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Abstract
Clothingis a fundamentalpart of a character'spersona,a key storytellingtool usedto convey anintendedimpres-
sion to theaudience. Draping, folding, wrinkling, stretching, etc.all convey meaning, and thuseach is carefully
controlledwhen�lming live actors.Whenmaking�lms with computersimulatedcloth, thesesubtlebut important
elementsmustbecaptured.In this paperwepresentseveral methodsessentialto matching thebehaviorandlook
of clothing worn by digital stand-insto their real world counterparts.Novel contributions includea mixedex-
plicit/implicit timeintegration scheme, a physicallycorrectbendingmodelwith (potentially)nonzero restangles
for pre-shapingwrinkles,an interfaceforecastingtechniquethat promotesthe developmentof detail in contact
regions,a post-processingmethodfor treatingcloth-charactercollisionsthat preservesfoldsandwrinkles,anda
dynamicconstraint mechanismthat helpsto control large scalefolding. Thecommongoal of all thesetechniques
is to producea clothsimulationwith manyfoldsandwrinklesimproving therealism.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Animation,I.3.5 [Com-
puterGraphics]:Physicallybasedmodeling

1. Intr oduction

Clothing is an integral part of both live action and com-
putergeneratedcharacters.Therelationshipbetweentailor-
ing, body compositionand material selectionare equally
important for either mediumas thesequalitiesmake each
garmentuniqueto every individual, realor �ctional. Cloth-
ing folds,wrinklesandstretchesto conformto its wearer, it
sticksto itself andotherpiecesof clothing,snags,etc.The
appearanceof a pieceof clothingcomesprimarily from re-
sponseto theseconditions,andthusit is essentialfor cloth-
ing createdusingcomputergraphicsto modelthem.

A judiciouschoiceof cloth model is imperative both to
obtain the desiredlook and feel of the cloth, and to ob-
tain simulationresultsin a reasonableamountof time. We
presenta mixed explicit/implicit time integration scheme
thatcombinesthe�e xibility of explicit methodsfor handling
nonlinearities(suchasthebiphasicnatureof cloth) with the
speedof implicit methods.Oneof thekeysto obtaininghigh
levelsof visualdetail, i.e. dynamicfolds andwrinkles,is to
have a goodmodelfor bending.Oneof our novel contribu-
tions is a derivationof theonly physically correctfamily of
bendingforcesthat act betweenpairsof triangles.Further-

more,our modelis capableof retainingandrestoringartist-
sculptedfeaturesof agarmentby usingnonzerorestangles.

Onceequippedwith a reasonabledynamicmodelof our
character'sclothing,theclothmustinteractwith its environ-
ment.This meanscollision detectionandmodelingfor both
self-collision and cloth-objector cloth-charactercollision.
Therearea numberof techniquesfor treatingself-collision,
eitheruntying the cloth60; 61; 6 or stoppingall collisionsbe-
fore they happen47; 30; 9. All of thesepapersillustratedthat
it is importantto have a robust self-collisionstrategy in or-
der to modelwrinkling andfolding. For cloth-objectcolli-
sion, we use a level set approachmodeling the (possibly
deforming)objectswith a signeddistancefunction de�ned
onagrid41. A numberof authorshaveusedimplicit surfaces
for volumetriccollisions,andweillustratethatthisapproach
�attens out the cloth—removing visual detail—bymoving
it to a smoothsurface(the zero isocontour).We proposea
new dynamicinterfaceforecastingtechniqueandanew post-
processingtechniquewhichhelpto alleviatethisdif�culty .

At thispoint,onecancarryoutphysicallyplausiblecloth-
ing simulation,but this is neverthelessinsuf�cient to model
compellingreal world clothing. Not only do many of the
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physicalinteractionswhichdirectlyeffect theappearanceof
a garmentoccurat a granularitymuch�ner thanthecurrent
simulationlevel, but also actorswill wear clothesthat are
toolong,short,baggy, heavy, etc.for dramaticeffect.This is
remediedon the setwith a numberof practicaltechniques,
andthuswepresentadynamicstickingconstraintthatmim-
icssomeof thesetechniques.

2. RelatedWork

We generally refer the reader to the text of House and
Breen27, thereview articleof Ng andGrimsdale39, theearly
work of Weil63 and Terzopouloset al.55, the dynamic B-
splinesof Thingvold andCohen56, theCAD apparelsystem
of Okabeetal.40, andthework of Breenetal.8 usingexperi-
mentallydeterminedmeasurementsfor clothproperties.

Volino and Magnenat-Thalmann62 comparedthe ef�-
ciency of a numberof time integrationmethods.Eberhardt
et al.18 andParksandForsyth42 strivedto attainmoreaccu-
racy in orderto obtainmoredetailedsimulations.However,
for thosejust interestedin speed,seethework of Desbrunet
al.16 which extendsthe implicit time integration of Baraff
and Witkin5 making further approximationsthat result in
an even fasteralgorithm.We take a middle road,accurate
enoughto avoid visual artifactssuchas arti�cial damping
but fast enoughfor a demanding�lm productionenviron-
ment.

Modelsfor bendingforceswerediscussedin 55; 60; 46; 5; 24,
etc. Relatedwork on engineeringsimulationsof “shells”
is discussedin Grinspunet al.25 for example. Wrinkling
has beenconsideredby a numberof authors,for exam-
ple Aono3 proposeda “wave” model,Kunii and Gotoda35

consideredsingularitytheory, andKang et al.32 usedwrin-
kled cubic splines.Our bendingmodel is closely related
to that of Baraff and Witkin5, but we follow a more di-
rect approachthan taking variationalderivatives of an en-
ergy. Thesederivativesapparentlyarenotsimpleto take,and
thusBaraff andWitkin suggestsimplifying approximations
to make the mathtractable.Moreover, they do not give the
exactformulasaswedobelow, simplifying implementation.
A recentindependentpaperon bendingby Grinspunet al.24

following the sameenergy approachavoids the derivatives
by usingautomaticdifferentiation,but otherwisearrivesat
a modelsimilar to ours,andillustratestheability to capture
thebehavior of stiff shells.

Potential �eld methodswere pioneeredin robotics33.
Thesemethodsrepresentobjectsaszerolevel setsof func-
tions and use the gradientsof a potential �eld to repel
points outsideof objects.Terzopouloset al.55 surrounded
objectswith repulsive force �elds making use of the in-
side/outsidefunction for collisions.Sclaroff andPentland51

(see also Pentlandand Williams44) proposedgeneralized
implicit functions with fast inside/outsidetests for colli-
sion detection.Deformableobjectshave beenmodeleddi-
rectly with implicit surfaces22; 15, testingthe samplepoints

of onewith theinside/outsidefunctionof theother. A num-
ber of authorsusedspheres,ellipsoids and other implicit
surfacesto detectandresolve collisionsfor cloth, skin, hair
andmuscles,seee.g.48; 66; 58; 4; 49; 34. FisherandLin20 useda
penaltybasedformulationto enforcea non-interpenetration
constraintbetweendeformablebodies.They usedthe fast
marchingmethodto partially updatethe distancefunctions
only in regionswherethe objectsaredeformingor collid-
ing. Hirotaetal.26 tookanovel approachde�ning thesigned
distancefunctionin theundeformedmaterialcoordinatesof
their �nite elementmeshin orderto betterdealwith self in-
terpenetration.Theninsteadof usingindividual point repul-
sion,they integratedover theintersectionregion to obtaina
moreaccuraterepulsionforce.They applythis to animpres-
sive �esh simulationusingthevisiblehumandataset59.

JimenezandLuciani31 modeledstaticfriction with anad-
hesionforce thatwasactivatedwhenthe relative tangential
velocity of two bodiesin contactwasbelow a threshold.A
zerorestlengthspringwasusedto anchorthecontactpoint
to the locationit wasin whenthe adhesionforce wasacti-
vated.This spring is removed when the force it exertsex-
ceedsa thresholdproportionalto thenormalforce.Changet
al.10 introducedthe conceptof static links to model forces
that causehair to clump together. Theseare initialized by
matchingup the closestpoints betweendifferent strands,
andconnectingthesewith springs.Whenthelengthof these
springsexceedsa threshold,the static link is permanently
broken. The dynamicsticking constraintspresentedin this
paperarearelatedmechanismto allow animatorsmorecon-
trol over themotionof clothingwithout it appearingunnat-
ural.

3. Mixed Explicit/Implicit Time Integration

Our motivation for introducingyet anothertime integration
methodfor clothsimulationis to combinethe�e xibility and
simplicity of explicit methods(suchasRunge-Kutta) with
theef�ciency of implicit schemes(suchasbackwardEuler).
In particular, weuseexplicit integrationontheelasticforces
(thosethatareindependentof velocity)andimplicit integra-
tion on thedampingforces(thevelocity-dependentforces).
Thealgorithmis presentedbelow, with x denotingpositions,
v velocities,anda accelerations:

� vn+ 1=2 = vn + Dt
2 a(tn;xn;vn) (explicit)

� Modify vn+ 1=2 to getṽn+ 1=2 to limit strain,etc.

� xn+ 1 = xn + Dtṽn+ 1=2 (explicit)

� vn+ 1 = vn+ 1=2 + Dt
2 a(tn+ 1;xn+ 1;vn+ 1) (implicit)

� Modify vn+ 1 in placeto limit strain,etc.

Essentiallywearecombiningtheexplicit secondorderaccu-
rateleapfrogschemefor thepositionupdatewith animplicit
secondorderaccuratetrapezoidalrule for the velocity up-
date.To seethatthevelocityupdateis indeedthetrapezoidal
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rule substitutevn+ 1=2 from the �rst line into the fourth line
to obtain

vn+ 1 = vn + Dt
2

�
a(tn;xn;vn) + a(tn+ 1;xn+ 1;vn+ 1)

�
.

Overall this is a secondorderaccuratemethodthatis sta-
ble for Dt < O(Dx

p
r =ke) wherer is the density, ke is the

materialstiffness,andDx is thesmallestedgelengthof the
mesh,independentof how largethedampingforcesare.This
is a critical point, sincea fully explicit schemelike Runge-
Kuttahasa muchmorestringentquadratictime steprestric-
tion dependenton the dampingforces,Dt < O(Dx2r =kd)
wherekd is thematerialdampingparameter. Theextrafactor
of Dx meansanorderof magnitudemorestepsarerequired.
For example,if a dimensionlessDx = 0:1 requiresten time
stepsperframe,thenDx2 = 0:01would requireonehundred
steps.Anotheralternative would be to usea fully implicit
schemewith larger stepsizes5, but this introducessigni�-
cantarti�cial dampingin the elasticmodes.Sincewe only
go implicit on the dampingmodes,we only introducethis
extraarti�cial dampingwherethereis dampingalready. Re-
cently, thearti�cial dampingpresentin the implicit method
of Baraff andWitkin5 wasmitigatedby thecarefullytailored
bendingmodelof ChoiandKo11. Sincewedonotneedto al-
leviatethisarti�cial damping,weareinsteadfreeto develop
a moresophisticatedbendingmodel that isn't restrictedto
rectangulargridsand�at restpositions(seesection4).

An additionaladvantageof only goingimplicit onveloci-
ties is thatwhile theforcesin cloth simulationaretypically
nonlinearanddependonpositionsin acomplicatedmanner,
the dampingforcesareoften linear in the velocitieswith a
symmetricJacobian.Thismeanswecanuseafastconjugate
gradientsolverwithoutneedfor simplifying approximations
suchasthosemadein Baraff andWitkin5. Furthermore,this
solutionis very fast: typically lessthanten andsometimes
asfew asoneor two iterationsareneeded,evenwithoutpre-
conditioning.Sinceno preconditioneris needed,we don't
needto explicitly assemblea matrix, reducingoverheadand
allowing a simpleblack-boxstructurewherethe conjugate
gradientsolver calculatesdampingforces simply through
functioncalls.For additionalspeed,theposition-dependent
termsin thedampingforces(whichareheldconstantduring
theseiterations)maybecomputedonceandcached.

The useof an explicit updatefor position allows us to
modify thevelocitiestoenforceawidevarietyof constraints,
and further allows a strain limiting procedure46; 9 where
springsare limited to a maximum10% extensionbeyond
their restlength.For practicalpurposes,this meanswe can
useweaker springs(with a morerelaxed time steprestric-
tion), andqualitatively capturethebiphasicnatureof fabric.
An additionalinnovationintroducedhereis to limit thecom-
pressionof the springsto 0% in the samemanner, forcing
clothto buckleoutof theplaneinto attractivefoldsandwrin-
kles insteadof unrealisticallycompressing(seeChoi and
Ko11 for anextendeddiscussionof this behavior, thoughwe
observe that the techniquein that papercannotgeneralize

to unstructuredmesheswith curved rest positionsas used
here).Naturally, the limits 0% and10% canbe adjustedto
matchthedesiredlook of thesimulatedclothing:stretchier
materialswill have looserlimits.

For highly dampedmaterialsthe above algorithmis sta-
ble but not “monotone”.Spuriousoscillationsmaybeintro-
ducedbecausethe�rst explicit half stepof thevelocitymay
overshootbeforebeing dampedback down to stability by
the implicit half step.This spuriousvelocity at vn+ 1=2 may
causedif�culty when usedto updatethe position.We ob-
serve thateven fully implicit methodssuffer from theseos-
cillationswith largetime stepswhensecondorderor higher
accuracy is required,e.g.theBDF2methodusedin Choiand
Ko11. Moreover, in line two (above) we speci�cally process
thevelocity in orderto improve its characterfor theposition
update,highlightingtheimportanceof agoodmidstepveloc-
ity at tn+ 1=2. Thesedif�culties canbe alleviatedby simply
switchingtheorderof thevelocity steps,usingthe fact that
backwardEuleris unconditionallymonotone:

� vn+ 1=2 = vn + Dt
2 a(tn;xn;vn+ 1=2) (implicit)

� Modify vn+ 1=2 in placeto limit strain,etc.

� xn+ 1 = xn + Dtvn+ 1=2 (explicit)

� vn+ 1 = vn+ 1=2 + Dt
2 a(tn+ 1;xn+ 1;vn+ 1=2) (explicit)

This correspondsto the centralNewmark scheme(seee.g.
Hughes29). Note that the trapezoidalrule is usedbetween
vn� 1=2 and vn+ 1=2, not vn and vn+ 1 as before, thus we
only get secondorder accuracy and stability (independent
of dampingforces)if the time stepDt remainsconstantbe-
tweentimesteps.If avariabletimestepis desired,asis usu-
ally thecase,wenolongerhavethetrapezoidalruleandlose
bothaccuracy andstability. Werecommendanimprovedap-
proachthatupdatesthepositionwith animplicitly calculated
velocityat tn+ 1=2, but still usesthetrapezoidalrulebetween
vn andvn+ 1 (not vn� 1=2 andvn+ 1=2):

� ṽn+ 1=2 = vn + Dt
2 a(tn;xn;vn+ 1=2) (implicit)

� Modify ṽn+ 1=2 in placeto limit strain,etc.

� xn+ 1 = xn + Dtṽn+ 1=2 (explicit)

� vn+ 1=2 = vn + Dt
2 a(tn;xn;vn) (explicit)

� vn+ 1 = vn+ 1=2 + Dt
2 a(tn+ 1;xn+ 1;vn+ 1) (implicit)

� Modify vn+ 1 in placeto limit strain,etc.

This allows variablestepsizeswith secondorderaccuracy
andmonotonebehavior at theexpenseof anadditionalim-
plicit solve. Lines one, four, and � ve of the original algo-
rithm arepreservedasthe last threelinesof this algorithm,
updatingthevelocitywith thetrapezoidalrule.The�rst three
lines of this new algorithm usethe more stable�rst three
linesof thesecondalgorithm(above) to obtaina robustpo-
sitionupdate.
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4. An Accurate Model for Bending

Thephysicsof clothbendingarepoorlyunderstood.Thedy-
namicsof anisotropic�bers twinedtogetherandwoveninto
a sheetof fabric constantlyinteractingwith massive defor-
mationsandfriction is certainlymoredif�cult to modelwith
a two-dimensionalcontinuumthanfor examplesteel.How-
ever, severalbasicqualitativepropertiesof suchamodelcan
beidenti�ed thatareessentialfor aplausiblesimulation,and
without theseamodelis incorrect.

In order to handleunstructuredtrianglemeshesandget
�ner, morerobustcontroloverbendingthanin vertex-centric
models,we posit as our basicbendingelementtwo trian-
glessharinganedge.Ourbendingelementswill bebasedon
the dihedralangleand its rateof change,as in Baraff and
Witkin5 andextendedin Grinspunet al.24. We label theele-
mentasin �gure 1, with vertex positionsxi andvelocitiesvi ,
i = 1; : : : ;4, andangleq betweenthenormalsn1 andn2.

Thevectorof thefour velocitiesv= (v1;v2;v3;v4) andthe
vectorof bendingforcesF = (F1;F2;F3;F4) live in a 12 di-
mensionallinearspace.Onecanselecta basisfor this space
identifying twelve distinct “modes”of motion.For bending
it is naturalto selectfor the�rst elevenmodesthethreerigid
bodytranslations,the three(instantaneous)rigid bodyrota-
tions,thetwo in-planemotionsof vertex 1, thetwo in-plane
motionsof vertex 2,andtheonein-line stretchingof edge3–
4. Noneof thesechangethedihedralangle,andthusshould
notparticipatein bendingforcecalculations.This leavesthe
twelfth mode,thebendingmode,which is theuniquemode
orthogonalto theotherelevenup to anarbitraryscalingfac-
tor. Thismodechangesthedihedralanglebut doesnotcause
any in-planedeformationor rigid body motion.Let us call
it u = (u1;u2;u3;u4). From the condition of orthogonality
to the in-planemotionsof vertices1 and2, we �nd that u1
is parallelto n̂1 andu2 is parallelto n̂2. Fromthecondition
of orthogonalityto the in-axis stretchingof edge3–4, we
seethat u4 � u3 mustbe in the spanof n̂1 andn̂2. Orthog-
onality to the rigid body translationsimplies that the sum
u1 + u2 + u3 + u4 is zero,andhenceu3 + u4 is also in the
spanof n̂1 andn̂2, thusu3 andu4 areeachin this span.Fi-
nally, aftermakingu orthogonalto rigid rotations(whichwe
canconvenientlychooseto be aboutthe axesn̂1, n̂2 andê)
weendupwith

� �
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�

�

�
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�

�
�
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Figure1: A bendingelementwith dihedral anglep � q.
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�
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up to an arbitrary scaling factor, whereN1 = (x1 � x3) �
(x1 � x4) andN2 = (x2 � x4) � (x2 � x3) aretheareaweighted
normalsandE = x4 � x3 is thecommonedge.Thusu1 and
u2 areinverselyproportionalto theirdistancefrom thecom-
monedge,andu3 andu4 area linearcombinationof u1 and
u2 basedonthebarycentriccoordinatesof x1 andx2 with re-
spectto thecommonedge.Thebendingelasticanddamping
forcesmustbeproportionalto thismode.Oneimmediateob-
servation is that orthogonalityto rigid body modesimplies
theseforcesconserve linearandangularmomentum.In fact,
every bendingmodelbasedon two trianglesthat doesnot
useexactly theseforcedirectionswill violateeitherthefun-
damentalconservation laws or will in�uence in-plane(i.e.
non-bending)deformations.While somemay arguethat in
reality, in-planeand bendingdeformationsare subtly cou-
pled,theexactnatureof this couplingvariesbetweenmate-
rialsandis notunderstoodfor eventhesimplestfabrics,thus
it is wisestto avoid addingarbitraryandarti�cial coupling.

For simplicity we choosethe magnitudeof elasticforce
sothat

Fe
i = ke jEj2

jN1j + jN2j
sin(q=2) ui ;

for i = 1; : : : ;4. The elasticbendingstiffnesske is a mesh-
independentmaterialproperty, themiddle factorscalesthis
accordingto the anisotropy of the mesh(so the look of the
cloth doesn't changesigni�cantly with remeshing),andthe
sinefactormeasureshow far from �at the cloth is. This is
the simplestquantity to computethat smoothlyandmono-
tonically increasesfrom a minimumwhensharplyfoldedat
q = � p, is zerowhen�at at q = 0, andrisesto a maximum
at theothersharplyfoldedstateq = p. We usethe formula
sin(q=2) = �

p
(1� n̂1 � n̂2)=2 wherethe sign is chosento

matchthe sign of sinq, which is just n̂1 � n̂2 � ê. Naturally
morecomplex nonlinearmodels,e.g.includingpowersof q
for increasedresistanceat sharperangles,arepossible.But
westressthatthesefactorsmustmultiply all of theforcesso
thattheforcedirectionsandproportionalitiesdonotchange.

In many casesanartistdesiresthatparticularfoldsshould
consistentlyappearin a character's clothing to de�ne their
look. Eventhebesttailoring maynot do this whenthechar-
acteris in motion,but onetool in cloth simulationthat can
overcomethis is sculptingfolds directly into the garment.
We canstraightforwardly modelthis with non-zerorestan-
gles.Othermanifoldssuchasskin,skin-tightsyntheticsuits,
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moldedrubber, etc.alsonaturallyhavenon-�at restingposi-
tions.To accountfor theseweuse

Fe
i = ke jEj2

jN1j + jN2j

�
sin(q=2) � sin

�
q0=2

� �
ui ;

for i = 1; : : : ;4whereq0 is therestangle.Nonzerorestangles
arealsousefulin otherareas:e.g.Grinspunet al.24 derived
a similar model to simulatestiff but curved materialssuch
ashatsandcreasedpaper, Changet al.10 usednonzerorest
anglesto modelcurly hairstyles,andNedelandThalmann38

designed“angularsprings”to aid in volumepreservationof
muscletissue.Figures3 and 4 show examplesof nonzero
restangleswith widely differentbendingstiffnesses.

The dampingcomponentof the bendingforcesdepends
on therateof changeof thedihedralangleandactsto slow
it down. Takingthetimederivativeof cosq = n̂1 � n̂2 we�nd
aftersimpli�cation that

dq=dt = u1 � v1 + u2 � v2 + u3 � v3 + u4 � v4:

Parenthetically, this is essentiallyanalternativederivationof
thebendingmodeu, i.e. it is thegradient(thesteepestascent
direction)of thedihedralangle.Thenthedampingbending
forcesare

Fd
i = � kdjEj(dq=dt)ui ;

wherewe again includea meshscalingfactorjEj sothatkd

is a materialpropertyandmaybekeptconstantasthemesh
is re�ned, possiblyanisotropically. This canberewritten as
Fd = � kdjEj(u
 u)v, showing that thedampingforcesare
linearin thevelocitiesandhave a symmetricnegative semi-
de�nite Jacobianmatrix that allows ef�cient linear solves
(with conjugategradients,for example)for implicitly inte-
grating the velocities.Again, while a more complex non-
linear function of dq=dt may be usedfor the force magni-
tude (any suchfunction will preserve symmetry),a model
thatusesa combinationof thevelocitiesotherthanå i ui � vi
or generatesforcesin differentdirectionsis notcorrect:such
amodelis dampingmotionotherthanbending.

5. Collisions

Robust collision detectionand responseis essentialto en-
sure that digital clothing interactsproperly with the char-
acterandits environmentin a visually realisticandpleasing
manner. Thisfundamentalmechanismis,afterall, themeans
by which a digital actor's performanceis mappedontotheir
costume.

Hereweconcentrateontheproblemof cloth–objectcolli-
sions:for theseparateproblemof clothself collisionweuse
the techniquepresentedin Bridsonet al.9. The two canbe
combinedby makingadjustmentsfor object collisionsbe-
fore runningtheself-collisioncode.

5.1. Initializing Level SetCollision Objects

We start out by initializing our grids with small positive
values,andthenany point interior to an object is assigned
a small negative value. Then a fast marchingmethod57; 52

canbeusedto turn this into a signeddistancefunction.For
rigid bodies,this is a onetime costat the beginning of the
simulation,but for deformableobjectsthesesigneddistance
functionsneedto be updatedat every time step.This can
beaccomplishedwith methodsthatareentirely local to the
interface(only operatingin a band)andarethuscomputa-
tionally inexpensive1; 43. Moreover, sincesimulationsoften
proceedin layers and the animationof the characterand
�esh simulationare usually completebeforecloth simula-
tion begins,a onetime costcanbe incurredto pre-process
the level setcollision objectsfor an entireanimation.Then
they canbe usedfor multiple cloth simulationswithout in-
curring any additionalcost.We minimize the storagecosts
by using adaptive distancefunctions(ADF's)21 which are
storedin an octreedatastructure,andwe notethat numer-
ical algorithmshave beendevised to solve level set equa-
tions on thesestructures54; 53. The nodal valuesof the �ne
grid areconstrainedto matchthoseof thecoarsegrid wher-
ever gradationoccursin order to alleviate dif�culties with
discontinuities,seee.g.Westermannetal.64. Signeddistance
functionscanalsobesculptedor modeled45; 37; 13 or obtained
from rangeimages12; 65; 14.

We will alsomake useof objectvelocitiesin our method
(seebelow). For deformablebodies,wemapthelocalveloc-
ity of theobjectto thepointsinterior to theobject,andthen
useavelocityextrapolationmethod2 to extendthevelocities
to thegrid pointsoutsidetheobjectaswell (seealsoEnright
et al.19 wherethis wasusedto de�ne watervelocitiesin the
air region).Notethatthis doesnot needto bedonefor rigid
bodiessincetheir pointwisevelocitiesare intrinsically de-
�ned throughoutspaceby their translationalandrotational
components.

For eachframe of animation,we map the signeddis-
tancefunctionsfor eachbodypartontoa singleoctreegrid
by choosingthe smallestpotentialvalueat eachgrid point.
Points that are interior to two or more level setscan be
�agged asbeingcaughtin betweentwo body parts(e.g. in
thearmpit),andthecombinedlevel setwill havealocalmin-
imum on a surfacebetweenthesebody parts.Barraquand
andLatombe7 notedthatspuriousminimacouldappearbe-
tweentwo volumesor in concave regions of a single vol-
ume,andadvocated�lling regionsor randomizationto es-
capetheseregions.Problemswith spuriousminima in con-
cave regionswerealsopointedout by Gibson23. In thecase
of pinching cloth, we simply want the cloth to remainon
this surfaceof local minima asnotedby Baraff et al.6 who
introducedamethodfor accomplishingthis.

Whenourpre-calculatedlevel setcollisionobjectsarere-
quiredat timesin betweenthecachedvalues,it is simpleto
interpolatethe necessaryinformationashasbeendonefor
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motionblur19. Othermethodsexist aswell, for exampleras-
terizingthetimesweptsurface50.

5.2. Collision Detectionand Response

AlthoughDuff17 observedthatmerelycheckingpointsfrom
one object inside the other is not suf�cient to catch all
collisions—morecomplex testsmay be neededespecially
when the sample points do not adequatelyresolve the
object—wehave found the pointwise approachsuf�cient
with ourdenselysampledclothmodels.Consideracollision
betweenapoint p onourclothwith velocityvp andthelevel
setcollision object.At thespatiallocationof p, we usethe
local level setvaluef , theoutwardpointingnormalN = Ñf ,
andthelocal velocityof thelevel setcollisionobjectv.

A novel componentof ourmethodis thatwedonotsimply
pushpointswith f < 0 to thesurfaceof thecollisionobjectin
thedirectionof Ñf . Insteadwecomputethedistancep must
travel alongN to resolve thefutureinterferenceof thepoint
with theobject.We referto this asinterfaceforecastingand
notethatit is similar in spirit to precontactbreakingforces36

in thatthey enhancebothstabilityandsmoothnessof there-
sult.Gibson23 suggestedthepossibilityof anticipatingcolli-
sions,andwe proposea novel numericalalgorithmthatex-
ploits this suggestionhere.In a time interval 4 t, we predict
thatourpointwill moveto thef new = f + 4 t(vp � v) � N iso-
contour, wherethesecondtermaccountsfor therelativemo-
tion betweenthepointandthecollisionobjectin thenormal
direction.If f new is positive, the point will endup outside
the level set and nothing needsto be done,but otherwise
we needto processa collision. First, we calculatethe nor-
malandtangentialvelocitiesfor boththepointandthelevel
setusingthescalarvN = v� N andthevectorvT = v� vNN.
Thenwe updateboththenormalandtangentialcomponents
to obtainvnew

p = vnew
p;NN + vnew

p;T . The new normalvelocity is
calculatedas vnew

p;N = vp;N � f new=4 t = vN � f =4 t which
predictsthepoint to lie exactly on thezeroisocontourafter
a time 4 t . Notethatthis algorithmis differentthanjust us-
ing the collision objectfrom the next time stepas4 t is in
generala relaxationtime. Moreover, we canaddfriction to
the relative tangentialvelocity vT;rel = vp;T � vT usingthe
formulafrom Bridsonetal.9,

vnew
T;rel = max

 

0;1� µ
vnew

p;N � vp;N

jvT;relj

!

vT;rel

where µ is the friction coef�cient. This handlesboth the
staticandkinetic friction cases.Finally, vnew

p;T = vT + vnew
T;rel.

Figure5 demonstratesthiscollision responsealgorithm.

5.3. Preserving FoldsAnd Wrinkles

Accuratelyandcompletelyresolvingcollisionsis of theut-
mostimportancefor any cloth animationsystem.However,
in doingsoit is paramountto retainthehigh frequency fea-
tureswhich occurat closepointsof contactbetweencloth

andobjects.Suchimperfectionsarethesubstanceof reality,
andit is in thesesubtletiesthatcomputergeneratedclothing
achieves (or fails to achieve) a sustainableillusion. When
processingcollisionsasoutlinedin the lastsection,thereis
noguaranteethatall intersectionsareremoved.In fact,prac-
tical experienceseemsto indicatethatallowing this freedom
enablesthedevelopmentof morefolds andwrinkles.More-
over, after thesimulationthe resultingmeshmaybesubdi-
vided and/ormappedto a differentgeometricprimitive for
rendering.If we simply projectedinterpenetratingpointsto
thesurface28; 9, wewouldsmoothoutfoldsandwrinkles.We
insteadproposeanew post-processingmethodthatpreserves
theseimportantfeatures.

Insteadof projectingall pointsto thezeroisocontour�at-
teningoutdetailedwrinklesthathappento penetratethecol-
lision volume,we project everything into an interval [0; t ]
wheret is a userde�ned tolerance.(To ensureno intersec-
tion of theclothtriangleswith objects,onecaneasilyproject
thepointsinto [e; t ] with e> 0.) Pointswith f valueslarger
thant arenotmodi�ed, andotherwisewede�ne amonoton-
ically increasingfunction f that maps[� ¥ ; t ] to [0; t ]. The
monotonicityof f preservestheup anddown wavy patterns
characteristicof wrinkles, i.e. all thecloth pointsinsidethe
collision volumearebroughtabove the surfaceinto the in-
terval [0; t ] without signi�cantly compressingtheir relative
depths.Theonly practicalrestrictionson f arethatit quickly
fall off to zeroby anestimateof thedeepestlikely cloth in-
terpenetration̂t so that we essentiallymap[� t̂ ; t ] to [0; t ].
This allows as much room as possiblefor the cloth wrin-
klesto beexpressedin theinterval [0; t ]. For eachpoint, the
algorithmusesthelocal f valueandthefunction f to calcu-
late what the new f valueshouldbe.Onceall pointsknow
their desiredlocations,we iteratively move themin theap-
propriatedirection,i.e. � N, until they reachtheir desiredf
isocontour. Figure2 illustratesthis ideaand�gure 5 shows
resultsobtainedusingthisprocedure.It shouldbementioned
that this processshouldnot beappliedto pointsin thecloth
meshwhich arepinchedbetweentwo or morelevel sets,as
sucha procedurewill producea visually incorrectresultby
erroneouslymoving points whosedesiredpositionsreside
within f < 0 (seeBaraff et al.6).

6. Dynamic Sticking Constraints

Therearemany timesthat a physically accuratesimulation
of the cloth will give a visually unappealingresult. In live
action�lming, this is remediedwith a numberof practical
techniquesincluding addingweightsin hems,tapingparts
of the clothing to the body, arti�cially sewing partsof the
clothingtogether, etc.Clothing is controlledon theset,and
thusweneedto controlit duringoursimulations.To thisend
we presenta practicaldynamicsticking constraintbetween
clothandeitheritself or objectgeometry.

Potentialconstraintsareinitialized throughthespeci�ca-
tion of two typesof regions:adheringregionsarespeci�ed
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0

Figure 2: Cloth penetrating an objectmaybe pushedjust
to the surface(upperright) destroying wrinkles,or maybe
pushedto a band outsidethe object using our monotone
mapping(lower right) preservingwrinkles.

on the cloth meshandsticky regionsaredenotedon either
objectgeometryor on thecloth meshitself. We implement
theseregionsastime varying attributesso that interactions
canbe animatedandtimed to yield speci�c performances.
Regardlessof the object or cloth geometryupon which a
sticky region is de�ned, we triangulatethesesticky regions
andconstrainthevelocity of thetriangleverticessothatthe
trianglesmove with the underlyinggeometry. Then when
a nodefrom an adheringregion of the cloth moveswithin
someuserprescribedtoleranceof a triangle in a sticky re-
gion, the constraintis activated and the current offset of
the adheringpoint in the triangleslocal coordinatesystem
is recorded.Our goal is to constrainthe adheringpoint to
stay in this samerelative location translatingand rotating
with the triangle.This is similar to Changet al.10, except
that our constraintscanbe broken andformedmany times
duringa simulationsimilar to JimenezandLuciani31. Since
our methodis applieddynamically, a given adheringpoint
may comewithin a userprescribedtoleranceof many tri-
anglesandthushave offsetslinking it to many points.We
resolve this by attractingour adheringpoint to the average
positiondictatedby theconstrainingtriangles.

Insteadof attractingour adheringpoint to its targetposi-
tion with a zerorestlengthspring31; 10, we insteaddynami-
cally (i.e. the springlocationandlengthchangeevery time
step)attacha zerorestlengthspringbetweenthe predicted
locationof the adheringpoint, xnew = xold + 4 t v, and the
predicatedlocationof the target point at the endof a user
prescribedtime interval 4 t . Similar to Changet al.10, we
deactivatethe constraintif the distancebetweenthe adher-
ing point andthe target point exceedsa threshold,andthe
springconstantsmoothlydecreasesto zeroasthis threshold
is approached.This givesa smoothdeactivation of the dy-
namicconstraint.Figure6 illustratesour dynamicsticking
constraintswith adigital garment.

7. Conclusions

Throughoutthis paperwe have stressedmethodsthat pre-
servefoldsandwrinklesin clothsimulations.Thisincludeda
mixedexplicit/implicit timeintegrationscheme,aderivation
of physically correctbendingforceswith possiblynonzero
rest anglesfor modelingwrinkles into the cloth, an inter-
faceforecastingcollision responsemethodfor enhanceddy-
namicbehavior, anew post-processingtechniquethatpushes
cloth into an interval while preservingrelative depthsand
thuswrinkles,andadynamicstickingconstraintfor control-
lability.
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Figure 3: Nonzero restanglesallow pre-sculptedfolds,as
in this “balloon” Buddhacollapsingunderits ownweight.

Figure 4: A “water bottle” Buddha with signi�cantly
stronger bendingresistancethat dominatesall other elas-
tic forces,illustrating that our formulationis well behaved
in thestiff limit, robustacrossa widerangeof materials.

Figure5: Wrinklesandfoldsin thisCGclothfromTermina-
tor 3: Riseof theMachinesare preservedevenwhentightly
stretchedovera level setcollisionvolume.

Figure 6: Theseshotsfrom Harry Potter and the Chamber
of Secrets illustrate dynamicsticking constraints.Convinc-
ing interaction with the clothing is achieved by specifying
Dobby's handand proxy geometryfor Harry Potter's hand
(match-a-matedto move in unisonwith that of the real ac-
tor) assticky, andtheappropriatepartsof Dobby's clothing
asadhering.
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