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Abstract
Particle systemshavelongbeenrecognizedasanessentialbuilding block for detail-rich andlively visualenviron-
ments.Currentimplementationscanhandleup to 10,000particlesin real-timesimulationsandaremostlylimited
by thetransferof particledatafromthemainprocessorto thegraphicshardware (GPU) for rendering.
Thispaperintroducesa full GPU implementationusingfragmentshadersof boththesimulationandrenderingof
a dynamically-growingparticle system.Such an implementationcanrenderup to 1 million particlesin real-time
on recenthardware. Themassivelyparallel simulationhandlescollision detectionandreactionof particleswith
objectsfor arbitrary shape. Thecollision detectionis basedon depthmapsthat representtheoutershapeof an
object.Thedepthmapsstore distancevaluesandnormalvectors for collision reaction.Usinga specialtexture-
basedindexingtechniqueto representnormalvectors,standard 8-bit texturescanbeusedto describethecomplete
depthmapdata.Alternately, several depthmapscanbestoredin one�oating point texture.
In addition,a GPU-basedparallel sortingalgorithmis introducedthat canbeusedto performa depthsortingof
theparticlesfor correctalphablending.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:GraphicsprocessorsI.3.5
[ComputerGraphics]:BoundaryrepresentationsI.3.7 [ComputerGraphics]:Animation

1. Intr oduction

Physically correct particle systems(PS) are designedto
add essentialpropertiesto the virtual world. Over the last
decadesthey have beenestablishedasa valuabletechnique
for a variety of applications,e.g. deformableobjectslike
cloth [VSC01] andvolumetriceffects[Har03].

DynamicPShavebeenintroducedby [Ree83] in thecon-
text of themotionpictureStarTrek II. Reevesdescribesba-
sic motionoperationsandbasicdatarepresentinga particle
- bothhavenotbeenalteredmuchsince.An implementation
on parallel processorsof a supercomputerhasbeendone
by [Sim90]. [Sim90] and[McA00] describemany of theve-
locity andpositionoperationsof themotionsimulationalso
usedin ourPS.

Real-timePSareoftenlimited by the�ll rateor theCPU
to graphicshardware(GPU)communication.The�ll rateis
often a limiting factor when thereis a high overdraw due
to relatively largeparticlegeometries.Usinga largenumber

of smallerparticlesdecreasesthe overdraw andthe �ll rate
limitation loosesimportance.Thebandwidthlimitation now
dominatesthe system.Sharingthe graphicsbus with many
otherrenderingtasksallows CPU-basedPSto achieve only
up to 10,000particlesper framein typical real-timeappli-
cations.A muchlarger numberof particlescanbe usedby
minimizingtheamountof communicationof particledataby
integratingsimulationandrenderingon theGPU.

StatelessPS, i.e. all particle data can be computedby
closedform functionsbasedon a setof startvaluesandthe
currenttime, have beenimplementedusingvertex shaders
(cf. [NVI03]). However, state-preservingPScanutilize nu-
merical,iterative integrationmethodsto computethe parti-
cle datafrom previous valuesanda dynamicallychanging
environment.They can be usedin a much wider rangeof
applications.

While collisionreactionfor particlesis a fairly simpleap-
plication of Newtonian physics,collision detectioncan be
a rathercomplex taskw.r.t. the geometricrepresentationof
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the collider object. [LG98] gives a goodoverview on col-
lision detectiontechniquesfor modelsrepresentedasCSG,
polygonal,parametricor implicit surfaces.Thereare three
basicimage-basedhardwareacceleratedapproachesto col-
lision detectionbasedondepthbuffers,stencilbuffersor oc-
clusionculling. However, all thesetechniquesusetheGPU
to generatespatial information which hasto be readback
from theGPUto theCPUfor furthercollisionprocessing.

The techniquepresentedin this paperusesthe “stream
processing”paradigm,e.g. [PBMH02], to implement PS
simulation,collision detectionandrenderingcompletelyon
the fragmentprocessor. Thus a large numberof particles
canbe simulatedusing the state-preservingapproach.The
collision detectionis basedon an implicit, image based
object boundaryrepresentationusing a sequenceof depth
mapssimilar to [KJ01]. Severalapproachesarepresentedto
storeone,two or six depthmapsin a singletexture.Storing
the normalvectorsfor collision reactionis realizedusinga
texture-basednormalindexing technique.

Theremainderof this paperis organizedasfollows.Sec-
tion 2 givesanoverview overworksrelatedto thispaper. The
GPUbasedsimulationfor largeparticlesystemsis described
in section3. Collision detectionon theGPUis discussedin
section4. Resultsand conclusionsare given in sections5
and6 respectively.

2. Prior work

Thissectiondescribesprior worksrelatedto particlesystems
(PS)andtheir implementationusinggraphicshardware(sec-
tion 2.1). Additionally, webrie�y discusscollisiondetection
approaches(section2.2), techniquestogenerateimplicit rep-
resentationsfor polygonalobjects(section2.3) andthecom-
pressionof normalvectors(section2.4).

2.1. Statelessparticle systems

SomePShavebeenimplementedwith vertex shadersonpro-
grammableGPUs[NVI03]. However, thesePSarestateless,
e.g. they do not storethe currentpositionsof the particles.
To determineaparticle'spositionaclosedform functionfor
computingthecurrentpositiononly from initial valuesand
the currenttime is needed.As a consequencesuchPScan
hardlyreactto adynamicallychangingenvironment.

Particle attributesbesidesvelocity andposition,e.g. the
particle'sorientation,sizeandtexturecoordinates,havegen-
erally muchsimplercomputationrules,e.g. they might be
calculatedfrom astartvalueandaconstantfactorof change
over time.

Sofartherehavebeennostate-preservingparticlesystems
fully implementedon theGPU.

2.2. Collision detectiontechniques

The�eld of collisiondetectionis oneof themostactivein re-
centyears.Lin andGottschalk[LG98] giveagoodoverview
onvariouscollisiondetectiontechniquesandawiderangeof
applications,e.g.gamedevelopment,virtual environments,
roboticsandengineeringsimulation.

There are three basic hardware acceleratedapproaches
basedondepthbuffers,stencilbuffersandocclusionculling.
All approachesare imagebasedandthus their accuracy is
limited dueto thediscretegeometryrepresentation.

Stencil buffer and depth buffer basedapproacheslike
[BW03, HZLM02, KOLM02] usethe graphicshardwareto
generateproximity, collision or penetrationinformation.
This datahasto be readback to the CPU to performcol-
lision detectionandreaction.Usually, thesetechniquesuse
the graphicshardware to detectpairsof objectswhich are
potentiallycolliding. This processmaybeorganizedhierar-
chically to geteithermoredetailedinformationor to reduce
thepotentiallycolliding objectsonacoarserscale.

Govindaraju et.al. [GRLM03] utilize hardware accel-
eratedocclusion queries.This minimizes the bandwidth
neededfor theread-backfrom theGPU.Again,thecollision
reactionis computedon theCPU.

2.3. Implicit representationof polygonalobjects

Implicit representationsof polygonal objectshave advan-
tagesin thecontext of collisiondetection,sincethedistance
of any 3D-pointis directlygivenby thevalueof theimplicit
modelrepresentation,theso-calleddistance-map.

Nooruddin and Turk [NT99, NT03] introduceda tech-
nique to convert a polygonalmodel in an implicit oneus-
ing a scanlineconversionalgorithm.They usethe implicit
representationto modify the objectwith 3D morphological
operators.

Kolb andJohn[KJ01] build uponNooruddinandTurk's
algorithmusinggraphicshardware.They remove mesharti-
factslikeholesandgapsor visuallyunimportantportionsof
objectslikenestedor overlappingparts.This techniquegen-
eratesan approximatedistancemapof a polygonalmodel,
which is exactontheobjectssurfacew.r.t. to thevisibility of
objectpointsandtheresolutionof thedepthbuffer.

2.4. Compressionof normal vectors

For collision reaction,an ef�cient way to storean object's
normal,i.e. thecollision normal,at a particularpoint on the
object's surfaceis needed.Deering[Dee95] notes,that an-
gular differencesbelow 0:01 radians,yielding some100k
normalvectors,arenot visually recognizablein rendering.
Deeringintroducesa normalencodingtechniquewhich re-
quiresseveraltrigonometricfunctioncallspernormal.

In ourcontext weneedanormalrepresentationtechnique
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which is spaceandtime ef�cient. Possibledecodingof the
vectorcomponentsmustbe ascheapaspossible,while the
encodeddatamustbeef�ciently storedin textures.

Normalmapsstorenormalvectorsexplicitly andarenot
spaceef�cient. Applying anoptionalDXT-compressionre-
sultsin severequantizationartifacts(cf. [ATI03]).

Spheremaps,cubemapsandparabolicmaps,commonly
usedto representenvironmentalinformation,maybeusedto
storenormalvectors.Spheremapsheavily dependon a spe-
ci�c viewing direction.Cubemapsbuild upona 3D-index,
i.e.apointpositionin 3-space.Parabolicmapsneedtwo tex-
turesto representa whole sphere.Additionally, they only
utilize theinscribedcircleof 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 photonmappingalgorithmdescribedby
Purcellet.al. [PDC� 03] usesa sortingalgorithmsimilar to
the odd-even merge sort presentedin section3.3.3. How-
ever, their algorithmdoesnot show thenecessaryproperties
to exploit thehigh frame-to-framecoherenceof theparticle
systemsimulation.

3. Particle simulation on Graphics Hardware

The following sectionsdescribethe algorithm of a state-
preservingparticlesystemon a GPUin detail.After a brief
overview (section3.1), thestorage(section3.2) andthenthe
processingof particlesis described(section3.3).

3.1. Algorithm Overview

Theparticlesimulationconsistsof six basicsteps:

1. Processbirth anddeath
2. Updatevelocities
3. Updatepositions
4. Sortfor alphablending(optional)
5. Transfertexturedatato vertex data
6. Renderparticles

The state-preservingparticlesystemstoresthe velocities
and positions(step 2. and 3.) of all particlesin textures,
which arealsorendertargets.In onerenderingpassthetex-
turewith particlevelocitiesis updated,performinga single
timestepof aniterative integration.Hereaccelerationforces
andcollision reactionsareapplied.A secondrenderingpass
updatesthepositiontexturesin a similar way, usingtheve-
locity texture.Dependingontheintegrationmethodit is pos-
sible to skip thevelocity updatepass,anddirectly integrate
thepositionfrom accelerations(cf. section3.3.2).

Optionally, in step4. theparticlepositionscanbesorted
dependingon the viewer distanceto avoid renderingar-
tifacts. The sorting performsseveral additional rendering
passeson texturesthat containthe particle-viewer distance
anda referenceto theparticleitself.

Thentheparticlepositionsaretransferredfrom theposi-
tion textureto a vertex buffer andtheparticlesarerendered
aspoint sprites,trianglesor quads.

3.2. Particle data storage

Thepositionsandvelocitiesof all active particlesarestored
in �oating point texturesusingthe threecolor components
asx, y andz coordinates.The texture itself is alsoa render
target,soit canbeupdatedwith thecomputedpositionsand
velocities.Sinceatexturecannotbeusedasinputandoutput
at thesametime,weuseapairof thesetexturesandadouble
buffering technique(cf. �gure 1). Dependingon theintegra-
tion algorithmtheexplicit storageof thevelocity texturecan
beomitted(cf. section3.3.2).

Otherparticleattributeslikemass,orientation,size,color,
andopacityaretypically staticor canbecomputedusinga
simplestatelessapproach(cf. section2.1). To minimizethe
uploadof static attribute parameterswe introduceparticle
types.Thusthe simulationof theseattributesusesonefur-
ther texture to storethe time of birth anda referenceto the
particletype for eachparticle(cf. �gure 1). To modelmore
complex attribute behavior, simplekey-frameinterpolation
over theageof theparticlecanbeapplied.

Figure1: Datastorageusingdoublebufferedtextures

3.3. Simulation and renderingalgorithm

3.3.1. Processbirth and death

Assuminga varying numberof short-living particles,the
particlesystemmustbe able to processthe birth of a new
particle (allocation) and the deathof a particle (dealloca-
tion).

Sinceallocationproblemsareserialby nature,this can-
not bedoneef�ciently with a data-parallelalgorithmon the
GPU.Thereforeanavailableparticleindex is determinedon
theCPUusingeithera stack�lled with all availableindices
or a heapdatastructurethat is optimizedto always return

c TheEurographicsAssociation2004.



A. Kolb, L. LattaandC.Rezk-Salama/ Hardware-basedSimulationandCollisionDetectionfor LargeParticle Systems

thesmallestavailableindex. Theheapdatastructureguaran-
teesthatparticlesin useremainpackedin the�rst portionof
the textures.The following simulationandrenderingsteps
only needto updatethat portion of data,then.The initial
particle datais determinedon the CPU and can usecom-
plex algorithms,e.g.probabilitydistributions(cf. McAllister
[McA00]).

A particle'sdeathis processedindependentlyon theCPU
andGPU.TheCPUregistersthedeathof aparticleandadds
thefreedindex to theallocator. TheGPUdoesanextra pass
to determinethe deathof a particle by the time of birth
andthe computedage.The deadparticle's positionis sim-
ply movedto invisible areas.As particlesat theendof their
lifetime usuallyfadeout or fall out of visible areasanyway,
theextraclean-uppassrarelyneedsto bedone.

3.3.2. Updatevelocitiesand position

Updatinga particle's velocity andposition is basedon the
Newtonianlaws of motion.Theactualsimulationis imple-
mentedin afragmentshader. Theshaderis executedfor each
pixel of the rendertargetby renderinga screen-sizedquad.
Thedoublebuffer texturesarealternatelyusedasrendertar-
get andas input datastream,containingthe velocitiesand
positionsfrom theprevioustimestep.

Thereareseveraloperationsthatcanbeusedto manipu-
latethevelocity(cf. [Sim90] and[McA00] for moredetails):
globalforces(e.g.gravity, wind), local forces(attraction,re-
pulsion),velocity dampening,andcollision responses.For
our GPU-basedparticlesystemtheseoperationsneedto be
parameterizedvia fragmentshaderconstants.

A complex local forcecanbeappliedby mappingthepar-
ticle position into a 2D or 3D texture containing�o w ve-
locity vectors~v�o w. Stoke's law is usedto derive a dragging
force:

~F�o w = 6ph r(~vi� 1 � ~v�o w)

whereh is the �o w viscosity, r theparticleradiusand~vi� 1
theparticle's previousvelocity.

The new velocity~vi and position P is derived from the
accumulatedglobal and local forces~F using simple Euler
integration.

Alternatively, Verlet integration(cf. [Ver67]) canbeused
to avoid the explicit storageof the velocity by utilizing the
position informationPi� 2. The greatadvantageis that this
techniquereducesmemory consumptionand removes the
velocityupdaterenderingpass.

Verlet integrationusesa positionupdaterule basedonly
on theacceleration:

Pi = 2Pi� 1 � Pi� 2 + ~aD2
i

Using Euler integration,collision reactionis basedon a
changeof theparticle'svelocity. Splittingthevelocityvector

~vi into a normalcomponent~v?
i anda tangentialcomponent

~vk
i thevelocity afterthecollision canbecomputedapplying

friction n andresiliencee:

~vi = (1� n)~vk
i � e~v?

i

Toavoidvelocitiesfromslowingdownclosetozero,thefric-
tion slow-down shouldnot beappliedif theoverall velocity
is smallerthanagiventhreshold.

Having collider with sharpedges,e.g.a height �eld, or
two colliderscloseto eachother, thecollisionreactionmight
pushparticlesinto a collider. In this casea caughtparticle
oughtto bepushedout in thenext simulationstep.

To handlethis situation,the collision detectionis done
twice, oncewith the previous and oncewith the expected
positionP�

i basedonvelocity~v�
i . Thisallowsdifferentiating

betweenparticlesthatareaboutto collide andthosehaving
alreadypenetrated(cf. �gure 2). The latter mustbe pushed
in directionof theshortestway out of thecollider. This di-
rectioncanbe guessedfrom the normalcomponentof the
velocity:

~vi =

(
~v�

i if
�
~v�

i � n̂
�

� 0 (headingoutside)
~v?

i � ~vi
� if

�
~v�

i � n̂
�

< 0 (headinginside)

Pi� 1

Pi

P�
i

Pi� 1

Pi

Pi� 2

P�
i� 1P�

i

Figure2: Particle collision: a) Reactionbeforepenetration;
b) Doublecollisionwith caughtparticleandpush-back.

Verlet integration cannotdirectly handlecollision reac-
tions in the way discussedabove. Herepositionmanipula-
tions are requiredto implicitly changethe velocity in the
following frames.

3.3.3. Sorting

If particlesareblendedusinga non-commutative blending
mode,a depth-basedsortingshouldbeappliedto avoid arti-
facts.

A particle systemon the GPU can be sortedquite ef�-
ciently with theparallelsortingalgorithm"odd-evenmerge
sort" (cf. Batcher[Bat68]). Its runtimecomplexity is inde-
pendentof the data's sortedness.Thus,a checkwhetherall
datais alreadyin sequencedoesnot needto be performed
ontheGPU,whichwouldberatherinef�cient. Additionally,
with eachiterationthesortednessneverdecreases.Thus,us-
ing thehigh frame-to-framecoherenceof theparticleorder,

c TheEurographicsAssociation2004.



A. Kolb, L. LattaandC.Rezk-Salama/ Hardware-basedSimulationandCollisionDetectionfor LargeParticle Systems

the whole sortingsequencecanbe distributedover 20 - 50
frames.This,of course,leadsto anapproximatedepthsort-
edness,which, in our examples,doesnot yield any visual
artifacts.

The basicprinciple of odd-even merge sort is to divide
thedatainto two halves,to sort theseandthento mergethe
two halves.Thealgorithmis commonlywritten recursively,
but a closerlook at theresultingsortingnetwork revealsits
parallelnature.Figure3 shows thesortingnetwork for eight
values.Severalconsecutive comparisonsareindependentof
eachotherandcanbegroupedfor parallelexecution(vertical
linesin �gure 3).

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

Thesortingrequires1
2 log2

2 n+ 1
2 log2 n passes,wheren is

the numberof elementsto sort. For a 1024� 1024texture
this leadsto 210 renderingpasses.Runningall 210 passes
eachframeis fartooexpensive,but spreadingthewholesort-
ing sequenceover 50 frames,i.e. 1 - 2 seconds,reducesthe
workloadto 4� 5 passeseachframe.

Thesortingalgorithmrequiresanadditionaltexturecon-
tainingtheparticle-viewerdistance.Thedistancein this tex-
tureis updatedafterthepositionsimulation.After sortingthe
renderingsteplooks up the particleattributesvia the index
in this texture.

3.3.4. Renderparticles

The copying of positiondatafrom a texture to vertex data
is anupcominghardwarefeaturein PCGPUs.DirectX and
OpenGLoffer the vertex texturestechnique(vertex shader
3.0 rsp.ARB_vertex_shader extension).Unfortunately
thereis nohardwaresupportingthis featureat themoment.

Alternatively "über-buffers" (alsocalledsuperbuffers;cf.
[Per03]) can be used.This functionality is alreadyavail-
able in currentGPUs,but up to now it is only supported
by the OpenGLAPI. The currentimplementationusesthe
vendorspeci�c NV_pixel_data_range extension(cf.
[NVI04]).

The transferredvertex positionsareusedto renderprim-
itives to the framebuffer. In order to reducethe workload
of the vertex unit, particlesarecurrently renderedaspoint
spritesinsteadof as trianglesor quads.The disadvantage
thoughis that particlesarealwaysaxis-aligned.To allow a

2D-rotation,texturecoordinatesaretransformedin thefrag-
mentshader.

4. Collision detection

In this sectionwe describethe implicit object representa-
tion usedfor collision detection(section4.1). Furthermore,
thenormalindexing technique(section4.2) andvariousap-
proachesto representdepthmapsin texturesareintroduced
(section4.3).

4.1. Implicit model representation

Weuseanimage-basedtechniquesimilar to [KJ01] to repre-
sentanobjectsouterboundaryby asetof depthmaps.These
depthmapscontainthedistanceto theobject'sboundaryand
thesurfacenormalat therelevantobjectpoint.

EachdepthmapDMi ; i = 1; : : : ;k storesthefollowing in-
formation:

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

2. normalvectorn̂(x;y) at therelevantobjectsurfacepoint
3. transformationmatrix TOC! DC mapping from collider

objectcoordinatesto depthmapcoordinates,i.e. theco-
ordinatesystemin which theprojectionwasperformed

4. zscale scalingvaluein z-directionto compensatefor pos-
siblescalingperformedby TOC! DC

Theobject's interior is assignedwith negative distanceval-
ues.Assumingwe look from outsideontotheobjectandor-
thographicprojectionis used,thedistancevalue f (P) for a
pointP is computedusingthetransformationTOC! DC:

f (P) = zscale �
�
dist(p0

x; p0
y) � p0

z
�

; (1)

whereP0= (p0
x; p0

y; p0
z)

T = TOC! DCP

TOC! DC usuallyalsocontainsthe transformationto texture
coordinates.Thusfetchingthe depthvaluedist(p0

x; p0
y) is a

simpletexturelookupat coordinates(p0
x; p0

y).

Takingseveraldepthmapsinto account,themostappro-
priatedepthfor pointP hasto bedetermined.Thefollowing
de�nition guaranteesthat P is outsideof the collider if at
leastonedepthmaphasrecognizedP to beexterior:

f (P) =

(
maxf fi(P)g if fi(P) < 0 8i

minf fi(P) : fi(P) > 0g else

where fi(P) denotesthe signeddistancevalue w.r.t. depth
mapDMi .

HandlingseveraldepthmapsDMi ; i = 1; : : : ;k, f (P) can
becomputediteratively:

_
( f (P) < 0^ fi(P) > f (P))
( fi(P) > 0^ fi(P) < f (P))

�
) ( f (P)  fi(P)) (2)

where f (P) is initially setto a largenegative value,i.e. P is
placed“f ar inside” thecollider.
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If P0= TOC! DCP liesoutsidetheview volumefor thecur-
rent depthmapor the texture lookup dist(p0

x; p0
y) resultsin

the initial backgroundvalue,e.g.no distanceto the object
canbecomputed,this valuemaybeignoredasinvalid vote.
Alternatively, if theview volumeenclosesthecompletecol-
lider object, the invalid votescan be declaredas “f ar out-
side”. To avoid erroneousdatadueto clampingof (p0

x; p0
y),

we simply keepa one pixel border in the depthmap un-
changedwith backgroundvaluesto indicateaninvalid vote.

A fragmentshadercomputesthe distanceusingrule (2)
andappliesacollision reactionwhenthe�nal f (P) distance
is negative.

Note, that this approachmay have problemswith small
object details in caseof an insuf�cient buffer resolution.
Problemscan also be causedby local surfaceconcavities.
In many cases,theselocal concavities canbereconstructed
with properlyplaceddepthmapview volumes(cf. section
5).

4.2. Quantization and indexing of normal vectors

Explicitly storing normal vectors using 8;16 or 32 bit
per componentis suf�cient within certainerror bound(cf.
[ATI03]). Sincewe storeunit vectors,mostof the used3-
spaceremainsunused,though.Thedepthmaprepresentation
requiresa techniquewhich allows the retrieval of normal
vectorsusinga space-andtime ef�cient indexing method.
Indicesmustbeencodedin depthmapsandthereconstruc-
tion of the normal vector in the fragmentshadermust be
ef�cient.

The normalrepresentation,which is implementedby in-
dexing into a normalindex texture,shouldhave thefollow-
ing properties:

1. the completecoordinatespace[0;1]2 of a singletexture
is used

2. decodingandideallyencodingis timeef�cient
3. samplingof thedirectionalspaceis asregularaspossible

y

z
xx

y

zy < 0
x > 0
z< 0z< 0

y < 0
x < 0

z> 0
y < 0
x < 0

z> 0
x > 0
y < 0

z> 0
y > 0
x > 0

y > 0
z> 0
x < 0

z< 0
y > 0
x < 0

y > 0
z< 0
x > 0

t

s

Figure4: Theeightoctantsof theL1-parametrization(left),
theoctahedron after applyingl1 (middle)and thesampling
of theunit sphere (right).

Cubemapscan not be used,sincethe index to look-up
thefunctionvalueis alreadyavectorwith threecomponents.
Spheremaps,commonlyusedasre�ection maps,heavily de-
pendonaspeci�c direction,e.g.theviewingdirectionfor the

re�ection computation.On the otherhand,parabolicmaps
show a very uniform parameterizationof the hemi-sphere
(cf. Heidrich andSeidel[HS98]), but two of thesetextures
areneededto spanthewholesphere.

Weproposethefollowing mapping,which is basedonthe
L1-norm: k~vk1 = jvxj + jvzj + jvzj:

l1(s;t) =

8
>>>>>>>><

>>>>>>>>:

0

B
@

s

t

1� jsj � jtj

1

C
A if jsj + jtj � 1

0

B
@

sgn(s)(1� jtj)

sgn(t)(1� jsj)

1� jsj � jtj

1

C
A if jsj + jtj > 1

(3)

wheres;t 2 [� 1;1]. l1 maps(s;t) 2 [� 1;1]2 ontotheL1-unit
sphere,i.e.theunit octahedron(cf. �gure 4). Applyinganad-
ditional af�ne transformation,we geta continuousmapping
of thestandardtexture-space(s;t) 2 [0;1]2 ontotheoctahe-
dron. The resolutionof the texture-spacenaturally implies
theresolutionof thesphere,i.e. thenormalspace.

It shouldbepointedout, that theL1-parametrizationpro-
posedabove caneasilybeusedto representany directional
data,e.g.re�ection maps.

4.3. Depth map representation

Ideally, we want to encodeasmany depthvaluesandnor-
mal vectorsas possibleinto a single texture, thus keeping
theamountof datato betransferedandkept in thegraphics
hardwarememoryassmallaspossible.

Throughoutourexperiments,wehaveinvestigatedthefol-
lowing depthmapformats:

Floating point depth map
Thesimplest,but moststorageinef�ent variantusesa �oat-
ing point textureto storethesurfacenormalsuncompressed
in theR;G;B-componentsandthealpha-channelto 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 thenormaltexture,whereasG;A storethedepthvalue,
thushaving adepth-resolutionof 16-bit �x edpoint.Thenor-
mal index texture with resolution256� 256 is build using
the L1-parametrizationtechniquedescribedin section4.2.
The RGB-componentsof this texture storethe normalvec-
tors,whicharelookedupusingtheindex storedin thedepth
map.

16-bit �oating point depth map (fr ont-back)
Combining orthographicprojection with depth compare
function LESS generatesa front depthmap.Naturally the
depth map taking the inversez-direction (depth compare
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Figure5: Sampleapplications:“b unnyin thesnow” (left) and“Venus-fountain”(middleandright)

function GREATER) is a usefull back depthmap counter-
part. We can easily representboth of thesedepthmapsin
one16-bit texture.HeretheR;G componentsstorethenor-
mal textureindices,wheretwo 8 bit indicesarepackedinto
a single 16-bit �oat. The B;A componentsstorethe depth
valuefor thefront andbackmaprespectively.

8-bit �xed point cubic depth maps(“depth cube”)
Anothervariantis to usecubemapsto representdepthmaps.
In this caseperspective projectionw.r.t. the view volume
centeris applied.Thedepthmaprepresentationis analogto
the8-bit �x edpoint variant.

Generally, thedifferenttypesof depthmapscanbecom-
binedfor collisiondetectionwithin asinglefragmentshader,
in orderto utilize theadvantagesof thevarioustypesfor the
speci�c colliderobject(cf. section5.2).

The depth cube variant uses perspective projection,
whereastheothervariantsuseorthographicprojectiononly.
Using perspective projectionduring the depthmapgenera-
tion distortsthe z-values.To avoid this, the verticesof the
colliderobjectarepassedw.r.t. thenormalizedview volume
[� 1;1]3 to thefragmentshader. Theshadersimply usesthis
informationto computethedepthvaluesdist(x;y) relative to
thecenterof theview volume.

To computethe distancevalue for a point P 2 R3 w.r.t.
the depthcube,the transformationTOC! DC in depthmap
coordinates(cf. section4.1) doesnot containthe perspec-
tiveprojection.TOC! DC transformsinto thenormalizedview
volume[� 1;1]3 only, thuspicking thecorrespondingdepth
valueis justacubemaptexturelookup
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Thedistancevaluefor apointP 2 R3 is computedas
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wheresx;sy;sz are the scalingfactorsfrom the normalized
view volume[� 1;1]3 to the view volume's extendsin col-
lider objectcoordinates.

Theplacementof thedepthcubew.r.t. thecollider object
speci�es the depthcomparefunction for the generationof
thedepthmaps.In thedefault situation,wheretheview vol-
ume's centeris outsidetheobject,thedepthcomparefunc-
tion LESSis used.Otherwise,if thecenteris insidethecol-
lider object,GREATERis appliedandthe fragmentshader
whichcomputesthedistancehasto negatethedistancevalue
(cf. equation1).

5. Results

Several testshave beenmadewith different setupsfor the
particlesystem,e.g.numberof particles,sorting,complexity
of collider etc.We discussthe generalparticlesystem(PS)
issuesin section5.1 anddescribedifferentaspectson colli-
siondectionin section5.2. Section5.3givessomehardware
aspects.

Thepresentedparticlesystemwasimplementedin Cgand
testedon NVIDIA Geforce FX 5900XT graphicshardware,
whichrepresentsthe�rst generationof �oating-point GPUs.

5.1. Particle simulation

Using a positiontexture of size1024� 1024,our PSis ca-
pableof simultaneouslyrenderingandupdatingamaximum
of 1 million particlesat about10 framesper second.This
implementationusesEulerintegration,point spritesfor ren-
dering,nodepthsortingandnocollisiondetection.

In a typical applicationa particle texture of size 512�
512 can be renderedin real-time(about15 fps) including
depthsorting (5 passesper frame) and collision detection
(onedepthcube).Performancemeasurementfor the fully-
featuredcollision detectionis given in the next section.
Following the clear trendtowardsincreasingparallelism,a
signi�cant performanceenhancementis expectedwith the
forthcomingsecondgenerationof �oating-point GPUs.

Figure5 shows two sampleapplicationsusinga quarter
million particles.In example“bunny in thesnow” eachpar-
ticle is renderedasa snow �ak e, i.e. theparticlesvelocity is
setto zeroaftera collision hasbeendetected.Thecollision
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Figure 6: Visualizationof the implicit torii model (top row) and the implicit bunny model (bottomrow) along slices: In-
terior/exterior classi�cation (left) and approximatedistancemapplotting absolutedistancevalues(right). Additionally, the
wireframemodelis rendered.

detectionusesonedepthcubeandone16-bit front-backtex-
ture.Thesimulationusesdepthsortingandrunswith 15fps.
The secondexample,the “Venusfountain”, alsosimulates
5122 particles.The implicit objectboundaryis represented
using three16-bit front-back textures and one 8-bit �x ed
point texture.Thisexamplesrunswith 10 fps.

5.2. Depth map basedcollision detection

Themaindifferencebetweentheabovepresenteddepthmap
formatslies in the numberof depthmapsusedand in the
projectiontype. In situations,wherecollisions occur only
from onedirectionandthecollider objecthasa rathersim-
ple shape,a single8-bit �x edpoint depthmapmayresultin
aproperinterior/exterior classi�cation.If thereis no restric-
tion to thepotentialcollisiondirection,thecompletecollider
objecthasto be reconstructed.Here,eitheronedepthcube
or threeorthogonal16-bit front-backtexturesareused.Con-
cave regionsmay have to be treatedusingadditionaldepth
maps.

Concerningdistancevalues,depthcubeswork well for
sphere-like collider objects(cf. �gure 6). If the modelhas
many concavities, is stronglytwistedor is partly nested,the
reconstructionof the distancevaluesbasedon depthmaps
leadsonly to coarseapproximations.

In our experimentswe usesix to 15 depthmapsto rep-
resentthecolliderobjectboundarywithout restrictionto the
potentialcollision direction.Testinga quartermillion parti-
clesfor collision takes7;9 and12 msusingthe8-bit �x ed,
thedepthcubeor the16-bit front-backformatrespectively.

Wemainlymadeexperimentswith rigid objects,thusper-
forming the depthmapgenerationin a preprocessingstep.

Sometestshavebeenmadewith deformableobjects,forcing
the depthmapgenerationto be part of the simulationpro-
cess.The generationof a completedepthmapformat with
resolution5122 takesabout11;17 and26 ms using the 8-
bit �x ed,16-bit front-backor thedepthcubeformatrespec-
tively. Thus deformableobjectsshouldbe appliedonly in
combinationwith asmallnumberof depthmapsor particles.

Figure6 visualizesthe depthmapsfor two models:Two
torii andtheStanfordbunny. Thetorii arereconstructedus-
ing two depthcubesandtwo 16-bit front-backtextures,giv-
ing 16 depthmapsin total.Thebunny is capturedusingone
depthcubeandone16-bitfront-backtextures,giving 8 depth
mapsin total.

5.3. Hardwareaspects

Weuseastandardnormalindex texturewith resolution2562.
EventhoughtheL1-parametrizationwould allow any appli-
cationspeci�c resolution,the handlingof n bit integersor
�oats in thegraphicshardwareis hardlypossible.Currently
we useNVIDIA's pack/unpackfunctionality, which allows
the packingof four bytesin one32-bit �oat, for example.
We would highly appreciatemorefunctionalityof this kind,
e.g.to pack5;5;6-bitsin a16-bit �oat.

Additionally, improvedintegerarithmeticandmoduloop-
eratorswouldsimplify theimplementationof variousshader
functionality, e.g.theparallelsorting.

6. Conclusionsand futur ework

A fully GPU basedapproachto realizethe simulationand
collision detectionfor large particlesystems(PS)hasbeen
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introduced.The simulationof PS is basedon the “stream
processing”paradigm,using textures to representall data
necessaryto implementa state-preservingPSandcollison
detectionusingfragmentshaders.Thecollision detectionis
basedon depthmaps.Theseareusedto reconstructan im-
plicit modelof the collider objectsat the time of collision
detectionfor particles.A novel techniqueto representdirec-
tional datawasintroducedandappliedto storenormalvec-
tors usingan indexing technique.WhenrenderingthePSa
parallel sorting algorithm can be appliedto keepa proper
particleorderfor non-commutativeblendingmodes.

The proposedL1-parametrizationshouldbe investigated
further, especiallyits applicability to representdirectional
data,e.g. re�ection maps.Additionally, investigations to-
wards GPU basedcollision detectionusing polygons or
morecomplex objectsinsteadof particlesshouldbemade.
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