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Abstract

We presenta systemfor real-timeanimationand renderingof large particle setsusingGPU computationand
memoryobjectsin OpenGL.Memoryobjectscan be usedboth as containers for geometrydata stored on the
graphicscard andasrendertargets,providing an effectivemeansfor themanipulationandrenderingof particle
dataon theGPU.
To fully take advantage of this mechanism,ef�cient GPU realizationsof algorithmsusedto perform particle
manipulationare essential.Our systemimplementsa versatileparticle engine, includinginter-particle collisions
andvisibility sorting. Bycombiningmemoryobjectswith �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 avoidbusbandwidthbecomingthemajorperformancebottleneck.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism

1. Intr oduction

From a conceptualpoint of view, a particleengineconsists
of asetof connectedcomponentsor modulesresponsiblefor
the creation,manipulationand renderingof particle prim-
itives [Ree83, LT93, BW97, McA00, Sim90]. In computer
graphics,particleenginesaremostcommonlyusedto gener-
atevolumetriceffectslike �re, explosions,smoke or �uids,
basedon simple physical models.More elaborateparticle
enginesare employed for physically baseddynamicssim-
ulation (e.g. SmoothedParticle Hydrodynamics[Mon88],
Boltzmannmodels[Boo90, Doo90]). Suchsystemsusually
integrateparticle-particleinteractionsaswell asmorecom-
plex physicalmodelsto describeparticledynamics.

In currentparticleengines,thedynamicsmoduleis runon
theCPU.Therenderingmodulesendsparticlepositionsand
additionalrenderingattributesto theGPUfor display. This
conventionalassignmentof functional units to processing
unitsrevealsthecapabilitiesof earlygenerationsof graphics
processors.Suchprocessorswere solely optimizedfor the
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renderingof lit, shadedand textured triangles.Nowadays,
this designis abandonedin favor of programmablefunc-
tion pipelinesthat can be accessedvia high level shading
languages[MGAK03, Mic02]. On currentGPUs,fully pro-
grammableparallelgeometryandfragmentunits areavail-
able providing powerful instructionsetsto perform arith-
metic and logical operations.In addition to computational
functionality, fragmentunitsalsoprovide anef�cient mem-
ory interfaceto server-sidedata,i.e. texturemapsandframe
buffer objects.

Both in conventionalparticleenginesandin enginesthat
exploit parallelcomputationsandmemorybandwidthonthe
GPU, updatedparticle positionshave to be transferredto
client memorybeforethey canbe usedasinput for the ge-
ometryengine.Then,bandwidthis becomingamajorperfor-
mancebottleneck,andwith theability to domoreoperations
pertime interval on theCPUor theGPU,thebandwidthre-
quiredwill grow substantially. Consequently, for high res-
olution particlesetsthe transferof thesesetsfor rendering
purposeshasto beavoided.

OpenGLmemoryobjectsandsimilarconcepts,i.e.texture
accessin vertex shadersusingPixelShader3.0,provide this
functionality. A memoryobjectis a block of datain graph-
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icsmemorythatcanbeusedsimultaneouslyasvertex buffer
andrendertarget.This mechanismallows oneto direct the
outputof a fragmentprograminto suchobjects,andto feed
the datainto the geometryengineasan arrayof vertex po-
sitionsor additionalper-vertex attributes.Consequently, the
bene�ts of fragmentsprograms,i.e. randomaccessto tex-
tures,parallelismandmemorybandwidth,canbecombined
with the ability to renderlarge setsof geometricdatafrom
graphicsmemory. In this work, we presentanef�cient real-
ization of suchmemoryobjectson the latestATI card,the
Radeon9800.

To fully take advantageof this mechanism,ef�cient GPU
realizationsof algorithmsusedto performparticlemanipula-
tion areessential.In thispaper, wepresentnovel approaches
to carryout particlesimulationin thefragmentunitsof pro-
grammablegraphicshardware. At the core of thesetech-
niques,we presentan optimizedsorting routine that is far
fasterthanpreviousapproaches.Built uponthis implemen-
tation, we have implementedinter-particlecollision detec-
tion andvisibility sorting including hundredsof thousands
of primitives. In combinationwith OpenGL memory ob-
jectswepresentthe�rst particleenginethatentirelyrunson
theGPUandincludessucheffects.This is a signi�cant ex-
tensionof previous approaches,i.e. [KvdDP03, GRLM03],
wheretheGPUwasonly exploitedto eitheraccountfor col-
lisions with implicitly de�ned surfacesor to perform the
broadphasein collision detectionbetweenpolygonalob-
jects.

The remainderof this paperis organizedas follows. In
the following, we �rst review relatedwork in the �eld of
GPU programming.In Chapter3 we introducethe concept
of OpenGLSuperBuffers,andwe describetheir realization
on recentATI cards.The useof parallel fragmentunits for
collision detectionandvisibility sortingis subjectof Chap-
ter 4. Here,we alsooutline the conceptualdesignof a par-
ticle engineon programmablegraphicshardware.In Chap-
ter5 weshow timing statisticsfor differentscenariosinclud-
ing collisionsandfront-to-backsorting.Weconcludethepa-
per with a detaileddiscussion,andwe show further results
of ourapproach.

2. RelatedWork

To take full advantageof new graphics chip technolo-
gies, considerableeffort has been spent on the develop-
ment of algorithmsamenableto the intrinsic parallelism
and ef�cient communicationon such chips. In many ex-
amples,programmableGPUshave 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 geometricdata,programmablegraphicshardwarehas
alsobeenharnessedfor therenderingof volumetricdatasets

[RSEB� 00, EKE01, KPHE02]. The accelerationof image
basedmodelingandrenderingtechniquesonGPUshasbeen
consideredfor example in [YWB03, LMS03, HMG03].
Recently, a number of researchershave demonstrated
the bene�ts of graphics hardware for the implemen-
tation of general techniques of numerical computing
[HBSL03, LKHW03, SHN03, MA03, KW03, BFGS03].

The resultsgiven in many of theseexamplesshow, that
for computeboundapplicationsaswell asfor memoryband-
width boundapplicationstheGPUhasthepotentialto out-
perform software solutions.However, this statementonly
holdsfor suchalgorithmsthat canbe compiledto a stream
program,and which then can be processedby SIMD ker-
nelsasprovidedon recentGPUs.On theotherhand,execu-
tion speedis not theonly concernwhenmappingalgorithms
to graphicshardware.Anotherconcernis to avoid any data
transferbetweentheCPUandtheGPU.As we have to deal
with increasingsceneandmodelcomplexity, bandwidthre-
quirementsbecomeanevermoreimportantissuein agraph-
ics application.By trying to keepboth the applicationpro-
gramandthe renderingmoduleon thegraphicssubsystem,
bandwidthlimitations canbe avoidedthusachieving supe-
rior frame rateseven when executionspeedis not signi�-
cantlyhigher.

3. OpenGL SuperBuffers

Our methodrelieson computingintermediateresultson the
GPU,saving theseresultsin graphicsmemory, andthenus-
ing themagain asinput to thegeometryunits to renderim-
agesin the framebuffer. This processrequiresapplication
control over the allocation and use of graphicsmemory;
intermediateresultsare“drawn” into invisible buffers, and
thesebuffersaresubsequentlyusedto presentvertex dataor
texturesto theGPU.

Our implementationexploits a feature of recent ATI
graphicshardwarethatallowsgraphicsmemoryto betreated
asa rendertarget, a texture, or vertex data.This featureis
presentedto theapplicationthroughanextensionto OpenGL
calledSuperBuffers. The interfaceallows theapplicationto
allocategraphicsmemorydirectly, andto specifyhow that
memoryis to beused.This information,in turn, is usedby
the driver to allocatememoryin a format suitablefor the
requesteduses.Whentheallocatedmemoryis boundto an
attachmentpoint (a rendertarget, texture, or vertex array),
no copying takes place.The net effect for the application
programthereforeis aseparationof raw GPUmemoryfrom
OpenGLssemanticmeaningof thedata.Thus,SuperBuffers
provide an ef�cient mechanismfor storingGPU computa-
tion resultsandlaterusingthoseresultsfor subsequentGPU
computations.
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4. GPU-basedParticle Engine

Sincewe aim at developing a particle enginethat entirely
runson theGPU,thereis a direneedto reinventmodulesof
theenginein regardto theparticulartargetarchitecture.Only
then can we expect sucha systemto achieve signi�cantly
betterperformanceratesthanasoftwaresolution.In thefol-
lowing, we describethe mostrelevant modulesresponsible
for the stateof our system.The stateis updatedon a per
time stepbasis,wherea singletime stepis comprisedof the
following events:

� Emission
� Collisionlessmotionof particles
� Sortingof particles
� Pairingof collisionpartners
� Collision response
� Enforcementof boundaryconditions
� Particlerendering

4.1. Emission

Initially, by any suitableschemeparticlepositions,r(t), are
distributedover the3D domain,andthey areencodedin the
RGB componentsof a server-side 2D RGBA texture map
of sizen � n. As particlesareusually releasedin different
time stepsof ananimation,eachgetsassigneda time stamp
that is storedin theA-componentof this texture.Thenum-
berof uniquetime stampsdependson thelife time of parti-
clesin theanimation.As we canonly usea �x ednumberof
particles,this life time effectively determinesthemaximum
numberof particlesto be releasedper time step.A second
texturecontainsfor everyparticleits currentvelocity, v(r; t).
Initially, this velocity is setto aconstantvalue.

Toperformany modi�cationsonparticleattributes,aview
planealignedquadcovering n � n fragmentsis rendered.
Both texturesareboundto that quad,thusenablinga frag-
mentprogramto accessandto modify theseattributes.Uni-
form attributesfor all particlescanbespeci�edin additional
texture coordinatesof the quad.Updatedvaluesaresimul-
taneouslyrenderedto separatetexture rendertargetsusing
theATI_draw_buffer extension.In thenext pass,these
targetsbecomethecurrentcontainersto beprocessed.

4.2. CollisionlessParticle Motion

In thecurrentimplementation,eachparticleis �rst streamed
by its displacementduring time interval dt. The displace-
mentis computedusinganEulerschemeto numericallyin-
tegratequantitiesbasedonNewtoniandynamics:

v(r;t + dt) = v(r;t) + vext (r; t) +
F
m

dt (1)

r(t + dt) = r(t) +
1
2

(v(r;t) + v(r;t + dt))dt (2)

Here vext is an external wind �eld usedto model particle
movement,F is anexternalforce,andmis theparticlemass.

The wind �eld is storedin a 3D texture,andit canthusbe
sampledin thefragmentprogramby usingparticlepositions
astexturecoordinates.

4.3. Sorting

Oncecollisionlessmotionof particleshasbeencarriedout,
theengineperformseitherof thefollowing tasks:it resolves
inter-particlecollisionsandrendersthe particlesasopaque
primitives or it sorts particlesaccordingto their distance
to the viewer andrendersthe particlesassemi-transparent
primitives.Both scenariosrely on the sorting of particles.
Therefore,a sortingkey to be consideredin the sort hasto
bespeci�ed.

In the latter scenario,the sortingkey is the distancesof
particlesto theviewer. In theformerscenario,particlespace
is assumedto be divided into the cells of a regular lattice
of meshsizeg0, andgrid cells areuniquelyenumeratedin
ascendingz-, y-, x-order. Theindex of thecell containinga
particleis associatedwith thatparticle,andit is usedfurther
onassortingkey.

4.3.1. Sorting Keysand Identi�ers

Sortingkeysarecomputedonceat thebeginningof thesort.
In asinglerenderingpass,thefragmentprogrameithercom-
putesthedistanceof particlepositionsto thevieweror it cal-
culatesthegrid cell �oating point index by x=g2

0 + y=g0 + z.
In addition, to every particle a uniqueidenti�er is associ-
ated.Sorting keys and identi�ers are renderedinto the R-
andG-componentsof a 2D texture rendertarget, which is
thensortedin row-majororder. After �nishing thesort,con-
tainersfor particle positionsand velocitiesare rearranged
accordingto thearrangementof identi�ers.

Carehasto betakenwhencomputingidenti�ers onachip
supportinglimited integeror �oating pointprecision.Recent
ATI graphicshardwareonly provides24bit internal�oating
point format.With a16bit mantissaanda7 bit exponentwe
get216 = 65536distinctvaluesin therange[2h� 1 : : :2h]. As
we wantto animatefar largerparticlesetsof up to 1 million
particles,a differentenumerationschemeneedsto bedevel-
oped.

Whenwelet theexponenth takepositivevaluesfrom 1 to
24, we get220 distinctbut not equallyspacedvalues.These
valuescanbe pre-computedon the CPU andstoredin as-
cendingrow-major order into a texture map.If we assume
220 particlesto be processedper frame, a texture of size
210 � 210 is suf�cient to serve ascontainerfor thesevalues.
To geta uniqueidenti�er for eachparticle,a fragmentpro-
gramsimply hasto look up the respective identi�ers from
thiscontainer.

At the endof the sortingprocedure,from 1D identi�ers
the initial 2D texture coordinateshave to be decodedin
order to rearrangeparticlepositionsandvelocitiesaccord-
ingly. Sincewe know thatvalueswithin consecutive setsof
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216=210 rowsareequallyspaced,for everyidenti�er weonly
needto determinein which of the 24 = 16 setsit is posi-
tioned.This is doneby successively subtractingthe range
[2i : : :2i� 1] of eachset from the identi�er until it becomes
smallerthanzero.Then,theidenti�er is containedin theith

set,anda �nal division andmodulooperationby the spac-
ing in that set times the numberof entriesper row yields
theappropriatetextureaddress.Thisaddressis usedto fetch
correspondingparticlepositionsandvelocities,whichare�-
nally outputby thefragmentprogram.

4.3.2. Bitonic Sort

To performthesortingprocedureef�ciently , we accountfor
thearchitectureof todaysgraphicsprocessors.RecentGPUs
canbethoughtof asSIMD computersin whichanumberof
processingunits simultaneouslyexecutethe sameinstruc-
tions on their own data.GPUscan also be thoughtof as
streamprocessors,which operateon datastreamsconsist-
ing of anorderedsequenceof attributedprimitiveslike ver-
ticesor fragments.Considerableeffort hasbeenspentonthe
designof sorting algorithmsamenableto the dataparallel
natureof sucharchitectures.Bitonic sort [Bat68] is oneof
thesealgorithms.Bitonic sort�rst generatesasequencenec-
essaryasinput for the�nal mergealgorithm.This sequence
is composedof two sortedsubsequences,wherethe�rst is in
ascendingandtheotherin descendingorder. Bitonic merge
�nally mergesbothsubsequencesin orderto produceaglob-
ally orderedsequence.

Purcell et al. [PDC� 03] proposedan implementationof
the Bitonic sort on a graphicsprocessor, i.e. the nVIDIA
GeForceFXgraphicsaccelerator. It wasusedto sortphotons
into aspatialdatastructure,yetproviding anef�cient search
mechanismfor GPU-basedphoton mapping.Comparator
stageswereentirelyrealizedin a fragmentprogram,includ-
ing arithmetic,logical and texture operations.The authors
report their implementationto be computelimited rather
thanbandwidthlimited, and they achieve a throughputfar
below thetheoreticaloptimumof thetargetarchitecture.

In thefollowing,wepresentanimprovedBitonic sortrou-
tinethatachievesaperformancegainby minimizingboththe
numberof instructionsto be executedin the fragmentpro-
gramandthenumberof textureoperations.

4.3.3. The Sorting Pipeline

To explainour implementation,let usputemphasisonsome
of thecharacteristicsof Bitonic sortwhenusedto sorta 2D
texture.As wecanseefrom �gure 1, aslongasthetextureis
to besortedalongtherows, in every passthesameinstruc-
tions are executedfor fragmentswithin the samecolumn.
Evenmoreprecisely, in thekth pass

� therelativeaddressor offset4 r of theelementthathasto
becomparedis constant

� thisoffsetchangessignevery2k� 1 columns

� every2k� 1 columnsthecomparisonoperationchangesas
well.

Theinformationneededin thecomparatorstagescanthus
be speci�ed on a per-vertex basis by renderingcolumn-
alignedquad-stripscovering 2k � n pixels. In this way, the
outputof the geometryunits canbe directly usedas input
for the fragmentunits, thusavoiding mostof thenumerical
computationsin thefragmentprogram.

In the kth passn=2k quadsare rendered,eachcovering
a setof 2k columns.The constantoffset 4 r is speci�ed as
uniformparameterin thefragmentprogram.Thesignof this
offset,which is either1 or -1, is issuedasvaryingper-vertex
attribute in the �rst component(r) of oneof the textureco-
ordinates.Thecomparisonoperationis issuedin thesecond
component(s) of that texture coordinate.A lessthancom-
parisonis indicatedby 1, whereasa larger thancomparison
is indicatedby -1. In asecondtexturecoordinatetheaddress
of the currentelementis passedto the fragmentprogram.
Thefragmentprogramin pseudocodeto performtheBitonic
sort�nally lookslike this:

Row-WiseBitonic Sort
1 OP1 = TEX1[r2;s2]
2 sign= r1 < 0 ? -1 : 1
4 OP2 = TEX1[r2 + sign� 4 r;s2]
5 output= OP1:x� s1 < OP2:x� s1 ?OP1: OP2

Weshouldnoteherethattheinterpolationof per-vertex at-
tributesduringscan-conversationgeneratesa signvaluebe-
tween1 and-1. Consequently, in line 2 the 1 or -1 values
mustbereconstructed.

To perform row-wise sorting of texture elements,

å
log(n)
i= 1 å i

j= 1 quadshave to be generatedup front. Eachset
of quadsto berenderedin onepassis storedinto a separate
displaylist. Oncethetexturehasbeensortedalongtherows,
anotherlog(n) stageshaveto beperformed.In theith stage,i
additionalpassesareexecutedto merge2i consecutiverows.
Finally, row-wise sorting is performedasdescribed.Since
setsof rows arealwayssortedin ascendingorderfrom left
to right andfrom topto bottom,everyothersetof 2i rowshas
to berearrangedto generateadescendingsequencerequired
by the Bitonic sort. This operationis implicitly realizedin
the�rst passof eachstage.

As onecanseefrom �gure 2, thesameapproachof ren-
deringgeometryin orderto passinformationfrom thegeom-
etryunitsto thefragmentunitscanbeusedin themergingof
rows aswell. Theonly differenceis, thatquadsnow have to
betransposedto produceconstantvaluesalongrows instead
of columns.

The �nal optimizationresultsfrom the observation that
the graphicspipeline as implementedon recent cards is
highly optimizedfor the processingof RGBA samples.As
amatterof fact,wepack2 consecutiveentriesin eachrow –
includingsortingkey andidenti�er – into onesingleRGBA
texturevalue.Thisapproachis extremelybene�cial,because
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Figure 1: Bitonic sort of rowsof a 2D �eld. In onerow, equalcolors indicateelementsto becompared.For each element,the
operation it hasto performis shownaswell.

2 3 4 5 6 7 81
2 3 4 5 6 7 81

2 3 4 5 6 7 81
8 7 6 5 4 3 2 1

2 3 4 5 6 7 81
8 7 6 5 4 3 2 1

1 2 3 41 2 3 4
88775 665

row
swap

mergerow

row
sort

Figure 2: Bitonic sort of consecutiverows.Everyotherrow
is reversedand then merged with its predecessor. Finally,
each row is sortedseparately, producinga sortedsetof ele-
mentsin everypair of rows.

it effectively halvesthenumberof fragmentoperationsthat
have to be performed.In addition, in the �rst passof ev-
ery sorting stagethe secondoperanddoesnot needto be
fetchedatall. On theotherhand,thefragmentprogramonly
becomesslightly longer becausethe conditionalstatement
now hasto beexecutedtwice. Justat theendof thesorting
processis oneadditionalrenderingpassrequiredto decode
packedtextureentriesandto rearrangeparticlepositionsand
velocitiesaccordingto thearrangementof sortingkeys.

4.4. Collision Detection

Thecollisiondetectionmodulesimultaneouslycomputesfor
eachparticleanapproximatesetof potentialcollision part-
ners.Only the closestoneis kept andusedasinput for the
collision responsemodule.In situationsinvolving multiple
collision,resolvingtheseeventsin parallelcanleadto wrong
results.Although time-sequentialor simultaneousprocess-
ingof collisioneventsasproposedin [Hah88, Bar89, Mir00]
yieldscorrectresults,suchtechniquesarenotappropriatefor
theimplementationoncurrentgraphicsarchitectures.

From the sorted2D texture, eachfragmentnow fetches
thecurrentparticleposition,andit alsofetchesa numberof
particlepositionsto theleft andto theright of this position.
Of all thesepositionsthe oneclosestto the currentone is
kept, and the respective texture coordinateis output to an
additionaltexture rendertarget. Upon completionof colli-
siondetectionthis targetis comprisedof texturecoordinates
of theclosestpotentiallycolliding partnerfor everyparticle.

Although the presentedapproachprovides an effective

meansfor detectingmany of the occurredcollisions,it has
someweaknessesthatareworth noting.First,dependingon
thecell sizeg0 many moreparticlesmay residewithin one
cell thancanbe checked for in the fragmentprogram.Fur-
thermore,becauseparticlesaresortedaccordingtocell index
only, theclosestpartnermightbethefurthestin onerow. As
a matterof fact,this partnerwill not bedetected.Second,if
colliding partnerswithin onecell arearrangedin consecutive
rowsthey cannotbedetected.Third, dueto theenumeration
of grid cellscollisionsbetweenparticlesin adjacentcellscan
notbedetectedin general.Fourth,dependingontheintegra-
tion timestepandthespeedof particles,collisionsthatoccur
betweensuccessive framesmightbemissed.

The �rst drawback can be accountedfor by letting the
size of grid cells being small enoughto only allow for a
�x ed numberof particlesin eachcell. By consideringthe
samenumberof potentialpartnersin eitherrow direction,it
is guaranteedthatcollisionswithin cellsaredetected.

To overcomethelastdrawbackwe essentiallysorttheset
of particlestwice.We �rst build asecondsetof sortingkeys
andidenti�ers from astaggeredgrid asshown in �gure 3. By
selectingtheclosestpartnerfrom bothgrids,only thosepairs
separatedby cell facesin bothgridscannotbedetected.The
vastmajority of collisions,however, canbedeterminedand
resolved.

1 2 3 4 5 6 7 8 9
1

10
2 4 5 6 7 8

9

3

Figure 3: Initial (orange) and staggered (black) grid used
for particleenumerationareillustratedin 2D.For theshown
particle pairs, collisions can not be detectedin the initial
grid. Onlycollisionsbetweenparticlescoloredblack will be
missedin thestaggeredgrid.
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4.5. Collision Response

Theoutputof thecollisiondetectionmoduleis usedasinput
for the fragmentprogramthatsimulatescollision reactions.
Of thepotentiallycolliding partnersbothpositionandveloc-
ity canbeaccessedthusproviding the informationrequired
to computethesereactions.Assumingsphere-like particles
with a �x edradius,thefragmentprogramcomputesthedis-
tancebetweenbothspheresandtestsfor acollision.If acol-
lision is ascertained,both particlesare backed up in time
until the�rst pointof contactis reached.

Fromconservationof linearmomentumandenergy, new
momentumandthusvelocity of thecurrentparticleis com-
puted.Sphericalrigid bodiescanbemodeledaswell by us-
ing additionalcontainersfor angularmomentumand rota-
tion, andby updatingthesequantitiesaccordingto external
forcesandcollision impulses.Updatedvelocitiesareusedto
displacethe currentparticlepositionaccordingto the time
interval that wastaken for backtracking.Eachfragment�-
nally outputsits positionandvelocity into therespectivetex-
tures.

4.6. Boundary Conditions

Oncethechangesin particlepositionsandvelocitiesdueto
inter-particle collisions have beencomputed,particlesare
testedfor collisionswith staticpartsof thescene.Sincedi-
rect collision detectionbetweenlarge particleandpolygon
setsis not feasiblein general,we�rst scan-convert theorigi-
nalsceneinto asigneddistancerepresentation.Thedistance
�eld is storedin a 3D texture map,thusenablingthe frag-
mentprogramto determinethedistanceof particlesto scene
geometryby interpolationin this �eld.

Althoughthis approachis fairly simpleto implementand
only needsa single dependenttexture operationto access
the distance�eld, for high detailedmodelsit comeswith a
signi�cant overheadin texturememory. On theotherhand,
the methodis well suitedfor simulatingparticle �o w over
height �elds. This scenarioonly requiresa 2D RGBA tex-
ture map to storesurfacenormal and height.Oncea par-
ticle falls below the height �eld, its position is reset to
p0 + d0=(d0 + d1) � ( p1 � p0). In this formula, p0; p1 and
d0;d1 arethepreviousandthecurrentparticlepositions,and
their distancesto the surface,respectively. At the updated
pointposition,thenormalh is interpolatedandthere�ection
vectorr to modelthecollision responseis computed.

4.7. Rendering

Once particle positions have been updatedand saved in
graphicsmemory, thesepositionsaresentthroughtheGPU
again to obtain imagesin the framebuffer. Therefore,up-
dated particle positions are renderedinto a vertex array
memoryobject, which is then processedby the geometry
enginein a �x edorder. Thesortingorderthathaseventually

beencomputedcanthusbemaintained.In additionto vertex
geometry, attributeslike color or texturecoordinatescanbe
speci�edin graphicsmemoryaswell.

By evaluatingthetimestampsof particlesin avertex pro-
gram,the injectionof particlescanbecontrolledandparti-
clescanbedeletedoncetheir life time is expired.Particles
that have not yet beenborn, i.e. their time stampis larger
thanthecurrenttimestep,arediscardedbyplacingthesever-
ticesoutsidetheview frustum.Oncetheparticletime stamp
modulothecurrenttime stepis equalto zero,all particleat-
tributesareresetthusstartinganew life cycle.

5. PerformanceEvaluation and Discussion

To verify theeffectivenessof thedescribedparticleengine,
we investigateits throughputin avarietyof differentscenar-
ios.All our experimentswererun underWindowsXP/Linux
on a Pentium4 2.0 GHz processorequippedwith an ATI
9800Prographicscard.

Theproposedstreammodelfor sortingonGPUsachieves
a considerablespeedup comparedto previous approaches.
Besidesminimizing thenumberof textureoperations,it ex-
ploits both the computationalpower of geometryandfrag-
ment processors.By hard-codinginformation that is re-
quiredrepeatedlyin the sortingstages,computationalload
in thefragmentunitscanbeminimized.

Let usnow analyzetheperformanceof thesortingroutine
by sortingdifferently sized2D texture maps.To sort a tex-
tureof sizen� n, log(n2) � (log(n2) + 1)=2 renderingpasses
arerequired.In eachpass,sortingkeys andidenti�ers of re-
spective operandsareaccessed,comparedandrendered.In
the table below, we comparedifferent implementationsof
theBitonic sorton recentATI hardware(includingthecom-
putationof sortingkeys andidenti�ers aswell as the rear-
rangementof particlecontainers):FP implementstheentire
sort in a fragmentprogram,GP/FPexploits geometryunits
to passhard-codedinformationto thefragmentprogram,and
GP/FPPackedpacksconsecutivesortingkeysandidenti�ers
in onetextureelement.

Table1: Timings (fps) for sorting 2D texturemaps.

1282 2562 5122 10242

FP 22 3.5 1 0.2

GP/FP 40 10 3 0.4

GP/FPPacked 148 43 10 2

Weseeasigni�cant performancegaindueto theproposed
optimizationschemes.Overall, theultimateimplementation
computesabout600MPixelspersecond,thusalmostreach-
ing thetheoreticaloptimumof thegraphicscard.Evenmore,
by restrictingthe sorting to only a few setsof consecutive
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rows we can �e xibly selectthe appropriateframe rate re-
quiredby theparticleengine.Especiallyin animationswhere
particlesare releasedin time-sequentialorder this feature
enablesreal-timeanimations,yet considerablyreducingthe
numberof missedcollisions.By holdingin thesamerow all
particlesthatarereleasedin onetimestep,theseparticlescan
usuallybesortedwithout sacri�cing speed.Althoughcolli-
sionsbetweensetsof particleshaving differenttime stamps
won't be detected,as long asthesesetsdo not mix up en-
tirely, thenumberof missedcollisionwill besmall.

Next, wegive timing statisticsfor therenderingof setsof
2562, 5122 and10242 particles.Correspondingscreenshots
areshown in thecolor platesbelow. We analyzetheperfor-
manceof theenginewith regardto thesimulationof differ-
enteffects:collisionlessparticlemotion(E1),collisionswith
a height �eld (E2), collisionlessmotion including front-to-
backsortingandrendering(E3) andfull inter-particlecolli-
sions(E4). Inter-particlecollisiondetectionincludessorting
alongtexturerowsonly, andtestingasetof 8 particlesto the
left andto theright of eachparticlein thefragmentprogram.
To compareoursystemto CPU-basedparticleengines,(E5)
lists the timings for an implementationoptimizedfor CPU
processingthatusesdata-dependentsorting(quick-sort)for
front-to-backrenderingand is thus equivalent to the GPU
experiment(E3).

Table2: Animation times for largeparticle sets(fps).

E1 E2 E3 E4 E5

2562 640 155 39 133 7

5122 320 96 8 31 2

10242 120 42 1.4 7 0.4

Timingsin columnE1 essentiallyshow thethroughputof
thegeometryenginecombinedwith OpenGLSuperBuffers.
Particlesarerenderedwith associatedcolorsanddisabledz-
test.A considerableloss in performancecan be perceived
whenusingmemoryobjectssmallerthan10242 – anindica-
tion that the graphicscardcanhandlelarge chunksof data
muchmoreef�ciently .

As canbe seen,even whencombiningvisibility sorting
andparticle-scenecollisiondetectionwearestill ableto run
a real-timeanimationwith about10 framespersecondfor a
quarterof amillion particles.Obviously, animatingamillion
particlesputssomeloadon boththegeometryandthefrag-
mentsubsystem.On the otherhand,by restrictingthe sort
to texturerows,we canstill performdynamicsimulationof
thisnumberof particleswith someframespersecond.

6. Conclusion

In thispaper, wehavepresentedthe�rst particleenginethat
entirely runs on programmablegraphicshardware and in-
cludeseffectssuchthat inter-particlecollision andvisibility

sorting.To fully takeadvantageof OpenGLmemoryobjects,
ef�cient GPU realizationsof algorithmsusedto perform
particle manipulationhave beendeveloped.By combining
memoryobjectswith �oating-point vertex andfragmentpro-
grams,the systemenablesreal-timeanimationandrender-
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 hasbeenshown thatgeometrydata
canbe created,manipulatedandrenderedon the GPU.By
combiningvertex andfragmentunits, it is now possibleto
simultaneouslyusetheGPUasnumericalnumbercruncher
andrenderserver. As thisapproachallowsavoidingany kind
of datatransferbetweentheCPUandtheGPU,it will signif-
icantly speedup applicationswherenumericalcomputation
andrenderingof largegeometrydatais paramount.Second,
the particle engineas implementedallows integrating any
physical model that requiresaccessto adjacentparticlesto
updateparticledynamics.Thus,a varietyof grid-lessmeth-
odsto computationalsimulationof physicsbasedeffectscan
be mappedto graphicshardware.Third, becausesorting is
at the coreof many applicationsin computergraphics,e.g.
occlusionculling,globalillumination,unstructuredgrid ren-
dering,scenegraphoptimization,the ef�cient implementa-
tion of a sortingalgorithmon therenderserver is extremely
bene�cial andcanbedirectly usedto acceleratea varietyof
differentapplications.
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Figure4:
LEFT IMAGE: Densesnowfalling downona landscape. Includesdetectionof groundcontact.
RIGHT IMAGES: Effectof inter-particlecollision (off at thetop,onat thebottom).

Figure 5: Tracing large numbers of particlesincluding particle-scenecollision detectionand front-to-back sorting to model
natural phenomena.ThepointprimitivescanberenderedusinganyOpenGLfunctionalityavailable.
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