Simplified Representationsfor Modeling Hair

Abstract:  We presenta novel frameavork for modeling hair

using simplified representations. The set of repfesentationsjn-

cludingindividual strands,clustes and patches,are derivedfrom
Dynamic-NURBSand have the sameunderlying base skeleton.
Our framavork supports automatic simplification of dynamic
simulation, collision detectionand graphical rendering of hair,

and offers flexibility to balancebetweemerformanceand quality.

Furthermoe, it is applicableto modelingdifferenthair styles.\We
haveusedthe framavork to simulatedifferent stylesand obtained
noticeableperformancamprovementn the simulation,with little

lossin visual quality.

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

1 Intr oduction

The ability to modelhumanfeatureshasbecomean essentiabs-
pectof computergeneratedmagesfor the entertainmenindustry
gamedevelopmentyirtual reality, andotherapplications Animat-
ing hair continuesto be a challengingproblemdueto its complex
nature. A humanheadcanhave over 100, 000 individual strands
of hair. It is rathercostly to animatehair in real-timebecausef
the high numberof primitives requiredto model hair accurately
Moreover, modelinglong andwavy or curly hair introducesextra
compleity, increasingcomputationatostsfor renderingandsim-
ulating interactionsamonghair andbetweerthe hair andthe body.

The current commercial renderers, such as Pixar's Ren-
derMan and other proprietary software used in movies like
Monsters, Inc. and Final Fantasy, cangenerataealisticap-
pearancegor hair and fur. To the bestof our knowledge, these
systemsdo not offer interactive performanceor eitheranimation
or renderingof hair. Simulatingandanimatinghair remainsaslow,
tediousandsometimegpainful procesgor animators A few exist-
ing real-timealgorithms[KHO1], on the otherhand, often do not
yield realistichair renderingsor simulation.Oneof the majorbot-
tlenecksin achieving real-timesimulationof moving hair is colli-
sion detectionamonghair andbetweenhair andthe body Dueto
its complex naturethis is often the dominatingfactorin termsof
overall computationatost[PCP0].

Main Contrib ution: In this paper we presenta novel, unified

framawvork for modelinghair basedon simplified representations.

We useaseriesof Dynamic-NURBSor D-NURBS[QT96] patches
of varying sizesfor modelingthe leastsignificantlayersof hair,
clustermodelsof variablethicknessfor representinghe interme-
diatelayers,andD-NURBS curvesfor simulatingthe mostvisible
andhighestresolutionindividual hairstrandgshavnin Fig. 1). Our
algorithm combinesthe different set of representationso create
differentlevels of detail (LODs) to simulatemoving hair, perform
collisiondetectionandacceleratgraphicalrendering.It automati-
cally switchesbetweerdifferentapproximationsf varyingfidelity,
dependingpntheuserspecifiedscreen-spacerrortoleranceyiew-
ing distanceyisibility, hairmotionandotherapplicationdependent
factors.Overall, our framework offers severaladvantages:

o Unified representationsasedntheD-NURBSformulation
andthe“baseskeleton”representation;

e Automatic simplification of both geometricand physics
modelsfor hair animation;

e Computational efficiencyin theoverall dynamicsimulation,
collision detectionandgraphicalrendering;
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Figurel: Simplified Representationga) A patd; (b) A clus-
ter; (c) Anindividual strand.

e Flexibility in achieving the desiredbalancebetweersimula-
tion speedandvisualfidelity;

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

Usingthe simplified representationfor modelinghair, we ob-
senednoticeableperformanceémprovementwith little degradation
in visualappearancef the simulation.

Organization: Therestof the paperis organizedasfollows. Sec-
tion 2 givesa brief surwey of relatedwork. Section3 describeghe
threebasicmodelrepresentationsef hair basedon the D-NURBS
formulationandthe baseskeleton. The dynamicsmodeland our
collision detectionalgorithm using the simplified representations
aredescribedn Section4 and Section5 respectrely. Next, we
describetechniquesto renderhair with different representations
in Section6. The criteria for automaticswitching and selection
of simplified representationare outlinedin Section7. Section8
highlightsthe resultsof ourimplementationandcomparests per
formancewith someearlierapproaches.

2 RelatedWork

In this section,we briefly describesomerelatedwork in hair ani-
mation,modelsimplification,andsimulationlevels of detail.

2.1 Hair Modeling

Modeling hair has beenan active areaof researchin computer
graphicsand numerousapproacheshave been proposedto ad-
dressthis problem[MTHKO00, HMTO01, YuO1]. Somefundamen-
tal techniqueswere presentedo model the motion of individual
hairstrandsn [AUK92, KAT93a,DKMTT93, KAT93b],with each
strandof hair representeds a seriesof connectedine sggments



andthe shapeof the hair determinedby specifyingthe desiredan-
glesbetweemnsegments.Forcesareappliedto the control pointsof

the line sggmentsto simulatethe hair motion. To reducethe over-

all computationtime, strandsof hair that are neareachother or

move in a similar fashion,arebundledtogetherasa groupor asa
wisp [KAT93a]. Using a similar philosophy individual strandsof

hair aregroupedtogetheras“wisps” for animatinglong hair, each
modeledusinga spring-masskeletonanda deformableervelope
[PCPO1]. A similar approachis usedfor interactve hair styling

[CSDI99,XY01].

However, noneof thesetechniquesan performboth hair an-
imation andrenderingin realtime. Recently a thin shell volume
[KNOO] and 2D strips [KHOO, KHO1] have beenusedto approx-
imate groupsof hair. Suchtechniquessnablereal-timehair sim-
ulation. However, the resulting simulation lacks a realistic, vo-
luminous appearancef the hair. Techniquesfor real-time ren-
dering of fur that exploit graphicshardware were presentedn
[Len0O, LPFHOJ. However, this techniquedoesnot work well
for renderingong, wavy or curly hair.

2.2 Model Simplification

Model simplification algorithms, such as automatic generation
of geometric level-of-detail (LOD) representationsaand multi-
resolutionmodelingtechniqueshave beenproposedo accelerate
renderingof complex geometricmodels|COM98, Hop96 GH97,
SZ98]. A recentsurey on polygonalmodelsimplificationis pre-
sentedn [LueO]]. A genericframevork for selectingandswitch-
ing betweendifferent geometriclevels-of-detail(LODs) to attain
a nearly constantframe rate for interactve architecturalwalk-
throughswasintroducedn [FS93.

2.3 Simulation Level-of-Detalil

The useof levels of detail hasbeenextendedto motion model-
ing and dynamicsimulationaswell. Simulationlevels of detail
(SLOD) are usedto simplify or approximatethe dynamicsin a
scenesimilar to theway thatgeometrid_ODs areusedto simplify
acomple model.

CarlsonandHodginsexploredtechniquegor reducinghecom-
putationalcostof simulatinggroupsof leggedcreaturesvhenthey
arelessimportantto theviewer or to theactionin thevirtual world
[CH97]. In [PCO1], levels of detail, including 3D geometry vol-
umetrictexturesand 2D textures,are usedto animateand render
prairiesin real-time.SLODshave alsobeenproposedor theauto-
maticdynamicssimplificationof particlesystemgOFLO01].

Other types of simulation accelerationtechniques,such as
view-dependentdynamics culling [CF97] and Neuro-Animator
[GTH98], have also beeninvestigatedo reducethe total compu-
tationalcostfor simulatinga large,complex dynamicalsystem.

3 Model Representations

Our algorithm combinesseveral previously definedmethods,and
extendsandgeneralizeshesetechniquego createa seriesof sim-
plified representation® model,simulateandrenderhair. We use
threebasicrepresentationso modeldifferentlayersof hair. They
aregroupsof individual strands clustes, andpatches

3.1 D-NURBS

All threerepresentationef the hair arederived from the formula-
tion of Dynamic Non-Uniform RationalB-Splines,or D-NURBS
[QT96]. D-NURBS area classof physically-basedeometricrep-
resentationshataredesignedo allow theincorporationof dynam-
ics behaior alonggeometricshapes.NURBS are a popularrep-
resentatiorfor freeform surfaces. The shapeof a NURBS cure
or surfaceis determinedby its control points and weights. With
D-NURBS, forcescanbe applieddirectly to the control pointsto
automaticallymodify the shapeof ary NURBS curvesor surfaces
in aphysicallyintuitive manner

Let B; ,(u) be the B-spline basisfunctions, assumingbasis
functionsof degreek — 1. Then,aD-NURBScurweis represented
asatime-dependerfunction(wheret is thetime variable)
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Figure2: BasicPhysicsModels. (a) Thebaseskeletonmodel;
(b) Theparametes that definethe styleof hair.
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wherep;(t) aretime-dependentontrol pointsandw; (t) aretime-
dependenigeneralizedcoordinatesof D-NURBS. The resulting
time-varyingcurve function,c(u, t) canbeexpressedsc(u, p(t))
to emphasizelependencen vector p(t), which is a function of
time. Similarly, a D-NURBS patchcanbe definedusingthe ten-
sor productfor representinga D-NURBS surface. All bold-face
symbolsareusedto representvectorvaluedquantities.

Basedon the D-NURBS representatiorand a baseskeleton,
three simplified representationfor hair modelingare used. Our
approachenablesa powerful mechanisnfor automaticsimplifica-
tion of boththe underlyingdynamicsandgeometricepresentation
for collision detectiomandgraphicalrendering.

3.2 The BaseSkeleton

The baseskeletonis comprisedof a certain numberof control

points, or nodes,and is modeledas an openchain of line seg-

mentsthat connectthesenodes. A spring force is usedto con-

trol theanglesbetweereachnode while thedistancebetweereach
nodeis fixed. Fig. 2(a) shaws the basic setupof the skeleton.
Therearen control points(po, p1, - - - , Pn—1) andn — 1 sections
(s1, 82, ..., sn—1) totheskeleton. Thenumberof control pointsis

decidedautomaticallybasedon certaincriteria, suchasthe length
of the hair, the wavinessor curlinessspecifiedfor the hair, andthe

desiredsmoothnessThesecontrolpoints,or nodes of theskeleton
have restingpositionsbasedn thesecriteria.

The wavinessor curlinessof the hair is specifiedby a param-
eterusedfor the angleandfrequeng of the wave. The placement
of nodesis basedon polar coordinateswhere eachnode has 6o
and¢o specifiedfor it, which arethe restinganglesof the nodein
relationto the previous node. (SeeFig. 2(b).) Theanglef, deter
minesthe wavinessof the hair by specifyingan anglebetween0
and90 degreeg(straighthair will have arestingpositionof 8y = 0).
Hairstylingis discussedhn furtherdetailin Section3.6.

3.3 Patches

Thepatchmodelin Fig. 3(a)usesoneskeletonmodelasits basisfor
motion. Theskeletonis the centerof the patchandfor eachnodein
the skeletontherearetwo control pointsthatareusedto definethe
patch. Thesetwo patchcontrol pointsandthe skeletonnodepoint
arecolinear Thedistancebetweerthetwo control pointsfrom the
skeletonnodeis dependentiponthe specifiedsizeof the patch.

A skeletonmadeup of n pointswill resultin a NURBS patch
definedusing2n control points. Oncethe two control pointshave
beendeterminedrom the skeletonnode,they arerotatedbasedon
the orientationof the patchat thatpoint. The patchs orientationis
determinecby the wave of the hair. If the patchis restingon the
head thenits orientationis definedby the orientationof theheadat
thepointwhereit is resting.

c(u,t) =



(a) (b) (c)
Figure3: Model Representationdsing D-NURBS andthe
Base Skeleton. (a) A patc; (b) A cluster; (c) An individual
strand. Thered dotsare the control pointsandthe greenlines are
thebasesleletons.

A patchis typically usedto representhe inner mostlayersof
hair or partsof hair that are not visible to the viewer. It is the
coarsesflowest)level of detailusedfor modelinghair.

3.4 Clusters

The clustersarerepresente@sgeneralizectylinders createdwith

texture-mappedNURBS surfaces,as shavn in Fig. 3(b). Each
clusteris basedon one skeletoncurwe locatedat the centerof the
cluster A radiusis specifiedfor the top and the bottom of each
cluster The radiusis thenlinearly interpolatedat eachskeleton
nodepoint; this allows the thicknesgo vary down thelengthof the
cluster At eachskeletonnode,a circular cross-sections created
basedntheradiusvalueatthatnode.Four control pointsareused
to createthis circular shapeof the cross-sectiorfior eachskeleton
node.Thus,a skeletonmadeup of n pointswill createa clusterof

4n controlpoints.

Oncethecross-sectiohasbeendefined thefour controlpoints
arerotatedbasedon the orientationof the clusterskeletonat that
point. Rotatingthe control pointsis a necessargtepto give the
clustermodela realistic,smoothappearancandshape especially
for wavy andcurly hair.

A clusteris usedto modelthe intermediatdayersof hair and
oftenmakesup the majority of the body of visible hair. Whene&er
appropriatejt is far lesscostly to represent group of hair using
theclustermodel,insteadof alarge numberof individual strands.

3.5 Individual Strands

Eachindividual strandis modeledas a D-NURBS cure with n
control points, as shavn in Fig. 3.3 (c). A small numberof in-
dividual strandscan also be groupedsimilar to that of the wisps
[KAT93a,PCPO01]sothatonly oneskeletonmodelis usedto repre-
sentagroupof individual strands.

Most humanheadshave a few individual strandsthat are sep-
aratefrom the body of their hair, commonlyreferredto as “fly-
aways”. Thesetype of small imperfectionsare usually only no-
ticeablewhenviewing the hair closely By including themin the
model,it addsto the realism. Sincethesefly-away hairs are pri-
marily noticeablearoundthe edgesof the hair modelandaround
the silhouetteof the head they appearat the silhouetteof the hair
model. The ability to seetheseindividual strandsis what malkes
this representatioa finer detailedmodelof hairthantheclusters.
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3.6 Hairstyling

The skeletoncontrolsthe motion and the shapeof eachhair sec-
tion andis responsibldor the overall style of the hair. Any shape
or style of hair canbe specifiedfor the hair by stipulatingthe rest
anglesfy and¢o (seeFig. 2) of eachcontrol point of the skele-
ton. Straighthair canbe createdby assigningd;o to 0 and¢;o to
0 for eachcontrol point p; of the skeleton. In addition, we can
createa wavy hair style by zig-zaggingthe positionof the control
pointsdown the lengthof the skeleton. A zigzagor wavy skeleton
is createdby assigningeachd; to acertainanglebetweerd and90
degreesandthenthevaluesof ¢;o alternateby 180degrees.We let
8;0 betheanglefor specifyingdegreeof wavinessthen

¢dio = 90, if (1%2==0)

¢io = —90, otherwise.

In addition, ringlet or spiral curls canalsobe createdthrough

the skeleton. Similar to wavy hair, to specifyaringletcurl, the ;o
valueis assigned curl factoror an anglevalue between0 and90
degrees. Then, to achieve the spiral effect, each¢;o valueincre-
mentsby 90 degreesdown thelengthof the skeleton.Welet 8,0 be
theanglefor specifyingdegreeof curlinessthen

i =0, if (1%4 ==0)
¢io = 90, if (1%4==1)
oo = 180, if (%4 == 2)
¢io = —90, otherwise.

The ringlet curl hasmore compleity involved thanmodeling
straighthair sincemorecontrolpointsareneededo definethecurl.
To getatighterspiral curl, the segmentsize betweeneachcontrol
pointis madesmaller Decreasinghe segmentsize betweeneach
controlpointrequiresaddingmorecontrolpointsto keeptheoverall
lengthof the hair.

A skeletonmodelcanbeusedto createvarioushairstyles Each
LOD is generatedrom the skeletonmodelandthus,eachLOD can
be usedto representry of thesehairstyles. Sincethe individual
strandgroupingis thefinestlevel of detail, thisrepresentatiogives
thebestvisualresultsfor eachhairstyle.Both the strandgroupings
andthe clustersareableto accuratelydepictthe shapedefinedby
the user While the patchrepresentatiogivesbettervisual results
for straighthair, it canalsobe usedto modelwavy andcurly hair,
but notin asfine adetailastheothertwo representationddowever,
the patchrepresentationareonly usedwhenfine detail cannotbe
obsered by the viewer. Patchesareusedthe mostat distancegar
from the viewer whenexact detail cannotbe noticed,or whenthe
hairis notin sightby theviewer. Thus,while the patchcannotgive
asaccurateof a representatiomnf all of the hairstylesasthe other
two LODs, it is not apparento the viewer. Criteriafor choosing
anLOD is discussedn furtherdetailin Section7. Threedifferent
hairstyles straight,wavy andcurly, areshavn in Fig. 4.

4 Dynamic Simulation

Theuseof thesameunderlyingskeletonmodelfor eachhairrepre-
sentationj.e. patchesclusters,andindividual strands providesa
straightforvard mechanisnfor switchingbetweerdifferentlevels-
of-detail. In this section,we describethe dynamicmodel of the
skeleton,and explain our hair simulationalgorithmwhich usesa
combinationof thesethreerepresentations.

4.1 BasicPhysicsModel

The physicsof motion for the baseskeletonis similar to thosede-
scribedin [AUK92, KAT93a]. The motion of the skeletonis gov-
ernedby the forcesthatareappliedto eachnodepoint. The force
measuredrom theangularspringsof the skeletonmodel, Fspring,
helpshold the specifiedhairstyle during the simulation. As ex-
ternalforces, suchaswind blowing throughthe hair, changethe
initial hairstyle,the springforce, Fspring, Worksto bring the style
backto its restingposition. Thus, if a sectionof hair is specified
to be curly, the Fipring force works to maintainthe positioning.



Figure4: Threedifferenthair stylesgeneratedisingour simplified representationszromleft to right: straight, wavy andcurly

F,,,.:,., forcefor the ith nodeof the skeleton, is calculatedby
combiningtheforcesfor F;, andF;,,.

F;, = —kg(0; — 6i0),
Fiy = —kg(di — ¢io),

whereks andk, areangularspringconstantsand;o andg;o are
initial anglesfor nodes.

Otherforcesthatactonthehairarecollisionforces,F,,;, which
will bedescribedn the Section5, gravity, Fgrauvity, andotherex-
ternalforces, Fe.+, suchaswind. Thetotal forcethatis to be ap-
pliedto thenodepointis calculatedby summingall of theseforces
together Thatis,

Fitatal =F,, + F’ispring + F’ical + F’igravi:y7

calculateghetotal force, F, , ., , to be appliedto a given nodep;
of theskeleton.

4.2 Transitioning betweenLODs

Oneof the mostcrucial aspectof usingLODs in avisual simula-
tion is the capabilityto switch betweendifferentlevels of simpli-
fied representationsmoothly Ideally, a switch betweerthelevels
shouldnot be apparento the viewer. In orderto avoid a sudden
jump or poppingin the graphicaldisplay it is necessaryhat the
motion and positioning of the hair remain consistenthroughout
thetransition.

Sincethemotionof eachLOD is basedonthesameunderlying
skeletonmodel,we canusethis formulationto move from onelevel
to anotherseamlesslyvith little or no visualartifacts. Thus,when
aswitchis made the skeletonof the new level of detailinheritsthe
dynamicsstateof theskeletonof thepreviouslevel. Whenasection
switchesrom a simplifiedrepresentatioto a higherlevel of detail,
the dynamicsstatesof the new skeletonsareinterpolatedrrom the
skeletonandits neighborsof the previouslevel.

For example,if the currentLOD is a 2D patch,the algorithm
refinesthe hair modeland makesa transitionto multiple clusters.
During this transition,a single patchis typically split into several,
sayfive, clusters. This implies that this sectionof hair transitions
from amodelwith oneskeletonto anothernewith five skeletons.
During the transitionfrom a patchto five clustersthe centerclus-
terinheritsthe exactskeletonvaluesasthe patchsincethe skeleton
of the centerclusteris at the samelocationasthe patchskeleton.
Theremainingnew clusterskeletonsarecomputedy interpolating
their valuesdirectly from the patch. Eachclusterskeletoninter
polatesvaluesfrom the patchskeletonbasedon the positionof its
root, or thefirst skeletoncontrol point, po, in relationto theroot of
the patchskeleton. Moreover, thefive new clusterscover the same
areaasthepreviouspatch.

The transitionsare even more straightforvard goingin there-
versedirection. As we move from five clustersbhackto a single
patch, the skeleton of the patch simply inherits the skeleton of
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the centercluster Transitionsbetweerthe clustersandindividual
strandsareperformedn asimilar manner

By usingthesesimplified representationtogether our frame-
work automaticallyswitchesbetweendifferent LODs of hair and
simplifies the dynamicsof hair as needed,using the samebase
skeleton.Criteriafor switchingbetweernLODsis discussedn Sec-
tion 7. A patchcanmodelthelargestportion of hair andits simu-
lation requiresaslittle computationasa single strandgroupingor
aclusterof hair. Whenappropriatepatchesareusedto accelerate
the simulationof hair, while maintainingsomehigh-level beha-
ior of the hair dynamics.Clustersareusedin a similar mannerto
acceleratéhe simulation.

5 Collision Detection

It isimportantto checkwhetherthehairhascollidedwith anobject.
Thehairwill alwaysbein contactwith atleastthescalpof thehead.
Dueto thehighcompleity of hair, thiscanbeacostlycomputation.
It is crucialthatthecollisiondetectionis performecefficiently since
it is animportantpartof the overall runningtime.

5.1 Bounding Volume Hierar chy

Thereare mary techniquesknown for collision detection. Some
of the commonlyusedalgorithmsfor generaimodelsarebasedon
the useof boundingvolumehierarchie{BVHSs). A treeof bound-
ing volumes(BVSs) is pre-computeaffline to enclosesetsof geo-
metric primitives, suchastrianglesor NURBS patches.Different
typesof boundingvolumeshave beenusedfor collision detection
including axis-alignedboundingboxes (AABBSs), orientedbound-
ing boxes(OBBs), spheresetc. To performcollision detectionus-
ing BVHSs, two objectsare testedby recursvely traversingtheir
BVHs [LGLMOO].

5.2 SweptSphere Volumes

To perform collision detectionon the differentrepresentationsf

the hair, we use the family of “swept spherevolumes” (SSV)
[LGLMOO] to surroundthe hair. SSVsare a family of bounding
volumesthatcorrespondo a coreskeletongrovn outwardby some
offset. The setof core skeletonsmay include a point, line, or n-

gon. We have choserto usearbitrarily orientedrectanglesinstead
of n-gons,asthe mostcomple skeletonin our currentframework.

SeeFig. 5 for examplesof SSVs. More precisely let C' be the
coreskeletonand S be a sphereof radiusr. EachSSV, B, canbe
definedas:

B=CoS={c+slceC,seS}

To perform collision querieson a pair of arbitrary SSVs,we
cansimply performintersectiortestson the correspondingair of
core skeletonsand then subtractthe appropriateoffset (radiusof
eachSSV). We have chosenSSVsas BVs, becauseaheir shapes
matchwell with our threesimplified representationef hair. Dif-
ferentSSVsprovide varying tightness.For clustersandgroupsof
individual strands line sweptspheresare the bestcandidatedor



(a) (b) ()
Figure 5: A Family of SweptSphereVolumes. a) Point
sweptsphee (PSS))b) Line sweptsphee (LSS);c) Rectangleswept
sphee (RSS)Thecore skeletonis highlightedin purple

eachsection,while rectanglesweptspheresprovide the betterfit
for patchesandthe point sweptsphereor theheadatthetoplevel.
Using the family of SSVsasthe underlyingBVs, collision detec-
tion canbe performedefficiently andeasilyusingany combination
of thethreerepresentationmogether

5.3 Constructing BVHs of SSVs

For eachsectionof the skeletonmodelthat controlsthe shapeof
the threehair representationsye pre-computea BV of SSVsfor
constructingBVHs for the hair andthe nearbyobjects(e.g. head,
neck, etc.) thatinteractwith the hair. For a skeletonmadeup of
n nodestherearen — 1 sectionsandthusn — 1 BVHs of SSVs.
Thevariablethicknessf eachsectiondefinegheradiusof theroot
SSValongits length.

In orderto computea BV for a patch,we usethe four control
pointsof thepatchthatoutlinea sectionto createa BV enclosingt.
Thisis performedfor eachof then — 1 sections.Similarly for the
clusterrepresentationye usethe eight control pointsthat define
a section(four control pointsthat make up the cross-sectiorat the
top of thesectionand4 controlpointsatthebottom)to createa BV.

For individual strandswe performcollision detectionfor each
strandor strandgroupingin a similar manner We computeanLSS
aroundthe skeletonthatdefineseachsectionwith aradiusdefining
the thickness.For eachindividual strand the radiusis zero. Thus,
performingcollision querieson eachindividual strandis similar to
checkingintersectionon the skeletoncurve. Moreover, theradius
of eachBV is variedbasecdbn thethicknessof eachgrouping.

Oncethe BVs arecomputedfor eachsectionof the hair using
our simplified representationsye constructa BVH of SSVsusing
top-tavn hierarchyconstructiorfor the hair andeachobjectin the
sceneas a pre-computation. During the runtime simulation, the
BVHs areusedto performcollision queriesandarelazily updated
onthefly.

5.4 Collision Response

Our algorithmbasedon the BVHs of SSVsautomaticallydetects
collision betweenthe hair andthe heador othernearbyobjectsin
the scene Collision responsés thencomputedusingthe outputof
our collision detectionmethod. Sincethe sameskeletonmodelis
usedfor eachrepresentatiorwheneer a collision is detectedwe
calculateresponsdorcesusingthe samemethodfor all of therep-
resentationsOncea collision betweerthe hair andheadhasbeen
detectedwe first determinea directionto applytheresponséorce.
TheBVH usedontheheadfor collisiondetectiorfindsthetriangles
on the headthatarecolliding with the the sectionof the hair. Af-
ter that, we computethe averagenormaldirection, N4, Of these
trianglesby summingthe normalassociateavith eachtriangleand
dividing themby the total numberof intersectedriangles,n. We
usethis averagenormal, N,.4, asthe directionalongwhich we
applytheresponsédorce. We defineN, 4 as,

N
Nuvg = L

a— for i=1,...,n,
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whereN; is the normalof theith intersectingriangleon the head
thathascollidedwith the sectionof hair.

Themagnitudeof theresponsédorceis basedothonthespeed
of the given hair section,and the speedof the head. Each hair
sectionis madeup of arigid sectionof the skeletonmodel. This
rigid skeletonsectionhastwo skeletoncontrol points, one at the
top of the sectionandthe otheroneat the bottom. Theith SSV of
agroupingof hair hascontrol pointsp; atthetopandp;+1 atthe
bottom. Thevelocity of thesectionof hairis calculatecatthetop of
thesection,v, andatthe bottomof the section,v,, by computing
thechangen positionof eachcontrolpoint over the lasttime step.

vi = (pi(T) — pi(T — d¢))
Vo = (Pi+1(7) — Pit1(T — 6¢)),
wheres is the hair section,r is the currenttime andd; is thetime
step.

Thesecalculatedspeedsareusedto computethe magnitudeof
theresponsdorce. Sinceeachskeletoncontrol pointis connected
to two BVs (eachof themis a SSV), exceptthefirst andlast con-
trol pointsof eachskeleton,we disperseéhe magnitudeof theforce
betweereachcontrolpoint. Theresultingresponséorcesarecom-
putedas:

Fi = 05 * Vg ¥ Navg
Fi+1 = 05 * Vp; * N,wg

to be appliedon the control points, p; andp;+1, respectiely. A
frictional force is alsoappliedto eachskeletoncontrol point when
asectionof hair collideswith thehead.Theaveragenormalvector
N,.g, calculatedor thecollisionresponséorceis usedto compute
theplanetangento theheadatthepointwherethecollisionoccurs.
The forcesappliedto a skeletoncontrol point, including internal
forces,gravity, andoutsideforcessuchaswind, arethensummed.
This resultingforce vectoris projectedonto the tangentplaneto
obtainthe componenbf theforcesactinguponthe controlpointin
thetangendirection. Sincethefrictional forcewill beopposinghe
motion of the hair alongthe head,the directionof the component
force is thenreversedto obtaina directionto apply the frictional
force. The magnitudeof the componentforce is multiplied by a
frictional constantvalue,andthe frictional force is appliedto the
correspondingkeletoncontrolpoint.

6 Rendering

Varioustechniquedor hair and fur renderinghave beeninvesti-
gated,suchas [KK89, Len0Q KHO00]. In our system,a mixed
modelof discreteandcontinuousggeometridevels-of-detailis used
to renderthe hair representationsEachrepresentatiomasa dis-
tinct type of geometricrepresentationeachstrandis renderechsa
NURBS curwe, eachclusteris renderedasa ruled NURBS surface
(i.e. surfacegeneratedy sweepinga curve aroundan axis), and
eachstripis renderecasa NURBS surface. By varyingthetessel-
lation parameterssa function of distanceto the viewer, analmost
continuoudevel-of-detailis provided for eachgeometrichair rep-
resentation.

Oneof thekey aspect®f renderinghair is simulatingtheinter-
actionof light. Traditionallighting modelsdependon the surface
normal. However, givenanindividual strandto render thereis no
clearchoiceof a normalvector Moreover, hair is an anisotropic
surface. Lighting of anisotropicsurfaces,often seenwith hair,
satin,andbrushedmetals,changesccordingto the viewing direc-
tion. We simulatedanisotropiclighting basedon the the methods
proposedby [HS98 Ban94. Thesemethodsusea texture map,
indexed by the eye spacedight directionandthe view directionto
simulateanisotropidighting.

Traditional lighting is not appliedto our hair representations.
Instead the simulatedanisotropidighting is blendedwith the un-
derlying color of the primitive during a single OpenGLrendering
pass. For strands randomshadesn arangeof hair color are as-
signedto eachindividual strand. The NURBS surfacesthat are



usedfor clustersaswell aspatchesareassigned texture mapus-
ing asimilar colorrange.

Transitionsbetweenstrand,cluster and patchrepresentations
causdittle visualdisturbanceThis smoothtransitioninghasto do
with the restrictionsplacedon when patchesareused,anddueto
the designof the hairstyle. Patchesare only usedwhenthe hair is
completelyoccluded.or at a greatdistancefrom the user In addi-
tion, hair sectionsaroundthe part of the hairstyleand aroundthe
facearesetto nottransitionbelow a clusterrepresentationBy not
allowing thesehair sectiongo transitionto a patchrepresentation,
thevolumeandsilhouetteof the hairstylearepresered.

7 ChoosingHair Representations

Giventhethreerepresentationsf a sectionof hair, a singlerepre-
sentatiorfor modelingandsimulatingthat sectionis computedon
the basisof several criteria. We have usedthe following compo-
nentsin our currentimplementation:

o Visibility

e Viewing distance

e Hair motion
7.1 Visibility
If aviewer cannotseea sectionof hair, thatsectiondoesnot need
to be simulatedor renderedat its highestresolutionof individual
strandgroupings.Hair cannotbe seenby the viewer if it is notin
thefield of view of thecameraor if it is completelyoccludedby the
heador otherobjectsin thescene.

If asectionof hairin strandgroupingss normallysimulatedus-
ing five skeletonsbut is occludedby otherobjectswe simulatethat
sectionof hair usingonelarger patch,andtherefore oneskeleton.
Simulatingonly oneskeletoninsteadof fivescutsthe computation
time by afactorof five. Whenthatsectionof hair comesbackinto
view, it is importantthat the placementandaction of the hair are
consistentvith thecasewhennolevels-of-detailareusedatall. As
aresult,we needto continuesimulatingthe hair sectionthatis cur-
rently notvisible. For example this canhapperwhentheoccluded
hair is blown backinto view by a gustof wind. Also, whenthe
hair comesbackinto view by eitherthe cameramoving or thehead
moving, it is necessanthat the hair be representedn a manner
thatis consistenwith the viewer’s understandin@f the simulated
scene. Simulatingthe occludedhair at a lower level-of-detail al-
lows the simulationto remainvisually consistentwhile reducing
thecomputatiortime.

In addition, when hair sectionis occluded,its renderingcan
alsobe simplified. Hair thatis completelyoccludeddoesnot need
to berenderedatall. Thereforewhena sectionof hairis occluded,
we simulatethe hair that might normally be representeds either
clustersor strandgroupingsaspatcheghatusefewer skeletonsand
thesesectionsarenotrendered.

The way we computewhethera sectionof hair is occludedis
important. In our currentimplementationwe performa simple
conserative occlusiontest. We put a boundingbox aroundthe
headandfit thebox sothatit is slightly smallerthanthe head.We
thenshootaray from thecamerao thetop andbottomof eachhair
representationif the hairis in clusterform, thentheraysoriginate
from the cameraandend at the top andthe bottom of the cluster
We checkwhetherthe raysintersectwith any of the six facesof
the box. If both of the raysintersectthe box beforereachingthe
hair section,thenwe concludethatthe entire sectionof hairis oc-
cluded. It is possibleto usemore sophisticatedcclusionculling
algorithms,suchas[ZMHH97], to performthesetests.

7.2 Viewing Distance

Thenext factorto considerin choosinga hair representatiois the

distancdrom theviewerto thehair. Hair thatis farfrom theviewer

cannotbeseenn greatdetail. As aresult,we donotusethehighest
resolutionrepresentatioffor it. We canestimatetheamountof de-

tail thatwill be seenby the viewer by computingthe screenspace
areathatthe hair covers.
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For example,a given sectionof hair may be representedby a
single patch,a group of threeclusters,or a group of five strand
groupings Eachof theserepresentationis designedo coverasim-
ilar amountof world space.Sinceall the of theserepresentations
occuyy a similar amountof world space we canusethe control
skeletonof the patchasan estimateto the amountof screenspace
areaa given hair sectionoccupies.For example,to determinethe
screercoverageof a strip, we projecta line from thefirst skeleton
nodeto thelastskeletonnodeinto thescreerspacelf theamouniof
screerspacecoveredby this line exceedghe pre-determinednax-
imum allowablesizefor a strip, thenthe given hair sectionwill be
renderedasa cluster Similarly, if theamountof screerspacecov-
eredby theline exceedghe maximumallowablesizefor a cluster
thenit will berenderedasindividual strands.

7.3 Hair Motion

Anotheraspecto considerin choosingthe appropriateepresenta-
tion is the currentmotion of the hair. If the hair is not moving at
all, thenalarge amountof computatioris not neededo animateit
andwe can,therefore usealower level of detail. Whenthe person
makes suddenmovement,e.g. shakinghis or herhead,or a large
gust of wind blows, a higherdetailedsimulationis used. When
alargeforceis appliedto the hair, suchaswind, oftenindividual
strandscanbe seenevenby a persorwho is normallytoo far away
to seeindividual strandsof hair thatarenotin motion. Also, if the
hairis moving aroundalot, thenit is likely to have mary collisions
with the objects(e.g. the body) aroundit. Whenthe hair is col-
liding dueto motion, usinga higherlevel-of-detailresultsin more
accuratecollision detectionandresponse.

We choosethe particular LOD basedon hair motion by first
determiningthe skeletoncontrolpointin the currentrepresentation
that hasthe strongestforce actingon it. This valueis compared
to certainthresholdsdefinedfor strandsor clusters. If the force
actingontheskeletonis nothighenougho berepresentedseither
strandsor clustersthenthe hairis modeledasa patch.

7.4 Combining Criteria

At ary giventime duringasimulation,a headof hairis represented
by multiple LODs. Eachsectionof hair usesits own parameter
valuesto trigger a transition. The sectionsof hair thathave a root
locationatthetop of thehead andthereforemoreviewable,remain
attheindividual strandsgroupinglevel longerthanthe sectionsof
hairthatarelocatedatthe baseof theneck. Thus,evenif thesewo
sectionareatthesamedistancdrom thecamerandhavethesame
motion, it is more importantthat the top layer be representecs
individual strandsnsteadof clusterssinceit is directlyin theview.
When determiningan appropriateLOD to use, we first test that
sectionof hair for occlusion.If the hairis notvisible to the viewer
thenwe automaticallysimulateit asa patchanddo not renderit.
In this case,no othertransitiontestsare needed.If the sectionof
hairis visible, we performthe motionanddistancetestsdescribed
abore. The LOD representatioiis chosenbasedon whichever of
thesetwo testsrequiresa higherdetail andfails to satisfythe user
specifiedscreen-spacerror tolerance. Fig. 6 shavs an example
of multiple LODs beingusedat oncefor a simulation. The useof
differentrepresentationfor the hairis virtually unnoticeableo the
viewer.

8 Resultsand Comparisons

We have implementedour automatedsimplificationalgorithmfor
hair modelingin C++. We modified and extendedthe publically
available proximity query package,PQP[LGLMO0O0], to perform
collision detection. The simulation results are displayedusing
OpenGL.

8.1 Implementation Issues

In orderto speeduphe LOD transitionsat runtime, mary compo-
nentsareprecomputedAn interactve hairstylingtool wascreated
to allow the userto placethe skeletonson the headat the desired
locations.Thestylingtool alsoletstheusersetparameterfor curly



Figure6: Simulationof wind blowing throughthe hair asthe camerazoomsaway from the head. Theleft image showsactual
simulationusingLODs. Thecenterimage showsthe samesimulationbut eat representatioris color coded- strandsare shownin yellow
and clustes are shownin red, patchesare representingoccludedhair and are not visible at this pointin the simulation. Theright image
showsthe samesimulationfromthe rear usingthe samecolor schemeasthe centerimage. Theview frustumof the frontcamen is shown

in white

or wavy hairautomaticallyby settingthe curl factoror wave factor,
which are the anglesthat control the degree of the curl or wave,
respectiely. Thesize(length,width, radius,etc.) of eachrepresen-
tationis alsosetusingthis styling tool.

We alsoprecomputeéhe correspondinddVVH for eachrepresen-
tation of hair to be usedfor collision detection. Therefore,dur-
ing anLOD transition,the only valuesthat needto be updatedare
the positionsof the skeletonnodes.Moreover, we usea simplified
representationf the headmodelin performingcollision detection
betweerthe headandthe hairin our simulation.

8.2 Performance Comparisons

We have testedour implementationof our framework on various
scenarios(Seethesupplementaryideotapegor thesesimulation.)
Fig. 7 shavs asequencef snapshotsakenfrom a hair simulation
usingour simplified representations.

We also comparedthe performancefor the overall dynamic
simulation(not including collision detection),collision detection,
andrenderingusingdifferentrepresentationsTable 1 givesa de-
tailed comparisorof therunningtime usinga combinationof sim-
plified representation§ndicatedasLODs) againstachoneof the
simplifiedrepresentation&StrandsClustersandPatches) For this
simulation,a curly hairstyle(shawvn in Fig. 8) wasusedandthe
timingsweretakenasthe cameramovesaway from the hair. Table
2 shaws resultsfrom a similar simulationusingthe samehairstyle
andcameramotion, but in this simulationawind forcewasapplied
to the scene. For this benchmarkwe used455 individual strand
groupingswhich containedatotal of 37,765strandsof hair, which
were representedising only 91 patchesor only 273 clusters. A
combinationof all threerepresentations/as automaticallydeter
minedby our framevork atary giventime duringthe simulations.
Timings were taken on a PC equippedwith an Intel PentiumIV
1.6 GHzprocessqr512 MB mainmemoryandGeForce2 graphics
card.

As expected,patchesprovide the bestoverall performancen
bothsimulationandrenderingime, sinceit is the coarsestlowest)
LOD of hair. But,acombinatiorof simplifiedrepresentationssing
our framework offers significantperformanceadvantagesver the
useof individual strandsalone. While it rendersmagesof almost
as good visual quality asthat of individual stands,our LOD im-
plementatiorgave bettertiming performanceshanmodelingwith
individual strandgn simulation,collision detectionaswell asren-
dering.

8.3 Analysisand Discussion

Theimpetusof this researchs to explorethe useof simplifiedrep-
resentationgor modelinghair to automaticallygeneratets aggre-
gate behaior, while preservingthe visual fidelity of the overall
simulation. It is difficult to meaningfully quantify the computa-
tional errorsintroducecdby the useof simplified representationfor
modelinghair. However, we cansubjectiely evaluatethe result-
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| Breakdovn [ LODs | Strands| Clusters]| Patches]

DynSim | 0.183 ] 1.071 0.099 0.030
ColDetect | 0.077 | 0.200 0.122 0.040
Rendering | 0.385 | 1.687 0.656 0.158

Table 1: PerformanceComparison. Simulationfor a camer
zoomingout away from the head. The performancenumbes are
measuedin secondper frame

| Breakdovn | LODs | Strands| Clusters]| Patches]

DynSim | 0.356 | 1.134 0.105 0.032
ColDetect | 0.107 | 0.168 0.101 0.034
Rendering | 0.785 | 1.734 0.665 0.158

Table2: Performance&Comparison Simulationfor wind blow-
ing throughthe hair asthe camern zoomsawayfromthehead.The
performancenumbes are measuedin secondper frame

ing simulationby performingside-by-sidecomparisonon the vi-
sualquality of renderedmages.

Fig. 8 shawvs theimagesof the simulationresultsusinga com-
binationof simplified representationss. eachof the threerepre-
sentations(Thetimingsweregivenin Tablesl and2.) We notice
little degradationin the visual quality of the renderedmageusing
LODs. However, while they offer the bestcomputationalperfor
mance theimageof hair simulatedby patchesappearsharpand
angular lacking a realistic appearance.The performanceof our
LOD combinationis comparabléo thatof clusters.However, our
approacltanautomaticallyplacethecomputingresourcesatplaces
wherethe hair is mostvisible to the viewer, andthusoffer amuch
highervisual quality for the resultingsimulation,asshavn in Fig.
8

Onelimitation of our algorithmis the slight poppingthat can
occurif aggressie LOD transitionsareused.This poppingmaybe
alleviatedwith motion warping betweerthe threehair representa-
tions.

9 Summary and Future Work

In this paperwe presentheuseof levelsof detailfor modelinghair
to acceleratedynamicscomputation,simplify collision detection
andreducerenderingcost. We have demonstrate@ur systemon
animatingdifferent typesof hair with varying styles. Thereare
severalpossibledirectionsto extendthisresearch:

e Interactvely modify the dynamicsof the hairin thepresence
of othersubstancesuchaswater styling gel, hairspray etc.;



Figure7: DynamicSimulationof Hair UsingLODs. A sequencef snapshotgfromleft to right) are takenfroma simulationof long,

straight hair flowingin thewind.

e Dynamically changethe hair style, as the user combsor
brusheghehairwith a 3D userinterface;

e Automatically generatedesiredsimulation outcomes,given
high-level userguidance.
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Figure 8: Comparisonof Renderedmages. From left to right, top to bottom: (a) LODs; (b) Patches; (c) Clustes; (d) Individual
Strands. Noticethe hair genelated using patchesalonelooksvery unrealistic with “flat” edgesand sharpanglesand the hair geneated
with clustes only lookslessnatural withouttheindividual strandsin its silhouette
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