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Abstract

Clothingis a fundamentapart of a character's persona,a key storytellingtool usedto corvey anintendedmpres-
sionto the audience Draping folding, wrinkling, stretching, etc.all corvey meaning andthusead is carefully

contolled when Iming live actors. Whenmaking Ims with computersimulatedcloth, thesesubtlebut important
elementsnustbe captured. In this paperwe presentseveral methodsssentiato matding the behaviorandlook

of clothing worn by digital stand-insto their real world counterparts Novel contributionsinclude a mixedex-

plicit/implicit time integration scheme a physicallycorrectbendingmodelwith (potentially)nonzeo restangles
for pre-shapingwrinkles,an interfaceforecastingtechniquethat promotesthe developmenbf detail in contact
regions,a post-pocessingnethodfor treatingcloth-character collisionsthat preservegoldsandwrinkles,anda

dynamicconstaint medanismthat helpsto control large scalefolding. Thecommorgoal of all thesetechniques
is to producea cloth simulationwith manyfoldsandwrinklesimproving therealism.

Cateoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.7 [ComputerGraphics]:Animation,1.3.5 [Com-

puterGraphics]:Physically basednodeling

1. Intr oduction

Clothing is an integral part of both live action and com-
putergeneratedtharactersThe relationshipbetweentailor-
ing, body compositionand material selectionare equally
importantfor either medium as thesequalitiesmake each
garmentuniqueto every individual, realor ctional. Cloth-
ing folds, wrinklesandstretchego conformto its wearer it
sticksto itself and otherpiecesof clothing, snagsetc. The
appearancef a pieceof clothing comesprimarily from re-
sponseo theseconditions,andthusit is essentiafor cloth-
ing createdusingcomputemgraphicsto modelthem.

A judicious choiceof cloth modelis imperatve both to
obtain the desiredlook and feel of the cloth, and to ob-
tain simulationresultsin a reasonablemountof time. We
presenta mixed explicit/implicit time integration scheme
thatcombineghe e xibility of explicit methodgor handling
nonlinearitiegsuchasthe biphasicnatureof cloth) with the
speedf implicit methodsOneof the keysto obtaininghigh
levels of visual detail,i.e. dynamicfolds andwrinkles, is to
have a goodmodelfor bending.Oneof our novel contritu-
tionsis a derivation of the only physically correctfamily of
bendingforcesthat act betweenpairs of triangles.Further
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more,our modelis capableof retainingandrestoringartist-
sculptedfeaturef a garmentby usingnonzerorestangles.

Onceequippedwith a reasonableynamicmodelof our
charactes clothing,the cloth mustinteractwith its erviron-
ment. This meansollision detectionandmodelingfor both
self-collision and cloth-objector cloth-charactercollision.
Therearea numberof techniquedor treatingself-collision,
eitheruntying the clotht® 66 or stoppingall collisionsbe-
fore they happen” 309, All of thesepapersillustratedthat
it is importantto have a robust self-collisionstratgy in or-
derto modelwrinkling andfolding. For cloth-objectcolli-
sion, we use a level set approachmodeling the (possibly
deforming)objectswith a signeddistancefunction de ned
onagridt. A numberof authorshave usedimplicit surfaces
for volumetriccollisions,andweillustratethatthisapproach

attens out the cloth—remaing visual detail—by moving
it to a smoothsurface(the zeroisocontour).We proposea
new dynamicinterfaceforecastingechniqueandanew post-
processindechniquewhich helpto alleviatethis dif culty .

At this point,onecancarryout physically plausiblecloth-
ing simulation,but this is neverthelessnsufcient to model
compellingreal world clothing. Not only do mary of the
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physicalinteractionswhich directly effecttheappearancef
agarmentoccuratagranularitymuch ner thanthecurrent
simulationlevel, but also actorswill wear clothesthat are
toolong, short,baggy heavy, etc.for dramaticeffect. Thisis
remediedon the setwith a numberof practicaltechniques,
andthuswe presentidynamicstickingconstrainthatmim-
ics someof thesetechniques.

2. RelatedWork

We generally refer the readerto the text of House and
Breer??, thereview article of Ng andGrimsdalé®, theearly
work of Weilé3 and Terzopouloset al.55, the dynamic B-
splinesof Thingwld andCohen¢, the CAD apparelsystem
of Okabeetal 40, andthework of Breenetal 8 usingexperi-
mentallydeterminedneasurement®r cloth properties.

Volino and Magnenat-Thalmar$d comparedthe ef-
cieng/ of a numberof time integrationmethods Eberhardt
et al.18 andParksandForsyth2 strivedto attainmoreaccu-
rag in orderto obtainmoredetailedsimulations However,
for thosejustinterestedn speedseethework of Desbruret
al.18 which extendsthe implicit time integration of Baraf
and Witkins making further approximationsthat result in
an even fasteralgorithm. We take a middle road, accurate
enoughto avoid visual artifactssuchas arti cial damping
but fastenoughfor a demandingIm productionerviron-
ment.

Modelsfor bendingforceswerediscussedn 55 6046524,
etc. Relatedwork on engineeringsimulationsof “shells”
is discussedn Grinspunet al.25 for example. Wrinkling
has been consideredby a numberof authors,for exam-
ple Aono® proposeda “wave” model, Kunii and Gotod&s
consideredsingularity theory and Kang et al.32 usedwrin-
kled cubic splines.Our bendingmodel is closely related
to that of Baraf and Witkin5, but we follow a more di-
rect approachthan taking variational derivatives of an en-
emy. Theseaderivativesapparentharenotsimpleto take,and
thusBaraf andWitkin suggessimplifying approximations
to make the mathtractable Moreover, they do not give the
exactformulasaswe do belaw, simplifying implementation.
A recentindependenpaperon bendingby Grinspunet al.24
following the sameenegy approachavoids the derivatives
by using automaticdifferentiation,but otherwisearrives at
amodelsimilar to ours,andillustratesthe ability to capture
thebehaior of stiff shells.

Potential eld methodswere pioneeredin roboticss.
Thesemethodsrepresenbbjectsaszerolevel setsof func-
tions and use the gradientsof a potential eld to repel
points outside of objects.Terzopouloset al.55 surrounded
objectswith repulsve force elds making use of the in-
side/outsiddunctionfor collisions.Sclarof andPentlan@!
(seealso Pentlandand Williams?#*4) proposedgeneralized
implicit functions with fast inside/outsidetestsfor colli-
sion detection.Deformableobjectshave beenmodeleddi-
rectly with implicit surface$2 15, testingthe samplepoints

of onewith theinside/outsiddunction of the other A num-
ber of authorsusedspheresgllipsoids and other implicit
surfacesto detectandresole collisionsfor cloth, skin, hair
andmusclesseee.q.48 6658 44934, FisherandLin20 useda
penaltybasedormulationto enforcea non-interpenetration
constraintbetweendeformablebodies.They usedthe fast
marchingmethodto partially updatethe distancefunctions
only in regions wherethe objectsare deformingor collid-
ing. Hirota etal .26 took anovel approachde ning thesigned
distancefunctionin the undeformednaterialcoordinate of
their nite elementmeshin orderto betterdealwith selfin-
terpenetrationTheninsteadof usingindividual pointrepul-
sion, they integratedover the intersectiorregion to obtaina
moreaccuratagepulsionforce. They applythisto animpres-
sive esh simulationusingthevisible humandatase#®.

JimenezandLuciani! modeledstaticfriction with anad-
hesionforce thatwasactivatedwhenthe relative tangential
velocity of two bodiesin contactwasbelow a threshold A
zerorestlengthspringwasusedto anchorthe contactpoint
to the locationit wasin whenthe adhesiorforce wasacti-
vated. This springis removed whenthe force it exerts ex-
ceedsathresholdproportionalto the normalforce.Changet
al.10 introducedthe conceptof staticlinks to modelforces
that causehair to clump together Theseare initialized by
matchingup the closestpoints betweendifferent strands,
andconnectinghesewith springs Whenthelengthof these
springsexceedsa threshold,the staticlink is permanently
broken. The dynamicsticking constraintspresentedn this
paperarearelatedmechanisnto allow animatorsmorecon-
trol over the motion of clothingwithout it appearinguinnat-
ural.

3. Mixed Explicit/Implicit Time Integration

Our motivation for introducingyet anothertime integration
methodfor cloth simulationis to combinethe e xibility and
simplicity of explicit methods(suchas Runge-Kitta) with

theef ciency of implicit schemegsuchasbackwardEuler).
In particular we useexplicit integrationontheelasticforces
(thosethatareindependentf velocity) andimplicit integra-
tion on the dampingforces(the velocity-dependenforces).
Thealgorithmis presentedbelow, with x denotingpositions,
v velocities,anda accelerations:

V12 = e Bt x v (explicit)

Modify v™* 172 to get ™ 172 to limit strain,etc.

X 1= x4 Drit 172 (explicit)

VL= L2y B Lynt Ly (implicit)

Modify v 1 in placeto limit strain,etc.
Essentiallywe arecombiningtheexplicit secondrderaccu-
rateleapfrogschemdor the positionupdatewith animplicit

secondorder accuratetrapezoidalrule for the velocity up-
date.To seethatthevelocity updates indeedthetrapezoidal
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rule substitutev™ 172 from the rst line into the fourth line
to obtain

VL= e B (e xh v + gt b xm vl

Overallthisis aﬁeconobrderaccuratemethodthatis sta-
ble for Dt < O(Dx r=k€) wherer is the density k® is the
materialstiffness,and Dx is the smallestedgelengthof the
meshjndependendf how largethedampingforcesare.This
is a critical point, sincea fully explicit schemdike Runge-
Kuttahasa muchmorestringentquadraticime steprestric-
tion dependenbn the dampingforces, Dt < O(Dx?r =k9)
wherekd is thematerialdampingparametefTheextrafactor
of Dx meansanorderof magnitudemorestepsarerequired.
For example,if a dimensionles®x = 0:1 requirestentime
stepsperframe,thenDx? = 0:01 would requireonehundred
steps.Another alternatie would be to usea fully implicit
schemewith larger stepsizes, 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 dampingpresenin theimplicit method
of Baraf andWitkin> wasmitigatedby thecarefullytailored
bendingmodelof ChoiandKo!t. Sincewedonotneedto al-
leviatethis arti cial dampingwe areinsteadreeto develop
a more sophisticatedbendingmodelthatisn't restrictedto
rectangulagridsand at restpositions(seesectiord).

An additionaladwantageof only goingimplicit on veloci-
tiesis thatwhile theforcesin cloth simulationaretypically
nonlinearanddependn positionsin acomplicatedmanner
the dampingforcesare often linear in the velocitieswith a
symmetricJacobianThis meansve canuseafastconjugate
gradientsolver without needfor simplifying approximations
suchasthosemadein Baraf andWitkin5. Furthermorethis
solutionis very fast: typically lessthanten and sometimes
asfew asoneor two iterationsareneededevenwithout pre-
conditioning. Since no preconditioneris neededwe don't
needto explicitly assemble matrix, reducingoverheadand
allowing a simple black-boxstructurewherethe conjugate
gradientsolver calculatesdampingforces simply through
function calls. For additionalspeedthe position-dependent
termsin thedampingforces(which areheldconstantiuring
thesdterations)maybe computednceandcached.

The use of an explicit updatefor position allows us to
modify thevelocitiesto enforceawide varietyof constraints,
and further allows a strain limiting procedurés® where
springsare limited to a maximum 10% extensionbeyond
their restlength.For practicalpurposesthis meanswe can
usewealer springs(with a more relaxed time steprestric-
tion), andqualitatively capturethe biphasicnatureof fabric.
An additionalinnovationintroducecdhereis to limit thecom-
pressionof the springsto 0% in the samemanney forcing
clothto buckleoutof theplaneinto attractve foldsandwrin-
kles insteadof unrealisticallycompressingsee Choi and
Kol for anextendeddiscussiorof this behaior, thoughwe
obsere that the techniquein that papercannotgeneralize
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to unstructuredmesheswith curved rest positionsas used
here).Naturally, the limits 0% and10% canbe adjustecto

matchthe desiredlook of the simulatedclothing: stretchier
materialswill have looserlimits.

For highly dampedmaterialsthe above algorithmis sta-
ble but not “monotone”.Spuriousoscillationsmay beintro-
ducedbecausehe rst explicit half stepof the velocity may
overshootbefore being dampedback down to stability by
the implicit half step.This spuriousvelocity at v 172 may
causedif culty whenusedto updatethe position. We ob-
sene thatevenfully implicit methodssufer from theseos-
cillationswith large time stepswhenseconcdorderor higher
accuray isrequirede.g.theBDF2 methodusedn Choiand
Koll. Moreover, in line two (aborve) we speci cally process
thevelocityin orderto improve its charactefor theposition
updatehighlightingtheimportanceof agoodmidstepveloc-
ity att™ 172, Thesedif culties canbe alleviated by simply
switchingthe orderof the velocity stepsusingthe factthat
backward Euleris unconditionallymonotone:

V2 =yt Bg(tn; xn; vt 12) (implicit)
Modify v 172 in placeto limit strain,etc.

X1 1=y ppyt 172 (explicit)
v 1_- v 1=2 4 %a(t”* l; X+ 1; vt l=2) (EXp“CIt)

This correspondso the centralNewmark scheme(seee.g.
Hughe$9). Note that the trapezoidalrule is usedbetween
V' 172 and v* 12 not v and V™1 as before, thus we
only get secondorder accurag and stability (independent
of dampingforces)if thetime stepDt remainsconstante-
tweentime stepslf avariabletime stepis desiredasis usu-
ally thecasewe nolongerhave thetrapezoidatule andlose
bothaccurag andstability. We recommendnimprovedap-
proachthatupdateghepositionwith animplicitly calculated
velocity att™ 172, but still usesthetrapezoidatule between
V1 andv™ ! (notv? 172 andvtt 172):

U2 = vt Da(tnx v 12) (implicit)
Modify %" 172 in placeto limit strain,etc.

X1 =y pryt 172 (explicit)
V2 = e Bt v (explicit)
VL =yt IR2 g Bt Lt Lyl (implicit)

Modify v™* 1 in placeto limit strain,etc.

This allows variablestepsizeswith secondorderaccurag
andmonotonebehaior at the expenseof an additionalim-
plicit solve. Lines one,four, and ve of the original algo-
rithm arepresered asthe last threelines of this algorithm,
updatingthevelocitywith thetrapezoidatule. The rst three
lines of this new algorithm usethe more stable rst three
lines of the secondalgorithm(above) to obtaina robust po-
sitionupdate.
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4. An Accurate Model for Bending

Thephysicsof clothbendingarepoorly understoodThedy-
namicsof anisotropic bers twinedtogetherandwoveninto
a sheetof fabric constantlyinteractingwith massie defor
mationsandfriction is certainlymoredif cult to modelwith
atwo-dimensionatontinuumthanfor examplesteel.How-
ever, severalbasicqualitatve propertiesof suchamodelcan
beidenti ed thatareessentiafor aplausiblesimulation,and
without thesea modelis incorrect.

In orderto handleunstructuredriangle meshesand get
ner, morerobustcontroloverbendingthanin vertex-centric
models,we posit as our basic bendingelementtwo trian-
glessharinganedge Ourbendingelementswill bebasedn
the dihedralangleandits rate of change,asin Baraf and
Witkins andextendedin Grinspunet al.24. We labeltheele-
mentasin gure 1, with vertex positionsx; andvelocitiesv;,

Thevectorof thefour velocitiesv= (v,;V,;Vs;V,) andthe
vectorof bendingforcesF = (F;;F,; F;;F,) livein al12di-
mensionalinearspaceOnecanselecta basisfor this space
identifying twelve distinct“modes” of motion. For bending
it is naturalto selecftfor the rst elevenmodeshethreerigid
bodytranslationsthe three(instantaneousjgid bodyrota-
tions,thetwo in-planemotionsof vertex 1, thetwo in-plane
motionsof vertex 2, andtheonein-line stretchingof edge3—
4. Noneof thesechangehe dihedralangle,andthusshould
not participatein bendingforce calculationsThis leasesthe
twelfth mode,the bendingmode,which is the uniquemode
orthogonalo theotherelevenup to anarbitraryscalingfac-
tor. Thismodechangeshedihedralanglebut doesnotcause
ary in-planedeformationor rigid body motion. Let us call
it u= (u;;Uy Us;u,). Fromthe condition of orthogonality
to the in-planemotionsof verticesl and2, we nd thatu,
is parallelto A; andu, is parallelto fi,. Fromthe condition
of orthogonalityto the in-axis stretchingof edge3-4, we
seethatu, u; mustbein the spanof fi; andf,. Orthog-
onality to the rigid body translationsmplies that the sum
U + U, + Us + U, is zero,and henceus + u, is alsoin the
spanof fi; andi,, thusu; andu, areeachin this span.Fi-
nally, aftermakingu orthogonato rigid rotations(whichwe
cancorveniently chooseto be aboutthe axesfi;, i, andé)
we endup with

S]

>

Figure 1: A bendingelementvith dihedial anglep g.

b= B U= R 2
UNZ 2T N
_ (X %) E Ny . (% x9) E N,
Uz = = NP2 = N2
IE] INJ JE) IN,J
U = (x; x3) E N (% X3) E N,
)=

EOiNZ B N2

up to an arbitrary scalingfactor whereN; = (x;  X3)
(X1 Xg)andN,= (X, X,) (X, Xg)aretheareaweighted
normalsandE = x, X, is thecommonedge.Thusu, and
u, areinverselyproportionatto their distancefrom the com-
monedge,andu; andu, arealinearcombinationof u, and
u, basednthebarycentriccoordinate®f x; andx, with re-
spectto thecommonedge.Thebendingelasticanddamping
forcesmustbeproportionato thismode.Oneimmediateob-
senation is that orthogonalityto rigid body modesimplies
theseforcesconsere linearandangulaimomentumin fact,
every bendingmodel basedon two trianglesthat doesnot
useexactly theseforcedirectionswill violate eitherthe fun-
damentalconseration laws or will in uence in-plane(i.e.
non-bending)deformationsWhile somemay arguethatin
reality, in-planeand bendingdeformationsare subtly cou-
pled, the exactnatureof this couplingvariesbetweermate-
rials andis notunderstoodor eventhe simplestfabricsthus
it is wisestto avoid addingarbitraryandarti cial coupling.

For simplicity we choosethe magnitudeof elasticforce
sothat
e_ e ]EJZ

F*= k¥ —————sin(g=2) u;
1 JN1J+JN2J (q )|

independenmaterialproperty the middle factorscaleshis
accordingto the anisotroy of the mesh(sothelook of the
cloth doesnt changesigni cantly with remeshing)andthe
sinefactormeasureow far from at the cloth is. This is
the simplestquantityto computethat smoothlyand mono-
tonically increasegrom a minimumwhensharplyfolded at
g= p,iszerowhen at atq= 0, andrisesto amaximum
atthe othersr&lrplyfolded stateq = p. We usethe formula
sin(g=2) = (1 n; ny)=2 wherethe signis chosento
matchthe sign of sing, whichis justi; fi, & Naturally
morecomple nonlinearmodels,e.g.including powersof q
for increasedesistancat sharperangles,are possible But
we stresghatthesefactorsmustmultiply all of theforcesso
thattheforcedirectionsandproportionalitieslo notchange.

In mary casesanartistdesireghatparticularfolds should
consistentlyappeatin a charactes clothingto de ne their
look. Eventhe besttailoring maynot do this whenthe char
acteris in motion, but onetool in cloth simulationthat can
overcomethis is sculptingfolds directly into the garment.
We canstraightforvardly modelthis with non-zerorestan-
gles.Othermanifoldssuchasskin, skin-tightsyntheticsuits,
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moldedrubber etc.alsonaturallyhave non- at restingposi-
tions.To accountfor thesewe use

JEj?
INgj + Ny

Fe=k° sin(g=2) sin gp=2 u;

arealsousefulin otherarease.g.Grinspunet al.24 derived

a similar modelto simulatestiff but curved materialssuch
ashatsandcreasegaper Changet al.10 usednonzerorest
angleso modelcurly hair styles,andNedelandThalmanfg

designedangularsprings”to aid in volumepreseration of

muscletissue.Figures3 and 4 shav examplesof nonzero
restangleswith widely differentbendingstiffnesses.

The dampingcomponenbf the bendingforcesdepends
on therateof changeof the dihedralangleandactsto slow
it down. Takingthetime derivative of cosg = A, A, we nd
aftersimpli cation that

dg=dt = u; vy + U, Vo+ Uy Vg+ Uy Vg

Parentheticallythisis essentiallyanalternatve derivationof
thebendingmodeuy, i.e.it is thegradient(the steepesascent
direction)of the dihedralangle.Thenthe dampingbending
forcesare

FO= K9Ej(dg=dt)u;

wherewe agpin includea meshscalingfactorjEj sothatk?

is a materialpropertyandmay be keptconstantasthe mesh
is re ned, possiblyanisotropically This canbe rewritten as
F4= KdjEj(u u)v, shaving thatthe dampingforcesare
linearin the velocitiesandhave a symmetricnegative semi-
de nite Jacobianmatrix that allows ef cient linear solves
(with conjugate gradientsfor example)for implicitly inte-
grating the velocities. Again, while a more complex non-
linear function of dg=dt may be usedfor the force magni-
tude (ary suchfunction will presere symmetry),a model
thatusesa combinationof the velocitiesotherthang; u; v,

or generateforcesin differentdirectionsis notcorrect:such
amodelis dampingmotionotherthanbending.

5. Collisions

Rolust collision detectionand responsés essentiato en-
surethat digital clothing interactsproperly with the char

acterandits ervironmentin avisually realisticandpleasing
mannerThisfundamentamechanisnis, afterall, themeans
by which a digital actor's performances mappedntotheir

costume.

Herewe concentrat®n the problemof cloth—objectolli-
sions:for the separatgroblemof cloth self collision we use
the techniquepresentedn Bridsonet al.®. The two canbe
combinedby making adjustmentdor object collisions be-
forerunningthe self-collisioncode.
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5.1. Initializing Level SetCollision Objects

We start out by initializing our grids with small positive
values,andthenary point interior to an objectis assigned
a small negative value. Then a fast marchingmethod? 52
canbe usedto 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
be accomplishedvith methodsthatareentirely local to the
interface (only operatingin a band)and arethus computa-
tionally inexpensvel: 43. Moreover, since simulationsoften
proceedin layers and the animationof the characterand
esh simulationare usually completebefore cloth simula-
tion begins, a onetime costcanbe incurredto pre-process
the level setcollision objectsfor an entireanimation.Then
they canbe usedfor multiple cloth simulationswithout in-
curring ary additionalcost. We minimize the storagecosts
by using adaptve distancefunctions (ADF's}! which are
storedin an octreedatastructure,and we notethat numer
ical algorithmshave beendevisedto solve level setequa-
tions on thesestructure® 53. The nodal valuesof the ne
grid areconstrainedo matchthoseof the coarsegrid wher
ever gradationoccursin orderto alleviate dif culties with
discontinuitiesseee.g.Westermanmetal.64. Signeddistance
functionscanalsobesculptedor modeled5 37 13 or obtained
from rangeimage$2 65 14,

We will alsomale useof objectvelocitiesin our method
(seebelaw). For deformablebodies we mapthelocal veloc-
ity of the objectto the pointsinterior to the object,andthen
useavelocity extrapolationmethod to extendthevelocities
to thegrid pointsoutsidethe objectaswell (seealsoEnright
etal1® wherethis wasusedto de ne watervelocitiesin the
air region). Notethatthis doesnot needto be donefor rigid
bodiessincetheir pointwisevelocitiesare intrinsically de-

ned throughoutspaceby their translationaland rotational
components.

For eachframe of animation,we map the signeddis-
tancefunctionsfor eachbody partonto a singleoctreegrid
by choosingthe smallestpotentialvalue at eachgrid point.
Points that are interior to two or more level setscan be
agged asbeingcaughtin betweentwo body parts(e.g.in
thearmpit),andthecombinedevel setwill have alocalmin-
imum on a surface betweenthesebody parts.Barraquand
andLatombé notedthat spuriousminimacould appeatbe-
tweentwo volumesor in concae regions of a single vol-
ume,andadwcated lling regionsor randomizatiorto es-
capetheseregions. Problemswith spuriousminimain con-
cave regionswerealsopointedout by Gibsor#3. In the case
of pinching cloth, we simply want the cloth to remainon
this surfaceof local minima asnotedby Baraf et al.5 who
introduceda methodfor accomplishinghis.

Whenour pre-calculatedevel setcollision objectsarere-
quiredattimesin betweernthe cachedvaluesiit is simpleto
interpolatethe necessarynformation as hasbeendonefor
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motionblurl®. Othermethodsxist aswell, for exampleras-
terizingthetime sweptsurfaceo.

5.2. Collision Detectionand Response

Although Duff17 obseredthatmerelycheckingpointsfrom
one object inside the other is not sufcient to catch all
collisions—morecomplec testsmay be neededespecially
when the sample points do not adequatelyresohe the
object—we have found the pointwise approachsufcient
with ourdenselysamplectloth models.Consideracollision
betweerapoint p onour clothwith velocity vp andthelevel
setcollision object. At the spatiallocationof p, we usethe
local level setvaluef , the outwardpointingnormalN = Nf,
andthelocal velocity of thelevel setcollision objectv.

A novel componenbf ourmethods thatwe donotsimply
pushpointswith f < 0to thesurfaceof thecollisionobjectin
thedirectionof Nf . Insteadwe computethe distancep must
travel alongN to resole the futureinterferenceof the point
with the object.We referto this asinterfaceforecastingand
notethatit is similarin spirit to precontacbreakingforces¢
in thatthey enhancéothstability andsmoothnessf there-
sult. Gibsor#3 suggestethe possibility of anticipatingcolli-
sions,andwe proposea novel numericalalgorithmthat ex-
ploits this suggestiorhere.In atimeinterval 4 t, we predict
thatourpointwill movetothef " =f + 4 t(vp v) Niso-
contour wherethesecondermaccountdor therelative mo-
tion betweerthe pointandthe collision objectin thenormal
direction. If f"® js positive, the point will endup outside
the level setand nothing needsto be done, but otherwise
we needto processa collision. First, we calculatethe nor-
mal andtangentialvelocitiesfor boththe pointandthelevel
setusingthescalarvy = v N andthevectorvy = v vyN.
Thenwe updateboththe normalandtangentiacomponents
to obtainvp® = v”e"’N + vge” The nev normalvelocity is
calculatedasvn = v,y f"=4t=vy f=4t which
predictsthe ponnt to lie exactly on the zeroisocontourafter
atime 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 Vigel = Vo1 V1 usingthe
formulafrom Bridsonetal 9, |
VoN_ VoiN y

J.VT;rte Tirel

where p is the friction coefcient. This handlesboth the

staticandkinetic friction casesFinally, Vi = vy + Vi,

Figure5 demonstratethis collision responsalgorithm.

Vire = max 0;1 p

5.3. Presewing Folds And Wrinkles

Accuratelyandcompletelyresolvingcollisionsis of the ut-
mostimportancefor ary cloth animationsystem However,
in doingsoit is paramounto retainthe high frequeng fea-
tureswhich occurat close points of contactbetweencloth

andobjects.Suchimperfectionsarethe substancef reality,

andit is in thesesubtletiegshatcomputemgeneratealothing
achieves (or fails to achieve) a sustainabléllusion. When
processingollisionsasoutlinedin the lastsection thereis

noguarante¢hatall intersectionsareremoved.In fact,prac-
tical experienceseemdo indicatethatallowing this freedom
enableghe developmentof morefolds andwrinkles. More-
over, afterthe simulationthe resultingmeshmay be subdi-
vided and/ormappedto a differentgeometricprimitive for

rendering If we simply projectedinterpenetratingointsto

thesurfaces 9, wewould smoothoutfolds andwrinkles.We
insteadporoposeanew post-processinmethodthatpreseres
theseémportantfeatures.

Insteadof projectingall pointsto thezeroisocontour at-
teningout detailedwrinklesthathapperto penetratehecol-
lision volume, we project everythinginto aninterval [0;t]
wheret is a userde ned tolerance(To ensureno intersec-
tion of theclothtriangleswith objects onecaneasilyproject
the pointsinto [e;t] with e> 0.) Pointswith f valueslarger
thant arenotmodi ed, andotherwisewe de ne amonoton-
ically increasingfunction f thatmaps[ ¥;t] to [O;t]. The
monotonicityof f preserestheup anddown wavy patterns
characteristiof wrinkles, i.e. all the cloth pointsinsidethe
collision volume are broughtabove the surfaceinto the in-
tenal [0;t] without signi cantly compressingheir relative
depthsTheonly practicalrestrictionson f arethatit quickly
fall off to zeroby anestimateof the deepestik ely cloth in-
terpenetratiorf sothatwe essentiallymap[ f;t] to [0;t].
This allows as much room as possiblefor the cloth wrin-
klesto be expressedn theintenal [0;t]. For eachpoint, the
algorithmusesthelocalf valueandthefunction f to calcu-
late whatthe new f valueshouldbe. Onceall pointsknow
their desirediocations,we iteratively move themin the ap-
propriatedirection,i.e. N, until they reachtheir desiredf
isocontour Figure 2 illustratesthis ideaand gure 5 shavs
resultsobtainedusingthis procedurelt shouldbementioned
thatthis processshouldnot be appliedto pointsin the cloth
meshwhich arepinchedbetweertwo or morelevel sets,as
sucha procedurewill producea visually incorrectresultby
erroneouslymoving points whosedesiredpositionsreside
within f < 0 (seeBaraf etal ®).

6. Dynamic Sticking Constraints

Therearemary timesthat a physically accuratesimulation
of the cloth will give a visually unappealingesult.In live
action Iming, this is remediedwith a numberof practical
techniquesncluding addingweightsin hems,taping parts
of the clothing to the body; arti cially sewing partsof the
clothingtogetheretc. Clothingis controlledon the set,and
thuswe needto controlit duringour simulationsTo thisend
we presenta practicaldynamicsticking constraintbetween
cloth andeitheritself or objectgeometry

Potentialconstraintsareinitialized throughthe speci ca-
tion of two typesof regions:adheringregionsare speci ed

¢ TheEurographicsAssociation2003.
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Figure 2: Cloth penetating an objectmay be pushedjust
to the surface(upperright) destoying wrinkles,or maybe
pushedto a band outsidethe object using our monotone
mapping(lower right) preservingwrinkles.

on the cloth meshand sticky regions are denotedon either
objectgeometryor on the cloth meshitself. We implement
theseregionsastime varying attributesso that interactions

canbe animatedandtimed to yield speci ¢ performances.

Regardlessof the object or cloth geometryupon which a
sticky region is de ned, we triangulatethesesticky regions
andconstrainthe velocity of thetriangleverticessothatthe
trianglesmaove with the underlyinggeometry Then when
a nodefrom an adheringregion of the cloth moveswithin

someuserprescribedoleranceof a trianglein 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 constraintscan be broken and formed mary times
duringa simulationsimilar to JimenezandLucianBl. Since
our methodis applieddynamically a given adheringpoint
may comewithin a userprescribedoleranceof mary tri-

anglesandthus have offsetslinking it to mary points. We
resol\e this by attractingour adheringpoint to the average
positiondictatedby the constrainingriangles.

Insteadof attractingour adheringpoint to its target posi-
tion with a zerorestlengthspring* 10, we insteaddynami-
cally (i.e. the springlocationandlengthchangeevery time
step)attacha zerorestlengthspringbetweerthe predicted
location of the adheringpoint, X, = X, 4+ 4 tv, andthe
predicatedocation of the target point at the end of a user
prescribedtime intenal 4 t. Similar to Changet al.1o, we
deactvatethe constraintif the distancebetweenthe adher
ing point andthe tamget point exceedsa threshold,and the
springconstansmoothlydecreaseto zeroasthis threshold
is approachedThis gives a smoothdeactvation of the dy-
namic constraint.Figure 6 illustratesour dynamicsticking
constraintsvith a digital garment.

¢ TheEurographic#ssociation2003.

7. Conclusions

Throughoutthis paperwe have stressednethodsthat pre-
senefoldsandwrinklesin clothsimulationsThisincludeda

mixedexplicit/implicit time integrationschemeaderivation

of physically correctbendingforceswith possiblynonzero
restanglesfor modelingwrinkles into the cloth, an inter

faceforecastingcollision responsenethodfor enhancedly-

namicbehaior, anew post-processinggchniquehatpushes
cloth into an interval while preservingrelative depthsand
thuswrinkles,anda dynamicstickingconstrainfor control-
lability.
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Figure5: Wrinklesandfoldsin this CG clothfromTermina-
tor 3: Riseof the Machinesare preservedvenwhentightly
stretchedover a level setcollision volume

Figure 3: Nonzeo restanglesallow pre-sculptedolds, as
in this “balloon” Buddhacollapsingunderits ownweight.

Figure 6: Theseshotsfrom Harry Potter and the Chamber
of Secetsillustrate dynamicsticking constaints. Corvinc-
ing interaction with the clothing is achieved by specifying
Dobby's handand proxy geometryfor Harry Potter's hand
stronger bendingresistancethat dominatesall other elas- (matd-a-matedto move in unisonwith that of the real ac-
tic forces, illustrating that our formulationis well behaved tor) assticky, andthe appropriate partsof Dobby's clothing
in thestiff limit, robustacrossa widerange of materials. asadhering

Figure 4: A “water bottle” Buddha with signi cantly
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