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Abstract

Thispapermpresents history-freecollision handling
algorithmfor cloth. Withoutinformationaboutpast
timesteps,our method resohes intersectionson

cloth with boundariesUsing a global intersection
analysis,we determineinterpenetratingegions of

thecloth. We analyzethepossiblantersectiorpaths
on 2D manifolds with boundariesand presenta
classi cationof intersectionpathsaccordingto the
position of their endpointsand the numberof de-
generatederticeson the path.

Radial basis function (RBF) tting is usedto
extrapolate correspondencénformation available
on the intersectionpathsto the surroundingcloth.
Attractive forcesbetweencorrespondingointsin
the interpenetratingcloth region resohe the in-
tersections Our methodcan be applied as a pre-
processingstepto ensurethatmodelingresultsare
suitablefor animation It canalsobeusedduringan-
imationto correctintersectionsntroducedby con-
straints.

1 Intr oduction

Collision handlingfor cloth is a notoriously hard

problem in computergraphics.Due to the two-

dimensional nature of cloth, collision handling
methoddor solidsthattypically rely on penetration
deptharenotapplicable.

A viable alternatve to theseapproachesre al-
gorithmsthat prevent intersectionsbasedon con-
tinuous collision detection.Without external con-
straints thesemethodsangarantue¢hatif thelast
timestepwasintersection-freethe next timestepis
alsointerection-freeContinuouscollisiondetection
identi es all primitives that crossedparts of the
cloth, suchthatthosecrosseerscanbe prevented.

Unfortunately tangling during simulationis not
apurelyacademigossibility, but routinelyhappens
duringanimation.If the cloth simulationis subject
to externalconstraintssuchascollisionswith solid

objects theseconstraintamight force the cloth into
anillegalstateevenin thepresencef collisionhan-
dling.

Intersectionprevention methodscannotrecover
from thesesituationsIf somepartof the cloth ends
up on the wrong side, the collision handlingalgo-
rithm will preventit from crossingover to the cor
rectside.

All methodsrelying on a legal prior statefail
if sucha stateis not available. The history-free
methodproposedn [2] works aroundthis problem
by globally analyzingthe current(potentiallyille-
gal) stateof a pieceof cloth, andproposingactions
to resoleintersectiondasedn thecurrentstateof
thesimulationalone.

History-free methodssolve some of the prob-
lemsin collisiondetectiorfor cloth, but they cannot
replacetraditional collision detection.So far, the
available methodshave not beengenerakenoughto
presentanalternatve to history-basedollision de-
tection.Also, dueto theinherentlyglobal natureof
the problem,history-freecollision detectionmeth-
odsareslow comparedo traditionalapproaches.

1.1 Contributions

Similar to [2], we useglobal intersectionanalysis
(GIA) to determinewhich regions of the cloth are
onthewrongside.We extendtheir path nding and
classi cationmethodto handlesituationsinvolving
boundariesWe analyzethe possibleintersections
andpresent classi cationof all possibleintersec-
tion pathsconsideringooundaries.

We proposea methodfor nding point-to-point
correspondencesetweenintersectingparts of the
cloth. Using radial basisfunction (RBF) tting in
parameterizatiorspace,we extrapolatethe corre-
spondencénformationavailableontheintersection
pathto its surroundingsThis techniquesnablego-
bust collision responsevheneer partsof the cloth
arerecognizedo beonthewrongside.

When boundariesare considerednot all possi-
ble intersectiongesultin partsof the cloth being



clearlyon thewrongside.We proposemethodsor
collision responséo suchintersections.

The remainderof this paperis organizedasfol-
lows: We discussrelevant prior researchin Sec-
tion 2. After giving an overviev of the proposed
methodin Section3, we describeour intersection
analysisandpresenta classi cation of possiblein-
tersectionpathsin Section4. Section5 presents
our methodsfor collision handling.In Section6,
we shawv results.Finally, we discussstrengthsand
weaknessesndpointoutsomedirectionsfor future
researchn Section?.

2 RelatedWork

Startingwith the pioneeringwork of Terzopoulos
et al. [13], various approacheshave beendevel-
opedfor computingthe dynamicbehaiour of two-
dimensionaklasticobjects[6, 12, 1,9, 7,8, 4, 15].

However, collisionsbetweersheetf cloth have
provento be moredif cult to handle.Simplecolli-
sion handlingapproachesmposing penaltyforces
on verticesthat lie inside objectsare feasiblefor
cloth-objectcollisions but, dueto the in nitesimal
thicknessof cloth, they cannotbe appliedto cloth-
cloth collisions. A solutionto this problemis con-
tinuouscollision detection Bridsonet al. [3] avoid
crosseers entirely and guaranteehat the cloth is
free of intersectionsat the end of a timestepif it
wasfreeof intersectiondefore.

Theearlierwork of Volino etal. [16, 17] rst al-
lows collisions, and later correctscollisions based
on local criteria. They usea statisticalapproachto
determinewhich partsof the cloth needto be cor-
rected.

Theseapproachesvork well for unconstrained
cloth, however, the collision detectiorandresponse
hasto be integratedinto the simulationnot only of
the cloth, but also of otherobjectsin the scenelf
otherobjectsdo not behae physically for exam-
ple becaus¢hey areanimatedusingmotioncapture
data,cloth might be forcedinto a tangledstatede-
spitethe efforts of collision handlingschemes.

Baraf et al. [2] proposea history-free inter
section handling methodto remedytheseissues.
However, they only treatintersectiongossibleon
meshesvithout boundariesAlthoughsomeof their
resultscanbe appliedto mesheswith boundaries,
they statethattheir methodis notgeneraknougho
“untangleboundaryintersections”.

Recently Volino and Magnenat-Thalmaniil8]
proposed methodfor resolvingintersectionbased
on minimizationof the intersectiorpaths.Their al-
gorithmdoesnotrequireafull GIA to resolve small
intersectionsandit worksfor mostcasesnvolving
boundaries.

This paper generalizesthe results of [2] to
mesheswith boundariesand proposesstratgiesto
untanglecloth with boundariesOur methodmales
no assumption®n the currentstateof the cloth. It
canbe integratedinto ary existing cloth animation
framework.

3 Algorithm Outline

Our algorithm usesglobal intersectionanalysisto
determinewhich parts of the cloth have crossed
over to the wrong side. This analysiscomputesall
intersectionsetweencloth primitives,andassem-
bles them into intersectionpaths.In our discus-
sion, we will assumethat the cloth is represented
by atrianglemesh.Theresultsareequallyvalid for
otherrepresentationsuchasquadranglenesheor
spline patches After the intersectioncurves have
beencomputedseefor example[11]), theintersec-
tion handlingcanbeappliedunmodi ed.

For simplicity, only the caseof self-intersections
is treatedn this paperhowever, ourresultsgeneral-
ize trivially to intersectiondetweerseveral pieces
of cloth.

We assumethat the cloth is parameterizedn
sometwo-dimensionakpace . The parameteriza-
tion needsto be smooth,but the parameterspace

is arbitrary Thus,a scarfmight bestbe param-
eterizedon a square while a skirt canbe parame-
terizedon acylinder. Conformalor area-preserving
parameterizatiofs not necessarybut improvesthe
resultsof thecorrespondenceomputatior(seeSec-
tion5.1).

In world space,eachintersectionpathis a sin-
gle cune. Sinceeachpart of the intersectionpath
is formedby theintersectiorof two triangles,each
pointontheintersectiorpathtouchegwo pointson
thecloth (exceptfor loop vertices seebelow). Thus,
eachpoint on the intersectionpathhastwo param-
eterizatiorvalues A singleintersectiorcreateswo
pathsin the parametedomain,wheremostof the
intersectionanalysistakes place.Hence,pathsare
arrangedn pairsre ecting a commonworld space
position.SeeFigurel for examples After theinter-
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Figure 1: Different pathsin world space(top row) and parameterdomain

(e) ® @

(bottom row). Loop ver

ticesaremarked on the paths.(a) a pair of CLOSEDpaths.(b) EIGHT path.(c) loop-loop(LL) path.(d)
boundary-loop-insidéBLI ) path.(e) CROSS$ath.(f) boundary-boundary/inside-insidBB&/1l ) pathpair.

(g) boundary-insidéBI ) pathpair.

sectionpathsareknown, they areclassi edaccord-
ing to intrinsic properties.

For eachpath separatelywe partition the cloth
into regionsthat areinside i. e. regions that have
crossedover and for which responsds necessaty
andoutsideregions.Figure 2 shawvs insideregions
for different path types. Some pathsinvolving a
boundarydo notde ne aninsideregion.

Finally, intersectionhandlingis performedon
eachpath. The goal in intersectionhandlingis to
minimizetheinsideregion of the path.To this end,
we computetarget pointsfor meshverticesthatare
inside Moving the meshverticestowardstheir tar-
get pointsresolhesthe intersection For pathsthat
do not have aninsideregion, we pushtheintersec-
tion pathto the nearestloth boundary

4 Global Intersection Analysis

Wewill rst summarizehe GIA beforeturningour
attentionto the analysisof possiblepathtypes.As
a rst stepof the GIA, intersectiondetweencloth
primitives (triangles)are computed We usespatial
hashing14] to speedup intersectiorcomputation.

Each triangle/triangle intersection yields two
correspondingintersection sggments These two
segmentssharea commonpositionin world space,
but eachsegment has a different position on the
cloth, correspondingo one of the intersectingtri-
angles.

The set of intersectionsggmentsis assembled
into intersection paths Baraf et al. [2] describe
how to tracethe intersectionpathsgiven the inter-
sectionsegments.

Pathsthat consistof correspondingegmentsare

calledcorrespondingaths Notethatfor somepath
types, a path can be its own correspondingpath.
Figurel shavs intersectiongndtheresultingpaths
in the parametedomain .

Onecasedeseresspecialattention.f two inter-
sectingtrianglessharea commonvertex, this vertex
is calleda loop vertex. Intersectionpathsthat en-
counteraloop vertex reversedirection. Thenumber
of loop verticeson a pathis animportantcriterion
for pathclassi cation. A pathwith aloop vertex is
its own correspondingath. Intersectiorpathsfold
backontothemselesin world spaceafterreaching
aloop vertex (e.g. Figurel (d)). Sinceit is possi-
ble that several pathsmeetin a singleloop vertex,
carehasto betakento follow the correctpathupon
reachingaloop vertex.

4.1 Path Types

We foundit usefulto analyzethe intersectiorpaths
in the parameterspace . Criteria for path classi-
cation arewhetherthe pathis closedor whereit

ends,aswell asthe numberof loop verticeson the
path.Figurel shavs the possiblepathtypes.

In theparameterizatiodomain,a pathcaneither
endonaboundaryor somevhereinside,or the path
is closed.On 2D manifolds,a path canreversedi-
rectionat mosttwice beforeforming a loop, hence
therecannote morethantwo loopverticesin asin-
gle path.Thelist below discussesll possiblepath
types.

CLOSED paths are the simplest intersection
paths A CLOSEDpathcontainsno loop vertices.It
formsaloopin world spaceaswell asin parameter
spaceThecorrespondingathto a CLOSEDpathis
a CLOSEDpath.



EIGHT pathsareclosedpathswith a singleloop
vertex. This rare path occurswhentwo CLOSED
pathsshareexactly onecommonvertex, which be-
comesthe loop vertex. EIGHT pathsare a single
loop in world space,while they unfold to an 8-
shapedpathin the parameterizatiomomain . If
we encountesucha path,we splitit atits loop ver-
tex, creatingtwo CLOSEDpaths.

Loop-Loop(LL) pathsareclosedandcontaintwo
loopverticesLL pathsform aloopin theparameter
domain,but fold into a singleline in world space.
In our framework, thesepathscan can be treated
exactly like CLOSEDpaths.

If the pathis not closed,but hasa loop vertex,
thenat leastoneendof the pathlies on the bound-
ary. Wecall thisaboundary-loop-insidéBLI ) path.
Thecasewherebothendpointslie ontheboundary
(boundary-loop-boundarnBLB path) is extremely
rare,anddoesnot invalidateary of the discussion
concerningBLI pathsWhenwereferto BLI paths
belov, weimplicitly includeBLB paths A BLI path
canbethoughtof ashalf aLL path.BLI pathsare
moredif cult to handlethanthe closedpath vari-
eties,sincethey to not partitionthe cloth meshinto
separateomponents.

There s the theoreticalpossibility of an open
pathwith two loop vertices Thepathstartsandends
on a boundary and the boundaryverticestouch.
Following our naming corvention, this path is
called boundary-loop-loop-boundafBLLB) path.
Thecon gurationleadingto this pathtypeis unsta-
ble, andthe pathwill split into two BLI pathsas
soonasthe boundaryverticesassumedifferentpo-
sitions.BLLB pathscanbesplitinto two BLI paths
for handling.

There is an open version of the EIGHT path,
whichwe will call CROSSath.It canalsobeseen
astwo BLI pathssharinga commonloop vertex.
Similarto the EIGHT path,we handlethis pathtype
by splitting it at the loop vertex, yielding a BB/II
pathpair (seebelow).

If therearenoloopverticesonanopenpath,three
possiblepathtypesremain.Theendpointsof apath
caneitherlie ontheboundaryor insidethecloth. If
bothendpointdie ontheboundarywe call thepath
a boundary-boundaryBB) path. Similarly, if only
oneor no endpointlies on the cloth boundaryit is
called boundary-insidgBl ) or inside-inside(ll )
pathrespectiely. The correspondingpathto anll
pathis alwaysa BB path,while a BB pathcanalso

(@) (b) ()

Figure2: Insideregions(blue) andverticesof a (a)
CLOSEDND) LL (c) BB patharehighlighted.Paral-
lel ood Il onbothsidesof the pathis usedto de-
terminethe smallerpart of the cloth, which is then
labelledasinside.

correspondo a Bl path.The mostcommon,how-
ever, are BB/Il andBI /Bl pairs. Of theseopen
pathtypes,only BB pathspartition the cloth mesh,
thusBI /Bl pathpairsaredif cult to handle We ad-
dresgheproblemin Section5.3.BB/Il  andBB/BI

pairscanbe handledin the sameway. We will only
explicitly discusghemorecommonBB/Il  pair.

4.2 Determining Inide/Outside Regions

Oncethe pathtypeis knovn, we candeterminan-
sideand outsideregionson the cloth. For eachin-
tersectionpathindividually, we decidewhich part
of theclothis onthewrongside.Theinsideregions
needto becorrected.

The CLOSEDLL, andBB pathsarepartitioning
pathsj. e.intersectiorpathsthatpartitionthe mesh
into two componentdsrigure2 shavsinsideregions
of thesepaths Like[2], we useparallel ood- Il to
determinewhich of thetwo componentss smaller
Thatregionis thenlabelledasinsidewith respecto
the path.This procedurés consistentith the goal
of usingthe smallestpossiblecorrectionto resohe
theintersectionslt is alsoa sensiblechoiceif used
during a simulation.During a shortperiod of time
(sincethelastuntanglingstep),it is morelik ely that
smallpenetrationdiave occured.

The situationis more complicatedfor pathsthat
arenotpartitioning,i. e.BLI , Bl ,andll pathsFor
BLI paths,we usea heuristicto determinean in-
sideregion. As canbeseerin Figure3 (a),thecloth
arounda BLI pathforms a roughly conicalshape
with theloop vertexin its apex. Notethatif thecone
is attened, theintersections resolhed. In orderto
de ne an inside region for BLI paths,we restrict
our attentionto a circular patchof cloth aroundthe
loopverte, justlargeenoughto containatleastone
of theendpointsof the BLI path.We thenusethe
parallel ood- Il algorithmasdescribedabore, re-
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Figure 3: (a) Cloth con guration arounda BLI
path.Thepathis aseamlineof a conewith theloop
vertex atits apex. Clothverticesin theinsideregion
of the patharehighlighted.(b) Insideregionin the
parametedomain . Thecircularregion of interest
is highlighted,aswell astheinsidecloth vertices.

strictedto ourregion of interest Figure3 shavs the
resultof this method.

Bl pathsrequirespecialcare.Althoughit would
bepossibleto assigninsideregionsfor Bl pathsus-
ing heuristics we have found thesemethodsto be
too unreliablein a generalsetting.Section5.3 de-
scribesa methodfor dealingwith thesepaths.

No insideregion is de ned for Il paths.How-
ever, sincethe correspondingoathto an |l path
is always a BB path,we canusethe inside region
of the correspondind3B pathfor intersectionhan-
dling.

5 Intersection Handling

Intersectiorhandlingis basedon theinsideregions

de ned duringthe GIA. Theideais to nd atarget

point for eachclothvertex in theinsideregion,

suchthatif all aremovedtowardstherespectie
, theintersections resoled.

Baraf etal.[2] usedtheclosespointin theinside
region of the correspondingathastargetpoint for
avertex. Thismethodonly worksfor CLOSEDpath
pairs,sincethis is the only pathtype de ning two
separaténsideregions.

In constrastpur methodworks for all pathpairs
whereatleastonepathde nesaninsideregion,i. e.
all pathtypesexceptBl paths(Bl pathsaretreated
in Section5.3). Oncethe tamet points are known,
we caneitherapplypenaltyforcesto resolhe thein-
tersectioror directly displacethe cloth vertices.

5.1 Finding TargetPoints

Verticesin theinsideregionsof cloth have crossed
over to the wrong side. If we knew whereexactly
they had penetratedthe cloth, correcting the in-

tersectionswould be easy Verticescould simply
be moved backto the point of initial contact.Ap-

proachesusing continuouscollision detectionuse
thisideato resole collisions.

Information about the vertices' history is not
available to us. However, the correspondenceise-
tweentheintersectiorpathscontaintheinformation
we need.We extrapolatethis informationto the in-
sideregion of the path.

Considera parameterizedurface

and intersectionpaths , and its
correspondingpath , both pa-
rameterizedn suchthat and

arecorresponding, e. .

We arelooking for a smoothfunction

, mappingeachpoint in theinsideregionto its
correspondindarget point . We know
thevaluesof for all pointson the path:

@)

We useRBF tting to constructsucha smooth
function . For anintroductionto the topic, we
referthereaderto [5]. RBF interpolationfunctions
areof theform:

&)

where
RBF t,

are weights,  are the centes of the
is the radial basisfunction,and
is a polynomial. is the set of
monomialsin ourimplementationye use
andabivariatepolynomialof degreeone.
FortheRBF t, we placeequidistansampleson

the path . These samples arethe
centersof the RBFE. Their number is chosenac-
cordingto thepathlength.Typicalvaluesof range
from 5 to 30 centersTo obtaintheweights  and
polynomialcoefcients , we solve the systemof
equationgyiven by , Where
isthepointon  correspondingo

(3)
Here, and (with
a polynomialof degreeone, ). Notethat
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Figure4: (a) A path pair consistingof a BB path

(top-rightyandanll path  (middle). Shovn
aretheinsidevertices of aswell astheir cor
respondingpoints . (b) Inside verticesof
and their target points in world space.Attractive
forcesbetweercorrespondingointsresolhe thein-
tersection.

the matrix  is singularif the centers lie ona
straightline [10]. Adding randomnoiseto the
solves the problem.We never uselessthan three
centers.

The function is two-dimensionaland we
solve for weights for its componentsseparately
Theseweightcanbe usedin (2) to constructa cor-
respondencéunction . Figure4 il-
lustrateghe tting process.

5.2 Applying Corrections

In orderto resohethecollisions,we applyapenalty
forceto all verticesin theinside regionssuchthat

theinterpenetratingartsof the cloth areseparated.

Thisforce pointsin thedirectionof thetargetpoint.

(4)

We usea force thatlinearly increasesvith the dis-
tanceto the correspondingoint (the equivalent of
penetrationdepth),up to a maximumvalue. Note
thatin a physicalsimulation,the correctionforces
shouldbe appliedsymmetricallyto and to en-

sureconseration of linearandangulaTmomentum.

For the untanglingprocesgo be successfulit is
necessaryhattheinsidepartscrossthe cloth again.
If our untanglingmethodruns alongsidea tradi-
tional collision prevention algorithm such as [3],
we disablecollision detectiorfor insidepartsof the

cloth, aswell asa smallregion aroundtheintersec-

tion lines,allowing for insidepartsto crossoverand
correctintersections.

In casean inside region doesnot contain ary
meshvertices,we randomlychooseaninside point

on eachtriangle in the region, and computethe
penaltyforcefor thesepoints.Theforceis thenap-
plied to the verticesof the triangle containingthe
point.

Note that it is also possibleto directly resohe
anintersectionby displacingthe inside vertices.In
orderto do so, correspondencesre computedfor
eachpath pair, and the inside verticesare moved
somevhatmorethanhalf-way to theirtargetpoints.
Sincethis is donefor both paths this will separate
thesheetsThis methoddoesnotresolhe BLI inter-
sectionsin onestep,althoughapplyingthe correc-
tion in an iterative fashionwill eventually resohe
theintersection.

While directseparatiorworks well for smallin-
tersectionsthereis noguaranteéor successgvenif
appliediteratively. For morecomple intersections,
this methodbecomesinstableandmayoscillate.In
practice relaxationusing penaltyforcesproved su-
periorin mostsituations.

5.3 Handling BI/BI Paths

SinceBl pathsdo notde ne insideregions,BI /BI
pathpairscannotehandledasdescribedbove. In-
steadwe applyforcesthatpushtheintersectiorto-
wardsthe nearesboundary

We de ne a distance eld in parameter
space, storing the distanceto the nearestcloth
boundaryfor eachpointonthecloth. A forcein the
directionof the closestboundaryof the cloth actsin
thedirectionof the nggative gradientof

To de ne this force in world spacewe consider
thetangenspaceof the parameterizedurface
with parameterizatioooordinates
Thetangentspaceds spannedy thevectors— and
—, thusfor eachpoint ,the matrix

—— ®)

transformsvectorsin  to their correspondingan-
gentdirectionsin world spaceln our casethe sur
faceis de ned asa mesh.Sinceboth world space
coordinatesand -coordinatesare known for
all meshvertices, is straightforvard to com-
pute.
Using , we de ne aworld spaceforce eld
ateachpointonthecloth:

(6)
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Figure5: (a) for pointsonaBI /Bl path
pair. (b) Forcesactingon oneof the pathsin world
spaceTheintersectionis pushedutsidethecloth.

Again, the force magnitudegrons with penetration
depth,upto amaximumvalue

In orderto pushan intersectionpath outwards,
we averagetheforcesover theentirepath.Consider

aBl path andits corresponding
path . In orderto resole the
intersectiona correctionforce is appliedto all
points onthepath . Sincethepathsarepiece-

wiselinear, the averageforce canbe expressedsa
sumover the pathsggments.

@)

Here, isthelengthof thepathseggment , and

is thelengthof thepath . We useoneforce sam-
ple per sgment,i. e. at leastone sampleper trian-
gle. At eachpoint, is tangentto the surface
intersectedby the pieceof clotharound . The
path is thuspushedover the surfacearound
Notethatsimilar to the correctionproposedn Sec-
tion 5.2,theforcesshouldbeappliedsymmetrically
in orderto consere momentum.

Typically, therearenoverticesontheintersection
path.We applythecorrectionforceto all verticesof
trianglesthat containan intersectionsegment.Fig-
ure 5 shaws anillustration of the correctionforces
for Bl paths.

Note that this techniqueis quite similar to the
untanglingmethodproposedn [18]. However, we
pushtheintersectiortowardsthe closestooundary
while [18] move the intersectionsggmentsin the
direction that reducestheir total length. Both ap-
proachesave their pathologicalcasesWe believe
thatfor Bl paths,our methodleadsto morenatural
untanglingbehaiour.

6 Results

We have implementedheuntanglingmethodasde-

scribedabove andappliedit to clothin varioustan-

gledstatesFigure6 shavs anexampleof aLL in-

tersectiorandits resolutionafterseveralstepsof re-

laxation.Figures7 and8 onthecolor pageshav un-

tanglingof aBB/Il pathpairandalL pathrespec-
tively. Notethatcontraryto [2], we actively correct
LL intersections.

Table 1 summarizesomputationtimeson a P4
3GHz. Our path nding codeis in no way opti-
mized, and currently needs time insteadof
the possible , where is the numberof
segments.We believe that cloth untanglingshould
be usedto complementnot replacecollision pre-
vention methodssuchas[3]. Our methodcan be
usedto detectintersectionsand adjust the colli-
sion handlingaccordinglywhere collision preven-
tion hasfailed. Note that this alsoreduceghe load
on collision detection,as small errorsarenow ac-
ceptable.

#Tri  #Paths #Sey #In Se Path RBF
2450 4 154 147 32 1 1
23 1976 827 78 281 32
31250 8 284 147 360 15 1
30 4540 1515 656 7078 172

Table1: Computationtimes of our algorithm.The
columnsshav the numberof meshtriangles,the
numberof intersectionpaths,the numberof inter-
sectionsegments,and the total numberof inside
vertices,as well as computationtimesfor nding
sgments,assemblingpathsand RBF ts in mil-
liseconds.

7 Conclusionand Futur e Work

We have presented thoroughanalysisof intersec-
tion typeson 2D manifolds.Comparedo [2], using
RBF tting insteadof closestpoint matchingfor
force computationgreatly improves robustnessof
theintersectiorhandling,especiallyin thepresence
of foldoversin the intersectionregion. It alsoen-
ablesintersectiorhandlingfor pathtypesthatwere
previously impossibleto correct.We have alsopro-
poseda methodfor correctingintersectionghatdo
notde ne ary insideregions.

Thus,arbitraryintersection®f clothwith bound-
ariescanberesohed.



@)

(b)

Figure6: (a) A BLI intersection(b) A view insidetheBLI

coneis attened,theintersections resohed (top view).

While our methodshandlesintersectionsreli-
ably, extremely complicatedintersectionanlead
to strangeunfoldingbehaiors. On severelytangled
cloth, intersectiorpathscanself-intersectpr come
extremelycloseto eachother While our algorithm
typically unfolds and resoles the intersectionsit
mightdo soin anon-intuitve mannerWe alsocan-
notgive formal guaranteethattheclothwill unfold
entirely, astheremight be pathologicalcon gura-
tionsleadingto oscillations.

At themomentmostcloth simulationsdealwith
2D manifolds thusour methods generakenoughn
thesesettings Sincemostreal-life garmentsareac-
tually non-manifold,it would beinterestingto gen-
eralizeour analysiso nonmanifoldsurfaces.

Acknowledgements

This project was funded by the Swiss National
Commissionfor Technologyand Innovation (CTI)
projectno. 7560.1ESPP-ES.

References

[1] D.Baraf andA. Witkin. Large Stepsin Cloth Sim-
ulation. In Proceedingsof Siggraph '98, 43-54,
1998.

[2] D. Baraf, A. Witkin, and M. Kaas. Untangling
Cloth. In Proceedingsf Siggraph '03, 862—-869,
2003.

[3] R. Bridson,R. Fedkiw andJ. Anderson. Rolkust
Treatmentof Collisions, Contact,and Friction for
Cloth Animation. In Proceedingf Siggraph'02,
594-6032002.

[4] R.Bridson,S.Marino,andR. Fedkiw Simulationof
Clothing with Folds andWrinkles. In Proceedings
of the Symposiunon ComputerAnimation 28-36,
2003.

[5] M. D. Buhmann. Radial Basis Functions Cam-
bridgeUniversity Press2003.

[6] M. Carignany. Yang,N. Magnenat-Thalmanmand
D. Thalmann.DressingAnimatedSyntheticActors

[7

—

8

—_

El

[10]

(1]

(12]

[13]

(14]

[15]

[16]

(17]

(28]

(©

coneshaving the correctionforces.(c) As the

with Complex DeformableClothes.In Proceedings
of Siggraph'92, 99-104,1992.

K. ChoiandH. Ko. Stablebut Responsie Cloth. In

Proceeding®f Siggraph'02, 604—6112002.

E. Grinspun, A. N. Hirani, M. Desbrun, and
P. Schibder DiscreteShells. In Proceedingsof

the Symposiunen ComputerAnimation'03, 62—-67,
2003.

M. Meyer, G. Delunne,M. Desbrun,andA. Barr.

Interactve Animationof Cloth-Like Objectsin Vir-

tual Reality J. of Visualizationand ComputerAni-

mation 12(1):1-122001.

C. A. Micchelli. Interpolationof ScatteredData:
DistanceMatricesandConditionallyPositive Func-
tions. Constructive Approximation 2(1):11-22,
1986.

N. M. Patrikalakis. Surface-D-Surbce Inter

sections. Computer Graphics and Applications

13(1):89-951993.

X. Provot. Deformation Constraintsin a Mass-
Spring Model to DescribeRigid Cloth Behaviour.

In Proceeding®f Graphicsinterface'95, 147-155,
1995.

D. Terzopoulos,). Platt,A. Barr, andK. Fleischer
ElasticallyDeformableModels. In Proceedingof

Siggraph'87, 205-214,1987.

M. Teschner B. Heidelbeger M. Mueller,

D. Pomeranetsand M. Gross. Optimized Spatial
Hashing for Collision Detection of Deformable
Objects. In Proceedingsf Mision, Modeling and

Visualization'03, 47-54,2003.

M. Teschner B. Heidelbeger M. Miller, and
M. Gross. A Versatileand Rotust Model for Ge-

ometrically Complex DeformableSolids. In Pro-

ceedingsof ComputerGraphicsInternational '04,

312-3192004.

P. Volino, M. Courchesne,and N. Magnenat-
Thalmann. Versatileand Ef cient Techniquesfor

SimulatingCloth andOtherDeformableObjects.In

Proceeding®f Siggraph'95, 137-1441995.

P. Volino and N. Magnenat-Thalmann.Accurate
Collision Response@n PolygonalMeshes. In Pro-

ceedingsof Computer Animation '00, 154-163,
2000.

P. Volino and N. Magnenat-Thalmann Resolving
surfacecollisionsthroughintersectioncontourmin-

imization. 1154-11592006.



@ (b) (©) (d) (e) ® @

Figure 1: Different pathsin world space(top row) and parametedomain  (bottom row). Loop ver
ticesare marked on the paths.(a) a pair of CLOSEDpaths.(b) EIGHT path.(c) loop-loop(LL) path.(d)
boundary-loop-insidéBLI ) path.(e) CROS$ath.(f) boundary-boundary/inside-insigBB/Il ) pathpair.
(g) boundary-insid€BI ) pathpair.

(@) (b)

Figure7: (a) An intersectiorcreatingaBB/Il - pathandthe penaltyforcesappliedin this situation.(b) After
severaltimestepstheintersections resohed.

(@) (b)

Figure8: (a) A LL intersectiorpath.(b) After severaltimestepstheintersectioris resoled.



