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Abstract
Thispaperpresentsa practical approach to theanimationof hair at an interactiveframerate. In our approach,
wemodelthehair asa setof particlesthat serveassamplingpointsfor thevolumeof thehair, which covers the
wholeregion where hair is present.Thedynamicsof thehair, includinghair-hair interactions,is simulatedusing
theinteractingparticles.Thenoveltyof this approach is that,asopposedto thetraditional wayof modelinghair,
wereleasetheparticlesfromtight structuresthatareusuallyusedto representhair strandsor clusters.Therefore,
by makingtheconnectionsbetweentheparticlesloosewhile maintainingtheir overall stiffness,thehair canbe
dynamicallysplit andmergedduring lateral motionwithoutlosingits lengthwisecoherence.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism,I.3.3 [ComputerGraphics]:Picture/ImageGeneration

1. Intr oduction

Theability to representrealistic-lookinghair playsa crucial
role in the synthesisof life-lik e humanmodels.However,
theenormousnumber(a humanscalptypically has100,000
strands)andthin natureof hair strandscomplicateandslow
down all of theprocessesfor hair imagegeneration,includ-
ing modeling,renderingandanimation.Moreover, whenwe
want to animatehair basedon a physically plausiblesimu-
lation, thesituationis evenworse,becausewe have to take
into accountinteractionsamongthe hair strands(so-called
hair-hair interactions)in orderto reproducerealisticbehav-
ior of the hair, as many researchershave alreadypointed
out4; 10; 13; 16; 20; 22. Thecomplex behavior of hair resultsfrom
the characteristicsof individual hair strandsand the inter-
actionsbetweenthemsuchascollisions,friction, repulsion
dueto staticelectricityandcohesion/adhesiondueto lipids
or hair-dressings21. Hair-hair interactionsare thereforees-
sentialwhenanimatinghair. However, computingthe inter-
actionsamonga large numberof individual hair strandsis
still expensivewith thecomputerpowercurrentlyavailable.

In this paper, a practicalmethodis proposedfor animat-
ing hair while taking into accounthair-hair interactionsat

y In ToshibaCorporationsinceApril 2003.
z In NationalTaiwanUniversitysinceAugust2003.
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Figure 1: (a) The hair that we wish to represent.(b) The
particlesare distributedas samplingpointsfor the volume
of thehair. (c) Traditional methodsoftenrepresentthehair
asserial chainsof connectedparticles(thesamenumberof
particlesas(b)).

a reasonablecost.Traditionally, hair is modeledusing�x ed
structuresthat representhair strandsor clusters,suchasse-
rial chainsof connectedpointsor particles.In contrast,we
useunorderedparticlesthathave only looseconnectionsto
thosenearby. Thus we call them looselyconnectedparti-
cles, or LCP. The particlesserve as samplingpoints that
trackthemotionof thevolumeof thehair, andthedynamics
of thehair, includinghair-hair interactions,is simulatedus-
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ing the interactingparticles.Eachparticlerepresentsa cer-
tain amountof the hair mediumaroundit, and it might be
viewedasa volumedensity. This notion,inspiredby Hadap
andMagnenat-Thalmann10, is illustratedin Figure1.

Representinghair by using samplingpoints can be re-
gardedasanapproximationor simpli�cation of a collection
of individual hair strandsin order to reducethe high com-
putationalcostof checkingandevaluatinghair-hair interac-
tions.Fromthispointof view, onemightthink of amoretyp-
ical approach,i.e.,to bringseveralstrandstogetherto form a
clusteror wispandto thenmodeleachclusterassomestruc-
turedelement,suchasa generalizedcylinder. This is justi�-
ablebecausethehair strandstendto clumptogether, which
is oneof thefrequentlyobservedphenomenaresultingfrom
hair-hair interactions,andclusteringeffectsarethereforeim-
portantfor producingnatural-lookinghair images.However,
asKim andNeumann14 pointedout,clusteringis notastatic
phenomenon.When hair moves, the hair-hair interactions
causeclustersto split andmerge dynamically. To simulate
this,wecouldsubdividethestructuredelementsto construct
a hierarchicaltree structureof clusters,as in their multi-
resolutionhairstylemodeling(MHM) system.However, it is
unclearhow we cansplit andmergetheclustersat different
levels in different sub-trees.Although we can animatethe
highestresolutionclustersindividually, this severely limits
thenumberof clustersavailablein orderto handlehair-hair
interactionswith a reasonablecomputationtime.

For this reason,we 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
theparticles,orientedby a hair directionvectormaintained
with eachparticle.To simulatedynamicclusteringeffects,
the neighboringparticlesshouldhave coherenceandmove
togetherto someextent.Moreover, theneighboringparticles
shouldalsobeableto draw apart,sincethey donotrepresent
portionsof thehair volumethatareoccupiedby exactly the
samesetof hair strands.Therefore,someloosenessin the
connectionsbetweentheparticlesis essential.Resultsshow
thatour LCP approachcansuccessfullyreducethecompu-
tational cost of animatinghair without losing most of the
characteristicsresultingfrom hair-hair interactions.

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 survey by
Magnenat-Thalmannetal.17 andKim' sdissertation12.

Severalworkshave modeledspeci�c aspectsof hair-hair
interactions.Kim andNeumann13 addedsomeconstraintsto
hair strandsby enclosingahair surfacewithin a thin bound-
ing volume. Lee and Ko16 gave hair body by prohibiting
hair strandsfrom penetratinginside layersde�ned around
thehead.

Hadap and Magnenat-Thalmann10 animatedhair with
generalizedhair-hair interactions.They assumedthat hair
is a continuumandelegantly handledhair-hair interactions
usingparticle-based�uid dynamics.However, thecomputa-
tional cost was still high becausethey modeledindividual
hair strandsexplicitly with serial chainsof rigid segments
(10,000strandswith 30 segmentseach)and glued several
particlesto eachof thesegments,sothattheamountof com-
putationwashuge(2 minutesper frame).The resultswere
excellent,but not to theextentthatthey capturedthediscon-
tinuitiesof hair. OurLCPapproachcanbeviewedasfreeing
theparticlesfrom theseserialchains.

Koh and Huang15 modeled hair clusters as strips of
splinesurfacesandavoidedcollisionsby introducingsprings
amongthem. Planteet al.20 simulatedinteractionsamong
the hair clusters,eachof which was modeledas a skele-
ton and its envelope.The skeletoncapturesthe lengthwise
shapeof thecluster, whereasits envelopecapturesthecross-
sectionalshapedeformation.Changet al.4 simulatedonly a
smallnumberof hairstrandscalledguidehairs,andinterpo-
latedtherest.They handledhair-hair interactionswith auxil-
iary trianglestripsspanningthenearbystrands.Thesethree
methodsaresimilar in spirit.They reducethenumberof hair
strandsto becomputed(in theform of strips,skeletons,and
guidehairs,respectively) in orderto speedupthesimulation
andalsoto capturethediscontinuitiesof hair. Moreover, the
gapsamongthesparsehair strandsarecompensatedfor by
additionalstructuressuchassprings,envelopesandauxiliary
trianglestrips,respectively. Wealsotakeasimilarapproach,
but sincethe particlesaredistributedover the hair volume
asshown in Figure1 (b), thegapsbetweentheparticlesare
small.Besides,compensationfor thesegaps,whichactually
modelshair-hair interactions,is performedthroughparticle
dynamicsrather than by introducingadditionalstructures.
The methodby Koh and Huang15 achieved real-timeani-
mation,but thespringsaccountingfor hair-hair interactions
weresimplistic andimposedstrongrestrictionson free lat-
eralmotionof thehair. Themethodsproposedby Planteet
al.20 andChanget al.4 took up to tensof secondsto obtain
the�nal renderedimage.

3. Modeling Hair with LCP

3.1. Overview

Hair is modeledasa setof particlesthat serve assampling
pointsfor thevolumeof thehair. Particlei hasmassmi , po-
sition xi andvelocity vi , just like a standardparticlesystem.
Themassindicatestheamountof hair mediumthatthepar-
ticle representsandthe distribution of the particlemassin
spacedeterminesthe densityof the hair. The densityhere
indicatesthe amountof hair mediumin a unit volume,as
distinguishedfrom the densityof the hair material.As de-
scribedby HadapandMagnenat-Thalmann10, weborrow an
ideafrom smoothedparticle hydrodynamics(SPH)18; 6, and
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thedensityr i atpositionxi is computedasfollows:

r i = å
j

mjW(jj x j � xi jj ;h); (1)

wherej runsthroughall of theparticleindicesandW repre-
sentsan interpolatingkernelcalleda smoothingkernel. We
assumethat the particlesare smearedout in spaceso that
eachparticle representsthe volumedensityaroundit. h is
calledthe smoothinglengthandindicatesthe extent of the
in�uence.Weusedthefollowing smoothingkernel18:
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(2)
Thusonly nearbyparticleswithin adistanceof 2h contribute
to thesummationof Equation(1).

In addition,particle i hasa unit vector t i that represents
the direction of hair, and it also hasconstantcoordinates
(ui ;vi ;si) indicatingtheinitial stateof thehair, where(ui ;vi)
areparameterson the scalpandsi is the arc lengthof hair
from the scalp.Section3.2 describeshow to determinethe
initial hair directionsandassignthesecoordinates.

The dynamicsof hair comesfrom a combinationof the
characteristicsof hair strandsandhair-hair interactions.As
describedin Section3.3, thedynamicsof hairstrandscanbe
accountedfor by forcesactingbetweena �x edsetof parti-
cle pairsthat areinitially nearneighbors,becausetwo par-
ticles in eachpair sharea portion of somehair strandsand
shouldhave lengthwisecoherence.We determinethis setof
pairsusingsmoothinglengthh1 in theinitialization process
describedin Section3.2. On the otherhand,forcesdue to
hair-hair interactionsact amongcurrentneighboringparti-
cleswith smoothinglengthh2, asdescribedin Section3.4.
Thus,at eachtime stepwe have to searchfor pairsof parti-
cleslessthan2h2 apart.Thiscanbeperformedef�ciently by
a grid of voxels of size2h2. Assumingthat the distribution
of particlesis fairly even,thetime complexity bearsa linear
relationshipto thenumberof particles6. Wealsoapplyother
forcessuchasgravity andair friction asdescribedin Sec-
tion 3.5, andupdatetheparticlepositionsandvelocitiesby
integrating the equationsof motion. In summary, after ini-
tializing particles,werepeatthefollowing sequenceof steps
pertimestep.

1. Performneighborsearch.
2. ComputetheparticledensityusingEquation(1).
3. Activatetheforcesdescribedin Sections3.3, 3.4and3.5.
4. Updatetheparticlepositionsandvelocities.
5. UpdatetheparticledirectionsusingEquation(15).

3.2. Particle Initialization

This subsectiondescribesthemethodfor distributing parti-
clesoverapolygonalheadmodelprior to animation.

First, asshown in Figure2 (a), we trim thescalpsurface

from theheadmodelwith four Catmull-Romsplinecurves3

by specifyingtheircontrolpointsinteractively. Thenweem-
bedthescalpsurfacein aunit squaredomainD : [0;1] � [0;1]
with axesu andv asshown in Figure2 (b), usinga piece-
wiselinearapproximationof harmonicmapping8. If we de-
note this mappingfrom world spaceto the parameterdo-
mainby f : < 3 ! D, thescalpsurfacein theworld spaceis
fully parameterizedby coordinates(u;v) as f � 1(u;v). We
add a third dimensions over D, which representsthe arc
lengthof hair, andthendistributetheparticleswithin thevol-
umeof this squarepillar, asshown in Figure2 (c). Its lower
boundis theplanes= � sr , wheresr is thedepthof thehair
rootbeneaththescalp.Theparticleswith negativearclength
are referredto as root particles, and are �x ed to the head
during animation.The upperboundof the parametervol-
umeis givenasthehair lengthmapL(u;v), which is given
asa user-de�ned grayscaleimagescaledby the maximum
lengthof hair. As wewanttheparticlesto evenlysamplethe
hairvolume,wedistributetheparticlesbasedonthePoisson
discdistribution.In orderto compensatefor thedistortionof
mappingf , we usethedistancebetweenthecorresponding
points on the scalpin the world spacefor the (u;v) coor-
dinates.That is, we de�ne the distancebetweentwo points
P1(u1;v1;s1) andP2(u2;v2;s2) in theparameterdomainas:

d(P1;P2) =
q

jj f � 1(u1;v1) � f � 1(u2;v2)jj 2 + (s1 � s2)2:
(3)

Finally, particle i with parameters(ui ;vi ;si) other than the
root particlesis mappedbackto the world spaceusingthe
cantilever beamsimulationmethodproposedby Anjyo et
al.1. Startingfrom the root position f � 1(ui ;vi) in the hair
rootdirectiontr (ui ;vi) speci�edover thescalp,we integrate
the beammodelof lengthsi to accountfor the bendingof
the hair dueto gravity, andwe determinethe particleposi-
tion xi andthe directiont i by thoseof the endpointof the
beam.On theotherhand,therootparticlesareplacedinside
thescalpasxi = f � 1(ui ;vi) + si tr (ui ;vi). Figure2 (d) shows
theresultantinitial stateof theparticles.

Specifyingtheroot directiontr (u;v) manuallyis a rather
tedioustask,andwe candetermineit simply by thefollow-
ing steps.Theuser�rst selectsapointonthescalpasawhorl
centerof thehair. We denotethenormalvectorat this point
by nw. Then the root direction is computedusing the unit
normalvectorn(u;v) of thescalpby thefollowing equation:

tr (u;v) = � wt f nw � (nw � n(u;v))n(u;v)g+ wnn(u;v); (4)

wherewt and wn are user-speci�ed global weighting con-
stantsfor the tangentand normal componentsof the hair
root direction,respectively. A large valuefor wt relative to
wn makesthe hair lie down. The obtainedroot directionis
thennormalized.

To simulatethe dynamicsof hair strands,we establish
theconnectionsbetweennearbyparticles.As shown in Fig-
ure3 (a),theneighborsearchis performedwith asmoothing
lengthh1 for the positionsof the particlesinitialized in the
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Figure2: Initializing particlesover thescalp.(a) A trimmed
scalp surface. (b) The scalp surfaceembeddedin a unit
square. (c) Thevolumeof theparameterdomain(u;v;s). (d)
Theparticlesmappedback to theworld space. Theline seg-
mentsindicatethehair directions.

above procedure,whereh1 is a little larger thanthe initial
averageinter-particledistance.Moreover, westoretheinitial
stateof eachparticlepair (i; j) by computingthedistancel i j
betweenthetwo particles,andtheangleqi j betweenthehair
directiont i andthedirectionof theparticlepairxi j = x j � xi ,
asshown in Figure3 (b).

We assigna strengthof connectionci j to theparticlepair
using the following equation,which is usedfor the spring
coef�cients describedin thenext subsection:

ci j = ai j l i j ; (5)

whereai j indicatesthe degree to which two particlesare
alignedin a row and thushow strongtheir lengthwiseco-
herenceis. This is de�ned as:

ai j =
�

j cosqi j � cosq j i j=2 cosqi j � cosq j i < 0
0 otherwise

; (6)

which hasthe maximumvalueof 1 whenthe threevectors
t i , t j andxi j areorientedin thesamedirection.Evenwhen
t i and t j arecolinear, the two particlesarenot considered
to be well alignedif xi j is perpendicularto them.Because
we activate the spring forcesthat accountfor the stiffness
of the hair strands,connectingparticlesin closeproximity
with stiff springsmakesthesystemunstable.Therefore,the
secondfactor l i j in Equation(5) is usedfor stability. For

rotation axis
t i

t i
j

qij

xi

xij
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t i

l ij t i

t j

qij

qji
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xij
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Figure 3: (a) The neighbor search is performedwith a
smoothinglengthh1 (so the radius is setas 2h1), and the
particles connectedwith the centerparticle i are divided
into two groups:Nr (i) (thebluenodes)andNt (i) (thegreen
nodes).(b) Theinitial stateof a particle pair. (c) A diagram
for updatingthehair direction.

computationalef�ciency, we �rst omit thepairswhich have
ai j smallerthana thresholda0. Then,from thepairswhich
have smaller valuesfor ci jW(l i j ;h1), which is the initial
springcoef�cient betweenthe two particlesaswill be de-
scribedin Equation(7) in thenext subsection,weomit them
recursively until the numberof connectionsfor eachparti-
cle is aroundthespeci�edvalueNn. Experimentallywe use
a0 = 0:5 andNn = 12. In Figure3 (a),Nn = 6.

3.3. Dynamicsof Hair

In this subsection,we focuson thedynamicsof hair that is
dueto thecharacteristicsof hair strands,andhair-hair inter-
actionsareexplainedin thenext subsection.

Thehair volumecanbeconsideredasadeformablebody,
whichcanbeanimatedby connectingtheneighboringparti-
cleswith dampedsprings.Theparticlepairsareestablished
usingsmoothinglengthh1 in the initialization processde-
scribedin the previous subsectionand this set of pairs is
�x ed during the animationphase.Since the hair volume
deformsanisotropically, i.e., it is hard to stretchbut free
to move laterally as Changet al.4 pointedout, we model
largetensilestiffnessandsmallbendingstiffnessof thehair,
thoughwe do not considerthe twist of hair andneglect the
torsionalstiffness.To realizefree lateralmotionof thehair,
we make theconnectionsbetweentheparticleslooseby us-
ing the following springcoef�cient, which is a function of
thecurrentdistancebetweenapairof particles:

ki j = ci jW(jj xi j jj ;h1); (7)

which graduallydecreasesas the two particlesdraw apart
until they becomefreefrom eachotheratadistanceof 2h1.

However, theselooseconnectionsalsoallow the hair to
stretch.Therefore,in orderto preventthetensilestiffnessof
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hair from changing,we keepthe tensileelasticmodulusof
eachparticleconstantduringanimation.Theelasticmodulus
(alsoknown asYoung's modulus)E is uniqueto a material,
andwecanrelateit to therestlengthL andacross-sectional
areaA of thematerialby thefollowing equation:

E =
L
A

K; (8)

whereK correspondsto thespringcoef�cient whenweview
the materialasthe lengthwisespring.In the following, we
expressE in termsof theparametersof theparticlesandthe
springsconnectedbetweenthem.Thecross-sectionalareaAi
of thehair which particlei represents(not of individual hair
strands)canbe written asthe following equationusingthe
densityd of thehairmaterial:

Ai =
� mi

d

� 2
3

: (9)

Sincewe areconcernedwith the tensilestiffnessof the
hair, wedividetheneighboringparticlesof particlei into two
groups,asshown in Figure3 (a):oneincludesthosecloserto
therootof thehair, andtheotherincludesthosecloserto the
tip of thehair. They aredenotedby Nr (i) andNt (i), respec-
tively. For eachgroup,we sumup all of thecontributionsof
thespringsto theelasticmodulusof particlei, which is kept
constantby solving the following equationswith unknown
scalingfactorsa i j for thespringcoef�cients ki j :

E =
1
Ai

å
j2 Nr (i)

l i ja i jki j (10)

E =
1
Ai

å
j2 Nt (i)

l i ja i jki j ; (11)

wherel i j is the restlengthof thespringbetweenparticlesi
and j, which is their initial distanceasdescribedin Section
3.2. Thenumberof unknownsa i j is thenumberof particle
pairs,and it is much larger than the numberof equations,
which is twicethenumberof particles.Thus,Equations(10)
and(11) form anunderdeterminedsparselinearsystem.To
keepthecomputationalcostaslow aspossible,we directly
(non-iteratively) obtainanapproximatesolutionto this sys-
tem in linear time in thenumberof particles,which cannot
be accomplishedby the leastsquaremethodsfor underde-
terminedlinear systems5. Sincethe spring coef�cients ki j
alreadyincludeweightingfactorsthroughEquation(7), we
makea i j independentof j as:

a i j = ar;i for 8 j 2 Nr (i); (12)

andwesolveEquation(10) for eachi individually:

ar;i =
EAi

å
j2 Nr (i)

l i jki j
: (13)

Similarly Equation(11) is solvedto obtaina t;i , andwe take
theaverageof thetwo solutionsasfollows:

a i j =
�

(ar;i + at; j )=2 i 2 Nt ( j) ^ j 2 Nr (i)
(ar; j + at;i)=2 i 2 Nr ( j) ^ j 2 Nt (i)

: (14)

In summary, at eachtime step,we �rst computethe raw
spring coef�cients ki j using Equation(7), then we com-
pute the scalingfactorsa i j usingEquations(13) and(14),
and�nally weactivatespringforceswith springcoef�cients
a i jki j . As the particlesdraw apartandseveral connections
betweenthembecomeweakor havenoeffect,theremaining
connectionsbecomestrongto maintainthetensilestiffness.
Even thoughtheparticleshave no directconnectionsto the
scalp,thehairneitherstretchesnorcomesapart.

Basedon thecurrentspringcoef�cient a i jki j , we update
thehairdirectiont i of particlei. As describedin Section3.2,
particlei hasthe initial angleqi j betweenthehair direction
t i andthedirectionof theconnectionxi j . Thus,wecancom-

putetheupdatedhairdirectiont j
i by rotatingthenormalized

vectorof xi j by angleqi j aroundtheaxisnormalto both t i
andxi j , asshown in Figure3 (c). Takingtheweightedsum,
the�nal updatedhairdirectionis:

t�i = å
j

a i jki j t
j
i ; (15)

wheret �i is subsequentlynormalized.

3.4. Hair -hair Interactions

We modelattraction/repulsion,collision, andfriction to ac-
countfor hair-hair interactions.Theforcesdueto theseinter-
actionsact uponcurrentnearbyparticles,andcanbe mod-
eledby usinga smoothinglengthh2 that is a little smaller
thantheinitial averageinter-particledistance.

Attraction/repulsionforcescanbecausedby lipids, hair-
dressingsor staticelectricity. Macroscopically, theeffect of
theseinteractionsis to preserve theaveragedensityof hair.
The forceon particlei dueto particle j is givenby the fol-
lowing equation,which is thepressureforcein SPH18:

fa; ji = � mimj

 
Pi

r 2
i

+
Pj

r 2
j

!
¶

¶xi
W(jj xi j jj ;h2); (16)

wherethe pressureP is modeledasP = ka(r � r 0) andka
andr 0 control the magnitudeof the force andthe average
density, respectively6. A small valuefor r 0 makesthe hair
repulsive,whereasa largevaluemakesit cohesive.

To model inelasticcollisions of hair, we simply reduce
therelativevelocityvi j = v j � vi of two particlesif they are
approaching.Thedirectionof thecollision,dn, is normalto
thehairdirectionst i andt j of bothparticles.Thus,dn = t i �
t j . If jj dnjj � 1, thetwo hair directionsarealmostcolinear,
andin thiscasewecancomputethedirectionof thecollision
asdn = xi j � (xi j � t i)t i . After normalizingdn, we checkthe
signof (xi j � dn)(vi j � dn). If this is negative,thetwo particles
areapproaching,andweapplythefollowing force:

fc; j i = dc W(jj xi j jj ;h2) (vi j � dn)dn; (17)

wheredc is thecollisiondampingconstant.
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Friction is modeledsimilarly. Thedirectiondt of thefric-
tional force is de�ned asvi j � (vi j � dn)dn, which is normal
to thedirectionof thecollision dn. After normalizingit, the
forceis computedas:

f f ; j i = df W(jj xi j jj ;h2) (vi j � dt )dt ; (18)

wheredf is thefrictional dampingconstant.

3.5. Other Forces

We model gravity, air friction, wind, inertia due to head
movement,andcollisionsagainstthebody(theheadandthe
torso).Gravity is adownwardforcewhosemagnitudeis pro-
portionalto theparticlemass,andair friction is modeledas
adampingforcewhosemagnitudeis proportionalto thepar-
ticle velocity.

Thewind is alsorepresentedby a setof particles,andis
simulatedusing SPH18. The interactionsbetweenthe hair
particlesandtheair particlesaremodeledasdragforcesbe-
tweenthem10, andthusthe wind is alsoaffectedby move-
mentof thehair. Thoughtheseinteractionsincludetheeffect
of air friction, thedampingforcedescribedaboveis still nec-
essaryto prevent abruptmotion of the hair. Sinceour LCP
approachmodelshair solely with particles,other particle-
basedmethodsareeasilyincorporatedwith a slight modi�-
cationto theprogrammingcode.

Thereasonto modelinertia is that it is numericallymore
stableto modify the particle accelerationsthan their posi-
tions.We describethe equationsof motion of the particles
with respectto the local coordinatesystemattachedto the
head,andwe exert inertial forceson theparticles,avoiding
directlyalteringtheirpositionsrelative to thehead.

After applyingall of theforcesdescribedsofar, collisions
betweentheparticlesandthebodyaredetectedef�ciently by
again utilizing thevoxel grid structure.And eachparticlein
contactwith thebodysuffersarepulsiveforcethatdissipates
its relativevelocitynormalto thebody, andafrictional force
is alsoexertedaccordingto Coulomb'smodel2.

4. RenderingHair

Sincetheparticlesrepresentthevolumedensityof hair, we
canrenderhair by usingvolumerenderingtechniques,just
asKajiya andKay did for theirfurry teddybear11. Unlikethe
standardvoxel grid structure,thedensity�eld in our model
is representedby thedistributionof particles,andin thiscase
we canbene�t greatlyfrom the splattingmethodwith bill-
boardsby usingthehardwareacceleratedmethodpresented
by Dobashietal.7. Weassumeaparallellight source,andin
the�rst pass,we projecttheparticlesin thedirectionof the
light sourcein orderto ascertainhow muchof the light in-
tensityis attenuated.In thesecondpass,we canthenrender
the hair with complex self-shadows that enhancethe volu-
metric appearanceof the hair. Figure4 shows the rendered
imagesof ourhairmodelwithoutandwith shadows.

(a) (b)

Figure4: Thehair rendered(a) without(b) with shadows.

To simulatethehighly anisotropicphasefunctionof hair
weusetheGoldmanmodel9, whichaddsadirectionalityfac-
tor to the Kajiya-Kay model11 that controls the re�ection
andtransmissionratiosof light. However, asthenumberof
particlesis relatively small for computationalef�ciency, the
phasefunctionaloneis not suf�cient to producetheappear-
anceof hair strands.We compensatethis lossby mapping
hair textureto thebillboardsinsteadof thesimpletextureof
a Gaussiandistribution. Figure 5 (a) shows an exampleof
hair texture.Wematchthehairdirectionof thetexture(usu-
ally the vertical axis) to the particle direction t i as shown
in Figure 5 (b). As opposedto the standardbillboard, we
can only place it so that its horizontal axis is parallel to
the screen.Hence,we scalethe opacityof the billboard by
1=sinq, wherecosq = t i � dp anddp is thedirectionof pro-
jection.Wecanfurtheraugmentthedirectionalityby scaling
thesizeof thebillboardsasshown in Figure5 (c).

standard billboard

our billboard
t i

d p

screen

t i

(a) (b) (c)

Figure5: (a) Anexampleof hair texture. (b) Thehair direc-
tion of the texture is matchedto theparticle direction.This
�gur e showsthecaseof orthogonalprojection.Thecaseof
perspectiveprojectionis similar. (c) Thesizeof thebillboard
is scaled.

5. Results

We successfullyanimatedthe hair with a headand torso
modelataninteractive framerate.Figures6 (a)– (c) show a
few framesfromananimationof backhair. Thehairis forced
to split into two, and then mergesagain becauseof grav-
ity. Hair-hair interactionspreventthehairsfrom penetrating
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eachotherasshown in Figure6 (c), which is a contrastto
Figure6 (d) wherehair-hair interactionsarenot considered.
Figure7showsananimationof hairwhentheheadisshaken.
Theheadturnsaroundandthehair follows this motionwith
delaybecauseof inertia.Dynamicclusteringeffectsarevis-
ible. Figure8 shows an animationof hair blowing in wind.
Interactionsbetweenthehairandtheair arealsosimulated.

(a) (b)

(c) (d)

Figure 6: (a) – (c) A few framesfroman animationof back
hair. (d) Thehairs penetrate each other whenhair-hair in-
teractionsarenotconsidered,which is a contrastto (c). The
differenceis clearlyseenin theredcircles.

Figure7: Animationof hair whentheheadis shaken.Left to
right, top to bottom.

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

We usedabout2,000 particlesto representthe hair for
all of theanimationspresentedabove.Thenumberof parti-
clesis determinedby a compromisebetweenaccuracy and
ef�ciency, andwe chosethe numberso that the animation,
includingbothsimulationandrenderingwith shadows, can
beperformedat aninteractive framerate.Thehair wasani-
matedat 6.7 fps on a PCwith an Intel Pentium4 2.8 GHz
CPU andan NVIDIA Quadro4900 XGL GPU.The simu-
lation took 33%of the total computationtime, andtheren-
deringtook therest.Thesizeof theimageandthebuffer for
computingshadows is 512� 512.

6. Conclusionsand Futur eWork

This paperhaspresenteda practicalmethodfor animating
hair with a new model called looselyconnectedparticles
(LCP). The hair is modeledasa setof unorderedparticles
thatserveassamplingpointsfor thevolumeof thehair. The
looseconnectionsbetweentheparticlesmakethehair freeto
move laterally, neverthelessproviding lengthwisecoherence
by maintainingtheir tensilestiffness.The hair is rendered
by placingbillboardswith hair textureat thepositionsof the
particles,utilizing graphicshardwareaccelerations.

OurLCPapproachhasthefollowing advantages:

� It reducesthe high computationalcostof simulatingthe
dynamicsof thehair includinghair-hair interactions,and
realizesinteractivehairanimation.

� The simulationis solely basedon the particledynamics,
whichsimpli�es theimplementation.Otherparticle-based
methodscanbeeasilyincorporated.

On theotherhand,therearelimitationsto ourmethod:
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� It is applicableto only asimplehairstyle,andextensionto
varioushairstylesis amajorremainingtask.

� The simulationis not physically rigorous.The nonlinear
spring forcesaccountingfor the stiffnessof the hair are
designedto obtain the desirablemotion of the hair, and
thebendingstiffnessis notmodeledexplicitly.

� The hair is still renderedcoarsely. Interpolatingbetween
theparticlesto placemany smallerbillboardswould pro-
duce�ner images,but this will slow down thesystembe-
low aninteractive framerateoncurrentcomputers.

In additionto addressingtheabove limitations,thefuture
directionof this work would beto take furtheradvantageof
the particle representation,for example,adaptive sampling
of thehair volumeandincorporatingthesimulationlevel of
detail technique19.
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