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Abstract

Ray tracing is an image synthesis technique which simulates the interaction of light
with surfaces. Most high-quality, photorealistic renderingsare generatedby global
illumination techniquesbuilt on top of ray tracing. Real-time ray tracing has been
a goal of the graphics community for many years. Unfortunately, ray tracing is a
very expensive operation. VLSI technology has just reacded the point where the
computational capability of a singlechip is su cien t for real-time ray tracing. Super-
computersand clustersof PCshave only recerlly beenableto demonstrateinteractive
ray tracing and global illumination applications.

In this dissertationwe shov how a ray tracer can be written asa stream program.
We presen a stream processorabstraction for the modern programmable graphics
processor(GPU) | allowing the GPU to executestream programs. We descrike an
implementation of our streamingray tracer on the GPU and provide an analysis of
the bandwidth and computational requiremerts of our implemertation. In addition,
we useour ray tracer to evaluate simulated GPUs with enhancedprogram execution
models. We also presen an implemertation and ewaluation of global illumination
with photon mapping on the GPU asan extensionof our ray tracing system. Finally,
we examine hardware trends that favor the streaming model of computation. Our
results shav that a GPU-basedstreamingray tracer hasthe potertial to outperform
CPU-basedalgorithms without requiring fundamenally new hardware, helping to
bridge the current gap betweenrealistic and interactive rendering.
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Chapter 1
In tro duction

Computer graphicshave becomecommonplacen our daily lives. Nearly every modern
high budget movie has somesort of digital special e ects shot. Even small budget
movies and local television advertisemerns tend to utilize somegraphicstechnology
There are even se\eral Saturday morning cartoon shovsthat are completelyanimated
and renderedusing a computer. Yet asidefrom a small handful of high production
cost movies, even non-experts can tell when computer rendered special e ects are
used.

Why are computer renderedimageseasyto pick out? Se\eral factors cortribute
to an e ects shot, including modeling, animation, and rendering. If we focus just
on rendering the answer is simple: time. When realistic imagery is required |
for example when adding computer graphics e ects into a live action Im | the
computational cost of generating the image increases. This cost increaseprevens
many Ims from adievingthe visual delit y necessaryor seamlesg ects integration.
It alsopreverts applicationslike gamesthat requirefast renderingtimes, from having
realistic imagery.

Most of the high-quality, photorealistic renderingsmadetoday rely on a rendering
technique called ray tracing. Ray tracing simulates the interaction of light with sur-
faces,a processwhich is very computationally expensive. When the rendering does
not have to happeninteractively, sud asa speciale ects shotfor a movie, it is simply
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a matter of computetime and resourcego perform the simulations necessaryto gen-
erate realistic images. When rendering speed matters, image quality is often traded
o for increasedspeed. This trade o point variesfrom production to production and
plays a largerole in determining its achievable level of realism.

We are interestedin bridging the gap betweenrealistic and interactive graphics.
State of the art ray tracerstoday canrender scenesat se\eral framesper secondon
a supercomputeror on a cluster of high-end PCs. Unfortunately games,CAD, and
other single-usempplications, cannot rely on every personhaving a supercomputeror
clusterto run them on. Instead, they exploit commadity graphicsprocessor{GPUSs)
and render imageswith as high of quality as possible. Graphics processorshave
improved signi cantly in the past seeral yearsboth in terms of speedand in terms of
the type of shadingthey support. Most recerily, they have exposeda fairly general
programmingernvironment which allows dewelopersthe freedomto write very realistic
looking shaders.

In this dissertation we explore the reformulation of high quality rendering algo-
rithms for interactive rendering. We shaw that ray tracing can be expressedas a
streaming computation, and that high performanceprocessorsike GPUs are well
suited for supporting streaming computations. We can abstract the GPU as a gen-
eral stream processor.The conbination of this reformulation and abstraction allows
usto implemert high quality renderingalgorithms at interactive rates on commadity
programmable graphics hardware. Furthermore, we will argue that ray tracing is
most naturally and e cien tly expressedn the stream programming model.

1.1 Contributions

This dissertation makesse\eral cortributions to the areasof computer graphicsand
graphicshardware design:

We presen a streamingformulation for ray tracing. Streamingis a natural way
to expressray tracing. Modern high performancecomputing hardware is well
suited for the stream programming model. The stream programming model
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helpsto organizethe ray tracing computation optimally to take advantage of
modern hardware trends.

We have deweloped a stream processorabstraction for the programmablefrag-
mernt enginefound in modern graphics processors. This abstraction helps us
to focuson our algorithm rather than on the details of the underlying graphics
hardware. More broadly, this abstraction can support a wide variety of compu-
tations not previously thought of as being mappableto a graphicsprocessor.

We have alsodeeloped an abstraction for the GPU memory system. We show

that dependen texturing allows texture memory to be used as a read only

generalpurposememory  We can navigate complex data structures stored in

texture memory via dependen texture lookups. As with our stream processor
abstraction, our memory abstraction has proved useful to a wide variety of
algorithms.

We have implemerted and evaluated a prototype of our streamingray tracer on
current programmablegraphicshardware. Our implemertation runs at compa-
rable speedsto a fast CPU-basedimplemertation even though current GPUs
lack a few key stream processorcapabilities. The GPU-basedimplemertation
validates our ray tracing decompsition and GPU abstractions.

We have extended our ray tracer to support photon mapping. Our imple-
mertation solvesthe sorting and searting problemscommonto many global
illumination algorithms in the streaming framework. This implemertation is
an initial stepin demonstratingthat the streamingmodel is valid for advanced
global illumination computations aswell as simple ray tracing.

We analyze how other ray tracing systemsare optimized to take advantage
of fundamertal hardware trends. We shawv that these optimizations take ad-
vantage of the sametrends that the streaming approad does,only in a much
more cumbersomeway than is exposedby the stream programming model. We
concludethat high performanceray tracing is most naturally expressedn the
stream programming model.
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In this dissertation,we are primarily concernedvith studying static sceneg scenes
in which the light sourcesor eye position can move but scenegeometryis xed. Our
analysisdoesnot accourt for any scenepreprocessingtimes. E cien t ray tracing of
dynamic sceness an active researt areain the ray tracing comnunity, and is beyond
the scope of this thesis.

1.2 Outline

We begin in chapter 2 with a badkground discussionof ray tracing, stream pro-
gramming, and modern programmable graphics hardware. We presert our stream
programming model and the streaming formulation for our ray tracer in chapter 3.
We then presen our abstraction of the programmablegraphicsprocessorasa stream
processorin chapter 4.

We descrike our implemertation of a streaming ray tracer using programmable
graphics hardware in chapter 5. Chapter 6 then describes how we have extended
our ray tracer to perform photon mapping. In chapter 7 we evaluate the stream
programmingmodelin the cortext of fundamenal hardwaretrends. Wethen examine
how other ray tracing implemertations have adaptedto hardware trends and compare
thesewith the stream programming model.

Finally, we suggestareasof future researt, reiterate our cortributions, and con-
clude this dissertationin chapter 8.

The core ideas for expressingray tracing as a streaming computation and for
abstracting programmablegraphicshardware asa stream processomwere summarized
in work publishedat SIGGRAPH in 2002[Purcell et al., 2004. The photon mapping
work of chapter 6 waspublishedthe following yearat GraphicsHardware 2003[Purcell
et al., 2003.



Chapter 2
Background

This dissertation spansthree di erent areasof graphicsand computer architecture:
ray tracing, stream programming, and graphics hardware. In this chapter we will
provide the necessanpadkground in eat area. We will alsolook at the related state
of the art work in eadt area.

2.1 Ray Tracing and Global Illumination

In the real world, light is emitted from light sourcesas photons. Photons interact
with objects by scattering until they are absorbed by the ervironmert, or captured
by an imaging devicesud as a camera,sensor,an eye, etc. Ray tracing is an image
synthesis technique that simulates this light interaction with the environment. We
canrenderan imageby placing a virtual sensorin a computer model and simulating
the light emissionfrom the light sources,tracking the light arriving at the sensor.
This simulation is very expensiwe as only a small fraction of the total light particles
emitted will actually nd their way into the sensorto be recorded. We would have
to simulate many particles in hopesof recording enoughdata to createa reasonable
image.

Instead, we take advantage of a physical property known asreciprocity. That is,
the path a light particle takesfrom a light to a sensoris reversible. We can therefore
trace particles badk from the sensorto the light sourcewithout breakingthe physical
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Figure 2.1: The ray tracing algorithm. Primary rays (P) proceedfrom the sensor
into the scene. Transmissie (T) and re ective (R) rays are spavned at a specular
surface. Eadch surfaceinteraction also causesa shadav ray (S) to be sert toward the
light source.

simulation. This processsavesthe computational costs of simulating particles that
newver read the sensor.This processs calledray tracing, and wasoriginally published
by Whitted [1980. Classic, or Whitted-style ray tracing captures the important
featuresof a sceneto help make it look real: shadavs, re ection and refraction, and
di use surfaceshading. Figure 2.1 shovs someexamplerays propagatedthrough a
scenefrom the viewpoint of a camera.

Global [llumination

Classic Whitted-style ray tracing is perhapsthe most basic global illumination al-
gorithm. We call this a glolal illumination algorithm becausethe computed light
interaction at a surfacedependson other objects in a scene. For example, a shad-
owed surfacehasno light arriving at it andis renderedblack, whereasa perfectmirror



CHAPTER 2. BACKGROUND 7

(b)

Figure 2.2: Examplesof indirect illumination. (a) Diuse color bleeding. The wall
castsa bluish color on the tall block. Both blocks give the o or aroundthem a yellow
glow. (b) Caustics. Light focusesthrough the liquid in the glassand makesa caustic
pattern on the o or. ImagescourtesyHenrik Wann Jensen.

surfacegetsits color from the objects it re ects. In corrast, a local illumination al-
gorithm computesthe interactions of light with a surfaceasthough it were the only
surfacein the scene.We will examinea commonlocal illumination algorithm, called
feed-forvard rendering, when we describe how modern graphics hardware computes
imagesin section2.3.

Whitted-style ray tracing simulatesthe e ects of direct illumination, shadavs, re-
ections, and refractions. Howewer, it doesnot capture the e ects of indirect lighting.
Indirect lighting occurswhen light bounceso of one surfaceto illuminate another.
The two most commone ects of indirect illumination are color bleedingand caustics.
One common casewhere color bleeding occurs is when one di use surfacere ects
light onto another surface. The light re ected will be shifted toward the color of the
re ecting surface,suc that a red wall will illuminate a nearby surfacewith reddish
light. Figure 2.2ashaws the e ects of color bleeding. A caustic is causedby light
that hasbeenre ected, refracted, or focusedthrough another material. The result is
a bright spot or band of light on a receiving surface. Figure 2.2b shavs an example
caustic. The e ects of indirect illumination are subtle but important e ects when
rendering realistic scenes.

Researbersrecognizedthe importance of the subtle global e ects early on. Dis-

tribution ray tracing [Cook et al., 1984 added somerandom samplingto renderings
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to accour for seweral e ects, including somelimited color bleeding. Distribution ray
tracing was extendedand generalizedwith Kajiya's Monte Carlo path tracing [Ka-
jiya, 1984. This generalizationmakes it possibleto accourt for all paths of light
in a scene,given enoughrandom samples. Radiosity methods also capture indirect
illumination e ects [Goral et al., 1984; Nishita and Nakamae, 1985. We will not
investigateradiosity methods in this dissertation sincethey compute sceneillumina-
tion by solving large systemsof linear equationsinstead of directly simulating light
transport asis donein ray tracing.

Onedi cult y with using pure Monte Carlo path tracing to compute an imageis
the large number of samplesrequiredto make a smaoth looking image. The random
sampling can take a very long time to corvergefor areasof highly varying intensity
(like caustics). One solution is to rst trace rays out from light sourcesseparately
from rays from the sensorand then combine the paths of both tracings when creating
the nal images[Chenet al., 1991. This technique has beenre ned and extended,
resulting in the photon mapping technique commonlyusedfor high quality renderings
today [Jensen,1996;2001. We will examinethe details of this algorithm in more
detail when we discussmapping it to graphicshardware in chapter 6.

Acceleration Structure

At the certer of most ray tracing basedglobal illumination algorithms is the idea of
following a ray (or particle) into a sceneand nding the nearestsurfaceinteraction
point (hit point or intersectionpoint). It isimportant to e cien tly cull away surfaces
which the ray will not intersect. Otherwise, for very large scenesa ray would test
against millions of surfacesbefore nding the nearestone.

This culling is usually accomplishedhrough a data structure calledan acceleration
structure. A spatial accelerationstructure subdivides the sceneinto seeral smaller
regions. Theseregionscan be tested e cien tly against ead ray, and the geometry
residingin thoseregionsthat the ray doesnot interact with canbe safelyignored. An
alternate approad is to use bounding volumes. Bounding volumessurround groups
of complex objects in a simple shape. These simple shapes are tested against eat
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Figure 2.3: Example accelerationstructures. (a) The uniform grid divides spaceinto
equal regionsor voxels. (b) Bounding volumesgroup nearby objects into simpler
enclosingvolumes. Theseare often also arranged hierarchically. (c) The octree re-
cursively divides spacecortaining geometryinto smaller regions. Notice the empty
spacesare not subdivided further.

ray, and only if the ray intersectsthe bounding volume doesthe ray test againstthe
enclosedgeometry

There are se\eral di erent types of accelerationdata structures exploredin the
literature. Figure 2.3shavsseeraldi erent typesof accelerationstructures, including
(a) the uniform grid [Fujimoto et al., 1984, (b) bounding volume hierarchy [Rubin
and Whitted, 1980, and (c) octree [Glassner,1984. Havran et al. [2004 wrote an
excellen study of se\eral accelerationstructures and their relative e ectiveness.

The basic ray tracing algorithm changesonly slightly with the addition of an
accelerationstructure. Before determining if a ray intersectsany geometryin the
scenethe ray is tested againstthe accelerationstructure. The accelerationstructure
returns to the ray tracer the nearestregion cortaining a subsetof geometry The
ray tracer performsintersection calculationswith this geometry If the ray doesnot
intersectany geometryin the subset,the structure is again queried and another set
tested. This cortinuesuntil an interaction is found, or the ray is determinednot to
intersectwith any of the geometryin the scene.

Accelerationstructures are typically built o ine, and the construction costis not
included in the cost of ray tracing a scene.Howe\er, this cost approximation is only
valid for static sceneq scenesvhereonly the viewer or light sourceschangeposition.
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Sceneswhere geometry moves around require an accelerationstructure to be built

ead time an object moves. The designof e cien t accelerationstructures for dynamic
sceneds an open area of researt [Reinhard et al., 200q. This dissertation focuses
on ray tracing static sceneswith the accelerationstructure built asa preprocessing
step. Chapter 6 exploresthe construction of a photon map data structure, which is
a step toward building an accelerationstructure for ray tracing.

2.1.1 Parallel Ray Tracing

Ray tracing is a very computationally expensiwe algorithm. Fortunately, ray tracing
is quite easyto parallelize. The cortribution of ead ray to the nal imagecan be
computedindependerly from the other rays. For this reason,there hasbeena lot of
e ort put into nding the best parallel decompsition for ray tracing. The vast body
of parallel ray tracing work has recerlly beensummarized[Chalmerset al., 2004.
We provide an brief introduction to someof the major designissuesfor parallel ray
tracers. The readeris referredto that book for more details.

The simplestparallel ray tracersreplicate the scenedatabasefor every processing
node. For thesesystems,load balancing the ray tracing computation is the biggest
challenge. Howe\er, if the ertire sceneis too largeto t on a single node or we do
not wish to pay the scenereplication overhead,then we have the additional challenge
of distributing scenegeometryand/or rays betweenthe nodes.

When the scenedatabaseis replicated on all the nodes, or we are using a shared
memory madine, load balancing is fairly straight forward. The ray tracing task is
broken into chunks of work, usually by subdividing the screeninto tiles. A master
processassignsa tile to a client whene\er that client needsmore work to do. If the
tile sizeis xed, load imbalancecan occur as not all tiles require equal amourts of
computation. Instead, we can make the tile sizedecreaseas the computation nears
the end of a frame. This load balancingmedanismworks quite well, and is discussed
in more detail in [Parker et al., 19994.

Without databasereplication, parallel ray tracing gets much more di cult. In
this casethe scenegeometryis often split acrossmultiple processors.If a processor



CHAPTER 2. BACKGROUND 11

doesnot have the geometryrequiredto perform the ray tracing computation, it must
communicate the task to the appropriate processor(s). This commnunication can be
expensi\e.

2.1.2 Interactiv e Ray Tracing

Even though ray tracing is trivially parallelized, very few interactive ray tracing
systemsexist. Interactivity requiresthe ray tracing systemspend very little time on
communication and syndironization. Simply adding processorsloes not necessarily
increasethe performanceof a systemunlessit is properly engineered.Two types of
systemshave recerily yielded interactive systems: shared memory supercomputers
and clusters of commadity PCs. In both cases,these systemsuse a collection of
standard microprocessors,eat of which is designedfor maximum performanceon
singlethreaded programs.

The rst interactive ray tracerswererealizedon massiely parallel sharedmemory
supercomputers. Thesemadinescombine the fast inter-processoicomnunication and
high memory bandwidth necessaryfor interactive ray tracing. Muuss [1993 demon-
strated interactive ray tracing of simple constructive solid geometry (CSG) scenes
usingan SGI Power ChallengeArray. Parker et al. [1998;1999a;1999 demonstrated
a full-featured ray tracer, called *-Ray, with shadawvs, re ections, textures, etc. The
systemusesdata structures tuned for the SGI Origin 2000cade lines. Additionally,
rays are distributed in varying sizedchunks to processordor load balancing.

An alternative to the super computeris a cluster of commality PCs. Thesesys-
tems are often more coste ectiv e for the sameamourt of peakcompute performance.
Howe\er, clustersare limited by having lower comnunication bandwidth and higher
comnunication latency. Wald et al. [2001;2009 demonstrateda systemfor interac-
tive ray tracing using a cluster of commality PCs called RTRT. *-Ray hasrecerily
beenported to run on a cluster of PCs [DeMarle et al., 2004, but our discussionof
*-Ray will focuson the supercomputerversion.
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RTRT and *-Ray have much in common. In ead, the data structuresare carefully
tuned to match the cadeline sizesof the underlying madine (Intel Pertium [11 CPUs
for early versionsof RTRT, Pertium 4 for more recert versions).

RTRT also takes advantage of the SSE executionunit [Intel, 2004 available on
Pentium processors.The SSEunit is essetially a separatemath unit on the Pertium
chip that can executemultiple math operationsin parallel. The executionis SIMD
(singleinstruction multiple data), meaningthat the simultaneousexecutionmust be
for the sameinstruction, but can be over di erent data. For example,the SSE unit
can perform four multiplies or four adds at the sametime, but not two adds and
two multiplies together. RTRT gathers multiple rays together and tries to execute
most of the ray tracing computation on the SSEunits. This strategy providesa nice
computational speedupsincethe SSEmath units are faster than the standard math
unit on the chip and alsowork in parallel.

Both *-Ray and RTRT sharese\eral commoncharacteristics: highly e cien t accel-
eration structures, processorspeci ¢ data structure layout for improved cading, and
e cien t code parallelization. Both systemsare sotuned to the underlying hardware
that they are e ectiv ely non-portable to another platform without seriousrewriting.
In chapter 7 we will shaw that the stream programming model leadsto code that can
be automatically tuned to the underlying processor. That meansthat with proper
languagesupport, our streamformulation for ray tracing could be ported to any sys-
tem and, in theory, only require recompilingto achieve an e cien t implemertation.

2.1.3 Ray Tracing Hardw are

One of the earliestexamplesof special purposeray tracing hardware is the LINKS-1
system[Nishimura et al., 1983. This systemwas not what we commonly think of as
special purposehardware asit consistedof seeral generalpurposelntel 8086nodes
networked together. Howeer, the systemwas designedas a ray tracing macine and
is an interesting precursorto the cluster ray tracing systemsmentioned previously.
Most of the special purposeray tracing hardware deweloped in the past few years
can be found on volume rendering boards. The VIRIM [Gunther et al., 1995,
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VIZARD [Knittel and Stra er, 1997, and VolumePro [P ster et al., 1999 boards
all implemert ray castingand somelimited shadingcalculations. Theserenderersdo
not take into accourt shadavs, re ections, or refractions.

The mostrecen pieceof ray tracing hardware wasdesignedo renderhigh quality
ray traced images,but not in real-time. The AR250 [Hall, 1999 and AR350 [Hall,
2001 from AdvancedRendering Tednologiesperformedthe full ray tracing calcula-
tion including shadavs, re ections, and refractionsin a custom hardware implemen-
tation. Thesesystemscould render scenesnuch faster than standard software based
systemsat the time, but newer pushedinto interactive rendering.

Finally, the most recert researt into custom ray tracing hardware is a system
called SaarCor [Schmittler et al., 2004. SaarCoris basedon the Saarland RTRT
interactive ray tracer [Wald et al., 2001, and e ectively implemerts that systemin
silicon. Simulations indicate the systemcould provide ray tracing at interactive frame
rates with fewer transistors than commadity GPUs require. As of early 2004, early
prototypesof the chip are beingimplemerted on FPGAs at SaarlandUniversity.

2.2 Stream Programming

Stream programming and streaming processordhave recerily becomepopular topics
in computer architecture. The main motivation for stream processordewelopmert is
that semiconductortechnology is at a point where computation is cheap and band-
width is expensive. Streamprocessorsare designedo exploit this trend by exploiting
both the parallelism and locality available in programs. The result is madcineswith
higher performanceper dollar [Khailany et al., 2004. To this end, stream processors
provide hundredsof arithmetic processordo exploit parallelism,and a deephierarchy
of registersto exploit locality.

The stream programming model constrainsthe way software is written sud that
locality and parallelismare explicit within a program. Theseconstrairts allow compil-
ersto automatically optimize the code to take advantage of the underlying hardware.
Of course,stream processorgequire su cien tly parallel computationsto adieve this



CHAPTER 2. BACKGROUND 14

Figure 2.4: The stream programming model. Kernels are functions which can be op-
eratedon in parallel. Kernelsprocessrecordsfrom input streams,and placeresulting
recordson output streams. Kernelsmay alsobe able to read from a global read-only
memory.

higher performance. We will investigate the bene ts of the stream programming
model further in chapter 7.

The stream programming model is basedon kernels and streams A kernelis a
function that is goingto be executedon over a large set of input records. A kernel
loadsan input record, performs computations on the valuesloaded, and then writes
an output record. The stream programming model is illustrated in gure 2.4.

The more computation a kernel performs, the higher its arithmetic intensity or
locality, and the better a stream processomwill performon it. Streamsare the setsof
input and output recordsoperated on by kernels. Streamsare what connectmultiple
kernelstogether. Media processingsud as MPEG decaling and signal processing
kernelsoften found in DSPsare large target applications for stream processors.

There have beena variety of generalpurposestreamprocessorslesigned ead with
a correspnding languageimplemerting the stream programming model assaiated
with the madine. There are also various polymorphic computing architectures like
Smart Memories[Mai et al., 2004 and TRIPS [Sanlaralingamet al., 2003 which can
be con gured as stream processorr astraditional cade-basedprocessors.We will
focus our discussionon the architectures basedaround stream processing.
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An early exampleof a modern stream processoiis the MIT RAW madine [Wain-
gold et al., 1997;Taylor et al., 2004. The RAW machine is madeup of seweral simple
processorn a singlechip. The overriding idea of the RAW architecture is to expose
the low level details of the architecture to the compiler. StreaMIT [Gordon et al.,
2001 is the special purposestream programming languageassaeiated with RAW.

The Imagine processoflKhailany et al., 2004 is a streamingprocessomadeup of
se\eral arithmetic units connectedo fast local registersand an on-chip memorycalled
a stream register le. Imagine provides a bandwidth hierarchy with relatively small
o -c hip memory bandwidth, larger stream register le bandwidth, and very large
local register le bandwidth. Programswritten in the stream programming model
can be sdeduled for the processorsud that they mainly use internal bandwidth
instead of external bandwidth. Imagine is programmedusing StreamC and KernelC
| programming languagesfor streamsand kernelsthat are a subsetof C. These
languagesforce programsto be written in a stream friendly manner, and are more
generalpurposethan the StreaMIT languagefor the RAW processor.Howeer, the
underlying Imagine architecture is still exposedto the programmer when writing a
stream program.

Finally, there is the Merrimac streaming supercomputer[Dally et al., 2004. Mer-
rimac is a large scalemulti-chip streaming computer. Merrimac is programmedin a
languagecalled Brook [Buck, 2004. Brook is like StreamC and KernelC asit is an
augmerned subsetof C designedor streamprogramming. However, onebig di erence
betweenBrook and StreamC/KernelC is that Brook does not exposethe details of
the underlying architecture to the programmer. This meansthat programswritten
in Brook can be recompiled(instead of rewritten) for other stream madines.

Perhapsthe most relevant target that Brook supports is GPUs. A BrookGPU
program [Buck et al., 2004 can compile to run on a standard Intel processor,or
oneof seweral di erent graphicsprocessorgsud asthe NVIDIA GeForceFX or ATI
Radeonparts descrilked in the next section). The ray tracing approad presered in
this dissertation was recerly reimplemened in BrookGPU in only a couple of days
time. We will examinethe advantagesof stream programmingfor ray tracing further
in chapter 7.



CHAPTER 2. BACKGROUND 16

Figure 2.5: The programmable graphics pipeline. The gray boxes shav the stages
wherethe programmablevertex and fragmert enginesare located. The typesof data
passedbetweenead stageof the pipeline are shovn by the dotted lines.

2.3 Programmable Graphics Hardw are

Ray tracing is not the only way to generatecomputer images. In fact, the graphics
processorfound in nearly every desktop PC usesa very di erent algorithm. Recall
that a ray tracer computeswhat parts of a sceneare visible at ead pixel by following
a ray for ead pixel into the scene.In a sensethe imageis computed pixel by pixel.
Graphics processorsuse nearly the opposite algorithm. Imagesare computed by
drawing ead object in the scene,and keepingtrack of the closestobject for every
pixel in the image. Onceall the objects are drawn, the correctimageis displayed.
Figure 2.5 shavs what a modern programmablegraphicspipeline looks like. The
sceneis fed into the hardware as a sequenceof triangles, with colorsand normals at
the vertices. The vertex program stageis generallyusedto transform the verticesfrom
model coordinatesto screencoordinates using matrix multiplication. The rasterizer
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takesthe transformed triangles and turns them into fragmerts | essetially pixels
in memory rather than on the display device. In addition, the rasterizerinterpolates
the valuesof ead vertex betweenother verticesin the triangle soead fragmert hasa
colorand normal value. Fragmerts then passthrough a fragmen programstage. This
stageis generallyusedto modify the color of ead fragmert with texture mapping or
other mathematical operations. Fragmens are nally comparedagainst the stored
value in a depth bu er. Those fragmerts that are nearerthan the stored value are
saved and displayed, while others are discarded.

The programmablevertex and fragmert enginesfound on today's graphicschips,
sud asthe NVIDIA GeForce FX 5900Ultra [NVIDIA, 20034 and the ATl Radeon
9800 Pro [ATI, 2003 execute user-de ned programs and allow ne cortrol over
shading and texturing calculations. Each stageis programmablethrough OpenGL
ARB extensions[ARB, 2003c; 20034, vendor specic extensions[NVIDIA, 2002;
2003H, or the DirectX 9 API [Microsoft, 2003. We will be primarily interestedin
the programmablefragmert pipeline for this dissertation;it is designedto operate at
the system Il rate (approximately 4 billion fragmerts per second).

The programming model for the programmablefragmen engineis shovn in g-
ure 2.6. Most GPUs have a set of se\eral parallel execution units that implemert
the fragmert engine. Howeer, the exact number of parallel units is not exposedto
the programmer. Fragmert programs are written in a 4-way SIMD asserbly lan-
guage[ARB, 2003b;NVIDIA, 20034, which includes common operations like add,
multiply, dot product, and texture fetch. Fragmen programs are not allowed to
perform data dependert branching | the hardware may use SIMD parallelism to
implemert multiple fragmernt processorsAll of the operationsin a fragmert program
are performedin oating point.

GPUs allow memory fetchesthrough texture lookups. They also permit what is
known asa dependert texture lookup. A dependert texture fetch is simply a texture
fetch at an addressthat hasbeencomputed,unlike a standardtexture fetch wherethe
addressis determinedby interpolated texture coordinates. This feature is useful, for
example,to compute a bumped re ection map for a surface. One texture fetch will
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Figure 2.6: The programmablefragmert processor. A fragmert program can read
data from input registers,constarts, texture memory, and temporary registers. Tem-
porary registersstore intermediate calculations, and the output registers store the
nal color valuesfor the fragmert.

grab the perturbed normal at a point from a normal texture map, and that normal
canthen be usedto index into a re ection map [Kirk, 2001.

An additional feature provided by modern graphicshardware is a specializedre-
duction operator called the NV_OCCLUSIONQUERY extension[NVIDIA, 2003¢. An
occlusionquery simply returns a court of the number of fragmerts that were drawn
to the framebu er betweenthe start and end of the query. This capability can be
usedto acceleraterenderingby drawing simple objects in placeof more complexones
(e.g. bounding boxes instead of true geometry). The occlusion query will return a
zerovalue if the object is not visible, meaningthe complex geometry doesnot need
to be drawn.

Unfortunately, unlike CPUs, GPUs currerntly do not virtualize their resources.
Instead, limits are set on how many operations and how many memory references
can be usedin a given program. Fragmert programsare currerntly limited to 64 or
1024 instructions, depending on the speci ¢ chip and APl being used. Only 16 or
32 registersare available to usein a program, and as few as four levels of dependen
texture fetchesare supported. Additionally, many GPUs allow only a single output
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valueto be computedper fragment. The speci c resourcdimits dependonthe vendor,
card, and extensionusedto program the GPU.

2.3.1 Near Term GPU Changes

Our ray tracing and photon mapping implemertations discussedn subsequet chap-
ters usethe DirectX 9 classhardware discussegreviously As the hardware cortinues
to ewlve, we expect that seweral features missing from the fragment programming
model will be added:

Data dependert branching in fragmert programs
Increasedprogram length
Increaseddependert texture fetching limits

Multiple outputs

Our analysisof the ray tracing systempresened in chapter 5 evaluatesthe impact
of someof theseimproved capabilities.

2.3.2 Scatter

Nearly as important as featuresthat are available on the GPU are features that
are not available. There are seweral sud missing features, but perhapsthe most
important oneis the scatter operation for fragmert programs. Simply stated, scatter
is the ability to computean output addressto write fragmert data to. GPUs provide
the ability to perform random memory readsthrough dependen texture fetches. A
scatterwould be similar to computing a dependert texture write. This lack of a scatter
capability restricts the types of algorithms that can be run e cien tly on the GPU.
We will explore seeral algorithms that could be much more e cien t with a scatter
operation (such as sorting). Other algorithms do not seempossibleto implemert
without scatter (such as building accelerationstructures). We will scon seegraphics
architecturesthat allow a multipass scatter operation by feedingthe framebu er data
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from onerendering passbadk through the pipeline as primitiv e data. Unfortunately,
a singlepassscatter operation is not on the horizonfor future graphicsarchitectures.



Chapter 3
Streaming Ray Tracer Design

In this chapter, we descrite how we decompseray tracing for the stream program-
ming model. We rst de ne the stream programming model we use for this thesis.
We'll then brie y enumeratethe underlying hardware support we expect. Finally, we
descrike the way we decompseray tracing for the stream programming model.

3.1 Stream Programming Mo del

In section2.2we saw se\eral examplesof streamprocessorsand languageghat imple-
mert the stream programming model. When we designedour streamingray tracer,
we did not target a speci ¢ programming languageor architecture. Instead, the de-
sign was basedon our assumptionthat we would have a processorthat was a cross
betweenlImagine and a GPU. We designedthe ray tracer assumingmuch the same
functionality that can be expressedin KernelC and StreamC. Brook [Buck et al.,
2004 is the closestlanguageto what we ervisioned. Sinceour programming model
is slightly di erent, we will enrumerate what we assumedit could support. The pro-
gramming model we presett is idealized. We presen an evaluation of two di erent
architectures that implemert this programming model in chapter 5.

21
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3.1.1 Kernels

Recallthat a kernelis essetially a specializedfunction call. Kernels are expectedto
be invoked on many di erent recordsall requiring the sameprocessing.In the stream
programming model, kernelsare designedto be executedin parallel. In particular,
kernelsmust be stateless| the results of a kernel call can not depend on a previous
invocation of that kernel by another record.

The kernelsin our streaming ray tracer are allowed to accessread-only global
memory This is a dierent approad than taken by KernelC. KernelC required
all memory accessto be through streams. Global memory could be accesseduy
building an index stream| essetfially a stream of memory addresses.That stream
would fetch the data from memory, and the data could be usedin an input stream
to another kernel. This style of global memory accessputs a large burden on the
application programmerto split kernelsinto se\eral pieceswhene\er global memory
is required and the addressesare unknown at compile time. Instead, we allow read-
only accessto global memory directly in a kernel. This capability endsup being
strictly a programmer corvenience,as kernels could be split at memory references
automatically by the underlying compiler.

Our kernelsare alsoable to perform data dependert branches. This capability is
important to ray tracing for two reasons.First, ray tracing nds the nearestvisible
point by marching rays through an accelerationstructure, intersecting geometry as
it goes. If we write ray tracing as a single kernel, the kernel must be able to change
betweentraversingthe structure and intersectinggeometry Second,eadt part of the
accelerationstructure canhold a di erent amourt of geometry We cannot determine
beforekernelinvocation how many intersectiontestsneedto be done. We will examine
the impact of branching at the end of chapter 5.

Finally, kernelscanperform both integerand oating point arithmetic operations.
Additionally, kernelssupport data typesof both oat andintegersup to four elemerts
wide and provide short vector math operations for those types. Much of the ray
tracing calculation is vector math. GPUs operate on thesefour wide typesnatively,
and they simplify many calculationsthat we have to do. Kernels support standard
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arithmetic operationson thesedata typesplus correspnding graphicsoperationslike
dot product.

3.1.2 Streams

A streamis a set of recordsthat a kernel operatesover. Generally speaking, a kernel
takesa stream of recordsas input and producesa stream (or streams)of recordsas
output. Kernels are allowed to only have a single input stream. This stream may
contain data generatedby seeral di erent kernels,but only the singleinput stream
is visible to the kernel. By only allowing a single stream, we do not have to gure
out what to do when two input streamshave di erent length. This restriction takes
away someof the exibilit y of our streamprogrammingmodel, but this casedoesnot
comeup for a ray tracing computation and is thus not an issue.

We do allow kernelsto generatemultiple output streams, and output to these
streams may be conditional. A kernel may write to zero or more of its possible
destination streams. Conditional streamsare esgecially usefulfor aray tracer. During
shading,a ray can generatese\eral shadav rays, along with re ection and refraction
rays. Howewer, not all surfacesgenerateall typesof rays. Conditional output allows
a complexshadingmodelto t naturally into the streamingframework. Additionally,
rays can exit the boundsof a sceneduring rendering. Theserays cortribute nothing
to the nal image. Kernels can discardtheserays by not writing them to the output
stream, avoiding bandwidth and computation overheadfor uselesgays.

Finally, our programming model has a modest ordering requiremer for streams.
If a kernel has no conditional output, then streamsare required to remain in order.
That is, the rst elemen of the input streamgenerateshe rst elemen of the output
stream. With a conditional output, this requiremen is relaxed. Split streamsdo not
have to maintain relative order.
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3.2 Streaming Hardw are

In this section, we want to briey descrike the desired hardware for implemerting
our stream programming model. In chapter 5 we will presen results from running
our ray tracer on simulated hardware like this, as well as simulated hardware much
more like a GPU. We'd like to use our stream model to showv potertial bene ts of
new GPU features. Our model assumes:

32-bit  4-wide oating point math units and registers. The ray tracer will be
working primarily with 3- and 4-vector quartities (i.e. color, vertex position, ray
direction and origin). As sud the native data type should be a four elemen
vector. In addition, common graphics operations like dot product and cross
product should be very fast.

MIMD executionunits. Our streamprogramming model allows data dependert
branching within a kernel. We want MIMD (Multiple Instruction Multiple
Data) executionunits to implemert the branching in hardware e cien tly.

On-chip streambu er. The data structures passedoetweenkernelscanbe quite
large, and depending on the granularity of the computation can happen quite
often. An on-chip streambu er minimizeso -c hip bandwidth.

Fast local cathe for read-only global data. Geometry materials, and the accel-
eration data structure are amongthe read only data in our system.

We assumesomefairly basic hardware capable of implemerting our stream ab-
straction. The primary goal of this dissertationis to show that the stream program-
ming model is a good model for ray tracing, not to describe the proper hardware to
implemert that model.

3.3 Ray Tracing Kernels and Streams

The challengeis then to map ray tracing onto our streaming model of computation.
This is done by breaking the ray tracer into kernels. These kernels are chained
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together by streamsof data. In this section,we shov how to reformulate ray tracing
as a streaming computation.

We needto make somedecisionsup front about the type of scenesve will be able
to ray trace beforewe can formulate the ray tracer for streaming. We needto de ne
the type of geometricprimitiv esour ray tracer can handle, whetherto support static
or dynamic scenesand the type of accelerationstructure we will use.

We assumethat all scenegeometryis represeted as triangles. Ray tracers often
canrenderscenesnadeof seweral di erent geometricprimitiv es. The literature is full
of ray-object intersection algorithms (seeAn Intr oduction to Ray Tracing [Glassner,
1989 for a good survey). Howewer, we believe focusingonly on triangles is valid for
seweral reasons. First, graphics hardware supports only triangle rendering. Other
surfaceslike splines, spheres,and other shapes can be speci ed, but they are trans-
formed into triangles before rendering anyway. Modeling programs and scanning
software produce models made of triangle meshes.Finally, ray tracing is much sim-
pler, andin many casesnoree cien t [Wald et al., 2004, whenonly a singleprimitiv e
is allowed. For streamingcomputations, this restriction meansall rays canbe handled
by the samesmall set of kernelswhich simpli es the data ow of the system.

Our ray tracer is designedto render static scenes We assumetriangles are stored
in an accelerationdata structure beforerendering begins. We will not considerthe
cost of building this data structure. Sincethis operation may be expensiwe, and may
not map well to the stream programming model, this assumptionimplies that the
algorithm descriked may not be e cien t for dynamic scenes.

We alsodecidedto usea uniform grid to accelerateray tracing. There are many
possibleaccelerationdata structures to choosefrom: bounding volume hierardies,
bsptrees,k-d trees, octrees,uniform grids, adaptive grids, hierarchical grids, etc. We
choseuniform grids for two reasons. First, many experimerts have been performed
using di erent accelerationdata structures on di erent scenegHavran et al., 200d.
From thesestudiesno singleaccelerationdata structure appearsto be most e cien t;
all appear to be within a factor of two of ead other. Second,uniform grids are
particularly simple for hardware implemertations. Accessego grid data structures
require constart time; hierarchical data structures, in cortrast, require variable time
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Figure 3.1: The streamingray tracer. Ray tracing can be broken down into se\eral
core kernels, represetted by boxesin this diagram: eye ray generation,acceleration
structure traversal, triangle intersector, and a shaderthat computescolorsand sec-
ondary rays. The inputs to ead kernel are shavn to the left of the box. The types
of stream recordspassedbetweenkernelsare shavn by the dotted lines.

per accesand involve pointer chasing. Code for grid traversalis alsovery simpleand
can be highly optimized in hardware.

We have split the streamingray tracer into four kernels: eye ray generation,grid
traversal, ray-triangle intersection, and shading,as shavn in gure 3.1. This split is
not mandatedby our stream programming model. Instead, it is a result of our desire
to evertually run the ray tracer on a GPU which lack branching within a fragmert
program. We explain how we work around the lack of branching in chapter 4, and
analyzethe e ects of the workaround in chapter 5.

The eye ray generatorkernel producesa stream of viewing rays. Ead viewing
ray is a singleray correspnding to a pixel in the image. The traversal kernel reads
the stream of rays produced by the eye ray generator. The traversal kernel stepsa
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ray through the grid until the ray encourers a voxel containing triangles. The ray

and voxel addressare output and passedto the intersectionkernel. The intersection
kernelis responsiblefor testing a ray with all the triangles cortained in a voxel. The

intersector has two types of output. If ray-triangle intersection (hit) occursin that

voxel, the ray and the triangle that is hit is output for shading. If no hit occurs,
the ray is passedbad to the traversal kernel and the seard for voxels containing

triangles cortinues. The shadingkernel computesa color. If a ray terminates at this

hit, then the color is written to the accunulated image. Additionally, the shading
kernelmay generateshadav or secondaryrays; in this case thesenewrays are passed
bad to the traversalstage. The following sectionsdetail the implemertation of eath

ray tracing kernel.

3.3.1 Eye Ray Generator

The eye ray generatoris the simplestkernel of the ray tracer. Given cameraparame-
ters, including viewpoint and a view direction, it computesan eye ray for ead screen
pixel. The kernelis invoked for ead pixel on the screen,generatingan eye ray for
ead. The eye ray generatoralsotests the ray againstthe scenebounding box. Rays
that intersect the scenebounding box are processedurther, while those that miss
are terminated.

3.3.2 Traverser

The traversal stage seardes for voxels containing triangles. The rst part of the
traversal stage sets up the traversal calculation. The secondpart stepsalong the
ray enumerating those voxels pierced by the ray. Traversalis equivalert to 3D line
drawing and has a per-ray setup costand a per-voxel rasterization cost.

We usea 3D-DDA algorithm [Fujimoto et al., 1984 for this traversal. After eadh
step, the kernel queriesthe grid data structure. If the grid contains a null pointer,
then that voxel is empty and the ray is output into the streamof rays to be traversed
again. If the pointer is not null, the voxel cortains triangles. In this case,a ray-voxel
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pair is output and the ray is marked sothat it will be tested for intersectionwith the
triangles in that voxel.

The traversalsetupis performedonceper ray. The main traversalkernel marches
a ray one step through the voxel grid. This meansead step a ray takes through
a voxel is done as a separateiteration of the traversal kernel. At the end of the
kernel, the ray is either output to the rays needingtraversing stream or the rays to
be intersectedstream.

3.3.3 Intersector

The triangle intersection stage takes a stream of ray-voxel pairs and outputs ray-
triangle hits. It doesthis by performing ray-triangle intersection tests with all the
triangles within a voxel. If a hit occurs, a ray-triangle pair is passedto the shading
stage. We compute ray-triangle intersectionsusing the method descrited by Meller
and Trumbore [1997. A ray-triangle intersectionkernel can be found in gure 3.2.

Becausetriangles can overlap multiple grid cells, it is possiblefor an intersection
point to lie outsidethe current voxel. The intersectionkernel cheds for this caseand
treats it asa miss. Note that rejecting intersectionsin this way may causea ray to be
tested againstthe sametriangle multiple times (in di erent voxels). It is possibleto
usea mailbox algorithm to prevert theseextra intersection calculations[Amanatides
and Woo, 1987, but mailboxing is dicult to implemen e ciently when multiple
rays are traced in parallel.

As with the traversal stage, we have implemerted the ray-triangle intersection
kernel to perform a single ray-triangle intersection. Eadc ray is cycled through the
intersection kernel for ead triangle in the voxel. After all the triangles have been
intersected,the decisionis made whether to sendthe ray to the traversalor shading
kernel.

3.3.4 Shader

The shading kernel evaluates the color of the surfaceintersectedby the ray at the
hit point. Shadingdata consistsof vertex normalsand vertex colorsfor ead triangle



CHAPTER 3. STREAMING RAY TRACER DESIGN

/Il ro,

rd are ray origin

29

and direction

/I list _pos contains the triangle list entry

/[ his current best hit

float4 IntersectTriangle( float3 ro, float3 rd, int list _pos, float4 h )f
float tri _id = memfetch( list _pos, trilist );
float3 vO = memfetch( tri _id, vO );
float3 v1 = memfetch( tri _id, v1);
float3 v2 = memfetch( tri _id, v2);
float3 edgel = vl - VO;
float3 edge2 = v2 - VvO;
float3 pvec = Cross( rd, edge2);
float det = Dot( edgel, pvec );
float inv _det = 1.0/det;
float3 tvec =ro - VO;
float u = Dot( tvec, pvec ) * inv _det;
float3 qvec = Cross( tvec, edgel);
float v = Dot( rd, qgvec ) * inv _det;
float t = Dot( edge2, qvec ) * inv _det;
bool validhit = select( u >= 0.0, true, false );
validhit = select( v >= 0.0, validhit, false );
validhit = select( u+v <= 1.0, validhit, false );
validhit = select( t < h[0], validhit, false );
validhit = select( t >= 0.0, validhit, false );
return select( validhit, float4(t, u, v, tri _id), h);

Figure 3.2: Code for the ray-triangle intersectionkernel.

and is storedin memory much like triangle data. The hit information that is passed
to the shaderincludesthe triangle number. We accesghe shadinginformation by a
simple lookup for the particular triangle speci ed.

By choosingto generatedi erent shadingrays, we canimplemert seweral a vors of
ray tracing usingour streamingalgorithm. Figure 3.3shovsasimplied o w diagram
for ray casting, Whitted-style ray tracing, path tracing, and shadav casting, along
with an exampleimage producedby our systemfor eat avor.

The shading kernel optionally generatesshadav, re ection, refraction, or ran-
domly generatedrays. These secondaryrays are placedin the stream of rays pro-
cessedy the traverser. Each ray is alsoassigneda weight, sothat whenit is nally
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terminated, its cortribution to the nal image may be simply added into the im-
age[Kajiya, 1984. This technique of assigninga weight to a ray eliminatesrecursion
and simpli es the cortrol ow.



CHAPTER 3. STREAMING RAY TRACER DESIGN 31

Generate Generate Generate
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Figure 3.3: Ray tracing data ow diagrams. The algorithms depictedare (a) shadav
casting, (b) ray casting, (c) classicWhitted-style ray tracing, and (d) path tracing.
Shadav casting takesinitial visibility information generatedoutside our systemand
traces shadav rays from those visible surfacelocations. For ray tracing, ead ray-
surfaceintersectiongenerates. + 2 rays, wherelL is the number of lights in a scene,
correspnding to the number of shadav rays to be tested, and the other two are
re ection and refraction rays. Path tracing randomly choosesone ray bounceto
follow and the feedba& path is only oneray wide. Our path tracer only generatesa
singleeye ray per pixel. The Stanford bunny imagewas generatedby ead algorithm.



Chapter 4

Programmable Graphics Pro cessor
Abstractions

In the previous chapter, we descriked the stream programming model and a stream-
ing formulation for ray tracing. In this chapter we shov how we can abstract the
programmablefragmert enginein current GPUs as a stream processor. The GPU
will sene as our implemertation substrate for the streaming ray tracer (chapter 5)
and our extensionto global illumination via photon mapping (chapter 6).

We will presen two abstractionsfor the GPU: onefor multipass renderingthrough
the fragmen engineand another for the memory subsystem.Theseabstractionsare
key for our ray tracing and photon mapping implemertations, and have beenused
by other researbers using the GPU for general purpose computation. At the end
of this chapter, we examinethe impact of GPU limitations on the e ciency of our
algorithm.

4.1 The Programmable Fragment Pro cessor as a

Stream Pro cessor

We would like to be able to usethe computational power of the GPU to perform the
ray tracing computation. Unfortunately, aswe saw in chapter 2, ray tracing is a very

32
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di erent type of computation than what GPUs were built to do. Even with the high
amourt of programmability available on the GPU, it is not obvious how to map all
the piecesof a ray tracer onto the GPU pipeline. In this section, we shav how to
think about the fragmert processoras a limited generalpurposestream processor.

We discussedthe basic ow for feed-forvard rendering on a GPU in chapter 2.
This task is the onethe GPU is designedfor. The basicideais that the GPU renders
objects by turning them into fragmerts. After all objects are drawn, the fragmert
closestto the viewer is displayed on the screen.Our goalis to usethe fragmen engine
as a stream processor. As sud, we will generally ignore the rest of the graphics
pipeline and focus on feedingthe appropriate data to the fragmert engine.

The rst step then is to feed streamsto the fragmert engineto process. The
fragmert engine processedragmerts that are generatedby the rasterizer. These
fragmerts come from geometry that has been transformed by the vertex program
portion of the pipeline. Our goalis to executea computation at every screerpixel (the
ray tracing computation). A screenalignedsquareis the simplestgeometrythat will
generatea fragmert for every screenpixel. If we disablethe pipeline operationsthat
happen after fragmert program execution (lik e depth test, stencil test, alpha blend,
etc), the result displayed on the screenis the result of the computation performedby
the fragmert program.

Conceptually, this framework is all we needto geta ray tracer to work. We simply
write afragmert programthat expresseshe ertire ray tracing computation for a pixel,
draw a square,let the fragmernt program executeover all the fragmerns, and come
away with a ray traced image. This is exactly how we would write a ray tracer for
a fully generalMIMD stream processor. Unfortunately, current GPUs have se\eral
limitations that make this approad impossibleincluding limits on program length,
limits on dependen texture lookups, and the lack of data dependert branching.

We can overcomemost of the limitations of the GPU with multipass rendering
techniques. We split the ray tracing kernelinto seeral smallerkernels,with onekernel
per major ray tracing operation aswe did in chapter 3. After we nish onerendering
pass,we store output stream data into texture memory We can then run another
rendering pass(by drawing another square)with a di erent fragmert program that
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Figure 4.1: The programmablefragmert processoras a stream processor. The g-
ure shaws the GPU-certric term and the correspnding stream processingterm in
parentheses.

readsthe storeddata from the previouspassbad from texture memoryand cortinues
the computation. We do this until the computation is nished.

Our basicstream processombstraction is fairly straight forward. Figure 4.1 shows
the inputs and outputs for a programmablefragment processor.Input, output, and
functional unit is labeled with its graphics name (e.g. fragmert program) and its
stream programming name (e.g. kernel). We treat the fragmerts produced by the
rasterizer as an input stream, the fragmert program as a kernel, and the fragmerts
written to the framebu er asan output stream.

The following sections expound on our abstraction. We will not addressthe
straight forward mapping betweenkernelsand fragmert programsfurther. Insteadwe
will focuson the mapping of fragmerts and textures to streams,and on o w cortrol.

4.1.1 Streams

As we already mertioned, the set of fragmerts producedby the rasterizer constitute
an input streamto a kernel. The rasterizergeneratesa bunch of data assaiated with
eat fragmert called interpolants. Thesedata include valuessud as screenposition
of the fragmert, color, and a set texture coordinates. They are called interpolants
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becausethe valuesare speci ed at geometry vertices and the rasterizer interpolates
the valuesbetweenverticesfor eat fragmen.

Interpolants are a compactway to specify an input stream of data to a kernel.
Howewer, the number of interpolants is limited and stream data can not always be
computed via interpolation. For example, when an input stream is an arbitrary
collection of data it is impossibleto generatethrough interpolation.

When simple interpolation fails, we instead store stream data in texture memory,
The rasterizerstill producesan input stream of fragmerts that initiate computation,
howewer the interpolants now descrike whereto fetch data from texture memory. If
data is stored in texture memory aligned with the squarewe useto initiate compu-
tation, we can usethe interpolation hardware to give us the addressego fetch from.
Note that this texture fetch is not a dependert texture fetch asthe texture coordi-
nates are provided by the rasterizer. The only changein the kernel is that it must
initiate the memory fetch.

This method of storing stream data in texture memory is also usedduring mul-
tipass rendering. In this case,the output stream of one kernelis copiedinto texture
memory When the rasterizer generatesfragmerts from the next square, the frag-
merts have the appropriate texture coordinatesto fetch the resultsfrom the previous
kernel. This processis illustrated in gure 4.2. If the data being read doesnot t
into a singletexture, we may needto read multiple times. Similarly, we may needto
write multiple times by repeating the rendering passfor ead output.

The copying of stream data into texture memory happensafter all the fragmerts
have been processedfrom a rendering pass. The hardware issuesa barrier opera-
tion, and the framebu er cortents are copiedinto texture memory as read-only If
framebu er memory and texture memory are physically the sameon the hardware,
this operation can be performedwith a pointer renaminginstead of a true copy. The
operation can also be as expensiw as a copy to the host CPU and re-donvnload of
texture data. In either case,we end up using texture memory to store stream data.
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Figure 4.2: Multiple kernel invocations via multipass rendering. This gure shows
how multipass rendering techniques t into the stream programming model. After
a rendering pass,the set of output fragmerts are conceptually copiedinto read-only
memory They cannow act asan input to the following fragmert program.

4.1.2 Flow Control

The mostdi cult part of mappingthe streamprogrammingmaodel to currert graphics
hardware is ow cortrol. Looping and ow cortrol decisionsare made on the host.
Static ow cortrol decisionssimply require binding the fragmernt programsin the
proper order. Dynamic ow cortrol requiresa bit more work. Dynamic o w cortrol
can happen when when we needto loop over data or when we want to implemert
conditional output streams.

Current graphics hardware does not allow dynamic ow cortrol within a frag-
mert program. Despitethis limitation, programswith loopsand conditionals can be
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mapped to graphicshardware using the multipass rendering technique preseried by
Peercyet al. [Peercyet al., 200qd. To implemert a conditional using their technique,
the conditional predicateis rst evaluated using a sequenceof rendering passesand
then a stencil bit is set to true or false depending on the result. The body of the
conditional is then evaluated using additional rendering passesput valuesare only
written to the framebu er if the correspnding fragment's stencil bit is true.

Although their algorithm was deweloped for a xed-function graphics pipeline,
it is the inspiration for our algorithm for dynamic ow cortrol on a programmable
graphicspipeline. To explain our algorithm, we will examinehow we can implemert
data dependen looping. Assumewe have a fragmert programthat executeshe body
of our loop called bodyfp. We add a single additional output value to bodyfp that
represeis the \state" of the computation (i.e. whether the computation is nished
or not). Immediately after executingbodyfp, we executea secondfragmen program
called donefp. donefp readsthe state value written by bodyfp and issuesa KILL
instruction if the state indicatesthe computation is donefor that fragmert. The KILL
preverts that fragmert from being drawn to the framebu er. donefp is surrounded
by an occlusionquery [NVIDIA, 20034, which courts the number of fragmerts that
get drawn to the framebu er. The host runs bodyfp and donefp within a loop that
terminateswhenthe valuereturned by the occlusionqueryis zero. Whenthe occlusion
query returns zero, all the fragmerts executingbodyfp have their state output setto
done, and the loop body is done.

This simple algorithm solvesthe problem of data dependen looping, but is not
very e cien t. When bodyfp executesany fragmerts in the done state have to move
their inputs to their outputs. Thesemovesend up consumingcomputation and band-
width resourceghat could be better usedmoving the computation forward. We can
take advantage of early-z occlusion culling [Kirk, 2001 to make our looping much
more e cien t. Instead of using donefp to masko framebu er writes, we useit to
modify the depth bu er value for eat fragmert basedon the stored state value for
that fragment. Fragmerts that are still executing set the depth bu er to one value
(z1), while those that are done set it to another value (z2). The loop over bodyfp
and donefp is performed on the host exactly as before with two small changes: we
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wrap the occlusionquery around bodyfp instead of donefp and we setthe depth test
to be GL_.EQUAL. When bodyfp executes,all the fragmers are given a depth of
z1. Fragmerts in the done state (with depth z2) are not updated. Early-z occlusion
culling discardsthe fragmerts with depth z2 beforethey executebodyfp, sothey do
not consumeany fragmen program resources. When all fragmerts have been dis-
carded by early-z occlusion culling, the occlusion query court will be zero and the
loop will terminate. This optimization is very fragile. Certain operations within a
fragmert program can disable early-z occlusion culling, and the granularity of the
early-z occlusionculling cannot be cortrolled. This optimization alsorequiresus to
copy our input data to the output target of the program beforerendering (essetially
doublebu ering the data). With this copy operation, fragmerts discardedby early-z
occlusionculling will maintain their original valuesand the rest of the fragmerts will
update their valueswith the executionof bodyfp.

The medanism we have described for performing data dependert looping can be
usedto simulate conditional output streamsaswell. We can usethe \state" output
to store a value indicating which conditional output stream a fragmert belongsto.
We assigna unique depth value to ead possibleoutput state. We can then execute
a fragmert program over the fragmerts of a particular output stream by using the
GL_EQUAL depth test as we did for data dependent looping. The challengethen,
is to choosethe best order to evaluate ead conditional output stream. The order
we ewaluate the di erent output streamscan impact the overall performanceof the
system.

Our method for choosingwhich kernelto run is motivated in part by Delany's im-
plemertation of aray tracer for the ConnectionMachine [Delany, 198§. The traversal
and intersection kernelsof a ray tracer both involve loops and conditional outputs.
There arevariousstrategiesfor nestingthe loopsand choosingwhich kernelto execute.
The simplest algorithm would be to step through voxels until any ray encouners a
voxel cortaining triangles, and then intersectthat ray with thosetriangles. However,
this strategy would be very ine cien t whenrun in parallel, sinceduring intersection
only one or a few rays will be active. Most rays will not yet have encourered a
voxel with triangles. On a SIMD madine like the ConnectionMachine, this strategy
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resultsin very low processorutilization. For graphicshardware, this strategy yields
an excessie number of passes.The following is a more e cien t algorithm:

generatee)e ray()
while (any(active(rg))) f
if (oracle(ra))
traverse(rg)
else
intersect(rg)

g
shade(rg)

After eyeray generation,the ray tracer enters a while loop which testswhetherany
rays are active. Activ e rays require either further traversalsor intersections;inactive
rays have either hit triangles or traversedthe ertire grid. Beforeead pass,an oracle
is called. The oracle chooseswhether to run a traverseor an intersect pass. Various
oraclesare possible. The poorly performing algorithm descriked previously runs an
intersect passif any rays require intersectiontests. A better oracle, rst proposedby
Delany, is to choosethe passwhich will perform the mostwork. This canbe doneby
calculating the percenage of rays requiring intersectionvs. traversalwith occlusion
gueries.In our experimerts, we found that performing intersectionsonce20% of the
rays require intersectiontests producedthe minimal number of passesand is within
a factor of two to three of optimal for a SIMD algorithm executinga singlekernel per
rendering pass.

4.2 Texture Memory as Memory

Traditionally, texture memory hasbeenusedto store the textures that are applied to
geometryin a scene.Conceptually, the rasterizerproducedfragmerts which eat had
their own texture coordinates which sened asindexesinto a two dimensionalregion
of memory cortaining color information. A major limitation of this technique s that
the addressto fetch from memory could not be computed, but wasrather a property
of the geometrybeing rasterized.



CHAPTER 4. PROGRAMMABLE GPU ABSTRACTIONS 40

v3(0,2,0 v2(2,2,0) t0 t1 t2 t3

Triangles [ (0,1,4) [ (1,2,4) [ (2,3,4) [ (3,0,4) |
l [
— }
Verticies [ (0,0,0) | (2,0,0) [ (2,2,0) | (0,2,0) [ (1,1,0) |

v0(0,0,0) v1(2,0,0) vO vl v2 v3 v4

Mesh Data Texture Memory Layout

Figure 4.3: Dependert texture lookup asa pointer dereference A simplefour triangle
meshcan be stored in two textures: one storing triangle vertex numbers, the other
storing actual vertex data. A set of dependen texture fetches allows a fragmert
program to retrieve the vertex data for a given triangle.

Graphics processorshave recertlly added the ability to perform what is known
asa dependen texture lookup. Dependen texture fetching allows the addressbeing
fetched from texture memoryto be computedby the fragmert program. It alsoallows
the results of a memorylookup to be usedto compute another memory address.This
feature wasaddedto the graphicsprocessoirto enableinteresting e ects likere ective
bump mapping to run asa singlerendering pass[Kirk, 2001.

The side benet of allowing dependen texture lookups is that we can use the
texture memory subsystemas a generalread-only memory We are interestedin per-
forming generalcomputations on the graphics hardware. Many algorithms involve
complexdata structures and lookup of elemerts within thesestructures. As an illus-
trativ e example,considera simpletriangle meshdata structure asshovn in gure 4.3.
To simplify the discussionwe will consideronly 1D textures. With 1D texture map-
ping, the i-th elemen is stored at texture location i. The texture coordinate is the
memory address.

Ead triangle is storedasan RGB texture, with the R, G, and B channelsholding
the location in the vertextexture of vertex 0, 1, and 2 respectively. The triangle vertex
texture is another RGB texture storing the 3D coordinates of the vertex, with the R,
G, and B channelsstoring x, y, and z respectively. If wewant to know the locationsof
the three verticesof a triangle, we simply perform three separatedependert texture
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fetches. The rst fetch usesthe R channel of the triangle asthe texture location for
the rst vertex. The secondand third fetchesusethe G and B channels.

Unfortunately, the abstraction is not as cleanas it appearswith our simple 1D
texture examples.Graphics processorsurrertly have limited support for 1D textur-
ing. Many data structures will over ow the maximum sizeof a 1D texture. Instead,
we are forcedto use2D textures. Our generalabstraction still works, it just requires
addressconversionto and from 1D, much like a virtual to physical memory transla-
tion. Simply put, we do all the addresscalculationsin 1D and only corvert to 2D
whenwe needto do actual texture lookups. This corversionaddsse\eral instructions
to our lookups, but functionally works ne. We do needto watch out for precision
issuesthough. Current GPUs do not have integer data types, so we must be care-
ful to always o or addresscalculations. Additionally, the number of bits dedicated
to oating point marntissa varies from architecture to architecture. The number of
marntissa bits limits the sizeof our 1D virtual addressspace.

In summary, our simple abstraction of texture memory enablesus to load a com-
plex data structure into memory and usefragmert programsto navigate through it.
More importantly, it allows usto think about texture memory on the GPU assimple
read-only memory. This stepis a key oneto thinking about the GPU asa more gen-
eral purposeprocessor. Rather than worry about texture managemeh and texture
coordinates, etc. we can think about memory and addresses.

4.3 Summary

We have shovn how the programmable fragmen enginefor modern GPUs can be
thought of as a stream processor. This abstraction, coupledwith the presened ab-
straction of texture memory, makesit easyto seethat the GPU can perform many
general purpose computations not anticipated by their designers. Seweral other re-
searhershave usedthe abstractionsdescribed herein other projects[Bolz et al., 2003;
Goodnight et al., 2003. The limited capabilities of current GPUs can make someas-
pects of streaming challengingto implemert e cien tly (sud as conditional output
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streams). The abstraction allows us to think about writing complex streaming al-
gorithms instead of worrying about GPU-speci ¢ implemertation details. As GPUs
ewlve toward more generalcomputation models, the limitations will disappear and
streaming algorithms will improve in e ciency. Labonte et al. [2004 presen a de-
tailed evaluation of the strengths and weaknesse®f current GPUs when used as
generalpurposestream processors.

Finally, thereis work beingdoneto dewelopalanguagethat makesgeneralpurpose
stream programming on the GPU much easier. Of particular note is the BrookGPU
programming language[Buck et al., 2004. BrookGPU hidesall details of the under-
lying graphicshardware from the programmer, and instead targets a generalstream
programming model, much like that described in chapter 3. Non-graphicsprogram-
mers can write BrookGPU programs and take advantage of the powerful compute
resourcesavailable in their GPUs.



Chapter 5

Ray Tracing on Programmable
Graphics Hardw are

In this chapter, we present the synthesis of our stream formulation of ray tracing
with our stream processorabstraction of the GPU. The result is a ray tracing system
that runs completely on the GPU. The systemhas performancecomparableto CPU-
basedray tracing systems. It also validates the stream programming model for the
GPU and the stream decompsition of ray tracing. This implemertation also opens
up the possibility of real-time rendering that conbines ray tracing with standard
feed-forvard pipeline rendering.

We begin by describingthe changeswe madeto allow the ray tracer descriled in
chapter 3 to run on the GPU. Next, we presert simulation results of our ray tracer
running on two di erent architecturesthat resenble modern GPUs. The simulations
helped us evaluate the potertial of a GPU-basedray tracer beforeany hardware was
available. We then presen resultsfrom our implemertation of aray tracer onthe ATI
Radeon9700Pro [ATI, 2004. Finally, we discusssomeof the short-term and long-
term improvemeris to the GPU that could make ray tracing and generalcomputation
more e cien t.

43



CHAPTER 5. RAY TRACING ON GPUS 44

5.1 Mapping Ray Tracing onto the GPU

As we saw in chapter 4, the programmablefragmert processofound in modern GPUs
is e ectively a stream processor. Howewer, it is not quite as generalas the stream
processordescribed in chapter 3, so we needto make a few modi cations to our
stream formulation of ray tracing to implemert ray tracing on the GPU. We needto
changesomeof our kernels,memory layout, and ow cortrol medanisms.

5.1.1 Kernels

In general,the functionality provided by fragmert programsis nearly equivalert to
what the ray tracer was designedfor. The two featureslacking that we need to
compensate for are the lack of integer operations and lack of conditional output
streams.

Integer operations are especially important for memory addressingin our ray
tracer. All of our data structures (discussedbelow in section’5.1.2) useinteger ad-
dresses.Our ray tracer must be ableto accesspeci c triangles and voxels. Sincethe
arithmetic units are oating point, we have to simulate integer operationswith oat-
ing point operationswhenwe needintegerdata types. Fortunately, integeroperations
are relatively easyto simulate. We can compute most integer operations by taking
the floor of the result of a oating point operation. Integer modulus operations,
howewer, require a few more operations including frac which returns the fractional
part of a oating point number:

A modB = floor(frac(A / B) * B);

The larger problemis the lack of conditional output streams.We saw in chapter 4
that we could simulate conditional streamsby adding extra state to the output of the
fragmert program. Our ray tracer usesa state value that indicates whether a ray is
traversing,intersecting, or shading. In general,adding the extra state output did not
add signi cant costto our kernels, but instead added more complexity to the ow
control of the system.
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Figure 5.1: Texture memory layout for the streaming ray tracer. Each grid cell
contains a pointer to the start of the list of triangles for that grid cell, or a null
pointer if the cell is empty. The triangle lists are stored in another texture. Eadc
erntry in the triangle list is a pointer to a set of vertex data for the indicated triangle.
Triangle verticesare stored in a set of three separatetextures.

5.1.2 Memory Layout

We will usethe abstraction for texture memory we deweloped in chapter 4 for navi-
gating our regular grid accelerationstructure. The precisememory layout is shavn
in gure 5.1. The uniform grid contains pointers to a delimited and compactlist of
trianglesfor ead grid cell. This list is simply a list of pointers to actual triangle data,
storedin yet another set of textures. For our implemertation, we store ead triangle
separatelyand do not sharevertex data. Shadingdata sut as vertex normals and
vertex colorsare storedin a similar fashionto the vertex positions.

Texture memory is also used as the stream bu er that storesthe data passed
betweendi erent kernelsin the system. This double use of texture memory is one
major limitation of usingthe GPU for streaming computations. All the stream data
will passthrough the texture cade, basically evicting any other data in the cade
and limiting the usefulnessf the cadie. Our simulations in section5.2 quartify the
impact of this e ect.
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5.1.3 Data Flow

Mapping the ray tracer to the GPU requiresmajor changesto the ray tracer's data
ow as comparedto its ideal streamingimplemertation. In particular, we no longer
have the stream bu er to transfer rays betweenkernels. Instead, we rely on texture
memory and multipass rendering techniquesto simulate stream bu er functionality.
This comesat a cost, but allows us to implemert our streaming ray tracer on the
current generationof GPU. The costis that we always have to read and write eat
streamelemen sincethere is no conditional in or out on the GPU. Conditional stream
outputs would eliminate this need.

We simplify mapping our ray tracer by limiting the maximum depth to which
rays can bounceto a value setbeforerenderingbegins,usually three or four bounces.
This limit ensureswe know the maximum size of the shadetree and can allocate
texture memory appropriately. In practice this is a reasonablesimpli cation. The
cortributions of rays to a nal pixel color are small after just a few bounces.

Ray tracing performs a signi cant amourt of looping over voxels and triangles
while locating the nearesthit point. We can usethe optimization discussedn sec-
tion 4.1.2to determine whether to erter into a traversal or intersection pass. The
basicideais to switch betweenintersectionand traversalpasseauntil all the rays are
ready to shade. We then run a shading pass. Then, if we are doing re ections or
shadavs, we go bad to the traversal and intersection passeauntil they nish. This
sequenceaepeatsfor ead level in the shadetree.

5.2 Arc hitecture Simulations

Weran seeral high-level functional simulations of our streamingray tracer beforeany
DirectX 9 classGPUs were available for testing an implemertation. The simulations
gave usaroughideaof the performancewe could expect from a GPU-basedray tracer.
More importantly howewer, we were able to quarify the e ects of the architectural
di erences betweenthe idealizedstreamingray tracer described in chapter 3 and the
GPU-basedstreamingray tracer descrilked in this chapter.
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We simulated two di erent architectures. We refer to one architecture as the
MIMD architecture. The MIMD architecture allows data dependen looping within a
kernel. This architecture executesthe ertire ray tracing computation within a single
fragmert program. This architecture can executean arbitrary number of instructions
in a singlekernel invocation.

The other architecture we referto asthe SIMD architecture. For this architecture,
kernelsare not allowed data dependert looping. Instead, looping is cortrolled outside
the kernel. The SIMD architecture is intended to closely resenble current GPUs.
Our simulations also assumethis architecture is capable of an operation similar to
the early-z occlusionculling optimization discussecearlier. Before every kernelinvo-
cation, it performsa ched on a small 8-bit bu er cortaining ray state information. If
the state doesnot match the kernelthat is being executed,that streamelemer is not
processed preventing computation and bandwidth waste. Our simulations accourt
for the cost of both readingand writing this ray state information.

We did not simulate an on-chip stream bu er with either architecture. We knew
ahead of time that the upcoming graphics hardware would require us to use the
texture memory for stream data. Studies of on-chip stream bu ers would be an
interesting extensionto the work preserted in this dissertation.

5.2.1 Simulation Metho dology

The SIMD and MIMD architecture simulators werewritten in C++. Ead simulation
run generatesan image and tabulates se\eral statistics. Example statistics include
the averagenumber of traversal stepstaken per ray, or the averagenumber of ray-
triangle intersection tests performed per ray. The SIMD architecture simulator also
tracks the number and type of rendering passesperformed, as well as state-bu er
activity. Thesestatistics allow usto computethe costfor renderinga sceneby using
the cost model descriled later in this section.

To evaluate the computation and bandwidth requiremerts of our streaming ray
tracer, we implemerted eat kernel asan asserbly languagefragmert program. The
asserbly languageimplemertation provides estimatesfor the number of instructions
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SIMD MIMD
Kernel Instr. | Mem. Words | State Instr. | Mem. Words
Cout | R/ W| M |[RS|WS|Count R|W | M

GenerateEye Ray 28 0|5 0 0 1 26 0 4 0
Traverse

Setup 38 11|12 O 1 0 22 710 0

Step 20 14| 9 1 1 1 12 0[O0 1
Intersect 41 14/ 5| 10 | 1 1 36 0| 0] 10
Shade

Color 36 10| 3 | 21| 1 0 25 03] 21

Shadav 16 11| 8 0 1 1 10 00 0

Re ected 26 11| 9 9 1 1 12 0/ 0 0

Path 17 14| 9 9 1 1 11 310 0

Table5.1: Ray tracing kernelsummary We show the number of instructions required
to implemert ead of our kernels,along with the number of 32-bit words of memory
that must be read and written between rendering passes(R, W) and the number
of memory words read from random-accesgextures (M). Two sets of statistics are
shown, one for the SIMD architecture and another for the MIMD architecture. For
the MIMD architecture, we also shov the number of 8-bit state-bu er reads (RS)
and writes (WS) for ead kernel. State-bu er read overheadis chargedfor all rays,
whether the kernelis executedor not.

required for eat kernel invocation. We also calculate the bandwidth required by
ead kernel; we break down the bandwidth asstreaminput bandwidth, streamoutput
bandwidth, and memory (random-accessead) bandwidth.

Table 5.1 summarizesthe computation and bandwidth required for ead kernelin
the ray tracer, for both the SIMD and the MIMD architectures. For the traversaland
intersectionkernelsthat involve looping, the courts for the setup and the loop body
areshown separately The MIMD architecture allowsusto combine individual kernels;
as a result the kernelsare slightly smaller since someinitialization and termination
instructions are removed.

Using table 5.1, we can compute the total compute and bandwidth costsfor the
sceneusing a cost model:

C=R (C,+VC, +tCi+SC)+ R P Ceae
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Sada Hall Soda Hall Forest Forest

Outside Inside Top Down Inside

\% 14.41 26.11 81.29 130.7
t 2.52 40.46 34.07 47.90
s 0.44 1.00 0.96 0.97
P 2443 1198 1999 2835

Figure 5.2: Statistics for our test scenes Recallthat v is the averagenumber of voxels
pierced by a ray; t is the averagenumber of triangles intersectedby a ray; s is the

averagenumber of shadingcalculations per ray; and P is the total number of SIMD

passegequiredto renderthe scene.Sada hall has 1.5M triangles and the forest has
1.0M triangles. We also usedthe Stanford bunny shaovn in gure 3.3. The Stanford

bunny has 70K triangles, with v = 9393,t = 1388,s = 0:82,and P = 1085. Scene
statistics were computed from 1024 1024 pixel renderings.

Here R is the total number of rays traced. C, is the costto generatea ray; C,
is the costto walk a ray through a voxel; C; is the cost of performing a ray-triangle
intersection;and Cs is the costof shading. P is the total number of kernelinvocations,
and Cgqe IS the cost of readingthe state-bu er. The total costassaiated with eat
stage is determined by the number of times that kernel is invoked. This number
dependson scenestatistics: v is the averagenumber of voxels piercedby a ray; t is
the averagenumber of triangles intersectedby a ray; and s is the averagenumber of
shadingcalculations per ray. The MIMD architecture has no state-bu er cheds, so
Cstate IS zerofor that architecture. The SIMD architecture must pay the state read
costfor all rays over all kernel invocations.

We usedse\eral largemodelsastest scenedor our simulations, shovn in gure 5.2,
alongwith the Stanford bunny scenefrom chapter 3.

Sada Hall is a relatively complex model that has beenusedto evaluate other
real-time ray tracing systems[Wald et al., 2001. It has walls made of large
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polygonsand furnishings made from very small polygons. This scenehas high
depth complexity.

The forest sceneincludestrees with millions of tiny triangles. This scenehas
moderate depth complexity, and it is di cult to perform occlusionculling. We
analyzethe cae behavior of shadav and re ection rays using this scene.

The Stanford bunny was chosento demonstratethe extensionof our ray tracer
to support shadavs, re ections, and path tracing asshown in chapter 3.

Figure 5.2 alsoincludesthe statistics that are usedin our costmodel. Each scene
was renderedat 1024 1024 pixels with simple shading. No shadawv, re ection, or
refraction rays were traced.

Choosing an optimal grid resolution for scenesis dicult. A ner grid yields
fewer ray-triangle intersection tests, but leadsto more traversal steps. A coarser
grid reducesthe number of traversal steps, but increasesghe number of ray-triangle
intersection tests. We attempt to keep voxels near cubical shape, and specify grid
resolution by the minimal grid dimension acceptablealong any dimension of the
scenebounding box. For the bunny, our minimal grid dimensionis 64, yielding a
nal resolutionof 98 64 163. For the larger Sada Hall and forest models, this
minimal dimensionis 128,yielding grid resolutionsof 250 198 128and581 128

581 respectively. Theseresolutionsallow our algorithms to spend equal amourts
of time in the traversaland intersectionkernels.

52.2 SIMD vs. MIMD Arc hitecture

We ewaluate the di erences between our two proposed architectures in two areas:
resourceconsumptionand the perceriage of active rays during ead rendering pass.

Computation and Bandwidth Consumption

When measuringresourceconsumption, we want to know how much bandwidth and
computation is required to render a frame. Thesenumberstell us whether our algo-
rithm is computelimited or bandwidthlimited. A computelimited algorithm needsto
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Figure 5.3: Compute and bandwidth usagefor our scenesusing the SIMD architec-
ture. Ead column shaws the cortribution from ead kernel. Left bar is compute,
right is bandwidth. The horizontal line represets the peakper-secondandwidth and
compute performanceof a Radeon9700Pro. All scenesvererenderedat 1024 1024
pixels.

perform more arithmetic operations per secondthan the architecture can deliver. A
bandwidth limited algorithm requiresmore data transfer per secondthan is available.
With current hardware trends, it is easierto provide more arithmetic capacity to an
architecture than it is to increasethe bandwidth.

Usingour costmodel and measuredscenestatistics, we can calculatethe estimated
the cost of renderingead scenen terms of bandwidth and computation. Figures5.3
and 5.4 show the number of instructions and the bandwidth requiredto renderasingle
frame of ead scene.The consumptionis broken down by kerneltype. The horizortal
line shavs what a Radeon9700Pro is ableto deliver per secondas a referencepoint
(approximately 2.5G4-way SIMD instructions/s in its fragmert processoiand roughly
12 GB/s of memory bandwidth).

These graphs shav that traversal and intersection kernels dominate the cost of
rendering a scene,as is expected with our simple shading model. In addition, we
can seethat the compute and bandwidth requiremens of ray tracing on the SIMD
architecture match the design parameters of the Radeon 9700 Pro. That is, the
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Figure 5.4: Compute and bandwidth usagefor our sceneausing the MIMD architec-
ture. Eadh column shaws the cortribution from ead kernel. Left bar is compute,
right is bandwidth. The horizontal line represets the peakper-secondandwidth and
compute performanceof a Radeon9700Pro. All scenesererenderedat 1024 1024

pixels.

compute to bandwidth ratio is appraximately the sameas the designparametersof
the Radeon9700Pro. Ray tracing on the MIMD architecture, howeer, is se\erely
compute limited. It requiresa small fraction of the bandwidth that ray tracing on
the SIMD architecture requires.

Figure 5.5 shavs the bandwidth measuremets broken down by data type instead
of by kernel. The graph shows that, as expected, all of the bandwidth required by
the MIMD architecture is for reading voxel and triangle data structures from mem-
ory. The SIMD architecture, corversely usesmost of its bandwidth for writing and
reading intermediate valuesto and from texture memory between passes.Similarly,
saving and restoring theseintermediatesrequiresextra instructions. In addition, sig-
ni cant bandwidth is dewted to reading the state-bu er. This extra computation
and bandwidth consumptionis the fundamertal limitation of the SIMD architecture.
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Figure 5.5: Bandwidth consumptionby data type. Left bars are for the SIMD archi-
tecture, right barsfor the MIMD architecture. Ray state is the bandwidth for reading
and writing the 8-bit state-bu er. Stream data are data written to and read from
texture memory between passes. Data structure bandwidth comesfrom read-only
data: triangles, triangle lists, grid cells, and shadingdata. All sceneswere rendered
at 1024 1024pixels.

Percentage of Activ e Rays per Rendering Pass

We also evaluate the averagenumber of active rays per rendering passfor the SIMD
architecture. Recall that rays may be in one of four states: traversing, intersecting,
shading, or done. Between 6-10% of rays are active every passin our test scenes,
except for the outside view of Sada Hall, as shown in table 5.2. This viewpoint
contains seeral rays that miss the scenebounding box ertirely. As expected, the
number of active rays is much lower sincerays that missthe scenecompletely never
becomeactive during the rest of the computation. Although an averageof 10%active
rays may seemlow, the fragmert processorutilization is much higher sincewe are
relying on early-z occlusionculling to discardinactive rays, freeingcomputeresources
and bandwidth for active rays.

Table 5.2 also shavs the maximum number of traversal steps and intersection
tests that are performed per ray. Sincethe total number of passesdependson the
worst caseray, thesenumbers provide lower boundson the number of passeseeded.
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Per-Ray Maximum Total Avg. Percen
Scene Traversals| Intersections| SIMD Passes| Active Rays
Sada Hall Outside 384 1123 2443 0.9%
Sada Hall Inside 60 1039 1198 6.1%
Forest Top Down 137 1435 1999 6.2%
Forest Inside 898 990 2835 6.8%
Bunny Ray Cast 221 328 1085 10.5%

Table5.2: The total number of SIMD renderingpassegrepeatedherefrom gure 5.2)
for ead scends boundedfrom belown by the maximum number of traversalstepsand
intersection tests per ray, shavn in this table. The averageperceriage of rays that
are active during eat rendering passis shown in the last column.

Our SIMD algorithm interleavestraversaland intersectionpassesand comeswithin a
factor of two to three of the optimal number of renderingpasses.The naive algorithm,
which performs an intersection as soon as any ray hits a full voxel, requiresat least
a factor of v e times more passeghan optimal on thesescenes.

One way to reduceboth the number of rendering passesand the bandwidth con-
sumedby intermediate valuesin the SIMD architecture is to unroll the inner loops.
We have preserted data for a single traversal step or a single intersection test per-
formed per ray in a rendering pass. If we instead unroll our kernelsto perform
four traversal stepsor two intersectiontests, all of our test sceneseducetheir total
bandwidth usageby 50%. If we assumewe can suppresstriangle and voxel memory
referencedf a ray nishes in the middle of the pass,the total bandwidth reduction
readhes60%. At the sametime, the total instruction court requiredto render eat
scenencreasedyy lessthan 10%. With more aggressie loop unrolling the bandwidth
savings cortinue, but the total instruction court increasevariesby a factor of two or
more betweenour scenes.Theseresults indicate that loop unrolling can make up for
someof the overheadinherert in the SIMD architecture, but unrolling still doesnot
achieve the compute to bandwidth ratio obtained by the MIMD architecture.
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Figure 5.6: Ratio of bandwidth with a texture cadeto bandwidth without a texture
cade. Left barsarefor the SIMD architecture, right barsfor the MIMD architecture.
Within ead bar, the bandwidth consumedis broken down by data type. All scenes
wererenderedat 1024 1024pixels.

5.2.3 Stream Buer vs. Cache

Both the SIMD and the MIMD architecture simulators generatea trace le of the
memory referencestream for processingoy our texture cade simulator. In our cate
simulations we useda 64 kB direct-mapped texture cade with a 48-byte line size.
This line size holds four oating point RGB texels, or three oating point RGBA
texels with no wasted space. The executionorder of fragmen programsa ects the
cading behavior. We executekernelsasthough there were a single pixel wide graph-
ics pipeline. It is likely that a GPU implemertation will include multiple parallel
fragmert pipelinesexecutingconcurrerily, and thustheir accessewill be interleaved.
Our architectures are not speci ed at that level of detail, and we are therefore not
able to take sud e ects into accoun in our cade simulator.

Look againat gure 5.5. Notice that nearly all the bandwidth is consumedby
stream bu er data. Figure 5.6 shaws the bandwidth requiremens when a texture
cade is used. The bandwidth consumptionis normalized by dividing by the non-
cading bandwidth reported earlier. Inspecting this graph we seethat the SIMD
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architecture does not benet very much from texture cading. Most of the band-
width is beingusedfor streamingdata, in particular, for either the state-bu er or for
intermediate results. Sincethis data is unique to ead kernel invocation, there is no
reuse.In cortrast, the MIMD architecture utilizes the texture cadee ectively. Since
most of its bandwidth is dewted to reading shareddata structures, there is reuse. If
we examinethe cading behavior of triangle data only, we seethat a 96-99%hit rate
is achieved by both the SIMD and the MIMD architectures. This high hit rate sug-
geststhat triangle data cadheswell, and that we have a fairly small working set size.
Theseresults indicate that if the SIMD architecture had a separatememory system
for stream data (i.e. a stream bu er) and global read-only data, it would achieve a
high overall cadhe utilization like the MIMD architecture.

Additionally, secondaryrays do not cache aswell aseyerays, dueto their generally
incoheren nature. The last two columnsof gure 5.6illustrate the cacee ectiveness
for secondaryrays, measuredseparatelyfrom primary rays. For thesetests, we render
the inside forest scenein two di erent styles. \Shadow" is renderedwith three light
sourceswith ead hit producing three shadav rays. \Re ect” appliesa two bounce
re ection and single light sourceshading model to ead primitiv e in the scene. For
the SIMD architecture, the texture cade is unable to reducethe total bandwidth
consumedby the system. Onceagainthe streamingdata destroys any locality presen
in the triangle and voxel data. The MIMD architecture results demonstrate that
sceneswith secondaryrays can benet from cading. The system adcieves a 35%
bandwidth reduction for the shadav computation. Howewer, cading for the re ective
forest doesnot reducethe required bandwidth. Improving the coherenceof re ected
rays in our systemis left asfuture work.

5.2.4 Summary

We have simulated two hypothetical GPUs: onebasedon SIMD fragmert processing,
the other basedon MIMD fragmert processing. The simulations of the ray caster
on the SIMD architecture show a very good balancebetweencomputation and band-
width. The ratio of instruction court to bandwidth matchesthe capabilities of a the
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Radeon9700Pro. Expanding the traversaland intersectionkernelsto perform mul-
tiple traversalstepsor intersectiontests per passreducesthe bandwidth required for
the sceneat the cost of increasingthe computational requiremerts. The amourt of
loop unrolling can be changedto match the computation and bandwidth capabilities
of the underlying hardware. In comparison,the MIMD architecture consumedewer
instructions and signi cantly lessbandwidth. As a result, the MIMD architecture
is sewerely compute-limited basedon today's GPU bandwidth and compute rates.
The MIMD architecture will becomemore attractiv e in the future asthe computeto
bandwidth ratio on graphics chips increaseswith the introduction of more parallel
fragmert pipelines.

5.3 Implemen tation Results

We implemerted our ray tracer on an ATI Radeon 9700 Pro graphics card. The
Radeon9700Pro wasthe rst DirectX 9 classGPU available. We have measuredthe
peak performanceof the fragmert processorto be approximately 2.5G instructions/s
and 12 GB/s of total memory bandwidth with Catalyst 3.10drivers. Our ray tracing
results were measuredon a dual Pertium |1l 800 MHz madine with 1 GB RAM.
The operating systemwas Microsoft Windows XP with Catalyst 2.3 drivers. The ray
tracer waswritten using ATI_FRAGMENT_PROGRAM(which hasbeensincedeprecated
in favor of ARB_LFRAGMENT_PROGRAM[ARB, 20030).

Our ray tracing code requires a custom OpenGL driver that allows us to take
someshortcuts when coding the OpenGL code surrounding our fragmert programs.
Speci cally, we are allowed to read from a texture that is bound asan output target.
This capability allows usto avoid doublebu ering our data, conservingtexture mem-
ory space.This is normally a dangerousoptimization sincea fragmert program could
lookup a texture value that haschanged(a read after write hazard). Fortunately, the
textures we modify in this way are usedasstreanbu er data| streamdatathat gets
modi ed by a kernelis only ever read within that samekernel, avoiding read after
write hazards. We are alsoallowed to have more than four renderablebu ers within
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Instr. | Texture

Kernel Count |R| W
GenerateEye Ray 27 0| 3
Traverse

Setup 32 2| 4

Step 43 7| 4
Intersect 59 9] 2
Shade

Color 48 9| 4

Shadav 48 9| 1

Re ected 46 8| 4

Table 5.3: Ray tracing kernel breakdovn for our Radeon9700Pro implemertation.
R is the number of 32-bit RGBA texturesread,and W is the number of 32-bit RGBA
output channelswritten per renderingpass.

the samerenderingcortext. This meanswe don't ever have to switch rendering con-
texts, which Bolz et al. [2003 showved can be quite expensive. We can specify which
four of our seweral bu ers are to be mapped as output targets within the OpenGL
code. We have not yet migrated our code to ARB.FRAGMENT_PROGRAM and hence
can not take advantage of any performancetuning available in newer drivers.

Our ray tracing kernelschangedslightly from those usedin simulation when we
wrote them for the GPU. Table 5.3 shaws the new cost of eat kernel. We list the
number of instructions, the number of textures read in, and the number of output
channels used for ead kernel. We were required to make all of our textures the
sametype, namely RGBA oating point textures (4 channelsof 32-bit data ead).
This is partially due to the special OpenGL driver we used, and partially due to
the constrairts that the Radeon9700Pro has for writing to multiple render targets
(textures) at the sametime. The Radeon9700Pro supports writing to up to four
textures at onceper rendering pass. Howewer, this comesat a price as all the data
written must be the samedata type, meaningfour-componert oating point for our
application. This increasesour bandwidth consumptionconsiderablyas comparedto
our simulations.
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Cornell Box Teapot ahedr on Quake3
Triangles 32 840 35468
Voxels 64 9408 92220

Figure 5.7: Test scenesfor the Radeon 9700 Pro ray tracer. Our ray tracer has
beenrun with three scenesthe Cornell Box scenethe Teapot ahedr on scene,
and the Quake3 scene. Theseimageswere generatedon the GPU using standard
feed-forvard rendering with di use shading. We show the triangle count for eadh
scenealong with the number of voxels in the accelerationstructure we usedfor our
experimerts.

Another di erence betweenour implemertation and our simulations is that our
GPU implemertation utilizes the early-z occlusion culling mertioned in chapter 4.
This meansthat for a given rendering pass,we do not actually know how many rays
are actually being processed. This meanswe can not calculate the bandwidth and
computation consumptionfor our renderedscenes.In addition, the OpenGL driver
optimizes fragmert programs, making any calculationsrough upper boundsat best.
Instead we provide a court of the number of traversaland intersectionpassesequired
to renderead scengl numbersindependent of the particular GPU and driver used.

We renderedse\eral test scenes.Figure 5.7 shavs ead of thesescenesendered
with standard OpenGL, along with the number of triangles and the grid resolution
usedto renderead scene.Each scenewas chosento stressa di erent part of our ray
tracing algorithm.

The Cornell Box scenewas usedas our debuggingsceneand we also used
it run a simple soft shadav algorithm. The soft shadavs were generatedby
storing random numbersin a texture and using that texture when determining



CHAPTER 5. RAY TRACING ON GPUS 60

Cornell Box | Teapot ahedr on | Quake3
Rays S E, SR E, R S
Frame Rate 10.5fps 1.0fps | 1.5fps 1.8fps
Traversals 18 123 79 146
Intersections 54 2350 1499 730

Table 5.4: Timings and passbreakdovn of scenegenderedon the Radeon9700Pro
at 256 256 pixels. Each scenetraceseye rays (E), shadav rays (S), re ection rays
(R), or a combination of rays depending on the shading model used. We show the
frame rates and the number of traversal and intersection passesrequired to render
the scenedrom the viewpoint shovn in gure 5.7.

shadav ray hit points on the light. This scenewasalsousedto test out a hybrid
rendering algorithm wherethe initial viewing ray hit positions were computed
with an OpenGL feed-forvard pass. Shadavs werethen addedthrough a set of
ray tracing passes.

The Teapot ahedr on scenewasusedto test a pure Whitted ray tracer. The
sceneis a simpli ed versionof the scenefound on the cover of An Intr oduction
to Ray Tracing [Glassner,1989. For this scenewe cast eye rays, shadav rays,
and re ection rays. The systemis con gured to allow usto turn o any or all
of the secondaryrays.

The Quake3 scenestresstestedour ray tracer with large geometriccomplexity.
We alsowanted to render a real gamesceneto test the performancein a real
application. It wasrenderedwith our shadav casterusingthe hybrid rendering
sthemeusedfor the Cornell Box scene.

A summary of performanceresults for ead sceneis found in table 5.4. Ead
sceneis renderedat 256 256 pixels. We rendered eat scenefrom a variety of
viewpoints and with a variety of di erent shadingtechniques. The reported frame
rates are the range of obsened rates for the stated shadingmethod aswe moved the
camerathrough the model. The table givesthe type of rays traced into the scene,
and provides counts for the number of times the traversal and intersection kernels
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were called. The shadeand traversal setup kernelsare called oncefor ead type of
ray.

We measuredboth the peakray-triangle intersectionrate and the number of rays
cast per secondwe were able to achieve on the GPU. We adieve a peak rate of
100M ray-triangle intersectiontests per second.The Ray Engine [Carr et al., 2004,
a GPU-basedray-triangle intersection enginethat runs on the Radeon 8500 [ATI,
2001, achieved a peakrate of 114M ray-triangle intersectiontests per second.These
numberscomparefavorably to the peakrate of 20M intersectionsper secondachieved
on an 800MHz Pertium 111 [Wald et al., 2001. More recert results shov a peakrate
of around 120M intersectionsper secondon a 3.0 GHz Pertium 4 [Wald, 2004.

The peakray-triangle intersectionrate showns that the GPU is very good at large,
compute intensive calculations. A better measurefor a ray tracing systemis the
actual number of rays that can be processedper second. This number includes all
the stepsfrom creating a ray to computing a color for it. We have obsened a range
between300K and 4M rays/s for our test scenesvith our system. This againcompares
favorably to rates between 800K and 7.1M rays/s on a 2.5 GHz Pertium 4 [Wald
et al., 2003 that do not include shading. When simple shading is included, the
Pertium 4 performancedrops to between 1.8M and 2.3M rays/s. These numbers
indicate that the streamingformulation for ray tracing can producehigh performance
code | esyecially consideringthe GPU is lacking se\eral featuresthat could boost
performanceeven further.

Figures 5.8, 5.9, and 5.10 shav somescreencapturesof our systemrunning with
our test scenes Figure 5.8 shavsthe Cornell Box scenerenderedwith our hybrid
shadav caster. Figure 5.9 shows the Teapot ahedr on scenerenderedwith our full
Whitted ray tracer. Finally, gure 5.10 shows the Quake3 scene,again rendered
with our hybrid shadav caster.

5.4 Discussion

In this section,we discusssomenearterm and longerterm improvemeris to the GPU
that would improve the performanceof our ray tracer.



CHAPTER 5. RAY TRACING ON GPUS 62

Figure 5.8: Cornell BoXx test scenewith ray traced soft shadavs on the GPU. This
scenewasrenderedwith a shadav caster,with the initial visible hit point found using
the feed-forvard pipeline. The shadavs were addedby a set of ray tracing passes.

Figure 5.9: Teapot ahedr on sceneray traced with shadavs and re ections on the
GPU. The right imagesare renderedwith re ections only. This was renderedusing
a set of rendering passeghat implemert Whitted-style ray tracing.

5.4.1 Short-T erm GPU Impro vements

One of the most important improvemerts that can be madeto the Radeon9700Pro
is to the internal oating point precision. The Radeon9700Pro usesa s16e724-bit
internal format. This format usually workswell, exceptwhentrying to usethe oating

point registersto perform integeraddressingcalculations. The 16-bit mantissa allows
for only 131,072unique integer values. That meanswe can only addressa 256x512
texture through the integer calculations. This caps our scenecomplexity at 131K
triangles and 131K voxels. Clearly, before complex scenescan be ray traced with
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Figure 5.10: Quake3 renderedwith standardfeed-forvard pipelineshadingand shad-
ows addedthrough rendering passesmplemerting a shadav caster.

this hardware, the martissa size needsto be increased. A hierarchical acceleration
structure might allow for better use of the voxel addressspace,but we start to hit
dependent texture limits in this case.

One potertial x would be to include true integer operations and data types.
Integer data types would allow full 24-bit addressing] more than enoughto ad-
dressmost scenes.In addition, integer operations sud asinteger divide and modulo
arithmetic would save se\eral operations prior to memory fetches. Inclusion of a full
integer ALU in the pipeline would also allow bit operations. Theseoperations could
make the uniform grid much more memory e cien t.

Finally, the special capabilities in the OpenGL implemertation we usedare just
starting to make their way into public APIs. The Superbu ers extension[Doggett,
2009 allows a programmerto createse\eral light-weigh bu ers that canbe rendered
into by a fragmert program. Theseare an alternative to full o -screenframe bu ers
(p-bu ers) whena full renderingcontext is not needed.Our driver allowed usto have
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seeral auxiliary bu ers within a singlep-bu er cortext to prevert expensiwe conext
switch overhead.

5.4.2 Long-T erm GPU Design Changes

There are two ways that GPUs could ewlve that would enableray tracing to be
much more e cient. The rst isto add e cient MIMD processingto the fragmert
pipeline. We saw in section5.2.2that MIMD coresmake much better use of their
resourceghan SIMD coresfor ray tracing. This di erence is dueto the largeamourts
of looping and branching in the ray tracing computation.

The secondway to make ray tracing much more e cient on a GPU would be
to add a stream bu er. Without a stream bu er, a program that requires multiple
kernels su ers from ine cien t use of both bandwidth and computation resources.
Bandwidth gets wasted when data that should live in the stream bu er is passed
through the texture cadie. The stream data e ectively ushes the cade, evicting
other potertially useful data.

Additionally, without a stream bu er, the GPU hasto rely on early-z occlusion
culling to prevent fragmerts from being processedvhenthey are in the wrong state.
This culling currently happensat a granularity larger than a single pixel (in fact, it
appearsto happen in 4x4 pixel blocks and larger). This meansse\eral pixels that
have not changedvalue during the rendering passread their inputs and write their
outputs. This is a waste of both computation and bandwidth resources.

A stream bu er with conditional outputs would not only allow computation and
bandwidth to be usedmore e ectiv ely, but would easeprogrammerburden. For the
ray tracer, raysthat required moretraversalor intersectionwould be fedinto the right
streamsautomatically. The programmerwould not have to worry about maskingout
rays in the wrong state for a kernel execution.
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5.5 Conclusions

Through simulation and implemertation, we have demonstratedhow to map a ray
tracer onto a streaming processor. We have shovn that programmable GPUs are
starting to support a generalstreaming model of computation. Algorithms sud as
ray tracing that can benet from the stream programming model can leveragethese
processors. The result is high performancecode competitive with the best known
CPU implemertations. Simple changesto GPU architectures would make algorithms
like ray tracing run even better.



Chapter 6

Photon Mapping on Programmable
Graphics Hardw are

6.1 Intro duction

Global illumination is essetfial for realistic image syrnthesisin generalervironmerts.
E ects suth asshadavs, caustics,and indirect illumination areimportant visual cues
that add to the perceived realismof a renderedscene.Photon mapping [Jensen,1994
is one of the more widely usedalgorithms, sinceit is very practical and capable of
computing a full global illumination solution e ciently. It is a two-passtechnique
in which the rst passconsistsof tracing photons through the sceneand recording
their interaction with the elemerts in the scenein a data structure, the photon map.
This photon map is used during the secondpass, the rendering pass,to estimate
di use indirect illumination aswell as caustics. The illumination at a given point is
estimated basedon statistics, sud asthe density, of the nearestphotons located in
the photon map.

Global illumination algorithms sudh as photon mapping have traditionally relied
on sophisticatedsoftware implemertations and o ine rendering. Using the GPU for
computing a global illumination solution hasnot previously beenpossibledue to the
lack of oating point capability, as well as insu cien t programmability. This has
changedwith the most recert generation of programmable graphics hardware suc

66
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as the ATI Radeon 9800 Pro [ATI, 2003 and the NVIDIA GeForce FX 5900 Ul-
tra [NVIDIA, 20034. The programming model for these GPUs is still somewhat
limited, mainly due to the lack of random accesswrites. This prevens e cient
construction of most data structures and makes many common algorithms suc as
sorting di cult to implemert e cien tly. Nonethelessseweral researbers have har-
nessedthe computational power of programmable GPUs to perform computations
previously run in software [Bolz et al., 2003; Carr et al., 2002; Harris et al., 2002;
Kreger and Westermann, 2003; Larsen and McAllister, 2001;Purcell et al., 2004.
Similarly, we are interestedin using GPUs to simulate global illumination using pho-
ton mapping.

Previousreseart on graphicshardware hasexploredthe idea of simulating global
illumination. Ma et al. [Ma and McCool, 2004 proposeda technique for approximate
nearestneighbor seard in the photon map on a GPU using a block hashingsdeme.
Their schemeis optimized to reduce bandwidth on the hardware, but it requires
processingby the CPU to build the data structure. Carr et al. [Carr et al., 2007
and Purcell et al. [Purcell et al., 2004 usedthe GPU to speedup ray tracing, as
descriked in chapter 5. They also simulated global illumination using path tracing.
Unfortunately, path tracing takesa signi cant number of sampleraysto corvergeand
even with the useof GPUs it remainsa very slow algorithm.

Recerly, Wald et al. [Wald et al., 2004 demonstratedthat photon mapping com-
bined with instant radiosity could be usedto simulate global illumination at interac-
tiverateson aLinux cluster. They adchieve interactive speedsby biasingthe algorithm
and by introducing a number of limitations sud as a highly optimized photon map
data structure, a hashedgrid. By choosinga xed seart radius a priori, they setthe
grid resolution sothat all neighbor queriessimply needto examinethe 8 nearestgrid
cells. Howewer, this sacri ces one of the major advantagesof the k-nearestneighbor
seart technique, the ability to adapt to varying photon density acrossthe scene.
By adapting the seard radius to the local photon density, Jensen'sphoton map can
maintain a user-cottrollable trade o between noise (causedby too small a radius
yielding an insu cien t number of photons) and blur (causedby too large a seart
radius) in the reconstructedestimate.
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We present a modi ed photon mapping algorithm that runs ertirely on the GPU.
We have changedthe data structure for the photon map to a uniform grid, which can
be constructeddirectly on the hardware. In addition, we have implemerted a variant
of Elias's algorithm [Cleary, 1979 to seart the grid for the k-nearestneighbors of a
samplepoint (KNN-grid). This is doneby incremertally expandingthe seart radius
and examining setsof grid cellsconcerrically about the query point. For rendering,
we have implemerted a stochastic ray tracer, basedon a fragmert programray tracer
like that introducedin chapter 5. We userecursiwe ray tracing for specularre ection
and refraction [Whitted, 1984 and distributed tracing of shadav rays to resole soft
shadavs from arealights [Cook et al., 1984. Finally, our ray tracer usesthe kNN-grid
photon map to compute e ects sud asindirect illumination and caustics.

Our implemertation demonstratesthat current graphics hardware is capable of
fully simulating global illumination with progressie and even interactive feedbak to
the user. To computevariousaspectsof the globalillumination solution, weintroduce
a number of GPU basedalgorithms for sorting, routing, and searting.

6.2 Photon Mapping on the GPU

The following sectionspresen our implemertation of photon mapping on the GPU.
Section 6.2.1 briey descrikesthe tracing of photons into the scene. Section 6.2.2
describestwo di erent techniquesfor building the photon map data structures on the
GPU. Section6.2.3descriteshow we compute a radiance estimate from thesestruc-
tures using an incremenal k-nearestneighbor sear®. Finally, section6.2.4 briey
descriteshow we renderthe nal image. A ow diagram for our systemis found in
gure 6.1.

Most of our algorithms usethe programmablefragmert engineas a stream pro-
cessor. For ewvery processingpass,we draw screensized quad into a oating point
p-bu er, e ectively running an identical fragmert program at ewery pixel in the 2D
bu er. This setupis commonamongse\eral systemstreating the GPU asa computa-
tion engine[Bolz et al., 2003;Carr et al., 2002;Purcell et al., 2004. When computing
the radiance estimate, howewer, we tile the screenwith large points, enabling us to
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Figure 6.1: Photon mapping system ow. Photon tracing and photon map con-
struction only occur when geometry or lighting changes. Ray tracing and radiance
estimatesoccur at every frame.

terminate certain tiles sooner than other tiles. The bene ts of tiling are examined
further in section6.3.

6.2.1 Photon Tracing

Before a photon map can be built, photons must be emitted into the scene. The
processof tracing eye rays and tracing photons from a light sourceis very similar.
The most important di erence is that at eat surfaceinteraction, a photon is stored
and anotheris emitted. Much like tracing re ection rays, this takesse\eral rendering
passedo propagatethe photons through seweral bounces. Each bounce of photons
is renderedinto a non-overlapping portion, or frame of a photon texture, while the
results of the previous passare accessedy reading from the previous frame. The
initial frame is simply the positions of the photons on the light source,and their
initial random directions. The direction for ead photon bounceis computedfrom a
texture of random numbers.

Not all photons generatedare valid; somemay bounceinto space.Current GPUs
do not allow us to selectiwely terminate processingon a given fragmen. Instead,
GPUs provide a KILL instruction that prevens a fragmert value from being written
to the framebu er. Sincewe are renderingto a separateframe of the photon texture
for eat bounce,KILL doesnot save any texture space.Instead, we explicitly mark
photons asvalid or invalid.
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6.2.2 Constructing the Photon Map Data Structure

The original photon map algorithm usesa balancedk-d tree [Bertley, 1979 to store
photons. While this structure makesit possibleto quickly locate the nearestphotons
at any point, it requiresrandom accesswrites to construct e cien tly. Instead, we
usea uniform grid for storing the photons. In this sectionwe presen two di erent
techniquesfor building a uniform grid photon map. The rst method sorts photons
by grid cell using bitonic mergesort. This step createsan array of photon indices
whereall photonsin a grid cell are listed consecutiely. Binary seart is then usedto
build an array of indicesto the rst photonin ead cell (see gure 6.4 for an example
of the resulting data structure). To reducethe large number of passeghis algorithm
requires,we proposea secondmethod for constructing an approximate photon map
using the stencil bu er. In this method, we limit the maximum number of photons
stored per grid cell, making it possibleto route the photonsto their destination grid
cellswith a single passusing a vertex program and the stencil bu er.

Fragment Program Metho d | Bitonic Merge Sort

One way to index the photons by grid cell is to sort them by cell and then nd the
index of the rst photon in ead cell using binary seard.

Many common sorting algorithms require the ability to write to arbitrary loca-
tions, making them unsuitable for implemertation on current GPUs. We can, how-
ewver, use a deterministic sorting algorithm for which output routing from one step
to another is known in advance. Bitonic mergesort [Batcher, 1969 has beenused
for sorting on the Imagine stream processor[Kapasi et al., 2004, and meets this
constrainedoutput routing requiremert of the GPU.

Bitonic mergesort is a parallel sorting algorithm that allows an array of n pro-
cessordo sort n elemetts in O(log? n) steps. Each step performsn comparisonsand
swaps. The algorithm canbe directly implemerted asa fragmert program, with ead
stageof the sort performedas one rendering passover an n pixel bu er. Bitonic sort
is illustrated graphically in gure 6.2 and the Cg [Mark et al., 2003 code we used
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Figure 6.2: Stagesin a bitonic sort of eight elemerts. The unsortedinput sequencas
shown in the left column. For eat renderingpass,elemen comparisonsare indicated
by the arrows. Elemerts at the headand tail of the arrow are compared. The smaller
elemen is placedat the tail of the arrow and the larger elemen is placedat the head
of the arrow. The nal sorted sequencds achieved in O(log® n) passes.

to implemert it is found in gure 6.3. The result of the sort is a texture of photon
indices, orderedby grid cell.

Oncethe photons are sorted, binary seard can be usedto locate the cortiguous
block of photons occupying a given grid cell. We compute an array of the indices
of the rst photon in ewery cell. If no photon is found for a cell, the rst photon in
the next grid cell is located. The simple fragmert program implemertation of binary
sear® requiresO(logn) photon lookups for ead cell. Becausethere is no needto
output intermediate results, all of the photon lookups can be unrolled into a single
rendering pass. An exampleof the nal set of textures usedfor a grid-basedphoton
map is found in gure 6.4.

Sorting and indexing is an e ective way to build a compact, grid-basedphoton
map. Unfortunately, the sorting step can be quite expensive. Sorting just over a
million photons(1024 1024)would require 210renderingpasseseadt appliedto the
full 1024 1024bu er. Each compareand swap operation requirestwo texture reads
and one texture write, which makessorting very bandwidth intensive as well.
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fragout _float BitonicSort(  vf30 In, uniform samplerRECTsortedplist,
uniform float offset, uniform float pbufinfo,
uniform float stage, uniform float stepno )

fragout _float dst;

float2 elem2d = floor(In.WPOS.xy);

float elemld = elem2d.y*pbufinfo.x  + elem2d.x;

half csign = (fmod(elemld, stage) < offset) ? 1: -1,

half cdir = (fmod(floor(elemld/stepno), 2) =0 ? 1: -1
float4 val0 = f4texRECT( sortedplist, elem2d );

float adrld = csign*offset + elemld;

float2 adr2d = convertldto2d(adrld, pbufinfo.x);

floatd vall = f4texRECT( sortedplist, adr2d );

float4 cmin = (val0.y < vally) ? val0 : vall;
float4 cmax= (val0.y > vally) ? val0 : vall;
dst.col = (csign ==cdir) ? cmin : cmax;
return dst;

Figure 6.3: Cg code for the bitonic merge sort fragmert program. The function
convertldto2d maps1D array addressesnto 2D texture addresses.

Vertex Program Metho d - Stencil Routing

The limiting factors of bitonic merge sort are the O(log?n) rendering passesand
the O(nlog®n) bandwidth required to sort the emitted photons. To support global
illumination at interactive rates, we would prefer to avoid introducing the latency of
seeral hundred rendering passeswhen generatingthe photon map. We would also
prefer an algorithm that is lessbandwidth hungry. To addressthese problems, we
have deeloped an alternate algorithm for constructing a grid-basedphoton map that
runs in a single passand only requiresO(n) bandwidth.

We note that vertex programsprovide a metanism for drawing a glPoint to an
arbitrary location in abu er. The ability to write to a computeddestination address
is known as a scatter operation. If the exact destination addressfor every photon
could be known in advance,then we could route them all into the bu er in a single
passby drawing ead photon asa point. Essetially, drawing points allows usto solve
a one-to-onerouting problemin a singlerendering pass.
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Figure 6.4: Resultart textures for a grid-based photon map generatedby bitonic
sort. The uniform grid texture cortains the index of the rst photon in that grid cell.
The photon list texture cortains the list of photon indices, sorted by grid cell. Each
photon in the photon list points to its position, power, and incoming direction in the
set of photon data textures.

Our task of organizing photonsinto grid cellsis a many-to-one routing problem,
as there may be multiple photons to store in ead cell. Howewer, if we limit the
maximum number of photons that will be stored per cell, we can preallocate the
storagefor eadt cell. By knowing this \texture footprint" of eat cell in advance,we
reducethe problemto a variant of one-to-onerouting.

The ideais to draw eat photon asa large glPoint over the ertire footprint of its
destination cell, and usethe stencil bu er to route photonsto a unique destination
within that footprint. Speci cally, ead grid cellcoversanm m squaresetof pixelsso
ead grid cellcancortain at mostm m photons. We draw photonswith glPointSize
set to m which when transformed by the vertex program will causethe photon to
cover ewery possiblephoton location in the grid cell. We set the stencil bu er to
cortrol the location ead photon updates within ead grid cell by allowing at most
one fragmert of the m m fragmerts to passfor eah drawn photon. The stencil
bu er is initialized sud that ead grid cell region cortains the increasing pattern
from 0to m? 1. The stencil test is setto write on equalto m? 1, and to always
incremert. Each time a photon is drawn, only one fragmen passeghrough, but the
ertire m m region of the stencil bu er incremeris. This causesthe next photon
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Figure 6.5: Building the photon map with stencilrouting. For this example,grid cells
can hold up to four photons, and photons are renderedas2 2 points. Photons are
transformedby a vertex programto the proper grid cell. In (a), a photon is rendered
to a grid cell, but becausethere is no stencil maskingthe fragmert write, it is stored
in all ertries in the grid cell. In (b) and (c) the technique we useis illustrated: the
stencil bu er cortrols the destination written to by ead photon.

drawn to a new location in the grid cell. This allows e cient routing of up to the
rst m? photonsto ead grid cell. This processis illustrated in gure 6.5.

We generallyusea 1024 1024 stencil bu er with m setto 16, leaving 65,536
available grid cells (enoughfor a 40° grid). In regionsof high photon density, many
more photonsthan canbe storedwill map to a singlegrid cell. To reducethe artifacts
of this method, we redistribute the power of the surplus photons acrossthose that
are stored. Note that the stencil bu er maintains a court of how many photonswere
destinedfor ead grid cell, and we assumehat all our storedphotonshave roughly the
samepower. Hence,we canscalethe power of the storedphotonsby the ratio between
the number of photons destined for a cell and the number actually stored. This
redistribution of power is an approximation, but the potertial performancebene ts
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of the fast routing method make it worthwhile. The idea of redistributing power of
somephotonsto limit the local density of photons stored is discussednore generally
in Suykensand Willems [Suykensand Willens, 2004.

By cappingthe number of photonsstored per cellinstead of usinga variable length
list, we can usea vertex program to route photonsto grid cellsin a singlerendering
pass. There are two main drawbadks to this method. First, the photons must be
read from the photon texture and drawn as points, which currently requiresa costly
readbak to the CPU. Second,the preallocation of storagefor ead grid cell limits
the method's exibilit y and space-e ciency Redistribution of power is neededto
represen cells cortaining more than m? photons, and spaceis wasted for cells with
fewer photons (including empty cells).

6.2.3 The Radiance Estimate

To estimate radianceat a given surfacelocation we needto locate the photons near-
est to the location. For this purposewe have deweloped a k-nearestneighbors grid

(KNN-grid) method, which is a variant of Elias's algorithm for nding the k-nearest
neighbors to a sample point in a uniform grid [Cleary, 1979. First, the grid cell
cortaining the query point is explored,and all of its photons are examined. As eat
photon is examined,it will either be addedto the running radiance estimate, or re-
jected. A photon is always rejected if it is outside a prede ned maximum seart
radius. Otherwise, rejection is basedon the current state of the seard. If the num-
ber of photons cortributing to the running radianceestimateis lessthan the number
requested,the power of the new photon is added to the running estimate and the
seart radius is expandedto include that photon. If a su cient number of photons
have already beenaccunulated, the seard radius no longerexpands. Photonswithin

the current seart radius will still be addedto the estimate, but thoseoutside will be
rejected.
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Figure 6.6: Computing the radianceestimate with the kNN-grid. For simplicity, this
gure isshownin 2D. Weimplemert a full 3D seard in our system. For this example,
four photons are desiredin the radiance estimate. The initial samplepoint and the
maximum seard radius are shovn in (a). The rst grid cell searted (shadedin (b)
and (c) cortributes two photonsand expandsthe seart radius. The next cell searhed
(d) hasonephoton addedto the radiance estimate, and the other rejectedsinceit is
outsidethe prede ned maximum seard radius. The photon outsidethe seard radius
in (e) is rejected becausethe running radianceestimate hasthe requestednumber of
photons, causingthe seart radius to stop expanding. The cellin (f) cortributes one
photon to the estimate. None of the other cells sear®ied in (g) have photons that
cortribute to the radianceestimate. The nal photonsand seart radius usedfor the
radiance estimate are shavn in (h).

Grid cells are exploredin concetric sets certered about the query point. The
photon seard cortinues until either a su cient number of photons have been ac-
cumulated, or a prede ned maximum seart radius has beenreahed. Figure 6.6
illustrates the kNN-grid algorithm.

The KNN-grid always nds a set of nearestneighbor photons { that is, all the
photons within a sphere certered about the query point. It will nd at least k
nearestphotons (or as many as can be found within the maximum seart radius).
This meansthat the radius over which photonsare accunulated may be largerthan it
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isin Jensen'smplemertation [Jensen, 2001, which usesa priority queueto selectonly
the k-nearestneighbors. Accumulating photonsover a larger radius could potentially
introduce more blur into our reconstructedestimates. In practice, howewer, we have
not obsened any degradationin quality.

6.2.4 Rendering

To generatean imagewe usea stochastic ray tracer written usingafragmert program.
The output of the ray tracer is a texture with all the hit points, normals, and colors
for a given ray depth. This texture is usedas input to seweral additional fragmert
programs. One program computesthe direct illumination using one or more shadav
rays to estimate the visibility of the light sources.Another program invokesthe ray
tracer to computere ections and refractions. Finally, we usethe kNN-grid fragmert

program descrited in the previous sectionto compute the radiance estimatesfor all

the hits generatedby the ray tracer. We display the running radianceestimate main-
tained by the KNN-grid algorithm, providing progressiely better global illumination

solutionsto the viewer.

6.3 Results

All of our results are generatedusing a GeForce FX 5900Ultra and a 3.0 GHz Pen-
tium 4 CPU with Hyper Threading and 2.0 GB RAM. The operating system was
Microsoft Windows XP, with version43.510f the NVIDIA drivers. All of our kernels
are written in Cg [Mark et al., 2003 and compiledwith cgcversion1.1to native fp30
assemly.

6.3.1 Rendered Test Scenes

In order to simplify the ewvaluation of the photon mapping algorithm we usedscenes
with no ray tracing accelerationstructures. For ead scenewe write a ray-scenein-
tersectionroutine in Cg that calls ray-quadric and ray-polygonintersectionfunctions
for ea of the componert primitiv es. For these simple scenesthe majority of our
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(a) Bitonic Sort (b) Stencil Routing (c) Software Reference

Figure 6.7: Test scenerenderings. Both (a) and (b) were rendered on the GPU
using bitonic sort and stencil routing respectively. Software renderingsusing Jensen's
algorithm are shown in (c) for reference.

system'stime is spert building the photon map, and computing radiance estimates.
Very little time is spert onray intersection. We will examinethe performanceimpact
of complexscenedater in section6.4.

We have rendered se\eral test sceneson the GPU using our photon mapping
implemenrtation. Figure 6.7 shaws three sets of imagesof our test scenes.The rst
column shawsthe imagesproducedby the GPU whenusingthe kNN-grid on a photon
map generatedby bitonic sort. The secondshows the results of using stencil routing
and power redistribution when rendering the scenes. The third column shovs a
software referenceimagerenderedwith Jensen'salgorithm.
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All of our test scenesare renderedwith a single eye ray per pixel. The Glass
Ball and Cornell Box sceneshave arealights which are randomly sampledby
the ray tracer when computing shadavs. The Glass Ball scenesamplesthe light
sourcefour times per pixel, and the Cornell Box scenesamplesthe light source
32 times per pixel. The Ring sceneusesa point light sourceand only shoots one
shadav ray per pixel.

The Glass Ball scenewasrenderedat 512 384pixelsusinga250 1 250grid
with 5,000photons stored in the grid and 32 photons were sougtt for ead radiance
estimate. The Ring scenewasrenderedat 512 384pixelsusinga250 1 250grid
with 16,000photons storedin the grid and 64 photonswere sougtt for ead radiance
estimate. Finally, the Cornell Box scenewasrenderedat 512 512 pixelsusinga
25 25 50grid with 65,000photonsstoredand 500photonssough for ead radiance
estimate.

The rendering times for our test scenesvary between 8.1 secondsfor the Ring
sceneand 64.3 secondsfor the Cornell Box scene. Table 6.1 summarizesthe
renderingtimes for the images,broken down by computation type.

The majority of our rendertime is spent computing the radiance estimates. The
times listed in table 6.1 are for every pixel to nish computation. Howewer, for our
examplescenesve nd that the systemreadiesvisual corvergence(that is, produces
imagesindistinguishable from the nal output) after a much shorter time. In the
Glass Ball scene,a photon map built with bitonic sort will visually corvergein
4 seconds nearly four times as fast as the time listed for full convergencewould
suggest. This fast visual cornvergencehappens for two reasons: First, dark areas
of the scenerequire many passesto explore all the grid cells out to the maximum
seard radius, but few photons are found so the radiance estimate changeslittle.
Second,bright regions have lots of photons to seard through, but often saturate
to maximum intensity fairly early. Oncea pixel is saturated, further photons found
do not cortribute to its nal color. Note that thesedisparities betweenvisual and
total corvergencetimes are not obsened when the photon map is built using stencil
routing. Under that method, the grid cells contain a more uniform distribution of
photons, and intensity saturation correspndsto corvergence.
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Scene Trace Build Trace Radiance| Total
Name Photons Grid Rays Estimate | Time
Glass Ball 1.2s 0.8s 0.5s 149s | 17.4s
Ring 1.3s 0.8s 04s 6.5s 9.0s
Cornell Box 2.1s 1l4s 8.4s 52.4s | 64.3s

(a) Bitonic Sort

Scene Trace Build Trace Radiance| Total
Name Photons Grid Rays Estimate | Time
Glass Ball 1.2s 1.8s 0.5s 7.8s 11.3s
Ring 1.3s 1.8s 04s 4.6s 8.1s
Cornell Box 2.1s 1.7s 8.4s 35.0s | 47.2s

(b) Stencil Routing

Table 6.1: GPU render times in secondsfor the scenesshowvn in gure 6.7, broken
down by type of computation. Table (a) shavsthe times for the bitonic sort method,
and table (b) shows the times for stencil routing method. Ray tracing time includes
shooting eye rays and shadav rays. The Glass Ball sceneand Ring scenewere
ead renderedat 512 384pixels. The Cornell Box scenevasrenderedat 512 512
pixels.

6.3.2 Kernel Instruction Use

A breakdowvn of how the kernelsspendtime is important for isolating and eliminating
bottlenedks. The instruction breakdown tells us whether we are limited by compu-
tation or texture resources,and how much performanceis lost due to architectural
restrictions. Table 6.2 shows the length of eadn compiled kernel. Theseinstruction
courts are for performing one iteration of eadh computation (e.g. a single step of
binary seard or a single photon lookup for the radiance estimate). The table fur-
ther enumeratesthe number of instructions dedicated to texture lookups, address
arithmetic, and padking and unpading of data into a single output.

We seeat least 20 arithmetic operations for every texture access.lt may be sur-
prising that our kernelsare limited by computation rather than memory bandwidth.



CHAPTER 6. PHOTON MAPPING ON GPUS 81

Kernel Inst TEX Addr Padk

Bitonic Sort 52 2 13 0
Binary Seart 18 1 13 0
Rad. Estimate 202 6 47 41
Stencil Routing 42 0 25 0
Rad. Estimate 193 5 20 41

Table 6.2: Instruction usewithin eadt kernel. Inst is the total number of instructions
generatedby the Cg compiler for one iteration with no loop unrolling. Also shavn
are the number of texture fetches(TEX), addressarithmetic instructions (Addr), and
bit pading instructions (Pad).

Generally we would expect sorting and searding to be bandwidth-limited opera-
tions. There are seeral factors that lead our kernelsto require so many arithmetic
operations:

Limits onthe sizeof 1D texturesrequirelargearraysto be storedas2D textures.
A largefraction of our instructions are spernt corverting 1D array addressesnto
2D texture coordinates.

The lack of integer arithmetic operations meansthat many potentially simple
calculationsmust be implemerted with extra instructions for truncation.

The output from an fp30 fragment program is limited to 128 bits. This limit
forcesus to use many instructions to padk and unpad the multiple outputs
of the radiance estimate in order to represem the componerts in the available
space.

Our kernel analysisrevealsthe challengesof mapping traditional algorithms onto
GPUs. For algorithms like sorting, the limited functionality of the GPU forcesus to
usealgorithms asymptotically more expensiwe than thosewe would useon processors
permitting more generalmemory access(e.g. we use the O(nlog?n) bitonic merge
sort instead of O(n logn) quicksort). In other casesthe limitations of the GPU force
us to expend computation on overhead,reducingthe e ective compute performance.
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In section 6.4, we discussse\eral possiblearchitectural changesthat would improve
the performanceof algorithms like photon mapping.

It should be noted that hand coding can still produce kernelsmuch smaller than
those generatedby the Cg compiler. For example,we have hand coded a bitonic sort
kernelthat usesonly 19 instructions instead of the 52 producedby Cg. Howeer, we
determinedthat the productivity bene ts of using Cg during developmen outweighed
the tighter codethat could be achievedby hand coding. As the Cgoptimizer improves,
we anticipate a substartial reduction in the number of operations required for many
of our kernels.

6.3.3 SIMD Overhead

Our radiance estimate kernel is run by tiling the screenwith large points instead
of with a single quad. Using the NV_OCCLUSIONQUERY extension, we are able to
stop drawing a tile onceall its pixels have nished their work. By terminating some
tiles earlier than others, we are able to reducethe amourt of SIMD overheadfor our
radiance estimate kernel.

This early termination of tiles substanially reducedthe time required for our
scenedo corverge. We found tiling the screenwith 16 16 points resulted in the
largestimprovemernts in corvergencetime. The Cornell Box scenesaw the least
improvemert, with the time for the radianceestimateto fully corvergedropping from
104 secondsto 52.4 seconds. Full corvergenceof the Glass Ball scenewas more
dramatically a ected, dropping from 102secondslown to 14.9seconds.Theseresults
are expected as the Cornell Box scenehas a fairly uniform photon distribution
but the Glass Ball scenehashigh variancein photon density. We suggestideasfor
more generalways to reduceSIMD overheadvia a ne-grained \computation mask"
in section6.4.

6.3.4 Interactiv e Feedback

One advantage of the incremertal radiance estimate is that intermediate results can
be drawn directly to the screen.The imagesin gure 6.7 required se\eral secondgo
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Figure 6.8: A detailed imageof the Glass Ball causticovertime. Reasonablyhigh
guality estimatesare available much soonerthan a fully convergedsolution.

fully converge. Howewer, initial estimatesof the global illumination are available very
rapidly. Figure 6.8 shows various stagesin the corvergenceof the radiance estimate
for the full resolution Glass Ball scene.

For smaller image windows, our systemcan provide interactive feedba& When
renderinga 256 256 window, we can interactively manipulate the camera, scene
geometry and light source. Once interaction stops, the photon map is rebuilt and
the global illumination corvergesin only one or two seconds.

6.4 Discussion and Future Work

In this sectionwe discussthe limitations of the current systemand areasfor future
work.

6.4.1 Fragment Program Instruction Set

The overhead of addresscorversion, simulating integer arithmetic, and pading is
a dominant costin many of our kernels. Addressingoverheadaccours for nearly
60% of the cost of the stencil routing, and over 72% of the cost of the binary seard.
Similarly, the radiance-estimatekernelscurrerntly spend a third to a half of their in-
structions on overhead. Native support for integer arithmetic and addressingof large
1D arrays need not substartially complicate GPU design, but would dramatically
reducethe amourt of overheadcomputation neededin thesekernels. Additionally,
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providing multiple outputs would remove the needfor aggressie padcking of valuesin
the radiance estimates. Even with the overheadeliminated from the radiance esti-
mate kernels,they still executese\eral arithmetic instructions and would cortinue to
benet from increased oating point performancewithout being limited by memory
bandwidth.

6.4.2 Memory Bottlenec ks

Texture readbadk and copy can imposesigni cant performancepenalties. We have
shown timings for renderingswith tens of thousandsof photons. The stencil rout-
ing performanceis particularly a ected by readbadk performancesincewe currertly
must readbad the texture of photonsin order to usethem as input to the vertex
processor.With a low number of photons, texture readba& consumesabout 10% of
the photon map construction time. Howewer, asthe number of photonsincreasesthe
fraction of time dedicatedto photon readbad increaseso 60% and more of the total
map construction time. The Vertex Shader3.0 speci cation found in the DirectX 9
API [Microsoft, 2003 supports displacemein mapping, e ectiv ely permitting texture
data to cortrol point locations. We anticipate that similar functionality will appearas
an extensionto OpenGL, which would eliminate the needfor readbad in our stencil
sort.

6.4.3 Parallel Computation Mo del

We mertioned in section6.3that we obtained a signi cant performanceimprovemert
by computing the radiance estimate by tiling the screenwith large points instead of
a full screenquad. Unfortunately, tiling is only practical when relatively few tiles
are usedand when pixels with long computation times are clusteredsothat they do
not overlap too many tiles. One natural solution to reducing the SIMD overhead
for pixels with varying workloads is what we call a \computation mask”. A user
cortrollable mask could be set for eat pixel in an image. The mask would indicate
pixels where work has completed, allowing subsequen fragmerts at that location to
be discardedimmediately. This is essetially a userspeci ed early-z occlusionquery.
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We obsened a performancegain from two to ten using a coarsetiling, and believe
that a computation maskwith single pixel granularity would be even more e cien t.

6.4.4 Uniform Grid Scalabilit y

One issue asseiated with rendering more complex sceness that the resolution of
the grid usedfor the photon map needsto increaseif we want to resole illumination
details. For su cien tly large scenesa high density uniform grid becomedoo large to
store or addresson the GPU, and empty cells dominate the memory usage.One X
is to store the photonsin a hashtable basedon their grid cell address[wald et al.,
2004. High density grids no longerhave empty cell overheador addressabiliy issues.
Handling hash table collisions would add someoverheadto the radiance estimate,
howeer, asphotonsin the hashbucket not assaiated with the current grid cell must
be examinedand ignored. An additional problem for our stencil routing approad is
that power redistribution becomeson-trivial.

6.4.5 Indirect Lighting and Adaptiv e Sampling

Our currert implemertation directly visualizesthe photon map for indirect lighting

and caustics. While this approad works well for caustics,the indirect lighting can
look splotchy when few photons are used. A large number of photons are needed
to obtain a smooth radiance estimate when the photon map is visualized directly.

Instead, it is often desirableto usedistributed ray tracing to sampleincidert lighting

at the rst diuse hit point, and usethe photon map to provide fast estimates of
illumination only for the secondaryrays. This nal gatherapproad is moreexpensiwe,
although the cost for tracing indirect rays can often be reducedusing techniqueslike
irradiance gradierts [Ward and Hedbert, 1992 or adaptive sampling.

We have consideredan adaptive samplingalgorithm that initially computesa low
resolution image and then builds successigly higher resolution imagesby interpo-
lating in low variance areasand tracing additional rays in high variance areas. Our
initial studieshave shown that this algorithm canreducethe total number of samples



CHAPTER 6. PHOTON MAPPING ON GPUS 86

that needto be computed by a factor of 10. Howewer, sud a schemecannot be im-
plemerted e ectiv ely without support for a ne-grained computation mask like that
described in section6.4.3.

6.5 Conclusions

We have demonstrated methods for constructing a grid-basedphoton map, and for
searting for at least k-nearestneighbors using the grid, ertirely on the GPU. All
of our algorithms are compute bound, meaning that photon mapping performance
will cortinue to improve as next-generationGPUs increasetheir oating point per-
formance. We have also proposedse\eral re nements for extending future graphics
hardware to support thesealgorithms more e cien tly.

We hope that by demonstrating the feasibility of a global illumination algorithm
running completely on graphics hardware, we will encourageGPU designersto im-
prove support for thesetypesof algorithms.



Chapter 7

Ray Tracing and the
Memory{Pro cessor Performance
Gap

Processomesigneranust be aware of seweral technologytrends that causethe optimal

design for a computer architecture to changewith time. In this chapter, we will

focus on one trend that makes designinga faster processordi cult:  the increasing
performancegap betweenmemory and the processor. In section 7.2, we shawv that

the stream programming model results in programsthat can be run on hardware
architectures optimized to minimize the penalty for memory accesse$ resulting in

better overall utilization of VLSI resources.We will cortrast programswritten in the
streamprogrammingmodel with thosewritten in the C-style sequetial programming
model in section 7.3 via examplesfrom highly tuned software ray tracing systems.
The conclusionis that programswritten for the stream programming model, sud as
a streaming ray tracer, are more naturally matched to take advantage of hardware
trends than programswritten in the C-style sequetial programming model.

87
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Figure 7.1: The memory{processorperformancegap. This gure uses1980 perfor-
mancelevelsasa baseline. CPU performanceincreasesat 35%per yearthrough 1986
and then at 55% per year. Memory latency performanceimprovesat 7% per year.
Data from Computer Architecture: A Quartitativ e Approach, 3rd Edition by John
L. Hennessyand David A. Patterson [2004.

7.1 The Memory{Pro cessor Performance Gap

Over the past se\eral years,there have beentremendousimprovemeris in processor
performance| doubling approximately ewvery 18 months to two years. Memory
chips have also seenimprovemerts in capacity, bandwidth, and latency during this
time. Unfortunately, memory latencies have not decreasedat the samerate that
processomperformancehasincreased.Processomperformanceis increasingat a yearly
rate of 55%, but the performanceof memory latency is improving at a rate of only
about 7% [Hennessyand Patterson, 2004. Thus, the relative penalty for accessing
memoryincreasesvith time. This trend, shovnin gure 7.1,is known asthe memory{
processorperformancegap. The challengefor chip designerstoday is to cortinue to
increaseprocessorperformancewhile minimizing the impact of large memory access
latencies.

There are two common ways that an architecture can deal with the memory{
processorperformancegap: parallelism and locality. At the most basic level, par-
allelism introducesmultiple simultaneous computations. Examples of architectural
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support for parallelisminclude multiple processorsmultiple threads,instruction level
parallelism through pipelining, superscalar processors,and speculative execution.
Parallelism allows one task to execute while another is waiting for a memory re-
questto return. Unfortunately, compilerscan not usually automatically extract high
levels of parallelism from arbitrary code. Instead, programmersoften must provide
hints to the compiler to achieve a high degreeof parallelization.

The other way an architecture can minimize the e ect of the memory{processor
performancegap is to exploit locality. Spatial locality meansthat nearby memory
addressedend to be accessedlosetogether in time. Tempral locality meansthat
recerlly accessednemory is likely to be accessedagain in the near future. Archi-
tectures have typically exploited both typesof locality through memory hierarchies.
Memory is typically organizedin a hierarchical fashion, with the lowest level (regis-
ters) being fast, small, and closeto the processor.Subsequetty higher levelsin the
hierarchy are further away from the processor larger, and have longer accesgimes.
Main systemmemory is the top of the hierarchy and generally has quite slow access
times. Memory hierarchies attempt to exploit spatial locality by sendingblocks of
nearby memory when a single addressis requested. Temporal locality is exploited
simply by having the hierarchy: memory previously transfered from a higher level
stays in the lower level until another accesgeplacesit. Locality in a program does
not happen automatically, however. As with parallelism, there are limits to to the
amourt of locality a compiler and the underlying hardware can extract from a pro-
gram without a programming model that explicitly expressedemporal and spatial
locality.

7.2 Streaming

The stream programming model discussedn chapter 3 has se\eral advantagesover
the standard C-style sequetial programmingmodel. First, it makesthe parallelismin
the code explicit. Secondjt constrainsthe memoryaccesgattern for streamaccesses
to exhibit both spatial and temporal locality. Finally, it makes performancetuning
much lessprocessorspeci c. This model leadsto e cien t code, and enablesthe useof
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special stream hardware that e cien tly usesVLSI resources.In this sectionwe will
examinehow the parallelism and locality made explicit by the stream programming
model are usedby stream processorgo overcomethe memory{processomperformance

gap.

7.2.1 Parallelism

The parallelism in a program written in the stream programming model is explicit
through the useof kernels. All stream data processedoy a kernel can by de nition
be processedn parallel. The value of a kernel function for a given stream elemett is
not allowed to depend on the results of any other stream elemert's evaluation of the
kernel. This simple constraint allows the underlying hardware to exploit parallelism
in seweral di erent ways.

Data parallelism . Sincethe result of a kernel executionon a stream elemert
can not depend on the results of that kernel executingon a neighboring stream
elemen, processingorder constrairts are removed. Every stream elemen can
be processedndependertly, possiblyby a separateprocessingunit. The stream
programmingmodel makesno assumptionsabout the number of executionunits
that the underlying hardware has, so the level of parallelism can increasesim-
ply by adding more execution units. For example, graphics processorshave
exploited data parallelism to increaseperformanceby adding more and more
pipelines.

Task parallelism . Ead kernelis independen. That is, onekernel can begin
executing as soon as its input stream has someelemeits. Taking advantage
of task parallelism can require more complicated scheduling, but it meansthat
more execution units can be addedat any processingbottleneds in a compu-
tation to gain a speedincrease.Graphics processorexploit task parallelism by
separating vertex processingfrom fragmen processing. As applications have
becomemore fragmert intensive, GPUs have increasedthe number of fragmert
processorgelative to vertex processors.
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Latency hiding . Perhapsthe most interesting way that the stream program-
ming model takes advantage of parallelism is through latency hiding. When
a particular stream elemen needsto do an expensive memory fetch, its pro-
cessingstate can be swapped out into a delay queueand another elemen can
begin processing. If the queueis long enough,then the outstanding memory
requestis guararteed to return beforethe swapped out task readesthe front.

This latency hiding technique hasbeenusedsuccessfullyin the graphicsproces-
sor texture memory system|[Torborg and Kajiya, 1996;Andersonet al., 1997;
Igehy et al., 1994. The sizeof the delay queueneededto hide memory latency
dependson the arithmetic intensity of the executingkernels. Arithmetic inten-
sity is a measureof the amourt of computation performedper word of memory
fetched. Kernels with high arithmetic intensity will be inserted into the delay
gueuelessoften than low arithmetic intensity kernels. A stream architecture
optimized for kernels with high arithmetic intensity can use a shorter delay
gueuethan a stream architecture designedto hide the memory latency of ker-
nels with low arithmetic intensity. The cost savings of a smaller delay queue
meansmany stream processorsare designedto achieve high performanceonly
on kernelswith su cien tly high arithmetic intensity.

7.2.2 Locality

As mertioned in the previous section, the most e ectiv e kernelsexhibit high arith-

metic intensity. We showved that having many parallel tasks allowed memory fetches
to be amortized over seweral computational operations. The stream programming
model alsomakesexplicit the spatial and temporal locality of a program. This means
the code can more easilybe optimized to make more memoryrequeststo fast memory
instead of slov memory, further reducingthe e ect of the memory{processorperfor-
mancegap. Spatial and temporal locality are exploited by the stream programming
model as follows:

Spatial locality. Kernels processinput recordsin streams. Every elemet in
a streamwill be touched when a kernelis executed. The compiler can optimize
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the data layout of the stream for the memory architecture of the underlying
hardware. In particular, it canorganizestreamdata to bein a cortiguous block
sothat data transfersfrom memory can be performedat whatewver granularity
is most e cien t for the hardware.

Temporal locality. The data stored in local registersare very likely to be
accessedgain soon. Local registersfor temporary variablesin a kernel are
accessedn essetially random patterns. Howewer, the stream programming
model guararteesthat the temporariesonly exist within a kerneland typically
limits the number of registers.

7.3 CPU-based Ray Tracing

To date, CPUs have dealt with the memory{processormperformancegapin a di erent

way than stream processors.In this sectionwe examinetwo interactive ray tracing

systems: the Saarland RTRT system[Wald et al., 2001;2004 and the Utah *-Ray

system [Parker et al., 1998;1999a;1999. We will rst seewhat a cace-based
CPU with a single thread of execution can do to overcomethe memory{processor
performancegap. We will then examineboth RTRT and *-Ray in our discussionof

cathe-basedmultithreaded and multipro cessorarchitectures.

7.3.1 Single CPU Arc hitectures

In this sectionwe examinecade-basedsingle threaded architectures. We will ignore
simultaneousmultithreading [Tullsenet al., 1999 (e.g. Hyper-Threading[Marr et al.,
2003) in this discussion;we considerit to be a form of multithreading.

Parallelism

Traditional singlethreadedscalarprocessordike today's PCs have few options avail-
ablefor leveragingthe available parallelismin an application. In general,the instruc-
tion sets of these processorsrequire additional data parallel operations commonly
found in vector processordo leverageapplication parallelism.
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Modern PC processorgrovide four to sixteenvector SIMD instructions to improve
performanceon code that has ne-grained data parallelism. These SSE and SSE2
instruction sets[Intel, 2004 exposea limited amourt of SIMD parallelism, but the
SSE execution unit is exposedas a processorfor vectors of a known, xed length.
The programming model for this unit doesnothing to abstract the vector size. When
the SSEunit vector length changes(i.e. becomegwice aswide), existing code hasto
be rewritten (and probably restructured) to take advantage of the wider unit.

Locality

In asinglethreadedsystem,the CPU relieson low-latency cadhe memoryto reducethe
e ects of the memory{processomperformancegap. Unlike a streambasedarchitecture
(or multithreaded architecture aswe'll seein the next section),thesearchitecturescan
not quickly swap taskswhile waiting for memory The cade is usedas a low-latency
read/write bu er soan application doesnot have to wait for the slov memory system
with ewvery request.

Applications can only achieve the highestperformancelevelsif they are carefully
tuned to the underlying memory system. Data structures have to be tuned to cate
line sizesandalignedto memoryboundariesto avoid cadecollisions. Without careful
data structure managemen the cae canactually degradeperformance.Memory is
loadedinto the cadhe oneline at atime. If a setof memoryrequeststouchesmultiple
elemers from the samecade line, the overheadfrom fetching the line is amortized
over all the accessesHowewer, sloppy accesdo the cade can causemore bandwidth
transfer than the data requested.If a set of memory requestsonly touchesa fraction
of ead cade line, more data is transferred than needed,wasting bandwidth.

7.3.2 Multithreaded and Multipro cessor Arc hitectures

Both RTRT and *-Ray are ray tracing systemswritten to run on se\eral processors.
RTRT runs on a cluster of PCs connectedby a fast network, and *-Ray is designed
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to run on a sharedmemory SGI Origin 2000. Both systemsare designedfor a multi-
processotrimplemertation. The principles discussechere alsoapply to multithreaded
architectures, as descrited by Levy [2004.

Parallelism

RTRT is built out of commality single-threadedPCs. It exploits the parallelism we
descriked in the previous section on single-threadedarchitectures. The cluster im-
plemertation of RTRT givesit, alongwith *-Ray, additional opportunities to exploit
the parallelism found in ray tracing.

Data parallelism . In aray tracer, ead ray can be processedndependertly

from every other ray. Both RTRT and *-Ray separatethe workload into chunks
of independert rays to be processed.RTRT works on padkets of rays simulta-

neouslyin the SSEcore. In both systems,ray distribution to processingcores
is handled at the software level by the programmer.

Task parallelism . Neither *-Ray nor RTRT exhibit task parallelism. That is,
eadt takesa ray from generationthrough shadingon the sameprocessor.This
choiceis madebecauseof the high costof moving data betweenprocessors.The
RTRT systembreakscomputation up into small SSEkernels,but thesekernels
are not sdheduledto run independerily.

Latency hiding . The RTRT systemhideslatency to remotememoryby issuing
network prefetches for batches of rays. RTRT has separatesoftware threads
(with relatively higher context switch times than hardware threads) for fetching
data and for executingthe ray tracing computation. The prefetc thread fetches
data while the executionthread processeshe batch of rays already on the local
madine.

The samelevels of parallelism in the ray tracing algorithm are available to tra-
ditional CPU-basedsystemsas to a stream processor. The challengeon the CPU
is to write code to take advantage of them. Both *-Ray and RTRT must stall their
processoron L2 cathe missesor when prefetding fails. They do not useparallelism
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to cover the memoryaccesdatency. As sud, both *-Ray and RTRT required massiwe
engineeringe orts and hand coding to achieve high performance.

7.3.3 Locality

Both *-Ray and RTRT usedata structures carefully tuned to the underlying archi-
tectures to increasethe spatial locality of their ray tracers. The *-Ray grid data
structure wastuned to the cade of the R10000processorand they optimized further
for TLB hits. The data structuresin RTRT weretuned to the Pertium |11 cadelines,
and tuned to perform well with the SSEexecutionunit. They separatedshadingdata
from intersection data to reduceuselessmemory transfersand cade pollution.

Both systemsalso organizedtheir systemsto maximize temporal locality. Rays
were assignedto processorsn cortiguous screen-spacélocks. By blocking the com-
putation in this manner, adjacerily-pro cessedays are likely to accesghe samepieces
of the accelerationstructure and the samescenegeometry This meansthe processor
catescan e ectiv ely reducethe performanceimpact of the memory accesdatency.

7.4 Conclusion

We have showvn two dierent ways architectures can minimize the e ects of the
memory{processorperformancegap: by exploiting parallelism and locality. We have
also seenthat the stream programming model and the traditional C-style program-
ming model exposethesemethods quite di erently.

The stream programming model exposesthe parallelism and locality of an ap-
plication through a restricted programming model consistingof kernelsand streams.
This approad allows a compiler to more easily generateoptimal code for the un-
derlying architecture. Applications written in the C-style programming model can
also optimize for a given architecture. But this model placesthe burden of opti-
mizing on the programmer, so that changesto the architecture can require major
changesto application code. The stream programming model minimizesthe amourt
of processor-spci ¢ tuning that a programmermust do to optimize code performance.
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Stream processorsare designedto e cien tly implemert the stream programming
model. This does not mean that dedicated stream processorsare the only archi-
tectures that a stream program can be e cien tly compiled to. Traditional CPUs,
multithreaded architectures, and multipro cessorarchitectures can also be targets for
a stream program. Howewer, a streaming architecture tends to make better use of
VLSI resourceghan theseother architectures when executing stream programs.

Streamingis not always the bestprogrammingmodel or architecture for atask. As
we saw with sorting in chapter 6, the restrictions of the stream programming model
can force us to use asymptotically slover algorithms for certain tasks. Sometimes,
an algorithm may not have enoughparallelism to stream at all. More researt: into
writing algorithms for streaming may help us to deal with this problem. Another
alternative is to usepolymorphic architectures like Smart Memories[Mai et al., 2004
and TRIPS [Sanlaralingam et al., 2003 which can be con gured to implemert the
stream programming model or the C-style programming model. Thesearchitectures
may not be as e cient as stream architectures on highly parallel code, but they
are much more e cient at executing serial code. An architecture with both stream
and serial processors,or a con gurable architecture like these, may in fact be the
architecture of choicefor a generalpurposeprocessingmadine.



Chapter 8

Conclusions

8.1 Contributions

This dissertation has made se\eral cortributions to computer graphicsand graphics
hardware design:

We have showvn how to e cien tly implemert ray tracing and photon mapping
using the stream programming model. Thesealgorithms are represemativ e of
the typesof computation requiredby nearly every globalillumination algorithm.
We have showvn that these algorithms map well to the stream programming
model.

We have shovn how the programmablefragmernt processorof modern GPUs
can implemert the stream programming model. This model allows us to map
our global illumination calculations, as well as other general purpose compu-
tations, onto the high-performanceGPU. We have shavn that our GPU-based
implemertation of global illumination algorithms have performancecompara-
ble to the fastest known CPU-basedimplemertations. Furthermore, we have
explainedwhy we expect the performanceof the GPU-basedimplemertations
to improve more rapidly with time than the CPU-basedimplemertations.

97



CHAPTER 8. CONCLUSIONS 98

We have analyzedthe performanceof our algorithms running on graphicshard-

ware. Our analysisprovides GPU architects with insight into the costsass@i-

ated with making these computations run in real time. We analyzedthe per-

formanceof somearchitectural variations (such asMIMD fragmert processors)
to help guide the designof future architectures.

8.2 Final Though ts

We have exploredhow to mergehigh performancegraphicswith high quality graphics.
During the dewelopmert of the work presened in this dissertation, an ertire sub-
eld of computer graphics has emerged: general purpose computation on graphics
hardware [GPGPU, 2003. The work preserted here is someof the earliestto take
advantage of (and require) the full generality of modern graphicshardware.

We have proposedthat the GPU can be thought of as a stream processor. This
abstraction works for most applications, but the GPU hardware doesnot support this
abstraction aswell asit could. In fact, the stream programming model implemerted
by the GPU is far lessgeneralthan it should be. The most glaring di cult y when
programming the GPU is answering the question\How do | perform data degendent
computations?" We have demonstratedthat these computations can be performed
relatively e cien tly through specializedreductions(like NV_OCCLUSIONQUERY) and
early fragmert termination. Howewer, the GPU does not currently implemert this
model as e cien tly asit should and someapplications su er performancepenalties
accordingly

Additionally, programmingthe GPU is not easy Vendorshave not provided the
support tools necessaryto transform the GPU into a viable general-purppsecomput-
ing platform. High level languagesgdebuggersand code pro lers are amongthe most
important platform dewelopmert tools available to CPU programmersthat GPU pro-
grammersmust for the most part live without. We have seweral high level languages
to choosefrom [Mark et al., 2003; Microsoft, 2003; ARB, 20034, but no advanced
toolsto work with. Until the rest of thesetools are readily available, generalpurpose
GPU programmingwill not becomemainstream.
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Despite theseissues,the GPU is very closeto becominga full high performance
parallel co-pracessor. We have shown that global illumination algorithms like ray
tracing and photon mapping can map onto a streaming architecture, and we have
showvn someways the GPU can ewlve into a generalpurposestream processor.We
may soon seethe gap betweenrealistic and interactive graphicsdisappear. We hope
this work provides someinspiration and insight to facilitate this transition.
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