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ABSTRACT

In theanimationof deformableobjects,collision detectionis crucial for theperformance.Contraryto volumetric
bodies,the accuracy requirementsfor the collision treatmentof textiles areparticularlystrict becauseany over-
lappingis visible. Therefore,we applymethodsspeci�cally designedfor deformablesurfacesthat speedup the
collisiondetection.In thispapertheef�ciency of boundingvolumehierarchiesis improvedby adaptedtechniques
for building andtraversingthesehierarchies.An extendedsetof heuristicsis describedthatallows pruningof the
hierarchy. Orientedin�ation of boundingvolumesenablesusto detectproximitieswith aminimumof extracost.
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1. INTRODUCTION

A physicallycorrectclothsimulationrequirescollision
avoidanceandthereforeaneffectively robustdetection
system.Eachpenetrationviolatesreality andoftenre-
sultsin expensive correctionprocedures.As collision
detectionhasto beperformedat discretepointsof the
simulationtime, the size of the simulationtime step
must be limited suchthat collisionscanbe correctly
detectedandresolvedin between.

Sincemuchprogresshasbeenachieved in improv-
ing the numericalsolution, most animationsemploy
large time stepsfor fastsimulations. However, large
time stepsmake the collision detectionand response
moredif�cult becausethemovementduringonetime
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stepcan be signi�cant. The bestsolution to accom-
modatethis is the early detectionof collisions in a
speci�edcollision region aroundtheobject.Collision
detectionalgorithmsmustbe extendedto detectsuch
proximity also.

In this paperwe employ thenotionof object-based
hierarchies,�rst appliedto cloth modellingby Volino
etal. [VMT94]. Thehierarchicalrepresentationsof all
objectsincluding thedeformablesurfacesof arbitrary
meshedtextiles arebuilt in a pre-processingstep.We
will studyandevaluatedifferenttechniquesto improve
thehierarchygenerationandto speedup theupdating
and traversalof the trees. In order to save computa-
tion time,severalheuristicsareusedto prunethetrees,
includingcurvatureandcoherencecriteria.

As notonly collisionsbut alsoproximitiesareto be
detected,theboundingvolumesarein�ated. In order
to minimize additionaloverlappingof the bounding
volumes,the in�ation is orientedin the direction of
highvelocity.

2. PREVIOUS WORK

Many collisiondetectionmethodsfor variouspurposes
havebeendevelopedin thepast[LG98]. Someof them
are employed and adaptedfor the particularrequire-
mentsof clothmodelling.

Collision detectionfor convex polyhedrahasbeen
extensivelystudiedandis basedontheGJK-Algorithm



[GJK88], Lin-Canny-Algorithm [LC91] or V-Clip
[Mir98]. Non-convex objectscanbedecomposedinto
convex parts[EL01; Ehm]. � -trees[Gut84] provide
thetheoreticalbasicsfor boundingvolumehierarchies,
which aremostly usedto generatehierarchicalrepre-
sentationsof complex meshes.In addition, possibly
colliding objectsare identi�ed by Sweep-and-Prune
strategies [CLMP95]. As opposedto boundingvol-
umehierarchies,regulargridspartition thesceneinto
voxels [BE99; ZY00]. Alternatively, graphicshard-
ware [BWS98] can be employed to detectcollisions
in image-space,which waseveninvestigatedfor cloth
modelling[VSC01].

Particularadvancesin acceleratingtheself-collision
detectionareachievedby Volinoetal. [VMT94]. They
usea region-merge algorithmto build hierarchieson
top of a polygonalmesh,storingadjacency informa-
tion for the regions. The region normalsare sam-
pled to determinethecurvatureof a region andto re-
jectself-intersections.They alsointroduceatechnique
that observes the history of closeregions to guaran-
teea consistentcollision response[CVMT95]. Recent
publications[VMT00] additionallyaddress� -DOPsas
boundingvolumes.Provot [Pro97]describesa similar
approachfor thesurfacecurvatureheuristic,whichwe
extendin oursystem.Johnsonet al. [JC01]show how
normal conehierarchiescan acceleratenot only dis-
tancecomputations,but alsolighting andshadowing.

3. BOUNDING VOLUMES

In complex dynamicscenes,boundingvolumeshave
to be permanentlyreadaptedto the approximatedge-
ometry. For this applicationwe choosea bounding
volumehierarchyof � -DOPs[KHM � 98].

Theadvantagesof thischoiceoverotherhierarchies
areidenti�ed in section4.

3.1 � -DOPs

A � -DOP[KHM � 98] (discreteorientedpolytope)is a
convex polyhedronde�ned by � halfspacesdenotedas
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For arithmeticreasonsthe
componentsof thenormal-vectorsareusuallychosen
from the set

�.243.�657�,38#

. In orderto turn the intersec-
tion testfor thepolyhedronsinto simpleinterval tests,
the hyperplaneshave to form �798: parallelpairs. E.g.
an axisalignedboundingbox (AABB, 6-DOP)in
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is given by
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,
anoctahedron(8-DOP)is generatedby settingall nor-
mal componentsto

B>3

. We usually use 14-DOPs
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) or 18-DOPs(AABB with clipped
edges).

The easiestway to build the � -DOPboundingvol-
umefor a setof pointsis insertingtheminto a primar-
ily empty � -DOPby updatingits �798: intervalsaccord-
ingly. Theoverlaptestbetweentwo � -DOPsis imple-
mentedby interval testssimilarto thecommonAABB,
indicatingdisjointnessassoonasonepair of intervals
is disjoint. Thus,themaximalnumberof interval tests
is �79D: (in theoverlappingcase).

3.2 � -DOP In�ation

In orderto useratherlarge time stepsfor the simula-
tion,notonly realcollisionsbut alsoobjectproximities
have to be detected.Let P8QSRUTEVJW be the maximumdis-
tanceof two mesheswhereproximitieshave to bede-
tected,dependingon thevelocitiesof theverticesand
the time stepsize. Enlarging the � -DOPsby an off-
set P QSRXT6VJW 9D: in eachof its � directionsturnstheusual
overlaptestinto proximity detection.It caneasilybe
veri�ed thattheoverlapof suchtwo enlarged � -DOPs
is a necessaryconditionfor actualP8QSRXT6VJW –proximity.

3.3 Oriented � -DOP In�ation

The unorientedin�ation implies a higher degree of
self-overlapping betweencontiguousbounding vol-
umes. Thus,the numberof overlaptestsseverely in-
creasesdependingon theamountof in�ation. For this
reason,the unorientedin�ation is restrictedto close
proximitiesandcannotbeusedto detectpotentialcol-
lisionsamongobjectswith higherrelativevelocities.

To retrieve collisions within the movementof the
objectsbetweentwo frames, the boundingvolumes
have to enclosethe spacewhich is likely to be tra-
versed. To determinethis space,the next time step
size and the velocity of the verticeshave to be esti-
mated.Then,thenew vertex positionscanbeextrapo-
latedandtheboundingvolumescanbeadaptedto en-
closetheold aswell asthenew vertices.But, asthis
methodwould at leastdoublethecostof updatingthe
leavesof theboundingvolumehierarchy, weintroduce
theoriented � -DOP in�ation asshown in �gure (1).

Theorientedin�ation updateseachof the �798: inter-
valsdependingon thenormalizedmeanaxis Y andthe
maximalvelocity ZY of thevelocity cone(section5.2).
Theinterval limits areincreasedby thedistance
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denotingthe normalof thehyperplaneand
ikj

the
expectedtime stepsize. At least �79D: of the normal
vectorsdo not point into the movementdirection,re-
sultingin
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If thevelocityconehasnoprin-
cipal direction of movement( npo
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), the ordinary
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Figure1: Estimatedmovementandorientedin�ation
of the8-DOP.
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is applied.

4. DYNAMIC ‹ -DOP-HIERARCHY

Although voxel-basedmethodslike regular grids can
be useful for collision detectionand even cloth mo-
deling [ZY00], they do not supportthe detectionof
proximities and thereforeare not acceptablefor the
largetimestepsizesof implicit solvers.Moreover, ob-
ject basedheuristicswhich prunethecollision testfor
wholepartsof thescenecannotoperateonvoxels.

The dynamicapproximationof meshesby implicit
surfacesprovidesvery fastparticle–surfacetests,but
the simulationthen dependson the resolutionof the
textiles, and an ef�cient self-collision detectioncan
barelyberealized.

Graphics-hardware based methods [VSC01] are
hardware-dependentand cannot solve the self-
collision detectionproblemeither. As they generally
return rather inexact distances,an accuratecollision
responseremainsdif�cult.

Therefore,a realistic cloth modelling systemre-
quiresboundingvolumehierarchiesto be robust and
ef�cient at thesametime. We proposeto combinethe
advantagesof atop-down Œ -DOPhierarchywith asur-
facecurvaturecriterion.

4.1 Hierar chy Generation

Let •>Ž•• bethetightest Œ -DOPenclosinga setof ver-
ticesand ‘

’

theoperationforming thetightest Œ -DOP
enclosinga setof Œ -DOPs. Then,asfor AABBs, Œ -
DOPboundingvolumessatisfytheequation
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for asetof verticesŽ andanarbitrarypartition ž

x

Ž

Š .
Hence,theoptimalboundingvolumefor a nodein the

hierarchycanbeeasilycomputedby merging its child
boundingvolumes.Viceversathehierarchycanbeef-
�ciently built usinga top-down splitting method.Fig-
ure (2) shows two hierarchylevels for the 18-DOP-
hierarchyof anavatar.

(a) (b) (c) (d)

Figure2: Two levelsof an18-DOP-hierarchy. (a) and
(c) show the 18-DOPs,(b) and(d) the corresponding
regionson thesurface.

In contrastto bottom-upmethods[VMT94], theini-
tial geometry�ts well in the boundingvolumesbe-
causethe facesof a region areselectedsuchthat they
correspondwith the shapeof the boundingvolume.
However, dynamic meshesmay of courselose this
propertywhenmovementsotherthantranslationsoc-
cur.

4.2 Nodesplit

The bounding volumes are split according to the
longestside. In our implementationthe longestside
of a Œ -DOP is determinedby the facepair with the
maximumdistance.The Œ -DOPis split parallelto this
facepair throughits center. As generallysomepoly-
gonsarecut by the splitting plane,they areassigned
to that child nodewhich would containthe smallest
numberof polygons. In the lower hierarchylevels, if
all polygonshappento becut,eachof themis assigned
to its own node.Finally, asthecorrespondingvertices
for thenodeareknown, the Œ -DOPscanbeoptimally
�tted to the underlyingfaces. Although this method
is simple, it turnsout to be ef�cient on the onehand
andto producewell balancedtreeson theotherhand.
Thecompletehierarchysetupfor objectsholdingsev-
eral thousandsof polygonscan be performedwithin
merelyasecond,allowing thedynamicadditionof ob-
jects to the scene. To achieve optimal collision de-
tectionperformance,the splitting continuesuntil one
singlepolygonremainsperleaf.

4.3 Lazy Hierar chy Update

Generally, thehierarchyupdatere-insertsthevertices
into the leaf Œ -DOPs and builds the inner Œ -DOPs



by unifying the Ÿ7 8¡ intervals of the child bound-
ing volumes (equation2). Parts of the hierarchy
whereverticesdo not traversemore than a distance
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Figure3: Tolerancedistancefor thelazyhierarchyup-
date.

Thus, the hierarchyupdateis acceleratedfor slow
partsof thesceneandfor smalltime stepsizes.

4.4 Trees

Previousapproachesemployedbinarytreesto storethe
hierarchysince they require the smallestnumberof
overlaptests.However, thedepthandnumberof nodes
are maximal, and consequentlythe recursionduring
overlaptestsis deeperthanfor any higherordertree.
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Figure4: Recursionusingbinary trees(a) andquad-
treesrespectively (b).

Figure (4) shows the reductionof recursiondepth
for detectingtwo overlapping leaves by equivalent
quadtreesinsteadof binary trees. Note that in this
casethe recursiondepth is reducedby the factor 2,
whereasthe numberof overlap testsremainsequal.
However, if only therootnodesoverlapin theexample,
the quadtreesrequirefour overlaptests,which is two
timesmorethanusingbinarytrees.Sinceoverlaptests

for Ÿ -DOPsonly need Ÿ7 8¡ interval testsin the worst
(overlapping)case,a slight increaseof overlaptestsis
acceptable.Ourimplementationis ableto usearbitrary

¡8¹ -trees,but quadtreesandoctreeshave turnedout to
bethefastest.In particular, they aresigni�cantly faster
thanbinarytrees.

5. HEURISTICS

In collisiondetection,heuristicscanspeed-upthehier-
archyupdateandtheintrinsic collision test.However,
resultingerrorshave to be limited strictly in orderto
preservetheaccuracy of theentirecollisiondetection.

We usetwo differentdatastructures(”cones”) that
representbotha principaldirectionanda measurefor
thecorrelationof asetof vectors.

5.1 Normal Cones

An exact methodto reject possibleself-intersections
for a certain region was suggestedby Volino and
Magnenat-Thalmann[VMT94], where a vector is
searchedthathaspositivedotproductwith all normals
of theregion. If suchavectorexistsandtheprojection
of the region onto a planein direction of the vector
doesnot self-intersect,theregioncannotself-intersect
either.

In our systemwe employ Provot's method[Pro97],
whichis veryfastandaccurateenoughfor regionshav-
ing a suf�ciently convex border. The Ÿ -DOP regions
generatedbyourhierarchysetupusuallymeetthiscon-
dition, andmoreover we areableto extendeasilythe
ideato thedetectionof self-proximities.For every re-
gion a coneis maintainedrepresentinga supersetof
thenormaldirections.Theconecanbecalculateddur-
ing thebottom-uphierarchyupdateby very few arith-
metic operations.The apex angle º of the conerep-
resentsthecurvatureof theregion, indicatingpossible
intersectionsif º¼»¾½ . In order to detectproximi-
ties as well, we replacethis intersectioncriterion by
theself-proximitycriterion º¦»
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is not crucial. It just hasto bedecreasedif
thesimulationallowsratherspiky bends.

Figure5: Self-intersectingmeshwith correlatednor-
malsbut concaveshape.

Still there remainsthe problemthat hierarchyre-
gionscanhaveseverenon-convex shapeandtherefore



compromisethe robustnessof the surface curvature
criterion. Figure (5) shows sucha surfacethat self-
intersectsalthoughtheapex angleof its normalconeis
rathersmall. We divide sucha meshinto several face
groupsandbuild an adjacency matrix for the groups.
Thecurvatureheuristicis not appliedto non-adjacent
groupsduring the self-collisiontest. Thus,collisions
of facesaresurelydetectedif they areseparatedonthe
surfaceby at leastonegroup.

The groupsalsoplay an importantrole in theopti-
mizationof theprimitivepair test(section6.2).

5.2 Velocity Cones

Weproposeanew heuristicdesignedto pruneoff those
partsof the scenewhereonly small velocitiesoccur.
For that purposewe introducethe velocitycone(�g-
ure6), whichis alsousedto detecttemporalcoherence
duringthedetectionprocess.A velocity coneis com-
putedsimilarly to anormalcone.

á

v

significance

node

Figure6: VelocityCone.

It representsanapproximationof thevelocitydistri-
butionin ahierarchynodebyasmallnumberof values.
On the onehandthis permitsfast calculationduring
thehierarchyupdate,andon theotherhandtheveloc-
ities of two nodescan ef�ciently be compared.The
angle Ã , the direction Ä , and the height of the cone
dependon the movementof the vertices. In particu-
lar, Ã measuresthe correlationof signi�cant velocity
vectors,andtheheightrepresentsthetotalsigni�cance
(e.g.themaximumvelocity ÅÄ ) of themovement.

6. COLLISION DETECTION AND DIS-
TANCE COMPUTATION

Wetesttwo meshesfor overlapsby recursively travers-
ing thein�ated hierarchiesfrom thetop down. When-
ever two nodesoverlap,all childreninsidethe longer

Æ

-DOParetestedagainsttheshorterone.

6.1 Proximity and Distance

Whenever two colliding hierarchyleaves have been
found, thedistancebetweeneachpair of facesis cal-
culated,and candidatepairs are detectedand passed
to thecollision response.To handlenot only triangles

but alsopolygonalprimitives,we computetheclosest
pointsbetweenconvex polygonswith an adaptedim-
plementationof theGJKalgorithm[GJK88].

We do not restrict the proximity detectionto the
simpleparticle–facetest,sinceit is not suf�cient for
an accuratecollision detectionand limits cloth mod-
elling to high-resolutionmeshes(�gure 7).

Rigid object

Textile Penetration

Figure7: Particlebasedcollision detectionis inexact
andresolutiondependent.

Alternatively, virtual particles[EEHS00]canbein-
sertedat critical positions,however they requireaddi-
tional costlycalculations.

In order to handle multiple collisions that occur
when textiles are clampedbetweenother textiles or
body parts,all critical proximities are passedto the
collision responseto ensurea smoothandaccuratere-
sponse.

6.2 Self-collision

We traversethe hierarchyof a deformableobject by
�rst checkingwhetherthe surfacecurvaturecriterion
indicatesproximities. In this casethe child regions
arerecursively checked. Additionally, to detectprox-
imities acrossthe child borders,the child regionsare
recursively testedagainsteachother similarly to the
standarddetectionprocess.

The facesof two overlappingleavesare�rst tested
for adjacency. If the facesbelongto the sameor to
two adjacentgroups(section5.1), only non-adjacent
faceswith a signi�cant angleare testedagainsteach
other, sincecontiguousfaceson �at surfacesarenot
candidatesfor thecollision response.

This methodfor self-collisiondetectionturnsout to
beveryef�cient andonly needsa fractionalamountof
thetotal timeusedfor thecollisiondetection.

6.3 Exploiting Coherence

A separationlist asproposedby Li andChen[LC98]
canbebuilt to detectframe-to-framecoherenceandto
reducethe costsfor the hierarchytraversal. The list
storesthenodepairswherethe last recursionstopped
andthe next detectionprocessresumesthe recursion
at thesenodes.Insteadof checkingwhethera separa-
tion nodemovesup in therecursiontree,we just track
thenodesmoving down andrebuild theseparationlist
aftera while. Thecheckfor upwardsmoving nodesis



expensiveandusuallyfailsanyway, ascontactsin cloth
simulationoftenpersistfor a longerperiodof time.

However, wefoundout thatdueto thelargenumber
of collisionsoccurringin cloth simulation,the main-
tenanceof the separationlist mostly takesmoretime
thanrerunningthe Ç -DOPoverlaptests.

Instead, in still scenesthe velocity cones (sec-
tion 5.2)areusefulto detectnodeswith small relative
velocities,asfor thosenodesthedetectionresultsfrom
the previous time stepcanbe collected. The closest
pointsof trianglesarestoredby theirbarycentriccoor-
dinates,thusthey donotneedto berecalculatedduring
coherentmovements.Assumingsuf�cient planarityof
the faces,this is also valid for faceswith more than
threevertices. As errorsmay accumulate,the results
haveto berecomputedafteracertainperiodof timede-
pendingon thevelocitiesandthe È8ÉSÊUËEÌJÍ –distanceana-
logically to thelazyhierarchyupdate(section4.3).

7. RESULTS

Severalprofessionalclothmodellingsystemsareavail-
able for purchase.We comparethe accuracy of our
systemwith ”Cloth” includedin MayaÎ 4 Unlimited1.
Figure(8) shows thescene”tableCloth” consistingof
a low-resolutiontablecloth (49 vertices,72 triangles),
whichdrapesoveraroundtable.Both”Cloth” andour
systemcomputethe simulationof the falling cloth in
real-time,but ”Cloth” only testsverticeswith thecol-
lision objectandproducesvisually poorresultsdueto
penetrationswith the edgeof the table. Our system
correctly detectsall proximities and the constraints
safelypreventintersections.

(a) (b)

Figure8: Accuracy of collisiondetectionandresponse
in MayaCloth (a) comparedto oursystem(b).

Another test is performed on a walking avatar
(28784polygons). The avatar is dressedwith pants
assembledof several garmentpatterns(833 vertices,
1626triangles).In table(1) thecollisiondetectionper-
formanceis comparedfor a walk over 6 seconds.The
result for our acceleratedcon�guration (18-Ç -DOPs,
quadtrees)is listed in the �rst row. The other rows
show theresultsthatareobtainedwhensimplercolli-
sion detectionmethodsareused. For the unoriented

1MayaÏ by Alias Ð Wavefront

in�ation anoffsetof ÈdÉSÊXË6ÌJÍ…Ñ�Ò8Ó\Ô wasusedto insure
robust detectionand response.The columnslist the
run-timesof thehierarchyupdate(HU), collision test
(CT), andthe total time spenton the collision detec-
tion.

Collision detectionsetup HU CT Total
Acceleratedcon�guration 56 31 88
Unorientedinsteadof oriented

in�ation
37 136 173

AABBs insteadof 18-DOPs 43 50 93
Binary treesinsteadof

quadtrees
64 35 99

Table 1: Collision detectiontimes for the walking
avatarmeasuredin secondsfor the simulationof 600
timesteps.

For the simulation,the collision responsetook 24
seconds,thenumericalsolutionof theparticlesystem
35seconds.In oursimulationsweappliedthecollision
responseschemedescribedin [MKE02]. Thetimestep
sizewassetto ÕFÖ ÕF×�Ø for both collision detectionand
the solver. Thus,600 time stepshadto be computed
overall. Figure(9) showssomepicturesfrom thesim-
ulation.

As a resultof theorientedin�ation, proximitiesbe-
tweenseveralmoving textiles areaccuratelydetected.
Figures(10)and(11)show examplesfor complex col-
lisionsandself-collisionswith high relativevelocities.

Evidently, the collision detectionperformanceis
strongly improved by the advancesdescribedin this
paper. Theorientedin�ation allows theimplicit solver
to chooselarge time stepsizes. Commonbounding
volumeshave to be intensively in�ated in order to
achieve an accuratesimulationandresult in a severe
performancelossfor thehierarchies.Furthermore,Ç -
DOPsapproximatethe textiles muchbetterthansim-
pleaxisalignedboundingboxesandprovidea reason-
ablespeed-up.A comparablespeed-upis additionally
achievedby thehigherorderhierarchytrees.

8. CONCLUSIONS

In this work we have shown that the notion of object
hierarchiesfor collisiondetectionfor clothmodelscan
beadvancedby anintelligentchoiceof methodsfor all
componentsof thedetection,namelyhierarchybuild-
ing, update,andtraversal. Moreover, an extendedset
of heuristicsfurther improves the performancesuch
that the collision detectionis no longera bottle neck
in clothmodelingsystems.

More preciselywe showed

Ù that Ç -DOPs arewell suitedfor collision detec-
tion betweendeformableand�at shapedmeshes
like textiles



Ú how Û -DOPhierarchiescanbeextendedto prox-
imity detectionwith acceptableoverhead

Ú thatit is worthwhile consideringother tr eesthan
binarytreesif theboundingvolumeoverlaptestis
fast

Ú how normal conescan be incorporatedinto Û -
DOP hierarchiesand how the conceptof face
groupscanstill guaranteea correctself-collision
detection

Ú awayto easilyrepresentmovementsof hierarchy
nodesusingvelocity cones.

Future work will include the developmentof an
application of the presentedhierarchiesfor multi-
resolutionmodels.

9. REFERENCES

[BE99] R. Bigliani andJ.W. Eischen.Collision De-
tectionin Cloth Modeling. In Cloth andClothing
in ComputerGraphics. ACM SIGGRAPH,1999.

[BWS98] G. Baciu, W. Wong, and H. Sun.
Hardware-AssistedVirtual Collisions.In Proceed-
ings of the ACM Symposiumon Virtual Reality
Software and Technology, VRST, Taipei, Taiwan,
pages145–151,1998.

[CLMP95] J. D. Cohen, M. C. Lin, D. Manocha,
andM. Ponamgi.I-COLLIDE: An Interactiveand
ExactCollision DetectionSystemfor Large-Scale
Environments. In Symposiumon Interactive 3D
Graphics, pages189–196,218,1995.

[CVMT95] M. Courshesnes, P. Volino, and
N. Magnenat-Thalmann. Versatile and Ef�-
cient Techniquesfor SimulatingCloth and Other
Deformable Objects. In Robert Cook, editor,
SIGGRAPH 95 Conference Proceedings, An-
nual ConferenceSeries, pages137–144. ACM
SIGGRAPH,AddisonWesley, August1995.

[EEHS00] O. Etzmuss,B. Eberhardt,M. Hauth,and
W. Strasser. Collision Adaptive ParticleSystems.
Proceedingsof Paci�c Graphics, 2000.

[Ehm] S. A. Ehmann. SWIFT - Speedy
Walking via Improved Feature Testing.
http://www.cs.unc.edu/Ü geom/SWIFT/.

[EL01] S. A. EhmannandM. C. Lin. Accurateand
FastProximity QueriesBetweenPolyhedraUsing
Surface Decomposition. In ComputerGraphics
Forum(Proc.of Eurographics), 2001.

[GJK88] E. G. Gilbert, D. W. Johnson,and S. S.
Keerthi. A Fast Procedurefor Computing the
Distance Between Complex Objects in Three-
DimensionalSpace.IEEEJournalof Roboticsand
Automation, 4(2),1988.

[Gut84] A. Guttman. R-Trees: A Dynamic Index
Structurefor SpatialSearching.Proc. ACM SIG-
MOD Conference, Boston, pages47–57,1984.

[JC01] D. JohnsonandE.Cohen.SpatializedNormal
ConeHierarchies.In ACM Symposiumon Interac-
tive 3D Graphics. ACM SIGGRAPH,2001.

[KHM Ý 98] J. T. Klosowski, M. Held, J. S. B.
Mitchell, H. Sowizral, andK. Zikan. Ef�cient Col-
lision DetectionUsing BoundingVolume Hierar-
chiesof k-DOPs.IEEETransactionsonVisualiza-
tion andComputerGraphics, 4(1):21–36,1998.

[LC91] M. C. Lin andJ.F. Canny. A FastAlgorithm
for IncrementalDistanceCalculation.In IEEE In-
ternationalConferenceon Roboticsand Automa-
tion, pages1008–1014,1991.

[LC98] T.-Y. Li andJ.-S.Chen.Incremental3D Col-
lision Detectionwith HierarchicalDataStructures.
In Proceedingsof theACM Symposiumon Virtual
reality softwareandtechnology, 1998.

[LG98] M. C. Lin andS. Gottschalk. Collision De-
tection BetweenGeometricModels: A Survey.
Proc. of IMA Conferenceon Mathematicsof Sur-
faces, 1998.

[Mir98] B. Mirtich. VClip: Fastand Robust Poly-
hedralCollision Detection. ACM Transactionson
Graphics, 17(3):177–208,1998.

[MKE02] J. Mezger, S. Kimmerle, andO. Etzmuß.
ImprovedCollision DetectionandResponseTech-
niquesfor ClothAnimation.Technicalreport,Uni-
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Figure9: Walk with 833particlesfor trousers,28784verticesfor avatar.
(a,b): Picturesfrom thesimulationin Table1. (c): Anothersimulationwith shirt (1138particles).

Figure10: Sheetsof cloth falling ongeometricobjects(441particlespersheet).

Figure11: Droppinga long tapeonacurvedsurface(1449particles).


