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ABSTRACT

Fire, explosions,andotherspecialeffectsareoften createdwith particlesystems.In real-timeapplicationsthe
particlesystemsmustbe very fastto computesinceotherwisetheapplicationcannotmaintainreasonableframe
rate.Onepartof thischallengeis thecollisiondetectionbetweenparticlesandtheobjectsin thescene.Wepresent
a new approachto collision detectionandsurface�o w effectsfor particlesystems.In pre-processingphasewe
rasterizea 3D modelinto a distance/normalgrid. Thegrid canbeusedfor collision avoidance,to createsurface
drag and to simulate�uid �o w aroundnon-deformingobjects. This methodis not physically accurate,but it
providesvisually plausibleresults.Theprimarybene�t of this methodis that it is ef�cient andits performanceis
independentof thecomplexity of themodel. This methodsworkswell in real-time,in somecasessurpassingthe
renderingspeedof moderngraphicshardwareby orderof a magnitude.
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1 INTRODUCTION

Particle systemsarewidely usedin both off-line and
interactivegraphicsto simulate�uid phenomenasuch
as�re, explosions,smoke andclouds[Bur00a]. To be
fully crediblesucheffectsneedto interactwith their
environment.
To handlethecollisionof a particlewith asurfaceone
needsto useeither4D collision detection(taking into
accountthe velocity of the particle) or surroundthe
particlewith somegeometry(sphereor cubefor ex-
ample) that is usedfor collision detection. In both
caseswe mustcheckcollision of the particleagainst
all surfaceprimitives– a slow operationif the object
is complex.

If accuratecollision detectionis infeasiblethen one
needsto turn to methodsthattradeaccuracy for speed.
The traditional approachto collision avoidancehas
beento identify intersectingobjectsand then apply
collision resolutionrules to achieve intersection-free
state.Ourapproachto thisproblemis to createacom-
bineddistance/normal(DN) grid that is usedto affect
theparticlesasthey �y closeto the object. This grid
canbeusednot only for collision avoidance,but also
for other �uid effectssuchasdragandsurface�o w.
many of theartifactsarenotvisible in theparticleani-
mations– thelargenumberof particlesandtheirover-
all fuzzinesshides the imperfectionsof the physics
simulations.

We developed this technique for an interactive
particle-systeminstallation where we neededhigh-
performancecollision detection.We werealsointer-
estedin simulating �uid dynamicswith the system,
sincemany particleeffectsrepresent�uid systems.We
concludedthatany traditionalcollision detectionsys-
tem would be too slow for our purposesanda more
ef�cient methodwasneeded.We did notneeda phys-
ically accuratesystembut onethatis visuallyconvinc-
ing. We couldleveragethespeci�c featuresof our in-
stallationsincethescenewascomposedof rigid, non-
deformingobjects.Theseconstraintsledusto develop
this method.



This paperis organizedas follows: First we review
existing collision detectionsystems.Then we intro-
ducethe distance/normal(DN) grid and the creation
of suchgrids.After thatwego throughtheeffectsthat
onecancreatewith the distance/normalgrid – colli-
sionavoidance,dragandsurface�o w. Finally wegive
someideasfor furtherdevelopmentof themethod.

2 BACKGROUND

Collision detectionis one of the most fundamental
problemsin computergraphicsandmuchresearchhas
beendoneto createoptimal collision detectionsys-
tems(for a comprehensive survey of techniques,see
Hadapet al [Had04a]). While most of the systems
handlevariouskinds of 3D objectstherearearealso
collisiondetectionsystemsthatarespecializedto par-
ticle systems.

Simshasdescribedthe generalcomponentsof parti-
cle systemsandalsocollision detectionwith spheres
andplanes[Sim90a]. Karabassihasbuilt asystemthat
performsexact 4D collision detectionbetweenparti-
clesandsolidobjectsandcollisionavoidancebetween
particles[Kar99a]. Like many others,hersystemuses
sphericalrepulsive force �elds to keepparticlesfrom
hitting eachother.

Distance�elds arefrequentlyusedin roboticsfor col-
lisionavoidance.ForexampleGreenspan[Gre96a] and
Jung[Jun96a] haveusedvoxel-basedmethodfor colli-
sion avoidancein robotics. Thesemethodswork by
storing the distanceof a surfacefrom a voxel to the
closestsurface.In run-timethesystemcheckshow far
theclosestobjectsareandif thereis a risk of collision
the systemstypically revert to ordinary intersection-
basedcollisiondetection.

Steelehasdevelopeda systemthat doescollision de-
tection,avoidanceandresponsewith theaid of a vec-
tor �eld[Ste98a]. This methodis similar in principle
to our approach,but sinceSteele's systemrelieson a
few simplegeometrical�eld shapesit cannotbeused
with morecomplex objects.

Vector�elds have beenusedsincetheseventiesto vi-
sualize�uid �o w. In thesecasesthe �o w �eld is �rst
calculatedwith somephysicalmodelingsystemand
then quantisizedinto a voxel grid. While the data
structuresin this approacharealmostidenticalto the
distance/normalgrid thewaythegrid is calculated,in-
terpretedandusedis different. In theclassicalvector-
grid approachthegrid alonedeterminesthepathof the
particleswhile we usemorecomplex rulesto getcol-
lision avoidanceandsurface�o w that arenot prede-
�ned. Figures6 and7 demonstratehow we cancreate
variableeffectswith onegrid – a featurethattheolder
grid-basedmethodsdonotsupport.With ourapproach

it is possibleto mergeotherforces(variablewind, ex-
plosions,gravity) with thegrid.

3 DISTANCE/NORMAL GRID

The most commonway to avoid collisions is to de-
tectandresolvethemasthey happen.Anothermethod
is to userepulsive gradient�elds that prevent colli-
sionsfrom happeningin the �rst place. In past,force
�elds have beenusedto avoid collision betweensim-
ple objects like spheresand it has not beenpossi-
ble to createforce �elds aroundobjectsof arbitrary
shape. The novelty of our approachlies in the idea
of using a distance/normalgrid to representobjects
of arbitraryshapeanda collectionof algorithmsthat
canbeusedfor collision avoidance,drag,andsurface
�o w. Comparedto previous approachesour system
performsfasterby taking advantageof both distance
andnormalinformationthatis storedin thegrid. This
methodworks if one of two the colliding objectsis
a particle – if both were complex objectswe would
eventuallycomeup with yet anotherspatial-division
collisiondetectionsystemfor rigid bodies.

In the grid eachvoxel containsa three-dimensional
unit-lengthvector(N) that indicatesthenormalof the
objectanda distancevalue(l) that tells how far is the
closestsurfacefrom the centerof the voxel. At run-
time we canget thedistanceandnormalin any point
by looking up thevoxel thatcontainstheparticle.The
computationalcomplexity of themethodis O(1) – its
run-timeperformanceis not affectedby thecomplex-
ity or shapeof theobject.

On the generallevel we �rst rasterizethe object to a
3D grid. Thenwe thickenthesurfacesof theobjectto
covermorevoxelsandcreateaDN-grid. Theresulting
grid is storedto a �le. The grid is readfrom the �le
in run-timeandusedwith thecollision avoidanceand
surface�o w algorithmsto make the particle system
reactto its environment.

3.1 Grid Construction

A critical stepin thismethodis thecreationof theDN
grid. Therearemany waysto surroundanobjectwith
a voxel grid. The basicrequirementsof the grid are
that the normalvectorscloseto the objectshouldbe
perpendicularto the surfaceand the normal vectors
shouldchangesmoothlyoutsidethesurfaceandfollow
its overall shape.Thegrid shouldbedenseenoughto
captureall relevantdetailsof theobject.

We have usedtwo methodsto createsuchgrids from
polygonalmodels. The �rst methodis basedon �rst
rasterizingtheobjectinto thegrid andstoringsurface
normalat eachvoxel. Whenmorethanonepolygon
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(a) Initial distance/normalgrid.
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(b) Distance/normalgrid after one
roundof blurring(blur kernelwith lin-
earattenuationandradiusof 3).
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(c) Distance/normalgrid after three
roundsof blurring.

Figure1: Distance/normalgrid aroundan object (from the samemodel as in �gure 3, with grid resolutionof
30x30x30).Eacharrow representsthedirectionof thenormalvectorN at thatpoint andcolor indicatesdistance
from thesurface(darker is closer).

hits the voxel the surfacenormal is approximatedas
theaverageof all normals.We thenperform3D blur
on thevectorsin thewholegrid (exactly analogousto
blurring a picturewith threecolor components).We
have usedsmall (radiusfrom 2 to 4 voxels) convolu-
tion kernelswith linear attenuation.The vectorgrid
canbeblurredmultiple timesto smearthedirectionof
the vectorsandto spreadthe �eld aroundthe object.
After eachblur round the normalsin the voxels that
areexactly on theedgeof thetheobjectsarereturned
to their initial value. This stepis doneto guarantee
that thenormalsareperpendicularto thesurfacenear
theobject.After thenormalvectorshavebeenblurred
we normalizethem to unit length. At this stagewe
alsoset the distancevaluesto indicatedistancefrom
thesurface. If thevoxel is insidethe object,thenwe
usenegativedistancevalue.

Figure1 shows a sliceof a DN grid thatwe have cre-
atedwith this method.Thearrows show thedirection
of the�eld ateachvoxel andthedarknessof thevoxel
indicatesthedistancefrom closestsurface.As canbe
seenthismethodcreatesasmoothvector�eld thatfol-
lows theshapeof theobject.By usinghigh-resolution
gridswe cancreateDN �elds that capturethedetails
of theobjectbut aresmoothfurtheraway from theob-
ject.

Thismethodworksusuallywell but failsto work prop-
erly if theobjectis toothin. In suchcasesthegridmust
be extremelydensesincethe backandfront facesof
an objectmustbe rasterizedto differentcells. If the
objecthasnear-zero thickness(for examplepieceof
paper)thenthis methoddoesnotwork at all – theDN
�eld �eld will only work towardsonedirection.

Thisproblemcanbeaddressedwith adifferentmethod
to for calculating the DN grid. With the second
methodwe �rst rasterizethe object into a grid but in

eachvoxel we only storea potentialvalueto indicate
thatthevoxel is occupied.Thenweproceedto thicken
thepotential�eld by blurring the values(asin previ-
ouscase).Finally we turn thepotential�eld to a force
grid by calculatingthenormal(gradient)ateachvoxel
with differencemethod.

The motion of the objectsneedsto be taken into ac-
countwhentransformingtheparticlelocationandve-
locity from world coordinatesto thelocalobjectcoor-
dinates.Eachindependentlymoving objectmusthave
aspeci�c DN grid thatmoveswith it.

The objectscanalsobe rotatedand translatedfreely
without disturbingtheshapeof thegrid. Onecanalso
scaletheobjectuniformly, andthethicknessof theDN
�eld will be reducedaccordingly. Objectscannotbe
shearedsinceshearingchangestheanglesbetweenthe
normalvectorsandthesurface.

Whenretrieving thevalueof theDN �eld in theloca-
tion of theparticle,onecaneitherusethevalueof the
closestvoxel to representboththenormalanddistance
to theclosestsurfaceor interpolatethesevaluesfrom
the voxelssurroundingthe particle. We have not no-
ticed any visible differencebetweenthesetwo meth-
odsanddueto performancereasonswe only usethe
nearestneighbor.

Even thoughthe complexity and shapeof a 3D ob-
ject hasno impacton the performanceof the system
thereareobjectsthatdo not �t well into this scheme.
Objectswith very thin extrusions(for examplea pen-
cil) canbeproblematicsincethefactthatparticlesare
bouncedoutsidethe objectbecomesmorevisible. A
moredif�cult classof objectsare the onesthat have
multiple thin extrusionsthat are closeto eachother
(for exampletrees).In thesecasesthe�elds of neigh-
boring extrusionswill be mergedandthis may result



in a �eld that preventsparticlesfrom penetratingthe
volumeof theobjecteventhoughtheobjectis sparse
andthevolumecouldbepenetrated.

At run-time the grid is usedto representthe object
andappropriaterulesareusedto createbounces,drag
andsurface�o w. Thesimulationis carriedout in dis-
cretetime intervals and the rulesareappliedat each
time step. If the grid is too thin thena particlemay
passthroughit without beingaffectedby the�eld. In
practicethis impliesthatthemaximumvelocityof the
particlesandtheupdateinterval of thephysicsengine
needsto beknown whenthe�eld is beingcalculated.
While this is an obvious limitation it is not a severe
problemsincein mostcasesthecreatorof the3D ap-
plication knows the magnitudeof velocitiesthat the
particleswill have andcanadjustthethicknessof the
�eld accordingly.
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Figure2: Particlesarerepelledaway from thesurface
with the springmethod. VectorN is the surfacenor-
mal,V indicateshow fartheparticletravelsduringone
frameandF is theforcethatis appliedto theparticle.

3.2 Collision Grid Compression

Thegridsthatwe generateareoftenfairly large. This
hasanegativeeffectonperformancesinceit increases
thetime to loada grid from a disk andeasily�lls the
CPU cachememory. To counterthis problemwe de-
velopeda tree-basedcompressionmethod.

This methodis usedas a post-processafter the grid
has beencreated. We analyzethe grid to �nd ar-
easwherethenormalvectorshave eithernot beenset
or point to similar direction. In theseareasthe grid
nodesare erasedand insteada single vector is used
to representall vectorsin thatnode.We alsoturn the
distance/normal-informationinto a planeequationto
avoid problemsrelatedto increasedcell size. In prac-
tice the grid is denseonly in areaswherethe object
surfacehashighcurvature.

Wehaveusedatwo-level treewith tunabledivisionpa-
rameters.Increasingthenumberof levelscausesmore
indirectionwhen accessingtree nodes,but may also
reducememoryconsumption.

3.3 Collision Avoidance With Spring
Method

Therearetwo methodsthatareusefulfor avoidingcol-
lisions – the spring methodand the impact method.
The spring methodis illustrated in Figure 2. This
methodworksby usingtheforce�eld asaspring– the
deepertheparticlepassesinto the�eld themoreforce
is appliedon it. As a resulttheparticleis thrown back
from thesurface.Themajordrawbackof this method
is that the trajectoryof the particle lacks the abrupt
changethat is causedby impactto a surface. Instead
thepathof theobjectis a paraboloidnearthesurface.
Physicallythis canbeunderstoodasanelasticsurface
thatyieldsastheparticlehits it. Problematicartifacts
arethata fastparticlemayfail to bouncefrom thesur-
faceor it may dive temporarilybeneaththe surface.
Theexit velocityof theparticleis correctif thesystem
is updatedwith very high processingrate. In practice
this is seldomthecase,but luckily minor variationsin
the bouncetrajectoriesmake the physicssimulations
morecredibleif anything.

3.4 Collision Avoidance With Impact
Method

Another methodto bouncethe particlesfrom a sur-
faceis with impactmethod.With this methodwe �rst
checkif a particleis insidetheDN �eld. If it is, then
weusethesurfacenormalandapplydirectbounce(or
impact) to the particle. This methodcanbe tunedto
take into accountthe velocity of the particle: If the
particle is �ying with greatvelocity towardsthe sur-
faceit is bouncedassoonasit entersthe �eld. Thus
slow particlesarebouncedcloseto thesurfaceandfast
particlescloseror fartherawaydependingonhow they
to move in thegrid asillustratedin Figure4. Theve-
locity vectorV is adjustedto becomeW aftercollision
with theimplied surface.

Theimpactmethodis generallysuperiorto thespring
method since it causesthe physically valid abrupt
changein particle velocity and slow particles are
bouncedcloseto the surface. In practiceoneseldom
noticesthat the particlesare re�ected above or be-
low thesurface– the eye doesnot realizethe inexact
bouncepoint of the fastparticlesand the slow parti-
clesarere�ected closeto the surfaceasthey should.
Anotherfactorthathelpsis thatparticlesaretypically
renderedas textured billboards, lines or 3D polyhe-
dra. Thustheparticleshouldnot bounceat exactly at



(a) Particles collide from a bouncy
surface(� = 0.7).

(b) Particles collide with a non-
bouncy slipperysurface(� = 0).

(c)Particlescollidewith anon-bouncy
surfacewith high drag(� = 0, � = 2,
� = 1).

Figure3: Theeffectof differentbounceanddragproperties(60x60x60grid).
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Figure 4: Particles are bouncedwith the impact
method. Fast particlesare bouncedas soonas they
enterthe �eld andslower particlesarere�ected close
to thesurface.VectorW is thevelocityaftercollision
andL is collision threshold.

thesurface,but ratheraboveit to take into accountthe
non-zerosizeof theparticle.

3.5 Drag

Whentwo solidobjects(or anobjectanda�uid) inter-
actthey usuallyexertdrag.It is easyto dodragcalcu-
lationswith theDN grid. If theparticleis closerthana
giventhresholdto thesurfacethenwe considerthat it
is in contactwith thesurfaceanddragforceis applied
ontheparticle.Thismethodcanbecombinedwith the
bouncemethodssincethey do not disturbeachother.
Figure3 showscombinationof usingtheaboveimpact
methodfor collision resolutionandsurfacedrag.

3.6 SurfaceFlow

Often particlesareusedto represent�uid effects. In
thesecasesoneshoulduse�o w equationsto determine
�uid �o w aroundtheobjects.

F
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V

Figure5: Distance/normal�eld is usedto simulatesur-
face�o w by attracta particleto a tangentialpath.

TheDN �eld is usefulfor implementingsurface�o w
aroundobjects.By surface�o w wemean�o w closeto
theobject. In this casewe applya forcethatturnsthe
particleto a trajectorythat is tangentialto thesurface
(Figure5). TheforcevectorF shouldbeperpendicular
to thevelocity vectorof theparticle. Figures6 and7
show theeffecscreatedwith thisapproach.

We have foundit is oftengoodto have differentcoef-
�cients for incomingandoutgoingparticles(� in and
� out ). Theseparameterscanbevariedto getdifferent
kindsof �o ws aroundtheobject. Thefollowing code
examplecorrespondsto �gure 5 and is also usedin
�gures 6 – 8.


 = N � V
E = ( V � N) � V
En = E / | E|
if ( 
 < 0)
F = � in En

else
F = � out En

fi



(a)Particlestreamcomingto thesideof
thesphere.

(b) Particle streamfalls on top of the
sphere.

Figure6: Particles�o w arounda sphere(45x45x45grid). Identicalgrid is usedin bothcases.

(a)Strongincomingtangetialforce(� in
= 12) and weak outgoing tangential
force(� out = 3).

(b) Weakincomingtangetialforce(� in
= 3), strong outgoing tangentialforce
(� out = 6) and reduced�o w distance.
To the left of the shaftoneseesturbu-
lence that is causedby excessive tan-
gentialgrabforce.

(c) Weakincomingtangetialforce(� in
= 3) and negative outgoing tangential
force(� out = -3).

Figure7: Particlescomingfrom right �o w arounda shaft(40x40x40grid). Identicalgrid is usedall cases.

Figure 8 shows the collision avoidance,and surface
�o w effects together. Collision avoidanceis usedto
keep particles from penetratingthe objectsand the
groundand surface�o w is appliedto make the par-
ticles�o w aroundbuildingsin a perceptuallycredible
way. Thisexampleshowshow theDN �eld canmimic
the resultsof physicalsystemswith high credibility
andgreatperformance.In pastsucheffectshave been
createdby evaluatingsimpli�ed versionsof Navier-
Stokes-equationwhich is by several ordersof mag-
nitudeslower.

This methodcannotbe usedto approximategeneral
�uid-behavior sincethis methoddoesnot addressim-
portant�o w featuressuchasturbulence,edgevortices
or colliding �uid streams.

3.7 Performance

The operationof grid-basedcollision avoidancesys-
temis very fast.At run-timewe only needto mapthe

locationof eachparticleto correspondingvoxel in the
grid, retrievethenormal-anddistancevaluesfrom the
grid andapplythenecessaryrules.All of thesearefast
constant-timeoperations.

The primary issue for real-time applicationsis the
memoryfootprint. A 50x50x50grid thatcontainsfour
32-bit �oating point numbersper cell takes2 Mb of
memory. A normalPC loadssucha grid in 1-3 sec-
ondsfrom theharddisk. If theapplicationmustread
gridsat run-timefrom a�le thefew secondsneededto
readonegrid canbea problem.Thegrid sizealsoex-
ceedsthecachesizesin mostCPUs,resultingin access
to theslowermainmemoryof thecomputer.

Figure8 is the heaviest simulationin this paperwith
about800 particles. Besidesthe DN �eld that repre-
sentsthebuildingsit hasa forcegeneratorthatpushes
particlesaway from thecenterof theexplosion,grav-
ity andair draggenerators.In thissystemthegraphics
hardwaresetsthelimits on theperformance.An ordi-
nary1,5GHz desktopPCcanrun thedynamicssimu-



Figure8: An explosionbetweenobjects– eachrow shows the explosionfrom oneviewing angleat threetimes
(60x60x60grid, 800particles).Notehow thegasparticles�o w aroundthecornersof theobjects.

CollisionSystem FPS FPSloss Memoryusage
None 1800 0 None

Compressedplanegrid 1250 550 670kB
Normalgrid 950 850 3.7MB

AABB collisiondetection 450 1350 Not known

Table1: Performaceof differentsystemsin thesceneof �gure 9.

lation800timespersecond,but thegraphicshardware
(NVidia GeForce FX 5700) limits the frame rate to
50-80Hz dueto intensive�ll-requirements(1024x768
window size,noanti-aliasing).

We have alsotestedthe grid approachagainstclassi-
cal collision-detectionsystems.In this benchmarkwe
useda freely availableAABB-basedcollision library
“Opcode”, that claimsto be a high-performancetool
for the task[Ter03a]. We usedthe ray-triangleinter-
sectiontestin Opcode.Theparticlesystemwasamin-
imal test systemthat containedsimple particles(no
color or texture changes)andsimpledynamics(only
gravity andonecollision object).Thesystemwasran
without renderingto minimize theeffect of rendering
on theperformance.A snapshotof thesceneis in �g-

ure 9. The scenewasdesignedto be a dif�cult case
for thecollision detectionsystems— all particlesare
closeto theobjectandbounding-box-basedearly-out
methodsdonotwork. Thetestresultsarein table1.

As expectedthevectorgrid approachis clearly faster
than the classicalapproach. Surprisingly the com-
pressedvector grid was fasterthan the normal grid.
This may be dueto its moresimple internal logic (it
lacked drag and surface�o w calculus)and/orbetter
cachehit ratio.

Thegrid constructionof a50x50x50takesaminuteor
two dependingon the parameters(blur radius,unm-
berof iterationsetc.).We have notexperimentedwith
optimizationor benchamarkingof this codesincethis
work is alwaysdonein pre-processingphase.



3.8 Implementation

Wehave implementedtheDN �eld with C++ to apar-
ticle enginethatalreadyhadsupportfor visualization,
displaying3D objectsetc. It took 2600lines of code
to addall thefeaturesthathave beendescribedin this
paper. Most of the code is neededto rasterizethe
3D objectinto thegrid andto calculatethegrid – the
collision, dragandsurface�o w implementationstake
about100linesof code.

Figure9: Thetestsceneusedin performancecompar-
isons(12000triangles).

4 FURTHER DEVELOPMENT

In section3.1 we presentedtwo methodsto generate
the DN grid. Onecould comeup with new methods
by applyingtheoriesthatsimulateelectric�elds etc.
At themomentthereis a trendto move computations
from theCPUto thegraphicshardware.TheDN grid
methodmight �t to this approach– the �eld can be
storedasa3D RGBA textureto thegraphicshardware.
Theequationsthatgovernthebehavior of particlesare
very simple, implying that they can be implemented
in the graphicshardware. While it is probablethat
graphicshardwarecould be usedto run the collision
detectionthepossibleperformancebene�ts remainto
beseen.

5 CONCLUSIONS

TheDN grid methodcanbeusedin a numberof ways
to createperceptuallyvalid physicssimulationsfor
particlesystems.This approachrelieson and lever-
agesthe featuresof particlesystems.We have shown
that theDN �eld is usefulfor creatingsolid-bodydy-
namics(i.e. bounces)and �uid-ef fects(surface�o w
anddrag)with a singledatastructure.It is especially
suitedto situationswhereseveralparticlesaremoving
in acomplex staticsceneandcomputationalef�ciency
is an issue. It is not a 4D collision detectionsystem
but by usingthe rangeinformationwe cancreateef-
fectsbeyondpure3D collisiondetection.
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