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Abstract

Thispaperpresentsahistory-freecollisionhandling
algorithmfor cloth.Without informationaboutpast
timesteps,our method resolves intersectionson
cloth with boundaries.Using a global intersection
analysis,we determineinterpenetratingregionsof
thecloth.Weanalyzethepossibleintersectionpaths
on 2D manifolds with boundariesand presenta
classi�cationof intersectionpathsaccordingto the
position of their endpointsand the numberof de-
generatedverticeson thepath.

Radial basis function (RBF) �tting is used to
extrapolatecorrespondenceinformation available
on the intersectionpathsto the surroundingcloth.
Attractive forcesbetweencorrespondingpoints in
the interpenetratingcloth region resolve the in-
tersections.Our methodcan be appliedas a pre-
processingstepto ensurethatmodelingresultsare
suitablefor animation.It canalsobeusedduringan-
imation to correctintersectionsintroducedby con-
straints.

1 Intr oduction

Collision handlingfor cloth is a notoriouslyhard
problem in computergraphics.Due to the two-
dimensional nature of cloth, collision handling
methodsfor solidsthattypically rely onpenetration
deptharenotapplicable.

A viable alternative to theseapproachesareal-
gorithmsthat prevent intersectionsbasedon con-
tinuouscollision detection.Without external con-
straints,thesemethodscangarantueethatif thelast
timestepwasintersection-free,thenext timestepis
alsointerection-free.Continuouscollisiondetection
identi�es all primitives that crossedparts of the
cloth,suchthatthosecrossoverscanbeprevented.

Unfortunately, tanglingduring simulationis not
apurelyacademicpossibility, but routinelyhappens
duringanimation.If thecloth simulationis subject
to externalconstraintssuchascollisionswith solid

objects,theseconstraintsmight forcethecloth into
anillegalstateevenin thepresenceof collisionhan-
dling.

Intersectionprevention methodscannotrecover
from thesesituations.If somepartof theclothends
up on the wrong side,the collision handlingalgo-
rithm will prevent it from crossingover to thecor-
rectside.

All methodsrelying on a legal prior statefail
if such a state is not available. The history-free
methodproposedin [2] worksaroundthis problem
by globally analyzingthe current(potentially ille-
gal) stateof a pieceof cloth,andproposingactions
to resolve intersectionsbasedonthecurrentstateof
thesimulationalone.

History-free methodssolve someof the prob-
lemsin collisiondetectionfor cloth,but they cannot
replacetraditional collision detection.So far, the
availablemethodshave not beengeneralenoughto
presentanalternative to history-basedcollision de-
tection.Also, dueto theinherentlyglobalnatureof
the problem,history-freecollision detectionmeth-
odsareslow comparedto traditionalapproaches.

1.1 Contrib utions

Similar to [2], we useglobal intersectionanalysis
(GIA) to determinewhich regionsof the cloth are
on thewrongside.Weextendtheirpath�nding and
classi�cationmethodto handlesituationsinvolving
boundaries.We analyzethe possibleintersections
andpresenta classi�cationof all possibleintersec-
tion pathsconsideringboundaries.

We proposea methodfor �nding point-to-point
correspondencesbetweenintersectingpartsof the
cloth. Using radial basisfunction (RBF) �tting in
parameterizationspace,we extrapolatethe corre-
spondenceinformationavailableontheintersection
pathto its surroundings.This techniqueenablesro-
bust collision responsewhenever partsof thecloth
arerecognizedto beon thewrongside.

When boundariesare considered,not all possi-
ble intersectionsresult in partsof the cloth being



clearlyon thewrongside.We proposemethodsfor
collision responseto suchintersections.

The remainderof this paperis organizedasfol-
lows: We discussrelevant prior researchin Sec-
tion 2. After giving an overview of the proposed
methodin Section3, we describeour intersection
analysisandpresenta classi�cationof possiblein-
tersectionpaths in Section4. Section5 presents
our methodsfor collision handling. In Section6,
we show results.Finally, we discussstrengthsand
weaknessesandpointoutsomedirectionsfor future
researchin Section7.

2 RelatedWork

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

However, collisionsbetweensheetsof clothhave
provento bemoredif�cult to handle.Simplecolli-
sion handlingapproachesimposingpenaltyforces
on verticesthat lie inside objectsare feasiblefor
cloth-objectcollisionsbut, dueto the in�nitesimal
thicknessof cloth, they cannotbeappliedto cloth-
cloth collisions.A solutionto this problemis con-
tinuouscollision detection.Bridsonet al. [3] avoid
crossovers entirely and guaranteethat the cloth is
free of intersectionsat the end of a timestepif it
wasfreeof intersectionsbefore.

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

Theseapproacheswork well for unconstrained
cloth,however, thecollisiondetectionandresponse
hasto be integratedinto thesimulationnot only of
the cloth, but alsoof otherobjectsin the scene.If
other objectsdo not behave physically, for exam-
plebecausethey areanimatedusingmotioncapture
data,cloth might be forcedinto a tangledstatede-
spitetheefforts of collisionhandlingschemes.

Baraff et al. [2] proposea history-free inter-
sectionhandling methodto remedytheseissues.
However, they only treat intersectionspossibleon
mesheswithoutboundaries.Althoughsomeof their
resultscanbe appliedto mesheswith boundaries,
they statethattheirmethodis notgeneralenoughto
“untangleboundaryintersections”.

Recently, Volino and Magnenat-Thalmann[18]
proposedamethodfor resolvingintersectionsbased
on minimizationof theintersectionpaths.Their al-
gorithmdoesnotrequireafull GIA to resolvesmall
intersections,andit worksfor mostcasesinvolving
boundaries.

This paper generalizesthe results of [2] to
mesheswith boundariesandproposesstrategiesto
untanglecloth with boundaries.Our methodmakes
no assumptionson thecurrentstateof thecloth. It
canbe integratedinto any 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
intersectionsbetweencloth primitives,andassem-
bles them into intersectionpaths. In our discus-
sion, we will assumethat the cloth is represented
by a trianglemesh.Theresultsareequallyvalid for
otherrepresentationssuchasquadranglemeshesor
spline patches.After the intersectioncurves have
beencomputed(seefor example[11]), theintersec-
tion handlingcanbeappliedunmodi�ed.

For simplicity, only thecaseof self-intersections
is treatedin thispaper, however, ourresultsgeneral-
ize trivially to intersectionsbetweenseveral pieces
of cloth.

We assumethat the cloth is parameterizedin
sometwo-dimensionalspace

�

. Theparameteriza-
tion needsto be smooth,but the parameterspace

�

is arbitrary. Thus,a scarfmight bestbe param-
eterizedon a square,while a skirt canbe parame-
terizedon a cylinder. Conformalor area-preserving
parameterizationis not necessary, but improvesthe
resultsof thecorrespondencecomputation(seeSec-
tion 5.1).

In world space,eachintersectionpath is a sin-
gle curve. Sinceeachpart of the intersectionpath
is formedby theintersectionof two triangles,each
pointon theintersectionpathtouchestwo pointson
thecloth(exceptfor loopvertices, seebelow). Thus,
eachpoint on the intersectionpathhastwo param-
eterizationvalues.A singleintersectioncreatestwo
pathsin the parameterdomain,wheremostof the
intersectionanalysistakesplace.Hence,pathsare
arrangedin pairsre�ecting a commonworld space
position.SeeFigure1 for examples.After theinter-
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Figure 1: Different pathsin world space(top row) and parameterdomain
�

(bottom row). Loop ver-
ticesaremarked on the paths.(a) a pair of CLOSEDpaths.(b) EIGHT path.(c) loop-loop(LL) path.(d)
boundary-loop-inside(BLI ) path.(e)CROSSpath.(f) boundary-boundary/inside-inside(BB/II ) pathpair.
(g) boundary-inside(BI ) pathpair.

sectionpathsareknown, they areclassi�edaccord-
ing to intrinsicproperties.

For eachpath separately, we partition the cloth
into regions that are inside, i. e. regions that have
crossedover and for which responseis necessary,
andoutsideregions.Figure2 shows insideregions
for different path types. Somepaths involving a
boundarydonotde�ne aninsideregion.

Finally, intersectionhandling is performedon
eachpath.The goal in intersectionhandlingis to
minimizetheinsideregion of thepath.To this end,
we computetargetpointsfor meshverticesthatare
inside. Moving themeshverticestowardstheir tar-
get points resolves the intersection.For pathsthat
do not have an insideregion, we pushthe intersec-
tion pathto thenearestclothboundary.

4 Global Intersection Analysis

Wewill �rst summarizetheGIA beforeturningour
attentionto the analysisof possiblepathtypes.As
a �rst stepof theGIA, intersectionsbetweencloth
primitives(triangles)arecomputed.We usespatial
hashing[14] to speedup intersectioncomputation.

Each triangle/triangle intersection yields two
correspondingintersection segments. These two
segmentssharea commonpositionin world space,
but eachsegment has a different position on the
cloth, correspondingto oneof the intersectingtri-
angles.

The set of intersectionsegmentsis assembled
into intersectionpaths. Baraff et al. [2] describe
how to tracethe intersectionpathsgiven the inter-
sectionsegments.

Pathsthatconsistof correspondingsegmentsare

calledcorrespondingpaths.Notethatfor somepath
types,a path can be its own correspondingpath.
Figure1 shows intersectionsandtheresultingpaths
in theparameterdomain

�

.
Onecasedeservesspecialattention.If two inter-

sectingtrianglesshareacommonvertex, thisvertex
is called a loop vertex. Intersectionpathsthat en-
countera loopvertex reversedirection.Thenumber
of loop verticeson a pathis an importantcriterion
for pathclassi�cation.A pathwith a loop vertex is
its own correspondingpath.Intersectionpathsfold
backontothemselvesin world spaceafterreaching
a loop vertex (e.g. Figure1 (d)). Sinceit is possi-
ble that several pathsmeetin a single loop vertex,
carehasto betakento follow thecorrectpathupon
reachinga loop vertex.

4.1 Path Types

We foundit usefulto analyzetheintersectionpaths
in the parameterspace

�

. Criteria for path classi-
�cation arewhetherthe path is closedor whereit
ends,aswell asthenumberof loop verticeson the
path.Figure1 shows thepossiblepathtypes.

In theparameterizationdomain,apathcaneither
endonaboundaryor somewhereinside,or thepath
is closed.On 2D manifolds,a pathcanreversedi-
rectionat mosttwice beforeforming a loop, hence
therecannotbemorethantwo loopverticesin asin-
gle path.The list below discussesall possiblepath
types.

CLOSED paths are the simplest intersection
paths.A CLOSEDpathcontainsno loop vertices.It
formsa loop in world spaceaswell asin parameter
space.Thecorrespondingpathto aCLOSEDpathis
a CLOSEDpath.



EIGHT pathsareclosedpathswith a singleloop
vertex. This rare path occurswhen two CLOSED
pathsshareexactly onecommonvertex, which be-
comesthe loop vertex. EIGHT pathsare a single
loop in world space,while they unfold to an 8-
shapedpath in the parameterizationdomain

�

. If
weencountersuchapath,we split it at its loopver-
tex, creatingtwo CLOSEDpaths.

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

If the path is not closed,but hasa loop vertex,
thenat leastoneendof thepathlies on thebound-
ary. Wecall thisaboundary-loop-inside(BLI ) path.
Thecasewherebothendpointslie ontheboundary
(boundary-loop-boundary, BLB path) is extremely
rare,anddoesnot invalidateany of the discussion
concerningBLI paths.Whenwereferto BLI paths
below, weimplicitly includeBLBpaths.A BLI path
canbethoughtof ashalf a LL path.BLI pathsare
moredif�cult to handlethan the closedpathvari-
eties,sincethey to not partitionthecloth meshinto
separatecomponents.

There is the theoreticalpossibility of an open
pathwith two loopvertices.Thepathstartsandends
on a boundary, and the boundaryverticestouch.
Following our naming convention, this path is
calledboundary-loop-loop-boundary(BLLB) path.
Thecon�gurationleadingto thispathtypeis unsta-
ble, and the path will split into two BLI pathsas
soonastheboundaryverticesassumedifferentpo-
sitions.BLLB pathscanbesplit into two BLI paths
for handling.

There is an open version of the EIGHT path,
which we will call CROSSpath.It canalsobeseen
as two BLI pathssharinga commonloop vertex.
Similarto theEIGHT path,wehandlethispathtype
by splitting it at the loop vertex, yielding a BB/II
pathpair (seebelow).

If therearenoloopverticesonanopenpath,three
possiblepathtypesremain.Theendpointsof apath
caneitherlie on theboundaryor insidethecloth. If
bothendpointslie on theboundary, wecall thepath
a boundary-boundary(BB) path.Similarly, if only
oneor no endpointlies on thecloth boundary, it is
called boundary-inside(BI ) or inside-inside(II )
pathrespectively. Thecorrespondingpathto anII
pathis alwaysa BB path,while a BB pathcanalso

(a) (b) (c)

Figure2: Insideregions(blue)andverticesof a (a)
CLOSED(b) LL (c) BBpatharehighlighted.Paral-
lel �ood �ll on bothsidesof thepathis usedto de-
terminethesmallerpartof thecloth, which is then
labelledasinside.

correspondto a BI path.Themostcommon,how-
ever, are BB/II and BI /BI pairs. Of theseopen
pathtypes,only BB pathspartition thecloth mesh,
thusBI /BI pathpairsaredif�cult to handle.Wead-
dresstheproblemin Section5.3.BB/II andBB/BI
pairscanbehandledin thesameway. We will only
explicitly discussthemorecommonBB/II pair.

4.2 Determining Inide/Outside Regions

Oncethepathtypeis known, we candeterminein-
sideandoutsideregionson the cloth. For eachin-
tersectionpath individually, we decidewhich part
of thecloth is onthewrongside.Theinsideregions
needto becorrected.

TheCLOSED, LL, andBBpathsarepartitioning
paths,i. e. intersectionpathsthatpartitionthemesh
into two components.Figure2 showsinsideregions
of thesepaths.Like [2], we useparallel�ood-�ll to
determinewhich of thetwo componentsis smaller.
Thatregionis thenlabelledasinsidewith respectto
thepath.This procedureis consistentwith thegoal
of usingthesmallestpossiblecorrectionto resolve
theintersections.It is alsoa sensiblechoiceif used
during a simulation.During a shortperiodof time
(sincethelastuntanglingstep),it is morelikely that
smallpenetrationshave occured.

Thesituationis morecomplicatedfor pathsthat
arenotpartitioning,i. e.BLI , BI , andII paths.For
BLI paths,we usea heuristicto determinean in-
sideregion.As canbeseenin Figure3 (a),thecloth
arounda BLI path forms a roughly conicalshape
with theloopvertex in its apex. Notethatif thecone
is �attened, theintersectionis resolved.In orderto
de�ne an inside region for BLI paths,we restrict
our attentionto a circularpatchof cloth aroundthe
loopvertex, just largeenoughto containat leastone
of theendpointsof theBLI path.We thenusethe
parallel�ood-�ll algorithmasdescribedabove, re-



(a) (b)

Figure 3: (a) Cloth con�guration around a BLI
path.Thepathis aseamlineof aconewith theloop
vertex at its apex. Clothverticesin theinsideregion
of thepatharehighlighted.(b) Insideregion in the
parameterdomain

�

. Thecircularregionof interest
is highlighted,aswell astheinsideclothvertices.

strictedto our regionof interest.Figure3 shows the
resultof this method.

BI pathsrequirespecialcare.Althoughit would
bepossibleto assigninsideregionsfor BI 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 II paths.How-
ever, since the correspondingpath to an II path
is alwaysa BB path,we canusethe insideregion
of the correspondingBB pathfor intersectionhan-
dling.

5 Intersection Handling

Intersectionhandlingis basedon theinsideregions
de�ned duringtheGIA. Theideais to �nd a target
point ��� � for eachclothvertex �

� in theinsideregion,
suchthat if all �

� aremovedtowardstherespective
�

� � , theintersectionis resolved.

Baraff etal. [2] usedtheclosestpointin theinside
region of thecorrespondingpathastargetpoint for
avertex. Thismethodonly worksfor CLOSEDpath
pairs,sincethis is the only path type de�ning two
separateinsideregions.

In constrast,our methodworks for all pathpairs
whereat leastonepathde�nesaninsideregion,i. e.
all pathtypesexceptBI paths(BI pathsaretreated
in Section5.3). Oncethe target pointsareknown,
wecaneitherapplypenaltyforcesto resolve thein-
tersectionor directlydisplacetheclothvertices.

5.1 Finding TargetPoints

Verticesin the insideregionsof 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
this ideato resolve collisions.

Information about the vertices' history is not
available to us. However, the correspondencesbe-
tweentheintersectionpathscontaintheinformation
we need.We extrapolatethis informationto the in-
sideregion of thepath.

Considera parameterizedsurface ���	��

�����

�

and intersectionpaths ������������
����

�

, and its
correspondingpath �

�

����������
����

�

, both pa-
rameterizedin � �"! #$��%
& suchthat �'����
 and �����(


arecorresponding,i. e. ���	�'����
(
)�*���+������
(
 .
We arelooking for a smoothfunction ,)-/.

�10

�

, mappingeachpoint � in the insideregion to its
correspondingtarget point �

�

�2,
-

�+�3
 . We know
thevaluesof ,

- for all pointson thepath:
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We useRBF �tting to constructsucha smooth
function ,�- . For an introductionto the topic, we
refer thereaderto [5]. RBF interpolationfunctions
areof theform:
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 are the
centersof the RBF. Their number Z is chosenac-
cordingto thepathlength.Typicalvaluesof Z range
from 5 to 30 centers.To obtaintheweights D

B

and
polynomialcoef�cients

P
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, we solve thesystemof
equationsgivenby
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(a) (b)

Figure 4: (a) A path pair consistingof a BB path
� (top-right) andan II path �

� (middle).Shown
arethe insideverticesp

� of � aswell astheir cor-
respondingpoints ,�-q�+p

�


 . (b) Insideverticesof �

and their target points in world space.Attractive
forcesbetweencorrespondingpointsresolve thein-
tersection.

the matrix
b

is singularif the centers�

� lie on a
straightline [10]. Adding randomnoiseto the �

�

solves the problem.We never use less than three
centers.

The function ,)- is two-dimensionaland we
solve for weights for its componentsseparately.
Theseweightcanbeusedin (2) to constructa cor-
respondencefunction ,

-
�r�
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8
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 . Figure4 il-
lustratesthe�tting process.

5.2 Applying Corr ections

In orderto resolvethecollisions,weapplyapenalty
force to all verticesin the insideregionssuchthat
theinterpenetratingpartsof theclothareseparated.
This forcepointsin thedirectionof thetargetpoint.

u

�+�3
)�

�

�

Iv�

G
�

�
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�
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~C•�€‚•Y
 (4)

We usea force that linearly increaseswith thedis-
tanceto the correspondingpoint (theequivalentof
penetrationdepth),up to a maximumvalue.Note
that in a physicalsimulation,the correctionforces
shouldbeappliedsymmetricallyto p and p

� to en-
sureconservationof linearandangularmomentum.

For theuntanglingprocessto besuccessful,it is
necessarythattheinsidepartscrosstheclothagain.
If our untanglingmethodruns alongsidea tradi-
tional collision prevention algorithm such as [3],
wedisablecollisiondetectionfor insidepartsof the
cloth,aswell asa smallregion aroundtheintersec-
tion lines,allowing for insidepartsto crossoverand
correctintersections.

In casean inside region doesnot contain any
meshvertices,we randomlychooseaninsidepoint

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

Note that it is also possibleto directly resolve
an intersectionby displacingthe insidevertices.In
order to do so, correspondencesare computedfor
eachpath pair, and the inside verticesare moved
somewhatmorethanhalf-way to their targetpoints.
Sincethis is donefor bothpaths,this will separate
thesheets.Thismethoddoesnot resolve BLI inter-
sectionsin onestep,althoughapplyingthe correc-
tion in an iterative fashionwill eventually resolve
theintersection.

While directseparationworkswell for small in-
tersections,thereis noguaranteefor success,evenif
appliediteratively. For morecomplex intersections,
thismethodbecomesunstableandmayoscillate.In
practice,relaxationusingpenaltyforcesprovedsu-
periorin mostsituations.

5.3 Handling BI/BI Paths

SinceBI pathsdo notde�ne insideregions,BI /BI
pathpairscannotbehandledasdescribedabove.In-
stead,we applyforcesthatpushtheintersectionto-
wardsthenearestboundary.

We de�ne a distance�eld ƒ:�	��
 in parameter
space,storing the distanceto the nearestcloth
boundaryfor eachpointon thecloth.A forcein the
directionof theclosestboundaryof theclothactsin
thedirectionof thenegative gradientof ƒ .

To de�ne this force in world space,we consider
thetangentspaceof theparameterizedsurface ���	�=


with parameterizationcoordinates�„�E�+…†�
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.
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transformsvectorsin
�

to their correspondingtan-
gentdirectionsin world space.In our case,thesur-
faceis de�ned asa mesh.Sinceboth world space
coordinatesand �+…:�

f


 -coordinatesare known for
all meshvertices,

•

�	��
 is straightforward to com-
pute.

Using
•

�	��
 , we de�ne a world spaceforce �eld
u\’(“h”

�•i�– at eachpointon thecloth:
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(a) (b)

Figure5: (a) Id—˜ƒ:�+›U
 for pointson a BI /BI path
pair. (b) Forcesactingon oneof thepathsin world
space.Theintersectionis pushedoutsidethecloth.

Again, theforcemagnitudegrows with penetration
depth,up to a maximumvalue ~C•�€‚• .

In order to pushan intersectionpath outwards,
weaveragetheforcesover theentirepath.Consider
a BI path �"�"���œ����
��•�

�

andits corresponding
path �•�Ž�ž�����Ÿ����
����

�

. In order to resolve the
intersection,a correctionforce

u

- is appliedto all
points �œ����
 onthepath � . Sincethepathsarepiece-
wiselinear, theaverageforcecanbeexpressedasa
sumover thepathsegments.
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Here,

 

� is thelengthof thepathsegment ¥ , and

 

-?¢

is thelengthof thepath �
� . We useoneforcesam-

ple per segment,i. e. at leastonesampleper trian-
gle. At eachpoint, ¦

’(“h”

is tangentto the surface
intersectedby the pieceof cloth around �œ����
 . The
path � is thuspushedover the surfacearound �

� .
Notethatsimilar to thecorrectionproposedin Sec-
tion 5.2,theforcesshouldbeappliedsymmetrically
in orderto conserve momentum.

Typically, therearenoverticesontheintersection
path.Weapplythecorrectionforceto all verticesof
trianglesthatcontainan intersectionsegment.Fig-
ure5 shows an illustration of the correctionforces
for BI paths.

Note that this techniqueis quite similar to the
untanglingmethodproposedin [18]. However, we
pushthe intersectiontowardstheclosestboundary,
while [18] move the intersectionsegmentsin the
direction that reducestheir total length. Both ap-
proacheshave their pathologicalcases.We believe
thatfor BI paths,our methodleadsto morenatural
untanglingbehaviour.

6 Results

Wehaveimplementedtheuntanglingmethodasde-
scribedabove andappliedit to cloth in varioustan-
gledstates.Figure6 shows anexampleof a LL in-
tersectionandits resolutionafterseveralstepsof re-
laxation.Figures7 and8 onthecolorpageshow un-
tanglingof aBB/II pathpairandaLL pathrespec-
tively. Notethatcontraryto [2], we actively correct
LL intersections.

Table1 summarizescomputationtimeson a P4
3GHz. Our path �nding code is in no way opti-
mized,andcurrentlyneeds§Ž�+Z:S�
 time insteadof
thepossible§Ž�+Z^TWVYX'Z:
 , where Z is thenumberof
segments.We believe that cloth untanglingshould
be usedto complement,not replacecollision pre-
vention methodssuchas [3]. Our methodcan be
used to detect intersectionsand adjust the colli-
sion handlingaccordinglywherecollision preven-
tion hasfailed.Note that this alsoreducesthe load
on collision detection,assmall errorsarenow ac-
ceptable.

#Tri #Paths #Seg #In Seg 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: Computationtimesof our algorithm.The
columnsshow the numberof meshtriangles,the
numberof intersectionpaths,the numberof inter-
sectionsegments,and the total numberof inside
vertices,as well as computationtimes for �nding
segments,assemblingpathsand RBF �ts in mil-
liseconds.

7 Conclusionand Futur eWork

We have presenteda thoroughanalysisof intersec-
tion typeson2D manifolds.Comparedto [2], using
RBF �tting insteadof closestpoint matchingfor
force computationgreatly improves robustnessof
theintersectionhandling,especiallyin thepresence
of foldovers in the intersectionregion. It also en-
ablesintersectionhandlingfor pathtypesthatwere
previously impossibleto correct.Wehave alsopro-
poseda methodfor correctingintersectionsthatdo
notde�ne any insideregions.

Thus,arbitraryintersectionsof clothwith bound-
ariescanberesolved.



(a) (b) (c)

Figure6: (a) A BLI intersection.(b) A view insidetheBLI coneshowing thecorrectionforces.(c) As the
coneis �attened,theintersectionis resolved(topview).

While our methodshandlesintersectionsreli-
ably, extremelycomplicatedintersectionscanlead
to strangeunfoldingbehaviors.Onseverelytangled
cloth, intersectionpathscanself-intersect,or come
extremelycloseto eachother. While our algorithm
typically unfolds and resolves the intersections,it
mightdosoin anon-intuitive manner. Wealsocan-
notgive formalguaranteesthattheclothwill unfold
entirely, as theremight be pathologicalcon�gura-
tionsleadingto oscillations.

At themoment,mostclothsimulationsdealwith
2D manifolds,thusourmethodis generalenoughin
thesesettings.Sincemostreal-life garmentsareac-
tually non-manifold,it would beinterestingto gen-
eralizeour analysisto nonmanifoldsurfaces.
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(a) (b) (c) (d) (e) (f) (g)

Figure 1: Different pathsin world space(top row) and parameterdomain
�

(bottom row). Loop ver-
ticesaremarked on the paths.(a) a pair of CLOSEDpaths.(b) EIGHT path.(c) loop-loop(LL) path.(d)
boundary-loop-inside(BLI ) path.(e)CROSSpath.(f) boundary-boundary/inside-inside(BB/II ) pathpair.
(g) boundary-inside(BI ) pathpair.

(a) (b)

Figure7: (a)An intersectioncreatingaBB/II pathandthepenaltyforcesappliedin thissituation.(b) After
severaltimesteps,theintersectionis resolved.

(a) (b)

Figure8: (a) A LL intersectionpath.(b) After several timesteps,theintersectionis resolved.


