images in the template library, and they can be post-predassing imaging tools.

To model a particular phenomenon, the user has two posigbilFirst, templates from the library can
be pasted interactively into the current simulation (sepifé 4.12). Second, templates can be inserted
automatically by the program into user-de ned regions (Begire 4.13 left). While the rst approach
is more adequate for prototyping and experimenting, therstapproach enables the design of complex
phenomenarequiring only simple user interaction. In eitase, templates can be arbitrarily transformed
to an appropriate size and orientation, and values stor@teimplate can be scaled at run-time to produce
more or less dominant ects. In particular, templates can be automatically atigaieng pre-de ned



4.2. 2D Fluid Simulation 53

Figure 4.12: E ects of interactive template insertion are shown. The ulgfieimage shows the ect of
a sink template, in the right image a source template wasexhgh the lower row an impulse template
producing a vortex was inserted at drent positions and orientations.

contours or to the shape of the insertion regions, e.g.,ddypre radially symmetric ow.

One important eect that needs to be paid attention to is the modi cation séimed templates in each
simulation step. If a template is only inserted once, it Wwél destroyed by the pressure-correction-term
(see Equation 4.13) in the upcoming iteration. Consequetetinplates need to be injected constantly
into the eld over a number of iterations. Only then will thespective ow structures be formed.

From this observation an additional parameter that camtha e ect caused by a template is obtained.
Templates can be kept in a certain region for a certain numbiéme steps. The longer the templates
stay in the ow, the more dominant the resulting structurad appear and the longer their lifetime
will be after they have been taken out of the ow. If multiplentplates are applied simultaneously
and their lifetime is stochastically varied between a mimmand a maximum lifetime, the frequency
characteristics of the resulting structures in the vejoeitd can be varied. These @cts are illustrated
in Figure 4.13 on the right.

On the GPU, the insertion of templates can be handled vegjently. An appropriately scaled and
positioned quadrilateral, texture mapped with the dedieetplate, is rendered into the respective eld.
In the pixel shader stage, scalar or vector values are fetitben the texture, and these values are then
alpha blended with the simulated results. To generate montis transitions at template boundaries, a
Gaussian distribution of alpha values ranging from one éncénter of the template to almost zero at the
boundaries is used.
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Figure 4.13: The leftimage shows the user interface to deagéons for automatic insertion of templates.
In the four rightimages, templates of equal shape and nuarkénserted. In images 1 to 3 we see high,
medium, and low frequency structures. In image 4 all fregiemare contained. Theseexts are
achieved by using dierent lifetimes and scale factors.

4.3 3D Fluid Simulation

Numerically the extension of the 2D Navier-Stokes equatiorthe 3D equations is canonical, by adding
the third dimension as a fourth equation to the set of Eqoathl11-4.13, and by extending the other
equations to three dimensions. Thus, for three dimensi@engatthe following equations:

0.18.2.8 2.0..8.. 2
0.1 0.0.8 8.8.,8., O
0-Le2.d o8l 0
-0, 8, 8

Applying the same approach as for the 2D Navier-Stokes @msih the previous section we now get
the threeF, G, andH terms, which can be computed in exactly the same way as deddri Section 4.2.
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with
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Finally we need to solve the 3D Poisson equation :
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(4.18)

While theoretically the extension from two to three dimensi should not cause any problems, our
target architecture imposes some restrictions on the 3Dlation. The rstissue is imposed by the sheer
size of the domain. Based on the observation that we compl@8 a 128 Navier-Stokes simulation in
2D at about 650 fps on our target architecture, even theaibtia 128 simulation can not be expected
to run faster than 5 fps. This is in contradiction to the iatdvity requirements of our target application.
The second issue, particularly on current GPUs, is the daiatare required to represent a 3D grid.
While current GPUs do support reading from 3D textures, fiabske and standardized way to write into
a 3D texture exists yét This leads to severe restrictions. Even the explicit carumns of the term#§,

G, andH can not be performed on a native 3D grid structure, let albaentriting into a 3D texture for
rendering. Thus, a reaarite 3D texture needs to be emulated by a large 2D textuas,aithich contains

all the slices of the 3D grid (see Figure 4.14). While usingdure atlas is common in many GPU
applications it imposes a few restrictions. Firstly, thetee coordinate conversion from 3D coordinates
to 2D coordinates introduces some numerical overhead ty éxeture fetch into this texture. Secondly,
trilinear interpolation has to by emulated by two 2D texttetches and special care has to be taken to
make sure that the borders are handled correctly. Thitdiimitation in size of 2D oat textures, which

is currently 2048 4096 restricts the 3D domain to 128

Despite the aforementioned issues, we implemented the 3eN&tokes equations on the GPU
with an application that uses the described 2D texture &dlaspresent the 3D domain. Therefore, we
extended code for the computation of theandG terms by adding a new pass to compute ltheerm.
For the solution of the Poisson Equation 4.18 we use ourdinkgbra framework again. As the 3D
Poisson equation ders from Equation 4.15 only in the computation of the rightdhaide and in the
fact that the resulting matrix has seven instead of only e&ds, most of the computation code for 2D
can be reused. Note that due to our 3D domain being storedinal&s, no data conversion is required
for the linear algebra framework. The whole domain is sintpated as one long serialized vector stored
in a 2D texture, which is exactly what the atlas does.

2With the introduction of the Frame Ber Objects (FBO) extension in OpenGL [5] a functionality tdtevinto 2D slices of
a 3D texture has been added. However, this extension is adiynentary supported by the current GPUs. This will chamge i
the near future with the upcoming DirectX 10 API that regsiieey DX10 capable GPU to allow writing to a 2D surface of a 3D
texture; however, no DX10 capable GPU is currently avadabl
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Figure 4.14: A ow inside a container with the lid moving atrsiant velocity. On the left the four
atlases for pressure, x-, y-, and z- ow are shown. Positalees are color-coded in red, negative values
are coded green. The right image shows a stream-ribbonliziatian of the same simulation.

Performance Measurements

In Table 4.2 we give timings for the presented 3D impleméonadf the Navier-Stokes uid simula-
tion for di erent grid sizes. These timings indicate that by means of -B&¢d numerical techniques
it is now possible to interactively simulate the evolutidn3® ows on commodity PCs. A compar-
ison with the latest GPU-based work on real-time uid simigda using reduced models as proposed
by Treuille [106] reveals that our GPU approach achievespaditive performance—although claimed
otherwise in that paper. As with the 2D simulation it is wontlentioning, however, that in contrast to
that work our method does neither rely on a reduced modeldtation nor does it require extensive
preprocessing. Thus, our method allows for arbitrary tisaé interactions with the ow.

Grid Size | FPS
3® 35
64° 20

128 4

Table 4.2: The table gives performance timings for the 3Di&la8tokes simulation. The timings were
conducted on a P4 3.0 GHz PC equipped with a GeForce 7900 GtiX[ear all sizes we ran the driven
cavity simulation while performing nine CG steps per framealve the Poisson equation.

Despite the impressive overall performance our timingscate that a full 3D simulation with the
current generation of GPUs does not meet the extremely peiformance requirements of a computer
game or a virtual environment. In these domains update aditege 60 fps are required. However, with
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the rapid increase of performance and the DX10 capabilitiess ciently update 3D textures in mind
our 3D simulations may be well suited for the use in compugnegs and interactive environments on
next generation graphics hardware, which can be expectedasas late 2006 to early 2007. For the
meantime—until a full 3D simulation can be executed fastugfiofor a computer game or interactive
environment—we focus our attention on methods to creatadus8D phenomena by means of less
computational intense techniques. We achieve this withalsat of 2D simulations, combined into a
Z%D simulation, allowing for the simulation and rendering 88 ects in real-time on currentgeneration
of GPUs.

4.4 22D Fluid Simulation

While conceptually neither the pressure-templates metioodhe GPU-Navier-Stokes Equation-frame-
work is restricted to two dimensions, a full direct simutatin 3D is not practical for grid sizes larger
than 32 in real-time environments due to computational and memequirements (see Section 4.3
for detailed performance measures). Thus, we restrictetues to the simulation of escts that ex-
hibit a rotationally symmetric appearance. In this case,dsimulation can be restricted to a few two-
dimensional slices, from which the volume is extruded. Titiea is similar to the work proposed by
Rasmussen et al. [89].

The simulation loop starts by computing multiple independeo-dimensional uid simulations; to
produce similar structures in each slice, only slightlyatient initial conditions are speci ed. Volumetric
e ects can now be generated by spherical linear interpoldtalted revolution) between these two-
dimensional simulations (see Figure 4.15).

For every data pointin the 3D domain the projection alongcthaular arc onto the closest two slices
is computed. At these projection points the 2D simulatigcesl are sampled. Reconstructed values are
interpolated with regard to their circular arc distancenfrthe original point in 3D space. Since this
interpolation does not introduce new features along thauldr arc, it results in a symmetric result. For
the spherical interpolation of dye these interpolatioifasts are avoided by perturbing the initial point
coordinate by a stochastic fractal distribution. This ktmithe following compute kernel for every point
in the domain:

The initial point position is disturbed by a small turbulenz set, which is fetched from a 3D
hypertexture

The point is radially projected onto the closest simulagboes
Respective values are fetched from both slices
Spherical linear interpolation is performed

This basic idea of this revolution is depicted in Figure 4dstwo slices.
This spherical interpolation can be computed surprisirsiiyple in a pixel shader. The following
HLSL code demonstrates this for two axis aligned sliceg(ad with the xy and the yz plane). The
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Figure 4.15: The revolution of 2D simulation results to 30llisstrated.

shader snippet takes the perturbed 3D positimliPos in the range [ 1::1] as input and outputs two 2D
vectorstexA andtexB in [0::1] for a texture-lookup into the two slices.

/[ compute distance to center on (x,z)-plane
float | = length (VolCoords.xz);

/Il compute texture coordinates and re-scale to [0..1]
float2 texA = (float2 (I* sign (VolCoords.x), y) + 1) * 0.5;
float2 texB = (float2 (I* sign (VolCoords.z), y) + 1) * 0.5;

o O W N

With lines 5 and 6 being executed simultaneously due to theoverocessing nature of the GPUs the
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entire revolution code requires only two multiplicationge addition, aign and alength call. Thus,
it is not surprising that this pixel shader introduces no soueable overhead during the rendering of the
volumetric data as described later in Section 5.2.

4.4.1 Example E ects

To generate eects like explosions, re and smoke, the GPU engine simalat® dynamics using

di erent ow and template parameters. Figure 4.16 shows thergéed phenomena after 2D simulation
results have been revolved to 3D. In contrast to low speedtewseich as re, ames and smoke, for
the realistic simulation of explosions compressible esdike expansion and contraction are important.
Nevertheless, in all scenarios the incompressible Neviekes equations in combination with pressure
templates are employed.

Explosions: For modeling explosions, we simulate a vast amount of entrafyis instantaneously lib-
erated by initially setting the temperature in near-by eegiof the center of the explosion to be very
high. In subsequent simulation steps the temperature ectiejl heat is decreased. The buoyancy force
is computed and added as an external force. By using apptegmiessure templates, bigger structures
are created in the very heart of the explosion while they lsidade out towards the outer regions and
nally disappear outside the explosion. As we continuatiject dye at the source of the explosion, the
dye density is used as scaling parameter for the pressupdats.

Fire Ball: To realistically simulate a corona, templates are positibat the surface. In addition, they
are oriented such as to generate ow structures moving aveay the center of the corona. Buoyancy is
not considered in this case. To simulate high frequencygstras giving rise to a pumping like behavior,
only for a short period rather small templates are inserfHiese templates, however, are scaled by a
large factor to amplify their eect.

Smoke: Smoke rising from the cigarette exhibits all frequencyduees in the upper part, where cooling
has already taken place. The rising hot air in the lower [ganbt modi ed. In order to prevent regular
vortex-like structures as in the explosion, much smallergiates with a short lifetime are speci ed.
In this example, heat is continuously injected and template scaled by temperature. Additionally, an
out ow condition is speci ed at the upper boundary of the daim and the Reynolds number is decreased
to simulate less viscous material. In this way we achieve eimstraighter and faster upward ow.

Camp Fire: To simulate a camp re, we use many small templates at the blae re to disturb the
otherwise too homogenous ow. Larger templates are usdudmpper part of the simulation grid where
the re turns into smoke. Like in the cigarette smoke exambésat is constantly injected and templates
are scaled by temperature.

4.5 Particle Tracing

In this section we describe the principal techniques of GiReded particle tracing. Although particle
tracing in general is a visualization technique we put tleistion in the simulation chapter since the
process of tracking an element through a given ow requites golution to an Ordinary Derential
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Figure 4.16: From left to right we see the time evolution ofatent phenomena as they are generated by
the GPU simulation engine.

Equation (ODE), thus we consider the tracing of the partiakher simulation than rendering. The
rendering of primitives, however, is described in detaiétdn Section 5.3. In that section we will use
point primitives to visualize re, smoke, and other phenaraeBefore we discuss the rendering of the
particles themselves, we need to compute the motion ofghestivithin the ow eld. This is where
particle-tracing ODEs come into play.

In general, particle tracing is a technique for computirgyttiajectory of massless particles in a ow
eld over time. In classical particle tracing the ordinary drential equation

= U(X(t); 1) (4.19)

[}
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equipped with an appropriate initial conditi(0) = Xg is solved numerically. Herex(f) is the
time-varying particle position% is the tangent to the particle trajectory, anid an approximation to the
real vector eldv. Asvis sampled on a discrete lattice, interpolation must beoperéd to reconstruct
particle velocities along their characteristic lines. Tigher the approximation order of the integration
scheme, the more often the interpolation function has tosbliated. Consequently, the number of both
numerical operations and memory access operations iregéas higher order setting. Additionally,
in a single integration step the memory footprint is enldrdetting higher order schemes become less
e cientin terms of memory cache coherence.

Besides xed step size integration schemes like classioéor Runge-Kutta (see Equations 4.20
and 4.21), embedded schemes are known to yield superidtsdgih with respect to accuracy and
speed. In embedded schemes, the local integration errsedsto re ne or to enlarge the integration step
size. In particular, RK3(2) [11] (see Equation 4.22) congsud third and a second order solution and
estimates a fourth order accurate local truncation erconfthem. Using the truncation error, the optimal
step size can be computed. If itis larger than the curreptsie, the third order solution is taken and the
next integration step will use the larger step size. If itmgadler, a third order solution using the reduced
step size is recomputed.

Euler:
X1 = %+t LX) (4.20)
Classical Runge-Kutta:
Xer =X+ = (ka+ 2o+ 2kt k) (4.21)
where
ke = ot x)
ke = fAt+ 2%+ ki)
ks = fo(t+ %;Xj'i' 7tk2)
ke = fYt+ tx;+ tks)

Bogacki-Shampine RK3(2):

Xe+1 X+ 5 (2ki + 3ky + 4ks)
Xee1 = X+ 2—}1 (7|(1 + 6ks + 8k + 3Xt+1) (422)
Error Xeer Ko
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where
ke = ot x)
ke = fo(t+ ?t;Xj'i'?tkl)
ke = Fot+ 3tx+ i)

For particle visualizationin general and in particulartfoe rendering of uid e ects, one is interested
in continuous animation of particle sets within constamtgtiintervals. Consequently adaptive schemes
are only of limited relevance in this application. Conse@iparticle positions have to be displayed at
equally spaced simulation time steps. Therefore, adaptivemes require varying numbers of operations
to be carried out per particle. In a single animation fraroee particles perform many small integration
steps while others have to repeat the integration step edthaed step size. This approach, however, does
not map well to the SIMD compute model of the GPU. Therefore implemented both simple Euler
and an embedded RK3(2) scheme for numerical particle iatiegr. For the RK3(2) schema we use the
local integration error as an additional visual cue. Theppe®d particle system provides a visualization
mode that enables the user to visualize the local per pattiehcation error using the third and second
order solution to the current particle position, respettiv This visualization allows the ect designer
to reduce the global integration time step to make sure thticlgamotion reproduces all the uid ow
e ects.

45.1 GPU Particle Tracing

To understand the reasons why particle tracing maps welBid/HD architecture and in particular to the
GPU let us rst take a look at the pseudo-code for a basic garéingine.

1 Initialize (particles);

2 while (SimulationlsRunning())f

3 for each(Particle pin particlesj
4

5 if (p.lifetime == 0) Restart(p);
6 p.lifetime- -;

7

8 Vector v= SampleFlow eld(Field, p.Pos);
9 p.pos+= v * deltaT;

10

11 Draw(p);

12 g

13 g

This short pseudo-code snippet forms the core of pragfiealy particle engine and contains proto-
types for the three major components of a particle traciggrahm.
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Figure 4.17: GPU Particle Advection. The black part of thadgm depicts the general GPGPU setup
used for particle advection. The pixel shader takes as ithgutvector eld and the current positions of
the particles and computes the new advected positions.eTpwstions can be used to drive a particle
rendering engine (gray blocks, explained later in Secti®).3n the next iteration the position textures
are swapped and the advection process is repeated.

Particle Incarnation Any particle needs to be initialized to a ceratin state;allgithis state needs
to contain the position of the particle and a particle lifeticounter. If this counter reaches zero
the particle is re-spawned at a new position.

Particle Advection In the particle advection state, the particles are addeittough the ow by
rst interpolating the ow eld and performing the numeritantegration to the new position (in
the pseudo-code above Euler integration was used).

Particle RenderingFinally the particles need to be displayed to visualize tiwedynamics.

These three steps are executed for every particle in thelaiom independently, thus making this
algorithm a perfect match for any SIMD architecture suchhasGPU. Figure 4.17 gives an overview of
our GPU particle tracing approach.

Throughout the tracing algorithm we use the same GPGPUséulen quad setup as presented in
Section 3.1. The computation is started by rendering a yiew-covering geometry and having the
rasterizer generate a fragment for every particle. Thgsbtidy of theforeachloop in the above listing
is executed in the pixel shader for all particles simultarsip

Particle Initialization

In our application initial particle positions are storedtire RGB color components of a oating point
texture. These positions can be arbitrarily distributettiér ow domain and it is up to the eects designer

to select a distribution. The visual ect of di erent distributions is demonstrated in Figure 4.18. In the
alpha component, each particle carries a random oatingtp@lue that is uniformly distributed in the
range of (10 v; 1:0+v)wherevis a user-de ned variance value. This alpha-component isiptied by
another user-de ned global lifetimeto give each particle an individual lifetime. With these twalues

| andv the e ect designer can control the lifetime behavior of the plasiéin a sophisticated way. By
letting particles die—and thus reincarnate—aftermtent numbers of time steps controlledvhyarticle
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Figure 4.18: Random and Regular Distribution of Startingifkans Within the Particle Probe.

distributions very similar to those generated by real-dgghenomena such as a wind tunnel can be
simulated.

Finally the e ect designer can specify the numineof particles continuously released into the ow.
Once this number is changed, a particle texture of Bize M N is generated on the CPU and it is
uploaded to the GPU. Particle integration now consists ofgteps: incarnation and advection.

Particle Incarnation

In every simulation pass, a streamMf N fragments corresponding to a contiguous block of pixels in
screen space is generated. Figure 4.17 illustrates thieguoe. The pixel shader output is rendered to
an equally sized texture render target, which becomes thiglpacontainer in the next pass. The initial
particle container is bound to the rst texture unit; thusabling access to initial particle attributes in a
pixel shader. In the rst simulation pass, the shader penfothe following operations:

Birth: Each particle is born by initializing its lifetime as deibed. The maximum lifetime is
presented to the shader via a uniform parameter.

Update Updated particle coordinates and the initial lifetime argput to the RGB and alpha
components of the render target, respectively.

The 2D render target now contains for every particle botltutsent local object-space coordinate
and lifetime. In the advection step these values are chasigesbquently.

Particle Advection

Particle advection is again performed in the pixel shadésurThe above procedure is employed to
generateM N fragments, which read current particle positions, adveesé positions and store the
results in an additional texture. Besides the initial géetcontainer, the current container and the texture
storing the velocity eld are bound to a second and thirddestunit. This velocity eld can be anything
for a 2D Navier-Stokes simulation or multiple 2D slices fraime Z%D simulation, a texture atlas from
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the 3D simulation, or a single 3D texture from a pre-computed eld. In all cases vector valued in-
formation is stored in the RGB color components of the teequiThe only dierence is the interpolation
kernel used to reconstruct values from a particular pasftiom these containers. In the pixel shader the
following operations are carried out:

Texture AccessCurrent particle positions and lifetimes are read fromtéxture unit.

Death TestThe pixel shader checks for positions outside the domalifedimes equal to zero. If
one of these conditions is true, the particle is reincatha@therwise, it is advected through the
ow.

Advection Particles are advected using either the Euler or Rungéakategration scheme, which
involves multiple fetches into the ow eld textures. In ailidn, the lifetime of each particle is
decremented by one. Updated positions are written to a 2Dreekender target, which becomes
the particle container in the next pass.

Reincarnation The same operations as described above for particle iattarmare carried out.

In HLSL these operation can be eiently expressed within the pixel shader. The followirglitig
shows theEulerAdvection shader code, which calBampleField3D to fetch from a 3D texture map
and use®©utOfGrid to check if the particle has left the domain. Note hBwlerAdvection closely
matches the loop in the listing of the principal particle imegabove.

1

2 float4 EulerAdvection( float2 texCoords) : COLOR®
3 float4 pos = tex2D(sPositions,texCoords);

4 float3 field = SampleField3D(pos.xyz);

5 pos += float4 (field*deltaT,-1);

6 if (pos.w <= 0 jj OutOfGrid (pos.xyz))

7 pos = tex2D(sStartPositions,texCoords)* float4 (1,1,1 lifetime);
8 return pos;

9 g

10

11 float3 SampleField3D(float3 pos)f

12 return tex3D (flowFieldTex, pos);

13 g

14

15 bool OutOfGrid (float3 position) f

16 float pl1 = dot(float3(1,1,1) , position) ;

17 float p2 = dot(float3(1,1,1) ,saturate (position)) ;
18 return (pl !'= p2);

[N
©
(@]






Chapter 5

Rendering

In the previous chapters we have introduced the linear adgigamework to e ciently handle vectors
and matrices on the GPU. Furthermore, we used this frameiwankeractively simulate a variety of uid

e ects. Finally, we discussed methods to trace massive amofiparticles at interactive rates through
ow elds. Yet, we did not consider the question how to gerter&D imagery of these uids. In this
chapter we will explain three methods to visualize the satiah results.

5.1 Texture-Based Rendering

One of the key advantages of the proposed GPU-based siotulatstem is the fact that all simulation
data is stored directly in GPU memory. To display intermegialues or the nal simulation results no
transfer over the GPU-CPU bus is necessary. Data sets thdiregtly be visualized are the height- eld
of the water surface simulation as well as the pressureldlison from the 2D Navier-Stokes simulation,
the F and G terms and the Navier-Stokes ow eld itself. In these cases, kzation simply means
that only a textured quad has to be drawn (see Figures 5.1.2hd 5

In addition to these quantities, which are directly avdédbr visualization, many derived quantities

see Chapter 4 for details on these terms

67
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Figure 5.1: Rendering of the 2D height map that was computetidowater surface simulation.

in the 2D Navier-Stokes simulation, such as the rotationhef bw eld, require only simple pixel
shaders to be executed during the rendering of the quasddlgsee Figure 5.2 left image).

Figure 5.2: On the left side the vorticity, pressure disttin, and on the right side the ow eld itself
is shown. The bottom right image shows a particle-glyph tassualization of the same ow eld, for
comparison.

While all of these 2D images are helpful for both educatignaboses and ow eld design, their
use is mostly restricted to these areas of application.Heoréndering in computer games or virtual envi-
ronments more realistic render modes are required. Suebtte can be achieved by applying additional
shaders on the 2D pixel data. For the water surface a refrashiader is added to the renderer. This
shader computes—based on the view direction and the sunfarceal—the refracted ray. This ray is
used in turn to compute the intersection with a second texnap located below the water surface (see
Figure 5.3).

For ow elds a texture-based dye advection (see Figure %s4he most intuitive mode. The im-
plementation of the dye advection is similar to thewuBion and advection steps in the Navier-Stokes
simulation itself. However, this time density values in #ttee are advected by the ow. To compute
the dye advection an additional 2D texture is used whichestdensity values added by the user. On this
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Figure 5.3: The left image shows the vector texture direstjle on the right a refraction shader was
used.

additional texture diusion and advection using the 2D ow is performed. These itigmalues, in turn,
can be directly texture-mapped to a quad. Integrated int@BuNavier-Stokes rendering system with
an intuitive mouse interface that allows for dye insertionedeft mouse click and for the application of
external forces with a right mouse drag we get a powerful 2B simulation and visualization program
that can be used even by non-experts.

Figure 5.4: 2D texture-based rendering using dye advection

Although simple in nature, direct texture rendering in camakion with texture-based dye advection
is already su cient for a wide range of applications. Examples of rea-tlemos are given in Figure 5.5
and 5.6. The rst image shows the integration of the dye atierdnto a teapot scene. This ect
integrated in a computer game or virtual environment allfovsa rich usetscene interaction and can
thus increase the level of realism in the environment.

The second example shows a photo of an user interacting étimbdi ed version of the 2D ow
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Figure 5.5: In this demo the user can insert milk into a cupoofe® and stir it with a spoon. In this case
a plausible uid behavior can be conveyed by only using a 2bBuation, and by mapping the images of
the advected dye onto the ocee's surface.

advection program. In this version the application of exéforces is done by camera based motion
tracking.

By using this program the user can interact directly with thve By waving his arms or by simply
“walking through” the domain external forces are appliethesimulation. The system works as follows:
In an initial calibration phase the program renders a chibaard pattern and determines where in the
camera image the projected dye advection is located. Fogniion of the pattern we employed Intel's
OpenCV toolkit [19]. After this phase we track the motioniiorit of the dye-advection quadrilateral by
means the GPU-PIV framework provided by Schiwietz and Westan [93]. This framework, which
runs entirely on the GPU, takes two images as input, compghtesross-correlation and outputs a 2D
motion vector eld into atexture. Thisvector eld in turn issed as external force added to the simulation
to advect the ow. To make sure that the camera captures delyrtotion of the objects in front of the
dye advection and not the dye motion itself a color mask swéwp the dye color is used, i.e., for motion
estimation only the blue channel of the camera image is u$elé we render the dye in red, green, or
yellow.

Despite its advantages in terms of performance and simpligiect 2D texture-based rendering is
restricted to 2D ow elds. Although 3D ow phenomena can setimes be augmented by 2D surfaces
or 2D imposter rendering, these techniques oftenesdrom a loss in realism in animated scenes and
are often not applicable to environments with stereo rendeapabilities such as virtual environments.
Therefore, we propose more powerful techniques for the3fieendering of 3D ows in the following
sections.
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Figure 5.6: This image shows a person walking “through” a @bd interacting with the dye particles.
As can be seen the initially round particle splat was adkiti¢he left following the user. The red arrow
indicates the motion of the user.

5.2 Direct Volume Rendering

For high-quality rendering of 3D ow, and for 3D volumetri@th sets in general, there exists no native
GPU primitive like the quadrilateral in 2D. Therefore, sjadized render functionality has to be imple-
mented for 3D volume rendering. In this thesis we proposestdad high-quality render system for
volumetric data. But before we describe our approach, wkbni# y recapture the history of volume
rendering.

In general, real-time methods to directly convey the infation contents of large volumetric scalar
elds are still a challenge to the computer graphics commuiiased on the observation that the capabil-
ity of a single general-purpose CPU is not stient to achieve interactivity or even real-time performan
for large data sets in general, considerablere has been spent on the development of acceleration
techniques for CPU-based volume rendering and on the desidrexploitation of dedicated graphics
hardware.

Among others, one research direction has lead to volumeerangtechniques that exploit hard-
ware-assisted texture mapping. Fundamentally, theseragste-sample volume data, represented as a
stack of 2D textures or as a 3D texture, onto a sampling seidaso-called proxy geometry. The most
common surface is a plane that can be aligned with the dégageal orthogonal to the viewing direction,
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or aligned in other con gurations (such as spherical shelibe ability to leverage the embedded trilinear
interpolation hardware is at the core of this acceleratahhique.

This capability was rst described by Cullip and Neumann][Zbhey discussed the necessary sam-
pling schemes as well as axis-aligned and viewpoint-atiggampling planes. Further development of
this idea, as well as the extension to more advanced mediealing, was described by Cabral et al. [17].
They demonstrated that both interactive volume reconstmuand interactive volume rendering was pos-
sible with hardware providing 3D texture acceleration. apdexture-based approaches have positioned
themselves as ecient tools for the direct rendering of volumetric scalaldg on graphics workstations
or even consumer class hardware [112, 77, 90, 29, 40, 59thé&mnore, it is commonly accepted that
for reasonably sized data sets appropriate quality atdotiee rates can be achieved by means of these
techniques.

Nevertheless, despite the bene ts of texture-based voltendering, one important drawback has
not been addressed suaiently throughout the ongoing discussion. For a signitcammber of fragments
that do not contribute to the nal image, texture fetch opierss, numerical operations, i.e., lighting
calculations, and per-pixel blending operations are peréal. It is thus important to integrate standard
acceleration techniques for volume rendering, like ealytermination and empty-space skipping [74,
26, 98, 118, 34], into texture-based approaches. This ikgla€ontribution of this section, and we will
demonstrate the ectiveness of the proposed algorithms foeets rendering ?D simulation results
from the previous chapter as well as scienti ¢ visualizatom a variety of real-world data sets.

The essential mechanism that allows us tedively integrate early ray termination and empty-space
skipping into the raycasting process is the early z-tesis tHst is applied before the pixel shader program
is executed for a particular fragment; thus, the early zdas be used to avoid a pixel shader execution
enabling a fragment processor to process the next incomaggrfent. The early z-test, however, is only
enabled if all other per-fragment tests are disabled anétégeents’ depth value is not modi ed in the
pixel shader. The esct of the early z-test can be demonstrated quite easilynglgidrawing an opaque
guadrilateral occluding parts of a volume prior to rendgtime volume. If the depth test is enabled and
depth values have been written in the rst pass, a considesgdeed up can be perceived that is directly
proportional to the area of the occluded parts of the volume.

In the following we rst review texture-based volume renithgrtechniques and we put emphasis on
some intrinsic drawbacks and limitations of currentimpéenations. Next, we present volume raycasting
on programmable graphics hardware as an alternative tiitnaal object-order approaches. Then, we
outline new techniques to integrate early ray terminatioth@mpty-space skipping into the ray traversal
process.

5.2.1 3D Texture-Based Volume Rendering

Volume rendering via a 3D texture or revolved 2D texturesssally performed by slicing the texture

block in back-to-front order with planes oriented paraitethe view plane, see Figure 5.7 for an example.
For each fragment the texture is sampled by trilinear irdkaton, and the resulting color sample is

blended with the pixel color in the color ber. If slicing is performed in front-to-back order the blémgl
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Figure 5.7: Volume rendering via texture slicing.

equation changes from

Cdst= (1 srdCqst* srcCsrc (over, back-to-front)

to

Cyst Cystt (L gsp srcCsrc (under, front-to-back)

dst

dstt (1 dsp src

Here,Cyst gst@nNdCsrc srcare the color and opacity values of the color buand the incoming
fragment, respectively.

In front-to-back order an additionalbu er needs to be acquired to store the accumulated opacity.
Pre-multiplication of source color with source alpha idizeal in a pixel shader as proposed later in this
thesis.

As a direct implication of the selected proxy geometry intdes-based volume rendering, from pixel
to pixel the data is sampled at varying rates. In Figure 588ghmpling patterns are shown for 2D
and 3D texture-based volume rendering. As can be seen, thgling on spherical shells around the
view point mimics at best the kind of sampling that is perfedrin volume raycasting. Here, if no
acceleration technique is employed, the rays of sight aretsed with a constant step size. Spherical
clip geometries, however, have turned out to be rather iotiged due to the huge number of geometry
that has to be generated, transferred and nally renderebd®@GPU.

Probably the most obstructive limitation of texture-basetime rendering, however, is the huge
amount of fragment and pixel operations, like texture asclighting calculation, and blending that are
performed, but which do not contribute to the nal image. Imer to verify our hypothesis, typical
volumetric e ects and scienti ¢ volume data sets are shown in Figure 5.8stMommonly in volume
rendering applications the focus is on emphasizing boyn@glions or selected material values. Usually
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Figure 5.8: Di erent proxy geometries used in texture-based volume ramgdeXote the non-uniform
sampling (red) when rendering planes instead of sphefiediss

this is done by locally adjusting the color and opacity inertb highlight these structures with respect
to others. As a matter of fact, due to the inherent occlusicetts, the majority of fragments that are

generated during volume rendering never contribute to itiege. In addition, because non-relevant
structures are often suppressed by setting their opacitgrto, many fragments contributing to empty
space are generated and have to be processed. For instatice,iimages shown in Figure 5.9 only

between 0.2% and 4% of all generated fragments contributeetmal image.

If the volume rendering technique should also provide séalisimulation of lighting eects, the
waste of per-fragment operations is even more dramatichlyhting e ects are usually simulated by
means of a gradient texture, which is comprised of the natgradients and the scalar material values
in the RGB and color components, respectively. The illumination modehialuated on a per-fragment
basis in the shader program. Consequently, even for nable/fsagments the gradient texture has to be
sampled and numerical computations have to be performed.

5.2.2 Volume Raycasting on Graphics Hardware

The key to volume raycasting on the GPU is to nd areetive stream model that allows one to contin-
uously feed multiple, data-parallel fragment units. Iniidd, the number of fragments to be processed
and the number of operations to be performed for each fragsheld be minimized.

The proposed algorithm is a multi-pass approach. For eagmfent, it casts rays of sight through
the volume until an opacity threshold is reached or a saleisie-value is hit. In the latter case, the
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Figure 5.9: Volume rendering examples. The upper images Qléﬁ) simulation extrusions. The images
in the lower row show typical example of volumes used in dtierisualization [67].

coordinates in local texture space of the intersectiontpainth the surface are written to a 2D texture.
This texture is used in a nal pass to restrict upcoming cotapons, i.e., access to a gradient texture
and shading computations, to these points.

Prior to ray traversal, for each pixel the direction in lotakture coordinates of the ray through
that pixel is computed. As this direction is stored in two 2Rttires, it can be retrieved directly in all
upcoming rendering passes. Ray traversal is done in a xeaoau of rendering passes, each performing
a constant number of steps along the rays. The render targath pass is a 2D texture that is accessed
in consecutive passes to access accumulated color andyoyesldies.

Between any two main passes, an additional pass is perfatmedimply tests whether the current
opacity value has already exceeded a speci ed threshold moasurface is hit. Depending on the result
of this test, the pixel shader modi es the z-value. If the ®scceeds the z-value is set to the maximum
value otherwise it is set to zero. As a consequence, if thstzid set to GREATER, all consecutive main
passes will be discarded due to the early z-test.

In essence, the following steps are performed (the depthstabvays set to GREATER):

Passl (Entry point determination)The front faces of the volume bounding box are rendered to a
2D texture. 3D texture coordinates of each vertex are isasgakr-vertex color, COL, (see left of
Figure 5.10). The resultis a 2D texture (TMP) having the sesselution as the current viewport.
The color components in the texture correspond to the r&rgection point between the rays of
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Figure 5.10: Rendering front faces (left) and back facegh(jiof the volume bounding box in order to
generate ray directions and texture coordinates of thentstsection points.

sight and the volume. Coordinates of the intersection paire given with respect to texture space.

Pass2 (Ray direction determination)The same steps as in Pass 1 are performed, but now back
faces of the volume bounding box are rendered to a 2D texiR)((see right of Figure 5.10). In

this pass, a fragment shader is issued that fetches for esgpinént the respective value from TMP
and computes the normalize ray directiomasmaliz€d COL - TMP) to be rendered into the color
components of the render target. In addition, the length@hbn-normalized direction is rendered

to the opacity component. The 2D oating point render tafgiR now holds for every fragment

the normalized ray direction in local texture coordinated #he length of each ray passing through
the volume.

Main passes3 to N (Ray traversal and early ray terminatianhn each passM steps along the
rays are performed, and rendering is directed to a 2D texRIES, that can be accessed in the
consecutive passes. The front faces of the volume boundixgte rendered. Multiple parameters
are issued at the vertices of these faces: Texture cooedinggts assigned the normalized device
coordinate (x,y) of each vertex. It is used to index textid#R and RES. 3D texture coordinates
of each vertex are issued as per-vertex color (C). Thus, dnenpetric ray equation(t) = C +

t DIR[X][Y] in local texture coordinates is directly available by merfiing one texture lookup.
In constant color 1 (C1) the step sizeto be performed along the rays of sight is speci ed. In
constant color 2 (C2) the product ofand the number of steps already performedil (N 3))

is issued. By initially setting to C2, ray traversal now involves incrementing t by C1 andHiztg

the respective value from the 3D texture @). This is done M times, at each sample blending the
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current contribution with the contribution that has beeousmaulated up to this position. Finally,
the resultis blended with RES[x][y] and it is written backle 2D render target RES. If by means
of the opacity value read from DIR, which stores the lengthaxth ray within the volume, it turns
out that the current ray has already left the volume, an dpsalue of 1 is written to RES.

Intermediate passes3 to N (Stopping criterion) In an intermediate pass, the front faces are
rendered again, and a shader is issued that accesses &t oypacity value and compares it with
a constant thresholfl (Note that in case the ray has left the volume, opacity is gddarger than
T). Essentially, it performs the following conditional ®tatent:

1 if (RES[xy] > T)
2 THENz = MAX;
3 ELSEz = 0O;

If the ray has to be terminated, the respective value in the 2r is set to the maximum value and
the color bu er is kept by drawing zero color and opacity. Otherwise, tisdsr has no ect.

Iso-Surface Raycasting

If only a single illuminated iso-surface should be renddrgdheans of GPU-based raycasting, the shader
setup becomes even more simple. The rst two rendering pamseperformed as described above. In
passes 3 tdN, however, considerably less arithmetic has to be perfornwithin each pass, we also
performM steps along the ray, but now we perform the traversal in badkent order. At each sample
we fetch the respective value from the 3D texture, and waltestcalar value whether it is larger or equal
to the selected threshold. If this condition is true, weestiie current position along the rayt), in a
temporary variable. By going back-to-front within one mpass, only the intersection point closest to
the viewpoint is kept. At the very end of the shader, the terapovariable is checked. If it is not equal
to an initial value, the content is used to look up a 3D gradiexture and to perform surface lighting.
In this case, the nal color value that is rendered to theuextender target contains the illumination of
the surface point, and an opacity value equal to one to gtedor early ray termination in consecutive
passes. The intermediate pass is the same as proposed above.

Empty-Space Skipping

Apart from early ray termination, one important issue netedbe addressed to speed up volumetric

raycasting. Empty-space skipping essentially relies cadalitional data structure, which encodes empty
regions in the data. For instance, an octree hierarchy camipéoyed, which stores at every inner node

statistical information about child nodes, e.g., fmax-bounds for the region that is covered by the node.
If this information is available to the raycaster, it careetively increase the sampling distance along the
ray when entering empty regions.
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In our current implementation, only one particular octrexel is computed to speed up rendering.
We always encode disjoint blocks of siz&Within the original data set, and for every block we store the
minimum and the maximum scalar value contained in this bld¢le data is stored in a 3D RGB texture
map with% the size of the original volume in every dimension. The mimimand maximum values are
encoded in the R- and G-components, respectively. In aadditi this texture we generate a 2D texture,
CT that indicates for every pair (mimax) whether there is at least one non-zero color componéghei
range from min to max after shading via a color table has bediopned. This texture is updated on the
CPU and loaded on the graphics subsystem whenever the ableris modi ed.

In order to test for empty space we extend the intermediate theat is executed right after each of
the passes 3 tN described above. Therefore, the front faces are rendettbé isame way as described,
but the ray is traversed with eight times the step size. Theb®u of steps is decreased accordingly.
Instead of the original data set, the coarse resolution opgcessed at every sample paift). The R-
and G-components at every sample are used to index CT, asththest whether empty space is present
or not. Whenever non-empty space is found at one of the sapgités, the entire segment processed
in this pass is considered to be non-empty. In this case,-ttadue is set to zero and the color ker is
left unchanged. Otherwise, i.e., for empty space, the aevial set to the maximum, thus forcing the next
main shader pass to be skipped.

Altogether, the following conditional statement is now exted in the intermediate shader:

1 if ((RES[x,y] > T) or (EmptySpace == true))
2 THENz = MAX;
3 ELSEz = 0;

Note that the z-value is reset to zero as soon as no empty s@ecéound, thus re-enabling ray-
traversal.

5.2.3 Performance Measurements

The proposed stream programming model for volume rayaasi@is several bene ts over object-order
projection methods. Besides equal sampling density albegays of sight, the most important one is
the reduction of the number of fragment operations to bewdredf opaque structures or empty space
are contained in the data. As the traversal procedure isisfi multiple passes with at moM steps
along the ray, at mod¥l texture fetch operations have to be performed to no purpdgs.happens if the
rst sample within a segment already saturates the opagityerating 1 void samples, or if the rst
sample is already outside the volume.

Therefore M should be rather small compared to the maximum number of lesntipat have to be
performed for the longest ray through the volume. On therdthad, the number of rendering passes to
be executed also depends bh Assuming the longest ray through the volume performs Ksstéen
dK=Mepasses need to be issued. As with each pass some overhealalonte i.e., rendering the front
faces and accessing various textures, suppodddéhould be as large &§. Then, however, all rays
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shorter than the longest one have to compute the same nuiiidsanple points along the ray because a
shader program cannot be discarded during execution.

For shaded iso-surfaces, the gradient needs to be recctestianly once in the rendering passes 3 to
N to illuminate the surface point. Note that, due to the faat fragment shaders do not support condi-
tional execution of expressions eiently, gradient reconstruction and illumination is ajgaomputed
even if no surface was found. The fact that this is only penfedt once every steps, signi cantly
accelerates the rendering of opaque iso-surfaces.

Moreover, the algorithm can ectively take advantage of texture cache coherence. Acpéati
fragment traverses the ray along a certain distance theret®ssing the volume texture multiple times.
If texture memory is organized in a block-wise layout, ssoee texture fetches are likely to access data
already in texture cache. This is dirent from typical slicing approaches, where each slicethde
processed entirely before the next slice is going to be pteje Cache coherence between particular
regions within successive slices, however, are destroyeithib approach. Our tests have shown that
on GPUs that exhibit a strong view-directiperformance dependency the raycaster's sampling pattern
reduces this dependency resulting in a more constant frateevhen rotating the volume.

Itis of course worth noting that for highly transparent aedsk data sets, where each ray needs to be
traversed until it exits the volume, no gain in performanae e expected. In this case, the intermediate
pass to check for early ray termination and empty spacedotres some overhead.

Figure 5.11: These images show the example data sets we badeta test the performance of our
acceleration techniques. The simulation was executed orrévwolved 128 slices. The visible human
data set has size 53and the aneurism is of size 256

Let us now demonstrate the ectiveness of the proposed acceleration schemes for 30r¢éeksed
raycasting. We use the corona and the explosion demo andtstogimulation to only measure the
rendering performance. Additionally, to demonstrate fygliaability to scienti ¢ volume visualization,
two scienti ¢ data sets are shown, the Philips aneurism seitfrom the volren web-page [8] and the head
data set from the visible human project [107] (see Figur&)s.Rendering was directed to a 80600
viewport. In the table below we give exact timings for ouralthm, which are compared to the times
achieved by the slice-based volume rendering (SBVR) theg pkanar proxy geometry (ref. Figure 5.8)
as opposed to the spherical sampling used by the raycastetheFmore, we compare ourselves to a
highly optimized SIMD software raycaster implementati®®C is the time consumed by the raycaster
without any accelerationRC- andRC- account for early ray termination and early ray termination
combined with empty-space skipping, respectively.



80 Chapter 5. Rendering

| [SBVR [ RC | RC- | RC- |
Corona 131 61 | 155 n/a
Explosion|| 131 | 61 | 160 n/a
VH-Head 10 6.5| 144 27
Aneurism 32 14 14 46.6

Aneurism 8.74
Software

Table 5.1: Timings (fps) for 3D texture-based volume reimeon an ATI X1900 XT GPU. For the
simulation data sets no RCare given since we did not compute an empty space volume dgakyn
In the last row we compare the timings of an highly optimizéiS software raycaster as recently
presented by Marmitt et al. [75] for the aneurism data set.

Obviously, with regard to performance, SBVR is clearly sigreto volume raycasting without early
ray termination and empty-space skipping. The reason isith&@BVR only those fragments have to
be processed that are within the volume bounding box. Onttier fiand, the raycaster achieves supe-
rior image quality compared to SBVR (see Figure 5.12). In B€hending on the choice &f many
fragments outside the volume have to be processed. If eayrliermination and empty-space skipping is
enabled, however, we can see a performance gain of RC iralyial-world examples exhibiting opaque
structures and empty regions. Unfortunately, the speed nptias dramatic as we would have expected.
This is due to the fact that we need to perform the intermedibhfider pass to check for the stopping
criterion and to replace z-value in order to exploit the eartest. The intermediate pass itself, however,
cannot be discarded because it modi es the z-values. Tmugtyespace detection is always performed,
even if early ray termination is already in use. We couldlgastegrate empty-space detection into the
main shader passes; however, we would need one additiogahat can be written from the shader
to identify whether empty-space has been detected or natthi®purpose we can not use the alpha
channel, because it already serves as a ag indicating eaylyermination.

For semi-transparent volumetric data sets, where neitlréyr ey termination nor empty-space skip-
ping can be applied, the overhead to perform the intermegiass to check the stopping criterion man-
ifests itself in a loss in performance of about 30%. This, &esv, is always the price that has to be
payed for the integration of acceleration techniques ifdhi set does not provide appropriate stopping
cues. For the target data within the scope of this thesis wallysuse a very hard transfer function that
classi es most of the volume as empty. In non-empty place$era the explosions are located—only
very few raycasting steps need to be performed since tkete/olumes created by the simulation are
usually very opaque (see Figure 5.13).

With direct volume rendering we have presented a powerfdib@nsatile tool to visualize volumetric
e ects. However, direct volume rendering requires a scalaotm/opacity data set. To generate this
scalar data from the%zD simulations dye advection in each 2D slice is performed.rif@uvolume
rendering the revolution of these dye slices is computedadmeated in Section 4.4. To avoid artifacts
from rotational symmetry, texture coordinates are pegdnith an additional noise volume (for details
see Section 4.4). While this already gives visually conipgltesults (see Figure 5.13) yet it is restricted
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Figure 5.12: An MR data set visualized with SBVR (left) and thycaster (right). Although the same
step size was used, one can clearly see the superior imatiy @fighe raycasted image. The red and
blue squares magnify areas where the slice artifacts atiegarly disturbing.

Figure 5.13: A sequence of images of a large scale explosishdawn. This demonstration is simulated
and rendered at highly interactive frame rates of over 18®fpour target architecture.

to rotational symmetric external in uences, such as ringtables or external forces coming from all
directions (see Figure 5.14).

For a 3D simulation we can perform the dye advection on a texdtlas. This advection is similar to
the one performed in 2D, however we need to perform morettef¢tiches to do the trilinear interpolation
by means of two interpolated bilinear fetches and we areinpalith a much larger domain. Thus, a
rendering mode that operates directly on the vector elctisicible. In the next sections we will therefore
explain how to render particles eiently on the GPU to avoid traversing the entire domain émdering.
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Figure 5.14: Rotational symmetric obstacles in té@ﬁimulation.

5.3 Primitive Displacement

As we explained in Section 4.5 the sole advection of padici@ ow eld is well suited for the GPU and
maps perfectly to its SIMD processing model. However, thiedf new particle positions that is output at
the very end of the particle tracing algorithm is only a 2Dxte® not suitable for direct display. To render
particles, the position information needs to be mapped amémderable primitive. This representation is
fed into the pipeline as a vertex ber, which is used to render particles in an upcoming pass.efbre,
we need some sort of displacement functionality on the GPavéid the time consuming download of
the particle position texture to the CPU and the construatioa vertex buer, which afterwards would
have to be uploaded to the GPU again. But if we have the fumality to displace geometry directly
on the GPU, the complete particle tracing and rendering eguelformed entirely on the GPU avoiding

time consuming bus transfers.
Rendering

1

- T

Figure 5.15: The entire particle tracing loop, with the aign subsystem feeding positions into the
displacer, which in turn drives the particle rendering stsbsm.

5.3.1 The Displacer Black Box

Today, three dierent ways to e ciently realize a vertex displacement on the GPU exist. &lee
the vertex texture fetch, the render-to-vertex array, &igdRBO-VBO-Copy functionality. Since these
abilities of GPUs play a very important role in the particispacement, we will use the following
section to explain the three possible displacement teciesiin detail. The result of all these approaches
is essentially the same: A stream of vertices with cooréisatodi ed by the values that were stored
in a texture map. Therefore, after we made ourselves famiiih the techniques themselves, we can
abstract from the implementation and just use the algostasm black box calling it thisplacer Black
Box(see Figure 5.15).
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PBO-VBO-Copy

m— T

Figure 5.16: The PBO-VPO-Copy displacement black box

The oldest and least ecient way to convert the output of the GPUs pipeline intoaeibformation
is the PBO-VBO-Copy (Figure 5.16). VBO stands for vertex éuobject and denotes a ber that can
be used as a source for vertex information. A PBO—a pixekbowbject—is a special extension of the
VBO to allow a VBO to become the target of a copy operation. &dgrm vertex displacements using
this mechanism, a oating point pixel ber (PBu er) or a framebuer object (FBO) needs to be created
and used as a texture render target to store the positidoatiation. In addition to this a VBO needs to
be created with thglGenBuffersARB call.

After the application has rendered the position into théurex aglReadPixels call is issued, and
the driver takes care that instead of reading the pixels bathke CPU the data is stored in the VBO.
After the copy is complete, the VBO can be bound as vertexebuia theglBindBufferARB call, and
geometry can be rendered \girawArrays .

The advantage of this techniques is compatibility with olgeaphics cards: essentially any GPU
with oating point texture support also supports this teicfue. On the downside this algorithm is only
usable in OpenGL applications since no render target texdad er functionality exists in DirectX and
most importantly this approach requires a copy operatiomfthe texture into the vertex bar. This
operation is in the best case executed directly in fast GPhang This copy operation is the reason
why the PBO-VBO copy should be avoided if possible since ikesathe algorithm inherently slower
than the other approaches.

Vertex Texture Fetch (VTF)

EE
T 7

0 :>‘ Vertex Shader ‘

Figure 5.17: The vertex texture fetch displacement black bo

The most exible technique to displace vertices with dataest in a texture is the vertex texture fetch
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(Figure 5.17). Hardware supporting the VTF allows the shadegrammer to fetch from oating point
textures in the vertex shader stage. Thus, to displace exveyta coordinate stored in a texture map,
the programmer sends a static vertex &y which is stored in local GPU memaory, into the pipeliner Fo
every vertex in this buer one or more texture fetches are executed and the naliposif the vertex
can be computed by arbitrary arithmetic operations usiegdhexture values. This makes the VTF very
versatile. On the downside it requires a Shader Model 3.@ldaphardware with VTF functionality.
Currently only NVIDIA GeForce 6 series and newer NVIDIA carsupport this feature. However, the
VTF capability is required for DirectX 10 level hardwareuthbroader support can be expected in the
near future. Finally, the random access into the textureaméhis algorithm potentially slower than the
R2VB explained next, which enforces a sequential accessigfrthe texture.

Render To Vertex Bu er (R2VB)

Re—lnterpreM

Figure 5.18: The render-to-vertex-array displacemerakoltex

At present the fastest technique for vertex displacemetitdsender to vertex bier (R2VB) ap-
proach (Figure 5.18). This technique should better bedétlast to vertex buer” since this term better
describes what happens on the GPU. Basically, a 2D textusriterpreted as a vertex array and fed
back into the pipeline without a copy operation. The R2VBrapph proceeds as follows: After the
application program has rendered the positional data intating point texture, it is unbound from the
render context and directly rebound as a vertexdsuAfter this the application can use the vertex éu
as a regular source of input for the rendering pipeline. Froendescription of the algorithm it should
be clear that this approach is both the simplest one to imgter@nd conceptually the fastest. However,
it is not as exible as the vertex texture fetch and has thevbesck that it is only supported by ATIs
hardware and only under DirectX [92]. As with the VTF the R2¥(Bictionality is part of the DirectX
10 functionality and will be supported by all vendors in tleanfuture.

Displacement Summary

As we mentioned at the beginning all three techniques talkepag a oating point texture storing the
vertex positions and output a stream of displaced verticgsthe primitive assembly stage. The only
di erence is the way this functionality is achieved internbiithe GPU. Therefore, in the remainder of
this thesis whenever vertex positions are to be displacesimply use a displacer black box, which is
to be replaced by one of the three algorithm that best matbleeSPU and API requirements of choice.
Table 5.2 once again summarizes the advantages and disageaiof all three techniques.



5.3. Primitive Displacement 85

| Algorithm | Pro | Contra |
PBO-VBO-Copy well supported by hardware only OpenGL, usually slowest solution
R2VB fastest method only supported by ATl and in DirectX
supported by DX10 core feature set
VTF supported by well de ned API still slower than R2VB
and DX10 core feature set currently only supported by NVIDIA GPUs

Table 5.2: Comparison of the three GPU displacement teclesiq

5.3.2 Particle Rendering

Equipped with basic functionality to displace geometrydshsn the GPU we can now use the displacer
back box to render the results of the particle tracing athorifrom Section 4.5.1. The particle tracing
algorithm in turn is fed with the result of either the 3D simtitbn or the %D simulation. By putting
together the simulation and the particle advection we gefddita ow as depicted in Figure 5.19. So
far this pipeline generates a stream of vertices displacdtié ow. The coordinates of each vertex
corresponds to the positions of particles numericallygrated through the ow. These vertices can then
be rendered using an appropriate representation. The omipanent that is left to implement is the nal
particle rendering step. This component is explained irfallewing section.

2.5D Fluid Simulation | —> T
/ Displacement
Pattern Modeling T

\ \> Particle Advection
3D Fluid Simulation /

Figure 5.19: This image shows the principal interplay of sahthe software components proposed so
far. The combined components allow for the rendering ofiglarbased uid e ects such as the smoke
in Figure 5.20.

Once particle positions have been used to generate a daganstthe vertex shader transforms these
positions according to the viewing parameters. In genbesld vertices can be rendered as particles with
di erent modes.

5.3.3 Points

Rendering of point primitives does not necessarily reqaimg special fragment shader computations,
and in particular no texture fetch has to be performed. Byausinis mode, millions of particles can
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be displayed at interactive rates. Although every parigldisplayed by a single pixel in screen space,
the massive amount of primitives enables the simulatioreaFworld e ects where tiny but numerous
particles like small ash pieces, water vapor, or gas drsglet released into the ow. On our current
target architecture, more than one million particles,esian local video memory, can be sent through
the vertex unit and rendered as colored point primitivedbatia250 fps (see Figure 5.20).

Figure 5.20: Particle positions are randomly stored in a&{ure map (upper right quad), which is then
used as input for the displacer black box. The lower rightdggteows the particle positions sorted with
respect to the viewer.

5.3.4 Point Sprites

Rendering the displaced vertices as simple pixels to saneaties believable impressions of homogenous
media. However, in some cases a less homogenous structihia thie medium is required to convey

a certain eect. One example of such a case is the camp re demo (see Fig21®. In this case the
chaaotic high frequency structures within the re and smoleemphasized by textured points, so called
point sprites. Conceptually, a point sprite is a textureddyilateral centered at the points' screen space
projection. Only a single vertex is transformed in the vetteits and the rasterizer generates a contiguous
block of n by n fragments around this projection. 2D texture coordinaeging from (0,0) to (1,1) are
automatically generated and used to map a given textureembggure 5.21 shows particles that are
rendered as point sprites with a small re texture.
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Figure 5.21: The images show a sequence of screen shotsHeoratp re demo, giving an impression
of the evolving re. In this demo large textured point spsiteere used to render the re and smoke.

5.3.5 Oriented Point Sprites

For a scientist observing simulated or measured ow eldd &ar the e ect designer an in-depth analysis
of the ow characteristics can prove helpful in understangthe reasons of certain ects. In the scope of
e ectrendering, non photo-realistic render modes are oicopdat interest during the ow-design phase.
Simple point primitives, for instance, can not easily révea direction, in particular not in still images,
but even in an animation it is interesting to observe thag¢rdgd iconic particle representations like
arrows, vector glyphs or ellipsoids provide a much moreaive means for showing ow direction. Such
geometric representations, however, put the burden ofiguabzation almost entirely on the geometry
subsystem hence limiting the number of particles that carebéered.

While point sprites can eectively render rotationally symmetric particle primés, they produce
incorrect results if used to display arbitrarily shapedrgetry. This is mainly due to the loss of degrees
of freedom if object transformations are performed afterphojection into screen space. To overcome
this drawback, we employ a texture atlas similar to the ol@@sed by Guthe et al. [39], but we use a
parametrization that is more suitable for a GPU impleméat

The texture atlas contains a 2D array of elient views of the 3D particle primitive. Views are
parameterized with respect to scaling factor and rotatigiesaround the y-axis. The parameter domain
ranges from 0 to 1 and from 0 tofor scaling factor and rotation angle, respectively (sepifé 5.22) .
Here, we assume the particle primitive is aligned with thexis, the local direction of the vector eld.
To get all rotations from 0 to 2we use the texture wrap moddarror.

For rendering point sprites, a fragment shader transfdmmsniform texture coordinates; ), which

are generated for every fragment covered by this spritajdh & way as to map into the appropriate atlas
sub-image. Therefore, the magnitude of the local veloaitster is used ag-0 set and the arc sine of
thez-component of the normalized vector is usedias set. To rotate the selected sub-image around the
z-axis, we built a rotation matrix¢ y)T, (y;X)", wherex andy are the rst components of the normal-
ized velocity vector. As all four parameters—texture caoate o sets and velocity components—are
constant for each sprite, these values can be computed irettex shader and passed to the fragment
shader as a parameter. Since this approach requires tle shetder to access the ow eld, it can only
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Figure 5.22: Low resolution version of the texture atlas, $hale of the model changes from bottom to
top while from left to right di erent rotations are applied.

be realized using Shader 3.0. Another alternative is taera additional particle container, into which
these parameters are written by a fragment shader. Thercahtainer can be accessed by all fragments
that are covered by a point sprite.

By using this method, the virtual geometry can be rotatedmadwo axes and scaled correctly before
the rotation takes place. Hence, primitives can point impspatial direction while the overhead that is
introduced by additional fragment computations is neflagi

5.3.6 GPU-Based Depth Sorting

Rendering semi-transparent objects—such as the poit¢sprusing blending modes other than additive
blending (i.e., using the under or over operator [84]) resgiihe objects to be sorted in strictly monotonic
front-to-back or back-to-front order with respect to thewer (see Figure 5.23). Since this ordering is
viewer dependent and since the particle motion in a vectidrcan be arbitrarily complex, it is impossible
to sustain such a strict order without reordering the plegiafter every advection step. To avoid the
transfer of the particle positions to the CPU for sorting éimel upload of them back to the GPU for
rendering, a GPU-based sorting network has been integrgtedur particle rendering framework.

The sorting routine accounts for the architecture of toglgyaphics processors. Recent GPUs can
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Figure 5.23: Flow direction analysis in the cigar demo. t-jparticles are rendered in correct visibility
order. Next, particles are rendered in the order of theiiination.

be thought of as SIMD computers, in which a number of proogssnits simultaneously execute the
same instruction on their own data. Considerablerehas been spent on the design of sorting algo-
rithms amenable to the data parallel nature of such ardhites Bitonic merge sort [9] is one of these
algorithms. Compared to other sorting algorithms like @sart or Heapsort, it is well suited for such
architectures because its sequence of operations is xdehandependent on the data to be sorted.

Purcell et al. [86], Govindaraju et al. [36], and Kipfer ang$termann [58] propose GPU imple-
mentations of the bitonic merge sort. The latter approaakimizes both the number of instructions
and texture operations to be executed. On the GPU, a texdueilt that contains for every particle
a oating point sorting key—the distance to the viewer in therent scenario—as well as an integer
oating point identi er—a reference into the appropriategition in the current particle container. Both
values are stored in the R and G color components, resplgctsmce the graphics pipeline as imple-
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mented on recent cards is highly optimized for the procgssiiRGBA samples, two consecutive entries
in each row—including sorting key and identi er—are packatb one single RGBA texture sample.
Thus, coherence between adjacent entries with respectrimorngeaccess and arithmetic operations can
be exploited.

Table 5.3 compares the GPU bitonic merge sort with an opéichdata-dependent sorting routine of
the C++ STL. Both algorithms were run on kégdex pairs of equal bit width including the nal reorder
pass to exchange particle positions according to index ptions. As can be seen, the GPU solution
has the potential to outperform the CPU solution or at leetsieare similar performance. Sorting can now
be relocated freely between the central processor and #phigss card without performance penalty.

sorter | #keys megakeysec
Bitonic merge sor{ 256 7.2
ATI X800 XT 512 6.4
1024 5.1
std::sort 2566 5.4
P4 3.0 GHz 512 5.4
1024 5.0

Table 5.3: Sorting Performance

Since sorting becomes the major performance bottlenedieiparticle engine, alternative strategies
have to be considered. One alternative is to lay out a fullafgrarticles over multiple rendering passes.
Therefore, a sorting routine is required that yields “srhegtintermediate results than the bitonic merge
sort. The odd-even merge sort is such an algorithm, and ibeaa shown to be well suited for this
purpose [60]. It has the same number of stages and therdfersaime asymptotic complexity as the
bitonic merge sort. Moreover we can utilize similar codipgimizations as for the bitonic merge sort. In
particular for the rendering of transparent point spritks,odd-even merge sort gives visually pleasant
results even in case the particles set is incompletely dofteallows us to spend as much time of one
frame as we want for sorting, thus keeping the overall sitiaridime step within a xed time limit.

In this scenario, another advantage of GPU sorting becomearant. The layout of sorting steps
over multiple frames on the CPU still requires the entiretiplar set to be downloaded and uploaded
from and to the GPU. Due to bandwidth limitations no more tBaps for a million particles can be
achieved. Using GPU sorting, on the other hand, we can gxdetermine the number of sorting steps
per simulation pass until sorting becomes the performaattieheck.

In our particle system, both sorting strategies are integrand can be activated as additional ren-
dering passes subsequent to the advection step, which cawitsbed on or 0. A particular shader
performs the sort and reorganizes particle positions amithaes in the current container accordingly.
None of the other stages in the particle system aexted by the sort.
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5.3.7 Grid Displacement

A di erent avenue of applications for the displacer black boxés displacement of entire triangle
meshes. In the scope of this thesis this is of particulatigrast for the 2D wave equation simulation.
Instead of using the simulation texture that stores thehteiglues to directly texture a quadrilateral, the
texture can also be used to displace a triangle grid (sead-§a4).

Figure 5.24: Rendering the height eld of the shallow watguation in di erent modes. The left image
shows the water surface with the refraction shader. In tfe hinage the height eld was used to displace
a triangle grid.






Chapter 6

E ects

In the previous chapters we have presented a variety of veaiyddractively simulate and render uid
e ects. In this chapter we will demonstrate how theseats can be integrated into an interactive envi-
ronment.

To successfully convey the illusion of real world phenomeneomputer games or virtual environ-
ments, it is not su cient to focus on a stand-aloneext. It is rather necessary to faithfully capture the
scenée ect interplay. In this context, indirect light interactmbhetween the scene and the uidext
is of particular interest. An example is an animated watefase causing refractions, re ections, and
caustics on the scene. However, due to the global naturebfihenomena they are deult to simulate,
traditionally prohibiting their use in real-time enviroemts. To overcome the performance restrictions
of traditional CPU-based techniques we propose an algorittat makes use of the GPU to dramati-
cally speed up the computation. We adapt the photon mappoagps [56] to GPUs to allow its use in
real-time environments. Our implementation focuses orcthestic light e ect; thus, demonstrating the
applicability for the integration of the water surface PDioicomputer-generated environments. At this
point it is important to note that the algorithm presentethafollowing is not limited to caustics but can
also be used to simulate any global illuminatioreet that can be handled with traditional photon-maps.

93
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Furthermore, at the end of this chapter we describe the sixteof the algorithm to trace view rays to al-
low for the e cient and correct simulation of refractions on dynamic anditisarily complex geometries
(see Figure 6.1).

Figure 6.1: GPU photon tracing can be used to simulate atyasfedi erent light e ects at interactive
frame rates.

6.1 Caustics

Caustics are a light phenomenon that is caused by convdiginigand they can appear whenever light
impinges upon re ecting or transmitting material. A causs observed as an increase of brightness
or radiance due to many light paths hitting a surface at theegaosition. These paths may have been
re ected or refracted one or several times before impingipgn the receiver. In this work, we restrict the
discussion to specular-to-dise light transport where re ected or refracted light hitdiause receiver
causing light rays to terminate. In Figure 6.1, a number oédént caustics and refractions are illustrated.

As the receiver, in general, does not know from which dietithe light converges towards it, caus-
tics cannot easily be simulated using conventional ragitgpor scanline algorithms. As these methods
backtrace the light paths from the eye point, all possibleations the light could arrive from have to be
sampled at a caustics receiver. While it is impossible inegainto directly render caustic ects using
single pass scanline algorithms, indirect lightingeets involving specular re ections can be simulated
via Monte Carlo ray-tracing [57, 108]. As these techniquase at the expense of tracing many rays
to sample the incoming energy at every receiver point, oahalel implementations [109, 83] have the
potential to run at interactive rates.

Instead of sampling the incoming energy for every receiweing) the rendering pass, Arvo [6] pro-
posed a two pass method that rst creates an illumination otagaining the indirect illumination re-
ceived by an object and then samples this map in the nal reng@ass. The method was named back-
ward ray-tracing because it creates the illumination magrdoging rays from the light source instead of
the eye point as in conventional ray-tracing. A dient strategy to create the illumination map based
on the projection of area splats was later proposed by Gofli8]. Inspired by the work of Heckbert
and Hanrahan [46] on beam tracing, a variation of backwayenacing that creates caustics polygons
by projecting transmitted light beams onto dse receivers was suggested by Watt [111]. A similar
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approach has been utilized by Nishita and Nakamae [80] forehdering of underwater caustics.

Following the early work on two-pass ray-tracing, Jenseh @hristensen [56] introduced the more
general concept of photon maps. The key idea is to rst engrgy samples into surface-aligned maps
via backward ray-tracing and then reconstructing radiastienates from these maps in the nal render-
ing pass. Itis in particular due to the computational cosbiolding accurate photon maps via ray-tracing
that even GPU implementations [88, 87] cannot achieveantase rates for dynamic scenery of reason-
able size. Only highly parallel implementations on muttbgessor architectures [38, 117] have shown
this potential so far.

As caustics—in particular if caused by dynamic objectshsas a water surface—are a light phe-
nomenon that adds increasing realism and diversity to angc@Re and rendering, muchat has been
spent recently on developing techniques that can be useteiractive applications like computer games
or virtual reality environments. In the following we will stuss the most fundamental concepts behind
them.

6.1.1 GPU Caustics

Before summarizing previous work on interactive caustasdering we will rst brie y describe how

to employ functionality of GPUs to eciently construct illumination maps. This preliminary clission

is restricted to planar surfaces that receive energy viasimgde specular indirection. As refractions
at a water surface above planar grounds satisfy these aisns)pthis particular example is used in
the following. The purpose of this discussion is to introelsome of the basic GPU concepts used to
render caustics at interactive frame rates and to demaoastr@state of the art in this eld. Later in this
chapter we will present ecient techniques that are far less limited in the kind ofsraitting objects and
receivers they can render.

With the functionality presented in Section 5.3.1 we introeld a general technique to displace a
vertex stream using texture values as positions. With thistionality caustics can be rendered into an
illumination map in two passes. In the rst pass, a wateratefwith color-coded normals is rendered
from the light source position. This normal map can be dymallyi generated by our shallow water
surface PDE solver. Next, a simple pixel shader calculatesdch fragment the refracted line of sight.
If the equation of the planar receiver is known the inteiiseqboints between these lines and the receiver
can be computed analytically, too. Assuming the mappindefilumination map to the receiver is
known, the intersection points can be transformed intodlallparameter space before they are output
to a vertex array. In the second pass, this array is renderagbaint set into an illumination texture map,
where contributions to the same texel are summed by acctiveutdending [102]. Figure 6.2 shows a
typical scene that can be rendered using this method.

As pointed out by Wyman and Davis [116], the rendering of tegex array using one pixel sized
point primitives results in speckled caustics. In additiowas observed that the rendering of points
with the same intensity does not account for the spread néteared energy over an area receiver. To
overcome this limitation, two dierent approaches were suggested. Either the interseatiots pf
re ected or refracted light rays with the planar receiver eonnected and rendered as caustics polygons
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Figure 6.2: Caustics on planar receivers: 2BBotons are rendered as point primitives into a cube-map.
Ona X 1K viewport the scene is rendered (including the construafan5 128 cube-map) at over
130 fps on current GPUs. The illumination map for the bottdamp is shown on the right.

with area-dependent intensity, or the intensity at theiveceés computed by adding the contributions
from all photons hitting the object and by spreading thesenisities in image space. Both alternatives
assume adjacent primitives—either vertices in the vertexyaor pixels in image space—belonging to
the same object and being close to each other in world space.

With respect to the aforementioned GPU implementation ota e ects two questions remain to
be answered. First, how can several re ections or refrastioe handled. Second, how can intersections
between light rays and arbitrary, i.e., non-planarudie receivers be computed. Wyman [114] proposed
to approximate the exit point of a light ray refracted selvémaes in the interior of a focal object by
a linear interpolation between two distances: The distarficen the entry point to the convex hull of
the object into the direction of the inverse normal and itite direction of the undistorted light ray.
While the former distance is pre-computed the latter isiobthfrom the depth buer at run-time. The
refracted image of the surrounding scene is then obtainied asnal lookup into an environment map.
An extension to this approach that also accounts for gegroketse to the exit point was later proposed
in [115]. Although the approximation of the refracted rayvalid only if the object is convex and
both intersection points along the inverse normal and tlistorted ray fall within the same polygon, in
particular if the refraction is low, the method gives retidisesults at impressive frame rates. On the other
hand, correct intersections between light rays and nonapldi use receivers have not been addressed
in this work.

Shah and Pattanaik [97] estimate the intersection pointdrt a single refracted light ray and a
receiver using the undistorted image of the receiver as feem the light source. Starting with an
initial guess for the intersection point, its position ismexted by iteratively moving this point along the
refracted ray in screen space. As a consequence, the qufatiig method strongly depends on the initial
guess as well as on the size and the shape of the receiver.
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Nishita and Nakamae [80] employed frame lu hardware for blending polygonal caustics beams.
This work was later extended by Ilwasaki et al. [54] toakently utilize the potential of programmable
graphics hardware. Wand and Strasser [110] suggestedtierght radiance at sample points on a re-
ceiver by rendering the scene as seen from these points. €teche ectively accounts for caustics
shadowing, but it requires the scene to be rendered sevrees find restricts the gathering to a rather
small solid angle. Larsen and Christensen [72] proposednmpate photon maps on the CPU, to render
photons as point primitives and to lter the photon disttibn in image space on the GPU. Distance
impostors were introduced in [103] to eiently approximate the intersection points between liglys
and re ections stored in environment maps. Ernst et al. [R0lt on the concepts of polygonal caustics
beams and shadow volumes [24]. For every patch of the fogatba caustics volume is created, and it
is used as a shadow volume that illuminates points of theeseside that volume. The method is well
suited for the rendering of underwater scenery includiraftshof light, but it introduces a signi cant
geometry load and does not account for the blocking of ceaustiys by a receiver. Iwasaki et al. [53]
suggested an acceleration technique for caustics sironladsed on the voxelization of polygonal ob-
jects into a stack of 2D slices. Approximate caustics can theerendered by computing the intensities
on these slices.

From the above discussion it becomes clear that it is sthidlenge to develop techniques that enable
real-timeandaccurate rendering of caustics on and caused by complegtebjehe method proposed in
this work addresses these requirements in that it providesective means to resolve inter-object light
transfer as well as several refractions at complex and digiamtygonal objects. This is achieved by the
following strategy:

Photon rays are traced in screen space on programmableagdgaindware. This is realized by
rendering line primitives with respect to the current vidw.be able to resolve intersection events
at arbitrary positions along these lines they are rasteiiiz® texture maps.

Intersections between photon rays and objects in the seeneow be detected using layered depth
maps and simple pixel shader operations.

By rendering oriented point sprites at the receiver pixelsdreen space we account for the energy
transport through beams of light. The use of energy splgts santly minimizes the number of
photons that have to be traced.

Thus, an interactive method at high visual quality is pregabsAs this method does neither re-
quire any pre-processing nor an intermediate radianceseptation it can eciently deal with dynamic
scenery and scenery that is modi ed or even created on the. GRUSstics shadowing is implicitly ac-
counted for by terminating photon rays at theue objects being hit. By only slight modi cations the
method can be used to render shafts of light as well.

Besides the advancements our method achieves, the foidiviitations are introduced by its special
layout: First, as intersection events are resolved in scspace, intersections with triangles not covering
any pixel will be missed, i.e. triangles outside the viewsfum, triangles parallel to the view direction
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and triangles below the screen resolution. Second, theaogof the method depends on the accuracy
of the scan-conversion algorithm implemented by the rezgteas well as the oating point precision in
the GPU shader units. It is thus clear that the proposed rdetho produce images that are eient
from an exact solution. It is, on the other hand, worth notingt the proposed method signi cantly
accelerates photon tracing and makes it amenable to ititerand dynamic scenarios. In addition, as
will be shown in a number of examples throughout this chafitachieves very plausible results without
notable artifacts.

6.1.2 Screen-Space Photon Tracing

In the following we assume that for a set of photons emittethfthe light source all specular-to-specular
bounces have been resolved and a nal specular-tosh energy transfer is going to take place. For
each photon a position along with the direction of this tfans stored in theransfer map For single
refractions, for instance at a water surface, the GPU-bapptbach as described above can be directly
used to generate this information. More complex bouncesbeasimulated using either the method
proposed by Wyman [114] or the one we present at the end ofiaigter.

The problemisto nd for all photons the intersections witle receiver objects in the direction of light
transfer. This can be done on a per-fragment basis by remgleaiustics rays as line primitives clipped
appropriately at the scene boundaries. The idea then iotaeps the fragments being generated during
the rasterization of these lines by a pixel shader, and tpithnininate those pixels that correspond to an
intersection point. Assuming that the depth image of thesdgavailable in a texture map, intersections
can be detected by depth comparison in the pixel shaderyEagment reads the corresponding value
from the depth map and compares this value to its own deptiotif values dier less than a speci ed
threshold the fragment color is set. Otherwise the fragnsesiscarded.

The envisioned algorithm has two basic problems: Firstt asds and illuminates all intersection
points along the photon paths it is not able to simulate thaitetion of these paths at the rst intersec-
tion points. While a shadow algorithm could be utilized teatiate this eect, caustics focusing in the
interior of the shadow, and especially shadowingets due to dynamic focal objects cannot be simulated
in this way. Second, intersections with occluded geometinich is not present in the depth map, cannot
be found (see Figure 6.3).

6.1.3 Line Rasterization

To overcome the aforementioned limitations we suggesttieriae photon rays into a texture map and to
perform intersection testing for every texel in this mapeTitst intersection along each ray can then be
determined using a log-step texture reduce min operatiolessribed in Section 3.1.2. The coordinates
of the detected receiver points—now stored in the RGB coraptof a texture map—can nally be
rendered in turn on the GPU without any read-back to the CPU.

Every photon ray is rendered into a distinct row of a 2D-azreen buer (see Figure 6.5). This is
accomplished by rendering for each photon a line primitivee to performance issues the set of all these
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Top View

Figure 6.3: If a pixel shader illuminates all line-objectdrsections in view-space incorrect results are
produced. In the example, ve hits instead of three wouldlheninated due to the black sphere being
occluded in view space. Inthe two rightimages a scene isreadvithout (left) and with (right) caustics
shadowing. The artifacts can be clearly observed.

lines is stored in a vertex array in GPU memory. For every liaang rendered a vertex shader fetches
the respective photon positianand directiond from the transfer map, and it computes the number of
fragmentsng, that would have been generated for this line by the ragterizhis number can simply be
obtained from the projection af ande +t @ into screen space. The shader then displaces the initial
vertex coordinates to generate a line starting at the Iéfingo of the o -screen buer and coveringn;
fragments (see Figure 6.4). In addition, the screen-spasiéign ofe ande +t dis assigned as texture
coordinates to the start and the end vertex, respectiviedyary line.

During scan-conversion the rasterizer interpolates thieite coordinates along the horizontal lines.
It thus generates for every fragment the screen-spacegositvould have been mapped to if the initial
caustics ray was rendered as a line primitive. A pixel shagerating on these fragments can use this
position to fetch the respective value from the depth maptarmmbmpare the interpolated screen-space
depth to this value. If an intersection is determined, thveest-space position of the fragment in the
0 -screen buer is written to that buer. Otherwise the fragment is discarded (see Figure 6.4).

After all lines have been rasterized, a texture is geneithgadstores in each row all the intersections
between a particular photon ray and the visible objects énsttene. By applying a horizontal texture
reduce operation the rst intersection points are rendértma single-column texture map. For photon
rays that are almost parallel to the view direction and thig oover very few fragments a minimum
line length is enforced. If the number of rows in the rendegedis less than the number of photons, the
process is repeated for the remaining photons until all efrtihave been processed.

Similar to our volume raycasting approach as described ati®e5.2, photon tracing can also be
implemented as a single pixel shader being executed for glaaton. In theory, the advantage of such
an implementation is that the traversal process can stopasa&s an intersection with any of the ob-
jects in the scene is found. However, a comparison with tipecgerh suggested here revealed a loss in
performance of about 50%. We attribute this observatiohédact that early-out mechanisms like “dis-
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Figure 6.4: The pink object at the bottom re ects the liglurfrthe light source and causes three caustics
rays. These are processed by the vertex shader, which cestt length of each ray and transforms
them to horizontal lines of equal length. The rendering ekthlines generates the image shown at the
bottom. Red, green, and blue pixels indicate hits with arcdbjand grey cells indicate fragments that
have been discarded in the pixel shader. Into white cellagnflent has never been rendered.

card” statements in a pixel shader introduce some overmefain of an expensive branch instruction.
Moreover, since the pixel shader hardware runs in lock; stggerformance gain can only be achieved if
all fragments in a contiguous array exit the program earlyese observations are backed up by latest
GPUBench [15] results These results attest current GPUs a rather bad branchifaypance even if

all fragmentsin a 4 4 block exit the program simultaneously. However, if in figtlhardware this ray-
casting approach will be more eient, it should be clear that such functionality can edséyntegrated
into our approach without introducing any signi cant modations.

6.1.4 Depth Peeling

In the presentation so far intersections with occluded gggnhave been entirely ignored. The reason

for this is that only one single depth map containing the keptues of the visible fragments has been

considered. As can be imagined easily, this limitationadtrces false results and noticeable artifacts.
To be able to compute the intersection between photon rayalbabjects in the scene we generate a

Results for our target architecture, the GeForce 7800 Giexaw@ailable at httgfgraphics.stanford.edprojectsgpubenchresults)
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Figure 6.5: The right image shows an except of the ray intdisetexture. In the left image the corre-
sponding rays can be seen. For this image a very large epgisichosen.

layered depth image [96] from the current viewing positidherefore, we employ depth-peeling [31].

In the current implementation we use depth-peeling not tmigenerate multiple depth maps but also
to generate multiple normal maps of the layered fragmeis ESgure 6.6). In the caustics rendering
approach with lines, instead of comparing the fragmentglié& only the values in the rst depth layer

we now compare it to the values in the other layers as well. ersection is indicated by at least one
entry in the layered depth map that is close to the fragmesgithd

Figure 6.6: The caustics pool demo is shown on the left. Irrigie image the rst three depth layers
can be seen.

To generate the layered depth image we need to know the depthlexity of the scene for the
current view. The depth complexity can be determined by egnd the object once and by counting
at each pixel the number of fragments falling into it durirgus-conversion. The maximum over all
pixels is then collected by a texture reduce-max operat#i@the depth complexity of a scene can vary
signi cantly depending on the view-point and the viewingetition, depth-peeling has to be restricted
to a maximum number or passes to maintain a constant framelraerestingly, our experiments have
shown that it is usually sucient to only consider up to eight depth layers. This is duth&ofact that
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deeper layers do in general not contain a signi cant numibéagments, and only a few of them block
any photon ray that would otherwise be seen by the viewercénarios where the depth complexity is
high because the scene consists of many objects, sepaptitérdages for each object should be favored
to reduce geometry load and memory overhead.

6.1.5 Recursive Specular-to-Specular Transfer

The proposed method enables the tracing of photons thrinegitene until the rst intersection with any
objectin this scene is found. For every photon the algoriitputs the position of the intersection point,
the normal at this point and the direction of the incomingtphaay. It is thus easy to simulate subsequent
specular-to-specular light transfer by re ecting or refiag the incoming ray at the intersection point,
and by writing both the point coordinate and the modi ed dtren vector into the transfer map. The
algorithm is then restarted with the updated map.

6.1.6 Rendering

When light hits a diuse surface where it is emitted equally in all directions,gbene is illuminated at
the point of intersection. As we have described above, fggtadtons theseeceiver pointsaare encoded

in the transfer map. To minimize the number of photons to &esd through the scene we assume that a
given photon deposits a certain amount of energy in the sodiog of the intersection point. Similar in
spirit to the distance weighted radiance estimate propbgeltnsen [55] we spread the photon energy
over a nite area centered around the intersection pointfe8e points within this area receive an energy
contribution that is inversely proportional to their diste to the center. In contrast, however, in our
approach we do not gather the energy from nearby photons éuosumulate the contributions by
rendering area illumination splats.

6.1.7 Sprite Rendering

To simulate the spread of energy at a particular point in te@s we employ point sprites as explained in
Section 5.3.4. Unfortunately, point sprites come with #n&niction that they are screen-aligned; i.e., they
resemble quadrilaterals centered at the point positiorkaptiperpendicular to the viewing direction. As
the alignment of point sprites according to the orientatibthe receiver is not supported by current
GPUs, a new method that overcomes this limitation is require

At the core of our technique we have developed a GPU-basettaegr similar to the one proposed
in [14] for high-quality point rendering. The idea is to comte for every pixel covered by a sprite the
point seen under this pixel in the tangent plane at the recewint. This plane is de ned by the normal
stored for every receiver point in the transfer map. Theadist of the ray-plane intersection point to
the receiver point can directly be used to estimate the atmfuenergy received from the photon. It
also has to be considered that omigible surface points should be illuminated. This is accountedbjor
comparing the screen-space depth of the ray-plane intarsgaint to the value in the rst layer of the
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Figure 6.7: Sprite rendering: The images show light pastgenerated by a few photons. Theelience
between screen-aligned textured point sprites (left) hasgprite-based raycaster (right) is shown.

layered depth image at the current pixel position. Only ithbealues are close together does the pixel
receive an intensity contribution. In Figure 6.7 the quatit this approach is demonstrated.

Viewplane

V; X
9%

—

Figure 6.8: Schematic view of sprite-based raycastiAgs a pixel in the image plan&) denotes the
viewing position andl is the distance of the intersection point to the receivenpdihe distance is used
to calculate the intensity. For a spherical intensity spii#th sizesand linear attenuation this & d.

To simulate the illumination caused by a photon ray, for eafcthe receiver points in the transfer
map a point sprite of constant sizds rendered. For every fragment generated during rastieniza
pixel shader computes the intensitgs follows (based on the setup in Figure 6.8):
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s %gv c
| = maxg) ———— (6.1)
S

Here,N, C, and thusN C are constant over the sprite and can be computed in a veraeleshnd
passed as constant parameters to the fragment stage. ThdirgetionV is also computed in a vertex
shader by multiplying the pixels screen-space coordinétethe inverse projection matrix. Equation 6.1
is easily derived from the following observation. Given #at normaN and its cente€, then for any
point X on the plane orthogonal f§ the following condition holds:

N X=N C (6.2)

Furthermore, the intersection poiKtbetween the ray starting & into the directionv can be ex-
pressed as:

O+t V=X (6.3)

Using 6.3 in 6.2 and solving fdrresults in

N O+t V

1
=z 42
o O

N O
v

=z
Oz

with O = 0 in eye coordinates

a
<

Therefore, we can compute the distance between the intens@oint X and the cente€ as

and we can use this value to modulate the intensity of therfeary with Equation 6.1.
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Figure 6.9: Underwater scene illuminated by sunlight. is #tene the light rays converge towards the
ukes of the dolphin in a bright spot.

6.2 Rendering in Homogeneous Participating Media

Besides simply illuminating surfaces, light causes anothgcinating e ect when passing through ho-
mogeneous participating media: Shafts of light or god-(ags Figure 6.9). Adding these shafts of light
to our approach is fairly simple as we know for every photgnitsstart position at the focal object and
the position where it terminates. Consequently these ragde rendered as line primitives, which are
combined in the frame bier. As we assume the media to be homogeneous, light intetesitgases ex-
ponentially with distance. This kind of attenuation can bmputed in a pixel shader for every fragment
that is rasterized. Contributions from multiple god-rages accumulated in the frame ber.

To account for the scattering of light along the god-raysythre rendered into a separate coloréu
and blurred with a Gaussian lter. As this Iter has a condtsereen space support it emulates a lter with
increasing support in object space; i.e., rays further afn@y the viewer are blurred more than those
closer to the viewer. The ltered image is nally blended ovhe image of the scene. As the images
demonstrate, the results look very realistic and convipalthough only a very coarse approximation of
the real scattering of light is computed. The overhead thaatioduced by Itering the god-ray image is
insigni cant compared to the other stages of the causticdegng algorithm.
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6.3 Screen-Space Refraction Tracing

The idea of screen-space ray-tracing can also be appliethtter refractions through transparent objects
as seen by the viewer. Compared to the method suggested byamfiri4], this method can eciently
deal with dynamic and concave geometry and it simulateacgéms more accurately. On the other hand
it comes at the expense of more complex fragment computatiaus limiting the performance that can
be achieved.

Figure 6.10: Comparison between refractions through ondyiaterface (left) and multiple refractions
generated via screen-space photon tracing (right).

For the tracing of refracted lines of sight in screen spacesesthe same approach as for the tracing
of photons in screen space. The mainetience is that now the projected lines usually cover only a
few pixels on the screen. This is due to the fact that at ldastdys entering at close to perpendicular
angles stay almost parallel to the view ray after the rstaefion. Then the same ideas suggested in
Section 6.1.2 can be utilized. In contrast, however, we thel tracing of refractions on the simpli cation
that along any ray tha-th intersection point with the refracting object is foumdthe f + 1)-th depth
layer (see Figure 6.11). We thus assume that ray-objeasatton are “monotonic” with respect to
these layers. In this way the number of texture access opesab be performed at every pixel under
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the view-ray is equal to one. It is clear that testing agaafidevels of the layered depth image causes
the performance to drop linearly in the depth complexityhaf dbject. As the possibility of violating this
simpli cation increases with the strength of the ray deiect, in such scenarios there is a higher chance
to miss interior object structures.

Problemx YK

Figure 6.11: This image depicts refraction on an objectwes peeled in four depth layers from top to
bottom. Two rays that hit the layers in monotonic order and problematic ray that “skips” a depth
layer are shown.

The algorithm starts by constructing the layered depth entdghe transmitting object. Visible object
points along with their normals are rendered into the tremsfap. We then rasterize refracted view-rays
into a texture map and perform intersection testing for ytexel in this map. These rays, just like the
caustics rays, are then traced through the depth layeldghmtiepth along the ray is either greater than
the depth in the next layer or less than the depth in the culager. In either case we can assume an
intersection with the surface. The point in the interiortoé bbject is considered the exit point and the
normal at this point is fetched from the depth image. Fromtiormal and the incoming ray direction the
refracted exit direction is computed. This informationumtcan either be used to look up an environment
map or to retrace the refracted view-rays. Figure 6.10 steoa@mparison between refractions through
only one interface and refractions generated by our method.

If a layered depth image of the surrounding scene existsrgattions between the exiting ray and
the scene can be detected as well. This approach has beéedappFigure 6.12 to simulate caustics
seen through the water surface. It should be clear thatshas iapproximation that can only simulate
the refraction of light from objects that are visible to tHewer in the absence of the refracting surface.
Otherwise, the refracted object points have not been redderd they are thus not available in the image
of the scene. It is interesting to note that especially for fefractions most of the refracted rays are
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Figure 6.12: A Stanford Bunny in the Cornell Box. Note howtefaction on the water surface displaces
the bunnies ears.

almost parallel to the view ray. In this case we only needaodrover a few pixels to nd the exit point.
Yet this exit point is still the optimal position with respedo the limited resolution of the depth bar,
e.g., even for refracted rays that are perfectly parallti¢osiew direction and thus generate only a single
tracing step, we still nd the correct exit position namehetposition stored the layered defsthrmal
layer exactly behind the entry point. Thus, since the perforce of our algorithm is dominated by the
length of the refracted rays in screen space we achieve taghefrates.

6.4 Performance Measurements

Table 6.1 lists timings for the rendering of refracting atifeusing the proposed method. In these tests
only the rst exit point has been considered for casting vigys into the surrounding scene. As it can be
seen, on recent graphics hardware the algorithm is onltbliglower than a highly optimized version
of the one proposed in [114]. Itis, on the other hand, worttingathat our technique does not require
any pre-processing and is thus suitable for dynamic gegmetr
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Viewport resolution
triangles| 800 600 | 1200 1024
Teapot| 2257 | 600(870)| 220 (300)
Stanford Bunny| 69665 | 220(270)| 110 (180)
Stanford
Dragon Low| 47794 | 280(320)| 120 (160)
Dragon High| 202520 | 150 (156)| 95 (105)

Table 6.1: Timing statistic in fps for screen-space refaactracing to allow a comparison to Wyman's
approach [114] (fps in parenthesis). Our algorithm wasasebtmpute only two refractions.

Representative timings in milliseconds (ms) for causticaiation in three example scenes are listed
in Table 6.2: In the bunny scene (“A’, Figure 6.12) the refi@t of underwater objects at the water
surface was simulated as described in Section 6.3. Godways added to the dolphin scene (“B”,
Figure 6.1). In the pool scene (“C”, Figure 6.13) refracti@s well as re ections at the water surface
were simulated. All scenes have a depth complexity of eight.

Figure 6.13: Refractions and re ections on a water surface.

The rst column “C” shows the amount of time spent by the GPUdaustics simulation including
depth-peeling, line rasterization, intersection teséind god-ray rendering. Of all these parts intersection
testing consumed over 80% of the time. In the second colurinh#time spent rendering the point
sprites is given. In the last column “O” the overall performoa is shown. All measurements have been
repeated for dierent amounts of photons traced from the light source. Phgtils used in the pool
demo are 1024 512,512 256,256 128, and 128 64. Additional results using 10241024 photons
are shown in Figure 6.14.

As the timings show, even very complex light pattern can beukited at interactive rates and con-
vincing quality. In particular such ects as shafts of light and caustics shadowing, for instaakmsv the
bunnies and the dolphin, and behind the diving platform,iadeasing realism and diversity to the 3D
scenery. The images also show that even with a rather snralbeuof photons traced through the scene
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Number of photons

512 512 256 256 128 128
c|P] O c |P| O C|P|O
A |243|26|285| 69 | 8| 89 | 17| 3| 29
B |232|17|555( 62 | 6| 103| 17| 2| 45
C|434| 10| 454 119| 7| 135| 32| 2 | 33

Table 6.2: Timing statistics (in ms) for dérent scenes.

the caustic eects look very realistic and do not exhibit intensity speskiThis is due to the sprite-based
approach that realistically accounts for the orientatibthe receiver geometry and the spread of photon
energy.

Figure 6.14: Screen-space photon tracing using 102d24 (Dolphin) and 512 256 (Pool) photons.



Chapter 7

Results and Future Work

7.1 Results

As promised at the very beginning of this dissertation | wilmmarize what has been done in the last
four years of my Ph.D. work in this nal chapter. First, alletlsoftware components that implement
the ideas and algorithms proposed so far are presentedhaindnterplay is pictured. Next, a detailed
description of the features and the user interface of théicgtions is given, depicting the scenario of
a ow eld designer working for a game or virtual environmetat create a speci c eect. Finally the
thesis is concluded with some ideas about ongoing and futark.

7.1.1 Software Components

In Figure 7.1 we give an overview of the software componert@etbped in the course of this thesis.
As can be seen, the components corresponding to the algarithesented here are all encapsulated in
a layered architecture. This stack resides on top of thehiga\PI, colored in grayscales. On top of
these blocks reside two stacks of software componentst thigsblue low-level blocks that allow for
the e cient numerical simulation of uids and second the rendgsnbsystems, colored in red. Target
applications, such as those presented in the remaindeasaftapter, use these components as simulation
and rendering subsystems. Furthermore, these applisatrerfree to add new functionality on top, such
as caustics presented in Chapter 6. To support the appligatogrammers, well de ned interfaces exist
even to the lower-level functions; e.g., the memory manaféhne LA framework (see Section 3.2.5)
that allows higher-level functionality to bene t from its e&ient memory pooling and reuse capabilities.

111
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Chapter 5

2D Renderer 3D Raycaster Particle Renderer

- %t @

Chapter 3

Render Applications

Effects Framework

Navier-Stokes Framework

LA Framework

Chapter 2

Driver

S

Navier-Stokes Editing and Modelling Tool

Graphics Hardware

Figure 7.1: The blue and red blocks in left image show thewsof stack of modules developed in
chapters 2 to 5 in this thesis. The gray blocks demote systeinGPU vendor layers, blue blocks
indicate the LA and simulation layers, and the red blockdlyneontain the rendering applications. The
right image depicts the horizontal data ow via the Navigol&s Equation container, which allows all
applications to work on common data.

As can be seen in the right image of Figure 7.1, the softwanepcments developed in this thesis
are not only connected vertically but also horizontally.isTimeans that all applications, demos, and
design tools use a common le format, which allows them to owmicate. This interconnection is a
very important feature for the usability of the programs isti@amlined environment, from the design
sketch to the nal frame. As we will see in the next sectiord esers only need to familiarize themselves
with a single WYSIWYG modeling tool to create ects for all subsystems. Thus, the user has a true
design-once-run-everywhere experience.

From the developers point of view the software componertigidehe applications exhibit the same
level of abstraction as the applications convey. Thus, ranmgners who decide to implement their own
modeling applications or want to integrate our functiotyailito their existing systems can very easily
integrate our software stack into their new projects. Nilgtnew projects that made use of the proposed
software stack have proven this statement, including imegistration or ow eld reconstruction.

7.1.2 Applications

In this section we take a closer look at the applications liaae been developed in the course of this
thesis. The theoretical concepts presented in the pregebapters, the frameworks, the le formats, and
the software components, become manifest to the user ie #gdications. In general, all applications

are structured in main components. Firstly, the simulagiogine that runs a numerical simulation on the
GPU. Secondly, the visualization subsystem that visusiire result of the simulation. While often the

simulation core is shared among the applications, the Wsu#sn subsystems der signi cantly.
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2D Navier-Stokes Simulation

Figure 7.2: The basic Ul of the “NavierStokes2D” applicatid he top image shows the screenshot of the
program after startup together with the menu structure.apipéication allows the user to instantaneously
interact with the ow, by inserting dye and adding externaides with the mouse.

The “NavierStokes2D” application uses the 2D Navier-Sgdimulation subsystem to generate a 2D
ow eld; on top of this multiple 2D texture based visualizah modes are implemented. The application
incorporates the 2D uid renderer, the uid VR demo, and thditieg and modeling tool shown in
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Figure 7.1 into one application. This allows a ow designeruse the various visualization modes
during the design phase. Following the work- ow requirectteate real-time 3D animation, such as the
“Explosions” demo shown in Figure 7.7, the “NavierStoke$®bogram is used to create a new ow
con guration. Therefore, a large set of parameter settiogsontrol the ow properties, obstacles, and
boundary conditions as well as speci ¢ visualization pagtens (see Figure 7.2) are available. Note that
all of the parameters have meaningful default values soctieatting a new project requires the designer
only to change a few of these values leaving most of them urgydta

Through a set of views, including ow, dye, pressure, obigtand rotation, the program allows the
user to analyze the ow. Images of these modes can be seemimd=v.3. In all modes—except the
obstacle view—the user can use the left and right mouserisittoadd dye and forces to the simulation.
In the obstacle-editor mode (“blue mode” in Figure 7.3) tightr mouse key is used as a pencil to
draw obstacles while the left button serves as an erasece $ie simulation requires absolutely no
preprocessing, obstacles, dye, external forces, preasdrgelocity templates can be applied while the
simulation is running. This provides the users with insaaebus feedback about the in uence of their
actions.

Figure 7.3: The screenshots show the ve elient render modes of the “NavierStokes2D” application.
In the lower row from left to right, dye advection, the obseeditor, the ow eld view, the pressure
distribution, and the rotation view are shown. The top rowides the same modes for a @rent ow
eld. Instead of the obstacle editor, the second mode fordle eld view is shown; in this mode the
vectors are drawn as little arrow glyphs instead of a colaieco

It is worth noting that all of these interactions (i.e., tHestacles, pressure templates, and external
forces) are represented on the GPU as regular texture méapsefdre, a programmer can access these
features of our framework in two ways, either via a well dedne++ interface; i.e., via methods like:

AddForce(const FLOATVECTOR2& Positiongonst FLOATVECTOR?2& direction)
or

SetObstacle( const FLOATVECTOR2& ULCorneonst BITMAP& obstacle)

or by updating the textures directly.
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As explained in Section 4.2.1 the “NavierStoks2D” system @&iso be used to capture templates for
e ect modeling (see Figure 7.4). To do so the user pauses théasiom and draws a rectangle with the
mouse into the domain enclosing the desireécat; e.g., a vortex or a low pressure region. Internally
the system stores a velocity template when viewing the owd éyellow’-mode in Figure 7.3) and a
pressure template in the “red” pressure mode.

Figure 7.4: The images depict the capture and insert praafeasow template. The user starts by
inserting dye (1) and applies an external force to the dorf®ithen the simulation is paused. In the
ow view (3) the ow eld can be observed via glyphs. In this @w the user draws a red quadrilateral
over the desired region (4). This completes the capturegsscSince the template was captured in ow
visualization mode, a ow template is now stored in the datb To reinsert the template the user creates
a new dye spot (5) and applies the template by hand to gersesatelar vortex as the one captured before

(6).

The user can now re-insert the captured template into thelaiimn by either clicking with the mouse
while holding the shift key or by de ning automatic insenioThis automatic insertion in turn can either
be a prede ned type, selected and parameterized from thespre templates menu (see Figure 7.2) or
it can be a complex pattern. In the later case multipleedént velocity and pressure templates can be
de ned to be inserted into particular regions of the domainerefore, circular or rectangular insertion re-
gions can be speci ed with the mouse and templates are selécm the palette of pre-recordedezts.

In this “free insertion mode,” shown in Figure 7.5, temptadéee accessed via their iconic representation.
This iconic representation is of particular interest in aminment where the pressure capturing and
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the ow design are executed by dérent persons, similar to the rigging process in traditiamamation
where a modeler prepares the characters for the animatatdiggrigs to the model.

Figure 7.5: The WYSIWYG user interface to de ne regions fat@natic insertion of templates. On the
right, the iconic representations of the templates can és.se

Besides its modeling capabilities the “NavierStokes2Dplagation, including the dierent visual-
ization modes, also serves as the basis for other 2D applisaguch as the VR demo (see Section 5.1).
In this demo program the mouse interaction capabilitiecamplemented by vision-based motion de-
tection algorithms. Figure 7.6 shows a user interactingp ¢ie ow. The demo requires only a simple
webcam and a projector connected to the PC (for details osystem see Section 5.1).

Figure 7.6: This image shows a person moving with his arm @&V dye particles away. The red arrow
indicates the motion of the hand.

Explosions

The “Explosions” application uses multiple 2D Navier-Stelsimulation subsystems to generate a stack
of 2D ow elds. On top of this, the texture revolution algahm described in Section 4.4 together with
volume raycasting is used for the 3D volume visualizatioronfrthe users point of view, a revolution
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project is loaded that contains a list of 2D Navier-Stokeggmts. The application opens the associated
Navier-Stokes simulations and instantiates multiple Ha@tokes simulations on one GPU. Note that
due to the randomized pressure template insertion, alllatioas even if loaded from the same Navier-
Stokes project le will evolve in a slightly dierent way. To generate images—such as the ones shown
in Figure 7.7—the renderer reconstructs the 3D volume frieen2D simulations by the means of the
texture slice revolution. On this virtual 3D volume direcdlwvme raycasting is performed.

Figure 7.7: Example screenshots of threeadent revolution eects; the small images in the lower right
show the 2D dye-advection as it was designed in the “Navi&e2D" application.

The program itself requires only a limited user interfac@a# form the project dialogs for loading
and saving, it allows the designer to set some nal pararseatkthe projects, such as changing the dye's
transfer function, volume rendering settings, or the textgpbarameters.

Particle Engine

Particle tracing in general has proven to be a useful toobniytfor e ect rendering but also for scienti c
visualization. Since both application domains share theeseore functionality, the particle engine was
developed with a modular design in mind. The program comsiftan engine core shared among all
modules and plug-in space for dirent modules (see Figure 7.8). At this point it is worthmgthat other
modules such as pre-computed 2D, 3D, and time-dependentetus, as well as PIV-reconstruction,
tensor eld, or height eld modules have been developed ag#hs for this particle engine, emphasizing
the exible design of the engine core.

2D Flow Module

f
3D NSE Module 3D Flow Module Height Field Module Tensor Field Module

2D NSE Module

tum3D Particle Engine NSE Revolution Module 4D Flow Module Multiblock Module PIV Module

Figure 7.8: This image depicts the modular design of thaglarngine. The basis particle engine takes
plug-ins depending on what project type is loaded; in thgpea this thesis only the two Navier-Stokes

modules for linear and spherical extrusion (both red) adiretct interest. Nonetheless it is worth noting

that due to the exible design of the basis engine many othay-ns have been developed so far (grey
boxes).
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The strength of the particle engine is on the one hand itsivea&PU acceleration that allows for
the interactive visualization of ow elds with a huge amouaf particles. Such massive amounts of
primitives usually require seconds to minutes to compuiaglesframe on the CPU. On the other hand,
the core module of the particle enginears a vast amount of visualization features such as lingsonis,
oriented particles, etc. (see Figure 7.9 and 7.13), whielapplicable to any plug-in written to run inside
the engine.

Figure 7.9: Particle Engine Ul Overview. The images depietdontrols for a wide variety of visualiza-
tion modes.

Figure 7.10: The left screenshot shows the design view iriNla@ierStokes2D”. The right screenshot
depicts the same project in the particle engine; the ow sualized using oriented point sprites (see
Section 5.3.5).

The uid simulation algorithms are integrated into the em@as such plug-ins. In the scope of this
thesis three modules are of particular interest. The lisgttusion2D Navier-Stokes Simulation Module
the NSE Revolution Moduland nally the full 3D Navier-Stokes Simulation. The rst ndole takes
a single Navier-Stokes simulation project, as designethén“NavierStoke2D” tool. This simulation,
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which results in a two-dimensional ow eld is extended intoe third dimension by linear extrusion.
In this pseudo 3D domain the particle engine performs thangaof particles. This results in planar
motion of every particles as the ow values fetched from tirggke simulation have no z-component.
Nonetheless, for certain ects this may be an acceptable restriction. In particulaimiulations where
the obstacle hardly changes in one dimension, e.g., camiipoater games, this simpli cation still leads
to convincing results (see left on Figure 7.10). The samargig.10 depicts the work- ow to create a 3D
e ect. At rst the obstacle-grid (left) is drawn or importedfn an image of the obstacle. Next the ow
parameters such as viscosity and external forces are satahdthe project is loaded into the particle
engine. The engine in turn activates the same Navier-Stalkgsin to simulate the ow eld as it was
used in the “NavierStokes2D” design tool. With the 2D sintiola, which is extended to 3D, the user has
access to all the visualization modes of the basis partigne, including oriented point sprites, stream
lines, stream balls etc.

Figure 7.11: Flow design for the cigarette smoke demo. Witlea source on the bottom and pressure
templates above the ame, a “pseudo-turbulent” re ow is deled. The four screenshots show the
dye-advection view (1), the glyph-based ow view (2), thegsure view (3), and the color coded ow
view (4).

The second Navier-Stokes module—the NSE revolution ptejgaplements the concepts presented
in Sections 4.4 and 5.3.2. For such a revolution one or mel#p simulations are designed, and stored
as NSE les together with a revolution le containing thetlsf associated Navier-Stokes projects. Fig-
ure 7.11 shows one of these Navier-Stokes projects desfgnéde smoke simulation, running in the
“NavierStokes2D” application. This particular simulatiis set to use the “heat-dye” inserted in the bot-
tom of the domain as a source of buoyancy. This creates agstiging force right above the ame (see
image 2 in Figure 7.11). Since a laminar simulation hardjyteees the small scale vortices of a hot gas,
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a set of pressure templates was inserted to disturb the aweathe ame to create the vortex ects of

a shaking ame and swirling smoke. The result can be nicefnga the left two images, showing the
pressure view and the color-coded ow eld. In the ow eld e the vortices created by the pressure
templates are clearly visible. These vortices are latggaesible for the ne detail smoke structures in
the nal frame animation in Figure 7.12.

After the design phase the NSE les are loaded into the daréogine as revolution projects. The
particle engine—similar to the Explosion demo—starts ipldtinstances of the Navier-Stokes uid
solver for the dierent projects. However, as opposed to the Explosions demwotime vector elds
rather then the particle traces are used for the revoluliothis way a pseudo 3D ow eld is generated.
Note that we never actually convert the 2D slices into a 30 lelit rather compute the revolution only
at those positions required by the advection engine.

Figure 7.12: Spherical Extrusion in the Particle Enginee it image shows the extruded data set from
Figure 7.11 combined with a custom mesh le for the cigaret® the right side the in uence of an
external force is depicted. Such externakets can by arbitrary; e.g., an avatar in a game or a virtual
environment, interacting with the smoke.

As with any other particle engine project the user can nowalisdgsualization options provided by
the basic module to investigate the ow eld. These moduledude the rendering of millions of simple
point primitives, textured particles (see Figure 7.12]eft erenttypes of streamlines, or oriented sprites.
At this point it is important to remember that although thesla Stokes simulations are executed only
on multiple 2D slices, the patrticle tracing is done in full 2lowing the computer game or virtual
environment to in uence the particle arbitrarily. In thetlemage in Figure 7.12 such an interaction is
shown when the user applies an external wind force to blovpé#ntcles away. It is certainly clear that
this simulation is not physically correct anymore. Nonéths, as can be seen in Figures 7.12, plausible
visual results are achieved at update rates well beyonddsd@fcurrent GPUs. Finally, due to the simple
design of only one or a few slices the simulation is well coltdible, which is much more important than
physical accuracy in a computer game or virtual environment

The nal module is the 3D Navier-Stokes simulation. It allfor the interactive simulation and
visualization of true 3D ows as described in Section 4.3 afkagously to the “NavierStokes2D” program
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for 2D ows, the engine allows the user to control the simiglatparameters in real-time, such as border
conditions, in ow, viscosity, etc. In the true 3D simulatidhe many visualization primitives supported
by the particle engine are of particular importance to usiderd the complex ow. Figure 7.13 shows
the interactive exploration of the ow with stream ribboremebined with oriented sprites.

Figure 7.13: A 3D ow simulation with dierent forces driving on the top and on the bottom of the
domain. The ow is visualized with a combination of streaflrons and oriented particle splats.

Water

The 2D Water demo was initially written as a rst test tool fibre linear algebra framework and the
PDE solver. Figure 7.14 on the left shows the rst mode thas waplemented. The image depicts
the texture containing the height eld of the simulation. this image no additional post-processing
was applied. This program is a good example how simple theagsed framework can be utilized in a
computer graphics application. Only about ten lines of cadenecessary to render the water surface
to screen (see Figure 7.14 left). With just one additiondlecmap and a slightly more complex pixel
shader, realistically looking water surfacesets such as shown in Figure 7.14 on the right are possible.
With the availability of vertex texture fetch capabilitiésswas again the simple water demo that
was used to test and perform timings on the vertex displanefeatures of the new hardware (see
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Figure 7.14: The 2D water demo. In the leftimage the resudtoravas rendered directly; thus, positive
height values appear brighter. In the rightimage theseheajues were used to compute the refraction
vector and this vector was used for a second texture fetohaistatic environment map

Section 5.3.7). The application was extended towards 8fllemo that allowed to change the point of
view or to render the water surface as a surface grid to retieainderling rendering structure. Again,

only a few dozen lines of code were necessary to extend tlgggmmoto render the water surface as a 3D
grid (see Figure 7.15).

Figure 7.15:; The 3D Water Demo. This program extends thetimmality of the previous demo in such
a way that a static triangle grid is displaced by the simdldeight values.

Caustics

The Caustics application is designed to serve two purp&des, it shows the capabilities of our screen-
space accurate photon tracing algorithm. Second, it is aodstration how easy the GPU-based uid

simulations can be integrated into real-world applicatiofhis integration includes the complex global
two-way interactions between the simulation and the sumling scene. Figure 7.16 shows the caus-
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Figure 7.16: The Photon Tracing demo application with thel pwoject being loaded. On the right
screenshots of the parameter Ul are shown.

tics application together with its extensive Ul to demoastithe e ects of changing the simulation and
photon-tracing parameters. For the simulation and watdacg rendering, the program uses the dis-
placement mapped water surface core as shown above. Theccaulssystem takes the height- eld
generated by the water simulation and generates a norm@ahich in turn is used to compute the
refracted and re ected light rays. These rays are used tergémthe photdscene intersections.

7.2 Conclusion

In this work, we have described a general framework for therattive simulation and rendering of
uid e ects. For this purpose, we have rst developed a framewarkif®e implementation of numerical
simulation techniques on graphics hardware. Thereforehave presented ecient internal layouts for
vectors and matrices. By considering matrices as a set gbdal or column vectors and by representing
vectors as 2D texture maps, matrix-vector and vector-veqterations could be accelerated considerably
compared to software-based approaches.

Our emphasis was on providing the building blocks for thegtesf general techniques of numerical
computing. This is in contrast to existing approaches, wldedicated, mainly explicit solution methods
have been proposed. In this respect, for the simulationmitpéar phenomena some of these approaches
might be superior to ours in terms of performance. On therdtard, our framework cers the exibility
to implement arbitrary explicit or implicit schemes, anddn thus be used in applications where larger
step sizes and stability are of particular interest. Furtfuge, because our internal matrix layout can
bene t from the sparsity of columns quite €iently, we do not expect our approach to be signi cantly
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slower compared to customized explicit schemes.

On top of this framework, in a BLARAPACK like manner, we have described a GPU implementa-
tion of the conjugate-gradient method. This functionailityurn was used to numerically solve the 2D
wave equation and the incompressible Navier-Stokes eansatn 2D and 3D. In all examples, implicit
schemes were employed to allow for stable computationgrgetiding interactive frame rates. As our
timings clearly indicate, the approach developed in thésidnachieves considerably better performance
compared to software realizations. With the data remainimghe GPU during the entire simulation
and rendering pipeline, for the rst time ever it is now pddsito compute 2D and 3D simulations at
reasonable accuracy and resolution interactively on desjprgcessor PC.

Using the simulation framework we have described techridmemodelingandrendering volumetric
real-world phenomena. By using our GPU simulation engineoimbination with a novel approach to
control the shape and appearance of simulated structatesagtive visual simulation of uid eects is
now possible. Again the timings show that the proposed tecies have the potential to be integrated
into real-time scenarios like computer games or virtualremments.

We did not restrict ourselves to the sole simulation andeend of the described ects in real-time
but did also propose methods to give the designer more dantes the e ects. We have introduced
pressure templates as a new modeling paradigm for uid owuclstemplates provide an ective
means for modeling small-scale features that can be addaidhast arbitrary resolution. To give the
designer control over the shape, the size and the dynamavtmetof evolving structures, the proposed
ow templates can be instantiated with a variety of dient parameters. In this way, custom modeling of
uid ow is made possible. Although the ow phenomena credtiey these methods are not necessarily
physically correct, they can realistically convey realrldgpghenomena.

To render the volumetric ects e ciently on the GPU we have proposed novel techniques both for
high-quality, and high-performance visualization of scalolumes as well as vector-valued volumes.
This has been achieved by means of GPU-based raycasting Rdeb&sed particle tracing. In both
contributions we have presented novel techniques thatteelstn ground-breaking performance gains.
On the one hand, our raycasting implementation is still alaouorder of magnitude faster compared
even to the most optimized single CPU raycasting implentiems. On the other hand, the particle
engine has proven to be even two orders of magnitude faster@U-based SIMD solutions. With its
unmatched performance and render possibilities the pagitgine won both the 2005 and 2006 IEEE
Visualization contests [94, 95] which are part of the “IEEEBWAlization”, the worlds most renowned
conference on visualization. Thus, we have shown that G&i&db solutions are capable not only of
outperforming well established commercial solutions hiutha same time also @r competitive visual
quality.

Finally we considered the integration of our simulatioris ireal-world applications. We have prosed
GPU photon tracing in screen-space to enable interactimelation and rendering of complex light
patterns caused by refracting or re ecting objects. Thditglid trace large photon sets by rasterizing
lines into texture maps in combination with a novel rendgrmethod to account for area energy splats
enables visual simulation of causticexts at high frame rates. In a number of @lient examples these
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statements have been veri ed. The possibility to integcatestics shadowing, one or several refractions
in the interior of complex objects and intensity splats orved objects distinguishes the proposed GPU
technique from previous approaches and presents an ditertmCPU based ray-tracing

In retrospective, it is interesting to see the overall imgddhis work on research and practical ap-
plications. When we began our work 2003, the enormous patesitgraphics processors for numerical
computations were widely underestimated. Today, we seeréd{€hsing a special API, called CTM
together with a special line-up of GPUs “FireStream 2U” tatioalarly support numerical stream pro-
cessing on GPUs. Havok [44], the premier provider of intivacsoftware and services for digital media
creators in the games and movie industries, recently redeldlavoc FX, a special e@cts SDK and tool
chain that leverages Shader Model 3.0 class GPUs [43]. fimstef academic impact, a whole new eld
of research—called GPGPU—has emerged from the baselirtglndions. Today, numerous scientists
(ref. GPGPU.org [41]) focus their attention on the numdgegabilities of GPUs.

In the introduction chapter we promised thaihfis dissertation demonstrates how today's graphics
processing units can be eiently used for interactive simulation and rendering ofdwe ects in com-
puter games and virtual environmeritslow, after the explanation of the techniques and the prasiem
of the results, reassured by the new level of visual qualitgtaractive frame rates we are convinced that
this goal has been achieved.

7.3 Future Work

The work in this dissertation may take several directionsstlly, we plan to continue the ongoing work
on integrating the proposed ects into a game engine and a virtual reality applicationrtid®darly
interesting will be the integration of Navier-Stokes-tthsmoke, re, and uid e ects in these scenarios.
Besides further performance optimizations, one of the nmbstesting questions is how theseeets can
be controlled by external forces and modeling paradigmsgiven environment. Furthermore, we will
extend the concept of ow templates to 3D by integrating voéiric templates into 3D simulations.

Secondly, we will investigate a new avenue of applicatiamstr algorithms—the mobile platform.
Although initially designed for the desktop, our softwammponents can prove extremely valuable in
these environments. This is due to the fact that handheldsGié) currently undergoing the same dra-
matic evolution as the desktop GPUs did during the last temsyeCurrently mobile GPUs possess the
horsepower of about four year older Shader 2.0 desktop GRius-target platform at the beginning of
this thesis in 2003. Another interesting fact about mob#dedware is that handheld CPUs have con-
siderably less horsepower than their PC counterparts,riicpkar these CPUs do not have a humerical
coprocessor, thus they entirely lack the ability toagently allow for oating point computations making
the use of GPUs even more important.

Thirdly, we plan to adopt our work to multi-GPU environment$his includes single PCs with
multiple GPUs using technologies such as ATI's CrossFitg fi¥ NVIDIAs SLI [20], as well as PC

CTM stands for Close To Metal. In terms of syntax it is baseti@rosoft's High Level Shading Language (HLSL). However,
CTM allows the developer to use the GPU without initializibgectX thus making pure GPGPU code, without graphics aiitpu
simpler and more portable.
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clusters equipped with one ore more GPUs per node. Of phatimterest in these environments are
data exchange requirements. It may not be possible to keegata in local GPU memory during the
entire pipeline. Therefore, ecient GPU-based selection and compression schemes haeelevéloped
to reduce the bus and network transfer to a minimum.

Fourthly, we plan to integrate other simulation models im0 uid framework such as the Lattice-
Boltzmann method (LBM) [45]. Due to our layered architeetarGPU implementation of the LBM will
integrate well into our multi-level simulation and rendeyiframework. With both the Navier-Stokes and
the LBM simulation at hand we will be able to perform a dethil]®@mparison of the two methods with
the focus on the eacts generation for computer games and virtual environsndotour best knowledge
such an analysis has not been performed before.

Finally, we are planing to integrate our visualization sigbems, such as the raycaster and the particle
engine, into other existing supercomputer-based sinmragnvironments. This includes local image
generation, where our rendering software has direct adoetds simulation data, as well as remote
visualization, where the researcher is connected to thersamputer via only a narrowband connection
and parts of the visualization are to be executed on the seshvike other parts run on the client side. In
this domain the scenario of a handheld client device with hile@&PU could be of particular interest as
well.
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