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Abstract: We presenta novel approad for modeling hair
using level-of-detail representations. The set of representations
includeindividual strands,hair clustes, and hair strips. They are
representedusing subdivisioncurvesor surfaces,and have the
sameunderlying base skeleton to maintain consistenthigh-level
physical behavior when a transition betweendifferent levels-of-
detail occuss. Thisframevork supportsautomaticsimpli cation of
dynamicsimulation, collision detection,and graphical rendering
of animatedhair. It also offers exibility to balancebetweerthe
overall performanceand visual quality, and can be usedto model
and renderdifferent hairstyles. We haveusedtheselevel-of-detail
representationsto animate various hairstyles and obtained no-
ticeableperformancémprovementwith little lossin visualquality.

Keywords: GeometricModeling, Hair Modeling, Level-of-Detalil
Algorithms.

1 Intr oduction

Theability to modelhumanfeatureshasbecomeanessentiahspect
of 3D graphicsfor modelingavatarsin virtual ervironments,vir-
tual humansn computergamesandhumancharactersn animated
Ims. A humanheadcanhave over individual strandsof
hair. Animatinghairin real-timeis a challengingproblemdueto the
high numberof primitivesrequiredto modelhair accuratelyandre-
alistically. It is alsodif cult to achiere stableandrobustsimulation
of hairdynamicsaswell asinteractionsamongthehairandbetween
the hairandthebodyfor differenttypesof hairstyles.

The currentcommercialrendererssuchas Pixar's RenderMan
andotherproprietarysoftwareusedn movieslike
and , cangeneratebeautiful andrealistic appear
ancedor hairandfur. However, to thebestof our knowvledge,these
systemsdo not offer interactive performancefor either animation
or renderingof hair. Modeling, styling, simulatingand animating
hair remainsa slow, tediousand often painful processfor anima-
tors. A few existing real-timealgorithms[K oh andHuang2001] or
hardwareacceleratedenderingandshadingNVIDIA 2001],onthe
otherhand,oftendo notyield realistichair renderingsr arelimited
to certainhairstyles(e.g. short, straighthair). One of the major
bottlenecksn achiezing real-timesimulationof moving hairis col-
lision detectioramonghairsandbetweerthehairandthebody This
is oftenthe dominatingfactorin termsof the overall computational
cost[Planteetal. 2001].
Main Contribution: In this paper we presenta novel, uni ed
frameawork for modelinghair basedon level-of-detail (LOD) repre-
sentationsWe usea serieof subdvision surfacepatchegSchidder
and Zorin 1998] for modelingthe leastsigni cant layersof hair,
hair clustersrepresentecs subdvision surfacesof variablethick-
nessfor modelingthe intermediatdayers,and subdvision curves
for simulatingthemostvisible andhighest-resolutiomdividual hair
strands.Two hairstylesmodeledandsimulatedusinga combination
of theserepresentationareshavn in Fig. 1 andFig. 2. Our algo-
rithm combineshis setof LOD representation® simulatemoving
hair, perform collision detection,and accelerategraphicalrender
ing. It automaticallyswitchesbetweendifferentapproximationsof
varying delity , dependingon the userspeci ed screen-spacerror
toleranceyiewing distanceyisibility, hair motion andotherappli-
cationdependentactors.Overall, our frameavork offers several ad-
vantages:

Uni ed representationsbasedon the subdvision framework
andthe“baseskeleton”representation;

Figurel: Long curly redhair blowingin thewind.

Figure2: Short,wavybrown hair.

Automatic simpli cation of both geometryand physicsfor
hairanimationandrendering;

Computational ef ciency in the overall dynamicsimulation,
collision detectionandgraphicalrendering;

Flexibility in achiezing the desiredbalancebetweensimula-
tion speedandvisual delity;

Generality in termsof modelingmary differenttypesof hair:
shortvs. long, straightvs. wavy, thin vs.thick, ne vs.coarse.

Usingthesdevel-of-detailrepresentatiornf®r modelinghair, we
obsered noticeableoverall performancemprovementwith little
degradationin visualappearancef the simulation.

Organization: Therestof thepaperis organizedasfollows. Section
2 givesa brief suney of relatedwork. Section3 describeshethree
basicmodelrepresentationsf hair basedn the subdvision frame-
work andthe baseskeleton. The dynamicsmodelandour collision
detectionalgorithmusingthe LOD representationaredescribedn
Sectiord andSection5 respectiely. In Section6, we describdech-
niguesto renderhair usingthe proposedevel-of-detailrepresenta-
tions. The criteria for automaticallyswitchingand selectingLOD
representationare outlinedin Section7. Section8 highlightsthe



resultsof our implementationand analyzesits performance. Fi-
nally, we suggesseveralareador futurework.

2 RelatedWork

Ourwork s built uponalargebodyof knonvledgeandconceptgrom
several differentareasjncluding hair modeling,renderingand ani-
mation,multiresolutionrepresentationgndsimulationacceleration
technigues.We synthesizeogethemary key ideasfrom different
areas,jmprove upon several known algorithmsfor simulatingand
renderinghair, andproposeanew approachor hairmodelingbased
onthesubdvision framevork andthe baseskeleton.

2.1 Hair Modeling

Modeling hair has beenan active areaof researchin computer
graphics and numerousapproacheshave been proposedto ad-
dressthis problem[Magnenat-Thalmanret al. 2000; Hadapand
Magnenat-Thalman2001; Yu 2001; Kim and Neumann2002].
Somefundamentatechniquesverepresentedo modelthe motion
of individual hair strandsn [Anjyo etal. 1992;Kuriharaetal. 1993;
Daldeganetal. 1993],with eachstrandof hairrepresentedsaseries
of connectedine sggmentsandthe shapeof the hair determinedy
specifyingthe desiredanglesbetweersggments.Forcesareapplied
to the control points of the line sggmentsto simulatethe hair mo-
tion. To reducetheoverall computatiortime, strandsof hairthatare
neareachotheror move in a similar fashion,are bundledtogether
asagroupor asawisp[Kuriharaetal. 1993]. Usinga similar phi-
losophy individual strandsof hair aregroupedtogetheras“wisps”
for animatinglong hair, eachmodeledusinga spring-masskeleton
anda deformablesnvelope[Planteetal. 2001]. A similar approach
is usedfor interactve hairstyling[Chenet al. 1999; Xu and Yang
2001]. Adaptive guidehairswereusedin [Changetal. 2002]to add
moredetailto overly interpolatedregions. Using guide strandsin-
volvesanimatinga few strandsandthe dynamicsof the remaining
strandsareinterpolatedrom theseguides.

Noneof thesetechniquesthough,canperformhair animationor
renderingn real-time.Recentlyathin shellvolume[Kim andNeu-
mann2000] and 2D strips[Koh andHuang2000; Koh andHuang
2001] have beenusedto approximategroupsof hair. Suchtech-
niguesenablereal-timehair simulation.However, theresultingsim-
ulation lacksa realistic, voluminousappearancef the hair. Tech-
niquesfor real-timerenderingof fur and hair that exploit graphics
hardware were presentedn [Lengyel 2000; Lengyel et al. 2001;
NVIDIA 2001]. However, thesetechniquesio notwork well or are
notapplicablefor renderingong, wavy or curly hair.

2.2 Model Simpli cation

Model simpli cation algorithms, such as automatic generation
of geometric level-of-detail (LOD) representationsand multi-

resolutionmodeling [Schidder and Zorin 1998] techniques have

beenproposedto acceleratehe renderingof complex geometric
models. A recentsuney on polygonalmodelsimpli cation is pre-
sentedin [Luebke 2001]. A genericframeavork for selectingand
switchingbetweertifferentgeometridevels-of-detai(LODs)to at-

tain a nearly constanframeratefor interactive architecturawalk-

throughswasintroducedn [FunkhouseandSequin1993].

2.3 Simulation Level-of-Detail

The use of levels-of-detail has beenextendedto motion model-
ing and dynamic simulationas well. Simulation levels-of-detall
(SLOD) are usedto simplify or approximatethe dynamicsin a
scenesimilarto theway thatgeometrid_ODs areusedto simplify
acomplex model.

CarlsonandHodginsexploredtechniquesor reducingthe com-
putationalcostof simulatinggroupsof leggedcreaturesvhenthey
arelessimportantto the viewer or to the actionin thevirtual world
[Carlsonand Hodgins 1997]. In [Perbetand Cani 2001], levels-
of-detail, including 3D geometry volumetric texturesand 2D tex-
tures,areusedto animateandrenderprairiesin real-time. SLODs
have alsobeenproposedor the automaticdynamicssimpli cation
of particlesystemgO'Brien etal. 2001].

Other types of simulation accelerationtechniques,such as
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Figure3: BasicPhysicsModels. (a) Thebaseskeletonmodel; (b)
Theparametes that de ne the styleof hair.

view-dependentlynamicsculling [Chenng andForsyth1997]and
Neuro-Animator{Grzeszczuket al. 1998], have also beeninvesti-
gatedto reducethetotal computationatostsfor simulatinga large,
complex dynamicalsystem.

3 Model Representations

Our approachusesthreenovel representationbasedon the subdi-
vision framevork and a baseskeletonto createboth discreteand
continuouslevels-of-detailfor hair. They arestrips clustes, and
individual strands

3.1 DesignConsideration

Although the setof proposed_OD representationsay appearto
be intuitive and simple, it is carefully designedand chosen. We
have adaptedheuseof thesubdvisionframevork. Thesubdvision
frameavork canmodeldifferenthairstylesaseffectively asNURBS,
quickly performadaptve dynamictessellationandmostof all can
potentially take advantagesf new graphicshardware for interac-
tive renderingof curve primitives. (More detail will be givenin
section6.)

The useof the baseskeletonis intentionally selectedo main-
tain a global, consistentmacroscopighysicalbehaior, as LOD
switchestake place. This choicehelpsto drasticallysimplify mary
transitiondif culties typically presenturingLOD switching. It au-
tomaticallyreducesafairly high degree-of-freedondynamicalsys-
temdown to alower degree-of-freedomdynamicalsystemwithout
ary extra expensve computationsotherthan performingthe LOD
switchingtests(to be describedn section?).

3.2 Subdivision Representations

Subdvision curvesandsurfaceshave beenchoserastheunderlying
geometricrepresentatiofor all LODs in our hair modelingframe-
work becausef their scalability and uniformity of representation
[SchibderandZorin 1998]. Thesubdvision procesreatesmooth
cunesandsurfaceghroughsuccessiely re ning acurve or meshof
controlpoints.De ning thelevelsof successie re nementcancon-
trol thesmoothnessf theresultingsurfaceor curve. Thisis usedto
generateadaptve, continuous.ODs for rendering.A detaileddis-
cussionon the subdvision framevork andtechniquesanbefound
in [SchidderandZorin 1998].

Subdvision in 1D is usedto createthe curves that represent
hairs as individual strands,to be discussedn Sec.3.6. The
schemein 1D is an efcient methodfor creatinga smoothcurwe.
For surfacerepresentationsye createa triangularbasemeshand
subdvide. The controlmeshfor eachof the threerepresentationis
shavn in Fig. 4(a)(c)and(e).

3.3 The BaseSkeleton

Basedon the ideafor modelingeachindividual hair strand[K uri-
haraet al. 1993], we usea similar structurefor the baseskeleton,
whichformsthe“core” of ourproposedetof LOD representations.
The baseskeletonis comprisedbf — control points,or nodes.This
valueis decidecautomaticallypasedn criteriasuchasthelengthof
the hair, the wavinessor curlinessspeci edfor the hair, andthe de-
siredsmoothnessThe skeletonis modeledasanopenchainof line



segmentsthat connectthesenodes. Springforcesare usedto con-
trol the anglesbetweereachnode,while the distancebetweereach
nodeis x ed.Fig. 3(a)shavs thebasicsetupof theskeleton.The
nodes and seggments

de ne the skeleton. Specifyingthe shapeof the skeletonmodelis
discussedh Sec.3.8.

3.4 Strips

The strip modelin Fig. 4(a) and(b) usesa single skeletonmodel
asits basisfor motion. The structurefor this modelis inspiredby
the stripsrepresentatiopresentedy [Koh and Huang2000; Koh
andHuang2001]. The skeletonis the centerof the strip and for
eachnodein the skeletontherearetwo control pointsthatareused
to de ne the strip. Thesetwo strip control pointsandthe skeleton
nodepoint arecollinear A skeletonwith  nodeswill resultin a
subdvision surfacecreatedrom a control polygonconsistingof
controlpoints.

A stripis typically usedto representheinnermostlayersof hair
or partsof hair thatarenot visible to the viewer and, therefore are
often not rendered. It is the coarses{lowest) level-of-detail used
for modelinghair. It is mainly usedto maintainthe global physical
behaior andthe volumeof the hair duringthe simulation.

Figure 4: Level-of-Detail Representationfor Hair Modeling. (a)
Subdivisionrepresentatiorof strip with skeleton; (b) Rendeed strip; (c) Subdivision
representatiorof clusterwith skeleton;(d) Rendeedcluster; () Subdivisiorrepresen-
tation of a strandwith skeleton;(f) Rendeedindividual strand.

3.5 Clusters

The clustersare represente@s generalizedtylinders createdwith
texture-mappedubdvision surfacesasshavn in Fig. 4(c) and(d).
Eachclusteris basedon one skeletonthat is locatedat the center
of the cluster A radiusis speci ed at the top and the bottom of
eachcluster Theradiusis thenlinearlyinterpolatecateachskeleton
nodepoint; this allows the thicknesgo vary down thelengthof the
cluster At eachskeletonnode,a circular cross-sectionmadeup of

controlpoints,is createchasedon the radiusvalueat thatnode.
Thus, a skeletonmadeup of  pointswill createa clusterof
controlpoints. Typically having = is enoughdetailto de ne the
cross-section.

A clusteris usedto modelthe intermediatdayersof hair and
oftenmalkesup themajority of thebodyof semi-visiblehair. When-
everappropriateit is farlesscostlyto represenagroupof hairusing
theclustermodel,insteadof alarge numberof individual strands.

3.6 Individual Strands

Eachindividual strandis modeledasa subdvision curve using1D
subdvision with  control points, as shavn in Fig. 4(e) and(f).
Most humanheadshave a few individual strandsthat are separate
from the body of their hair. Thesetypesof smallimperfectionsare
usuallyonly noticeablewhenviewing the hair closely The ability

to seetheseindividual strandsis what makes this representatioma
ner detailedmodelof hairthanthe clusters.

3.7 GeneratingLODs

In the model simpli cation literature,typically eitherstaticLODs
are generatedfine for online switching, or dynamicLODs are
computedon the y . In our currentframenork, a combinationof
bothstaticanddynamicLOD representationis used.

ContinuousLOD representationare generatedy the subdvi-
sionof curvesandsurfacesfor fastrendering.Giventhe threebasic
discretel OD representations smallnumberof individual strands
are groupedinto clustersand a few hair clustersare combinedto
form ahair strip. In our currentimplementationfor the easeof val-
idating the effectivenes=f this framework, a prede nednumberis
usedin the simulation. (Due to pagelimitation, more implemen-
tation detail is given at the projectwebsite.) However, this canbe
modi ed to generatelynamicgroupingsof strandsandclusterson
the y. Thisis a non-trivial computationto performin real-time,
consideringthe numberof strandsor clusterson a humanhead. It
is thusbeyondthe scopeof this paperandwe planto investigatehe
feasibility of this optionin our futurework.

We alsousea hybrid representationyhereonly a singleskele-
ton modelis usedto simulatephysicalbehaior for agroupof indi-
vidual strandswhile individual strandsarerenderedThisis afairly
populartechniqueusedto generaténigh-qualityanimation. This is
usedn someof oursimulationgo helpfurtheraccelerat¢heoverall
performancewhile maintainingthe overall visual quality.

3.8 Hairstyling

The skeletoncontrolsthe motionandthe shapeof eachhair section
andis responsibldor the overall style of thehair. Variousshape®r
stylesof hair canbe speci ed by stipulatingtherestangles and

(seeFig. 3) of eachnode of the skeleton. Straighthair canbe
createdby assigning to and to for eachnode of the
skeleton.In addition,we cancreateawavy hairstyleby zig-zagging
the positionof the nodesdown the lengthof the skeleton. A zigzag
or wavy skeletonis createdby assigningeach  to acertainangle
between0 and 90 degreesand thenthe valuesof alternateby
180 degrees. Ringlet or spiral curls canalso be createdusingthe
skeletonby specifyingananglevaluebetweerD and90 degreesfor

andthen,to achieve the spiraleffect,each  valueincrements
by 90 degreesdown thelengthof the skeleton.

Thesewo processefor stipulatingwavesor curlscanbealtered
to createvaryingstyles.Thesggmentsizeandthevaluesfor can
be changedo createnon-uniformcurls andwavesaccordingto the
desireof theuser

Boththestrandsandtheclustersareableto accuratelydepictthe
shapale ned by theuser While thestriprepresentatiogivesbetter
visualresultsfor straighthair, it canalsobeusedto modelwavy and
curly hair, but notin as ne adetailastheothertwo representations.
Stripsareonly usedwvhentheviewercannotobsere ne detail,such
aswhenthehairis atdistanced$ar from theviewer, or whenthehair
is notin sight. Thus,while the strip cannotdepictall hairstylesas
accuratelyasthe othertwo LODs, it is not usuallyapparento the
viewer. Criteriafor choosinganLOD is discussedn further detail
in Sec.7.

4 Dynamic Simulation

The useof the sameunderlyingskeletonmodelfor eachhair rep-
resentationj.e. strips, clusters,and individual strands,provides
a simple yet effective mechanisnfor switching betweendifferent
levels-of-detail. In this section,we describethe dynamicmodelof
the skeleton,and explain our hair simulationalgorithmthat usesa
combinationof thesethreerepresentations.

4.1 BasicPhysicsModel

The physicsof motion for the baseskeletonis similar to thosede-
scribedin [Anjyo et al. 1992; Kuriharaet al. 1993]. The forces
thatareappliedto eachnodepoint govern the motion of the skele-
ton. The force measuredrom the angularspringsof the skeleton
model, , helpshold the speci ed hairstyleduring the simu-



lation. , forcefor the th nodeof theskeleton,is calculated
by combiningtheforcesfor and

where and areangularspringconstantand  and are
initial anglesfor node .

Otherforcesthat act on the hair are gravity, , external
forces, , suchaswind, and forcesdueto collision. We will
ignorethein uence of collision forceson a nodeuntil Sec.5. Sum-
ming the remainingforcestogetherwe obtaina magnitudeanddi-
rectionfor the simulationforce appliedto eachskeletonnode

,tobe:

4.2 Transitioning betweenLODs

One of the mostcrucial aspectsof using LODs in a simulationis
the ability to switchbetweerdifferentrepresentationsmoothly In
orderto avoid a suddenjump or poppingin the graphicaldisplay
it is necessaryhat the motion and positioning of the hair remain
consistenthroughouthetransition.

Sincethe motion of eachLOD is basedn the sameunderlying
skeletonmodel,we canusethis formulationto move from onelevel
to anotherwith little visual artifacts. When a switch is made,the
skeletonof thenew level-of-detailinheritsthe dynamicsstateof the
skeletonof the previouslevel.

For example,if the currentLOD is a strip, the algorithm re-

nes thehairmodelandmalesatransitionto multiple clusters.The

sectionof hair transitionsfrom a modelwith one skeletonto one
with  skeletonswhere is the numberof clustersrepresentethy
one strip. Eachclusterskeletonlinearly interpolatesposition and
motion valuesfrom the strip skeletonbasedon the position of the
clusterskeletons root, or the rst skeletonnode, , in relationto
theroot of the strip skeleton.

The transitionsare even more straightforvard going in the re-
versedirection. As we move from multiple clustersbackto a sin-
gle strip, the skeletonof the strip simply inheritsthe averageposi-
tion and motion valuesof the clusterskeletonthat the strip repre-
sents. Transitionsbetweenthe clustersand individual strandsare
performedn asimilar manner

By usingthesesimpli ed representationtogethey our frame-
work automaticallyswitchesbetweerdifferentLODs of hair, sim-
plifying thedynamicsof the hair asneededCriterionfor switching
betweerLODsis discussedn Sec.7. A strip canmodelthelargest
portionof hair andits simulationrequiresaslittle computatiorasa
singlestrandor a clusterof hair. Whenappropriatestripsareused
to acceleratahe simulationof hair, while maintainingsomehigh-
level behaior of the hair dynamics. Clustersareusedin a similar
manneito accelerateéhe simulation.

5 Collision Detection

Collision detectionis a vital partof hair simulationsincehair is in
constantontactwith the scalpof the headandotherhairs. Dueto
the high compleity of hair, this canbe a costly computatiorandit
is crucialthatthe collision detectionis performedef ciently .

5.1 Bounding Volume Hierar chy

Therearemary techniquesknown for collision detection.Someof

the commonlyusedalgorithmsfor generaimodelsarebasedon the

useof boundingvolume hierarchiegBVHs). A tree of bounding
volumes(BVs) is pre-computedf ine to enclosesetsof geometric
primitives, suchastriangles. To performcollision detectionusing
BVHs, two objectsaretestedby recursvely traversingtheir BVHs

[Larsenetal. 2000].

5.2 SweptSphere Volumes
To perform collision detectionon the different representationsf
hair, we adaptthe family of “sweptspherevolumes”(SSV)[Larsen

et al. 2000] to surroundthe hair. SSVsare a family of bounding
volumesthatcorrespondo a coreskeletongrovn outward by some

offset. Thesetof coreskeletonsmayincludea point, line, or n-gon.
We have choserto usearbitrarily orientedrectanglesinsteadof n-
gons,asthemostcomplex skeletonin our currentframework. More
preciselylet bethecoreskeletonand beasphereof radius .
EachSS\ , canbede nedas:

SSVsare chosenas the boundingvolumesin our framework,
becauseahe shapeof our LOD representationsharescloseresem-
blanceto thoseof SSVs.DifferentSSVsprovide varyingtightness.
For clustersandstrandsline sweptspheregLSS) arethe bestcan-
didatesfor eachsegment,while rectanglesweptsphereprovide the
better t for strips, andthe point sweptspherefor the headat the
top level. To detecta collision betweena pair of SSVswe simply
performa distancecomputationon the correspondingpair of core
skeletonsand then subtractthe appropriateoffset (radius of each
SSV).

5.3 Constructing SSVsfor Hair Representations

For eachrigid segmentof the skeletonmodel,thatis, eachline seg-
mentbetweentwo nodes,we pre-computean SSVBV. Sinceeach
representatioof the hair canbetightly encapsulatedsinga single
SSV, a BVH is not necessaryor the hair. For a skeletonwith
nodesthereare segments,andthus singleSSVs.The
variablethicknessof eachsggmentde nes the radiusof the SSV
alongits length.

In orderto computea BV for a strip, we let the four control
pointsof the strip thatoutline a skeletalsegmentde ne the areafor
aBV to enclose.Thisis performedfor eachof the segments
alongthe skeleton. The geometryof the strip is differentfrom the
othertwo representationis thatthestripis a surfacewhile theclus-
tersanda collectionof strandsarevolumes. In orderto allow the
transitionfrom a strip into multiple clustersremainfaithful to the
volumeof hair beingdepictedwe createa BV for a strip sectionby
surroundingt with a box of certainthickness.Eachstrip is given
athicknessequalto that of its clusterandstrandgroupingcounter
parts. While the strip is renderedasa surface, it actsphysicallyas
avolume. Thus,whenatransitionfrom a strip into clustersoccurs,
the of hair beingrepresentedemainsconstanthroughout
this process.

For the clusterrepresentationwe createa BV aroundthe 2
controlpointsthatde ne asggment(  controlpoints,asde nedin
section3.5, from the cross-sectiomt the top of the sggmentand
controlpointsatthe bottomof thesegment).

For individual strandswe performcollision detectionfor each
strandor groupof strandsdependingon implementationin a man-
ner similar to that of the clusters.We computean LSS aroundthe
skeletonthatde nes eachsegmentwith aradiusde ning thethick-
ness. Theradiusof eachBV is varied basedon the thicknessof a
groupof strands.

Oncethe BVs arecomputedor the hair we constructa BVH of
SSVsusinga top-towvn hierarchyconstructiorfor the otherobjects
in thesceneheadbody, etc.,asa pre-computationDuring therun-
time simulation,thesingleSSVsandthe BVHs areusedto perform
collision queriesandarelazily updatecdnthe y . To detectacolli-
sionbetweerasggmentof hairandanoutsideobject,thehair's SSV
is testedagainsthe BVH of the object. (Pleaseeferto [Wardetal.
2003]for moredetail.)

5.4 Collision Response

Since the sameskeleton model is usedfor eachrepresentation,
wheneeracollisionis detectedve calculatetheresponseisingthe
samemethodfor all of therepresentation®nceacollisionbetween
the hair andthe head,or otherobject,hasbeendetectedbur algo-
rithm determineshonv muchthe sgmentof hair is penetratinghe
head thevelocity of thatsegmentof hairin thedirectionof thehead
is setto zero,andthe hair sggmentis moved sothatit is outsideof
the head. A frictional force in the directiontangentto the headis
alsoappliedto eachskeletonnodewhena seggmentof hair collides
with theheador body



During the simulation,seggmentsof hair arein constantcontact
with othersegmentsof hair. Sincewe do notwantto performacol-
lision detectionteston a hair sggmentagainstall of the remaining
segmentsof hair, the areaaroundthe headis spatiallydecomposed
or brokeninto three-dimensionaijrids. Eachsegmentof hairis in-
sertedinto the grids and only hair sgmentsthatfall into the same
grid aretestedagainseachother Segmentof hairaretestedagainst
eachotherfor collision by performingan intersectionteston their
SSVs.

If two hair sgmentsintersectwith eachother they needto be
moved apart. The SSV overlap test determinegthe distancethe
skeletonsegmentsarefrom eachotherin additionto testingfor col-
lisions. We thenusethis calculateddistanceastheamountto move
theintersectingsggmentsapart.

Furtherdetail on the hair collision detectionand collision re-
sponsealgorithms, including exact methodsfor determiningre-
sponsemagnitudesanddirectionsfor hair-objectandhair-hair col-
lisionsandcalculatingfrictional forces,canbefoundin [Wardetal.
2003].

6 Rendering

In our system,a mixed model of discreteand continuousgeomet-
ric LODs is usedto renderthe hair representationasdescribedn
section3. We adaptedhe shadingmodelsuggestedby [Kajiya and
Kay 1989],to capturetheanisotropimatureof hair. An ef cient im-
plementatiorof anisotropicsurfacerenderings performedusingan
OpenGLtexture matrix, asappearsn [Heidrich and Seidel1998].
Therenderingof the subdvision surfacesthatare usedfor clusters
andstripsareassignedwo additionaltextures.The rst texturecon-
tainsthe hair color information. It is createdasa pre-proces$rom
the samecolor rangethat assignscolor valuesto the strands. The
next texture usedon the surfacescontainsalphavaluesthatde ne
thetransparencof the surfacegKoh00]. Alpha mappingis usedto
createthe illusion thatthereareindividual strandsbeingrendered.
The anisotropiclighting, the hair color, andthe alphatexturesfor
thesurfacesarerenderedn asinglepassusingmulti-texturing.

Self-shadwing is avital factorto increasahevolumetriccueof
the hair. We useopacityshadev maps[Kim andNeumann2001],
which areafastapproximatiorof deepshadav maps.

Aliasing is an innate problemof hair rendering,becauseeach
hair strandis too thin to occupy a single pixel. Fortunatelyit is
not as major of a problemfor high LOD representationske the
clustersand strips, asit is for strands. We rely on graphicshard-
warefor antialiasing.NVIDIA GeForcefamily provideshardware
implementedhigh resolutionantialiasingthrough multi-sampling
[NVIDIA 2002]. We select4-sample9-tab multi-samplemode—
the highestquality availableto us, becauseariousmulti-sampling
modesprovided by the graphicshardware doesnot affect overall
performanceof our system.In orderto renderthe simulatedhairs
with motionblur, we adapthetechniquepresentedy [Haeberliand
Akeley 1990]. The currentimageis renderednto theaccumulation
buffer sothatit canbe integratedwith previousimages.Usingthe
accumulatiorbuffer alsoreduceghealiasingof individual strands.

SwitchingbetweenrdifferentLODs canintroducevisual distur
bances.To addresghis problem,we combineseveral methods.By
usingthealphachannein thetexturesfor clustersandstripswe add
the visual illusion of strands,makingthe LOD transitionlessno-
ticeable.The densityvaluesnecessaryor the opacityshadav map
computationdor the clustersand strips are basedon the number
of strandsthey represent.This helpsto keepthe brightnesf the
shadavs constantWe alsoblendtheimagesof previousandcurrent
LODs to make transitionssmoother

7 ChoosingHair Representations
Giventhethreerepresentationfor a sectionof hair, a singlerepre-
sentationfor modelingand simulatingthat sectionis computedon
thebasisof severalcriteria. We have usedthefollowing components
in our currentimplementation:

Visibility

Viewing distance

Hair motion

7.1 Visibility

If aviewer cannotseea sectionof hair, that sectiondoesnot need
to be simulatedor renderedat its highestresolution. The viewer
cannotseehairif it is notin the eld of view of thecameraor if it is
completelyoccludedby the heador otherobjectsin the scene.

If a sectionof hair in strandrepresentatiors normally simu-
latedusing numberof skeletonsbut is occludedby otherobjects,
we simulatethatsectionof hairusingonelargerstrip, andtherefore,
one skeleton. Whenthat sectionof hair comesbackinto view, it
is importantthatthe placementandactionof the hair areconsistent
with the casewhenno levels-of-detailareusedat all, thereforewe
continueto simulateit. In addition,whenahair sectionis occluded,
it doesnot needto berenderedat all. Therefore whena sectionof
hairis occludedwe simulatethe hair thatmight normallyberepre-
sentedaseitherclustersor strandsasstripsthatusefewer skeletons
andthesesectionsarenotrendered.

In our currentimplementationwe performa simple occlusion
testthat involves tting a sphereto the headso thatit is slightly
smallerthanthehead.If thereareotherobjectsin thescenesuchas
abody asimilar methodis applied.We thentestthe SSV bounding
volumesof the hair to seeif they arevisible from the cameraor if
theoccludersoccludethem. It is possibleto usemoresophisticated
occlusionculling algorithms suchas[Zhangetal. 1997],or special
featureson new GPUs(e.g. NVidia NV30) to performthesetests
moreef ciently.

7.2 Viewing Distance

Hair thatis far from the viewer cannotbe seenin greatdetail. We
canestimatehe amountof detailthatwill be seerby theviewer by
computingthescreerspaceareathatthehaircovers. As thedistance
from the viewer to the hair increasesthe amountof pixels covered
by thehair getssmallerandlessdetailis viewable.We cancalculate
the amountof pixels coveredby the hair to choosethe appropriate
LOD.

A singlestrip,agroupof clustersor agroupof strandsep-
resenta given portion of hair. Eachis designedo cover a similar
amountof world spacethuswe canusethe controlskeletonof the
strip asan estimateto the amountof screerspaceareaa given hair
sectionoccupies.To determinehe screerncoverageof this hair, we
createa line from the rst skeletonnodeto the last skeletonnode
andprojectthisline into screerspacelf theamountof screerspace
coveredby this line exceedsthe pre-determinednaximumallow-
ablesizefor a strip, thenthe given hair sectionwill berenderecas
a cluster Similarly, if the amountof screenspacecoveredby the
line exceedsthe maximumallowable sizefor a cluster thenit will
berenderedasindividual strands Thepre-determinedhaximumal-
lowablesizefor eachLOD is decidedexperimentallybasedon the
viewer's preference.

7.3 Hair Motion

If the hair is not moving at all, then a large amountof computa-
tion is not neededo animateit and we canusea lower level-of-
detail. Whenthe avatarmakessuddermaovementsg.g. shakinghis
or herheador alargegustof wind blows throughthehair, a higher
detailedsimulationis used.Whenalargeforceis appliedto thehair,
suchaswind, oftenindividual strandscanbe seenevenby aperson
who is normally too far away to seeindividual strandsof hair that
arenotin motion.

We choosehe particularLOD basedon hairmotionby rst de-
termining the skeletonnodein the currentrepresentatiothat has
the strongesforce actingon it. This valueis comparedo certain
thresholdsde ned for strandsor clusters.If theforce actingon the
skeletonis not high enoughto be representeds either strandsor
clustersthenthe hair canbe modeledasa strip.

7.4 Combining Criteria

At ary giventime duringa simulation,a headof hair is represented
by multiple LODs. Eachsectionof hair usests own parametewal-
uesto trigger a transition. The sectionsof hair thathave a root lo-
cationat the top of the head,andthereforemoreviewable,remain
at the individual strandslevel longerthanthe sectionsof hair that



arelocatedat the baseof theneck. Thus,evenif thesetwo sections
areatthe samedistancerom thecameraandhave the samemotion,
it is moreimportantthatthe top layer be representedsindividual
strandsinsteadof clusters,sinceit is in directview. Whendeter
mining anappropriated_OD to use,we rst testthatsectionof hair
for occlusion.If the hair is not visible to the viewer thenwe auto-
matically simulateit asa strip anddo not renderit. In this caseno
othertransitiontestsareneeded!f the sectionof hairis visible, we
performthe motion and distancetestsdescribedabore. The LOD
representatiolis chosenbasedon whichever of thesetwo testsre-
quireshigherdetail. Theuseof differentrepresentationfor the hair
is virtually unnoticeableo the viewer.

8 Resultsand Comparisons

We have implementedour automatedsimpli cation algorithm for
hair modelingin C++. We modi ed and extendedthe publically
availableproximity querypackagePQP[Larsenetal. 2000],to per
form collision detection.The simulationresultsaredisplayedusing
OpenGL.

8.1 Implementation Issues

In orderto speedupghe LOD transitionsat runtime, mary compo-
nentsare precomputedAn interactve hairstylingtool wascreated
to allow theuserto placethe skeletonsonthe headatthedesiredo-
cations.Thestylingtool alsoletstheusersetparametersor curly or
wavy hairautomaticallyby settingtheangleshatcontrolthedegree
of the curl or wave, respectiely. The size (length, width, radius,
etc.) of eachrepresentatiors alsosetusingthis styling tool.

We alsoprecomputehe correspondin@®V for eachrepresenta-
tion of hair to be usedfor collision detection.Thereforeduringan
LOD transition theonly valuesthatneecto beupdatecarethe posi-
tionsof theskeletonnodes Moreover, we useasimpli ed represen-
tation of the headmodelin performingcollision detectionbetween
theheadandthe hairin our simulation.

8.2 Performance Comparisons

We have testedour implementationon various scenarios. Please
visit our projectwebsite:

http://gamma.cs.unc.edu/HSLOD

for MPEGsof thesesimulationrunsandfor asequencef snapshots
takenfrom a hair simulationusingour LOD representations.

We alsocomparedhe performancéor theoverall dynamicsim-
ulation(notincludingcollisiondetection)andcollisiondetectiorus-
ing differentrepresentationsn various simulationscenarios. Ta-
ble 1 gives a detailed comparisonof the averlage running times
using a combinationof LOD representation§indicatedas LODs)
againstheuseof only oneof thethreediscreteLOD representations
(StrandsClustersandStrips).Fig. 5 shavstheruntimecomparison
of the simulationperformancever the entireduration,asthe cam-
erazoomsout, increasinghe distanceto the viewer. Therendering
performancaes similar to that of the simulation. The basisfor our
comparisonsisesthe averagetimings for the strandsimulationas
thevalue onthegraph.

For this benchmark,we used8045 individual strands,which
wererepresentedsingonly 173stripsor only 519clusters.In these
benchmarksa combinationof all threediscreteLOD representa-
tionswasautomaticallydeterminecby our framework at ary given
time duringthe simulations.Timings weretakenon a PC equipped
with aniIntel(R) Pentium(R¥ -GHz processqr GB mainmem-
ory andGeForce(R) graphicscard.

Stripsprovide the bestoverall performancen simulationtime,
sinceit is the coarses{lowest)LOD of hair. But, a combinationof
threediscretel OD representationssingour framevork offers sig-
ni cant performanceadwantagesver the useof individual strands
alone. Note thereare alsoimplicitly continuousLOD representa-
tions usedin our systemwith the subdvision framevork. While it
rendersmagesof almostequalvisual quality asthat of individual
strandspur LOD implementatiorgivesmuchbettertiming perfor
manceghanmodelingwith individual strandsin simulation,colli-
siondetectionaswell asrendering.

[ Breakdovn | LODs [ Strands| Clusters | Strips |

Dyn Sim 0.0175 | 0.5834 | 0.0298 | 0.00592
ColDetect | 0.0567 | 2.1934 | 0.1297 | 0.01896
Total 0.0742 | 2.7768 | 0.1595 | 0.02488

Table 1: PerformanceComparison.Simulationfor a camer zoomingout.
Theaverage performancenumbes are measuedin secondper frame

Figure5: SimulationPerformancé&Comparison.we showthe factors of

speed-ummongLOD, strips,andclustes over the strandsalone which is thebaseline
for comparison.Thesimulationspeedf our systentonsistentlyutperformsheindi-

vidual strands.It quidkly outperformshe useof clustes along asthe camen startsto

zoomout. Then,soonafter a certaindistancethreshold,t performscompaably to the
useof stripsalone

8.3 Analysisand Discussion

The impetusof this researchs to explore the useof level-of-detail
representationfor modelinghair to automaticallygeneratets ag-
gregate behaior, while preservingthe visual delity of the overall
simulation.lt is dif cult to meaningfullyquantifythecomputational
errorsintroducedby the useof simpli ed representationfor mod-
eling hair. However, we cansubjectvely evaluatetheresultingsim-
ulationby performingcomparisoron thevisual quality of rendered
images.

Usingside-by-sideeomparisor(seethe projectwebsite) we no-

tice little degradationin thevisualquality of therenderedmageus-
ing LODs. While they offer thebestcomputationaperformancethe
imagesof hairsimulatedby stripsappeasharpandangularlacking
arealisticappearancel heperformancef ourframewvork variesde-
pendingonthescenariosln generalijts overall performancén sim-
ulationandrenderingcomparegavorably againstheuseof strands,
clustersor stripsalone. However, our approachcanautomatically
placethe computingresourcest placeswvherethe hair is mostvisi-
ble to theviewer, andthusoffer amuchhighervisualquality for the
resultingsimulation.
Limitations: Onepossibleimitation of ouralgorithmis theslight
poppingthatcanoccurif aggressie LOD transitionsareused.How-
ever, we have alleviatedthis visualartifactwith motionblurringand
imageblendingduringthe LOD transitionin our system.

Occlusionculling is anactive andchallengingareaof research.
To performocclusionculling for hairrenderingoresentsnary more
new challengesasthe hair canself occlude,but eachstrand,clus-
ter or strip is rathersmallin sizeyetin aggregationits capabilityto
occludethe restof the hair canbe signi cant. Our currentimple-
mentatioronly hassimpleobject-hairocclusionteststo validatethe
basicidea. However, we have alreadyobsered someperformance
gainusingocclusionculling. We planto investigatemore sophisti-
catedtechniquesincludingtheuseof new graphicshardware,in the
nearfuture.

Oneof the foremostdif culties in hair simulationis to achieve
stability for all typesof hairstyles|engthsandinteractionsWe have
implementedrkunge-Kutterof order4 for numericalintegration.We
arecurrentlyinvestigatinghe useof implicit methods.

In orderto achieve high renderingrates,we areonly perform-
ing two-passre nementin our currentimplementationof opacity
shadev maps.For betterrenderedmagesmorepassesrerequired



[Kim andNeumanri2001]. We planto develop a nicerinterfaceto
allow the usersto tradeoff speedfor higherquality renderingand
viceversa.

There are other applicationdependentransitioncriteria, such
ascollision, thatwe have not examinedclosely Thesefactorscan
furthercontritute to improving the overall systemperformance.

8.4 ComparisonsAgainst Other Approaches

A multiresolutiontechniquéfor hairstylingis presentedh [Kim and
Neumanr2002]. They only usegroupsof strand<f differentsizes.
They have notappliedthis approactto hair simulation. The switch-
ing is directly controlledby theuser while oursoffersthe capability
of automaticswitching. To apply this techniqueto hair simulation
requiresdynamicgroupingon the y . Thisis very dif cult to per
form giventhe numberof strands.

Techniqueghat useinterpolationfrom guide strands,suchas
[Changet al. 2002], canbe limiting in the typesof hairstylesthat
can be modeledas well as interactioncapabilities. Furthermore,
their simulationsrun at slower ratesthanours[Yu 2002].

Our approachcomparegavorably to thoseusing only cluster
likerepresentation@.g.wispsor generalizeaylinders)[Chenetal.
1999; Kuriharaetal. 1993; Xu andYang2001;Planteet al. 2001],
aswe canachie/e similar visualquality with fasterenderingrates.

Thereal-timeanimationtechnique$K oh andHuang2000;Koh
and Huang 2001; Lengyel 2000; Lengyel et al. 2001; NVIDIA
2001] and thosecommonlyfound in video gamesare either lim-
ited to certainhairstylegmostly short,straighthair) or theresulting
imagequality is inferior to ours.

9 Summary and Futur e Work

In this paper we presentthe use of levels-of-detailfor modeling
hair to acceleratalynamicscomputation simplify collision detec-
tion andreducerenderingcosts. In additionto potentialareasof
improvementsmentionedin the earlier sections,there are several
possibledirectionsto extendthis research:

Interactvely modify the dynamicsof the hair in the presence
of othersubstancesuchaswater styling gel, hair spray etc.;
Dynamically changethe hairstyle, as the user combs or
brusheghehair with a 3D userinterface;

Automatically generatedesiredsimulation outcomes,given
high-level userguidance.
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