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Abstract
Realisticanimationof longhumanhair is dif�cult dueto thenumberof hair strandsandto thecomplexity of their
interactions.Existingmethodsremainlimited to smooth,uniform,andrelativelysimplehair motion.We present
a powerful adaptiveapproach to modelingdynamicclusteringbehaviorthat characterizescomplex long-hair
motion.TheAdaptiveWispTree(AWT)is a novelcontrol structure thatapproximatesthelarge-scalecoherentmo-
tion of hair clusters aswell assmall-scaledvariation of individual hair strands.TheAWTalsoaidscomputation
ef�ciency by identifyingregionswhere visiblehair motionsare likely to occur. TheAWTis coupledwith a mul-
tiresolutiongeometryusedto de�ne theinitial hair model.Thiscombinedsystemproducesstableanimationsthat
exhibit thenatural effectsof clusteringandmutualhair interaction.Our resultsshowthatthemethodis applicable
to a widevarietyof hair styles.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Animation

Figure1: Comparisonsbetweenrealhair andsimulationresults.

1. Intr oduction

Despiterecentadvancesin theanimationof virtual humans,
simulatingthecomplex motionof long hair remainsanarea
of active research.In contrastto shorthair andfur that has

�
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beensuccessfullyusedin feature�lms suchasStuartLittle 2,
MonstersInc. 9, simulatingreasonablylong,human-likehair
posesadditionalchallengessincebothhair interactionwith
thecharacter's bodyandmutualhair interactionneedto be
modeled.Without theseinteractions,the resultinghair ani-
mationwould loserealism.
Thispaperdescribesaneffectiveadaptive methodthatmod-
els the dynamicclusteringbehavior often observed in long
hair motion (seeFigure 1). To model such splitting and
merging behavior, we employ multiresolutionrepresenta-
tions for both modeling(geometriclevel of detail) andan-
imation(controllevel of detail),wherethelatteris extracted
from the former. The adaptive wisp tree (AWT), a control
structurebuilt uponthemultiresolutionmodel,approximates
thelarge-scalecoherentmotionof clustersaswell assmall-
scalevariationsin hair motion.During animation,theAWT
automaticallyadaptsitself basedon local wisp fusion and
separation.It alsohelpsto focuscomputationswherevisible
hairmotionsarelikely to occur. Thetime-varyingAWT seg-
mentscontrol themotionof underlyingmultiresolutionhair
model,includingtheindividual hair strandsusedat theren-
deringstage.The resultinganimationsareef�ciently com-
putedandstable.
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1.1. Previous work

This sectionfocuseson animationmethodsthatcanbeused
for animatinglong hair

�

. Hair modelingandrenderingare
notaddressed.A completestateof theart canbefoundelse-
where20� 23� 4 � 17.
Most methodsfor animatinghair rely on a physically-based
dynamicsmodel.A brute-forcedynamicssimulationwould
consumeunacceptablecomputationalresources,due to the
largenumberof hairstrands( � 100,000)andthecomplexity
of their interactions.Early work on hair animationdoesnot
considertheproblemof mutualhair interactionandmostly
focuseson the motion of individual hair strand24� 1� 26. For
ef�cient processingof mutualhair interactions,anauxiliary
mechanismis oftenemployed.Examplesincludethecloth-
like patchesusedfor theproductionof Final Fantasy14 and
a layeredshellto addvolumearoundtheheadmodel19, but
thesearelimited to modelingsmoothlateralinteractions(as
if hairswerelayersof patches),ratherthantherealisticcom-
plex motionsandinteractionsweseekto model.
HadapandMagnenat-Thalmannproposea novel paradigm
for handlingmutualhair interactionby consideringhair as
a continuumandcouplinga �uid dynamicsmodelwith an
elaboratemodel for stiff hair dynamics12. The smoothed
particleapproachis usedto modelboth hair-hair andhair-
air interactions.The methodgives high quality resultsfor
straight,smoothhair motionsandinteractions.However, it
is computationallyexpensive sinceevery hair strandneeds
to be processed,and resultsdo not illustrate the dynamic
clusteringeffectsobserved in real hair motion.Our goal is
to mimic suchcomplex dynamicclusteringbehavior, which
we �nd essentialwhendealingwith mosthair styles.
For ef�cient computationof hair motion,neighboringhairs
areoftengroupedandapproximatedby compacterrepresen-
tations.Among the two main approachesto hair grouping,
the �rst approachusesguide hair or key hair to model a
sparsesetof hair strands,from which densehair is interpo-
latedat therenderingstage6� 4. Thesemethodsareusefulfor
modelingandanimatingsmoothor shorthairstylesandani-
mal fur 2 � 9. Thesecondapproachuseswispsto groupnearby
hairs into representative geometricprimitives (hair wisps),
insidewhich individual hair strandsarerendered.This ap-
proachis employed asa few large wisps(e.g.,in Shrek8),
or surfacewisps 18, or volumetric wisps 27� 23, that are de-
formableor rigid.
In the efforts to expedite hair animationby reducingthe
numberof animatedprimitives,processingmutualhair in-
teractionremainsachallenge.Changetal. 4 modelsthehair
mediumasa continuum,approximatedby polygonalstrips
connectingtheguidehairs.Limiting theinteractionsto only
thosebetweenthepolygonsandguidehairsgreatlyreduces
the computationneededfor modelingmutual hair interac-
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In the remainderof this paper, the term "hair" will be usedfor human-likehair as
opposedto fur. We believe thatsuchhair posesunsolvedproblemsdueto thecomplexity
of hair interactions.

tion. Additionalguidehairsareadaptively insertedto ensure
that guidehairs remainevenly distributedduring hair mo-
tion. However, theunderlyingcontinuumassumptionlimits
the methodto relatively simple and smoothmotion, since
generalhair motion doesnot maintainthe strand-neighbor
relationshipsassumedby guidehair approaches.
Thegeometryandcontrol provided in the wisp approaches
canmodelthecomplex hair geometryandclusteringeffects
of long, thick hair. Planteetal. 23 modelshair interactionby
allowing individualwispto deform.While eachwispmodels
thecoherentmotionof neighboringhairstrands,theinterac-
tion betweenwisps are handledwith an anisotropiccolli-
sionmodel-i.e.,dampedcollisionsoccurwhentwo wispsof
differentorientationscollide, while wispswith similar ori-
entationare allowed to interpenetratewith a high friction
coef�cient. The methodproves useful for simulatingcom-
plex clusteringeffectsin hairmotion,but remainsinef�cient
(3 hoursfor a few secondsof animation)due to the com-
plex shapeof hairwispsandthenumberof penetrationtests.
More importantly, this approachcanbe unstableat the rest
statedueto thehighnumberof mutualinteractionsbetween
wisps.Our mechanismfor processinginteractionsis related
to this method,but our adaptive approachimproves upon
bothef�ciency andstabilityof theanimations.
The useof adaptive level of detail is a well known way to
improveef�ciency duringsimulations.Previousadaptivede-
formablemodelssuchas10 weredevotedto thesimulationof
continuousmedium.Changetal.'sapproachis alsobasedon
a continuumassumptionasinterpolationis usedto addex-
tra guidestrands.Our claim is thathair is not a continuous
medium. Strongdiscontinuitiesin geometrycanbeobserved
duringmotion,especiallyat the tip of hairs.A multiresolu-
tion hair representationwasproposedto model suchchar-
acteristicsof hair geometry17, which proved effective for
modelinga varietyof complex hairstyles.Yet this work was
notexploitedfor hairanimation.Veryrecently, Wardetal. 25

proposedanovel approachfor modelinghairusingthreege-
ometriclevelsof detail: hairstrips,hairclustersandindivid-
ualhairstrands.TransitionsbetweentheseLODsaredynam-
ically generatedduringmotion,accordingto criteriasuchas
cameraposition.Thismethodyieldsanincreasedef�ciency,
especiallyat the renderingstage.Although promising,the
resultsareshown only for gentleandsmoothmotionssuch
ashair �oating in thewind. In contrast,ourapproachfocuses
on the animationlevel of details,i.e. dynamicallyadapting
thecontrolstructurefor morecomplex hairmotion.Ourcri-
teria for driving transitionsbetweenanimationis different
from thework of Wardet al. in thatour methodis drivenby
thelocalcomplexity of hairmotioninsteadof theimportance
of the objecton the screenfor rendering25. Therefore,our
approachis independentof any adaptationof suchrendering
LOD andcouldbecoupledwith Ward's methodto increase
therenderingef�ciency aswell.
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1.2. Overview

Our goal is to simulatethe dynamicclusteringbehavior of
hair motion and the mutualhair interactions.We strive for
bothef�ciency andstability. Thekey ideais to dynamically
adaptthelocal resolutionof thecontrolstructureduringani-
mation,therebyconcentratingcomputationswhereit is most
needed,andreducingthenumberof interactingelementsto
maintainstability.
We employ a multiresolutionhair wisp representationsimi-
lar to thatusedfor hair modelingby Kim andNeumann17.
At eachtimestep,interactionsbetweenactivehairwispsare
detectedandprocessed,similarly to Planteetal.'swork 23.
Thecontributionsof our methodare:

� Adaptive wisp tree,a novel adaptive controlstructurefor
hairanimationthatsimulatesdynamicsplittingandmerg-
ing of hair clusters;

� Rulesfor detectingareaswherere�nement andmerging
shouldoccur;

� Improving ef�ciency andstability of interactionprocess-
ing in wisp-basedapproaches.

Sections2 to 4 respectively describethesecontributions.
Thelasttwo sectionsdiscussimplementationandresultsbe-
foreconcluding.

2. Adaptive wisp tr ee

During realhair motion,clustersform andsplit dueto fric-
tions,staticcharges,andthefeaturesof theinitial hairstyles.
Thenumber, locationandsizeof theobservedclustersvary
over time.Theadaptivewisptree(AWT) is motivatedby the
fact thattheclusteringbehaviors areobservedmoving from
hair tips to roots,asif hairwasprogressively cutby a slider.
We attribute the phenomenato the excessive collision be-
tweenhairsnearthe scalpandto the fact that hair motions
areconstrainedat the root, while hair is free to move apart
at the end.Physicalsimulationof suchbehavior would re-
quireconsiderableamountof computationandposestability
issuesin numericalintegration.We ratheraim at a simple
datastructurethat visually mimics the clusteringbehavior,
leadingto atree-likecontrolstructurethatapproximateshair
clustersplitting andmerging.SeeFigure2.

Figure 2: TheAWT is an acyclic orientedgraph of wispsegmentswhere nodesap-
proximatethemassof nearbyhairsandedgesrepresentthecontrol linksbetweennodes.

Thegeometriccomplexity andmotioncomplexity arenot
alwayscorrelated: for instance,curly hairmodeledasalarge
numberof spiral-lookingsmall wispsmay move ascoher-
entlyasasinglelargehairclusterfor slightheadmovement,

whereasseeminglysmoothhair wispsoften suddenlysplit
into smallclustersunderdrasticheadmotion.To modelthis
behavior, we employ a multiresolutionhair model to pre-
serve thegeometricdetail,coupledwith theAWT thatcon-
trols the dynamicevolution of hair motion. The multires-
olution geometricclustersare also usedto guidepotential
splitting in a particularhairstyleduring subsequentmotion
processing.

Figure3: RelationshipbetweengeometricmultiresolutionmodelandtheAWT

2.1. Multir esolutionhair geometry

We representa hair modelwith a hierarchyof generalized
cylinders (GC), adaptingfrom 17. A hairstyle is progres-
sively constructedby creatingGCs and re�ning them into
smallerones.In theremainderof thepaper, weusetheterms
super-GC, sub-GCwhenwereferto themodelinghierarchy.
We reserve parentandchild notationsfor denotingrelation-
shipbetweencontrol links in theAWT (Figure 3).
Thefollowing modi�cationsaremadeto 17 :

� Thenumberof segmentsin sub-GCsshouldbemultiples
of that of the super-GC so that correspondingnodescan
beeasilyidenti�ed.

� GCs have only circular cross-sections.Complex shapes
emerge during animationasthe resultof splitting proce-
dure.Theconditiongreatlysimpli�es collisionprocessing
sinceasingleradiuspercross-sectionsuf�ces, in contrast
to complex deformableboundaryusedby 23.

� Theframework of 17 doesnot enforcethat theboundary
of a super-GC enclosesall its sub-GCs.Theboundaryof
a super-GC is modi�ed to �t theshapeof its sub-GCs,in
a post-processingstep.Given a setof sub-GCs,we �rst
computethe center-of-masscurve, and then modify the
GC contoursaroundthis curve - a mereradiuschangein
our case.
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2.2. Multir esolutionmechanicalstructur e

Figure 4: Left imageillustratesthe AWT. Active nodesare drawn as spheres and
segmentsare drawnascylinders.Rightimageshowsthecorrespondinghair rendering.

Themotionof eachGC is approximatedby a discreteset
of nodes(Figure4). A nodecorrespondsto thecenterof the
cross-sectionof the GC in the modelhierarchy, the super-
GC beingre�ned at the endof the modelingstage,so that
the numberof cross-sectionsis the sameat eachhierarchy
level. With eachnode,we storepointersto thecorrespond-
ing nodesin thesuper-GC andsub-GC.We call suchnodes
super-nodesandsub-nodes, respectively. We alsostorethe
radiusof theassociatedGCcross-sectionandthemass,com-
putedfrom thenumberof hair strandsthatit simulates.
A setof activenodespartitionseachGC so that eachsec-
tion of the�nest level GC is governedby oneandonly one
of them.Thelevel of active nodesdetermineswhetheraGC
sectionaroundthenodeiseitheranimatedasacoherentclus-
ter or asa setof re�ned sub-GCs.We call segmentthelinks
thatconnectthesetof activenodes,constructingatreestruc-
ture,theAWT (seeFigure5).
The AWT evolves during animationthrough nodessepa-
ration (a nodesplits into sub-nodes)or fusion (sub-nodes
mergeinto their super-node).To ensurethatthestructurere-
mainsasatree,mergingis only allowedfrom rootto tip, and
splitting is allowedfrom tip to root� .
Dynamic splitting and merging occur only in the control
model (AWT), not in the geometricmodel.Beforeanima-
tion, eachhair strandis attachedto oneof the�nest GCsin
themodelhierarchyandthuscontrolledby thesetof active
segmentsat any time duringanimation.We thusensurethat
thevisualmotionof geometricmodelremainsconsistentde-
spitethediscretechangesin theLOD of thecontrolmodel.

2.3. Animation

In practice,an AWT is built for eachtop-level GC in the
modelhierarchy;theentirehair beingpartitionedasa forest
of suchAWTs. At the beginning of the animation,often at
rest,eachAWT is initialized with only the coarsestnodes
active. During animation,the treeevolvesover time based
on thefusionandseparationprocesses.
Segmentsin the AWT arerepresentedby eitherrigid links
or viscoussprings,dependingonthedesiredbehavior. Since
a curly wisp shouldelongateduringanimation,soft springs
arepreferredfor curly hair, whereasstraighthairsarereal-
istically modeledwith rigid links. Among all the available

�

We ignorerare caseswherethe tip of hair remainscoherentwhile otherpartsmove
apart.In theory, this situationcanbehandledby turningthetreeinto a graphwith cycles,
at thecostof a morecomplex data-structurethanourcurrentimplementation.

simulationmethodsfor this kind of mechanicalmodels(see
for instance12� 9� 23� 4), we have currentlyadopteda fast,ap-
proximateiterative methodfor simulatingrigid links 21 as
well asanimplicit integrationmethodfor springlinks 9. Us-
ing Pai'sstrandmodel22 maybeagoodalternatesolution.
Externalconditionssuchasheadmovement,collisions,wind
force�elds, gravity, etc.affect themotionof theAWTs,con-
strainedby thedynamicmodel.

3. Adapting the AWT

TheAWT adaptsover time by dualprocesses- splitting and
merging.Thesplittingprocesslocally re�nes thehairmotion
whena singlewisp segmentis not suf�cient for themotion
anddeformation.The merging processsimpli�es the AWT
whenthe motion becomescoherentagain.This adaptation
greatly simpli�es the interactionprocessingas detailedin
section4.

3.1. Splitting (separation)

Oursplittingcriteriais basedon theobservationthatmotion
becomesmorecomplex in regionswherehairaccelerates.A
nodeof theAWT splitsif :

1. Its accelerationtimesradiusis overathresholdvalue;and
2. Its child nodein theAWT hasalreadybeensplit.

The �rst condition models the observed behavior that a
larger (radius)or faster(accelerating)wisp is more likely
to split. Thesecondconditionenforcestherule thatsplitting
occursfrom tip to root.Figure5 shows thesplittingprocess.
Whenanodesplitsinto a setof sub-nodes:

� The positionof eachsub-nodeis updatedwith an offset
vector computedinitially andwhenever merging occurs
(see 3.3).

� The velocity of sub-nodesare set to the velocity of the
split node.

Figure5: Thesplittingprocess.1. Initially, onlycoarsenodesareactivated.2.A node
insidethecircle meetsthesplit criteria. 3. Its sub-nodesare activated4. After a few time
steps,thenodeinsidethecircle needsto split 5. ResultingAWT.

3.2. Merging (fusion)

Nodessharingthesameparentmerge if their super-nodeis
capableof approximatingtheir motion.Themerging condi-
tionsare:

1. Themergednodesarecontainedwithin theradiusof the
super-node.
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2. Their relative velocitiesare undera given thresholdin
magnitude,to avoid discontinuityin velocitywhenmerg-
ing occurs.

3. Thesplitting condition1 is not true(this testis addedto
preventmergingnodesfrom immediatelysplittingagain).

Note thatour merging testis local - it is only performed
for thenodeswith thesameparentnode.Thisway, theAWT
eliminatesany needto performtestsbetweenarbitrarywisp
segments.The treestructureof animatedhair is preserved
sincemerging takesplacefrom theroot to thetip of hair.
Whennodesmergeinto a super-node:

� Thesuper-nodeis positionedat thecenterof massof the
merging nodes.Its velocity is set to the meanvelocity,
weightedby massesof the merging nodes.Its radiusis
modi�ed to tightly �t all themerging nodes.

� Theoffset vectorfor eachmergednodeis computedand
their positionsare frozenwith respectto the super-node
thereafter.

3.3. Positionsof Non-Active Nodes

To updatetheembeddedmultiresolutiongeometry, theposi-
tion of non-active nodesshouldbe updatedduring motion.
Initially or whenmerging is performed,for eachnon-active
node,anoffsetvectoris computedthatstoresthenode's rel-
ative position with respectto its super-node.At eachtime
step,thepositionof a (non-active) sub-nodeis updatedwith
theoffsetvector, rotatedby a matrix thattransformsthetan-
gentvectorof theactive segmentat the time of merging or
initially, to thenew tangentvector.

4. Hair interaction

Oneof thekey bene�t of theAWT is that it implicitly mod-
els mutualhair interactionsso that neighboringwispswith
similar motionsmerge,mimicking thestaticfriction in real
hair. This avoids subsequentcollision processingbetween
thesewisps,thusincreasingef�ciency aswell asgainingsta-
bility from the reducednumberof primitives. In addition,
thesplittingbehavior modelswispsdeformationwithout the
needof thecomplex deformablewispgeometryusedin pre-
vious work 23. For collision processing,active segmentsin
the AWT are thus representedby cylinders,which greatly
simpli�es collisiondetectiontests.

4.1. Collision detection

The character's body is surroundedby a few bounding
spheres,and a spacevoxel grid is usedto storethe active
wisp segmentsat eachtime step.Eachtime an AWT seg-
mentpenetratesa boundingvolume,or whentwo segments
intersectthesamevoxel, thewisp segmentgeometryis used
for collision detection.This geometryis simply de�ned asa
cylinder thatconnectstheassociatednodesin thewisp tree
(a parentNp anda child nodeNc). Thecylinder radiusis set

to the child node's radius� sincethe parentnodemay be-
long to a coarserlevel of detail (seeFigure6). For instance,
acollisionbetweentwo wispsegmentsis detectedif thedis-
tanced 	 d 
 P1 �

P2 �

betweentheclosestpointson their axes
is smallerthanthesumof their radii r 	 r1 

r2.
Notethatcollisionsdo not needto bedetectedwhenneigh-
boringelementsalreadyhave thesamevelocity. Testingfor
collisions in this casewould even introduceartifacts,due
to our split/merge process.When a merging occurs(e.g.
when hair hascometo rest), the coarsersegmentgeome-
try only approximatesits sub-segmentsgeometry. Suddenly
usingthiscoarsegeometryfor collisiondetectionwouldpro-
ducenew, undesiredmotiontowardsa slightly differentrest
state.To avoid thisproblem,collision testis only performed
betweenpairsof elementswith relative motiondifferences.

Figure 6: Hair mutualinteractionsare detectedef�ciently sincewisp segmentsare
simplecylinders.(a) Friction forcesare generatedby theinteractionof wispssegmentsof
similar orientation;(b) softresponseforcesareaddedin othercases,(c) collisionresponse
beingcomputedat closestpointsandthenappliedat massnodes.

4.2. Responseto mutual hair interaction

Ourprocessingof interactionsis inspiredfrom Planteetal.'s
anisotropiccollision responsemodel 23. The generatedre-
sponseforcesallow wisp segmentsof similar orientationto
interpenetrate,but high viscousfriction is producedin this
case.Responseforcesalsopreventpenetrationbetweencol-
liding wisp segmentsof differentorientation,thusmodeling
thefactthatahair strandcannotcrosseachotherstrand(see
Figure6 (a) and(b)).
Thisanisotropicbehavior caneasilybemodeledby comput-
ing viscousfriction forcesV1 andV2 at theclosestpointsP1
andP2 betweenthesegmentaxes:

V1 	 kf 


�P2 �

�P1 �

; V2 	

�

V1 (1)

andby addingrepulsionforcesR1 andR2 whenthe angle
betweenthetwo segmentsis over a threshold:

R1 	 kr 
 r
�

d
�


 P1 �

P2 �

�

P1 �

P2
� ; R2 	

�

R1 (2)

The resultingforce F 	 V


R at P (whereP is P1 or P2)
is thensplitted into two forcesFp andFc respectively, and
addedto the setof externalactionsappliedat the segment

�

Taperedcylinderscomputedfrom theparentandchildnodesradii couldbeusedinstead.
However, collision detectionwould be more intricate sinceclosestpoints betweentwo
taperedcylindersdo not necessarilycorrespondto the closestpointsbetweentheir axes.
Wedid notobserve any noticeableartifactsdueto theuseof standardcylinders.
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nodes(seeFigure6, (c)) : if P 	 uNp



 1
�

u
�

Nc,

Fp 	 uF; Fc 	�
 1
�

u
�

F (3)

The friction coef�cient k f usedin equation(1) should
vary dependingon thehierarchylevel of thewisp segment.
Friction forces should reducethe relative speedbetween
nodes,but never changeits orientation,which mayoccurif
massis toosmallwith respectto theappliedforce.To main-
tainkf atareasonablevaluewhile ensuringthesamefriction
behavior for all resolutionlevels,we use : k f 	 am, where
m is the massof the child nodeNc. We alsocheckthat the
integrationstepis smallenoughto prevent thefriction from
reversingthedirectionof relative motion(adt � 1).

4.3. Hair interaction with obstacles

Hair is muchlighter thantheotherobjectsin thescene,in-
cluding thecharacter's body. Hair positionandvelocity are
modi�ed to model responseto collisionswith obstaclesas
in 23. An active wisp segmentthat intersectsan obstacleis
movedto remainin contactwith it, by moving thechild node
Nc. Thenode's velocity is setto obstacle's velocity to model
staticfriction, which we �nd morerealisticthana bouncing
behavior in thecaseof hair.

5. Resultsand discussion

In the examplesshown, the massof eachcoarsenodewas
setsothatthemassof thewholehair reachesbetween500g
and2kg (that is, around1g per coarsenode),knowing that
splitting anmergingmechanismsobviouly ensureconserva-
tion of mass.
In our interactive interface,the splitting thresholdcanvary
from 0 � 1 to 0 � 5N � m� kg �

1. Thevaluesetwaschosenaccord-
ing to the desirableimportanceof splitting during motion;
for curly hair, we chosea high value(lesssplitting) so that
hair remainsgroupedin wisps,whereasfor smoothhair we
chosea low value(moresplitting) so that hair canvisibily
expandduring motion. Only 2 levels of detail thus turned
out to besuf�cient for animatingcurly hair; for thesimula-
tion of smoothhair, we used3 levelsof detail to geta good
compromisebetweenrealismandcomputationalcosts.More
levelsof detailcouldbeusedto increaserealism.

5.1. Qualitati ve results

Snapshotstakenfrom animationexamplesareshown in Fig-
ure7 (seecolor plateSection).A varietyof hairstyleswere
animatedwith varying charactermotionssuchasjumping,
leaning,running, etc. Thanksto the merging process,our
modelstabilizesthehairmotionevenat highspeed.
Theanimationsshown in Figure7 wererenderedwith about
10,000individualhairstrands.For rendering,weuseamod-
i�ed versionof opacityshadow maps16 for hair-hairshadow
computation.Local hair re�ectance is basedon Kajiya-
Kay hair re�ectancemodel13, implementedin nVidia's GC
shader. In eachframe, hair strandsare drawn as OpenGL

polylines,sortedby the visibility orderingalgorithm in 17

for antialiasing.Renderingtakesabouta fractionof second
to several seconds,dependingon thedesiredfeatureslisted
above.

5.2. Performance

Hair model single-level AWT
(N, L) time (sec) meantime (sec)

Short(5149,2) 3.1 0.32
Shortcurly (4909,2) 2.7 0.27
Long (6065,3) 3.8 0.09
Long curly (9853,3) 7.9 0.29

The above table comparesour methodwith the perfor-
manceof a single-level animation method where all the
�nest GC aresimulated.With eachhairmodel,we show the
numberof nodes(N) at the �nest level and the numberof
geometriclevelsof detail (L). Thesingle-level methodwas
usedonly to measurehow muchef�ciency we get with the
adaptive method.Thetime for theAWT is ameanvalue,re-
�ecting split / mergefrequency duringanimation.Thetable
shows time (in seconds)to computeeachanimationstepfor
4 different hair modelswith same(leaning)motion of the
characterbody. Thesevaluesweremeasuredon a PC with
an 1.7 GHz PentiumCPU.We used4 integrationstepsper
eachframe(dt 	 10ms). Themaximumtime to compute10
seconds-longanimationwasabout5 minutes.

5.3. Discussion

In termsof time performance,our methodscalesfavorably;
it runsordersof magnitudefasterthanthework by Plante23

which similarly usedvolumetric wisps for animationbut
without exploiting multiresolution.Thetime measurements
arecomparableto thoseof Ward et al. 25, obtainedwith a
level of detailrepresentationfor hair.
TheAWT is bestsuitedfor fastanddrasticheadmotions,in
contrastto othermethodswhereonly slow andsmoothhear
motionswereillustrated.Ourapproachcanyieldstrongclus-
teredappearancesincewedonotallow hairwispsto deform
after they aresplit. Suchappearanceis essentialfor many
kindsof hair (e.g.curly hair, thick hair, etc.),but maynotbe
alwaysdesirable(e.g.for verysmoothhair).
Our currentchoicesfor wisp splitting criteria couldbe fur-
therextended.We arecurrentlyinvestigatinginto anuni�ed
setof criteria that would determinewhethera wisp should
split or not. Possibleextensionscould includethebody ac-
tion onthehair (includingcollisionandfriction), interaction
betweenair andwisps,andinteractioninsidehair. Lastly, the
recentwork by Wardetal.'s 25 ongeometricLODscouldbe
combinedwith ouranimationLOD algorithms,for increased
ef�ciency at therenderingstage.

6. Conclusionand Futur eWork

We presentedan effective adaptive methodfor hair anima-
tion. Our adaptive wisp treemimics thedynamicclustering
behavior of hairmotionoftenobservedin long, thick hair as
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well asin curly hair. Thereducednumberof wisp segments
andtheirsimpleshapesresultin ef�cient processingof com-
plex mutualhair interaction,aswell asincreasedstabilityof
thesimulation.
Our modelis bestsuitedfor large-scaleto mid-scalebehav-
ior of long, thick hair, suchassplittingandmerging of clus-
ters.As hairwisp re�nes, collisiondetectiontakesplacebe-
tween�ner and �ner cylinders, necessitatingsmaller time
stepsto handlemutualhair interactionduring fastmotion.
For such small-scaleinteractions,an alternative approach
suchasHadapandThalmann's smoothedparticlemodel12

couldbebettersuited.To guaranteecontinuityof hair repre-
sentation,it couldbealsointerestingto investigatea hybrid
approachthat combinesa very smoothhair representation
(e.g.usingtheadaptive guidehair method4) with dynamic
clusteringeffectsprovidedby theadaptive wisp tree.
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Bertailsetal / AdaptiveWisp Tree

Figure 7: Fromtop to bottom: short,smoothhair in runningmotion;long, thick hair in leaningmotion;long, curly hair in leaningmotion;
short,curly hair in leaningmotion
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