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ABSTRACT

Fire, explosions,and other specialeffects are often createdwith particle systems.In real-timeapplicationsthe
particle systemamustbe very fastto computesinceotherwisethe applicationcannotmaintainreasonablérame
rate.Onepartof this challengds thecollision detectiorbetweerparticlesandthe objectsin thescene We present
a new approacho collision detectionand surface o w effectsfor particle systems.In pre-processinghasewe
rasterizea 3D modelinto a distance/normajrid. The grid canbe usedfor collision avoidance to createsurface
dragandto simulate uid o w aroundnon-deformingobjects. This methodis not physically accurate but it
providesvisually plausibleresults. The primary bene t of this methodis thatit is ef cient andits performances
independenbf the compleity of the model. This methodswvorkswell in real-time,in somecasessurpassinghe
renderingspeedf moderngraphicshardwareby orderof a magnitude.
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1 INTRODUCTION

Particle systemsare widely usedin both off-line and
interactive graphicsto simulate uid phenomenauch
as re, explosions,smole andclouds[Bur00g. To be
fully crediblesucheffectsneedto interactwith their
ervironment.

To handlethe collision of a particlewith a surfaceone
needdo useeither4D collision detection(takinginto

accountthe velocity of the particle) or surroundthe

particlewith somegeometry(sphereor cubefor ex-

ample)that is usedfor collision detection. In both

casesve mustcheckcollision of the particle against
all surfaceprimitives— a slow operationif the object
is complex.
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If accuratecollision detectionis infeasiblethen one
needdo turnto methodghattradeaccurag for speed.
The traditional approachto collision avoidancehas
beento identify intersectingobjectsand then apply
collision resolutionrulesto achieve intersection-free
state.Our approacho this problemis to createacom-
bineddistance/normalDN) grid thatis usedto affect
the particlesasthey y closeto the object. This grid
canbe usednot only for collision avoidance but also
for other uid effectssuchasdragandsurface o w.
mary of theartifactsarenotvisiblein the particleani-
mations-thelargenumberof particlesandtheir over-
all fuzzinesshides the imperfectionsof the physics
simulations.

We developed this technique for an interactive
particle-systeminstallation where we neededhigh-

performancecollision detection. We were alsointer-

estedin simulating uid dynamicswith the system,
sincemary particleeffectsrepresentuid systemsWe

concludedhatary traditionalcollision detectionsys-
tem would be too slow for our purposesanda more
ef cient methodwasneededWe did not needa phys-
ically accuratesystembut onethatis visually corvinc-

ing. We couldleveragethe speci ¢ featuresof ourin-

stallationsincethe scenevascompose®f rigid, non-
deformingobjects.Theseconstraintded usto develop
this method.



This paperis organizedas follows: First we review

existing collision detectionsystems. Thenwe intro-

ducethe distance/norma{DN) grid andthe creation
of suchgrids. After thatwe go throughthe effectsthat
one can createwith the distance/normagrid — colli-

sionavoidancedragandsurface o w. Finally we give
someideasfor furtherdevelopmenif the method.

2 BACKGROUND

Collision detectionis one of the most fundamental
problemsn computemgraphicsandmuchresearcthas
beendoneto createoptimal collision detectionsys-
tems (for a comprehensie suney of techniques,see
Hadapet al [Had04d). While most of the systems
handlevariouskinds of 3D objectstherearearealso
collision detectionsystemghatarespecializedo par
ticle systems.

Sims hasdescribedhe generalcomponentf parti-
cle systemsand also collision detectionwith spheres
andplaneqdSim904. Karabasshasbuilt asystenthat
performsexact 4D collision detectionbetweenparti-
clesandsolid objectsandcollision avoidancebetween
particles[Kar993a Like mary othershersystemuses
sphericalrepulsive force elds to keepparticlesfrom
hitting eachothet

Distanceelds arefrequentlyusedin roboticsfor col-
lision avoidance For exampleGreenspan[Gre9%and
Jung[Jun96phave usedvoxel-basednethodfor colli-
sion avoidancein robotics. Thesemethodswork by
storing the distanceof a surfacefrom a voxel to the
closessurface.In run-timethe systemcheckshow far
theclosestobjectsareandif thereis arisk of collision
the systemstypically revert to ordinary intersection-
basedollision detection.

Steelehasdevelopeda systemthat doescollision de-
tection,avoidanceandresponsavith the aid of avec-
tor eld[Ste98d. This methodis similar in principle
to our approachput sinceSteeles systemrelieson a
few simplegeometricaleld shapest cannotbe used
with morecomplex objects.

Vector elds have beenusedsincethe seventiesto vi-
sualizeuid ow. In thesecaseshe ow eld is rst
calculatedwith somephysicalmodelingsystemand
then quantisizedinto a voxel grid. While the data
structuredn this approacharealmostidenticalto the
distance/normajrid thewaythegrid is calculatedjn-
terpretedandusedis different. In the classicalvector
grid approactthegrid alonedetermineshe pathof the
particleswhile we usemorecomple rulesto getcol-
lision avoidanceand surface o w thatare not prede-
ned. Figures6 and7 demonstratéowv we cancreate
variableeffectswith onegrid — a featurethatthe older
grid-basednethodsdo notsupport.With ourapproach

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

3 DISTANCE/NORMAL GRID

The mostcommonway to avoid collisionsis to de-
tectandresolethemasthey happen Anothermethod
is to userepulsive gradient elds that prevent colli-

sionsfrom happeningn the rst place. In past,force
elds have beenusedto avoid collision betweensim-

ple objectslike spheresand it has not been possi-
ble to createforce elds aroundobjectsof arbitrary
shape. The novelty of our approachlies in the idea
of using a distance/normadrid to representbobjects
of arbitrary shapeanda collection of algorithmsthat
canbe usedfor collision avoidance drag,andsurface
ow. Comparedto previous approachesur system
performsfasterby taking advantageof both distance
andnormalinformationthatis storedin the grid. This

methodworks if one of two the colliding objectsis

a particle — if both were complex objectswe would

eventually comeup with yet anotherspatial-dvision

collision detectionsystenfor rigid bodies.

In the grid eachvoxel containsa three-dimensional
unit-lengthvector(N) thatindicatesthe normalof the
objectanda distancevalue(l) thattells how faris the
closestsurfacefrom the centerof the voxel. At run-
time we cangetthe distanceandnormalin ary point
by looking up thevoxel thatcontainghe particle. The
computationabompleity of the methodis O(1) — its
run-timeperformances not affectedby the comple-
ity or shapeof theobject.

On the generallevel we rst rasterizethe objectto a
3D grid. Thenwe thickenthe surfacesof the objectto
covermorevoxelsandcreatea DN-grid. Theresulting
grid is storedto a le. The grid is readfrom the le
in run-timeandusedwith the collision avoidanceand
surface o w algorithmsto male the particle system
reactto its ervironment.

3.1 Grid Construction

A critical stepin this methodis the creationof the DN

grid. Therearemary waysto surroundan objectwith

avoxel grid. The basicrequirementf the grid are
that the normal vectorscloseto the objectshouldbe
perpendiculatto the surface and the normal vectors
shouldchangesmoothlyoutsidethe surfaceandfollow

its overall shape.The grid shouldbe denseenoughto

captureall relevantdetailsof the object.

We have usedtwo methodsto createsuchgrids from
polygonalmodels. The rst methodis basedon rst

rasterizingthe objectinto the grid andstoringsurface
normalat eachvoxel. Whenmorethanone polygon
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(c) Distance/normalgrid after three
roundsof blurring.

(a) Initial distance/normadrid. (b) Distance/normalgrid after one

roundof blurring (blur kernelwith lin-
earattenuatiorandradiusof 3).

Figure 1: Distance/normadrid aroundan object (from the samemodelasin gure 3, with grid resolutionof
30x30x30).Eacharrow representshe directionof the normalvectorN at that point andcolor indicatesdistance

from the surface(darkeris closer).

hits the voxel the surfacenormalis approximatedas
the averageof all normals. We thenperform3D blur
onthevectorsin thewhole grid (exactly analogoudo
blurring a picture with threecolor components).We
have usedsmall (radiusfrom 2 to 4 voxels) convolu-
tion kernelswith linear attenuation. The vectorgrid
canbeblurredmultiple timesto smeartthedirectionof
the vectorsandto spreadthe eld aroundthe object.
After eachblur roundthe normalsin the voxels that
areexactly on the edgeof the the objectsarereturned
to their initial value. This stepis doneto guarantee
thatthe normalsareperpendiculato the surfacenear
theobject. After the normalvectorshave beenblurred
we normalizethemto unit length. At this stagewe
alsosetthe distancevaluesto indicatedistancefrom
the surface. If the voxel is insidethe object,thenwe
usenegative distancevalue.

Figurel showvs a slice of aDN grid thatwe have cre-
atedwith this method. The arrows shaw the direction
of the eld ateachvoxel andthedarknes®f thevoxel
indicatesthe distancefrom closestsurface.As canbe
seerthis methodcreatesasmoothvector eld thatfol-
lows the shapeof the object. By usinghigh-resolution
gridswe cancreateDN elds that capturethe details
of theobjectbut aresmoothfurtheraway from the ob-
ject.

Thismethodworksusuallywell but failsto work prop-
erlyif theobjectistoothin. In suchcaseshegrid must
be extremely densesincethe backandfront facesof
an objectmustbe rasterizedo differentcells. If the
objecthasnearzerothickness(for examplepiece of
paper)thenthis methoddoesnotwork atall —the DN
eld eld will only work towardsonedirection.

Thisproblemcanbeaddressedith adifferentmethod
to for calculatingthe DN grid. With the second
methodwe rst rasterizethe objectinto a grid but in

eachvoxel we only storea potentialvalueto indicate
thatthevoxelis occupied.Thenwe proceedo thicken
the potential eld by blurring the values(asin previ-

ouscase).Finally weturnthepotential eld to aforce
grid by calculatingthe normal(gradient)at eachvoxel

with differencemethod.

The motion of the objectsneedsto be takeninto ac-
countwhentransformingthe particlelocationandve-
locity from world coordinatego thelocal objectcoor
dinates.Eachindependentlynoving objectmusthave
aspeci c DN grid thatmoveswith it.

The objectscanalso be rotatedand translatedreely
without disturbingthe shapeof thegrid. Onecanalso
scaletheobjectuniformly, andthethicknessf theDN
eld will bereducedaccordingly Objectscannotbe
shearedinceshearingchangesheanglesbetweerthe
normalvectorsandthesurface.

Whenretrieving thevalueof theDN eld in theloca-

tion of the particle,onecaneitherusethe valueof the

closestoxelto represenboththenormalanddistance
to the closestsurfaceor interpolatethesevaluesfrom

the voxels surroundingthe particle. We have not no-

ticed ary visible differencebetweenthesetwo meth-
odsanddueto performanceaeasonsve only usethe
nearesheighbor

Even thoughthe compleity 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) canbe problematicsincethefactthatparticlesare
bouncedoutsidethe objectbecomesnorevisible. A

more dif cult classof objectsarethe onesthat have

multiple thin extrusionsthat are closeto eachother
(for exampletrees).In thesecasedhe elds of neigh-
boring extrusionswill be meigedandthis may result



in a eld thatpreventsparticlesfrom penetratinghe
volumeof the objecteventhoughthe objectis sparse
andthevolumecouldbepenetrated.

At run-time the grid is usedto representhe object
andappropriateulesareusedto createbouncesdrag
andsurface o w. The simulationis carriedoutin dis-
cretetime intervals andthe rules are appliedat each
time step. If the grid is too thin thena particle may
passthroughit without beingaffectedby the eld. In

practicethis impliesthatthe maximumvelocity of the
particlesandthe updateinterval of the physicsengine
needgo be known whenthe eld is beingcalculated.
While this is an obvious limitation it is not a severe
problemsincein mostcaseghe creatorof the 3D ap-
plication knows the magnitudeof velocitiesthat the
particleswill have andcanadjustthe thicknessof the
eld accordingly

DN field

Surface of the object
N F é\\&'
i
\%

Figure2: Particlesarerepelledaway from the surface
with the springmethod. VectorN is the surfacenor-
mal,V indicateshow fartheparticletravelsduringone
frameandF is theforcethatis appliedto the particle.

3.2 Collision Grid Compression

Thegridsthatwe generatareoftenfairly large. This
hasa negative effect on performancesinceit increases
thetime to load a grid from a disk andeasily lls the
CPU cachememory To counterthis problemwe de-
velopedatree-basedompressiomethod.

This methodis usedas a post-processfter the grid
has beencreated. We analyzethe grid to nd ar
easwherethe normalvectorshave eithernot beenset
or point to similar direction. In theseareasthe grid
nodesare erasedand insteada single vectoris used
to representll vectorsin thatnode. We alsoturn the
distance/normalinformationinto a planeequationto
avoid problemsrelatedto increasecell size. In prac-
tice the grid is denseonly in areaswherethe object
surfacehashigh curvature.

We haveusedatwo-leveltreewith tunabledivisionpa-
rametersincreasinghenumberof levelscausesnore
indirection when accessingree nodes,but may also
reducememoryconsumption.

3.3 Collision Avoidance With Spring
Method

Therearetwo methodghatareusefulfor avoiding col-
lisions — the spring methodand the impact method.
The spring methodis illustratedin Figure 2. This
methodworksby usingtheforce eld asaspring—the
deepetthe particlepassednto the eld themoreforce
is appliedonit. As aresultthe particleis thrown back
from the surface. The majordrawbackof this method
is that the trajectory of the particle lacks the abrupt
changethatis causeddy impactto a surface. Instead
the pathof the objectis a paraboloidnearthe surface.
Physicallythis canbe understoodsanelasticsurface
thatyields asthe particlehitsit. Problematicartifacts
arethatafastparticlemayfail to bouncefrom thesur
faceor it may dive temporarily beneaththe surface.
Theexit velocity of the particleis correctif thesystem
is updatedwith very high processingate. In practice
thisis seldomthe case put luckily minor variationsin
the bouncetrajectoriesmake the physicssimulations
morecredibleif anything.

3.4 Collision Avoidance With
Method

Impact

Another methodto bouncethe particlesfrom a sur
faceis with impactmethod.With this methodwe rst

checkif aparticleis insidetheDN eld. If it is, then
we usethe surfacenormalandapplydirectbounce(or
impact)to the particle. This methodcanbe tunedto
take into accountthe velocity of the particle: If the
particleis ying with greatvelocity towardsthe sur
faceit is bouncedassoonasit entersthe eld. Thus
slow particlesarebouncedloseto thesurfaceandfast
particlescloseror fartheraway dependingonhow they
to movein the grid asillustratedin Figure4. Theve-
locity vectorV is adjustedo becoméw aftercollision
with theimplied surface.

Theimpactmethodis generallysuperiorto the spring
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 the surface— the eye doesnot realizethe inexact
bouncepoint of the fastparticlesandthe slow parti-
clesarere ected closeto the surfaceasthey should.
Anotherfactorthathelpsis thatparticlesaretypically
renderedas textured billboards, lines or 3D polyhe-
dra. Thusthe particleshouldnot bounceat exactly at



(a) Particles collide from a boungy
surface( =0.7).

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

(c) Particlescollidewith anon-boung
surfacewith highdrag( =0, =2,
=1).

Figure3: Theeffectof differentbounceanddragpropertie60x60x60grid).

Fast particle

Slow particle

Figure 4: Particles are bouncedwith the impact
method. Fastparticlesare bouncedas soonasthey
enterthe eld andslower particlesarere ected close
to the surface.VectorW is thevelocity after collision
andL is collisionthreshold.

thesurface,but ratheraboveit to take into accounthe
non-zerasizeof the particle.

3.5 Drag

Whentwo solid objects(or anobjectanda uid) inter-
actthey usuallyexertdrag.It is easyto do dragcalcu-
lationswith the DN grid. If theparticleis closerthana
giventhresholdto the surfacethenwe considerthatit
is in contactwith the surfaceanddragforceis applied
ontheparticle. This methodcanbecombinedwith the
bouncemethodssincethey do not disturbeachother
Figure3 shavs combinatiorof usingtheaboveimpact
methodfor collision resolutionandsurfacedrag.

3.6 SurfaceFlow

Often particlesare usedto representuid effects. In
thesecase®neshoulduse o w equationgo determine
uid ow aroundtheobjects.

Figure5: Distance/normakld is usedo simulatesur
face o w by attracta particleto atangentiapath.

The DN eld is usefulfor implementingsurface o w
aroundobjects.By surface o w wemean o w closeto
theobject. In this casewe apply a force thatturnsthe
particleto atrajectorythatis tangentialto the surface
(Figureb). TheforcevectorF shouldbeperpendicular
to the velocity vectorof the particle. Figures6 and7
shaw the effecscreatedwith this approach.

We have foundit is oftengoodto have differentcoef-
cients for incomingand outgoingparticles( i, and

out )- Theseparameterganbevariedto getdifferent
kindsof o ws aroundthe object. The following code
examplecorrespondd¢o gure 5 andis also usedin
gures 6-—8.

=NV
E = (V N) V
E. = E/ |E|
it ( <0
F = inEn
else
F = ouwEn

fi



(a) Particlestreamcomingto the sideof
thesphere.

(b) Particle streamfalls on top of the
sphere.

Figure6: Particles o w arounda spherg45x45x45grid). Identicalgrid is usedin bothcases.

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

(b) Weakincomingtangetialforce ( i,
= 3), strong outgoing tangentialforce
( out = 6) andreducedow distance.

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

To the left of the shaftone seesturbu-
lencethat is causedby excessie tan-

gentialgrabforce.

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

Figure 8 shaws the collision avoidance,and surface
o w effectstogether Collision avoidanceis usedto
keep particlesfrom penetratingthe objectsand the
groundand surface o w is appliedto make the par
ticles o w aroundbuildingsin a perceptuallycredible
way. Thisexampleshavshow theDN eld canmimic
the resultsof physical systemswith high credibility
andgreatperformanceln pastsucheffectshave been
createdby evaluating simpli ed versionsof Navier-
Stokes -equationwhich is by several ordersof mag-
nitudeslower.

This methodcannotbe usedto approximategeneral
uid-behavior sincethis methoddoesnot addressm-
portant o w featuressuchasturbulence edgevortices

or colliding uid streams.

3.7 Performance

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

locationof eachparticleto correspondingoxel in the
grid, retrieve the normal-anddistancevaluesfrom the
grid andapplythenecessaryules.All of thesearefast
constant-timeperations.

The primary issue for real-time applicationsis the
memoryfootprint. A 50x50x50grid thatcontainsfour
32-bit oating point numbersper cell takes2 Mb of
memory A normal PCloadssucha grid in 1-3 sec-
ondsfrom the harddisk. If the applicationmustread
gridsatrun-timefroma le thefew secondsieededo
readonegrid canbea problem.Thegrid sizealsoex-
ceedghecachesizesin mostCPUs resultingin access
to the slower mainmemaoryof the computer

Figure 8 is the heaviest simulationin this paperwith
about800 particles. Besidesthe DN eld thatrepre-
sentsthe buildingsit hasa forcegeneratothatpushes
particlesaway from the centerof the explosion,grav-
ity andair draggeneratorsln this systemthegraphics
hardwaresetsthe limits on the performanceAn ordi-
nary 1,5 GHz desktopPC canrun the dynamicssimu-



Figure8: An explosionbetweenobjects— eachrow shaws the explosionfrom oneviewing angleat threetimes
(60x60x60grid, 800 particles).Note how thegasparticles o w aroundthe cornersof the objects.

| Collision System

| FPS | FPSloss | Memoryusage]

None 1800 0 None

Compresseglanegrid | 1250 550 670kB

Normalgrid 950 850 3.7MB
AABB collisiondetection| 450 1350 Not known

Tablel: Performacef differentsystemsn thesceneof gure 9.

lation 800timespersecondbut thegraphicshardware
(NVidia GeForce FX 5700) limits the frame rate to
50-80Hz dueto intensive ll-requirements(1024x768
window size,no anti-aliasing).

We have alsotestedthe grid approachagainstclassi-
cal collision-detectiorsystems.n this benchmarkwve
useda freely available AABB-basedcollision library
“Opcode”, that claimsto be a high-performancéool
for thetask[Ter034. We usedthe ray-triangleinter-
sectiontestin Opcode.Theparticlesystemwvasamin-
imal test systemthat containedsimple particles(no
color or texture changeskynd simple dynamics(only
gravity andonecollision object). The systemwasran
without renderingto minimize the effect of rendering
ontheperformanceA snapshobf thescends in g-

ure 9. The scenewasdesignedo be a dif cult case
for the collision detectionsystems— all particlesare
closeto the objectandbounding-boxbasedearly-out
methodsdo notwork. Thetestresultsarein tablel.

As expectedthe vectorgrid approachis clearly faster
than the classicalapproach. Surprisingly the com-
pressedvector grid was fasterthan the normal grid.

This may be dueto its more simpleinternallogic (it

lacked drag and surface o w calculus)and/orbetter
cachehit ratio.

Thegrid constructiorof a 50x50x50takesa minuteor
two dependingon the parametergblur radius,unm-
berof iterationsetc.). We have not experimentedwith
optimizationor benchamarkingf this codesincethis
work is alwaysdonein pre-processinghase.



3.8 Implementation

We haveimplementedheDN eld with C++to apar
ticle enginethatalreadyhadsupportfor visualization,
displaying3D objectsetc. It took 2600lines of code
to addall thefeatureghathave beendescribedn this
paper Most of the codeis neededto rasterizethe
3D objectinto the grid andto calculatethe grid — the
collision, dragandsurface o w implementationsake
about100linesof code.

Figure9: Thetestscenausedin performanceompar
isons(12 000triangles).

4 FURTHER DEVELOPMENT

In section3.1 we presentedwo methodsto generate
the DN grid. Onecould comeup with new methods
by applyingtheoriesthatsimulateelectric elds etc.

At the momentthereis a trendto move computations
from the CPU to the graphicshardware. The DN grid
methodmight t to this approach- the eld canbe
storedasa3D RGRA textureto thegraphicshardware.
Theequationghatgovernthebehavior of particlesare
very simple, implying that they canbe implemented
in the graphicshardware. While it is probablethat
graphicshardware could be usedto run the collision
detectionthe possibleperformanceébene ts remainto
beseen.

5 CONCLUSIONS

TheDN grid methodcanbe usedin anumberof ways
to createperceptuallyvalid physicssimulationsfor
particle systems. This approachrelies on and lever-
agesthe featuresof particle systems.We have shovn
thattheDN eld is usefulfor creatingsolid-bodydy-
namics(i.e. bounces)and uid-ef fects(surface o w
anddrag)with a singledatastructure.lt is especially
suitedto situationswhereseveralparticlesaremoving
in acomple staticsceneandcomputationaéf ciency
is anissue. It is not a 4D collision detectionsystem
but by usingthe rangeinformationwe can createef-
fectsbeyondpure3D collision detection.
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