GraphicsHardware(2004)
T. Akenine-Moller M. McCool (Editors)

UberFlow: A GPU-BasedParticle Engine

PeterKipfer, Mark Segal, RudigerWestermann

ComputerGraphics& Visualization,TechnischeniversitatMiincherf , ATl Research

Abstract

We presenta systentor real-timeanimationand renderingof large particle setsusing GPU computationand
memoryobjectsin OpenGL.Memoryobjectscan be usedboth as containes for geometrydata stored on the
graphicscard and asrendertargets, providing an effectivemeandor the manipulationand renderingof particle
dataonthe GPU.

To fully take advantae of this mehanism,efcient GPU realizationsof algorithmsusedto perform particle
manipulationare essential Our systenmimplements versatile particle engine includinginter-particle collisions
andvisibility sorting By combiningmemoryobjectswith oating-point fragmentprograms,wehaveimplemented
a particle enginethat entirely avoidsthe transferof particle data at run-time Our systemcan be seenas a
forerunnerof a new classof graphicsalgorithms,exploiting memoryobjectsor similar conceptson upcoming

graphicshardware to avoid bus bandwidthbecominghe major performancebottlene&.

Cateories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Intr oduction

Froma conceptuapoint of view, a particle engineconsists
of asetof connectedomponentsr modulesesponsibldor
the creation,manipulationand renderingof particle prim-
itives [Ree83LT93, BW97, McA0O, Sim9(. In computer
graphicsparticleenginesaremostcommonlyusedto gener
atevolumetriceffectslike re, explosions,smole or uids,
basedon simple physical models.More elaborateparticle
enginesare employed for physically baseddynamicssim-
ulation (e.g. SmoothedParticle Hydrodynamics[Mon8§g,
Boltzmannmodels[Boo9Q Do090d). Suchsystemsausually
integrateparticle-particleénteractionsaswell asmorecom-
plex physicalmodelsto describeparticledynamics.

In currentparticleenginesthedynamicsmoduleis runon
the CPU.Therenderingmodulesendgarticlepositionsand
additionalrenderingattributesto the GPU for display This
corventional assignmenof functional units to processing
unitsrevealsthe capabilitiesof earlygenerationsf graphics
processorsSuchprocessorsvere solely optimizedfor the
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renderingof lit, shadedand textured triangles.Nowadays,
this designis abandonedn favor of programmablefunc-

tion pipelinesthat can be accessedia high level shading
language$MGAKO3, Mic02]. On currentGPUs,fully pro-

grammableparallelgeometryand fragmentunits are avail-

able providing powerful instruction setsto perform arith-
metic and logical operationsIn additionto computational
functionality, fragmentunits alsoprovide anef cient mem-
ory interfaceto sener-sidedata,i.e. texture mapsandframe
buffer objects.

Both in corventionalparticleenginesandin engineshat
exploit parallelcomputation@ndmemorybandwidthon the
GPU, updatedparticle positionshave to be transferredto
client memorybeforethey canbe usedasinput for the ge-
ometryengine Then,bandwidthis becomingamajorperfor
mancebottleneckandwith theability to domoreoperations
pertime interval onthe CPU or the GPU, the bandwidthre-
quiredwill grow substantially Consequentlyfor high res-
olution particle setsthe transferof thesesetsfor rendering
purposedasto beavoided.

OpenGLmemoryobjectsandsimilarconceptsi.e.texture
accessn vertex shadersisingPixelShades.0, provide this
functionality A memoryobjectis a block of datain graph-
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ics memorythatcanbe usedsimultaneouslyasvertex buffer

andrendertarget. This mechanismallows oneto directthe
outputof a fragmentprograminto suchobjects,andto feed
the datainto the geometryengineasan array of vertex po-

sitionsor additionalpervertex attributes.Consequentlythe
bene ts of fragmentsprograms,i.e. randomaccesdo tex-

tures,parallelismandmemorybandwidth,canbe combined
with the ability to renderlarge setsof geometricdatafrom

graphicsmemory In this work, we presentanef cient real-
ization of suchmemoryobjectson the latestATI card,the
Radeorf800.

To fully take advantageof this mechanismef cient GPU
realizationf algorithmsusedto performparticlemanipula-
tion areessentialln this paperwe presennovel approaches
to carry out particlesimulationin the fragmentunits of pro-
grammablegraphicshardware. At the core of thesetech-
nigues,we presentan optimizedsorting routine that is far
fasterthanprevious approachesBuilt uponthis implemen-
tation, we have implementednter-particle collision detec-
tion andvisibility sortingincluding hundredsof thousands
of primitives. In combinationwith OpenGL memory ob-
jectswe presenthe rst particleenginethatentirelyrunson
the GPU andincludessucheffects. This is a signi cant ex-
tensionof previous approaches,e. [KvdDP03 GRLMO03],
wherethe GPUwasonly exploitedto eitheraccountfor col-
lisions with implicitly de ned surfacesor to perform the
broad phasein collision detectionbetweenpolygonal ob-
jects.

The remainderof this paperis organizedas follows. In
the following, we rst review relatedwork in the eld of
GPU programmingln Chapter3 we introducethe concept
of OpenGLSuperBufers, andwe describetheir realization
onrecentATI cards.The useof parallelfragmentunits for
collision detectionandvisibility sortingis subjectof Chap-
ter 4. Here,we alsooutline the conceptuablesignof a par
ticle engineon programmableraphicshardware.In Chap-
ter5 we shaw timing statisticdor differentscenariosnclud-
ing collisionsandfront-to-backsorting.We concludethepa-
perwith a detaileddiscussionandwe shaow further results
of ourapproach.

2. RelatedWork

To take full adwantageof new graphicschip technolo-
gies, considerableeffort has been spenton the develop-
ment of algorithmsamenableto the intrinsic parallelism
and ef cient communicationon such chips. In mary ex-
amples,programmablésPUshave beenexploredto speed
up algorithms previously run on the CPU. The compu-
tational power and memory bandwidth on such proces-
sors has been exploited to acceleratethe simulation of
both local as well as global illumination effects (e.g.
[PDC 03, DS03). Besidesits usefor the realistic render
ing of geometriadata,programmablgraphicshardwarehas
alsobeenharnessetbr therenderingof volumetricdatasets

[RSEB 00, EKEO1, KPHEO0Z. The accelerationof image
basedmodelingandrenderingechnique®n GPUshasbeen
consideredfor example in [YWBO03, LMS03, HMGO03].

Recently a number of researchershave demonstrated
the benets of graphics hardware for the implemen-
tation of general techniques of numerical computing
[HBSL03 LKHWO03, SHNO3 MA03, KW03, BFGS03.

The resultsgiven in mary of theseexamplesshaw, that
for computeboundapplicationsaswell asfor memoryband-
width boundapplicationshe GPU hasthe potentialto out-
perform software solutions. However, this statementonly
holdsfor suchalgorithmsthat canbe compiledto a stream
program,and which then can be processedy SIMD ker
nelsasprovided on recentGPUs.On the otherhand,execu-
tion speeds nottheonly concernvhenmappingalgorithms
to graphicshardware. Anotherconcernis to avoid ary data
transferbetweerthe CPU andthe GPU. As we have to deal
with increasingsceneandmodelcompleity, bandwidthre-
quirementdecomeanever moreimportantissuein agraph-
ics application.By trying to keepboth the applicationpro-
gramandthe renderingmoduleon the graphicssubsystem,
bandwidthlimitations can be avoided thus achieving supe-
rior frame rateseven when executionspeedis not signi -
cantlyhigher

3. OpenGL SuperBuffers

Our methodrelieson computingintermediateesultson the
GPU, saring theseresultsin graphicsmemory andthenus-
ing themagain asinput to the geometryunitsto renderim-
agesin the frame buffer. This processrequiresapplication
control over the allocation and use of graphicsmemory;
intermediateresultsare “drawn” into invisible buffers, and
thesebuffersaresubsequentlysedto presenvertex dataor
texturesto the GPU.

Our implementationexploits a feature of recent ATI
graphicshardwarethatallows graphicsmemoryto betreated
asa rendertarget, a texture, or vertex data.This featureis
presentedo theapplicationthroughanextensionto OpenGL
called SuperBuers. The interfaceallows the applicationto
allocategraphicsmemorydirectly, andto specifyhow that
memoryis to be used.This information,in turn, is usedby
the driver to allocatememoryin a format suitablefor the
requestedises Whenthe allocatedmemoryis boundto an
attachmentpoint (a rendertarget, texture, or vertex array),
no copying takes place. The net effect for the application
programthereforeis a separatiorof rav GPUmemoryfrom
OpenGLssemantianeaningof thedata. Thus,SuperBufers
provide an ef cient mechanisnfor storing GPU computa-
tion resultsandlaterusingthoseresultsfor subsequensPU
computations.
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4. GPU-basedParticle Engine

Sincewe aim at developing a particle enginethat entirely
runsonthe GPU, thereis a dire needto reinventmodulesof
theenginein regardto theparticulartargetarchitectureOnly
then canwe expectsucha systemto achieve signi cantly
betterperformanceatesthana softwaresolution.In thefol-
lowing, we describethe mostrelevant modulesresponsible
for the stateof our system.The stateis updatedon a per
time stepbasiswherea singletime stepis comprisef the
following events:

Emission

Collisionlessmotionof particles
Sortingof particles

Pairing of collision partners
Collisionresponse

Enforcementf boundaryconditions
Particlerendering

4.1. Emission

Initially, by ary suitableschemeparticlepositionsr(t), are
distributedover the 3D domain,andthey areencodedn the
RGB componentof a senerside 2D RGBA texture map
of sizen n. As particlesare usuallyreleasedn different
time stepsof ananimation,eachgetsassigned time stamp
thatis storedin the A-componenbf this texture. The num-
ber of uniquetime stampsdepend®n thelife time of parti-

clesin theanimation.As we canonly usea x ed numberof

particles this life time effectively determineghe maximum
numberof particlesto be releasecpertime step.A second
texture containgfor every particleits currentvelocity, v(r;t).

Initially, this velocity is setto a constantvalue.

To performarny modi cationson particleattributes aview
planealigned quad coveringn n fragmentsis rendered.
Both texturesare boundto that quad,thusenablinga frag-
mentprogramto accesandto modify theseattributes.Uni-
form attributesfor all particlescanbespeci edin additional
texture coordinatesof the quad.Updatedvaluesare simul-
taneouslyrenderedo separatdexture rendertargetsusing
the ATI_draw_buffer extension.In the next passthese
tametsbecomethe currentcontainerdo be processed.

4.2. CollisionlessParticle Motion

In the currentimplementationeachparticleis rst streamed
by its displacementuring time interval dt. The displace-
mentis computedusingan Eulerschemdo numericallyin-
tegratequantitieshasedon Newtoniandynamics:

v(rt+ dt) = v(r;t) + vee(r;t) + %dt (1)
r(t+dt) = r(t) + %(v(r;t)+ v(r;t+ dt))dt 2

Here veq is an externalwind eld usedto model particle
movementF is anexternalforce,andmis theparticlemass.
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Thewind eld is storedin a 3D texture,andit canthusbe
sampledn thefragmentprogramby usingparticlepositions
astexturecoordinates.

4.3. Sorting

Oncecollisionlessmotion of particleshasbeencarriedout,
the engineperformseitherof thefollowing tasks:it resolhes
inter-particle collisionsandrendersthe particlesas opaque
primitives or it sorts particlesaccordingto their distance
to the viewer andrendersthe particlesas semi-transparent
primitives. Both scenariogely on the sorting of particles.
Therefore,a sortingkey to be consideredn the sorthasto
bespeci ed.

In the latter scenariothe sorting key is the distancesof
particlesto theviewer. In theformerscenarioparticlespace
is assumedo be divided into the cells of a regular lattice
of meshsizegp, andgrid cells are uniquely enumeratedn
ascending-, y-, x-order Theindex of the cell containinga
particleis associateavith thatparticle,andit is usedfurther
onassortingkey.

4.3.1. Sorting Keysand Identi ers

Sortingkeys arecomputednceat the beginning of thesort.
In asinglerenderingpassthefragmentprogrameithercom-
putesthedistanceof particlepositionsto thevieweror it cal-
culatesthegrid cell oating pointindex by x=g§+ y=go+ Z
In addition, to every particle a uniqueidenti er is associ-
ated.Sorting keys and identi ers are renderednto the R-
and G-component®f a 2D texture rendertarget, which is
thensortedin row-majororder After nishing thesort,con-
tainersfor particle positionsand velocities are rearranged
accordingio thearrangementf identi ers.

Carehasto betakenwhencomputingidenti ers onachip
supportindimited integeror oating pointprecisionRecent
ATI graphicshardwareonly provides24 bit internal oating
pointformat.With a 16 bit mantissaanda 7 bit exponentwe
get2!® = 65536distinctvaluesin therange[2" 1:::2". As
we wantto animatefar larger particlesetsof upto 1 million
particles,adifferentenumeratiorschemeneedgo be devel-
oped.

Whenwe let the exponenth take positive valuesfrom 1 to
2*, we get 2?9 distinctbut not equallyspacedsalues These
valuescan be pre-computedn the CPU and storedin as-
cendingrow-major orderinto a texture map.If we assume
220 particlesto be processeder frame, a texture of size
210 21%is sufcient to sene ascontainerfor thesevalues.
To geta uniqueidenti er for eachparticle,a fragmentpro-
gramsimply hasto look up the respectie identi ers from
this container

At the end of the sorting procedurefrom 1D identi ers
the initial 2D texture coordinateshave to be decodedin
orderto rearrangeparticle positionsand velocitiesaccord-
ingly. Sincewe know thatvalueswithin consecutie setsof
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216210 rows areequallyspacedfor everyidenti er weonly
needto determinein which of the 2* = 16 setsit is posi-
tioned. This is doneby successiely subtractingthe range
[2':::2" 1] of eachsetfrom theidenti er until it becomes
smallerthanzero.Then,theidenti er is containedn theith
set,anda nal division and modulooperationby the spac-
ing in that settimes the numberof entriesper row yields
theappropriatdextureaddressThis addresss usedto fetch
correspondingarticlepositionsandvelocities,which are -
nally outputby thefragmentprogram.

4.3.2. Bitonic Sort

To performthe sortingprocedureef ciently , we accountfor
thearchitectureof todaysgraphicgprocessorsReceniGPUs
canbethoughtof asSIMD computersn which anumberof
processingunits simultaneouslyexecutethe sameinstruc-
tions on their own data. GPUs can also be thoughtof as
streamprocessorswhich operateon datastreamsconsist-
ing of anorderedsequencef attributedprimitiveslike ver
ticesor fragmentsConsiderableffort hasbeenspentonthe
designof sorting algorithmsamenableto the dataparallel
natureof sucharchitecturesBitonic sort[Bat6g is one of
thesealgorithms Bitonic sort rst generatea sequenceec-
essaryasinputfor the nal memgealgorithm.This sequence
is composeaf two sortedsubsequencegiherethe rst isin
ascendingndthe otherin descendingrder Bitonic meige
nally memgesbothsubsequenceés orderto produceaglob-
ally orderedsequence.

Purcellet al. [PDC 03] proposedan implementationof
the Bitonic sort on a graphicsprocessari.e. the nVIDIA
GeForceFXgraphicsacceleratort wasusedto sortphotons
into aspatialdatastructureyet providing anef cient search
mechanismfor GPU-basedphoton mapping. Comparator
stagesvereentirelyrealizedin afragmentprogram,includ-
ing arithmetic,logical and texture operations.The authors
report their implementationto be computelimited rather
than bandwidthlimited, andthey achieve a throughputfar
belav thetheoreticabptimumof thetargetarchitecture.

In thefollowing, we presenanimprovedBitonic sortrou-
tinethatachievesaperformanceainby minimizingboththe
numberof instructionsto be executedin the fragmentpro-
gramandthe numberof texture operations.

4.3.3. The Sorting Pipeline

To explain ourimplementationlet us putemphasi®n some
of the characteristicef Bitonic sortwhenusedto sorta 2D
texture.As we canseefrom gure 1, aslongasthetextureis
to be sortedalongthe rows, in every passthe sameinstruc-
tions are executedfor fragmentswithin the samecolumn.
Evenmorepreciselyin thek" pass

therelative addres®r offset4 r of theelementhathasto
be compareds constant
this offsetchangesignevery 2% 1 columns

every columnsthe comparisoroperationchangess

well.

Theinformationneededn thecomparatostagesanthus
be speci ed on a pervertex basisby renderingcolumn-
alignedquad-stripscovering 2 n pixels. In this way, the
outputof the geometryunits can be directly usedas input
for the fragmentunits, thusavoiding mostof the numerical
computationsn thefragmentprogram.

In the K" passn:Zk quadsare rendered.eachcovering

a setof 2¢ columns.The constanbffset4 r is speci ed as
uniformparametem thefragmentprogram.Thesignof this
offset,whichis eitherl or -1, is issuedasvarying pervertex
attribute in the rst component(r) of oneof the texture co-
ordinatesThe comparisoroperationis issuedn thesecond
componen(s) of thattexture coordinate A lessthancom-
parisonis indicatedby 1, whereas largerthancomparison
is indicatedby -1. In asecondexturecoordinateheaddress
of the currentelementis passedo the fragmentprogram.
Thefragmentprogramin pseudaodeto performtheBitonic
sort nally lookslike this:

Row-WiseBitonic Sort

1 OPl= TEX1ry;s]

2 sign=r;<07?-1:1

4 OP2= TEX1]ro+ sign 4r;sp]

5 output=OP1lx s;< OP2x s ?0P1: OP2

We shouldnoteherethattheinterpolationof pervertex at-
tributesduring scan-comersationgenerates signvaluebe-
tweenl and-1. Consequentlyin line 2 the 1 or -1 values
mustbereconstructed.

To perform row-wise sorting of texture elements,
5!291(”) éijzl guadshave to be generatedip front. Eachset
of quadsto berenderedn onepassis storedinto a separate
displaylist. Oncethetexture hasbeensortedalongtherows,
anothertog(n) stagedhaveto beperformedIn theith stagej
additionalpassesireexecutedto merge2' consecutie rows.
Finally, row-wise sortingis performedas described Since
setsof rows arealwayssortedin ascendingorderfrom left
to right andfrom topto bottom,every othersetof 2' rowshas
to berearrangedo generate descendingequenceequired
by the Bitonic sort. This operationis implicitly realizedin
the rst passof eachstage.

As onecanseefrom gure 2, the sameapproacthof ren-
deringgeometnyin orderto passnformationfrom thegeom-
etry unitsto thefragmentunitscanbeusedin themeiging of
rows aswell. Theonly differenceis, thatquadsnow have to
betransposedb produceconstanwaluesalongrows instead
of columns.

The nal optimizationresultsfrom the obsenation that
the graphicspipeline as implementedon recentcardsis
highly optimizedfor the processingpf RGBA samplesAs
amatterof fact,we pack2 consecutie entriesin eachrow —
including sortingkey andidenti er —into onesingleRGBA
texturevalue.Thisapproachs extremelybene cial,because

¢ TheEurographic#ssociation2004.
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Figure 1: Bitonic sort of rowsof a 2D eld. In onerow, equalcolors indicateelementso be compaed. For eact elementthe

opemtionit hasto performis shownaswell.
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Figure 2: Bitonic sort of consecutiveows.Everyotherrow
is reversedand then meiged with its predecessorFinally,
ead row is sortedsepaately, producinga sortedsetof ele-
mentsin everypair of rows.

it effectively halvesthe numberof fragmentoperationghat
have to be performed.In addition, in the rst passof ev-
ery sorting stagethe secondoperanddoesnot needto be
fetchedatall. Ontheotherhand,thefragmentprogramonly
becomesslightly longer becausdhe conditional statement
now hasto be executedtwice. Justat the end of the sorting
procesds oneadditionalrenderingpassrequiredto decode
pacledtextureentriesandto rearrangegarticlepositionsand
velocitiesaccordingo thearrangementf sortingkeys.

4.4. Collision Detection

Thecollisiondetectiormodulesimultaneouslgomputegor
eachparticlean approximatesetof potentialcollision part-
ners.Only the closestoneis keptandusedasinput for the
collision responsemodule.In situationsinvolving multiple
collision,resolvingthesesventsin parallelcanleadto wrong
results.Although time-sequentiabr simultaneougprocess-
ing of collisioneventsasproposedn [Hah88 Bar89 Mir00]
yieldscorrectresults suchtechniquesrenotappropriatdor
theimplementatioron currentgraphicsarchitectures.

From the sorted2D texture, eachfragmentnow fetches
the currentparticle position,andit alsofetchesa numberof
particle positionsto theleft andto theright of this position.
Of all thesepositionsthe one closestto the currentoneis
kept, and the respectre texture coordinateis outputto an
additionaltexture rendertarget. Upon completionof colli-
siondetectiorthis targetis comprisef texture coordinates
of the closestpotentiallycolliding partnerfor every particle.

Although the presentedapproachprovides an effective
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meansfor detectingmary of the occurredcollisions, it has
someweaknessethatareworth noting. First, dependingon
the cell sizegp mary moreparticlesmay residewithin one
cell thancanbe checledfor in the fragmentprogram.Fur
thermorepecausgarticlesaresortedaccordingo cellindex
only, the closestpartnemight bethefurthestin onerow. As
amatterof fact, this partnemwill notbe detectedSecondif
colliding partnerswithin onecell arearrangedn consecutie
rowsthey cannotbedetectedThird, dueto theenumeration
of grid cellscollisionsbetweemarticlesin adjacentellscan
notbedetectedn general Fourth,dependingntheintegra-
tion time stepandthespeedf particlescollisionsthatoccur
betweersuccessie framesmight be missed.

The rst drawvback can be accountedor by letting the
size of grid cells being small enoughto only allow for a
x ed numberof particlesin eachcell. By consideringthe
samenumberof potentialpartnersn eitherrow direction,it
is guaranteedhatcollisionswithin cellsaredetected.

To overcomethelastdravbackwe essentiallysortthe set
of particlestwice.We rst build asecondsetof sortingkeys
andidenti ers from astaggeredrid asshovnin gure 3. By
selectingheclosespartnerfrom bothgrids,only thosepairs
separatetby cell facesn bothgridscannotbedetectedThe
vastmajority of collisions,however, canbe determinedand
resohed.

Figure 3: Initial (orange) and staggered (black) grid used
for particleenumeationareillustratedin 2D. For theshown
particle pairs, collisions can not be detectedn the initial
grid. Only collisionsbetweerparticlescoloredbladk will be
missedn the staggeredgrid.
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4.5. Collision Response

Theoutputof thecollision detectiormoduleis usedasinput

for the fragmentprogramthat simulatescollision reactions.
Of thepotentiallycolliding partnersdothpositionandveloc-

ity canbe accessethusproviding theinformationrequired
to computethesereactions Assumingsphere-lile particles
with a x edradius,thefragmentprogramcomputeghedis-

tancebetweerbothspheresgndtestsfor acollision. If acol-

lision is ascertainedboth particlesare bacled up in time

until the rst pointof contactis reached.

From conseration of linear momentumandenegy, nen
momentumandthusvelocity of the currentparticleis com-
puted.Sphericafigid bodiescanbe modeledaswell by us-
ing additionalcontainersfor angularmomentumand rota-
tion, andby updatingthesequantitiesaccordingto external
forcesandcollisionimpulsesUpdatedvelocitiesareusedto
displacethe currentparticle position accordingto the time
interval that wastaken for backtracking Eachfragment -
nally outputsits positionandvelocityinto therespectie tex-
tures.

4.6. Boundary Conditions

Oncethe changesn particlepositionsandvelocitiesdueto
inter-particle collisions have beencomputed particlesare
testedfor collisionswith staticpartsof the scene Sincedi-
rect collision detectionbetweenlarge particle and polygon
setsis notfeasiblein generalwe rst scan-cowerttheorigi-
nal scendnto asigneddistanceepresentatiorilhedistance
eld is storedin a 3D texture map,thusenablingthe frag-
mentprogramto determinghedistanceof particlesto scene
geometnyby interpolationin this eld.

Althoughthis approachs fairly simpleto implementand
only needsa single dependentexture operationto access
the distanceeld, for high detailedmodelsit comeswith a
signi cant overheadn texture memory On the otherhand,
the methodis well suitedfor simulatingparticle o w over
height elds. This scenarioonly requiresa 2D RGBA tex-
ture map to storesurface normal and height. Once a par
ticle falls belon the height eld, its position is resetto
po+ do=(dp+ d1) (p1 Po). In this formula, pp; p1 and
dp; d; arethepreviousandthecurrentparticlepositions and
their distancedo the surface,respectiely. At the updated
pointposition,thenormalh is interpolatecandthere ection
vectorr to modelthecollision responsés computed.

4.7. Rendering

Once particle positions have been updatedand saved in
graphicsmemory thesepositionsaresentthroughthe GPU
again to obtainimagesin the frame buffer. Therefore,up-
dated particle positions are renderedinto a vertex array
memory object, which is then processedy the geometry
enginein a x edorder Thesortingorderthathaseventually

beencomputeccanthusbe maintainedIn additionto vertex
geometryattributeslike color or texture coordinatesanbe
speci edin graphicsmemoryaswell.

By evaluatingthetime stampsof particlesin avertex pro-
gram,theinjection of particlescanbe controlledand parti-
clescanbe deletedoncetheir life time is expired. Particles
that have not yet beenborn, i.e. their time stampis larger
thanthecurrenttime step arediscardedy placingthesever
ticesoutsidetheview frustum.Oncethe particletime stamp
modulothe currenttime stepis equalto zero,all particleat-
tributesareresetthusstartinga new life cycle.

5. PerformanceEvaluation and Discussion

To verify the effectivenesof the describedparticleengine,
we investicateits throughpuin avariety of differentscenar
ios. All our experimentsvererun underWindowsXP/Linux
on a Pentium4 2.0 GHz processorrequippedwith an ATI
9800Prographicscard.

Theproposedstreanmodelfor sortingon GPUsachieves
a considerablespeedup comparedo previous approaches.
Besideaminimizing the numberof texture operationsit ex-
ploits both the computationapower of geometryandfrag-
ment processorsBy hard-codinginformation that is re-
quiredrepeatedlyin the sorting stagescomputationaload
in thefragmentunitscanbe minimized.

Let usnow analyzethe performancef the sortingroutine
by sortingdifferently sized2D texture maps.To sorta tex-
tureof sizen n,log(n?) (log(n?)+ 1)=2 renderingpasses
arerequired.In eachpasssortingkeys andidenti ers of re-
spectve operandsareaccessed;omparedandrenderedin
the table belonv, we comparedifferentimplementationsof
theBitonic sortonrecentAT| hardware(includingthecom-
putationof sortingkeys andidenti ers aswell asthe rear
rangemenbof particlecontainers)FP implementsheentire
sortin a fragmentprogram,GP/FP exploits geometryunits
to passhard-codednformationto thefragmentpprogramand
GP/FPPadkedpacksconsecutie sortingkeysandidenti ers
in onetextureelement.

Table 1: Timings (fps) for sorting 2D texture maps.

128 258 512 1024
FP 22 35 1 0.2
GP/FP 40 10 3 0.4

GP/FPPacked 148 43 10 2

We seeasigni cant performanceain dueto theproposed
optimizationschemesOverall, the ultimateimplementation
computesabout600 MPixels persecondthusalmostreach-
ing thetheoreticabptimumof thegraphicscard.Evenmore,
by restrictingthe sortingto only a few setsof consecutie
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rows we can exibly selectthe appropriateframe rate re-
quiredby theparticleengine Especiallyin animationsvhere
particlesare releasedn time-sequentiabrder this feature
enablegeal-timeanimationsyet considerablyreducingthe
numberof missedcollisions.By holdingin the samerow all
particleshatarereleasedn onetime step theseparticlescan
usuallybe sortedwithout sacri cing speed Although colli-
sionsbetweersetsof particleshaving differenttime stamps
won't be detectedaslong asthesesetsdo not mix up en-
tirely, the numberof missedcollisionwill besmall.

Next, we give timing statisticsfor therenderingof setsof
256, 512 and1024 particles. Correspondingcreershots
areshawn in the color platesbelon. We analyzethe perfor
manceof the enginewith regardto the simulationof differ-
enteffects:collisionlesgarticlemotion(E1), collisionswith
a height eld (E2), collisionlessmotion including front-to-
backsortingandrendering(E3) andfull inter-particlecolli-
sions(E4). Inter-particlecollision detectionincludessorting
alongtexturerows only, andtestinga setof 8 particlesto the
left andto theright of eachparticlein thefragmentprogram.
To compareour systemto CPU-basegbarticleengines(E5)
lists the timings for an implementatioroptimizedfor CPU
processinghatusesdata-dependerstorting (quick-sort)for
front-to-backrenderingandis thus equivalentto the GPU
experiment(E3).

Table 2: Animation timesfor large particle sets(fps).

El E2 E3 E4 E5

2566 640 155 39 133 7

512 320 96 8 31 2

1024 120 42 14 7 04

Timingsin columnE1 essentiallyshawv the throughpubf
thegeometryenginecombinedwith OpenGLSuperBufers.
Particlesarerenderedvith associatedolorsanddisabledz-
test. A considerabldossin performancecan be perceved
whenusingmemoryobje(:tssmalIerthan10242 —anindica-
tion thatthe graphicscard canhandlelarge chunksof data
muchmoreefciently .

As canbe seen,even when combiningvisibility sorting
andparticle-sceneollision detectiorwe arestill ableto run
areal-timeanimationwith about10 framespersecondor a
quarterof amillion particles Obviously, animatingamillion
particlesputssomeload on boththe geometryandthe frag-
mentsubsystemOn the otherhand, by restrictingthe sort
to texture rows, we canstill performdynamicsimulationof
this numberof particleswith someframespersecond.

6. Conclusion

In this paperwe have presentedhe rst particleenginethat
entirely runs on programmablegraphicshardware and in-
cludeseffectssuchthatinter-particlecollision andvisibility
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sorting.To fully take advantageof OpenGLmemoryobjects,
efcient GPU realizationsof algorithmsusedto perform
particle manipulationhave beendeveloped.By combining
memoryobjectswith oating-point vertex andfragmentpro-
grams,the systemenableseal-timeanimationand render
ing of particledynamics At run-time, CPU-GPUtransferis
completelyavoided.

We believe thatour work is in uential for futureresearch
in the eld of computergraphicsdue to several reasons:
First, for the rst time it hasbeenshavn thatgeometrydata
canbe createdmanipulatedand renderedon the GPU. By
combiningvertex and fragmentunits, it is now possibleto
simultaneouslyusethe GPU asnumericalnumbercruncher
andrendersener. As thisapproachallows avoidingary kind
of datatransfeetweerthe CPUandthe GPU, it will signif-
icantly speedup applicationsvherenumericalcomputation
andrenderingof large geometrydatais paramountSecond,
the particle engineas implementedallows integrating ary
physical modelthat requiresaccesgo adjacentparticlesto
updateparticledynamics.Thus,a variety of grid-lessmeth-
odsto computationasimulationof physicsbasedeffectscan
be mappedto graphicshardware. Third, becausesortingis
at the core of mary applicationsn computergraphics.e.g.
occlusionculling, globalillumination, unstructuredyrid ren-
dering,scenegraphoptimization,the ef cient implementa-
tion of asortingalgorithmon therendersener is extremely
bene cial andcanbedirectly usedto accelerate variety of
differentapplications.
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Figure4:
LEFT IMAGE: Densesnowfalling downon a landscapelncludesdetectionof groundcontact.
RIGHT IMAGES: Effectof inter-particle collision (off at thetop, on at the bottom).

Figure 5: Tracing large numbes of particlesincluding particle-scenecollision detectionand front-to-ba& sorting to model
natural phenomenaThepoint primitivescanberendeed usingany OpenGLfunctionalityavailable
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