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Abstract: We present a novel approach for modeling hair
using level-of-detail representations. The set of representations
includeindividual strands,hair clusters, andhair strips. They are
representedusing subdivisioncurves or surfaces,and have the
sameunderlying baseskeleton to maintain consistenthigh-level
physical behavior when a transition betweendifferent levels-of-
detail occurs. This framework supportsautomaticsimpli�cation of
dynamicsimulation,collision detection,and graphical rendering
of animatedhair. It also offers �exibility to balancebetweenthe
overall performanceand visual quality, and can be usedto model
and renderdifferent hairstyles. We haveusedtheselevel-of-detail
representationsto animate various hairstyles and obtained no-
ticeableperformanceimprovement,with little lossin visualquality.

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

1 Intr oduction
Theability to modelhumanfeatureshasbecomeanessentialaspect
of 3D graphicsfor modelingavatarsin virtual environments,vir-
tual humansin computergames,andhumancharactersin animated
�lms. A humanheadcanhave over ������������� individual strandsof
hair. Animatinghair in real-timeis achallengingproblemdueto the
high numberof primitivesrequiredto modelhair accuratelyandre-
alistically. It is alsodif�cult to achieve stableandrobustsimulation
of hairdynamicsaswell asinteractionsamongthehairandbetween
thehair andthebodyfor differenttypesof hairstyles.

The currentcommercialrenderers,suchasPixar's RenderMan
andotherproprietarysoftwareusedin movieslike 	�

���������������������

and ������ �!"�� #���$ %�'& , can generatebeautifulandrealisticappear-
ancesfor hairandfur. However, to thebestof ourknowledge,these
systemsdo not offer interactive performancefor either animation
or renderingof hair. Modeling, styling, simulatingandanimating
hair remainsa slow, tediousandoften painful processfor anima-
tors. A few existing real-timealgorithms[Koh andHuang2001]or
hardwareacceleratedrenderingandshading[NVIDIA 2001],onthe
otherhand,oftendonotyield realistichair renderingsor arelimited
to certainhairstyles(e.g. short, straighthair). One of the major
bottlenecksin achieving real-timesimulationof moving hair is col-
lision detectionamonghairsandbetweenthehairandthebody. This
is oftenthedominatingfactorin termsof theoverall computational
cost[Planteetal. 2001].
Main Contrib ution: In this paper, we presenta novel, uni�ed
framework for modelinghair basedon level-of-detail(LOD) repre-
sentations.Weuseaseriesof subdivisionsurfacepatches[Schr̈oder
and Zorin 1998] for modelingthe leastsigni�cant layersof hair,
hair clustersrepresentedassubdivision surfacesof variablethick-
nessfor modelingthe intermediatelayers,andsubdivision curves
for simulatingthemostvisibleandhighest-resolutionindividualhair
strands.Two hairstylesmodeledandsimulatedusingacombination
of theserepresentationsareshown in Fig. 1 andFig. 2. Our algo-
rithm combinesthis setof LOD representationsto simulatemoving
hair, performcollision detection,andaccelerategraphicalrender-
ing. It automaticallyswitchesbetweendifferentapproximationsof
varying �delity , dependingon theuserspeci�ed screen-spaceerror
tolerance,viewing distance,visibility, hair motionandotherappli-
cationdependentfactors.Overall,our framework offersseveralad-
vantages:

( Uni�ed representationsbasedon thesubdivision framework
andthe“baseskeleton”representation;

Figure1: Long, curly redhair blowingin thewind.

Figure2: Short,wavybrownhair.

( Automatic simpli�cation of both geometryandphysicsfor
hair animationandrendering;

( Computational ef�ciency in theoverall dynamicsimulation,
collisiondetection,andgraphicalrendering;

( Flexibility in achieving the desiredbalancebetweensimula-
tion speedandvisual�delity;

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

Usingtheselevel-of-detailrepresentationsfor modelinghair, we
observed noticeableoverall performanceimprovementwith little
degradationin visualappearanceof thesimulation.

Organization: Therestof thepaperisorganizedasfollows. Section
2 givesa brief survey of relatedwork. Section3 describesthethree
basicmodelrepresentationsof hairbasedon thesubdivision frame-
work andthebaseskeleton.Thedynamicsmodelandour collision
detectionalgorithmusingtheLOD representationsaredescribedin
Section4 andSection5 respectively. In Section6, wedescribetech-
niquesto renderhair usingtheproposedlevel-of-detailrepresenta-
tions. The criteria for automaticallyswitchingandselectingLOD
representationsareoutlinedin Section7. Section8 highlights the



resultsof our implementation,and analyzesits performance.Fi-
nally, we suggestseveralareasfor futurework.

2 RelatedWork
Ourwork is built uponalargebodyof knowledgeandconceptsfrom
severaldifferentareas,includinghair modeling,renderingandani-
mation,multiresolutionrepresentations,andsimulationacceleration
techniques.We synthesizetogethermany key ideasfrom different
areas,improve uponseveral known algorithmsfor simulatingand
renderinghair, andproposeanew approachfor hairmodelingbased
on thesubdivision framework andthebaseskeleton.

2.1 Hair Modeling
Modeling hair has beenan active areaof researchin computer
graphics and numerousapproacheshave been proposedto ad-
dressthis problem[Magnenat-Thalmannet al. 2000; Hadapand
Magnenat-Thalmann2001; Yu 2001; Kim and Neumann2002].
Somefundamentaltechniqueswerepresentedto modelthemotion
of individualhairstrandsin [Anjyo etal. 1992;Kuriharaetal. 1993;
Daldeganetal.1993],with eachstrandof hairrepresentedasaseries
of connectedline segmentsandtheshapeof thehair determinedby
specifyingthedesiredanglesbetweensegments.Forcesareapplied
to the control pointsof the line segmentsto simulatethe hair mo-
tion. To reducetheoverallcomputationtime,strandsof hair thatare
neareachotheror move in a similar fashion,arebundledtogether
asa groupor asa wisp[Kuriharaet al. 1993]. Usinga similar phi-
losophy, individual strandsof hair aregroupedtogetheras“wisps”
for animatinglonghair, eachmodeledusinga spring-massskeleton
anda deformableenvelope[Planteet al. 2001]. A similar approach
is usedfor interactive hairstyling[Chenet al. 1999; Xu andYang
2001].Adaptiveguidehairswereusedin [Changetal. 2002]to add
moredetail to overly interpolatedregions. Using guidestrandsin-
volvesanimatinga few strandsandthedynamicsof the remaining
strandsareinterpolatedfrom theseguides.

Noneof thesetechniques,though,canperformhairanimationor
renderingin real-time.Recently, a thin shellvolume[Kim andNeu-
mann2000] and2D strips[Koh andHuang2000;Koh andHuang
2001] have beenusedto approximategroupsof hair. Suchtech-
niquesenablereal-timehairsimulation.However, theresultingsim-
ulation lacksa realistic,voluminousappearanceof the hair. Tech-
niquesfor real-timerenderingof fur andhair that exploit graphics
hardware were presentedin [Lengyel 2000; Lengyel et al. 2001;
NVIDIA 2001].However, thesetechniquesdo not work well or are
notapplicablefor renderinglong,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 [Schr̈oder and Zorin 1998] techniques,have
beenproposedto acceleratethe renderingof complex geometric
models.A recentsurvey on polygonalmodelsimpli�cation is pre-
sentedin [Luebke 2001]. A genericframework for selectingand
switchingbetweendifferentgeometriclevels-of-detail(LODs)to at-
tain a nearlyconstantframeratefor interactive architecturalwalk-
throughswasintroducedin [FunkhouserandSéquin1993].

2.3 Simulation Level-of-Detail
The use of levels-of-detailhas beenextendedto motion model-
ing and dynamic simulation as well. Simulation levels-of-detail
(SLOD) are usedto simplify or approximatethe dynamicsin a
scene,similar to theway thatgeometricLODs areusedto simplify
a complex model.

CarlsonandHodginsexploredtechniquesfor reducingthecom-
putationalcostof simulatinggroupsof leggedcreatureswhenthey
arelessimportantto theviewer or to theactionin thevirtual world
[Carlsonand Hodgins1997]. In [Perbetand Cani 2001], levels-
of-detail, including 3D geometry, volumetric texturesand2D tex-
tures,areusedto animateandrenderprairiesin real-time. SLODs
have alsobeenproposedfor theautomaticdynamicssimpli�cation
of particlesystems[O'Brien etal. 2001].

Other types of simulation accelerationtechniques,such as

Figure3: BasicPhysicsModels. (a) Thebaseskeletonmodel; (b)
Theparameters thatde�ne thestyleof hair.

view-dependentdynamicsculling [Chenney andForsyth1997]and
Neuro-Animator[Grzeszczuket al. 1998], have alsobeeninvesti-
gatedto reducethetotal computationalcostsfor simulatinga large,
complex dynamicalsystem.

3 Model Representations
Our approachusesthreenovel representationsbasedon thesubdi-
vision framework and a baseskeletonto createboth discreteand
continuouslevels-of-detailfor hair. They arestrips, clusters, and
individual strands.
3.1 DesignConsideration
Although the setof proposedLOD representationsmay appearto
be intuitive and simple, it is carefully designedand chosen. We
haveadaptedtheuseof thesubdivision framework. Thesubdivision
framework canmodeldifferenthairstylesaseffectively asNURBS,
quickly performadaptive dynamictessellation,andmostof all can
potentially take advantagesof new graphicshardware for interac-
tive renderingof curve primitives. (More detail will be given in
section6.)

The useof the baseskeletonis intentionallyselectedto main-
tain a global, consistent,macroscopicphysicalbehavior, as LOD
switchestake place.This choicehelpsto drasticallysimplify many
transitiondif�culties typically presentduringLOD switching.It au-
tomaticallyreducesa fairly high degree-of-freedomdynamicalsys-
temdown to a lower degree-of-freedomdynamicalsystem,without
any extra expensive computationsother thanperformingthe LOD
switchingtests(to bedescribedin section7).
3.2 Subdivision Representations
Subdivisioncurvesandsurfaceshavebeenchosenastheunderlying
geometricrepresentationfor all LODs in our hair modelingframe-
work becauseof their scalabilityanduniformity of representation
[Schr̈oderandZorin 1998].Thesubdivision processcreatessmooth
curvesandsurfacesthroughsuccessively re�ning acurveor meshof
controlpoints.De�ning thelevelsof successivere�nementcancon-
trol thesmoothnessof theresultingsurfaceor curve. This is usedto
generateadaptive, continuousLODs for rendering.A detaileddis-
cussionon thesubdivision framework andtechniquescanbefound
in [Schr̈oderandZorin 1998].

Subdivision in 1D is usedto createthe curves that represent
hairs as individual strands,to be discussedin Sec.3.6. The ��� �

schemein 1D is an ef�cient methodfor creatinga smoothcurve.
For surfacerepresentations,we createa triangularbasemeshand
subdivide. Thecontrolmeshfor eachof thethreerepresentationsis
shown in Fig. 4(a)(c)and(e).
3.3 The BaseSkeleton
Basedon the ideafor modelingeachindividual hair strand[Kuri-
haraet al. 1993], we usea similar structurefor the baseskeleton,
whichformsthe“core” of ourproposedsetof LOD representations.
Thebaseskeletonis comprisedof � controlpoints,or nodes.This
valueis decidedautomaticallybasedoncriteriasuchasthelengthof
thehair, thewavinessor curlinessspeci�edfor thehair, andthede-
siredsmoothness.Theskeletonis modeledasanopenchainof line



segmentsthat connectthesenodes.Springforcesareusedto con-
trol theanglesbetweeneachnode,while thedistancebetweeneach
nodeis �x ed.Fig. 3(a)shows thebasicsetupof theskeleton.The �

nodes �����������'�����'�������
	��
� and ��� � segments� ����� ������������� ���
	��
�

de�ne the skeleton. Specifyingthe shapeof the skeletonmodel is
discussedin Sec.3.8.
3.4 Strips
The strip model in Fig. 4(a) and(b) usesa singleskeletonmodel
asits basisfor motion. The structurefor this modelis inspiredby
the stripsrepresentationpresentedby [Koh andHuang2000; Koh
andHuang2001]. The skeletonis the centerof the strip and for
eachnodein theskeletontherearetwo controlpointsthatareused
to de�ne thestrip. Thesetwo strip control pointsandtheskeleton
nodepoint arecollinear. A skeletonwith � nodeswill result in a
subdivision surfacecreatedfrom acontrolpolygonconsistingof ���

controlpoints.
A strip is typically usedto representtheinnermostlayersof hair

or partsof hair thatarenot visible to theviewer and,therefore,are
often not rendered.It is the coarsest(lowest) level-of-detail used
for modelinghair. It is mainly usedto maintaintheglobalphysical
behavior andthevolumeof thehair duringthesimulation.

Figure 4: Level-of-Detail Representationsfor Hair Modeling. (a)
Subdivisionrepresentationof strip with skeleton; (b) Rendered strip; (c) Subdivision
representationof clusterwith skeleton;(d) Renderedcluster;(e)Subdivisionrepresen-
tationof a strandwith skeleton;(f) Renderedindividual strand.

3.5 Clusters
The clustersare representedasgeneralizedcylinderscreatedwith
texture-mappedsubdivision surfaces,asshown in Fig. 4(c) and(d).
Eachclusteris basedon oneskeletonthat is locatedat the center
of the cluster. A radiusis speci�ed at the top and the bottom of
eachcluster. Theradiusis thenlinearly interpolatedateachskeleton
nodepoint; this allows thethicknessto vary down thelengthof the
cluster. At eachskeletonnode,a circularcross-section,madeup of

� controlpoints,is createdbasedon theradiusvalueat thatnode.
Thus,a skeletonmadeup of � pointswill createa clusterof �

�

controlpoints.Typically having � =� is enoughdetail to de�ne the
cross-section.

A clusteris usedto model the intermediatelayersof hair and
oftenmakesupthemajorityof thebodyof semi-visiblehair. When-
everappropriate,it is farlesscostlyto representagroupof hairusing
theclustermodel,insteadof a largenumberof individual strands.
3.6 Indi vidual Strands
Eachindividual strandis modeledasa subdivision curve using1D
subdivision with � control points, as shown in Fig. 4(e) and (f).
Most humanheadshave a few individual strandsthat areseparate
from thebodyof their hair. Thesetypesof small imperfectionsare
usuallyonly noticeablewhenviewing thehair closely. Theability

to seetheseindividual strandsis what makes this representationa
�ner detailedmodelof hair thantheclusters.

3.7 GeneratingLODs
In the modelsimpli�cation literature,typically eitherstaticLODs
are generatedof�ine for online switching, or dynamicLODs are
computedon the �y . In our currentframework, a combinationof
bothstaticanddynamicLOD representationsis used.

ContinuousLOD representationsaregeneratedby the subdivi-
sionof curvesandsurfacesfor fastrendering.Giventhethreebasic
discreteLOD representations,a smallnumberof individual strands
aregroupedinto clustersanda few hair clustersarecombinedto
form ahair strip. In ourcurrentimplementation,for theeaseof val-
idating theeffectivenessof 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 generatedynamicgroupingsof strandsandclusterson
the �y . This is a non-trivial computationto performin real-time,
consideringthenumberof strandsor clusterson a humanhead. It
is thusbeyondthescopeof thispaperandweplanto investigatethe
feasibilityof this optionin our futurework.

We alsousea hybrid representation,whereonly a singleskele-
ton modelis usedto simulatephysicalbehavior for a groupof indi-
vidualstrands,while individualstrandsarerendered.This is afairly
populartechniqueusedto generatehigh-qualityanimation.This is
usedin someof oursimulationsto helpfurtheracceleratetheoverall
performance,while maintainingtheoverall visualquality.

3.8 Hairstyling
Theskeletoncontrolsthemotionandtheshapeof eachhair section
andis responsiblefor theoverall styleof thehair. Variousshapesor
stylesof hair canbespeci�ed by stipulatingtherestangles�

� and
�

� (seeFig. 3) of eachnode � of theskeleton.Straighthair canbe
createdby assigning���

� to � and
�

�

� to � for eachnode ��� of the
skeleton.In addition,wecancreateawavy hairstyleby zig-zagging
thepositionof thenodesdown thelengthof theskeleton.A zigzag
or wavy skeletonis createdby assigningeach���

� to a certainangle
between0 and90 degreesand thenthe valuesof

�

�

� alternateby
180 degrees. Ringlet or spiral curls canalsobe createdusing the
skeletonby specifyingananglevaluebetween0 and90degreesfor

�
�

� andthen,to achieve thespiraleffect,each
�

�

� valueincrements
by 90 degreesdown thelengthof theskeleton.

Thesetwo processesfor stipulatingwavesor curlscanbealtered
to createvaryingstyles.Thesegmentsizeandthevaluesfor

�

�

� can
bechangedto createnon-uniformcurlsandwavesaccordingto the
desiresof theuser.

Boththestrandsandtheclustersareableto accuratelydepictthe
shapede�nedby theuser. While thestriprepresentationgivesbetter
visualresultsfor straighthair, it canalsobeusedto modelwavy and
curly hair, but not in as�ne adetailastheothertwo representations.
Stripsareonly usedwhentheviewercannotobserve�ne detail,such
aswhenthehair is atdistancesfar from theviewer, or whenthehair
is not in sight. Thus,while the strip cannotdepictall hairstylesas
accuratelyastheothertwo LODs, it is not usuallyapparentto the
viewer. Criteria for choosinganLOD is discussedin furtherdetail
in Sec.7.

4 Dynamic Simulation
The useof the sameunderlyingskeletonmodel for eachhair rep-
resentation,i.e. strips, clusters,and individual strands,provides
a simpleyet effective mechanismfor switchingbetweendifferent
levels-of-detail. In this section,we describethedynamicmodelof
the skeleton,andexplain our hair simulationalgorithmthat usesa
combinationof thesethreerepresentations.

4.1 BasicPhysicsModel
Thephysicsof motion for thebaseskeletonis similar to thosede-
scribedin [Anjyo et al. 1992; Kuriharaet al. 1993]. The forces
thatareappliedto eachnodepoint govern themotionof theskele-
ton. The force measuredfrom the angularspringsof the skeleton
model, �������

�
�! , helpshold thespeci�ed hairstyleduringthesimu-



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

and
���

areangularspringconstantsand ���

� and
�

�

� are
initial anglesfor node� .

Otherforcesthatact on the hair aregravity, �� 
����� ����� , external
forces, ���� !� , suchas wind, and forcesdue to collision. We will
ignorethein�uence of collision forcesona nodeuntil Sec.5. Sum-
ming theremainingforcestogether, we obtaina magnitudeanddi-
rectionfor thesimulationforce ��� ��" appliedto eachskeletonnode

� � , to be:
� �	�#��$%� � ��&#'�(*) � �	�+�������,
-) � ��
���.0/��

(�1

�

4.2 Transitioning betweenLODs
Oneof the mostcrucial aspectsof usingLODs in a simulationis
theability to switchbetweendifferentrepresentationssmoothly. In
order to avoid a suddenjump or poppingin the graphicaldisplay,
it is necessarythat the motion andpositioningof the hair remain
consistentthroughoutthetransition.

Sincethemotionof eachLOD is basedon thesameunderlying
skeletonmodel,wecanusethis formulationto move from onelevel
to anotherwith little visual artifacts. Whena switch is made,the
skeletonof thenew level-of-detailinheritsthedynamicsstateof the
skeletonof thepreviouslevel.

For example, if the currentLOD is a strip, the algorithm re-
�nes thehairmodelandmakesa transitionto multipleclusters.The
sectionof hair transitionsfrom a model with oneskeletonto one
with � skeletons,where � is the numberof clustersrepresentedby
onestrip. Eachclusterskeletonlinearly interpolatesposition and
motion valuesfrom the strip skeletonbasedon the positionof the
clusterskeleton's root, or the �rst skeletonnode, �

� , in relationto
therootof thestrip skeleton.

The transitionsareeven morestraightforward going in the re-
versedirection. As we move from multiple clustersbackto a sin-
gle strip, theskeletonof thestrip simply inheritstheaverageposi-
tion andmotion valuesof the clusterskeletonthat the strip repre-
sents. Transitionsbetweenthe clustersand individual strandsare
performedin a similarmanner.

By using thesesimpli�ed representationstogether, our frame-
work automaticallyswitchesbetweendifferentLODs of hair, sim-
plifying thedynamicsof thehair asneeded.Criterionfor switching
betweenLODs is discussedin Sec.7. A strip canmodelthelargest
portionof hair andits simulationrequiresaslittle computationasa
singlestrandor a clusterof hair. Whenappropriate,stripsareused
to acceleratethe simulationof hair, while maintainingsomehigh-
level behavior of the hair dynamics.Clustersareusedin a similar
mannerto acceleratethesimulation.

5 Collision Detection
Collision detectionis a vital partof hair simulationsincehair is in
constantcontactwith thescalpof theheadandotherhairs. Due to
thehigh complexity of hair, this canbea costlycomputationandit
is crucialthatthecollisiondetectionis performedef�ciently .
5.1 Bounding VolumeHierar chy
Therearemany techniquesknown for collision detection.Someof
thecommonlyusedalgorithmsfor generalmodelsarebasedon the
useof boundingvolumehierarchies(BVHs). A treeof bounding
volumes(BVs) is pre-computedof�ine to enclosesetsof geometric
primitives,suchastriangles. To performcollision detectionusing
BVHs, two objectsaretestedby recursively traversingtheir BVHs
[Larsenet al. 2000].
5.2 SweptSphereVolumes
To perform collision detectionon the different representationsof
hair, we adaptthefamily of “sweptspherevolumes”(SSV)[Larsen
et al. 2000] to surroundthe hair. SSVsarea family of bounding
volumesthatcorrespondto a coreskeletongrown outwardby some

offset.Thesetof coreskeletonsmayincludeapoint, line, or n-gon.
We have chosento usearbitrarily orientedrectangles,insteadof n-
gons,asthemostcomplex skeletonin ourcurrentframework. More
precisely, let 2 bethecoreskeletonand 3 bea sphereof radius � .
EachSSV, 4 , canbede�ned as:

4 � 26563 �87:9;)=<*>�9@? 2�� <A? 3CB

SSVsare chosenas the boundingvolumesin our framework,
becausethe shapeof our LOD representationssharescloseresem-
blanceto thoseof SSVs.DifferentSSVsprovide varyingtightness.
For clustersandstrands,line sweptspheres(LSS)arethebestcan-
didatesfor eachsegment,while rectanglesweptspheresprovide 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 (radiusof each
SSV).

5.3 Constructing SSVsfor Hair Representations
For eachrigid segmentof theskeletonmodel,thatis, eachline seg-
mentbetweentwo nodes,we pre-computeanSSVBV. Sinceeach
representationof thehair canbetightly encapsulatedusinga single
SSV, a BVH is not necessaryfor the hair. For a skeletonwith �

nodes,thereare � � � segments,andthus � � � singleSSVs.The
variablethicknessof eachsegmentde�nes the radiusof the SSV
alongits length.

In order to computea BV for a strip, we let the four control
pointsof thestrip thatoutlinea skeletalsegmentde�ne theareafor
a BV to enclose.This is performedfor eachof the � � � segments
alongtheskeleton. The geometryof thestrip is differentfrom the
othertwo representationsin thatthestrip is asurfacewhile 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
surroundingit with a box of certainthickness.Eachstrip is given
a thicknessequalto thatof its clusterandstrandgroupingcounter-
parts. While thestrip is renderedasa surface,it actsphysicallyas
a volume.Thus,whena transitionfrom a strip into clustersoccurs,
the D�
�!�E

�

� of hair beingrepresentedremainsconstantthroughout
thisprocess.

For the clusterrepresentation,we createa BV aroundthe 2�

controlpointsthatde�ne a segment( � controlpoints,asde�ned in
section3.5, from thecross-sectionat thetop of thesegmentand �

controlpointsat thebottomof thesegment).
For individual strands,we performcollision detectionfor each

strandor groupof strands,dependingon implementation,in a man-
nersimilar to thatof theclusters.We computean LSSaroundthe
skeletonthatde�neseachsegmentwith a radiusde�ning thethick-
ness.The radiusof eachBV is variedbasedon the thicknessof a
groupof strands.

OncetheBVs arecomputedfor thehairwe constructa BVH of
SSVsusinga top-town hierarchyconstructionfor theotherobjects
in thescene,head,body, etc.,asapre-computation.During therun-
timesimulation,thesingleSSVsandtheBVHs areusedto perform
collisionqueries,andarelazily updatedon the�y . To detectacolli-
sionbetweenasegmentof hairandanoutsideobject,thehair'sSSV
is testedagainsttheBVH of theobject.(Pleasereferto [Wardet al.
2003]for moredetail.)

5.4 Collision Response
Since the sameskeleton model is used for each representation,
whenever a collision is detectedwecalculatetheresponseusingthe
samemethodfor all of therepresentations.Onceacollisionbetween
the hair andthe head,or otherobject,hasbeendetectedour algo-
rithm determineshow muchthe segmentof hair is penetratingthe
head,thevelocityof thatsegmentof hair in thedirectionof thehead
is setto zero,andthehair segmentis movedsothat it is outsideof
the head. A frictional force in the directiontangentto the headis
alsoappliedto eachskeletonnodewhena segmentof hair collides
with theheador body.



During thesimulation,segmentsof hair arein constantcontact
with othersegmentsof hair. Sincewe donotwantto performa col-
lision detectionteston a hair segmentagainstall of the remaining
segmentsof hair, theareaaroundtheheadis spatiallydecomposed
or broken into three-dimensionalgrids. Eachsegmentof hair is in-
sertedinto thegrids andonly hair segmentsthat fall into thesame
grid aretestedagainsteachother. Segmentsof hairaretestedagainst
eachotherfor collision by performingan intersectionteston their
SSVs.

If two hair segmentsintersectwith eachother, they needto be
moved apart. The SSV overlap test determinesthe distancethe
skeletonsegmentsarefrom eachotherin additionto testingfor col-
lisions. We thenusethis calculateddistanceastheamountto move
theintersectingsegmentsapart.

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 modelof discreteandcontinuousgeomet-
ric LODs is usedto renderthehair representationsasdescribedin
section3. We adaptedtheshadingmodelsuggestedby [Kajiya and
Kay 1989],to capturetheanisotropicnatureof hair. An ef�cient im-
plementationof anisotropicsurfacerenderingis performedusingan
OpenGLtexture matrix, asappearsin [Heidrich andSeidel1998].
Therenderingof thesubdivision surfacesthatareusedfor clusters
andstripsareassignedtwo additionaltextures.The�rst texturecon-
tainsthehair color information. It is createdasa pre-processfrom
the samecolor rangethat assignscolor valuesto the strands.The
next texture usedon the surfacescontainsalphavaluesthat de�ne
thetransparency of thesurfaces[Koh00].Alphamappingis usedto
createthe illusion that thereareindividual strandsbeingrendered.
The anisotropiclighting, the hair color, and the alphatexturesfor
thesurfacesarerenderedin a singlepassusingmulti-texturing.

Self-shadowing is avital factorto increasethevolumetriccueof
the hair. We useopacityshadow maps[Kim andNeumann2001],
which area fastapproximationof deepshadow maps.

Aliasing is an innateproblemof hair rendering,becauseeach
hair strandis too thin to occupy a single pixel. Fortunatelyit is
not as major of a problemfor high LOD representationslike the
clustersandstrips,as it is for strands.We rely on graphicshard-
warefor antialiasing.NVIDIA GeForcefamily provideshardware
implementedhigh resolutionantialiasingthrough multi-sampling
[NVIDIA 2002]. We select4-sample9-tab multi-samplemode–
thehighestquality availableto us,becausevariousmulti-sampling
modesprovided by the graphicshardware doesnot affect overall
performanceof our system.In orderto renderthe simulatedhairs
with motionblur, weadaptthetechniquepresentedby [Haeberliand
Akeley 1990].Thecurrentimageis renderedinto theaccumulation
buffer so that it canbe integratedwith previous images.Using the
accumulationbuffer alsoreducesthealiasingof individual strands.

SwitchingbetweendifferentLODs canintroducevisualdistur-
bances.To addressthis problem,we combineseveralmethods.By
usingthealphachannelin thetexturesfor clustersandstripsweadd
the visual illusion of strands,making the LOD transitionlessno-
ticeable.Thedensityvaluesnecessaryfor theopacityshadow map
computationsfor the clustersand strips are basedon the number
of strandsthey represent.This helpsto keepthe brightnessof the
shadowsconstant.Wealsoblendtheimagesof previousandcurrent
LODs to make transitionssmoother.

7 ChoosingHair Representations
Giventhethreerepresentationsfor a sectionof hair, a singlerepre-
sentationfor modelingandsimulatingthat sectionis computedon
thebasisof severalcriteria.Wehaveusedthefollowing components
in ourcurrentimplementation:

( Visibility
( Viewing distance
( Hair motion

7.1 Visibility
If a viewer cannotseea sectionof hair, that sectiondoesnot need
to be simulatedor renderedat its highestresolution. The viewer
cannotseehair if it is not in the�eld of view of thecameraor if it is
completelyoccludedby theheador otherobjectsin thescene.

If a sectionof hair in strandrepresentationis normally simu-
latedusing � numberof skeletonsbut is occludedby otherobjects,
wesimulatethatsectionof hairusingonelargerstrip,andtherefore,
oneskeleton. When that sectionof hair comesback into view, it
is importantthattheplacementandactionof thehair areconsistent
with thecasewhenno levels-of-detailareusedat all, thereforewe
continueto simulateit. In addition,whenahairsectionis occluded,
it doesnot needto berenderedat all. Therefore,whena sectionof
hair is occluded,we simulatethehair thatmightnormallyberepre-
sentedaseitherclustersor strandsasstripsthatusefewer skeletons
andthesesectionsarenot rendered.

In our currentimplementation,we performa simpleocclusion
test that involves �tting a sphereto the headso that it is slightly
smallerthanthehead.If thereareotherobjectsin thescene,suchas
a body, a similarmethodis applied.WethentesttheSSVbounding
volumesof thehair to seeif they arevisible from thecameraor 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 that is far from theviewer cannotbeseenin greatdetail. We
canestimatetheamountof detailthatwill beseenby theviewer by
computingthescreenspaceareathatthehaircovers.As thedistance
from theviewer to thehair increases,theamountof pixelscovered
by thehairgetssmallerandlessdetailis viewable.Wecancalculate
theamountof pixels coveredby thehair to choosetheappropriate
LOD.

A singlestrip,a groupof � clusters,or a groupof � strandsrep-
resenta given portion of hair. Eachis designedto cover a similar
amountof world space,thuswe canusethecontrolskeletonof the
strip asanestimateto theamountof screenspaceareaa givenhair
sectionoccupies.To determinethescreencoverageof this hair, we
createa line from the �rst skeletonnodeto the last skeletonnode
andprojectthis line into screenspace.If theamountof screenspace
coveredby this line exceedsthe pre-determinedmaximumallow-
ablesizefor a strip, thenthegivenhair sectionwill berenderedas
a cluster. Similarly, if the amountof screenspacecoveredby the
line exceedsthemaximumallowablesizefor a cluster, thenit will
berenderedasindividualstrands.Thepre-determinedmaximumal-
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 neededto animateit andwe can usea lower level-of-
detail. Whentheavatarmakessuddenmovements,e.g. shakinghis
or herhead,or a largegustof wind blows throughthehair, ahigher-
detailedsimulationis used.Whenalargeforceis appliedto thehair,
suchaswind, oftenindividual strandscanbeseenevenby a person
who is normally too far away to seeindividual strandsof hair that
arenot in motion.

We choosetheparticularLOD basedon hairmotionby �rst de-
termining the skeletonnodein the currentrepresentationthat has
the strongestforce actingon it. This value is comparedto certain
thresholdsde�ned for strandsor clusters.If theforceactingon the
skeletonis not high enoughto be representedaseitherstrandsor
clusters,thenthehair canbemodeledasa strip.
7.4 Combining Criteria
At any giventime duringa simulation,a headof hair is represented
by multiple LODs. Eachsectionof hair usesits own parameterval-
uesto triggera transition. Thesectionsof hair thathave a root lo-
cationat the top of thehead,andthereforemoreviewable,remain
at the individual strandslevel longer thanthe sectionsof hair that



arelocatedat thebaseof theneck.Thus,evenif thesetwo sections
areat thesamedistancefrom thecameraandhave thesamemotion,
it is moreimportantthat the top layer be representedasindividual
strandsinsteadof clusters,sinceit is in direct view. Whendeter-
mining anappropriateLOD to use,we �rst testthatsectionof hair
for occlusion.If thehair is not visible to theviewer thenwe auto-
maticallysimulateit asa strip anddo not renderit. In this case,no
othertransitiontestsareneeded.If thesectionof hair is visible,we
performthe motion anddistancetestsdescribedabove. The LOD
representationis chosenbasedon whichever of thesetwo testsre-
quireshigherdetail.Theuseof differentrepresentationsfor thehair
is virtually unnoticeableto theviewer.

8 Resultsand Comparisons
We have implementedour automatedsimpli�cation algorithm for
hair modelingin C++. We modi�ed and extendedthe publically
availableproximity querypackage,PQP[Larsenetal.2000],to per-
form collision detection.Thesimulationresultsaredisplayedusing
OpenGL.
8.1 Implementation Issues
In orderto speedupthe LOD transitionsat runtime,many compo-
nentsareprecomputed.An interactive hairstylingtool wascreated
to allow theuserto placetheskeletonsontheheadat thedesiredlo-
cations.Thestylingtool alsoletstheusersetparametersfor curly or
wavy hairautomaticallyby settingtheanglesthatcontrolthedegree
of the curl or wave, respectively. The size(length,width, radius,
etc.)of eachrepresentationis alsosetusingthis styling tool.

We alsoprecomputethecorrespondingBV for eachrepresenta-
tion of hair to beusedfor collision detection.Therefore,duringan
LOD transition,theonly valuesthatneedto beupdatedaretheposi-
tionsof theskeletonnodes.Moreover, weuseasimpli�ed represen-
tationof theheadmodelin performingcollision detectionbetween
theheadandthehair in our simulation.
8.2 PerformanceComparisons
We have testedour implementationon variousscenarios.Please
visit ourprojectwebsite:

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

for MPEGsof thesesimulationrunsandfor asequenceof snapshots
takenfrom a hair simulationusingourLOD representations.

Wealsocomparedtheperformancefor theoveralldynamicsim-
ulation(notincludingcollisiondetection)andcollisiondetectionus-
ing different representationson varioussimulationscenarios.Ta-
ble 1 gives a detailedcomparisonof the average running times
usinga combinationof LOD representations(indicatedasLODs)
againsttheuseof only oneof thethreediscreteLOD representations
(Strands,Clusters,andStrips).Fig.5 showstheruntimecomparison
of thesimulationperformanceover theentireduration,asthecam-
erazoomsout, increasingthedistanceto theviewer. Therendering
performanceis similar to that of thesimulation. The basisfor our
comparisonsusesthe averagetimings for the strandsimulationas
thevalue � on thegraph.

For this benchmark,we used8045 individual strands,which
wererepresentedusingonly 173stripsor only 519clusters.In these
benchmarks,a combinationof all threediscreteLOD representa-
tionswasautomaticallydeterminedby our framework at any given
time duringthesimulations.Timingsweretakenon a PCequipped
with anIntel(R) Pentium(R)4 � -GHz processor, � GB mainmem-
ory andGeForce(R)� graphicscard.

Stripsprovide thebestoverall performancein simulationtime,
sinceit is thecoarsest(lowest)LOD of hair. But, a combinationof
threediscreteLOD representationsusingour framework offerssig-
ni�cant performanceadvantagesover the useof individual strands
alone. Note therearealso implicitly continuousLOD representa-
tionsusedin our systemwith thesubdivision framework. While it
rendersimagesof almostequalvisual quality asthatof individual
strands,our LOD implementationgivesmuchbettertiming perfor-
mancesthanmodelingwith individual strandsin simulation,colli-
siondetection,aswell asrendering.

Breakdown LODs Strands Clusters Strips

Dyn Sim 0.0175 0.5834 0.0298 0.00592
Col Detect 0.0567 2.1934 0.1297 0.01896

Total 0.0742 2.7768 0.1595 0.02488

Table1: PerformanceComparison.Simulationfor a camera zoomingout.
Theaverageperformancenumbersaremeasuredin secondsper frame.

Figure5: SimulationPerformanceComparison.We showthe factors of
speed-upamongLOD, strips,andclustersover thestrandsalone, which is thebaseline
for comparison.Thesimulationspeedof our systemconsistentlyoutperformstheindi-
vidual strands.It quickly outperformstheuseof clustersalone, asthecamera startsto
zoomout. Then,soonafter a certaindistancethreshold,it performscomparably to the
useof stripsalone.

8.3 Analysis and Discussion
The impetusof this researchis to explore theuseof level-of-detail
representationsfor modelinghair to automaticallygenerateits ag-
gregatebehavior, while preservingthevisual �delity of theoverall
simulation.It is dif�cult to meaningfullyquantifythecomputational
errorsintroducedby theuseof simpli�ed representationsfor mod-
elinghair. However, we cansubjectively evaluatetheresultingsim-
ulationby performingcomparisonon thevisualquality of rendered
images.

Usingside-by-sidecomparison(seetheprojectwebsite),weno-
tice little degradationin thevisualqualityof therenderedimageus-
ingLODs. While they offer thebestcomputationalperformance,the
imagesof hairsimulatedby stripsappearsharpandangular, lacking
arealisticappearance.Theperformanceof ourframeworkvariesde-
pendingonthescenarios.In general,its overallperformancein sim-
ulationandrenderingcomparesfavorablyagainsttheuseof strands,
clustersor stripsalone. However, our approachcanautomatically
placethecomputingresourcesat placeswherethehair is mostvisi-
ble to theviewer, andthusoffer amuchhighervisualquality for the
resultingsimulation.
Limitations: Onepossiblelimitation of ouralgorithmis theslight
poppingthatcanoccurif aggressiveLOD transitionsareused.How-
ever, wehavealleviatedthisvisualartifactwith motionblurringand
imageblendingduringtheLOD transitionin oursystem.

Occlusionculling is anactive andchallengingareaof research.
To performocclusionculling for hair renderingpresentsmany more
new challenges,asthehair canself occlude,but eachstrand,clus-
ter or strip is rathersmall in sizeyet in aggregationits capabilityto
occludethe restof the hair canbe signi�cant. Our currentimple-
mentationonly hassimpleobject-hairocclusionteststo validatethe
basicidea. However, we have alreadyobservedsomeperformance
gainusingocclusionculling. We planto investigatemoresophisti-
catedtechniques,includingtheuseof new graphicshardware,in the
nearfuture.

Oneof the foremostdif�culties in hair simulationis to achieve
stabilityfor all typesof hairstyles,lengthsandinteractions.Wehave
implementedRunge-Kutterof order4 for numericalintegration.We
arecurrentlyinvestigatingtheuseof implicit methods.

In orderto achieve high renderingrates,we areonly perform-
ing two-passre�nement in our currentimplementationof opacity
shadow maps.For betterrenderedimages,morepassesarerequired



[Kim andNeumann2001]. We planto developa nicer interfaceto
allow the usersto tradeoff speedfor higher-quality renderingand
viceversa.

Thereare other applicationdependenttransitioncriteria, such
ascollision, thatwe have not examinedclosely. Thesefactorscan
furthercontributeto improving theoverall systemperformance.
8.4 ComparisonsAgainst Other Approaches
A multiresolutiontechniquefor hairstylingis presentedin [Kim and
Neumann2002].They only usegroupsof strandsof differentsizes.
They havenotappliedthisapproachto hairsimulation.Theswitch-
ing is directlycontrolledby theuser, while oursoffersthecapability
of automaticswitching. To apply this techniqueto hair simulation
requiresdynamicgroupingon the �y . This is very dif�cult to per-
form giventhenumberof strands.

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

Our approachcomparesfavorably to thoseusingonly cluster-
likerepresentations(e.g.wispsor generalizedcylinders)[Chenetal.
1999;Kuriharaet al. 1993;Xu andYang2001;Planteet al. 2001],
aswe canachieve similar visualqualitywith fasterrenderingrates.

Thereal-timeanimationtechniques[KohandHuang2000;Koh
and Huang 2001; Lengyel 2000; Lengyel et al. 2001; NVIDIA
2001] and thosecommonlyfound in video gamesare either lim-
ited to certainhairstyles(mostlyshort,straighthair) or theresulting
imagequality is inferior to ours.

9 Summary and Futur eWork
In this paper, we presentthe useof levels-of-detailfor modeling
hair to acceleratedynamicscomputation,simplify collision detec-
tion and reducerenderingcosts. In addition to potentialareasof
improvementsmentionedin the earlier sections,thereare several
possibledirectionsto extendthis research:

( Interactively modify thedynamicsof thehair in thepresence
of othersubstances,suchaswater, stylinggel,hair spray, etc.;

( Dynamically change the hairstyle, as the user combs or
brushesthehairwith a 3D userinterface;

( Automatically generatedesiredsimulation outcomes,given
high-level userguidance.
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