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Abstract

Particle system#avelong beenrecanizedasan essentiabuilding block for detail-rich andlively visualerviron-
ments Currentimplementationsanhandleup to 10,000particlesin real-timesimulationsandare mostlylimited
by thetransferof particle datafromthe mainprocessoto the graphicshardware (GPU) for rendering
Thispaperintroducesa full GPU implementatiorusingfragmentshades of boththe simulationandrenderingof
a dynamically-gowing patrticle systemSud an implementatiorcanrenderup to 1 million particlesin real-time
onrecenthardware. Themassivelyparallel simulationhandlescollision detectionand reactionof particleswith
objectsfor arbitrary shape The collision detectionis basedon depthmapsthat representthe outer shapeof an
object. Thedepthmapsstore distancevaluesand normal vectos for collision reaction.Using a specialtexture-
basedndexingtedniqueto represennormalvectoss, standad 8-bit texturescanbe usedto describehecomplete
depthmapdata. Alternately several depthmapscanbe storedin one oating pointtexture.

In addition,a GPU-basedarallel sortingalgorithmis introducedthat canbe usedto performa depthsorting of

theparticlesfor correctalphablending

CatgoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.1[ComputerGraphics]:Graphicgprocessor$.3.5
[ComputerGraphics]:Boundaryrepresentations3.7 [ComputerGraphics]:Animation

1. Intr oduction

Physically correct particle systems(PS) are designedto

add essentialpropertiesto the virtual world. Over the last
decadeshey have beenestablishedisa valuabletechnique
for a variety of applications,e.g. deformableobjectslike

cloth[VSCO0] andvolumetriceffects[Har03.

DynamicPShave beenintroducedby [Ree83 in thecon-
text of the motionpictureStarTrek Il. Reevesdescribedba-
sic motion operationsandbasicdatarepresenting particle
- bothhave notbeenalteredmuchsince . An implementation
on parallel processor®f a supercomputerhasbeendone
by [Sim9Q. [Sim9J and[McA0Q] describemary of theve-
locity andpositionoperationf the motion simulationalso
usedin our PS.

Real-timePSareoftenlimited by the Il rateor the CPU
to graphicshardware(GPU) communicationThe Il rateis
often a limiting factorwhenthereis a high overdrav due
to relatively large particlegeometriesUsinga large number
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of smallerparticlesdecreasethe overdrav andthe Il rate
limitation loosesmportanceThe bandwidthlimitation now
dominateghe system.Sharingthe graphicsbus with mary
otherrenderingtasksallows CPU-basedSto achieve only
up to 10,000particlesper framein typical real-timeappli-
cations.A muchlarger numberof particlescanbe usedby
minimizingtheamountof communicatiorof particledataby
integratingsimulationandrenderingon the GPU.

StatelessPS, i.e. all particle datacan be computedby
closedform functionsbasedon a setof startvaluesandthe
currenttime, have beenimplementedusing vertex shaders
(cf. [NVIO03]). However, state-preservin@S canutilize nu-
merical,iterative integrationmethodsto computethe parti-
cle datafrom previous valuesanda dynamicallychanging
ervironment. They canbe usedin a muchwider rangeof
applications.

While collisionreactionfor particlesis afairly simpleap-
plication of Newtonian physics, collision detectioncan be
arathercomple taskw.r.t. the geometricrepresentationf
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the collider object.[LG98] gives a good overviewv on col-
lision detectiontechniquedor modelsrepresente@sCSG,
polygonal,parametricor implicit surfaces.Therearethree
basicimage-basechardware acceleratedpproacheso col-
lision detectionbasecn depthbuffers,stencilbuffersor oc-
clusionculling. However, all thesetechniquesisethe GPU
to generatespatialinformation which hasto be readback
from the GPUto the CPUfor furthercollision processing.

The techniquepresentedn this paperusesthe “stream
processing”’paradigm,e.g. [PBMHO0Z, to implementPS
simulation,collision detectionandrenderingcompletelyon
the fragmentprocessarThus a large numberof particles
can be simulatedusing the state-preservingpproachThe
collision detectionis basedon an implicit, image based
object boundaryrepresentationusing a sequencef depth
mapssimilarto [KJ01]. Severalapproachearepresentedo
storeone,two or six depthmapsin a singletexture. Storing
the normalvectorsfor collision reactionis realizedusinga
texture-basecdhormalindexing technique.

Theremainderof this paperis organizedasfollows. Sec-
tion 2 givesanoverview overworksrelatecdto thispaperThe
GPUbasedsimulationfor largeparticlesystemss described
in section3. Collision detectionon the GPU is discussedn
section4. Resultsand conclusionsare givenin sectionsb
and6 respectiely.

2. Prior work

Thissectiondescribegrior worksrelatedo particlesystems
(PS)andtheirimplementatiorusinggraphicshardware(sec-
tion 2.1). Additionally, we brie y discusscollision detection
approachegsection2.2), techniqueso generatémplicit rep-

resentation$or polygonalobjects(section2.3) andthecom-

pressiorof normalvectors(section2.4).

2.1. Statelesarticle systems

SomePShave beenmplementedvith vertex shadersn pro-
grammableGPUS[NVI03]. However, thesePSarestateless,
e.g.they do not storethe currentpositionsof the particles.
To determinea particle's positiona closedform functionfor
computingthe currentpositiononly from initial valuesand
the currenttime is neededAs a consequenceuchPScan
hardlyreactto a dynamicallychangingenvironment.

Particle attributesbesidesvelocity and position, e.g. the
particle’s orientation sizeandtexturecoordinateshave gen-
erally much simpler computationrules, e.g. they might be
calculatedrom a startvalueanda constanfactorof change
overtime.

Sofartherehave beemostate-preservingarticlesystems
fully implementedn the GPU.

2.2. Collision detectiontechniques

The eld of collisiondetectioris oneof themostactivein re-
centyearsLin andGottschal LG98] give agoodoverviev
onvariouscollisiondetectiortechniquesndawide rangeof
applicationse.g. gamedevelopment,virtual ervironments,
roboticsandengineeringsimulation.

There are three basic hardware acceleratecapproaches
basedndepthbuffers,stencilbuffersandocclusionculling.
All approachesireimagebasedandthustheir accuray is
limited dueto thediscretegeometryrepresentation.

Stencil buffer and depth buffer basedapproachedike
[BWO03, HZLMO02, KOLMO02] usethe graphicshardwareto
generateproximity, collision or penetrationinformation.
This datahasto be readbackto the CPU to perform col-
lision detectionandreaction.Usually, thesetechniquesise
the graphicshardware to detectpairs of objectswhich are
potentiallycolliding. This processnay be organizedhierar
chically to geteithermoredetailedinformationor to reduce
the potentiallycolliding objectson a coarseiscale.

Govindaraju et.al. [GRLMO3] utilize hardware accel-
erated occlusion queries. This minimizes the bandwidth
neededor theread-backrom the GPU.Again, thecollision
reactionis computednthe CPU.

2.3. Implicit representationof polygonal objects

Implicit representationsf polygonal objectshave advan-
tagesin the context of collision detection sincethe distance
of ary 3D-pointis directly givenby the valueof theimplicit

modelrepresentatiorthe so-calleddistance-map

Nooruddin and Turk [NT99, NTO3] introduceda tech-
nigueto corvert a polygonalmodelin animplicit one us-
ing a scanlinecorversionalgorithm. They usethe implicit
representatioto modify the objectwith 3D morphological
operators.

Kolb andJohn[KJO1] build uponNooruddinand Turk's
algorithmusinggraphicshardware.They remove mesharti-
factslik e holesandgapsor visually unimportantportionsof
objectslike nestedbr overlappingparts.This techniquegen-
eratesan approximatedistancemap of a polygonalmodel,
whichis exactontheobjectssurfacew.r.t. to thevisibility of
objectpointsandtheresolutionof the depthbuffer.

2.4. Compressionof normal vectors

For collision reaction,an ef cient way to storean objects
normal,i.e. the collision normal,at a particularpointon the
objects surfaceis neededDeering[Dee9) notes,thatan-
gular differencesbelov 0:01 radians,yielding some 100k
normal vectors,are not visually recognizablén rendering.
Deeringintroducesa normal encodingtechniquewhich re-
quiresseveraltrigpnometricfunctioncalls pernormal.

In our context we needa normalrepresentatiotechnique

¢ TheEurographic#ssociation2004.



A.Kolb, L. Lattaand C.Rezk-SalaméHardware-basedsimulationand Collision Detectionfor Large Particle Systems

which is spaceandtime ef cient. Possibledecodingof the
vectorcomponentsnustbe ascheapas possible while the
encodedlatamustbeef ciently storedin textures.

Normal mapsstorenormalvectorsexplicitly andarenot
spaceef cient. Applying anoptional DXT-compressiome-
sultsin severequantizatiorartifacts(cf. [ATI03]).

Spheremaps,cubemapsandparabolicmaps,commonly
usedto represenéervironmentainformation,maybeusedto
storenormalvectors.Spheremapsheaily dependon aspe-
ci ¢ viewing direction.Cubemapsbuild upona 3D-inde,
i.e.apointpositionin 3-spaceParabolicmapsneedtwo tex-
turesto represent whole sphere. Additionally, they only
utilize theinscribedcircle of thetexture.

2.5. Other relatedworks

Green[Gre03 describesa cloth simulation using simple
grid-alignedparticle physics, but doesnot discussgeneric
particle systems'problems,like allocation, renderingand
sortingof PS.The photonmappingalgorithmdescribedoy

Purcellet.al.[PDC 03] usesa sorting algorithm similar to

the odd-e/en meige sort presentedn section3.3.3 How-

ever, their algorithmdoesnot shav the necessarproperties
to exploit the high frame-to-framecoherencef the particle
systemsimulation.

3. Particle simulation on Graphics Hardware

The following sectionsdescribethe algorithm of a state-
preservingparticle systemon a GPU in detail. After a brief
overview (section3.1), thestoraggsection3.2) andthenthe
processingf particlesis describedqsection3.3).

3.1. Algorithm Overview
Theparticlesimulationconsistf six basicsteps:

. Procesdirth anddeath

. Updatevelocities

. Updatepositions

. Sortfor alphablending(optional)

. Transfertexturedatato vertex data
. Renderparticles

OO0 hA WN P

The state-preservingarticle systemstoresthe velocities
and positions(step 2. and 3.) of all particlesin textures,
which arealsorendertamgets.In onerenderingpassthe tex-
ture with particlevelocitiesis updated performinga single
time stepof aniterative integration.Hereacceleratioriorces
andcollisionreactionsareapplied.A secondenderingpass
updateghe positiontexturesin a similar way, usingthe ve-
locity texture.Dependingontheintegrationmethodit is pos-
sible to skip the velocity updatepass.anddirectly integrate
the positionfrom accelerationgcf. section3.3.2.
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Optionally, in step4. the particle positionscanbe sorted
dependingon the viewer distanceto avoid renderingar
tifacts. The sorting performs several additional rendering
passe®n texturesthat containthe particle-viever distance
andareferencdo the particleitself.

Thenthe particle positionsaretransferredrom the posi-
tion textureto a vertex buffer andthe particlesarerendered
aspointsprites trianglesor quads.

3.2. Particle data storage

Thepositionsandvelocitiesof all active particlesarestored

in oating point texturesusingthe threecolor components
asx, y andz coordinatesThe textureitself is alsoa render
tamget,soit canbe updatedwith the computedpositionsand

velocities.Sinceatexturecannotbeusedasinputandoutput

atthesametime, we usea pair of thesetexturesandadouble

bufferingtechniqugcf. gure 1). Dependingontheintegra-

tion algorithmtheexplicit storageof thevelocity texturecan

beomitted(cf. section3.3.2.

Otherparticleattributeslike massprientation size,color,
andopacityaretypically staticor canbe computedusinga
simplestateles@pproach(cf. section2.1). To minimizethe
uploadof static attribute parametersve introducepatrticle
types.Thusthe simulationof theseattributesusesone fur-
thertextureto storethetime of birth anda referenceo the
particletypefor eachparticle(cf. gure 1). To modelmore
comple attribute behaior, simple key-frameinterpolation
overtheageof the particlecanbe applied.

Position <
texture double

buffer

«>
double
buffer

Velocity
texture

Static info

per particle: '
time of birth (mb),

particle type (pt) ...

Figure 1: Data storage usingdoublebufferedtextures

3.3. Simulation and rendering algorithm
3.3.1. Procesdirth and death

Assuminga varying numberof short-living particles,the
particle systemmustbe ableto processhe birth of a new
particle (allocation) and the deathof a particle (dealloca-
tion).

Sinceallocationproblemsare serial by nature,this can-
notbe doneef ciently with a data-paralleblgorithmonthe
GPU.Thereforeanavailableparticleindex is determinecbn
the CPUusingeitherastack lled with all availableindices
or a heapdatastructurethatis optimizedto always return
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thesmallestvailableindex. Theheapdatastructureguaran-
teesthatparticlesin useremainpacledin the rst portionof
the textures. The following simulationand renderingsteps
only needto updatethat portion of data,then. The initial
particle datais determinedon the CPU and can usecom-
plex algorithms e.g.probabilitydistributions(cf. McAllister
[McAO0Q]).

A particle’s deathis processedhdependentlynthe CPU
andGPU.TheCPUregistersthedeathof aparticleandadds
thefreedindex to the allocator The GPUdoesanextra pass
to determinethe deathof a particle by the time of birth
andthe computedage. The deadparticle’s positionis sim-
ply movedto invisible areasAs particlesat the endof their
lifetime usuallyfadeout or fall out of visible areasaryway,
theextraclean-uppassrarelyneedso bedone.

3.3.2. Update velocitiesand position

Updatinga particle's velocity and positionis basedon the
Newtonianlaws of motion. The actualsimulationis imple-
mentedn afragmentshaderTheshadeis executedor each
pixel of the rendertarget by renderinga screen-sizedguad.
Thedoublebuffer texturesarealternatelyusedasrendertar

getandasinput datastream,containingthe velocitiesand
positionsfrom the previoustime step.

Thereareseveral operationghat canbe usedto manipu-
latethevelocity (cf. [Sim9Q and[McAO0Q] for moredetails):
globalforces(e.g.gravity, wind), local forces(attraction re-
pulsion), velocity dampeningand collision responsesi-or
our GPU-basegarticle systemtheseoperationsneedto be
parameterizegtia fragmentshaderconstants.

A comple localforcecanbeappliedby mappingthe par
ticle positioninto a 2D or 3D texture containing ow ve-
locity vectorsy 4. Stoke's law is usedto derive adragging
force:

Fow=6phr(¥j 1 vow)

whereh is the o w viscosity r the particleradiusandv; 1
theparticle's previousvelocity.

The new velocityv; and position P is derived from the
accumulatedylobal and local forcesF using simple Euler
integration.

Alternatively, Verletintegration(cf. [Ver67) canbe used
to avoid the explicit storageof the velocity by utilizing the
positioninformationP; ,. The greatadwantageis that this
techniguereducesmemory consumptionand removes the
velocity updaterenderingpass.

Verletintegration usesa positionupdaterule basedonly
ontheacceleration:

Pi=2P 1 P p+alf

Using Euler integration, collision reactionis basedon a
changeof theparticle's velocity. Splitting thevelocity vector

¥ into anormalcomponemfi? andatangentialcomponent

vik thevelocity afterthe collision canbe computedapplying
friction n andresiliencee:

vi= (1 v e’

To avoid velocitiesfrom slowing down closeto zero thefric-
tion slow-down shouldnot be appliedif the overall velocity
is smallerthanagiventhreshold.

Having collider with sharpedges.e.g.a height eld, or
two colliderscloseto eachother thecollision reactionmight
pushparticlesinto a collider. In this casea caughtparticle
oughtto be pushedutin the next simulationstep.

To handlethis situation, the collision detectionis done
twice, oncewith the previous and oncewith the expected
positionP; basedn velocityv; . This allows differentiating
betweerparticlesthatareaboutto collide andthosehaving
alreadypenetratedcf. gure 2). Thelatter mustbe pushed
in directionof the shortestway out of the collider. This di-
rection can be guessedrom the normal componenbf the
velocity:

if 4 A 0 (headingoutside)

v =
' ? if v A <0 (headingnside)

Pi 2
g

Figure 2: Particle collision: a) Reactiorbefole penetation;
b) Doublecollisionwith caughtparticle and push-bak.

Verlet integration cannotdirectly handlecollision reac-
tionsin the way discussedabove. Here position manipula-
tions are requiredto implicitly changethe velocity in the
following frames.

3.3.3. Sorting

If particlesareblendedusinga non-commutatie blending
mode,a depth-basedortingshouldbe appliedto avoid arti-
facts.

A particle systemon the GPU can be sortedquite ef -
ciently with the parallelsortingalgorithm"odd-evzen memge
sort" (cf. Batcher[Bat6g). Its runtime compleity is inde-
pendenbf the datas sortednessThus,a checkwhetherall
datais alreadyin sequencaloesnot needto be performed
ontheGPU,whichwould beratherinef cient. Additionally,
with eachiterationthe sortednesaever decreases hus,us-
ing the high frame-to-framecoherencef the particleorder
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the whole sortingsequencean be distributed over 20 - 50
frames.This, of courseeadsto anapproximatedepthsort-
ednesswhich, in our examples,doesnot yield ary visual
artifacts.

The basicprinciple of odd-ezen mege sortis to divide
the datainto two halves,to sorttheseandthento memgethe
two halves.The algorithmis commonlywritten recursvely,
but a closerlook at the resultingsortingnetwork revealsits
parallelnature Figure3 shawvs the sortingnetwork for eight
values.Several consecutie comparisonsireindependentf
eachotherandcanbegroupedor parallelexecution(vertical
linesin gure 3).

% ¢

t 1
1 1 l
o

(S Y N S |
N
>
>
>

Figure 3: Odd-Evensorting networkfor eight values;ar-
rowsmarkcomparisorpairs.

Thesortingrequiress login+ $log,n passesyherenis
the numberof elementgo sort. For a 1024 1024 texture
this leadsto 210 renderingpassesRunningall 210 passes
eachframeis fartoo expensve, but spreadinghewholesort-
ing sequencever 50 frames,i.e. 1 - 2 secondsteducegshe
workloadto 4 5 passegachframe.

The sortingalgorithmrequiresan additionaltexture con-
tainingtheparticle-viever distanceThedistancen this tex-
tureis updatedhfterthepositionsimulation After sortingthe
renderingsteplooks up the particle attributesvia the index
in thistexture.

3.3.4. Render particles

The copying of positiondatafrom a texture to vertex data
is anupcominghardwarefeaturein PC GPUs.DirectX and
OpenGLoffer the vertex texturestechnique(vertex shader
3.0rsp.ARB_vertex_shader  extension).Unfortunately
thereis no hardwaresupportinghis featureat the moment.

Alternatively "Uberbuffers" (alsocalledsuperbuffers; cf.
[Per03) can be used.This functionality is already avail-
ablein currentGPUs,but up to now it is only supported
by the OpenGLAPI. The currentimplementatiorusesthe
vendorspeci ¢ NV_pixel_data_range extension(cf.
[NVI04]).

Thetransferredvertex positionsare usedto renderprim-
itivesto the frame buffer. In orderto reducethe workload
of the vertex unit, particlesare currently renderedas point
spritesinsteadof as trianglesor quads.The disadwantage
thoughis that particlesare always axis-aligned.To allow a
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2D-rotation texture coordinatesretransformedn thefrag-
mentshader

4. Collision detection

In this sectionwe describethe implicit objectrepresenta-
tion usedfor collision detection(section4.1). Furthermore,
thenormalindexing technique(section4.2) andvariousap-

proacheso representiepthmapsin texturesareintroduced
(sectiord4.3).

4.1. Implicit modelrepresentation

We useanimage-basetechniquesimilarto [KJO1] to repre-
sentanobjectsouterboundaryby asetof depthmaps.These
depthmapscontainthedistancdo theobjectsboundaryand
the surfacenormalattherelevantobjectpoint.

formation:

1. distancedist(x;y) to the collider objectin projectiondi-
rectionfor eachpixel (x;y)

2. normalvectorii(x;y) attherelevantobjectsurfacepoint

3. transformationmatrix Toci pc mappingfrom collider
objectcoordinatego depthmapcoordinatesi.e. the co-
ordinatesystemin which the projectionwasperformed

4. Zscqe Scalingvaluein z-directionto compensatéor pos-
siblescalingperformedby Toci pc

The objects interior is assignedvith negative distanceval-
ues.Assumingwe look from outsideontothe objectandor-
thographicprojectionis used,the distancevalue f (P) for a
point P is computediusingthetransformatiooc: pc:

f(P) = zscae distp;p)) BY ; (1)
whereP°= (p% p); p9)" = Tocr pcP
Toct pc usuallyalsocontainsthe transformatiorto texture

coordinatesThusfetchingthe depthvaluedist(pg; pf) is a
simpletexturelookupat coordinateg p2; pf).

Taking several depthmapsinto accountthe mostappro-
priatedepthfor point P hasto bedeterminedThefollowing
de nition guaranteeshat P is outsideof the collider if at
leastonedepthmaphasrecognized to be exterior:

max fi(P)g if fj(P) < 08i

TP)= inf f.(P) « f(P)> 0g else

where fj(P) denotesthe signeddistancevalue w.r.t. depth
mapDM,;.

be computedteratively:

(f(P) < 0™ fi(P) > f(P))

- (6(P)> 0r (P < 1) ) P

fi(P) (2

wheref(P) is initially setto alarge negative value,i.e. P is
placed‘farinside” thecollider.
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If P9= Tocr peP liesoutsidetheview volumefor thecur-
rentdepthmapor the texture lookup dist( p2; pS) resultsin
the initial backgroundvalue, e.g. no distanceto the object
canbe computedthis valuemay be ignoredasinvalid vote
Alternatively, if theview volumeencloseshe completecol-
lider object, the invalid votescan be declaredas “far out-
side”. To avoid erroneousiatadueto clampingof (pQ; pg)
we simply keepa one pixel borderin the depthmap un-
changedvith backgroundraluesto indicateaninvalid vote.

A fragmentshadercomputeghe distanceusingrule (2)
andappliesacollisionreactionwhenthe nal f(P) distance
is negative.

Note, that this approachmay have problemswith small
object detailsin caseof an insufcient buffer resolution.
Problemscan also be causedby local surface concaities.
In mary casestheselocal concaities canbe reconstructed
with properly placeddepthmap view volumes(cf. section
5).

4.2. Quantization and indexing of normal vectors

Explicitly storing normal vectors using 8;16 or 32 bit
per componenis sufcient within certainerror bound(cf.
[ATI03]). Sincewe storeunit vectors,mostof the used3-
spaceemainaunusedthough.Thedepthmaprepresentation
requiresa techniquewhich allows the retrieval of normal
vectorsusing a space-andtime efcient indexing method.
Indicesmustbe encodedn depthmapsandthe reconstruc-
tion of the normal vectorin the fragmentshadermust be
ef cient.

The normalrepresentationyhich is implementedoy in-
dexing into a normalindex texture, shouldhave the follow-
ing properties:

1. the completecoordinatespace[0; 1] of a singletexture
isused

2. decodingandideally encodings time ef cient

3. samplingof thedirectionalspaces asregularaspossible

Figure 4: Theeightoctantsof the L, -parametrization(left),
the octahedon after applyingl; (middle)andthe sampling
of theunit sphee (right).

Cubemapscan not be used,sincethe index to look-up
thefunctionvalueis alreadyavectorwith threecomponents.
Spheramapscommonlyusedasre ection mapsheaily de-
pendonaspeci c direction,e.g.theviewing directionfor the

re ection computation.On the other hand,parabolicmaps
shav a very uniform parameterizatiorof the hemi-sphere
(cf. Heidrichand Seidel[HS99), but two of thesetextures
areneededo spanthewholesphere.

We proposehefollowing mappingwhichis basednthe
Li-normt kvky = jvyj + jvgj + jv4:

80 1
S
%E‘@ t K s+ 1
(sty=_o* 191U 3

gL X i g+ > 1

149 jtj
wheres;t 2 [ 1;1]. 1y maps(s;t) 2 [ 1;1]2 ontotheLs-unit
spherej.e.theunitoctahedrorfcf. gure 4). Applying anad-
ditional af ne transformationye geta continuousmapping
of the standardexture-spacés;t) 2 [0;1]2 ontothe octahe-
dron. The resolutionof the texture-spacenaturally implies
theresolutionof thespherej.e. thenormalspace.

g sgr(s)(1  jtj)

It shouldbe pointedout, thatthe L1-parametrizatiompro-
posedabore caneasilybe usedto represenary directional
data,e.g.re ection maps.

4.3. Depth map representation

Ideally, we want to encodeas mary depthvaluesandnor-
mal vectorsas possibleinto a single texture, thus keeping
the amountof datato be transferecandkeptin the graphics
hardwarememoryassmallaspossible.

Throughouburexperimentsye have investigatedthefol-
lowing depthmapformats:

Floating point depth map

Thesimplest,but moststoragenefent variantusesa oat-
ing point textureto storethe surfacenormalsuncompressed
in the R; G; B-componentsndthe alpha-channeb hold the
distancevalue.

8-bit xed point depth map

This variant usesa standardRGBA-texture with 8 bit per
component.Here the R; G-componentscontain the index
into the normaltexture, whereasG; A storethe depthvalue,
thushaving adepth-resolutiof 16-bit x edpoint. Thenor-
mal index texture with resolution256 256 is build using
the L;-parametrizatiortechniquedescribedin section4.2
The RGB.component®f this texture storethe normalvec-
tors,which arelookedup usingtheindex storedin the depth
map.

16-bit oating point depth map (fr ont-back)

Combining orthographic projection with depth compare
function LESS generates front depthmap. Naturally the
depth map taking the inverse z-direction (depth compare
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Figure 5: Sampleapplications:“b unnyin thesnow” (left) and“Venus-fountain”(middleandright)

function GREATERIs a usefull bak depth map counter
part. We can easily represenboth of thesedepthmapsin
one16-bit texture. Herethe R; G componentstorethe nor
mal texture indices,wheretwo 8 bit indicesarepacledinto
a single 16-bit oat. The B; A componentstorethe depth
valuefor thefront andbackmaprespectiely.

8-bit xed point cubic depth maps(“depth cube”)
Anothervariantis to usecubemapsto representiepthmaps.
In this caseperspectie projectionw.r.t. the view volume
centeris applied.The depthmaprepresentatiors analogto
the8-hit x edpointvariant.

Generally the differenttypesof depthmapscanbe com-
binedfor collisiondetectiorwithin asinglefragmentshader
in orderto utilize theadvantage®f thevarioustypesfor the
speci ¢ collider object(cf. section5.2).

The depth cube variant uses perspectie projection,
whereaghe othervariantsuseorthographigrojectiononly.
Using perspectie projectionduring the depthmap genera-
tion distortsthe z-values.To avoid this, the verticesof the
collider objectarepasseadv.r.t. thenormalizedview volume
[ 1;1)® to thefragmentshaderThe shadesimply usesthis
informationto computethe depthvaluesdist(x;y) relativeto
the centerof theview volume.

To computethe distancevalue for a point P 2 R3 w.r.t.
the depth cube, the transformationToci pc in depthmap
coordinateqcf. section4.1) doesnot containthe perspec-
tiveprojection.Toci pc transformsnto thenormalizedview
volume[ 1;1]° only, thuspicking the correspondinglepth
valueis justacubemaptexturelookup

dist(p%; p%; p9); P°= Toci pcP
Thedistancevaluefor apointP 2 R3 is computedas

1 0 0

dist( p%; p0: S Px
dSPEAPD @ A L pO- T, ooP

kP% by

S Pz
wheresy; sy; s; arethe scalingfactorsfrom the normalized
view volume[ 1;1]2 to the view volume’s extendsin col-

lider objectcoordinates.

f(P)= 1
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The placemenbf the depthcubew.r.t. the collider object
speci es the depthcomparefunction for the generationof
thedepthmaps.In the default situation,wheretheview vol-
ume's centeris outsidethe object,the depthcomparefunc-
tion LESSis used.Otherwisejf thecenteris insidethe col-
lider object, GREATERSs appliedandthe fragmentshader
which computeghedistancehasto negatethedistancevalue
(cf. equationl).

5. Results

Several testshave beenmadewith differentsetupsfor the
particlesysteme.g.numberof particles sorting,complexity
of collider etc. We discussthe generalparticle system(PS)
issuesn section5.1 anddescribedifferentaspectn colli-
siondectionin section5.2 Section5.3givessomehardware
aspects.

Thepresentegarticlesystemwasimplementedn Cgand
testedon NVIDIA Geforce FX 5900 XT graphicshardware,
whichrepresentthe rst generatiorof oating-point GPUSs.

5.1. Particle simulation

Using a positiontexture of size1024 1024,our PSis ca-
pableof simultaneouslyenderingandupdatinga maximum
of 1 million particlesat about10 framesper second.This
implementatiorusesEulerintegration,point spritesfor ren-
dering,no depthsortingandno collision detection.

In a typical applicationa particle texture of size 512
512 canbe renderedn real-time (about15 fps) including
depthsorting (5 passeger frame) and collision detection
(one depthcube).Performancaneasuremenfor the fully-
featuredcollision detectionis given in the next section.
Following the cleartrendtowardsincreasingparallelism,a
signi cant performancesnhancemernits expectedwith the
forthcomingsecondyeneratiorof oating-point GPUs.

Figure5 shavs two sampleapplicationsusing a quarter
million particles.In example“bunry in thesnov” eachpar
ticle is renderecasasnav ak e, i.e.the particlesvelocity is
setto zeroaftera collision hasbeendetectedThe collision
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Figure 6: Misualization of the implicit torii model(top row) and the implicit bunny model (bottomrow) along slices: In-
terior/exterior classi cation (left) and approximatedistancemap plotting absolutedistancevalues(right). Additionally, the

wireframemodelis rendeed.

detectiorusesonedepthcubeandone16-bitfront-backtex-
ture.Thesimulationusesdepthsortingandrunswith 15fps.
The secondexample,the “Venusfountain”, also simulates
512 particles.The implicit objectboundaryis represented
using three 16-bit front-back textures and one 8-bit x ed
pointtexture. This examplesrunswith 10 fps.

5.2. Depth map basedcollision detection

Themaindifferencebetweertheabore presentediepthmap
formatslies in the numberof depthmapsusedandin the
projectiontype. In situations,where collisions occur only
from onedirectionandthe collider objecthasa rathersim-
ple shapeasingle8-bit x edpointdepthmapmayresultin
aproperinterior/eterior classi cation.|f thereis norestric-
tion to the potentialcollision direction,thecompletecollider
objecthasto be reconstructedHere, eitheronedepthcube
or threeorthogonall6-bit front-backtexturesareused Con-
cave regionsmay have to be treatedusing additionaldepth
maps.

Concerningdistancevalues,depth cubeswork well for
sphere-lile collider objects(cf. gure 6). If the modelhas
mary concaities, is stronglytwistedor is partly nestedthe
reconstructiorof the distancevaluesbasedon depthmaps
leadsonly to coarseapproximations.

In our experimentswe usesix to 15 depthmapsto rep-
resenthecollider objectboundarywithoutrestrictionto the
potentialcollision direction. Testinga quartermillion parti-
clesfor collision takes7;9 and 12 msusingthe 8-bit x ed,
thedepthcubeor the 16-bit front-backformatrespectiely.

We mainly madeexperimentswith rigid objects thusper
forming the depthmap generationn a preprocessingtep.

Sometestshave beenmadewith deformableobjectsforcing
the depthmap generatiorto be part of the simulationpro-
cess.The generatiorof a completedepthmap format with
resolution5122 takes about11;17 and 26 ms usingthe 8-
bit x ed, 16-bit front-backor the depthcubeformatrespec-
tively. Thus deformableobjectsshouldbe appliedonly in
combinatiorwith asmallnumberof depthmapsor particles.

Figure6 visualizesthe depthmapsfor two models:Two
torii andthe Stanfordbunry. Thetorii arereconstructedis-
ing two depthcubesandtwo 16-bit front-backtextures,giv-
ing 16 depthmapsin total. The bunry is capturedusingone
depthcubeandonel6-bitfront-backtextures,giving 8 depth
mapsin total.

5.3. Hardware aspects

We useastandarchormalindex texturewith resolutior2562.
Eventhoughthe L;-parametrizationvould allow ary appli-
cation speci ¢ resolution,the handlingof n bit integersor
oats in the graphicshardwareis hardly possible Currently
we useNVIDIA's pack/unpacKunctionality which allows
the packingof four bytesin one 32-bit oat, for example.
We would highly appreciatanorefunctionality of this kind,
e.g.to packb; 5; 6-bitsin a 16-bit oat.

Additionally, improvedintegerarithmeticandmoduloop-
eratorswould simplify theimplementatiorof variousshader
functionality, e.g.the parallelsorting.

6. Conclusionsand futur e work

A fully GPU basedapproachto realizethe simulationand
collision detectionfor large particle systemgPS)hasbeen

¢ TheEurographic#ssociation2004.
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introduced.The simulationof PSis basedon the “stream
processing’paradigm,using texturesto representall data
necessaryo implementa state-preservingS and collison
detectionusingfragmentshadersThe collision detectionis

basedon depthmaps.Theseare usedto reconstructanim-

plicit model of the collider objectsat the time of collision
detectiorfor particles A novel techniqueto representlirec-
tional datawasintroducedandappliedto storenormalvec-
tors usingan indexing technique Whenrenderingthe PSa
parallel sorting algorithm can be appliedto keepa proper
particleorderfor non-commutatie blendingmodes.

The proposed.;-parametrizatiorshouldbe investicated
further, especiallyits applicability to represendirectional
data, e.g. re ection maps.Additionally, investigations to-
wards GPU basedcollision detectionusing polygons or
morecomplex objectsinsteadof particlesshouldbe made.
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