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ABSTRACT

In theanimationof deformableobjects,collision detectionis crucialfor the performance Contraryto volumetric
bodies,the accurag requirementsor the collision treatmentof textiles are particularly strict becausery over
lappingis visible. Therefore we apply methodsspeci cally designedor deformablesurfacesthat speedup the
collisiondetection.In this paperthe ef ciency of boundingvolumehierarchiess improvedby adaptedechniques
for building andtraversingthesehierarchies An extendedsetof heuristicsis describedhatallows pruningof the
hierarchy Orientedin ation of boundingvolumesenableaisto detectproximitieswith aminimumof extra cost.
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1. INTRODUCTION

A physicallycorrectclothsimulationrequirescollision
avoidanceandthereforeaneffectively robustdetection
system.Eachpenetratiorviolatesreality andoftenre-
sultsin expensve correctionproceduresAs collision
detectionhasto be performedat discretepointsof the
simulationtime, the size of the simulationtime step
must be limited suchthat collisions can be correctly
detectedandresohedin between.
Sincemuchprogresshasbeenachievedin improv-
ing the numericalsolution, most animationsemploy
large time stepsfor fastsimulations. However, large
time stepsmalke the collision detectionand response
moredif cult becauseéhe movementduringonetime
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stepcan be signi cant. The bestsolutionto accom-
modatethis is the early detectionof collisionsin a
speci ed collision region aroundthe object. Collision
detectionalgorithmsmustbe extendedto detectsuch
proximity also.

In this paperwe employ the notion of object-based
hierarchies,rst appliedto cloth modellingby Volino
etal. [VMT94]. Thehierarchicatepresentationsf all
objectsincluding the deformablesurfacesof arbitrary
meshedextiles arebuilt in a pre-processingtep. We
will studyandevaluatedifferenttechniqueso improve
the hierarchygeneratiorandto speedup the updating
andtraversalof the trees. In orderto savze computa-
tion time, severalheuristicsareusedto prunethetrees,
including curvatureandcoherenceriteria.

As notonly collisionsbut alsoproximitiesareto be
detectedthe boundingvolumesarein ated. In order
to minimize additional overlappingof the bounding
volumes,the in ation is orientedin the direction of
high velocity.

2. PREVIOUS WORK

Many collisiondetectiormethodgor variouspurposes
have beendevelopedn thepasLG98]. Someof them
are employed and adaptedfor the particularrequire-
mentsof cloth modelling.

Collision detectionfor cornvex polyhedrahasbeen
extensiely studiedandis basedntheGJK-Algorithm



[GJK88], Lin-Canry-Algorithm [LC91] or V-Clip
[Mir98]. Non-corvex objectscanbe decomposethto
corvex parts[ELO1; Ehm]. -trees[Gut84] provide
thetheoreticabasicsor boundingvolumehierarchies,
which aremostly usedto generatehierarchicalrepre-
sentationof comple« meshes.In addition, possibly
colliding objectsare identi ed by Sweep-and-Prune
stratgies [CLMP95]. As opposedto boundingvol-
umehierarchiesregular grids partitionthe sceneinto
voxels [BE99; ZY00]. Alternatively, graphicshard-
ware [BWS98] can be employed to detectcollisions
in image-spaceyxhich waseveninvestigatedor cloth
modelling[VSCO01].

Particularadvancesn acceleratinghe self-collision
detectiorareachievedby Volino etal. [VMT94]. They
usea region-mege algorithmto build hierarchieson
top of a polygonalmesh,storing adjacenyg informa-
tion for the regions. The region normalsare sam-
pledto determinethe curvatureof a region andto re-
jectself-intersectionsThey alsointroduceatechnique
that obsenesthe history of closeregionsto guaran-
teea consistentollision respons¢CVMT95]. Recent
publicationdVMTO0O0] additionallyaddress -DOPsas
boundingvolumes.Provot [Pro97]describes similar
approacHor the surfacecurvatureheuristic,whichwe
extendin our system.Johnsoretal. [JC01]shov how
normal cone hierarchiescan acceleratenot only dis-
tancecomputationsbut alsolighting andshadaeving.

3. BOUNDING VOLUMES

In complex dynamicscenespoundingvolumeshave
to be permanentlyreadaptedo the approximatedye-
ometry For this applicationwe choosea bounding
volumehierarchyof -DOPs[KHM 98].

Theadwantage®f this choiceoverotherhierarchies
areidenti ed in section4.

3.1 -DOPs

A -DOP[KHM 98] (discreteorientedpolytope)is a
corvex polyhedrorde nedby halfspaceslenotedas

The normals
of all

of the correspondinchyperplanes
-DOPs are discreteand form the small set
For arithmeticreasonghe
component®f the normal-\ectorsare usuallychosen
from the set . In orderto turn the intersec-
tion testfor the polyhedronsnto simpleinterval tests,
the hyperplaneave to form parallelpairs. E.g.
an axis alignedboundingbox (AABB, 6-DOP)in
is given by ,
anoctahedror{8-DOP)is generatedby settingall nor-
mal componentgo We usually use 14-DOPs

( ) or 18-DOPs(AABB with clipped
edges).

The easiestway to build the -DOP boundingvol-
umefor a setof pointsis insertingtheminto a primar
ily empty -DOPby updatingits intervalsaccord-
ingly. Theoverlaptestbetweertwo -DOPSsis imple-
mentedby interval testssimilarto thecommonAABB,
indicatingdisjointnessaassoonasonepair of intervals
is disjoint. Thus,the maximalnumberof interval tests
is (in theoverlappingcase).

3.2

In orderto useratherlarge time stepsfor the simula-
tion, notonly realcollisionsbut alsoobjectproximities
have to be detected.Let be the maximumdis-
tanceof two meshesvhereproximitieshave to be de-
tected,dependingon the velocitiesof the verticesand
the time stepsize. Enlamging the -DOPsby an off-
set in eachof its  directionsturnsthe usual
overlaptestinto proximity detection.It caneasilybe
veri ed thatthe overlapof suchtwo enlaged -DOPs
is anecessargonditionfor actual —proximity.

-DOP In ation

3.3 Oriented -DOP In ation

The unorientedin ation implies a higher degree of
self-overlapping betweencontiguousbounding vol-
umes. Thus,the numberof overlaptestsseverelyin-
creaseslependingn theamountof in ation. For this
reason,the unorientedin ation is restrictedto close
proximitiesandcannotbe usedto detectpotentialcol-
lisionsamongobjectswith higherrelative velocities.
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,the new vertex positionscanbe extrapo-
latedandthe boundingvolumescanbe adaptedo en-
closethe old aswell asthe new vertices. But, asthis
methodwould at leastdoublethe costof updatingthe
leavesof theboundingvolumehierarchyweintroduce
theoriented -DOPn ation asshovnin gure (1).
Theorientedin ation updatesachof the inter-
valsdependingn the normalizedmeanaxis— andthe
maximalvelocity of the velocity cone(section5.2).
Theinterval limits areincreasedy thedistance

N @)

denotingthe normalof the hyperplaneand  the
expectedtime stepsize. At least of the normal
vectorsdo not point into the movementdirection, re-
sultingin — If thevelocity conehasno prin-
cipal direction of movement( ), the ordinary
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is applied.

4. DYNAMIC -DOP-HIERARCHY

Although voxel-basedmethoddlik e regular grids can
be useful for collision detectionand even cloth mo-
deling [ZY00], they do not supportthe detectionof
proximities and thereforeare not acceptablefor the
largetime stepsizesof implicit solvers.Moreover, ob-
ject basedheuristicswhich prunethe collision testfor
whole partsof the scenecannotoperateon voxels.

The dynamicapproximationof meshesy implicit
surfacesprovidesvery fast particle—surdcetests,but
the simulationthen depend=on the resolutionof the
textiles, and an ef cient self-collision detectioncan
barelyberealized.

Graphics-hardare based methods [VSCO01] are
hardware-dependentand cannot solve the self-
collision detectionproblemeither As they generally
return ratherinexact distancesan accuratecollision
responseemainsdif cult.

Therefore, a realistic cloth modelling systemre-
quiresboundingvolume hierarchiego be robustand
ef cient atthe sametime. We proposeto combinethe
adwantage®f atop-dovn -DOPhierarchywith asur
facecurvaturecriterion.

4.1 Hierarchy Generation

Let bethetightest -DOP enclosinga setof ver-

ticesand theoperationforming thetightest -DOP
enclosinga setof -DOPs. Then,asfor AABBs, -
DOP boundingvolumessatisfythe equation

)

for asetof vertices andanarbitrarypartition
Hence the optimalboundingvolumefor a nodein the

hierarchycanbe easilycomputedby memingits child
boundingvolumes.Vice versathehierarchycanbeef-
ciently built usinga top-dawn splitting method.Fig-
ure (2) shavs two hierarchylevels for the 18-DOP-
hierarchyof anavatar

(@) (b) (© (d)

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

In contrasto bottom-upmethod4§VMT94], theini-
tial geometry ts well in the boundingvolumesbe-
causethe facesof a region areselectedsuchthatthey
correspondwith the shapeof the boundingvolume.
However, dynamic meshesmay of courselose this
propertywhenmovementsotherthantranslationsoc-
cur.

4.2 Nodesplit

The bounding volumes are split accordingto the
longestside. In our implementatiorthe longestside
of a -DOP is determinedby the face pair with the
maximumdistance The -DOPis split parallelto this
facepair throughits center As generallysomepoly-
gonsare cut by the splitting plane,they are assigned
to that child nodewhich would containthe smallest
numberof polygons.In the lower hierarchylevels, if
all polygonshapperto becut, eachof themis assigned
to its own node.Finally, asthe correspondingertices
for the nodeareknown, the -DOPscanbe optimally
tted to the underlyingfaces. Although this method
is simple, it turnsout to be ef cient on the one hand
andto producewell balancedreeson the otherhand.
The completehierarchysetupfor objectsholding ses-
eral thousandof polygonscan be performedwithin
merelya secondallowing thedynamicadditionof ob-
jectsto the scene. To achieve optimal collision de-
tection performancethe splitting continuesuntil one
singlepolygonremainsperleaf.

4.3 Lazy Hierarchy Update

Generally the hierarchyupdatere-insertsthe vertices
into the leaf -DOPs and builds the inner -DOPs



by unifying the intervals of the child bound-
ing volumes (equation?2). Parts of the hierarchy
whereverticesdo not traversemore than a distance
, , can be omitted during the hierarchy
updatefor atime if proximitiessmallerthan

areto be detected, denotingthe maxi-
mumspeedf thevertices( gure 3).
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Figure3: Tolerancedistancefor thelazy hierarchyup-
date.

Thus, the hierarchyupdateis acceleratedor slov
partsof thesceneandfor smalltime stepsizes.

4.4 Trees

Previousapproachesmployedbinarytreesto storethe
hierarchysincethey requirethe smallestnumberof

overlaptests.However, thedepthandnumberof nodes
are maximal, and consequentlythe recursionduring

overlaptestsis deepethanfor ary higherordertree.

@

Figure4: Recursionusing binary trees(a) and quad-
treesrespectiely (b).

Figure (4) shaws the reductionof recursiondepth
for detectingtwo overlappingleaves by equialent
guadtreednsteadof binary trees. Note that in this
casethe recursiondepthis reducedby the factor 2,
whereasthe numberof overlap testsremainsequal.
However, if only therootnodesverlapin theexample,
the quadtreesequirefour overlaptests,which is two
timesmorethanusingbinarytrees.Sinceoverlaptests

for -DOPsonly need interval testsin the worst
(overlapping)casea slightincreaseof overlaptestsis
acceptableOurimplementatioris ableto usearbitrary

-trees,but quadtreegndoctreeshave turnedout to
bethefastestIn particulat they aresigni cantly faster
thanbinarytrees.

5. HEURISTICS

In collisiondetectionheuristicscanspeed-ughe hier-
archyupdateandtheintrinsic collision test. However,
resultingerrorshave to be limited strictly in orderto
preseretheaccurag of theentirecollision detection.

We usetwo differentdatastructureq”cones”) that
represenboth a principal directionanda measurdor
the correlationof a setof vectors.

5.1 Normal Cones

An exact methodto reject possibleself-intersections
for a certain region was suggestedby Volino and
Magnenat-ThalmanfVMT94], where a vector is
searchedhathaspositive dot productwith all normals
of theregion. If suchavectorexistsandthe projection
of the region onto a planein direction of the vector
doesnot self-intersecttheregion cannotself-intersect
either

In our systemwe employ Provot's method[Pro97],
whichis veryfastandaccurateenoughfor regionshav-
ing a sufciently corvex border The -DOP regions
generatedtby our hierarchysetupusuallymeetthiscon-
dition, andmoreover we are ableto extendeasilythe
ideato the detectionof self-proximities.For every re-
gion a coneis maintainedrepresentinga supersebf
thenormaldirections.Theconecanbecalculatecdur-
ing the bottom-uphierarchyupdateby very few arith-
metic operations.The apex angle of the conerep-
resentghe curvatureof theregion,indicatingpossible
intersectionsf In orderto detectproximi-
ties aswell, we replacethis intersectioncriterion by
the self-proximity criterion for anan-
gle . It turnedout that the choiceof

is notcrucial. It justhasto bedecreased

the simulationallows ratherspiky bends.

Figure5: Self-intersectingneshwith correlatednor-
malsbut concae shape.

Still thereremainsthe problemthat hierarchyre-
gionscanhave severenon-coivex shapeandtherefore



compromisethe robustnessof the surface curvature
criterion. Figure (5) shavs sucha surfacethat self-
intersectalthoughtheape< angleof its normalconeis
rathersmall. We divide sucha meshinto severalface
groupsandbuild an adjaceng matrix for the groups.
The curvatureheuristicis not appliedto non-adjacent
groupsduring the self-collisiontest. Thus, collisions
of facesaresurelydetectedf they areseparatednthe
surfaceby atleastonegroup.

The groupsalsoplay animportantrole in the opti-
mizationof the primitive pair test(section6.2).

5.2 Velocity Cones

We proposea new heuristicdesignedo pruneoff those
partsof the scenewhereonly small velocitiesoccur
For that purposewe introducethe velocity cone( g-
ure6), whichis alsousedto detectemporalcoherence
duringthe detectionprocess A velocity coneis com-
putedsimilarly to anormalcone.

significance

/

Figure6: Velocity Cone.

It representanapproximatiorof thevelocity distri-
butionin ahierarchynodeby asmallnumberof values.
On the one handthis permitsfast calculationduring
the hierarchyupdate andon the otherhandthe veloc-
ities of two nodescan ef ciently be compared. The
angle , the direction ™, andthe heightof the cone
dependon the movementof the vertices. In particu-
lar, measureshe correlationof signi cant velocity
vectors andtheheightrepresentthetotal signi cance
(e.g.themaximumvelocity ) of themovement.

6. COLLISION DETECTION AND DIS-
TANCE COMPUTATION

Wetesttwo meshedor overlapsby recursvely travers-

ing thein ated hierarchiedrom thetop down. When-

ever two nodesoverlap,all childreninsidethe longer
-DOP aretestedagainsthe shorterone.

6.1 Proximity and Distance

Whenever two colliding hierarchyleaves have been
found, the distancebetweeneachpair of facesis cal-

culated,and candidatepairs are detectedand passed
to the collision responseTo handlenot only triangles

but alsopolygonalprimitives,we computethe closest
pointsbetweencorvex polygonswith an adaptedm-
plementatiorof the GJK algorithm[GJK88].

We do not restrict the proximity detectionto the
simple particle—fcetest, sinceit is not sufcient for
an accuratecollision detectionandlimits cloth mod-
elling to high-resolutiormesheg gure 7).

Penetration
ﬁ“
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Figure7: Particle basedcollision detectionis inexact
andresolutiondependent.

Alternatively, virtual particlesfEEHS00]canbein-
sertedat critical positions,however they requireaddi-
tional costly calculations.

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

6.2 Self-collision

We traversethe hierarchyof a deformableobjectby

rst checkingwhetherthe surfacecurvaturecriterion
indicatesproximities. In this casethe child regions
arerecursvely checled. Additionally, to detectprox-
imities acrossthe child borders,the child regionsare
recursvely testedagainsteachother similarly to the
standardietectionprocess.

The facesof two overlappingleavesare rst tested
for adjaceng. If the facesbelongto the sameor to
two adjacentgroups(section5.1), only non-adjacent
faceswith a signi cant angleare testedagainsteach
other sincecontiguousfaceson at surfacesare not
candidategor thecollision response.

This methodfor self-collisiondetectionturnsout to
bevery ef cient andonly needsafractionalamountof
thetotal time usedfor the collision detection.

6.3 Exploiting Coherence

A separatiorlist asproposeddy Li andChen[LC98]
canbebuilt to detectframe-to-framecoherencandto
reducethe costsfor the hierarchytraversal. The list
storesthe nodepairswherethe lastrecursionstopped
andthe next detectionprocessesumeghe recursion
atthesenodes.Insteadof checkingwhethera separa-
tion nodemovesupin therecursiortree,we just track
the nodesmoving down andretuild the separatiorist
afterawhile. Thecheckfor upwardsmoving nodesis



expensveandusuallyfailsanyway, ascontactsn cloth
simulationoften persistfor alongerperiodof time.

However, we found outthatdueto thelargenumber
of collisionsoccurringin cloth simulation,the main-
tenanceof the separatiorlist mostly takesmoretime
thanrerunningthe -DOP overlaptests.

Instead, in still scenesthe velocity cones (sec-
tion 5.2) areusefulto detectnodeswith smallrelative
velocities,asfor thosenodeghedetectiorresultsfrom
the previous time stepcan be collected. The closest
pointsof trianglesarestoredby their barycentriaccoor
dinatesthusthey donotneedto berecalculatediuring
coherentmovements Assumingsufcient planarityof
the faces,this is alsovalid for faceswith more than
threevertices. As errorsmay accumulatethe results
haveto berecomputedfteracertainperiodof timede-
pendingon the velocitiesandthe —distanceana-
logically to thelazy hierarchyupdate(sectiord.3).

7. RESULTS

Severalprofessionatlothmodellingsystemsreavail-
able for purchase.We comparethe accurag of our
systemwith "Cloth” includedin Maya 4 Unlimited®.
Figure(8) shaws the scene'tableCloth” consistingof
alow-resolutiontablecloth (49 vertices,72 triangles),
whichdrapesveraroundtable.Both”"Cloth” andour
systemcomputethe simulationof the falling cloth in
real-time,but "Cloth” only testsverticeswith the col-
lision objectandproducessisually poorresultsdueto
penetrationswith the edgeof the table. Our system
correctly detectsall proximities and the constraints
safelypreventintersections.

Figure8: Accurag of collisiondetectiorandresponse
in MayaCloth (a) comparedo our system(b).

Another test is performed on a walking avatar
(28784 polygons). The avataris dressedwith pants
assembledf several garmentpatterns(833 vertices,
1626triangles).In table(1) thecollision detectiorper
formanceis comparedor awalk over 6 secondsThe
resultfor our acceleratedton guration (18- -DOPs,
guadtrees]s listed in the rst row. The otherrows
shav theresultsthatare obtainedwhensimplercolli-
sion detectionmethodsare used. For the unoriented

IMaya by Alias Wavefront

in ation anoffsetof wasusedto insure
robust detectionand response. The columnslist the
run-timesof the hierarchyupdate(HU), collision test
(CT), andthe total time spenton the collision detec-
tion.

Collision detectionsetup || HU | CT || Total

Acceleratecdton guration 56 31 88

Unorientednsteadof oriented 37 | 136 173
in ation

AABBs insteadof 18-DOPs 43 50 93

Binary treesinsteadof 64 35 99
quadtrees

Table 1: Collision detectiontimes for the walking
avatar measuredn seconddor the simulationof 600
time steps.

For the simulation, the collision responsdook 24
secondsthe numericalsolutionof the particlesystem
35secondslin oursimulationsve appliedthecollision
responsachemalescribedn [MKEOQ2]. Thetimestep
sizewassetto for both collision detectionand
the solver. Thus, 600 time stepshadto be computed
overall. Figure(9) shavs somepicturesfrom the sim-
ulation.

As aresultof the orientedin ation, proximitiesbe-
tweenseveralmoving textiles areaccuratelydetected.
Figures(10) and(11) shav examplesfor complex col-
lisionsandself-collisionswith high relative velocities.

Evidently, the collision detectionperformanceis
strongly improved by the advancesdescribedin this
paper Theorientedin ation allowstheimplicit solver
to chooselarge time stepsizes. Commonbounding
volumeshave to be intensiely in ated in order to
achieve an accuratesimulationandresultin a severe
performancdossfor the hierarchies.Furthermore, -
DOPsapproximatethe textiles muchbetterthansim-
ple axisalignedboundingboxesandprovide areason-
ablespeed-upA comparablespeed-ups additionally
achievedby the higherorderhierarchytrees.

8. CONCLUSIONS

In this work we have shavn thatthe notion of object
hierarchiedor collisiondetectiorfor clothmodelscan
beadwancedy anintelligentchoiceof methoddor all
component®f the detection,namelyhierarchybuild-
ing, update andtraversal. Moreover, an extendedset
of heuristicsfurther improves the performancesuch
thatthe collision detectionis no longera bottle neck
in cloth modelingsystems.

More preciselywe shaved

that -DOPs arewell suitedfor collision detec-
tion betweendeformableand at shapedmeshes
lik e textiles



how -DOP hierarchiexanbeextendedo prox-
imity detectionwith acceptabl@verhead

thatit is worthwhile consideringother tr eesthan
binarytreesf theboundingvolumeoverlaptestis
fast

how normal conescan be incorporatedinto -
DOP hierarchiesand how the conceptof face
groupscanstill guarantea correctself-collision
detection

away to easilyrepresenimovementsf hierarchy
nodesusingvelocity cones

Future work will include the developmentof an
application of the presentedhierarchiesfor multi-
resolutionmodels.
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Figure9: Walk with 833 particlesfor trousers28784verticesfor avatat
(a,b): Picturesrom the simulationin Tablel. (c): Anothersimulationwith shirt (1138particles).

Figure10: Sheetof cloth falling on geometricobjects(441 particlespersheet).

Figure11: Droppingalongtapeon a curvedsurface(1449particles).



