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Abstract

This paperpresentsa practical appmoach to the animationof hair at an interactiveframerate In our appmoad,
we modelthe hair asa setof particlesthat serveas samplingpointsfor the volumeof the hair, which covers the
wholeregion whee hair is presentThedynamicsof the hair, including hair-hair interactions,is simulatedusing
theinteracting particles. Thenovelty of this approach is that, asopposedo thetraditional way of modelinghair,
wereleasehe particlesfromtight structuesthat are usuallyusedto representair strandsor clustes. Theefore,
by makingthe connectiondetweerthe particlesloosewhile maintainingtheir overall stiffness the hair canbe

dynamicallysplit and meigedduring lateral motionwithoutlosingits lengthwisecoheence

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism,l.3.3[ComputerGraphics]:Picture/Imageseneration

1. Intr oduction

Theability to representealistic-lookinghair playsa crucial
role in the synthesisof life-like humanmodels.However,
the enormousiumber(a humanscalptypically has100,000
strands)andthin natureof hair strandscomplicateandslow
down all of the processefor hairimagegenerationjnclud-
ing modeling,renderingandanimation Moreover, whenwe
wantto animatehair basedon a physically plausiblesimu-
lation, the situationis evenworse,becauseave have to take
into accountinteractionsamongthe hair strands(so-called
hair-hair interactions)n orderto reproduceaealisticbeha-
ior of the hair, as mary researchersiave alreadypointed
outt 1013162022 The complex behaior of hair resultsfrom
the characteristicof individual hair strandsand the inter-
actionsbetweenthemsuchascollisions,friction, repulsion
dueto staticelectricity and cohesion/adhesiodueto lipids
or hair-dressing&'. Hair-hair interactionsare thereforees-
sentialwhenanimatinghair. However, computingthe inter
actionsamonga large numberof individual hair strandsis
still expensve with thecomputempower currentlyavailable.

In this paper a practicalmethodis proposedor animat-
ing hair while taking into accounthair-hair interactionsat
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Figure 1: (a) The hair that we wish to represent.(b) The
particlesare distributed as samplingpointsfor the volume
of the hair. (c) Traditional methodftenrepresentthe hair

asserial chainsof connectegarticles(the samenumberof

particlesas(b)).

areasonableost. Traditionally, hairis modeledusing x ed
structureghatrepresenhair strandsor clusters,suchasse-
rial chainsof connectecpointsor particles.In contrastwe
useunorderedarticlesthat have only looseconnectiongo

thosenearby Thus we call them loosely connectedparti-

cles or LCP. The particlessene as samplingpoints that
trackthemotionof thevolumeof the hair, andthe dynamics
of the hair, including hair-hair interactionsjs simulatedus-
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ing the interactingparticles.Eachparticlerepresents: cer

tain amountof the hair mediumaroundit, andit might be
viewed asa volumedensity This notion,inspiredby Hadap
andMagnenat-Thalmarif, is illustratedin Figurel.

Representindhair by using samplingpoints can be re-
gardedasanapproximatioror simpli cation of a collection
of individual hair strandsin orderto reducethe high com-
putationalcostof checkingandevaluatinghair-hair interac-
tions.Fromthis pointof view, onemightthink of amoretyp-
ical approachi.e.,to bring severalstrandgogethetto form a
clusteror wisp andto thenmodeleachclusterassomestruc-
turedelementsuchasageneralizeaylinder. Thisis justi -
ablebecausehe hair strandsendto clumptogetherwhich
is oneof thefrequentlyobsened phenomenaesultingfrom
hair-hairinteractionsandclusteringeffectsarethereforam-
portantfor producingnatural-lookinghairimagesHowever,
asKim andNeuman#* pointedout, clusteringis nota static
phenomenonWhen hair moves, the hair-hair interactions
causeclustersto split and meige dynamically To simulate
this, we couldsubdvide thestructurecelementgo construct
a hierarchicaltree structureof clusters,asin their multi-
resolutionhairstylemodeling(MHM) systemHowever, it is
unclearhow we cansplit andmemgethe clustersat different
levels in different sub-treesAlthough we can animatethe
highestresolutionclustersindividually, this severely limits
the numberof clustersavailablein orderto handlehair-hair
interactionswith areasonableomputatiortime.

For this reasonwe do not arrangethe particlesto form
a x ed setof clusters,but distribute themin an unordered
mannerthroughoutthe hair volume. The hair is rendered
by placing billboardswith hair texture at the positionsof
the particles,orientedby a hair directionvectormaintained
with eachparticle. To simulatedynamicclusteringeffects,
the neighboringparticlesshouldhave coherenceand move
togetherto someextent.Moreover, theneighboringparticles
shouldalsobeableto drav apart,sincethey donotrepresent
portionsof the hair volumethatareoccupiedby exactly the
samesetof hair strands.Therefore, someloosenessn the
connectiondetweerthe particlesis essentialResultsshav
that our LCP approactcansuccessfullyreducethe compu-
tational cost of animatinghair without losing most of the
characteristicsesultingfrom hair-hairinteractions.

2. RelatedWork

In this section,we limit our review to previous work on
the animationof hair that takes into accounthair-hair in-
teractions.Interestedreadersmay refer to the suney by
Magnenat-Thalmanetall” andKim's dissertatiof?.

Severalworks have modeledspeci ¢ aspectof hair-hair
interactionsKim andNeuman#? addedsomeconstraintgo
hair strandsy enclosinga hair surfacewithin a thin bound-
ing volume. Lee and Ko® gave hair body by prohibiting
hair strandsfrom penetratinginside layersde ned around
thehead.

Hadap and Magnenat-Thalmarii animated hair with
generalizedhair-hair interactions.They assumedhat hair
is a continuumand elegantly handledhair-hair interactions
usingparticle-baseduid dynamicsHowever, thecomputa-
tional costwas still high becausehey modeledindividual
hair strandsexplicitly with serial chainsof rigid segments
(10,000strandswith 30 sggmentseach)and glued several
particlesto eachof thesggments sothattheamountof com-
putationwashuge(2 minutesper frame). The resultswere
excellent,but notto theextentthatthey capturedhediscon-
tinuitiesof hair. Our LCP approaclcanbeviewedasfreeing
the particlesfrom theseserialchains.

Koh and Huandg® modeled hair clusters as strips of
splinesurfacesandavoidedcollisionsby introducingsprings
amongthem. Planteet al2° simulatedinteractionsamong
the hair clusters,eachof which was modeledas a skele-
ton andits ervelope.The skeletoncaptureshe lengthwise
shapeof thecluster whereasts envelopecaptureghecross-
sectionalshapedeformation.Changet al.# simulatedonly a
smallnumberof hair strandscalledguidehairs,andinterpo-
latedtherest.They handlechair-hairinteractionswvith auxil-
iary trianglestripsspanninghe nearbystrandsThesethree
methodsaresimilarin spirit. They reducethenumberof hair
strandgo be computedin theform of strips,skeletonsand
guidehairs,respectiely) in orderto speedip thesimulation
andalsoto capturethe discontinuitiesof hair. Moreover, the
gapsamongthe sparsehair strandsare compensateébr by
additionalstructuresuchassprings ervelopesandauxiliary
trianglestrips,respectrely. We alsotake a similar approach,
but sincethe particlesare distributed over the hair volume
asshown in Figurel (b), the gapsbetweerthe particlesare
small.Besidescompensatioffor thesegaps,which actually
modelshair-hair interactionsjs performedthroughparticle
dynamicsratherthan by introducing additional structures.
The methodby Koh and Huand® achieved real-time ani-
mation,but the springsaccountingfor hair-hair interactions
weresimplistic andimposedstrongrestrictionson free lat-
eralmotion of the hair. The methodsproposedy Planteet
al.20 andChanget al.* took up to tensof secondgo obtain
the nal renderedmage.

3. Modeling Hair with LCP
3.1. Overview

Hair is modeledasa setof particlesthat serne assampling
pointsfor the volumeof the hair. Particlei hasmassm;, po-
sitionx; andvelocity v, justlik e a standardgarticlesystem.
Themassindicatesthe amountof hair mediumthatthe par

ticle representsnd the distribution of the particle massin

spacedetermineghe densityof the hair. The densityhere
indicatesthe amountof hair mediumin a unit volume, as
distinguishedrom the densityof the hair material.As de-
scribedby HadapandMagnenat-Thalmarifi, we borrov an
ideafrom smoothedarticle hydrodynamicgSPH)&6, and
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thedensityr ; atpositionx; is computedasfollows:

ri= & mwWaix;  xij;h); @
J

wherej runsthroughall of the particleindicesandW repre-
sentsaninterpolatingkernelcalleda smoothingkernel We
assumethat the particlesare smearecbut in spaceso that
eachparticle representshe volume densityaroundit. h is
calledthe smoothinglength andindicatesthe extent of the
in uence. We usegthefollowing smoothingkernels:

24 6L%+3L% 0 1 n
W= 2hes 2 f° h r 2h
Y 2h r
@)

Thusonly nearbyparticleswithin adistanceof 2h contribute
to the summatiorof Equation(1).

In addition, particlei hasa unit vectort; thatrepresents
the direction of hair, and it also has constantcoordinates
(ui;vi; §) indicatingtheinitial stateof thehair, where(u;; v;)
are parameter®n the scalpands is the arclength of hair
from the scalp.Section3.2 describesow to determinethe
initial hair directionsandassigrnthesecoordinates.

The dynamicsof hair comesfrom a combinationof the
characteristic®f hair strandsandhair-hair interactions As
describedn Section3.3, thedynamicsof hair strandscanbe
accountedor by forcesactingbetweena x ed setof parti-
cle pairsthatareinitially nearneighborshecausdwo par
ticlesin eachpair sharea portion of somehair strandsand
shouldhave lengthwisecoherenceWe determinehis setof
pairsusingsmoothinglengthh; in theinitialization process
describedn Section3.2 On the otherhand,forcesdueto
hair-hair interactionsact amongcurrentneighboringparti-
cleswith smoothinglengthh,, asdescribedn Section3.4.
Thus,at eachtime stepwe have to searchfor pairsof parti-
cleslessthan2h, apart.Thiscanbeperformedef ciently by
a grid of voxels of size 2h,. Assumingthatthe distribution
of particlesis fairly even,thetime compleity bearsalinear
relationshipto the numberof particle$. We alsoapplyother
forcessuchasgravity andair friction asdescribedn Sec-
tion 3.5, andupdatethe particle positionsandvelocitiesby
integrating the equationsof motion. In summary after ini-
tializing particles we repeathefollowing sequencef steps
pertime step.

1. Performneighborsearch.

2. ComputetheparticledensityusingEquation(1).

3. Activatetheforcesdescribedn Sections3.3, 3.4and3.5.
4. Updatethe particlepositionsandvelocities.

5. UpdatetheparticledirectionsusingEquation(15).

3.2. Particle Initialization

This subsectiordescribeshe methodfor distributing parti-
clesover apolygonalheadmodelprior to animation.

First, asshavn in Figure2 (a), we trim the scalpsurface
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from theheadmodelwith four Catmull-Romsplinecunes
by specifyingtheir controlpointsinteractvely. Thenwe em-
bedthescalpsurfacein aunitsquaredomainD : [0;1] [0; 1]
with axesu andv asshawvn in Figure2 (b), usinga piece-
wise linear approximatiorof harmonicmapping. If we de-
note this mappingfrom world spaceto the parameterdo-
mainby f : < 31 D, the scalpsurfacein theworld spaces
fully parameterizedby coordinatequ;v) asf l(u;v). We
add a third dimensions over D, which representghe arc
lengthof hair, andthendistributetheparticleswithin thevol-
umeof this squarepillar, asshavn in Figure2 (c). Its lower
boundis theplanes= s, wheres is the depthof the hair
rootbeneattthescalp.Theparticleswith negative arclength
arereferredto asroot particles andare x ed to the head
during animation.The upperbound of the parametewol-
umeis given asthe hair lengthmapL(u;Vv), which is given
asa userde ned grayscaleémagescaledby the maximum
lengthof hair. As we wantthe particlesto evenly samplethe
hairvolume,we distributethe particlesbasednthe Poisson
discdistribution. In orderto compensatéor thedistortionof
mappingf , we usethe distancebetweerthe corresponding
points on the scalpin the world spacefor the (u;v) coor
dinates.Thatis, we de ne the distancebetweenwo points
P1(ug;ve;s1) andPy(uz; vo; sp) in theparametedomainas:
q
d(P;P) =

f Huzw)j?+ (s )%

®3)
Finally, particlei with parametergui;v;;s) otherthanthe
root particlesis mappedbackto the world spaceusingthe
cantilever beamsimulation method proposedby Anjyo et
all. Startingfrom the root positionf *(ui;vi) in the hair
rootdirectiont, (u;;Vv;) speci edoverthescalp,we integrate
the beammodel of length s to accountfor the bendingof
the hair dueto gravity, andwe determinethe particle posi-
tion x; andthe directiont; by thoseof the endpointof the
beam.Ontheotherhand theroot particlesareplacedinside
thescalpasxi = f L(ui;vi) + sitr(ui; V). Figure2 (d) shaws
theresultantinitial stateof the particles.

jif Huiivy)

Specifyingtheroot directiont, (u; v) manuallyis a rather
tedioustask,andwe candeterminet simply by the follow-
ing stepsTheuser rst selectapointonthescalpasawhorl
centerof the hair. We denotethe normalvectorat this point
by nw. Thenthe root directionis computedusing the unit
normalvectorn(u;v) of thescalpby thefollowing equation:

tr(u;v) = wfnw  (nw n(u;v))n(u;v)g+ wan(u;v); (4)

wherews andwn are userspeci ed global weighting con-
stantsfor the tangentand normal componentsf the hair
root direction,respectiely. A large valuefor w; relative to
wn makesthe hair lie down. The obtainedroot directionis
thennormalized.

To simulatethe dynamicsof hair strands,we establish
the connectiondbetweemearbyparticles.As shawvn in Fig-
ure3 (a),theneighborsearchs performedwith asmoothing
lengthh; for the positionsof the particlesinitialized in the
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Figure2: Initializing particlesoverthescalp.(a) A trimmed
scalp surface (b) The scalp surfaceembeddedn a unit
squae. (c) Thevolumeof the parameterdomain(u; v; s). (d)
Theparticlesmappedadk to theworld space Theline seg-
mentsindicatethe hair directions.

above procedurewhereh; is a little larger thanthe initial
averagenter-particledistanceMoreover, we storetheinitial
stateof eachparticlepair (i; j) by computingthedistancd;
betweerthetwo particles andtheangleq;j betweerthe hair
directiont; andthedirectionof theparticlepairx;j = xj  x;,
asshowvn in Figure3 (b).

We assigna strengthof connectiorg;; to the particlepair
using the following equation,which is usedfor the spring
coefcients describedn the next subsection:

cij = ajlij (5)
where g;j indicatesthe degreeto which two particlesare
alignedin a row andthushow strongtheir lengthwiseco-
herencas. Thisis de ned as:

a = JCOShij COSQ;ij=2 cOGij COSGji< 0 . g

! 0 otherwise ’

which hasthe maximumvalue of 1 whenthe threevectors
tj, tj andxjj areorientedin the samedirection.Evenwhen
tj andt; are colinear the two particlesare not considered
to be well alignedif x;; is perpendiculato them.Because
we activate the spring forcesthat accountfor the stiffness
of the hair strands,connectingparticlesin closeproximity
with stiff springsmakesthe systemunstable Therefore the
secondfactorljj in Equation(5) is usedfor stability. For

(@) (b) ()

Figure 3: (a) The neighbor seach is performedwith a
smoothinglength hy (sothe radiusis setas 2h;), and the
particles connectedwith the center particle i are divided
into two groups:Nr (i) (thebluenodes)andN:(i) (thegreen
nodes)(b) Theinitial stateof a particle pair. (c) A diagram
for updatingthe hair direction.

computationakf ciency, we rst omit the pairswhich have
gj smallerthanathresholdag. Then,from the pairswhich
have smallervaluesfor c;jW(lijj;hy), which is the initial
spring coefcient betweenthe two particlesaswill be de-
scribedin Equation(7) in the next subsectionywe omit them
recursvely until the numberof connectiondor eachparti-
cleis aroundthe speci ed valueNn. Experimentallywe use
ap = 0:5andNn = 12.In Figure3 (a),Nn = 6.

3.3. Dynamicsof Hair

In this subsectionye focuson the dynamicsof hair thatis
dueto thecharacteristicef hair strandsandhair-hairinter
actionsareexplainedin the next subsection.

Thehairvolumecanbeconsiderecsadeformableébody,
which canbe animatediy connectinghe neighboringparti-
cleswith dampedsprings.The particle pairsareestablished
using smoothinglength h; in the initialization processde-
scribedin the previous subsectionand this set of pairsis
x ed during the animation phase.Since the hair volume
deformsanisotropically i.e., it is hard to stretchbut free
to move laterally as Changet al.4 pointed out, we model
largetensilestiffnessandsmallbendingstiffnessof the hair,
thoughwe do not considerthe twist of hair andneglectthe
torsionalstiffness.To realizefree lateralmotion of the hair,
we make the connectiondetweerthe particleslooseby us-
ing the following spring coefcient, which is a function of
thecurrentdistancebetweera pair of particles:

kij = CijW(jixijii;ha); (7)
which graduallydecreasess the two particlesdrav apart
until they becomereefrom eachotherat a distanceof 2h;.

However, theseloose connectionsalso allow the hair to
stretch.Therefore jn orderto preventthetensilestiffnessof
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hair from changingwe keepthe tensileelasticmodulusof
eachparticleconstantiuringanimation Theelasticmodulus
(alsoknown asYoung's modulus)E is uniqueto a material,
andwe canrelateit to therestlengthL anda cross-sectional
areaA of thematerialby thefollowing equation:

— L .
E= 2K @8)

whereK correspondto thespringcoefcient whenwe view
the materialasthe lengthwisespring.In the following, we
expressE in termsof the parametersf the particlesandthe
springsconnectedetweerthem.Thecross-sectionalreaA;
of the hair which particlei representgnot of individual hair
strands)can be written asthe following equationusingthe
densityd of the hair material:
_om 5
A= g )

Sincewe are concernedwith the tensilestiffnessof the
hair, we dividetheneighboringparticlesof particlei into two
groupsasshovnin Figure3 (a): oneincludesthosecloserto
theroot of the hair, andthe otherincludesthosecloserto the
tip of the hair. They aredenotedby N (i) andN: (i), respec-
tively. For eachgroup,we sumup all of the contrikutionsof
the springsto the elasticmodulusof particlei, whichis kept
constantby solving the following equationswith unknavn
scalingfactorsaj; for thespringcoefcients k;j:

1 o
E = A a lijaijkij (10)
2 Ne(i)
1 o
E= 4 d lijaijkij; (11)
i2 Ne(i)

whereljj is the restlengthof the springbetweerparticlesi
and j, whichis their initial distanceasdescribedn Section
3.2 The numberof unknavns aj; is the numberof particle
pairs,andit is much larger thanthe numberof equations,
whichis twice thenumberof particles.Thus,Equationg10)
and(11) form anunderdeterminedparsdinear system.To
keepthe computationatostaslow aspossible we directly
(non-iteratvely) obtainan approximatesolutionto this sys-
temin lineartime in the numberof particles,which cannot
be accomplishedy the leastsquaremethodsfor underde-
terminedlinear systems. Sincethe spring coefcients kjj
alreadyincludeweightingfactorsthroughEquation(7), we
malke ajj independenof j as:

ajj = ar; for 8j 2 Nr(i); (12)
andwe solve Equation(10) for eachi individually:
EA
& & lijkij 13
J2Ne(i)

Similarly Equation(11) is solvedto obtainayt.;, andwe take
the averageof thetwo solutionsasfollows:

12 ()™ § 2 Ne(i)
12 Ne(J) " 2 Ne(i)

(ari+ ag;j)=2

ajj = (ar;j + at;i):2

(14)
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In summary at eachtime step,we rst computethe raw
spring coefcients kj; using Equation (7), then we com-
putethe scalingfactorsa;j using Equations(13) and (14),
and nally we activatespringforceswith springcoefcients
ajjkij. As the particlesdrawv apartand several connections
betweerthembecomewveakor have no effect, theremaining
connectiondecomestrongto maintainthe tensilestiffness.
Eventhoughthe particleshave no direct connectiongo the
scalp,the hair neitherstretchesior comesapart.

Basedon the currentspringcoefcient ajjkij, we update
thehairdirectiont; of particlei. As describedn Section3.2,
particlei hastheinitial angleq;j betweerthe hair direction
tj andthedirectionof theconnectiorxj;. Thus,we cancom-
putethe updatechairdirection'[iJ by rotatingthenormalized
vectorof xjj by angleq;j aroundthe axis normalto botht;
andx;j, asshavn in Figure3 (c). Takingthe weightedsum,
the nal updatechairdirectionis:

t = é_aijkijtij; (15)
i

wheret; is subsequentiyjormalized.

3.4. Hair-hair Interactions

We modelattraction/repulsioncollision, andfriction to ac-
countfor hairhairinteractionsTheforcesdueto thesanter

actionsact uponcurrentnearbyparticles,and canbe mod-
eledby usinga smoothinglengthh, thatis alittle smaller
thantheinitial averageinter-particledistance.

Attraction/repulsiorforcescanbe causedy lipids, hair
dressingr staticelectricity Macroscopicallythe effect of
theseinteractionss to presere the averagedensityof hair.
The force on particlei dueto particle j is givenby the fol-
lowing equationwhich is the pressurdorcein SPH:S:

P

!
P ... .
faji= mmj s+ — < W(jixijiisho); 16
aji mym; ri2 rjz x (iixijjis ho) (16)
wherethe pressureP is modeledasP = ka(r ro) andka
andr o control the magnitudeof the force andthe average
density respectiely®. A small valuefor r o makesthe hair

repulsive, whereas large valuemalesit cohesie.

To modelinelasticcollisions of hair, we simply reduce
therelative velocity vij = vj  vj of two particlesif they are
approachingThedirectionof thecollision, dn, is normalto
thehairdirectionst; andt; of bothparticles.Thus,dn = t;
tj. If jjdnjj 1, thetwo hair directionsarealmostcolinear
andin this casewe cancomputehedirectionof thecollision
asdn = Xij (xij t)ti. After normalizingdn, we checkthe
signof (xjj dn)(vij dn). If thisis negative, thetwo particles
areapproachingandwe applythefollowing force:

fe.ji = de W(jjxijjish2) (Vij dn)dn; (17)

whered. is the collision dampingconstant.
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Frictionis modeledsimilarly. Thedirectiond; of thefric-
tional forceis de ned asvjj  (vij dn)dn, whichis normal
to thedirectionof the collision dn. After normalizingit, the
forceis computedas:

fr;ji = dif W(ixijii;h2) (vij de)de; (18)
whereds is thefrictional dampingconstant.

3.5. Other Forces

We model gravity, air friction, wind, inertia due to head
movement.andcollisionsagainstthebody (theheadandthe
torso).Gravity is adownwardforcewhosemagnitudds pro-
portionalto the particlemassandair friction is modeledas
adampingforcewhosemagnitudds proportionalto the par
ticle velocity.

Thewind is alsorepresentetby a setof particles,andis
simulatedusing SPH?. The interactionsbetweenthe hair
particlesandtheair particlesaremodeledasdragforcesbe-
tweenthent?, andthusthe wind is also affectedby maove-
mentof thehair. Thoughtheseinteractionsncludetheeffect
of airfriction, thedampingforcedescribedboveis still nec-
essaryto preventabruptmotion of the hair. Sinceour LCP
approachmodelshair solely with particles,other particle-
basedmethodsareeasilyincorporatedvith a slight modi -
cationto the programmingcode.

Thereasorto modelinertiais thatit is numericallymore
stableto modify the particle accelerationghan their posi-
tions. We describethe equationsof motion of the particles
with respecto the local coordinatesystemattachedo the
head,andwe exert inertial forceson the particles,avoiding
directly alteringtheir positionsrelative to the head.

After applyingall of theforcesdescribedofar, collisions
betweentheparticlesandthebodyaredetectedf ciently by
again utilizing the voxel grid structure And eachparticlein
contactwith thebodysuffersarepulsive forcethatdissipates
its relative velocity normalto thebody, andafrictional force
is alsoexertedaccordingto Coulombs modeP.

4. Rendering Hair

Sincethe particlesrepresenthe volumedensityof hair, we
canrenderhair by usingvolumerenderingtechniquesjust
asKajiyaandKay did for theirfurry teddybea#!. Unlikethe
standardvoxel grid structure the density eld in our model
is representetly thedistribution of particlesandin thiscase
we canbene t greatly from the splattingmethodwith bill-
boardsby usingthe hardwareaccelerateenethodpresented
by Dobashietal.”. We assumea parallellight sourceandin
the rst passwe projectthe particlesin the directionof the
light sourcein orderto ascertairhonv muchof the light in-
tensityis attenuatedin the secondpasswe canthenrender
the hair with comple self-shadws that enhancehe volu-
metric appearancef the hair. Figure4 shavs the rendered
imagesof our hairmodelwithout andwith shadavs.

@ (b)
Figure 4: Thehair rendeed (a) without (b) with shadows.

To simulatethe highly anisotropicphasefunction of hair
we usetheGoldmanmodeP, whichaddsadirectionalityfac-
tor to the Kajiya-Kay model! that controlsthe re ection
andtransmissiorratiosof light. However, asthe numberof
particlesis relatively smallfor computationakf ciency, the
phaseunctionaloneis not sufcient to producethe appear
anceof hair strandsWe compensat¢his loss by mapping
hair textureto the billboardsinsteadof the simpletexture of
a Gaussiardistribution. Figure 5 (a) shavs an example of
hair texture.We matchthe hair directionof thetexture (usu-
ally the vertical axis) to the particle directiont; asshavn
in Figure5 (b). As opposedto the standardbillboard, we
canonly placeit so thatits horizontal axis is parallel to
the screen Hence,we scalethe opacity of the billboard by
1=sing, wherecosg = t; dp anddp is thedirectionof pro-
jection.We canfurtheraugmenthedirectionalityby scaling
thesizeof thebillboardsasshawvn in Figure5 (c).

standard billboard

> /N/N” Our bl“board
0,,%
@ o —q (C)

Figure5: (a) Anexampleof hair texture. (b) Thehair direc-
tion of the texture is matdedto the particle direction. This
gur e showsthe caseof orthogonal projection. The caseof
perspectiveprojectionis similar. (c) Thesizeof thebillboard
is scaled.

5. Results

We successfullyanimatedthe hair with a headand torso
modelataninteractve framerate.Figures6 (a)— (c) shav a
few framesfrom ananimationof backhair. Thehairis forced
to split into two, and then memgesagain becauseof grav-

ity. Hair-hair interactiongreventthe hairsfrom penetrating
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eachotherasshawn in Figure 6 (c), which is a contrastto
Figure6 (d) wherehair-hair interactionsarenot considered.
Figure7 shavsananimationof hairwhentheheads shalen.

Theheadturnsaroundandthe hair follows this motionwith
delaybecaus®f inertia. Dynamicclusteringeffectsarevis-
ible. Figure8 shavs an animationof hair blowing in wind.

Interactionbetweerthe hair andtheair arealsosimulated.

@ (b)

(© (d)

Figure 6: (a) — (c) A few framesfrom an animationof badk
hair. (d) Thehairs penetate ead other whenhair-hair in-
teractionsare not consideed,which is a contrastto (c). The
differenceis clearly seenin theredcircles.

Figure 7: Animationof hair whentheheadis shalen.Leftto
right, top to bottom.

¢ TheEurographic#ssociatiorandBlackwell Publisher2006.

Figure 8: Animationof hair blowingin wind. Left to right,
top to bottom.

We usedabout 2,000 particlesto representhe hair for
all of the animationgpresenteébove. The numberof parti-
clesis determinecby a compromisebetweenaccurag and
efciency, andwe chosethe numberso that the animation,
including both simulationandrenderingwith shadevs, can
be performedat aninteractie framerate.The hair wasani-
matedat 6.7 fps on a PC with anIntel Pentium4 2.8 GHz
CPUandan NVIDIA Quadro4900 XGL GPU. The simu-
lation took 33% of the total computatiortime, andtheren-
deringtook therest.The sizeof theimageandthe buffer for
computingshadavsis 512 512.

6. Conclusionsand Futur e Work

This paperhaspresented practicalmethodfor animating
hair with a new model called loosely connectedparticles
(LCP). The hair is modeledas a setof unorderedparticles
thatsene assamplingpointsfor thevolumeof the hair. The
looseconnectiondetweertheparticlesmale thehairfreeto
move laterally, neverthelesproviding lengthwisecoherence
by maintainingtheir tensile stiffness.The hair is rendered
by placingbillboardswith hairtextureatthe positionsof the
particles,utilizing graphicshardwareaccelerations.

Our LCP approacthasthefollowing adwvantages:

It reduceghe high computationakostof simulatingthe
dynamicsof the hair including hair-hair interactionsand
realizesinteractve hair animation.

The simulationis solely basedon the particle dynamics,
whichsimpli es theimplementationOtherparticle-based
methodscanbe easilyincorporated.

Ontheotherhand,therearelimitationsto our method:
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It is applicableto only asimplehairstyle,andextensionto

varioushairstyless a majorremainingtask.

The simulationis not physically rigorous.The nonlinear
springforcesaccountingfor the stiffnessof the hair are
designedo obtainthe desirablemotion of the hair, and
thebendingstiffnessis not modeledexplicitly.

The hair is still rendereccoarsely Interpolatingbetween
the particlesto placemary smallerbillboardswould pro-

duce ner imagesbut thiswill slow dowvn the systembe-

low aninteractive framerateon currentcomputers.

In additionto addressinghe above limitations, the future
directionof this work would be to take furtheradvantageof
the particle representationfor example,adaptie sampling
of the hair volumeandincorporatingthe simulationlevel of
detailtechniqué®.
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