
EurographicsSymposiumonVirtual Environments(2006)
RogerHubboldandMing Lin (Editors)

FastContinuousCollision DetectionamongDeformable
ModelsusingGraphics Processors

NagaK. Govindaraju,Ilknur Kabul, Ming C. Lin, DineshManocha

Universityof NorthCarolinaatChapelHill
{naga,ilknurk,lin,dm}@cs.unc.edu

Abstract

We presentan interactivealgorithmto performcontinuouscollision detectionbetweengeneral deformablemod-
els usinggraphicsprocessors (GPUs).We modelthe motionof each object in the environmentas a continuous
pathandcheck for collisionsalongthepaths.Our algorithmprecomputesthechromaticdecompositionfor each
objectand usesvisibility querieson GPUsto quickly computepotentiallycolliding setsof primitives.We intro-
ducea primitive classi�cation techniqueto performef�cient continuousself-collision.We haveimplementedour
algorithmon a 3:0 GHzPentiumIV PC with a NVIDIA 7800GPU, andwehighlight its performanceon complex
simulationscomposedof several thousandsof triangles.In practice, our algorithmis able to detectall contacts,
includingself-collisions,at image-spaceprecisionin tensof milli-seconds.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputingMethodologies]:HardwareArchi-
tecture;I.3.7 [ComputingMethodologies]:Three-DimensionalGraphicsandRealism;I.3.5 [ComputingMethod-
ologies]:ComputationalGeometryandObjectModeling;

1. Intr oduction

Theproblemof collision detection(CD) arisesin geometric
modeling,simulationand interactionfor diverseareas,in-
cludingvirtual reality (VR), clothsimulation,hapticrender-
ing, animation,rapidprototyping,CAD/CAM, robotics,and
entertainment.In thispaper, wemainlyfocusoncollisionde-
tectionovera giventimeperiodbetweendeformableobjects
that includesinter-objectcollisionsbetweendisjoint objects
andintra-objectcollisions(orself-collisions)within eachde-
formablemodel.Mostof theearlierwork in CD hasbeenre-
strictedto collision detectionat discretetime instancesand
thesealgorithmsmay not check for possibleoverlapsbe-
tweensuccessive time steps.As a result, it is possibleto
missa collision andcanresult in visual artifacts,inconsis-
tentstate,or incorrectsimulationthatcansigni�cantly affect
thesenseof immersionandleadto breakin presence(BIP)
in a virtual environment(VE). Suchproblemscanbeespe-
cially challengingin environmentscomposedof thin or fast
moving objects,likeclothonvirtual avatars.

In order to overcomethe limitations of discreteCD al-
gorithms,many techniqueshave beenproposedthat model

themotionbetweensuccessive time instancesasa continu-
ouspathandcheckfor collisionsalongthesepaths.These
are classi�ed as continuouscollision detection(CCD) al-
gorithms [Can86, RKC00, KR03, RKLM04a, RKLM04b].
However, current CCD algorithmsare only able to han-
dle rigid objects,articulatedmodels,or simpledeformable
meshes(consistingof only a few hundredsof polygons)at
interactive rates.

Main Results: We presenta novel algorithm to perform
CCDbetweengeneraldeformablemodelsat interactiverates
usingcommoditygraphicsprocessingunits(GPUs).Ourap-
proachis generalandmakesnoassumptionaboutobjectmo-
tion. Eachobject is representedasa triangulatedmeshand
we assumethat themeshconnectivity doesnot changedur-
ing the simulation.We modelthe continuousmotion using
a piecewise linear motion betweensuccessive discretein-
stancesandcheckfor collisionsbetweentheresultingswept
volumes.

Our algorithm precomputesan improved chromaticde-
composition[GKJ� 05] for eachobjectanddecomposesthe
problem into checking for overlap betweenadjacentand

c
 TheEurographicsAssociation2006.



Govindaraju, Kabul, Lin, Manocha / FastContinuousCollisionDetection

non-adjacentprimitives. We extend the Quick-CULLIDE
collision culling algorithm[GLM05], which performscol-
lisionsat discretetime instances,to checkfor collisionsbe-
tweenthesweptvolumesof non-adjacentprimitives.In or-
der to achieve high-culling ef�ciency, we classifythe adja-
centprimitivesinto vertex-adjacentandedge-adjacentprim-
itives. We pair the edge-adjacentprimitives to reducethe
numberof penetratingcontacts,aswell asloweringthenum-
ber of pairwisetests.Basedon this decomposition,our al-
gorithmdirectly checksfor inter- andintra-objectcollisions
anddoesnot needto performany specialprocessing.The
overall accuracy of our algorithm is governedby image-
spaceresolutionusedto performvisibility queries(or 2.5D
overlaptests)on theGPUs.

We have implementedthe algorithm on a 3:0 GHz PC
with a NVIDIA 7800 GPU and applied to complex cloth
simulationbenchmarksconsistingof thousandsof triangles.
We areableto checkfor all collisionsbetweenthediscrete
time instancesat 10� 15 framespersecondat 1000� 1000
image-spaceresolution,enablingreal-timecontinuouscolli-
sion detectionfor high-resolutiondeformablemesheswith
challengingcontactscenariosin virtual environments.As
comparedto earlierwork [GLM05,GKJ� 05], our approach
offersthefollowing advantages:

� Highcullingef�ciency usingtightboundingsweptvolume
representationsfor themeshprimitives.

� Interactiveperformanceusinganimprovedmeshdecom-
positionschemeanda novel primitive classi�cationtech-
nique,resultingin fewer falsepositives.

Organization: The rest of the paperis organizedas fol-
lows.In Section2, webrie�y review theprior work onCCD
andGPU-basedcollision detectionalgorithms.We give an
overview of our approachin Section3 and describeour
primitiveclassi�cationscheme.Wepresentouralgorithmin
Section4 anddescribeits implementationandperformance
oncomplex benchmarksin Section5. Weanalyzeits perfor-
mancein Section6 andhighlight someof its limitations.

2. RelatedWork

The problem of collision detectionhas been extensively
studiedin the literature.A goodoverview of differentalgo-
rithmsis availablein somerecentsurveys [Eri04,TMH� 05,
LM03]. In thissection,wegiveabrief survey of earlierwork
relatedto continuouscollision detection,GPU-basedmeth-
odsandcollisiondetectionbetweendeformablemodels.

2.1. ContinuousCollision Detection

Most of the prior work on collision detectionhasbeenre-
strictedto checkingfor collisionsat discretetime instances.
Recently, many algorithmshave beenproposedfor continu-
ouscollision detection(CCD).Theseapproachesmodelthe
trajectoryof theobjectbetweensuccessive discretetime in-
stancesasa continuouspathandcheckthe result path for

collisions. Different techniqueshave beenusedto model
thetrajectoryincludinglinearinterpolationbetweenthever-
tex positions,screw motion or arbitrary in-betweenmo-
tion, etc. At a broad level, the CCD algorithms can be
classi�ed into four approaches:algebraicequationsolving
approach[Can86, RKC00], sweptvolume(SV) techniques
[AMBJ02], adaptivebisection[RKC02,SSL02], andkinetic
datastructures(KDS) [ABG� 00]. Theseapproacheshave
beenusedto performCCD at interactive ratesfor rigid ob-
jects [RKC02, KR03] and articulatedmodelsor avatarsin
virtual environments[RKLM04b,RKLM04a]. However, no
goodalgorithmsareknown for real-timeCCDbetweengen-
eraldeformablemodels.

2.2. Collision DetectionbetweenDeformable Models

Many of thecommonlyusedcollision detectionalgorithms
utilize spatialpartitioningor boundingvolumeshierarchies.
Differentboundingvolumesincluding axis-alignedbound-
ing boxes(AABBs) [BFA02, DKT98], OBBs [PBS02] and
k-DOPs[MKE03, VT00] have beenusedto acceleratecol-
lision detectionbetweendeformablemodels.However, the
costof updatinga hierarchy canbe high. As a result,most
algorithmsfor deformablemodelsusespheresor AABBs
as boundingvolumesas it is relatively inexpensive to up-
datethesehierarchies.Theseincludetop-down andbottom-
up techniques[LAM01, vdB97], modelsdeformedby mor-
phing [LAM03], anda sub-linearalgorithmfor deformable
modelsexpressedas linear superpositionof precomputed
displacements[JP04]. However, thesehierarchiesmay not
beableto performsigni�cant culling andcanresultin ahigh
numberof falsepositives.As a result,they maynot beable
to checkfor collisions at interactive ratesamongcomplex
deformablemodels.

Many specializedalgorithmshave beenproposedfor col-
lision detectionbetweencloth-like models.Theseinclude
exactandapproximateapproaches.Theexactalgorithmsuse
curvatureandconvexity propertiesto checkfor continuous
self-collisionsbetweenhighly tessellatedsurfaces[MKE03,
Pro97,VT94]. Thecontinuousself-collisiontestcanalsobe
appliedin a hierarchicalmanneron largemodels,thoughit
canbeexpensive for interactive applications[VT00]. Given
the complexity of performing continuouscollision detec-
tion, esp.self-collision,someinteractive algorithmseither
do not check for self-collisions[CMT02, FGL03] or per-
form approximatecollision detectionusingmultiple layers
[CMT02,KC02] or voxelizedgrids[MDDB00]. However, it
may be dif�cult to give any boundson the accuracy of the
resultingsimulation.

2.3. GPU-basedCollision DetectionAlgorithms

Graphicsprocessors(GPUs)have beenusedto performin-
terferenceand proximity computationsbetweenrigid and
deformablemodels[HTG03,KP03,GLM05,RMS92]. These
approachesare directly applicableto deformablemodels
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as they do not involve pre-processing.The underlyingal-
gorithms exploit the computationpower of rasterization
hardware and are able to achieve interactive performance
on complex simulations[HZLM01,VSC01,BW02,HTG03,
GRLM03,GLM05]. Moreover, thesealgorithmsareusedto
checkfor inter-objectcollisionsbetweendisjoint objects,as
well asintra-objectcollisions(or self-collisions)within each
object[GLM05,GKJ� 05,HTG04].

MostGPU-basedcollisiondetectionalgorithmshavebeen
limited to checkfor collisionsatdiscretetime instances.Re-
cently, a few GPU-basedmethodshave beenusedfor CCD
aswell. Redonetal. [RKLM04a,RKLM04b] usedtheCUL-
LIDE algorithm to perform continuouscollision detection
for articulatedmodelsand avatars.This algorithm models
the motion of eachlink using a line swept-spherevolume
andmay not extendto generaldeformablemodels.Govin-
darajuet al. [GKJ� 05] useda precomputedchromaticde-
compositionfor CCD. However, this algorithmis only able
to checkfor collisionsat 1� 2 framesa secondon complex
cloth modelsandmay not be fastenoughfor VR applica-
tions.Ournew algorithmalsousesaprecomputedchromatic
decomposition,but its classi�cation techniqueshelp to im-
prove the overall performance,making it bettersuitedfor
interactiveVR applications(seeSection6.3).

3. Overview

In this section,wegiveanoverview of ourcontinuouscolli-
siondetection(CCD)algorithm.We�rst formulatetheprob-
lem of CCD amonggeneraldeformablemodels.We present
a novel classi�cation algorithmto performfastcontinuous
collisionculling betweengeneraldeformablemodels.

3.1. ProblemFormulation

Given a triangulatedmeshM with a �x ed meshconnectiv-
ity, we assumethattheunderlyingsimulatoror trackingde-
vice speci�es the positionof the meshtrianglesat discrete
time instances.The continuousmotion betweentwo suc-
cessive time instancesis modeledusinga piecewise linear
motion of the verticesof the mesh.The continuousmotion
generatesa sweptvolume for eachprimitive p (e.g. a tri-
angle),andwe representthe boundingsweptvolumeof p
usingthesymbolP. Theproblemof CCDcomputesthe�rst
time of contactamongthe sweptvolumesof the primitives
betweenthe two discretetime instancesand is performed
using elementarytestssuchas vertex-faceand edge-edge
tests[Pro97,BFA02].

3.2. ContinuousCollision Culling

Ourgoalis to quickly computeacompactpotentialcolliding
set(PCS)of trianglesin close-proximityusingabroad-phase
algorithm.Theproximity amongprimitivesis computedus-
ing their boundingsweptvolumesof primitivesbetweenthe
discretetime instances.We thenperformexactoverlaptests

amongthe PCS using a narrow-phasealgorithm. We use
tight boundingsweptvolumesto achieve high culling ef�-
ciency. A tight boundingsweptvolumeof a triangle is the
unionof boundingsweptvolumesof its edges.Eachedgeis
tightly boundedusinga tetrahedronde�ned by theedgever-
ticesin thecurrenttime instanceandthenext time instance.

GivenaconnectedmeshM with primitivespi , i = 1; : : : ;n,
we analyzethecaseswherepenetrationsoccurbetweenthe
boundingsweptvolumesof primitives.Ouranalysisis based
on themeshconnectivity andwe usethe following classi�-
cationfor collisionculling.

� Vertex-adjacent primiti ves shareone commonvertex.
The boundingsweptvolumesof theseprimitives touch
eachother. For theseprimitives,we only needto perform
one edge-edgeelementarytest for penetrations.As the
numberof suchtestsamongall vertex-adjacentprimitives
is small,broad-phaseculling maynotbeusefulfor vertex-
adjacentprimitives.

� Edge-adjacentprimiti ves sharea commonedge.The
bounding swept volumes of theseprimitives penetrate
eachother at the edge.Therefore,broad-phaseculling
amongedge-adjacentpairswill notoffer any culling.

� Non-adjacent primiti ves are neitheredge-adjacentnor
vertex-adjacent. Penetrationscan occur among non-
adjacentprimitivesin close-proximity.

As penetrationsoccuramongevery pair of edge-adjacent
triangles,Quick-CULLIDE [GLM05] cannotcull triangles
and will not work well for continuouscollision detec-
tion. Furthermore,basedon our classi�cation,broad-phase
culling is only useful for non-adjacentand edge-adjacent
primitives.Therefore,we decomposethemeshinto disjoint
setsof non-adjacentprimitivesandperformcollisionculling
amongevery pair of sets.Govindarajuet al. [GKJ� 05] pro-
posedchromaticdecompositionto generatesuch disjoint
setsof non-adjacentprimitives.However, theresultingnum-
ber of sets in chromaticdecompositionis quite large to
achieve interactiveperformance(SeeFigs.1 and2).

Givena meshM with decompositionS1; : : : ;Sk suchthat
M = S1 [ : : : [ Sk, weensurethefollowing key propertiesin
the decomposition.Thesepropertiesareusedto reducethe
numberof penetrationtestsamongnon-adjacentandedge-
adjacentprimitives.

1. Non-adjacencyin a set:No two trianglesin thesameset
areadjacentto eachother. Thispropertyis usedto reduce
penetrationtestsamongnon-adjacentprimitives.

2. Unique edge-adjacencyrelationsamongany two sets:
Every trianglein onesetis edge-adjacentto at mostone
trianglein any otherset.This propertyis usedto reduce
penetrationtestsamongedge-adjacentprimitives.

Since the penetratingcontactsare testedonly for non-
adjacentor edge-adjacentprimitives,theabove two proper-
tiesaresuf�cient to performCCDculling tests.Wecompute
a dualgraphof themeshandusegraphcoloringalgorithms
to decomposethemeshinto disjoint sets.
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Property2 is a key propertyin our algorithmaswe can
uniquelypairedge-adjacentprimitivesfor everytwo disjoint
sets.Thepairingeliminatesoverlaptestsbetweentheedge-
adjacentprimitivesin thebroadphase.

Theorem 1: Given two non-adjacenttriangles pi ; p j 2 S1
anda primitive pk 2 S2, pk is edge-adjacentto at mostone
of pi andp j .

Proof: Let usassumepk is edge-adjacentto both pi andp j .
This impliesthat pi is adjacentto p j . This leadsto a contra-
diction that pi andp j arenon-adjacent.

As a result of Theorem1, given a pair of setsS1 and S2,
we canuniquelycomputeedge-adjacentpairsof primitives
(p1; p2); p1 2 S1; p2 2 S2.

For every pair of setsSi ;Sj ; j 6= i, we treat eachedge-
adjacentpair of trianglesbetweenthe two setsas one ob-
ject, andtheremainingunassignedtrianglesasseparateob-
jects for collision checking.The collision culling problem
betweenany two setsreducesto N-bodycollision detection
problemamongtheseobjects.

Our algorithm only performsinter-set collision culling.
In contrast to the chromatic decompositionalgorithm
[GKJ� 05], our algorithmdoesnot requireseparateintra-set
collisionculling andis moreef�cient.

3.3. Algorithm

Our collision detectionproceedsin two phases:a broad
phasethat computespotentiallycolliding primitives (PCS)
thatarenot-adjacent,andanarrow-phasethatis usedto per-
form exact elementarytestsamongnon-adjacentandadja-
centprimitives.

Thebroadphaseof ouralgorithmproceedsin two stages:

1. We updatean AABB hierarchy and use the hierarchy
to computethe potentiallycolliding non-adjacentprim-
itives.

2. We performcontinuouscollision culling amongthe ob-
jectscorrespondingto every pair of setsS1;S2;S1 6= S2.
We use the boundingsweptvolume representationsof
primitives and computea set of potentially colliding
primitivesusingtheQuick-CULLIDE algorithm.

In thenarrow phase,we �rst performexactelementarytests
amongthe potentially overlappingnon-adjacenttriangles.
We then perform elementarytestsamongadjacentprimi-
tives.We further reducethe numberof elementarytestsif
the non-adjacentedgesbelongingto a pair of non-adjacent
primitivesarenotoverlapping[GKJ� 05].

4. Interacti veContinuousCollision Detection

In this section,we presentour multi-stagescollision detec-
tion algorithm.We�rst describethepreprocessingphasefol-
lowedby theruntimealgorithm.

4.1. Pre-Process

OuralgorithmusesanAABB hierarchy to quickly cull non-
adjacentprimitivesthat arenot in close-proximity. We ini-
tially constructthe AABB hierarchy usinga standardtop-
down approachbasedon the meshconnectivity. Eachleaf
nodecontainsapointerto themeshtriangleandalist of adja-
centprimitives.Thelist of adjacentprimitivesareusedto ig-
noreoverlapsbetweentheadjacentprimitives.Furthermore,
eachnodein thehierarchy storesapointerto anAABB. The
AABB hierarchy is constructedasa pre-processandis up-
datedat run-timefor adeformableobject.

During the pre-process,we decomposethe meshby ap-
plying a graph coloring algorithm to the dual graph.We
computethedualgraphG = (V;E) suchthat

� eachvertex vi 2 G correspondsto aprimitive pi 2 M and
� eachedge(vi ;v j ) 2 G correspondsto a pair of vertex- or

edge-adjacentprimitivespi ; p j 2 M.

A graphcoloringof G performsameshdecompositionof M
into independentsetsandsatis�esthetwo meshdecomposi-
tion properties(in Section3.2).Thecomplexity of theover-
all collisionculling algorithmis a functionof thenumberof
independentsetsgeneratedby thegraphcoloringalgorithm
andthe numberof primitivesin the mesh.The decomposi-
tion is performedusing the DSATUR approximationalgo-
rithm [Bré79] for graphcoloring.

After themeshdecomposition,our algorithmcomputesa
datastructurefor eachpair of sets.Thedatastructurestores
all the primitive pairs that belongto the two setsand are
edge-adjacent.If a primitive is not edge-adjacentwith any
of theprimitivesin theset,weconceptuallygenerateaprim-
itive pair whereoneprimitive is setto NULL. Thepseudo-
codefor generatingthe pair datastructurefor setsS1;S2,
whereS1 6= S2 is givenin Algorithm 4.1.

4.2. Bounding Representations

We tightly enclosethelinearly interpolatedpathof eachtri-
angleusing a union of threeedge-bounding-volumes,and
the two discretepositionsof the triangle. Our algorithm
computesthetetrahedronobtainedusingtheinitial positions
andthe�nal positionsof theedgeastheedgeboundingvol-
ume.Our boundingvolume representationfor the triangle
is closedandtight. Theboundingvolumerepresentationfor
a pair of trianglesis the union of the boundingvolumesof
thetwo individual triangles.At run-time,ouralgorithmuses
theseclosedboundingvolumerepresentationsto performef-
�cient collisionculling.

Theboundingrepresentationrequiresno additionalover-
headper frameasthe representationsarede�ned usingthe
vertex indicesof the primitive at the two discretetime in-
stances.Theseindicesareprecomputedanddo not change
during thesimulation.Therefore,we do not needto update
theboundingrepresentationsat run-time.
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GENSETTRIANGLEPAIRS()
1. For each trianglet1 in themesh
2. For each adjacenttrianglet2 of t
3. If EdgeAdjacent(t1; t2) andNotFind(t1; t2)
4. SetPairs(t1.color, t2.color).AddPair(t1; t2)
5. EndFor
6. EndFor

7. For each color c1 = 1; : : : ;numcols
8. For each color c2 = c1 + 1; : : : ;numcols
9. For each trianglet in themesh
10. If t:color = c1 or c2 andNotInSetPair(t;c1; c2)
11. SetPairs(c1; c2).AddPair(t1;NULL)
12. EndFor
13. EndFor
14. EndFor

ALGORITHM 4.1: Primitive Pair Generation Algorithm: The
data structure SetPairs stores the primitive pairs for each pair of
sets.Each setis assigneda uniqueinteger color that variesfrom1
to numcols (line 7). Lines1-6 computetheedge-adjacentpairs for
each pair of sets.Line 3 checksif theprimitivesare edge-adjacent,
andwhethertheprimitive pair alreadyexistsin thedatastructure.
Lines7-14computetheunassignedprimitive pairs in each setand
addthemto thedatastructure (line 11).

4.3. Run-time Algorithm

Our run-timealgorithmconsistsof four stages:

� StageI: We usethe AABB hierarchy to computetrian-
gles that potentially collide with other non-adjacenttri-
angles.During eachsimulationtime step,we updatethe
AABB hierarchy usingthe meshverticesof the two dis-
creteinstances.Wetraversethehierarchy andtestwhether
theAABBs of the trianglesoverlapwith any of thenon-
adjacenttriangles.

� Stage II: We perform 2.5-D visibility tests among
eachpair of sets.We use the boundingvolume repre-
sentationsof the primitive pairs and combine it with
Quick-CULLIDE culling algorithm to perform continu-
ous culling. We usethe resultsof stageI to reducethe
numberof visibility computations.A primitivepair(t1; t2)
that correspondsto the sets(S1;S2) is potentiallycollid-
ing, if andonly if either t1 or t2 is potentially colliding
with any otherprimitive in thetwo sets.We usethefunc-
tion RENDERPAIR shown in Algorithm 4.2 to rendera
primitive pair in Quick-CULLIDE. Observe thatonly tri-
anglesthatarepotentiallycolliding afterstageI areused
for visibility computations.

� StageIII: Weperformedge-edgeandvertex-faceelemen-
tary testsamongthe potentially colliding non-adjacent
primitives.We only performtheseelementarytests,if the
boundingsweptvolumesof primitives that are adjacent
alongthecorrespondingedgesor verticesof theoverlap-
ping primitivesarenot touchingor have tangentialcon-
tacts.

RENDERPAIR()
1. Givenprimitivepair (t1, t2)
2. If t1 is in PCS,rendert1
3. If t2 is notNULL, andt2 is in PCS,rendert2

ALGORITHM 4.2: Primitive Pair RenderingAlgorithm: Only
primitiveswhich are in PCSafter stage I are rendered(lines2-3).

� StageIV: We performelementarytestsamongadjacent
primitives.Similar to stageIII, we only performelemen-
tarytests,if theboundingsweptvolumesof primitivesthat
areadjacentalongthecorrespondingedgesor verticesare
not touching.

5. Implementation and Results

We have implementedour algorithm on a Pentium IV
PC with 2GB memoryand NVIDIA GeForce 7800 GTX
GPU. We use the OpenGL API under Windows XP
and GL_NV_occlusion_queryfor performingthe full vis-
ibility queries asynchronously. We improve the render-
ing performanceby storing the mesh vertices using the
GL_vertex_buffer_objectextensionontheGPU.Weareable
to achieve a throughputof 20 million trianglesper second.
We usean imageresolutionof 1000� 1000 for collision
computations,andusedthreeaxis-alignedviews to perform
collisionculling.

Wehaveappliedouralgorithmto detectcollisionsongen-
eral meshesusedfor cloth simulation.We have testedour
algorithmon two complex benchmarks:

� Benchmark I: In this simulation,the cloth is modeled
using6K triangles.Ourprecomputationalgorithmdecom-
posesthismeshinto using11colorsasshown in Fig. 1(b).
We have illustratedthreesequencesfrom this simulation
in Figs. 1(e), (f), and(g). Using the stageI of our algo-
rithm, thePCSreducesto 2000� 2500triangles.Theav-
erageupdatetime for the AABBs is about4msand the
averagecollision culling time spentin stageI is about
20ms.The stageII of our algorithmfurther reducesthe
sizeof thePCSto 100� 200triangles.Theaveragecolli-
sionculling time in stageis about70ms,andtheaverage
collision detectiontime is about100msper frame.The
PCScomputedafterstagesI andII arehighlightedin red
in Fig. 1 (c) and(d), respectively.

� Benchmark II: In this environment, the cloth wraps
arounda sphere.Thecloth meshis representedusing7K
triangles,andourprecomputationalgorithmpartitionsthe
meshinto only 10independentsets.Figs.2 (e),(f), and(g)
illustratesthreesnapshotsfrom thesimulation.Theaver-
agePCSsizeafterStagesI andII arearound3000trian-
glesand200trianglesrespectively. We highlight thePCS
in redaftertheStageI andII in Fig. 2 (c) and(d) respec-
tively. The averagecollision culling time in the StagesI
andII of ouralgorithmare20msand60ms,respectively.
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(a)BenchmarkI (b) Our MeshDecom-
position:11sets

(c) ChromaticDecom-
position:23sets

(d) PCScomputed(in
red)afterStageI (2.5K
primitives)

(e) PCScomputed(in
red) after StageII (40
primitives)

(f) First snapshotof
BenchmarkI

(g) Secondsnapshotof
BenchmarkI

Figure 1: BenchmarkI: Thecloth is modeledusing7K trianglesandour meshdecompositionresultsin 11 colors(asshown in Fig. 1 (b)).
Thechromaticdecompositionalgorithm[GKJ� 05] resultsin 23colorsandthecomparisonis highlightedin Fig. (c). UsingAABBs, thePCSis
reducedto 2000� 2500trianglesandis highlightedin red in Fig. 1 (d). UsingtheStageII of our algorithm,we furtherreducethesizeof the
PCSto 40 primitivesandis shown in Fig. 1 (e).Thesequenceof imagesFigs.1 (f), (g) show thevariousinstancesof a skirt dueto themotion
of theavatar. As thesimulationprogressesmany complex folds andwrinklesarise.Our algorithmis ableto detectall thecollisionswithin 100
msonaPentiumIV PCwith aGeForce7800GPU.

6. Analysis

In thissection,weanalyzetheperformanceof ouralgorithm.
This includestheculling ef�ciency anddifferentfactorsthat
governtheoverall performance.

6.1. Performance

The performanceof the StageI of our algorithm is a lin-
ear function of the numberof primitives in the mesh.The
performanceof the StageII of our algorithm is linear to
the numberof the meshprimitivesandthe numberof sets
generatedusing the decompositionalgorithm. We usethe
DSATUR algorithm[Bré79] to performthemeshdecompo-
sition. In our benchmarks,we areableto partitioncomplex
clothmeshesinto atmost10 independentsets.Furthermore,
it maybepossibleto obtainoptimalcoloringfor regularand
subdivision meshesusing our algorithm.Fig. 3 highlights
theperformanceof ouralgorithmonbenchmarkI andII.

6.2. Culling Ef�ciency

The culling ef�ciency of our algorithmvariesbasedon the
relative position of the meshprimitives,and the bounding
volumerepresentationsusedto boundthe continuouspath

of theprimitives.Theculling ef�ciency obtainedby our al-
gorithmis alsoa functionof theview directionsusedto per-
form 2.5D overlaptestsandthenumberof views. We have
comparedthe culling ef�ciency obtainedusingstageI and
stageII of our algorithm.Fig. 3(c) and 3(d) highlight the
culling ef�ciency after eachstageof our algorithm on the
two benchmarks.SincetheAABBs usedto boundtheprim-
itive are more conservative than the tight boundingrepre-
sentationsusedin StageII, our algorithmis ableto reduce
thePCSsizeafterStageII by 1� 2 ordersof magnitudein
comparisonto StageI.

6.3. Comparison

Our algorithmperformscontinuouscollision detectionbe-
tweengeneraldeformablemodelsat image-spaceprecision.
Our algorithm checksfor collision detectionbetweenthe
time stepswhereasQuick-CULLIDE [GLM05] checksfor
collisions only at discretetime instances.Due to the use
of boundingsweptvolumes,the accuracy of our algorithm
is always higher than Quick-CULLIDE. As comparedto
the chromaticdecompositionalgorithm [GKJ� 05], our al-
gorithmis relatively fasterby almost6 times.This is mainly
dueto theimprovedchromaticdecompositionalgorithmand
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(a)BenchmarkII (b) Our MeshDecom-
position:11sets

(c) ChromaticDecom-
position:24sets

(d) PCS(in red) com-
puted after Stage I
(1̃600triangles)

(e) PCS(in red) com-
putedafterStageII (30
triangles)

(f) First snapshot (g) Secondsnapshot

Figure 2: BenchmarkII: In this simulation,a cloth modeledusing6K trianglesfalls anddrapesarounda sphere.Our meshdecomposition
algorithm partitionsthe meshinto 11 independentsetsas shown in Fig. 2 (b). We show a comparisonwith the chromaticdecomposition
algorithmin Fig. 2 (c). Using the AABBs in theStageI of our algorithm,thesizeof PCSis reducedto 1600triangles.TheStageII of our
algorithmfurtherreducesthesizeof thePCSto 30 triangles.ThePCSobtainedafterStagesI andII arehighlightedin redin Fig. 2 (d) and(e)
respectively. We illustratethevariousinstancesof thesimulationin Fig. 2 (f), (g) respectively. Theaveragecollisiondetectiontime is 80ms.

edge-adjacentpair computation(as highlighted in Figs. 1
and2). However, our algorithmperformscollision queries
at image-spaceprecision,whereasthe chromaticdecompo-
sitionperformsthematobject-spaceprecision.Furthermore,
ouralgorithmdoesnotcheckfor touchingcontacts.Mostof
theobject-spacealgorithmsbasedonboundingvolumehier-
archieshave beenappliedto relatively simplerbenchmarks
andareslower thanouralgorithm.

6.4. Limitations

Our approachhassomelimitations. First of all, the colli-
sion queriesareperformedat image-spaceresolution.Sec-
ondly, our algorithm doesnot detectall typesof contacts,
e.g.touchingcontacts.Furthermore,theperformanceof our
algorithmvariesasa function of the time step.For a large
time step,theculling ef�ciency of thealgorithmgoesdown
andit performsahighernumberof elementarytests.

7. Conclusionsand Futur eWork

We have presentedan interactive continuouscollision de-
tectionalgorithmfor generaldeformablemeshesin virtual
environments.Wedecomposetheprobleminto adjacentand

non-adjacentcollisiondetection.Thealgorithmtakesadvan-
tagesof primitive connectivity informationto performef�-
cient collision culling betweenboundingsweptvolumesto
ensureno collision is missedbetweentime steps.Thecolli-
sion culling is performedusing2.5D querieson the GPUs.
It is ableto checkfor collisions,includingself-collisions,in
complex simulationsconsistingof many thousandsof trian-
gles.Therearemany avenuesfor futurework.Wewouldlike
to usethis approachfor other applicationincluding avatar
motionandsurgical simulation.Furthermore,wewould like
to performotherproximity queriesincludingseparationdis-
tanceandpenetrationdepthcomputation.
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