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A Survey on Hair Modeling:
Styling, Simulation,andRendering

Kelly Ward FlorenceBertails Tae-Yong Kim StephenR. Marschner Marie-PauleCani Ming C. Lin

Abstract— Realistic hair modeling is a fundamental part of
creating virtual humans in computer graphics. This paper
surveysthe state of the art in the major topics of hair modeling:
hairstyling, hair simulation, and hair rendering. Because of
the dif�cult, often unsolved, problems that arise in all these
areas, a broad diversity of approaches are used, each with
strengths that make it appropriate for particular applications.
We discuss each of these major topics in tur n, presenting the
unique challengesfacing eacharea and describing solutions that
have been presented over the years to handle these complex
issues.Finally, we outline someof the remaining computational
challengesin hair modeling.

Index Terms— Hair modeling, physically-based simulation,
hardware rendering, light scattering, user-interaction, collision
handling

I . INTRODUCTION

Modeling hair is essentialto computergraphicsfor various
applications;however, realistically representinghair in struc-
ture, motion andvisual appearanceis still an openchallenge.
Hair modeling is important for creating convincing virtual
humansfor many diverseCG applications.

Hair modeling is a dif�cult task primarily due to the
complexity of hair. A humanheadtypically consistsof a large
volumeof hair with over 100,000hair strands.However, each
individual hair strandis quite small in diameter. Considering
this duality, researchershave examinedwhetherhair shouldbe
treatedas an overall volume or as individual interactinghair
strands.Currently, thereis no methodthat hasbeenaccepted
as the industrystandardfor modelinghair.

In the real world, the structureand visual appearanceof
hair varies widely for each person,making it a formidable
task for any one modeling schemeto captureall diversities
accurately. Moreover, due to the high complexity of hair the
algorithms that provide the best visual �delity tend to be
too computationallyoverwhelmingto be usedfor interactive
applicationsthathave strict performancerequirements.Thedi-
verseapplicationsthat incorporatehair modelingeachpossess
their own challengesand requirements,such as appearance,
accuracy, or performance.Additionally, therearestill unknown
propertiesaboutreal hair, makingthe creationof a physically
correctmodelingschemeelusive at this time.

In this survey, we will discuss the primary challenges
involved with modeling hair and also review the bene�ts
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and limitations of methodspresentedin the pastfor handling
thesecomplex issues.Furthermore,we will give insight for
choosingan appropriatehair modelingschemebasedon the
requirementsof the intendedapplication.

A. Hair ModelingOverview

As illustratedby Magnenat-Thalmannet al. [1], hair mod-
eling canbe divided into threegeneralcategories:hairstyling,
hair simulation, and hair rendering.Hairstyling, viewed as
modelingthe shapeof the hair, incorporatesthe geometryof
the hair andspeci�es the density, distribution, andorientation
of hairstrands.Hair simulationinvolvesthedynamicmotionof
hair, includingcollisiondetectionbetweenthehairandobjects,
suchas the heador body, aswell ashair mutual interactions.
Finally, hair renderingentailscolor, shadows, light scattering
effects, transparency, and anti-aliasingissuesrelated to the
visual depictionof hair on the screen.

While thereareseveralknown techniquesfor hair modeling,
hair researchbegan by viewing hair as individual strands,
or one-dimensionalcurves in three-dimensionalspace [2],
[3]. Building on thesefoundations,researchershave focused
on how theseindividual strandsinteract with eachother to
comprisethe whole volume of a full headof hair. Though
severalpathshave beenfollowed,modelinga full headof hair
remainsan open challengedue to the geometriccomplexity
andthin natureof an individual strandcoupledwith the com-
plex collisions and shadows that occur amongthe hairs. We
have consideredthe following generalquestionsfor analyzing
thesemethodsin several categories:

� Hair Shape: Canthemethodhandlelong, curly or wavy
hair or is it limited to simplershort,straightstyles?

� Hair Motion: Is the method robust enoughto handle
large,erratichairmotionthatcancausedynamicgrouping
and splitting of hair clustersas well as complex hair
collisions?

� Performance vs. Visual Fidelity : Is the primary focus
of the methodto model visually realistic hair, to model
hair quickly andef�ciently , or to offer a balancebetween
performancespeedandvisual �delity of the virtual hair?

� Hardware Requirements: Does the method rely on
speci�c GPU featuresor other hardware constraintsor
doesit have cross-platformcompatibility?

� User Control: To whatdegreedoestheuserhave control
over the hair? Is the control intuitive or burdensome?

� Hair Properties: Can the method handle various hair
properties(e.g.coarsevs. �ne, wet vs.dry, stiff vs. loose)
andallow for thesevaluesto vary on the �y throughout
the application?
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Given the factors above, a hair modeling method may
typically have strengthin someareas,but little capability in
addressingothers.Future researchendeavors strive to lessen
the gap betweentheseareas.The goal is to createan ideal
uni�ed hair modeling structure that can effortlessly handle
varioushair shapes,motions,andproperties,while giving the
desiredlevel of intuitive usercontrol in a mannerthatachieves
a fast performancewith photo-realistichair. Presently, hair
modelingis far from this ideal.

B. Applicationsand RemainingProblems

The future researchin hair modeling may be driven by
applications.Cosmeticprototypingdesiresan exact physical
and chemicalmodel of hair for virtually testing and devel-
oping products;currently, thereis little measureddataon the
mechanicalbehaviors of hair to accuratelysimulate how a
productwill in�uence hair's motionandstructure.As a result,
thereis no known hair modelingmethodthatcansimulatethe
structure,motion, collisions and other intricaciesof hair in a
physically-exact manner.

In contrast, in the entertainmentindustry, such as with
featureanimation,a physicallycorrecthair modelingscheme
is not necessarilydesirable.In fact, it is frequentlya goal to
model a physically impossiblehairstyle or motion. In these
cases,a high degree of user control is neededto direct the
hair in a desiredway, which is a time-consumingand costly
endeavor due to the magnitudeof the hair volume. Methods
to accelerateandeasethis processwould be valuedadditions
to hair modelingresearch.

Anotherarenathat requireshair modelingis interactive sys-
tems,suchas virtual environmentsand videogames.In these
applications,the performancespeedof the virtual hair is the
mainemphasisover its appearance.Thoughrecenteffortshave
increasedtheef�ciency of hairmodelingalgorithms,therestill
remainsa desireto heightenthe quality of the resultinghair
to capturemorehair shapes,motionsandproperties.

The remainder of this paper is organized as followed.
Hairstylingtechniquesarereviewedin SectionII. Methodsfor
simulatingdynamichair arepresentedin SectionIII. Section
IV describesthe propertiesof hair relatedto its interaction
with light, followed by techniquesfor renderinghair. Finally,
SectionV presentsnew challengesfacing hair researchand
applicationsin eachof thesecategories.

I I . HAIRSTYLING

Creatinga desiredhairstylecanoftenbea long, tedious,and
non-intuitive process.In this section,the main propertiesof
realhair thatcontrol its �nal shapeareexplained,followedby
themethodsfor styling virtual hair. Techniquesfor hairstyling
can be categorized into three general steps:attaching hair
to the scalp,giving the hair an overall or global shape,and
managing�ner hair properties.

A. Hair Structural and GeometricProperties

There is a diversespectrumof hair shapes,both natural
and arti�cial. Dependingon their ethnic group, people can

have naturally smooth or jagged, and wavy or curly hair.
Thesegeometricfeaturescanresultfrom variousstructuraland
physicalparametersof eachindividual hair strand,including
theshapeof its cross-section,its level of curliness,or theway
it comesout of the scalp [4], [5]. Hair scientistscategorize
hair types into three main groups:Asian hair, African hair,
and Caucasianhair. Whereasan Asian hair strand is very
smoothand regular, with a circular cross-section,an African
hair strand looks irregular, and has a very elliptical cross-
section.Caucasianhair rangesbetweenthesetwo extrema,
from smoothto highly curly hair.

Furthermore,mostpeopletypically cut andstyle their hair
in variouswaysthroughbangs,ponytails,braids,etc.Cosmetic
productscanalsomodify theshapeof hair, eithertemporarily
(usinggel, mousse,etc.),or permanently(throughpermanent
waving, hair straightening,etc.), creatinga wide variety of
arti�cial hairstyles.

The majority of virtual styling methodsusedtodayactually
do not considerthe physical structureof real hair in their
algorithms.Ratherthan trying to match the processof real-
world hair shapegeneration,most virtual styling methods
try to match the �nal results with the appearanceof real-
world hair. Consequently, virtual styling techniquesare not
appropriatefor applications that may desire a physically-
correct model for the structure of hair, but rather for ap-
plications that desirea visually-plausiblesolution. However,
therehave beenrecentefforts towardsthe creationof styling
methodsthat more accuratelyre�ect the real-world process
of hairstyle generationby consideringwhat is known about
real physical hair properties [6] and by mimicking more
naturaluserinteractionwith hair [7]. Thoughpromising,these
endeavors arestill at early stages.

B. Attaching Hair to the Scalp

Due to the high numberof individual hair strandscompos-
ing a humanheadof hair, it is extremelytediousto manually
placeeachhair strandon the scalp.To simplify the process,
a number of intuitive techniqueshave been developed that
employ 2D or 3D placementof hairsonto the scalp.

1) 2D Placement:In somestyling approaches,hair strands
are not directly placedonto the surface of the headmodel.
Instead,the user interactively paints hair locationson a 2D
mapwhich is subsequentlyprojectedontothe3D modelusing
a mapping function. Sphericalmappingsto map the strand
basesto the 3D contour of the scalp have been popular
approaches[2], [8].

Alternatively, Kim et al. [9] de�ne a 2D parametricpatch
thattheuserwrapsovertheheadmodel,asillustratedin Figure
1. The usercaninteractively specifyeachcontrol point of the
spline patch.In the 2D spacede�ned by the two parametric
coordinatesof the patch, the usercan placevariousclusters
of hair.

Placinghair roots on a 2D geometryis easyfor the user
and allows �e xibility . But mapping2D hair roots onto a 3D
curved scalp may causedistortion. Bando et al. [10] use a
harmonicmappingandcompensatefor themappingdistortion
by distributing the root particles basedon a Poissondisc
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Fig. 1. 2D squarepatchwrappedonto the 3D modelby the methodof Kim
et al. [9].

distribution using the distancebetweencorrespondingpoints
on thescalpin world spaceratherthantheir 2D mappositions.

2) 3D Placement:An alternative approachis to usedirect
3D placementof the hair roots onto the scalp.Patrick et al.
[11] presentan interactive interfacewherethe usercanselect
triangles of the head model. The set of selectedtriangles
de�nes the scalp,ie. the region of the headmeshwherehair
will be attached,and eachtriangle of the scalp is the initial
sectionof a wisp.

3) Distribution of Hair Strands on the Scalp: A popular
approachfor placing hair strandsusesuniform distribution
over the scalpas it makesa good approximationof real hair
distribution. Somewisp-basedapproachesrandomlydistribute
hair roots insideeachregion of the scalpcoveredby the root
wisps sections[12], [13], [14]. But if wisp sectionsoverlap,
a higherhair densityis generatedin the overlappingregions,
which canproducedistractingresults.In order to guaranteea
uniform hair distribution over the whole scalp,Kim et al. [9]
uniformly distribute hair over the scalpand then assigneach
generatedhair root to its owner cluster.

Someapproachesalso enablethe user to paint local hair
densityover thescalp[15], [13]. Hair densitycanbevisualized
in 3D by representingdensityvaluesascolor levels.Control-
ling this parameteris helpful to producefurtherhairstylessuch
as thinning hair. Hernandezand Rudomin [15] extendedthe
painting interface to control further hair characteristicssuch
as lengthor curliness.

C. Global Hair ShapeGeneration

Oncehair hasbeenplacedon the scalp,it hasto be given
a desired global shapewhich is commonly done through
geometry-based,physically-basedor image-basedtechniques,
which areexplainedandevaluatedin this section.

1) Geometry-Based Hairstyling: Geometric-based
hairstyling approaches mostly rely on a parametric
representationof hair in order to allow a userto interactively
position groupsof hair through an intuitive and easy-to-use
interface. These parametric representationscan involve
surfacesto representhair or wisps in the form of trigonal
prismsor generalizedcylinders.

a) Parametric Surface: Using two-dimensionalsurfaces
to representgroupsof strandshasbecomea commonapproach
to modeling hair [16], [17], [18]. Typically, thesemethods
use a patch of a parametric surface, such as a NURBS
surface, to reducethe numberof geometricobjectsusedto

model a sectionof hair. This approachalso helpsaccelerate
hair simulationand rendering.TheseNURBS surfaces,often
referredto as hair strips, are given a location on the scalp,
an orientation,and weighting for knots to de�ne a desired
hair shape.Texturemappingandalphamappingarethenused
to make the strip look more like strandsof hair. A complete
hairstyle can be createdby specifying a few control curves
or hair strands.The control points of thesehair strandsare
then connectedhorizontally and vertically to createa strip.
Thoughthis methodcanbe usedfor fasthairstylegeneration
andsimulation,thetypesof hairstylesthatcanbemodeledare
limited due to the �at representationof the strip (seeFigure
2, left).

In order to alleviate this �at appearanceof hair, Liang and
Huang[17] usethreepolygonmeshesto warpa 2D strip into a
U-shape,which givesmorevolumeto thehair. In this method,
eachvertex of the2D strip is projectedonto thescalpandthe
vertex is thenconnectedto its projection.

Fig. 2. Modeling hair using NURBS surfaces[16] (left). The Thin Shell
Volume[19] (right)

Extra geometricdetail canalsobe extractedfrom a surface
representation.Kim and Neumann[19] developeda model
called the Thin ShellVolume, or TSV, that createsa hairstyle
startingfrom a parameterizedsurface.Thicknessis addedto
the hair by offsetting the surfacealong its normal direction.
Individualhair strandsarethendistributedinsidetheTSV (see
Figure 2, right). Extra clumpsof hair can be generatedoff a
NURBS surface using the methodof Noble and Tang [18].
Starting from a NURBS volume that has beenshapedto a
desiredhairstyle, key hair curves are then generatedalong
the isocurvesof the NURBS volume.The pro�le curves that
are extruded from the key hair curves createextra clumps,
which can then be animatedindependentlyfrom the original
NURBS surface.This approachaddsmore �e xibility to the
typesof hair shapesand motions that can be capturedusing
the surfaceapproach.

b) Wisps and Generalized Cylinders: Wisps and gener-
alizedcylindershave beenusedasintuitive methodsto control
the positioningand shapeof multiple hair strandsin groups
[14], [20], [21], [22], [13]. Thesemethodsreducethe amount
of control parametersneededto de�ne a hairstyle.A groupof
hairstrandstendto rely onthepositioningof onegeneralspace
curve thatservesasthecenterof a radiusfunctionde�ning the
cross-sectionof a generalizedcylinder, also referredto as a
hair cluster. Theclusterhair modelis createdfrom hair strands
distributed inside of thesegeneralizedcylinders (seeFigure
3). The usercanthencontrol the shapeof the hair strandsby
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editing the positionsof the generalcurve or curves.

Fig. 3. The clusterhair model [20] [21]

Theclustersor wispsallow for thecreationof many popular
hairstylesfrom braidsand twists of many African hairstyles
[22] to constrainedshapessuch as ponytails. Some more
complex hairstylesthat do not rely on strandsgroupedinto
�x ed setsof clustersare more dif�cult to achieve with these
methods.Moreover, while they provide intuitive control to its
users,the shapingof a hairstylecan often be tediousas the
time to createa hairstyleis typically relatedto thecomplexity
of the �nal style.

c) Multi-resolutionEditing: Complex hair geometrycan
also be representedwith a hierarchyof generalizedcylinders
[9], [23], allowing usersto selecta desiredlevel of control
in shape modeling. Higher level clusters provide ef�cient
meansfor rapidglobalshapeediting,while lower level cluster
manipulationallows directcontrol of a detailedhair geometry
– down to every hair strand.Kim and Neumann[9] further
show that their multi-resolutionmethodcangeneratecomplex
hairstylessuchascurly clusterswith acopy-and-pastetool that
transfersdetailedlocal geometryof a clusterto otherclusters
(seeFigure4).

Fig. 4. Multiresolutionhairstyling [9]

2) Physically-basedHairstyling: Some hairstyling tech-
niquesare strongly linked to physically-basedanimationof
hair. Theseapproachesrely on the speci�cation of a few key
parametersin methodsranging from cantilever beamsthat
control individual strandsto �uid �o w methodsthat control
the entire volume of hair. Thesemethodscustomarilyreduce
the amountof direct usercontrol over the resultinghairstyle.

a) Thecantileverbeam: In the�eld of materialstrengths,
a cantilever beamis de�ned as a straightbeamembeddedin
a �x ed supportat oneendonly. Anjyo et al. [3] considerthat
it is a similar caseto a humanhair strand,wherethe strandis

anchoredat the pore, and the other end is free. Considering
gravity is the main sourceof bending,the methodsimulates
the simpli�ed staticsof a cantilever beamto get the poseof
one hair strandat rest. However, due to the use of a linear
model,extra-forcesneedto be appliedto the strandin order
to get a proper�nal shape.

b) Fluid Flow: Hadap and Magnenat-Thalmann[24]
modeledstatic hairstylesas streamlinesof �uid �o w based
on the ideathat statichair shapesresemblesnapshotsof �uid
�o w aroundobstacles.The usercreatesa hairstyleby placing
streams,vortices and sourcesaround the hair volume. For
example, a vortex is used to createa curl in the hair at a
desiredlocation(seeFigure5).

Fig. 5. Modeling hair usinga ¯uid ¯ow [24]

HadapandMagnenat-Thalmannlaterextendedthis work to
simulatedynamichair, asexplainedin SectionIII-C.1.a.

c) Styling Vector and Motion Fields: Yu [8] observed
that both vector �elds and hair possessa clear orientation
at speci�c points while both are also volumetric data; this
led him to the use of static 3D vector �elds to model
hairstyles,seeFigure 6 (left). Given a global �eld generated
by superimposingprocedurallyde�ned vector�eld primitives,
hair strandsareextractedby tracingthe�eld linesof thevector
�eld. A hair strandbeginsat a designatedlocationon thescalp
andthengrowsby a certainstepsizealongthedirectionof the
accumulatedvector of the vector �eld until a desiredlength
is reached.Similarly particlescan be used in motion �elds
to shapestrands[25]. A particle is given a �x ed life-time
andtracedthrougha motion �eld. The history of the particle
comprisesthe whole hair strand;changingthe life-time of the
particle thenchangesthe lengthof the hair.

Choeet al. [13] also usea vector �eld to computeglobal
hair position while accountingfor hair elasticity. Their algo-
rithm calculateshair joint anglesthat best accountfor both
the in�uence of the vector �eld and the natural trend of the
strandfor retrieving its restposition.Anotherimportantfeature
of the approachis the ability for the user to de�ne hair
constraints. A hair constraintcausesa constraintvector �eld
to be generatedover a portion of 3D spacethat later modi�es
the original vector �eld proportionallyto a weight parameter.
Hair deformationis computedby usingthepreviousalgorithm
appliedon the modi�ed vector �eld. In practice,the usercan
specifythreetypesof constraints:point constraints,trajectory
constraintsanddirectionconstraints.Hair constraintsturn out
to be very useful for creating complex hairstylesinvolving
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ponytails, bunchesor braids,as illustratedin Figure6 (right).

Fig. 6. A styling vector ®eld [8] (left) and constraint-based
hairstyling [13] (right)

3) Generation of Hairstylesfrom Images: Recenthairstyle
generationapproacheshave proposedan alternative way of
generatinghairstylesbasedon theautomaticreconstructionof
hair from images.

a) Hair GenerationFromPhotographs: Konget al. were
the �rst who usedreal hair picturesto automaticallycreate
hairstyles[26]. Their methodis merelygeometricandconsists
of building a 3D hair volume from various viewpoints of
the subject's hair. Hair strandsare then generatedinside this
volume using a heuristic that doesnot ensurefaithfulnessin
hair directionality. This approachis thenbestsuitedfor simple
hairstyles.

Grabli et al. introducedan approachexploiting hair illumi-
nation in order to capturehair local orientationfrom images
[27]. Their systemworks by studying the re�ectanceof the
subject's hair under various controlled lighting conditions.
Fixing the viewpoint allows them to work with perfectly
registered images. By consideringa single viewpoint and
using a single �lter to determine the orientation of hair
strands,the methodreconstructshair only partially. Paris et
al. extendedthis approach[28] to a more accurateone, by
consideringvarious viewpoints as well as several oriented
�lters; their strategy mainly consistsof testingseveral �lters
on a given 2D location and choosingthe one that gives the
most reliable resultsfor that location. This methodcaptures
local orientationsof thevisible partof hair, andthusproduces
visually faithful resultswith respectto original hairstyles(see
Figure7). Wei et al. [29] subsequentlyimprovedthe�e xibility
of themethodby exploiting thegeometryconstraintsinherent
to multiple viewpoints, which proves suf�cient to retrieve a
hair modelwith no needfor controlledlighting conditionsnor
a complex setup.

Fig. 7. Hair capturefrom photographs[28]

b) Hair Generation From Sketches: Mao et al. [30] de-
velopeda sketch-basedsystemdedicatedto modelingcartoon
hairstyles. Given a 3D head model, the user interactively
draws the boundaryregion on the scalpwherehair shouldbe
placed.Theuserthendraws a silhouetteof the targethairstyle
aroundthe front view of the head.The systemgeneratesa
silhouettesurfacerepresentingthe boundaryof the hairstyle.
Curves representingclustersof hair are generatedbetween
the silhouettesurfaceandthe scalp.Thesecurvesbecomethe
spinefor polygon strips that representlarge portionsof hair,
similar to the stripsusedby [16], [17].

This sketch-basedsystemquickly createsa cartoonhairstyle
with minimal input from its user. The strips,or clusterpoly-
gons,usedto representthe hair, however, arenot appropriate
for modelingmoreintricatehairstylessuchasthoseobservable
in the real world.

4) Evaluation: Each of the global hair shapingmethods
describedin this sectionis appropriatefor styling hair under
differentcircumstances.TableI shows a comparisonof several
global shapingmethodsin hair shape�e xibility , usercontrol,
and time for manualsetupor input. The larger the rangeof
hair shapesthat canbe modeledby an algorithm,the broader
its applicability in practice is. The level of user control is
important in order to facilitate placing exact details where
desiredin thehair. Moreover, while somestyling methodscan
capturea hair shapequickly through automaticprocessing,
othersrequire time-consumingmanualsetupor input by its
user.

As TableI indicates,geometry-basedhairstylingtechniques,
suchas throughgeneralizedcylinders or parametricsurfaces,
customarilygive the user a large degreeof control over the
hair; however, themanualpositioningof hair canbea tedious,
time-consumingtask due to the large intricate volume of
hair. The time for a user to create a hairstyle using the
multiresolution generalizedcylinder approachpresentedby
Kim and Neumman[9] rangedbetweenseveral minutes to
several hoursdependingon the complexity of the hair shape.
While parametricsurfacestypically provide fast methodsfor
hairstylecreation,the resultstendto be limited to �at, straight
hairstylesdue to the 2D surfacerepresentation.Alternatively,
wispor generalizedcylinderscanmodelmany straightor curly
hairstyleshapes.

Controllingthevolumeof thehair throughphysically-based
techniques,suchasthrough�uid �o w or vector�elds, typically
requireslesstediousinputby theuser;however, �ner detailsof
many complex hairstylesareoften dif�cult to capturethrough
suchinteraction.Many of the parameterscanbe non-intuitive
to hairstyling and the user typically haslessspeci�c control
over the hairstyle creation in comparisonto the geometry-
basedapproaches.

The generationof hairstylesfrom imageshasbeenshown
to be a highly automaticprocessevenwith a relatively simple
setup by Wei et al. [29]. The �nal hairstylescreatedfrom
imagescanbequite impressive, but thesemethodsarelimited
in that they resultfrom hairstylesthathave to exist in the real
world, makingtherangeof stylesmodeledgenerallyless�e x-
ible than geometricor physically-basedmethods.Hairstyles
generatedfrom sketchescan allow for more creativity in



6

the resulting hair shapes,though speci�c �ner details, such
as with braided hair, can be impossibleto achieve without
cumbersomeuserinvolvement.

Hair Shapes User Control Manual Time

Gen. Cylinders ¯exible high slow
Surfaces limited to straight high fast
Physical Volumes limited, detailshard cumbersome medium
Photos limited, mustexist none fast
Sketches limited, detailshard medium fast

TABLE I

ANALYSIS OF GLOBAL SHAPING METHODS Evaluationof
geometry-basedgeneralized cylinders and surfaces,

physically-basedvolumesand image-basedusingphotographsand
sketchesin the areasof usercontrol, �exibility of resultinghair

shapes,and the time of manualinput or setup.

Thereare recenttechniquesthat build on the strengthsof
differentmethods.For example,the work by Choeet al. [13]
model hair in the form of wisps where the user edits the
prototypestrandthatcontrolsthewisp shape,but vector�elds
and hair constraintsare also utilized to achieve intricate hair
shapessuchasbraids,buns,andponytails.While exacttimings
for manualinput is not provided, the amountof userinput is
still consideredhigh and the most time-consumingaspectof
the whole virtual hairstylingprocess.

D. Managing Finer Hair Properties

After hair hasbeengivenaglobalshape,it is oftendesirable
to alter some of the �ner , more localized propertiesof the
hair to either createa more realistic appearance(e.g. curls
or volume) or to captureadditional featuresof hair such as
the effects of water or styling products.In practice,most of
thesetechniquesto control �ner details have been used in
conjunctionwith geometricor physically-basedapproachesfor
de�ning a global hair shape(SectionsII-C.1 and II-C.2).

1) Detailsof Curls andWaves: Local detailssuchascurls,
waves or noisemight needto be addedto achieve a natural
appearancefor hair oncea global shapehasbeende�ned. Yu
[8] generatesdifferentkinds of hair curlinessby usinga class
of trigonometricoffset functions.Varioushairstylescan thus
be createdby controlling differentgeometricparameterssuch
as the magnitude,the frequency or the phaseof the offset
function. In order to prevent hair from looking too uniform,
offset parametersare combinedwith randomtermsthat vary
from onehair clusterto another(seeFigure8, left). Similarly,
a morenaturallook canbe generatedfor hair shapedthrough
�uid �o w by incorporatinga breakaway behavior to individual
hair strandsthat allow the strandto breakaway from the �uid
�o w basedon a probability function [24].

Choeet al. [13] model a hairstylewith several wisps,and
the global shapeof each wisp is determinedby the shape
of a masterstrand. Within a wisp, the degree of similarity
among the strandsis controlled by a length distribution, a
deviation radiusfunctionanda fuzzinessvalue.Thegeometry
of the master strand is decomposedinto an outline com-
ponent and a details component.The details componentis
built from a prototypestrandusing a Markov chain process
where the degree of similarity betweenthe master strand

Fig. 8. Wavesandcurls procedurallygeneratedby Yu [8] (left) andChoeet
al. [13] (right)

and the prototypestrandcan be controlled through a Gibbs
distribution. Resultinghairstylesare thus globally consistent
while containing�ne variationsthatgreatlycontribute to their
realism,asshown by Figure8 (right).

Thesemethodsfor localizedshapevariationhelpto alleviate
the syntheticlook of the virtual hair, however sincemost of
themincorporatesomeform of randomgenerationtheuserhas
lesscontrolover the �ner details.This semi-automaticprocess
helps acceleratethe creation of hairstyles as these minute
details could take many man-hoursif performedmanually.
On the other hand, the random generationcan also cause
unwanted artifacts if strandsare perturbed in a way that
causesunnaturalcollisions. Moreover, thesemethodsdo not
account for the physical hair propertiesfor computing the
hair geometry, althoughit is well-known that such features,
describedin SectionII-A, have a great in�uence on the hair
shape[4], [5].

In orderto automaticallygeneratethe�ne geometry, includ-
ing wavesor curls, of naturalhair, Bertailset al. [6] recently
introduceda new hairstyling method using a mechanically
accuratemodel for static elastic rods (the Kirchhoff model).
The method, basedupon a potential energy minimization,
accountsfor the natural curlinessof hair, as well as for the
ellipticity of hair �bers' cross-section(seeFigure9). Though
not appropriatefor creatingcomplex hairstyles,this method
is promisingfor a moreaccuratehairstylegenerationprocess,
accountingfor individual hair �ber properties.It could thusbe
useful for cosmeticsprototyping.Very recently, this approach
wasextendedto hair dynamics(seeSectionIII-B.4)

Fig.9. A realringlet (left), andasyntheticone(right) automaticallygenerated
by the physically-basedmethodof Bertailset al. [6]

2) ProducingHair Volume: Whereasmostgeometric-based
hairstyling methodsimplicitly give volume to hair by using
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volumetric primitives (see Section II-C.1), physically-based
methodsoften account for hair self-collisions in order to
producevolumetric hairstyles.Approachesthat view hair as
a continuousmedium[25], [24], [8], [13] add volume to the
hair throughtheuseof continuumpropertiesthatreproducethe
effects of collisions betweenhair strands,suchas via vector
�elds or �uid dynamics.As strandsof hair becomecloser,
thesetechniqueseitherprevent themfrom intersectingdue to
the layout of the vectoror motion �elds, or fostera repulsive
motion to move themapartfrom eachother.

Since detectingcollisions betweenstrandsof hair can be
dif�cult and, in the least, very time consuming,Lee and
Ko [31] developeda techniquethataddsvolumeto a hairstyle
without locatingspeci�c intersectionsamongstrands.Theidea
is that hair strandswith poresat higher latitudeson the head
cover strandswith lower pores.Multiple headhull layersare
createdof different sizes from the original head geometry.
A hair strand is checked against a speci�c hull basedon
the location of its pore. A hair-headcollision detectionand
responsealgorithm is then used.This methodonly works in
thecaseof a quasi-staticheadthat remainsvertically oriented.

3) Modeling Styling Productsand Water Effects: Styling
products,suchashairspray, mousse,andgel, have signi�cant
effects on the hair appearance,including hairstyle recovery
after the hair hasmoved, stiffenedoverall hair motion, large
grouping of hair strandsdue to the adhesivenessof �xati ve
products,and the changein the hair volume.

Lee and Ko [31] developeda methodto model the effects
of hair gel on a hairstyle.A styling force is usedto enable
hairstylerecovery as the hair movesdue to external force or
headmovement.As a result,aninitial hairstylecanberestored
after motion. When gel is applied to the hair, the desire is
to retain the deformedhairstyle rather than returning to the
initial style. This algorithm preserves the deformedshapeby
updatingthestyling forceduringthesimulation.Alternatively,
breakablestatic links or dynamicbondscanbeusedto capture
hairstyle recovery by applying extra spring forces between
nearbysectionsof hair to mimic the extra clumping of hair
createdby styling products[32], [33].

Styling productsalso increasethe stiffnessof hair motion
allowing a curledsectionof hair with styling productsapplied
to retaina tight curl as the hair moves.Throughthe useof a
dual-skeletonmodelfor simulatinghair, separatespringforces
canbe usedto control the bendingof hair strandsversusthe
stretchingof curls [33]. Styling productscan then alter the
springstiffness' independentlyto createdesiredresults.

Water will also drastically changethe appearance,shape
and motion of hair. As water is absorbedinto hair the mass
of the hair increasesup to 45%, while its elasticity modulus
decreasesby a factor of 10 – leading to a more deformable
and lesselasticmaterial[34]. Moreover, ashair getswet, the
volumeof the hair decreasesbecausestrandsof hair in close
proximity with eachotheradheredueto thebondingnatureof
water. In their staticphysically-basedmodel,Bertailset al. [6]
easilyincorporatedtheeffect of wateron hair by simply mod-
ifying the relevant physical parametersthat actually change
whenhair getswet: themassandtheYoung'smodulusof each
�ber. Ward et al. [33] modeleddynamicwet hair with their

Fig. 10. Comparisonof hair (a) dry and(b) wet [33].

dual-skeletonsystemby automaticallyadjustingthe massof
the hair alongthe skeletonsaswateris addedto the hair. The
increasedmassresultedin limited overall motion of the hair
andelongationof curls.A �e xible geometricstructureallows
the volumeof the hair to changedynamicallyby altering the
radius of the strandgroupsthat are usedin simulation (see
Figure10).

An interactivevirtual hairstylingsystemintroducedby Ward
etal. [7] illustrateshow waterandstylingproductscanbeused
to interactively alter thelook andbehavior of hair dynamically
througha 3D interfacethat allows usersto performcommon
hair salonapplications(suchaswetting,cutting,blow-drying)
for the purposeof intuitively creatinga �nal hairstyle.

I I I . HAIR SIMULATION

It is dif�cult to provide a realistic model for dynamichair
becauseeachindividual hair strandhasa complex mechanical
behavior and very little knowledgeis available regardingthe
natureof mutualhair interactions.Animationof a full headof
hair raisesobvious problemsin termsof computationalcosts.
As a consequence,existing hair animationmethodspropose
a tradeoff betweenrealism and ef�ciency, dependingon the
intendedapplication.Before analyzing existing methodson
hair animation, we brie�y describein Section III-A some
mechanicalfeaturesof real hair.

Numerousmethodsfor the dynamicsof an individual hair
strandhave beenborrowedfrom existing 1D mechanicalmod-
els.Thesemodels,presentedandcommentedon in SectionIII-
B, have subsequentlybeenusedfor animatingboth individual
hair strandsand groups of hair. While there can be over
100,000strandsof hair on a humanhead, it was observed
that most hair strandstend to move in a similar way as their
neighbors.This observation led to a numberof approaches
extendingthe single-strandmethodto simulatethe collective
behavior of hair. Thesemethods,which rangefrom continuum
to hairwisp models,will bepresentedin SectionIII-C. Finally,
Section III-D presentsrecent works that have used multi-
resolutiontechniquesin orderto gainef�ciency andto achieve
interactive hair simulations.

A. TheMechanicsof Hair

A hair strand is an anisotropicdeformableobject: it can
easilybendandsometimestwist but it stronglyresistsshearing
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and stretching.A hair strand also has elastic propertiesin
the sensethat it tendsto recover its original shapeafter the
stressbeing applied to it has been removed. The natureof
interactionsbetweenhair strandsis very complex. This is
largely due to the surface of individual hair strands,which
is not smoothbut composedof tilted scales(seeFigure 11).
This irregular surfacecausesanisotropicfriction inside hair,
with an amplitude that strongly dependson the orientation
of the scalesand of the direction of motion [35]. Moreover,
hair is very triboelectric,meaningit can easily releasestatic
chargesby merefriction. Thisphenomenonhasbeenmeasured
in thecaseof combedhair, but it seemsthatno studyhasbeen
publishedregardingthis effect in thecaseof hair-hair friction.

Fig. 11. An electronmicrographof a hair ®ber that shows the structureof
the outercuticle surface,which is composedof thin overlappingscales[4].

Also, thegeometrichair shape,which is correlatedto some
structuraland physical featuresof the hair (seeSection II-
A) affects the motion of hair. For example,a curly moving
hair will look more“elastic” thana straighthair, becausehair
curls can longitudinally stretchduring motion, like springs–
althoughhair strandsstill remain unstretchable.In addition,
hair clumps are more likely to appearin curly hair, where
contactsexist amonghair strands,andthustheprobability for
themto get into tanglesis greater. In fact, asobserved in the
real world, the more intricate the hair's geometryis, the less
degreesof freedomit hasduringmotion.Thefeaturecurliness
will be evaluated on existing approachesin Sections III-
B and III-C. To our knowledge, there are no quantitative
nor qualitative results publishedon hair grouping from the
mechanicsliterature.

Unlike somewell-known physicalmaterialssuchas�uids–
whichhavebeenstudiedfor centuriesandmodeledby accurate
equations–hairremainsan unsolved problemfor which there
is currently no standardphysically-basedmodel. Hence,one
of the challengeslies in �nding an appropriaterepresentation
of hair for dynamicsimulation.

B. Dynamicsof Individual Hair Strands

Within the 20 past years,three families of computational
models have been proposedand used for simulating the
dynamicsof one individual hair strand:mass-springsystems,
projective dynamics,and rigid multi-body serial chains.Very
recently, someexisting work on staticKirchhoff rods[36], [6]
hasbeenextendedto hair dynamics,leadingto a new model
calleddynamicSuper-Helices.

Eachoneof thesefour modelsis describedandevaluatedin
termsof realismandability to be includedinsidea full hair.

1) Mass-SpringSystems:One of the �rst attemptsto an-
imate individual hair strandswas presentedby Rosenblum
et al. [2] in 1991. A single hair strandis modeledas a set
of particles connectedwith stiff springs and hinges. Each
particlehasthreedegreesof freedom,namelyone translation
andtwo angularrotations.Hair bendingrigidity is ensuredby
angularspringsat eachjoint. This methodis simpleandeasy
to implement.However, torsional rigidity and non-stretching
of the strandarenot accountedfor. Limiting the stretchingof
thestrandrequirestheuseof strongspringforces,which leads
to stiff equationsthat often causenumericalinstability, unless
very small time stepsareused.

Many advancesin mass-springformulation were recently
made,especially in the context of cloth simulation. Baraff
and Witkin [37] showed that implicit integration methods
prove very useful for the simulationof a stiff systemas they
ensurethat the system will remain stable even with large
time steps.Implicit integration was later usedin the caseof
hair simulation [38], [39]. Other approaches[12], [40] used
a constrainedmass-springmodel, well-suited for animating
extensiblewispssuchaswavy or curly wisps.

2) OneDimensionalProjectiveEquations: In 1992,Anjyo
et al. proposeda simple methodbasedon one-dimensional
projective differential equationsfor simulating the dynamics
of individual hair strands.Initially, the staticsof a cantilever
beamis simulatedto get an initial plausiblecon�guration of
eachhair strand.Then, eachhair strand is consideredas a
chainof rigid stickssi . Hair motion is simulatedas follows:

� Eachstick si is assimilatedas a direction,and thus can
be parameterizedby its polar angles � (azimuth) and
� (zenith) (seeFigure12).

� TheexternalforceF appliedto thestick is projectedonto
both planesP� andP� , respectively, de�ned by � and �
(the longitudinalprojectionof F on si is neglectedsince
it shouldhave no effect on the rigid stick).

� Fundamentalprinciplesof dynamicsare appliedto each
parameter� and � which leadsto two differentialequa-
tions that aresolved at eachtime step.

Fig. 12. Left: the polar coordinatesystemfor a hair segment.Right: simu-
lating individual hair strandsusing onedimensionalprojective equationsfor
dynamics[3].

This method is attractive for many reasons.It is easy to
implement, ef�cient (tens of thousandsof hair strandscan
ef�ciently be simulated this way). Moreover, hair is pre-
ventedfrom stretchingwhile hair bendingis properly recov-
ered.However, as torsionalhair stiffnesscannotbe accounted
for, this methodcannotproperlyhandlefully 3D hair motions.
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Furthermore,as motion is processedfrom top to bottom, it
is dif�cult to handleexternalpunctualforcesproperly. Issues
related to the handling of external forces are discussedin
SectionIII-B.5.

3) Rigid multi-bodyserial chain: In order to computethe
motion of individual hair strands,forward kinematicshave
beenusedas a more generalalternative to one-dimensional
projective equations[41], [32]. Such techniquesare well-
known in the �eld of robotics,and ef�cient multi-body dy-
namicsalgorithmshave beenproposedfor decades[42].

Eachhair strandcanberepresentedasa serial,rigid, multi-
body open chain using the reducedor spatial coordinates
formulation [42], in order to keep only the bending and
twisting degreesof freedom of the chain: stretchingDOFs
are removed (see Figure 13). Apart from the gravitational
in�uence, forcesaccountingfor the bendingandthe torsional
rigidity of the hair strandare appliedon eachlink. Forward
dynamicsare processedusing the Articulated-BodyMethod
describedin [42], with a linear time complexity. Hadapand
Magnenat-Thalmann[41] and Chang et al. [32] used this
techniqueto animateseveral sparseindividual hair strands
within an elaborate,global continuousmodel for hair (see
SectionIII-C.1). Resultsfor thesemethodshave typically been
limited to straighthair aspossibleissuesrelatedto curly hair
simulationarenot explained.

Fig. 13. (left) Hair strandas a rigid multi-body serial chain [41] (right)
Simulationof hair blowing in the wind using¯uid ¯ow.

4) Dynamic Super-Helices: The Kirchhoff 's theory for
elastic rods has just been exploited by Bertails et al. for
accuratelypredictingthemotionof individual hair �bers [43].
Theresultingmechanicalmodelfor oneindividual hair strand,
calleda Super-Helix, correspondsto a spatialdiscretizationof
theoriginal continuousKirchhoff model,wherethecurvatures
and the twist of the rod areassumedto remainconstantover
eachprede�ned piece of the rod. As a result, the shapeof
the hair strandis a piecewise helix, with a �nite numberof
degreesof freedom.This model is then animatedusing the
principles of Lagrangianmechanics.The super-Helix model
naturally accountsfor the typical nonlinearbehavior of hair,
aswell as for its bendingandtwisting deformationmodes.It
alsointrinsequelyincorporatestheconstraintof inextensibility.
Finally, unlike all previous models,hair natural curlinessis
properly handledthrough this model, making it possibleto
accuratelysimulatethe dynamicsof curls.

5) Handling external forces: A good dynamicsmodel for
oneindividual hair strandis expectedto yield realisticmotion
of one isolated hair strand, but it should also be able to

properly handleany external forces, such as gravity, wind,
contactsor collisions.

In methodssimulatingchainsof rigid links (SectionIII-B.2),
motion is processedfrom top to bottom in one single pass.
This meansthat a collision detectedat stick sk only affects
the following stickssj , wherej > k without propagatingthe
effect backwardto thestickslocatedneartheroots,which can
leadto unrealisticshapesfor hair. Re�ning Anjyos's method,
Lee and Ko [31] simply �x the problemby addingan extra
force that enableshair to get a propershapewhen colliding
with an objectother than the head.

In thecaseof serialrigid multi-bodychains,externalforces
canproperlybeaccountedfor whenusingamulti-passforward
dynamicsalgorithm. However, becauseof the high bending
andtorsionalstiffnessthatarerequiredto maintainthecurved
shapeat rest, the simulation may lack stability if external
forces are integrated within an explicit integration scheme.
The major drawback of the articulatedbodiesmodel is that,
unlike the mass-springsmodel, it is dif�cult to formulate
the conventional dynamics–basedon reduced coordinates–
using an implicit integration scheme[44]. As proposedby
Baraff [45], a solutionmaybetheuseof Lagrangemultipliers
insteadof a reduced-coordinatesformulation of the problem,
in order to integrate hard constraints implicitly. Probably
becauseof its non triviality, this method has never been
implementedin thecaseof hair dynamics.Choeet al. recently
proposedanothersolution basedon a hybrid model, which
takesadvantageof both mass-springsmodelsandrigid multi-
body serial chains [39]. This model allows for an implicit
(andthusstable)integrationof thedynamics,includingrobust
constraintsbetweenthehairandthebody. But asmass-springs,
it doesnot fully avoid stretchingof the hair strand.

Finally, the Super-Helix model properly handlessoft con-
straints such as external forces. However, as the model is
parameterizedby reducedcoordinates,accountingfor hard
constraintsmay be tricky.

6) Evaluation: The following tableindicates,for eachhair
dynamicmodelgivenabove,which aretherequiredproperties
that it ensures.

Mass- Projective Rigid multi-body Dynamic
springs dynamics serial chain Super-Helices

Bending yes yes yes yes
Torsion no no yes yes
Non-stretching no yes yes yes
Curliness no no no yes
Constraints easy tricky tricky for hard tricky for hard

TABLE II

ANALYSIS OF DYNAMIC MODELS FOR INDIVIDUAL HAIR STRANDS

Criteria: bendingrigidity, torsional rigidity, non-stretching,
curlinesshandling, and handlingexternal constraints (soft and

hard) properly.

C. Simulatingthe Dynamicsof a Full Hairstyle

Handling a collection of hair strandsleads to additional
challengesin the �eld of computergraphics:the realism of
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the collective dynamic behavior and the ef�ciency of the
simulation.

As mentionedin SectionIII-A, hair interactionsare very
complex, and little knowledge is known about the actual
phenomenaof interactions,and their order of magnitude.In
addition,the enormousnumberof contactsandcollisionsthat
occur permanentlyor temporarily inside hair raisesobvious
problemsin termsof computationaltreatment.Consequently,
two challengingissueshave to be handledwhen computing
hair contactsandcollisions:detectionandresponse.

While early hair animation methodsgenerally neglected
hair-hair interactionsfor the sake of ef�ciency andsimplicity,
morerecentapproachesfor animatinghair make assumptions
on hair consistency during motion to simplify the problemof
collisions. Hair is essentiallyeither globally consideredas a
continuousmedium(SectionIII-C.1), or as a set of disjoint
groupsof hair strands(Section III-C.2.b). Speci�c hair-hair
interactionmodelsareproposedin both cases.

1) Hair asa ContinuousMedium: Due to thehigh number
of strandscomposinga humanheadof hair, simulatingeach
strandindividually is computationallyoverwhelming.Further-
more,strandsof hair in closeproximity with eachother tend
to move similarly. This observation led researchersto view
hair asan anisotropiccontinuousmedium.

a) AnimatingHair using Fluid Dynamics: Considering
hair asa continuumled HadapandMagnenat-Thalmann[41]
to modelthecomplex interactionsof hairusing�uid dynamics.
Theinteractionsof singlehairstrandsaredealtwith in a global
mannerthroughthe continuum.

Individual stranddynamicsis computedto capturegeom-
etry and stiffnessof each hair strand (seeSection III-B.3).
Interactiondynamics,including hair-hair, hair-body, andhair-
air interactions,aremodeledusing�uid dynamics.Individual
hair strandsarekinematicallylinked to �uid particlesin their
vicinity. In this model, the density of the hair medium is
de�ned as the massof hair per unit of volume occupied.
The pressureand viscosity representall of the forcesdue to
interactionsto hair strands.

Using this setup,it is possibleto model hair-body interac-
tionsby creatingboundary�uid particlesaroundsolid objects
(see Figure 13 which shows hair blowing in the wind). A
�uid particle,or SmoothParticle Hydrodynamics(SPH),then
exerts a force on the neighboring�uid particlesbasedon its
normal direction. The viscous pressureof the �uid, which
is dependenton the hair density, accountsfor the frictional
interactionsbetweenhair strands.

Utilizing �uid dynamicsto modelhair capturesthecomplex
interactionsof hair strands.However, sincethis methodmakes
the assumptionof a continuumfor hair, it doesnot capture
dynamicclusteringeffectsthat canbe observed in long, thick
realhair. Moreover, computationsrequiredfor this methodare
quite expensive; usingparallelization,it took several minutes
per frame to simulate a hair model composedof 10,000
individual hair strands.

b) LooselyConnectedParticles: Bandoet al. [10] have
modeledhair using a set of SPH particlesthat interactin an
adaptive way. Each particle representsa certain amount of
hair material which has a local orientation (the orientation

of a particle being the meanorientationof every hair strand
coveredby the particle),refer to Figure14.

Fig. 14. (left) Particlesde®ninghair, line segmentsindicatedirection(right)
Animation of hair with headshaking[10].

Initially, connectedchainsare settledbetweenneighboring
particlesbeingalignedwith local hair orientation:two neigh-
boring particleshaving similar directionsand being aligned
with this directionarelinked.This initial con�guration is kept
duringthemotionbecauseit representsthespatialconsistency
of interactionsbetweenparticles.During motion,eachparticle
caninteractwith otherparticlesbelongingto its currentneigh-
borhood.Themethodproposesto handletheseinteractionsby
settlingbreakablelinks betweencloseparticles;assoonasthe
two particlesare not closeenough,theselinks vanish.Thus,
this method facilitates transversal separationand grouping
while maintaininga constantlengthfor hair. At eachtimestep,
searchingtheneighborhoodof eachparticleis doneef�ciently
by usinga grid of voxels.

c) InterpolationbetweenGuideHair Strands: Changet
al. [32] createda systemto capturethe complex interactions
thatoccuramonghairstrands.In thiswork, asparsehairmodel
of guidestrands, which were �rst introducedin [46], [47], is
simulated.A densehair model is createdby interpolatingthe
positionof the remainingstrandsfrom the sparsesetof guide
strands.Usingmultiple guidehair strandsfor the interpolation
of a strandalleviateslocal clusteringof strands.

The sparseset of guide strands is also used to detect
andhandlemutualhair interactions.Sincedetectingcollisions
only among the guide strands is inef�cient, an auxiliary
trianglestrip is built betweentwo guidestrandsby connecting
correspondingverticesof the guide strands(seeFigure 15).
A collision amonghair strandsis detectedby checking for
intersectionsbetweentwo hair segmentsand betweena hair
vertex anda triangularface.Dampenedspringforcesarethen
usedto pusha pair of elementsaway from eachother when
a collision occurs.Figure15 shows the sparseanddensehair
models,respectively.

Theuseof guidestrandscanleadto missedcollisionswhen
the interpolatedstrandscollide with an objectwith which the
guidestrandsdo not.

d) FreeFormDeformation:To achievehairsimulationof
complex hairstylesin real-time,Volino et al. [48] proposedto
usea global volumetric free form deformation(FFD) scheme
insteadof consideringanaccuratemechanicalmodelrelatedto
the structureof individual hair strands.A mechanicalmodel
is de�ned for a lattice surroundingthe head.The lattice is
thendeformedasa particlesystemandhair strandsfollow the
deformationby interpolation.Collisionsbetweenthe hair and
the body are handledby approximatingthe body as a set of
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Fig. 15. (left) Sparsehair modelwith staticlinks and(right) Renderedimage
of interpolateddensehair model [32].

metaballs.
This methodis well-suitedfor animatingvariouscomplex

hairstyles,when the headmotion has a low magnitude.For
high deformations,hair discontinuitiesobserved in real hair
(e.g., seeFigure 18) would not be reproducedbecauseonly
continuousdeformationsof hair are consideredthrough the
lattice deformation.

2) Hair as Disjoint Groups: In order to reducethe com-
plexity of hair, an alternative approachconsistsof grouping
nearbyhair strandsand simulating thesedisjoint groups as
independent,interactingentities. This representationof hair
was especiallyusedto save computationtime in comparison
with the simulation of individual strands,and even reach
interactive frame rates. It also capturesrealistic featuresof
hair as it accountsfor local discontinuitiesobserved inside
long hair duringfastmotion; theselocal discontinuitiescannot
be capturedusing the continuumparadigm.

a) Real-timeSimulationof Hair Strips: As discussedin
SectionII-C.1.a, the complexity of hair simulationhasbeen
simpli�ed by modeling groups of strandsusing a thin �at
patch,referredto as a strip (seeFigure 16) [16], [19], [49],
[50], [17], [51], [52]. A simpledynamicsmodelfor simulating
strips is presentedin [49] that is adaptedfrom the projective
angulardynamicsmethodintroducedby Anjyo et al. [3] (see
SectionIII-B.2); dynamicsis appliedto thecontrolpoint mesh
of the NURBS surface.

Fig. 16. Hair stripsasan approximatehair model [16].

Using strips to model hair results in signi�cantly faster
simulationbecausefewer controlpointsarerequiredto model
a strip in comparisonto modelingindividual strands.In [49],
collision avoidancebetweenhair strips and external objects,

suchastheheador thebody, is achievedby usingellipsoidsto
approximatethe boundariesof theseobjects.When a control
point of the strip is inside the ellipsoid a reactionconstraint
methodis usedto move it backto theboundary. Furthermore,
collisions between hair strips are avoided by introducing
springswithin the stripsandbetweenneighboringstrips.The
springsareusedto preventneighboringstripsfrom moving too
far apartor too closetogether. Moreover, springsarealsoused
to prevent a strip from overstretchingor over-compressing.
The result is that the hairstyle remainsrelatively consistent
throughoutthesimulation.Similarly, GuangandZhiyong [50]
presentsa strip-basedhair structurefor modeling short hair
wherethe stripsof texture-mappedhair aresimulatedusinga
mass-springmodeland3D morphing.

By usinga singlestrip to representtensor hundredsof hair
strands,hair simulation, including hair-hair collision avoid-
ance,can be achieved in real-time. This process,however,
is limited in the types of hairstyles and hair motions it
can represent;the �at shapeof the strips is most suited to
simulatingsimple,straighthair.

b) Simulationof Wisps: Oneof the �rst methodsto take
advantageof groupinghair was presentedby Watanabeand
Suenagain [53]. They animatea set of trigonal prism-based
wisps. During motion, the shapeof a wisp is approximated
by parabolic trajectoriesof �cti ve particles initially located
nearthe root of eachwisp. At eachtime step,the trajectories
of the particles are estimatedusing initial velocities and
accelerations,suchasgravitational acceleration.This method
amountsto simulating only approximatekinematicswithout
consideringthe inertia of the system,which appearsto be
limited to slow hair motion. Moreover, interactionsbetween
differentwispsarenot taken into account.

A similar processof groupingneighboringstrandstogether
into wisps was used by [47], [46]. In theseworks, a wisp
of strandsis modeledby simulating the motion of a single
typical strand and then generatingother strandsby adding
random displacementsto the origin of the typical strand.
The numberof overall strandsthat needto be simulatedis
reducedsigni�cantly. Again, in this work, interactionsamong
strands,or betweenwisps, is not considered.

To account for complex interactions being observed in
real hair during fast motion, Plante et al. [12], [54] have
representedhair using a �x ed set of deformable,volumetric
wisps.Eachwisp is structuredinto threehierarchicallayers:a
skeletoncurvethatde�nes its large-scalemotionanddeforma-
tion, a deformablevolumetricenvelopethat coatstheskeleton
andaccountsfor the deformationof the wisp sectionsaround
it, andagivennumberof hairstrandsthataredistributedinside
the wisp envelopeandusedonly at the renderingstageof the
process(seeFigure17).

As the skeletonapproximatesthe averagecurve of a wisp,
it is likely to stretchor compressa bit while the wisp is not
completelystraight.The mass-springsimulationcan thus be
well-suitedfor simulatingwavy or curly wisps.

Assuming that the local discontinuities inside hair are
causedby collisions betweenwisps of different orientations,
this method provides a model of anisotropic interactions
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Fig. 17. Elementsde®ninga deformablevolumetricwisp [12].

betweenwisps. Wisps of similar orientationsare allowed to
penetrateeach other, and are submittedto viscous friction,
whereaswisps of different orientationsactually collide in a
very dissipative way.

Fig. 18. The layeredwisp model [12] (bottom) capturesboth continuities
anddiscontinuitiesobserved in real long hair motion (top).

As illustrated in Figure 18, the approachhas led to con-
vincing resultsfor fast motions,capturingthe discontinuities
thatcanbeobservedin long, thick hair. Nevertheless,very ex-
pensive computationswere requiredfor the examplesshown,
which wasmainly dueto thehigh costfor detectingcollisions
betweenthe deformablewisps.Moreover, the high numberof
contactsthatneededto becomputedbetweeneachwisp at rest
causedsomevisible artefactsin the reststate.

Choeet al. [39] have recentlyimprovedthestability of this
kind of approaches.Collisionsbetweenthewispsandthebody
are robustly handledby using constraineddynamics.More-
over, to avoid undesiredoscillationswhen computingwisp-
wisp interactions,they proposean empiric law for controlling
the amplitudeof penaltyforces.A cohesive force is alsoused
to preserve the initial hairstyleduring the simulation.

D. Multi-resolutionMethods

Recently, researchershave begun to explore adaptive
representationsfor hair. These methods can be used to
alleviate unnatural clumping of hair strands that can be
common in other approachesor to acceleratesimulation
while preservingrealistic featuresin hair motion.

1) Level-of-DetailRepresentations:To bettercapturenatu-
ral clusteringof hair, a multi-resolutionhair modelingscheme
maybeusedto accelerateboththesimulationandrenderingof
hair while maintaininga high visual quality. Ward et al. [55],
[38] usethreedifferent levels of detail (LODs) for modeling
hair – individual strands, clusters and strips representedby

subdivision curves, subdivision sweptvolumes,and subdivi-
sion patches,respectively (seeFigure19, left). By creatinga
hair hierarchycomposedof thesethreediscreteLODs along
with anef�cient collisiondetectionmethodthatusesthefamily
of sweptsphere volumes(SSVs)[56] asboundingvolumesto
encapsulatethe hair, this methodwas able to acceleratehair
simulationup to two ordersof magnitude.

During simulation,thehair hierarchyis traversedto choose
theappropriaterepresentationandresolutionof a givensection
of hair. ThetransitionsbetweentheLODs occurautomatically
using a higher resolutionsimulation for the sectionsof hair
that aremostsigni�cant to the applicationbasedon the hair's
visibility, viewing distance,andmotion,relative to theviewer.
If anobjectin thesceneoccludesa sectionof hair or if thehair
is outsideof the�eld-of-view of thecamerathenthesectionis
simulatedat thecoarsestLOD (a strip) andis not rendered.If
thehair canbeviewed,thedistanceof theviewer from thehair
andits motiondetermineits currentresolution.As thedistance
from the hair to the viewer decreases,or as the hair moves
more drastically, there is more observable detail and a need
for a moredetailedsimulationwithin the hair, thusthe hair is
simulatedandrenderedat higherresolutions.Figure19 shows
LOD representations(left) usedfor simulatinghair blowing in
the wind (right).

Recently, Ward et al. [7] introduced a simulation-
localization techniquethat provided additional performance
improvementsby quickly �nding areasof high activity. Cou-
pled with LOD representations,this methodboth simulated
and renderedhair fast enough for a user to interact with
dynamichair.

Fig. 19. Left: Level-of-detail representationsfor hair (a) strip (b) cluster(c)
strand.Right : Curly, long hair blowing in the wind using LOD representa-
tions [55].

2) AdaptiveClustering: In orderto continuouslyadjustthe
amount of computationsaccordingto the local complexity
of motion, techinquesfor adaptive clusteringandsubdivision
of simulated hair have been proposedrecently [40], [38].
Bertails et al. [40] introducedan adaptive animationcontrol
structure,called AdaptiveWisp Tree (AWT), that enablesthe
dynamic splitting and merging of hair clusters.The AWT
dependson a completehierachicalstructurefor thehair, which
can either be precomputed–forinstanceusing a hierarchical
hairstyle[9]–or computedon the �y . The AWT representsat
eachtime step the wisps segmentsof the hierarchythat are
actually simulated(called active segments).Consideringthat
hair should always be more re�ned near the tips than near
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the roots, the AWT dynamicallysplits or mergeshair wisps
while alwayspreservinga tree-like structure,in which theroot
coincideswith the hair rootsandthe leavesstandfor the hair
tips.

At eachtime step,different wisps segmentsof the global
hierarchy, that is, different LOD, can thus be active, while
only the �nest levelsof detailsareusedat the renderingstage.
The splitting processlocally re�nes the hair structurewhena
given wisp segment is not suf�cient for capturingthe local
motion and deformation.The merging processsimpli�es the
AWT whenthe motion becomescoherentagain.Splitting and
merging criteria are linked to the local motion of hair (for
example,the magnitudeof velocity of the wispssegments)at
eachtime step.

One of the key bene�ts of the AWT is that it implicitly
models mutual hair interactionsso that neighboring wisps
with similar motionsmerge, mimicking the static friction in
realhair. This avoids subsequentcollision processingbetween
these wisps, thus increasingef�ciency as well as gaining
stability from the reducednumberof primitives. In addition,
the splitting behavior modelswisps deformationwithout the
needof the complex deformablewisp geometryusedin [12].
For collision processing,active wisp segmentsof the AWT
are thus representedby cylinders, which greatly simpli�es
collision detectiontests.

Fig. 20. Illustration of the AWT on long hair (left) and its ®nal rendered
version(right) [40].

Ward and Lin [38] proposeda similar, but a more top-
down approach,for animatinghair. Their continuousmulti-
resolutionstructure,calledhair hiearchy [38], is coupledwith
the level-of-detailrepresentations[55], insteadof wisps[12].

IV. HAIR RENDERING

Realisticrenderingof humanhair requiresthe handlingof
bothlocal andglobalhair properties.To rendera full hairstyle,
it is necessaryto choosean appropriateglobal representation
for hair. Implicit and explicit representationsare presented
and discussedin Section IV-A. Local hair propertiesde�ne
the way individual hair �bers are illuminated. Section IV-
B describesthe scattering properties of hair and reviews
the different modelsthat have beenproposedto accountfor
thoseproperties.Global hair propertiesalso include the way
hair �bers cast shadows on each other; this issue of self-
shadowing, handledin SectionIV-C, plays a crucial role in
volumetrichair appearance.Renderinghair typically requires
time-consumingcomputations,SectionIV-D reviews various
renderingaccelerationtechniques.

A. RepresentingHair for Rendering

Choices of hair rendering algorithms largely dependon
the underlying representationsfor modeling hair geometry.
For example, explicit models require line or triangle-based
renderers,whereasvolumetricmodelsneedvolumerenderers,
or renderingalgorithmsthat work on implicit geometry.

1) Explicit Representation:With anexplicit representation,
onehasto draw eachhair �ber. A hair �ber is naturally rep-
resentedwith a curved cylinder. The early work by Watanabe
and Suenaga [53] adopteda trigonal prism representation,
whereeachhair strandis representedasconnectedprismswith
threesides.This methodassumesthat variationin color along
the hair radius can be well approximatedby a single color.
Othersuse ribbon-like connectedtriangle strips to represent
hair, where each triangle always facestowards the camera.
Ivan Neulander[57] introduceda techniquethat adaptively
tessellatesa curved hair geometryinto polygonsdepending
on thedistanceto thecamera,curvatureof hair geometry, etc.
At large distances,a hair strandoften resemblesmany hairs.
KongandNakajima[58] exploited this propertyto reducethe
numberof renderedhairsby adaptively creatingmorehairsat
the boundary.

Dif �culties arise with explicit renderingof tesselatedhair
geometrydue to the uniquenatureof hair – a hair strandis
extremely thin in diameter(0.1 mm). In a normal viewing
condition, the projectedthicknessof a hair strand is much
smaller than the size of a pixel. This propertycausessevere
undersamplingproblemsfor renderingalgorithmsfor polyg-
onal geometry. Any point sample-basedrendererdetermines
a pixel's color (or depth) by a limited number of discrete
samples.Undersamplingcreatesabrupt changesin color or
noisyedgesaroundthehair. Increasingthenumberof samples
alleviatestheproblem,but only at slow convergencerates[59]
andconsequentlyat increasedrenderingcosts.

LeBlancetal. [60] addressedthis issueby properlyblending
eachhair's color using a pixel blendingbuffer technique.In
this method, each hair strand is drawn as connectedlines
and the shadedcolor is blendedinto a pixel buffer. When
usingalpha-blending,oneshouldbe carefulwith the drawing
order. Kim andNeumann[9] alsouseanapproximatevisibility
ordering method to interactively draw hairs with OpenGL's
alphablending.

2) Implicit Representation: Volumetric textures (or tex-
els) [61], [62] avoid the aliasing problem with pre-�ltered
shadingfunctions.The smallestprimitive is a volumetriccell
that can be easily mip-mappedto be usedat multiple scales.
The cost of ray traversal is relatively low for short hairs,
but can be high for long hairs. Also when hair animates,
suchvolumesshouldbeupdatedfor every frame,makingpre-
�ltering inef�cient.

The renderingmethodof the clusterhair model [20] also
exploits implicit geometry. Eachclusteris �rst approximated
by a polygonal boundary. When a ray hits the polygonal
surface,prede�ned density functionsare usedto accumulate
density. By approximating the high frequency detail with
volume density functions, the method producesantialiased
imagesof hair clusters.However, this methoddoesnot allow
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changesin the density functions, making hairs appearas if
they alwaysstay together.

B. Light Scatteringin Hair

The �rst requirementfor any hair renderingsystemis a
model for the scatteringof light by individual �bers of hair.
This modelplaysthe samerole in hair renderingasa surface
re�ection, or local illumination, model doesin conventional
surfacerendering.

1) Hair Optical Properties: A hair �ber is composedof
three structures:the cortex, which is the core of the �ber
and provides its physical strength,the cuticle, a coating of
protective scalesthat completely covers the cortex several
layersthick (seeFigure11 in SectionIII-A), andthemedulla,
a structureof unknown function that sometimesappearsnear
the axis of the �ber.

A hair is composedof amorphousproteins that act as a
transparentmediumwith an index of refraction� = 1:55 [4],
[63]. The cortex and medulla contain pigmentsthat absorb
light, often in a wavelength-dependentway; thesepigments
are the causeof the color of hair.

2) NotationandRadiometryof Fiber Re�ection: Our nota-
tion for scatteringgeometryis summarizedin Figure21. We
refer to the plane perpendicularto the �ber as the normal
plane. The direction of illumination is ! i , and the direction
in which scatteredlight is beingcomputedor measuredis ! r ;
bothdirectionvectorspoint away from thecenter. We express
! i and ! r in spherical coordinates.The inclinations with
respectto the normal planeare denoted� i and � r (measured
so that 0 degree is perpendicularto the hair). The azimuths
aroundthehairaredenoted� i and� r , andtherelativeazimuth
� r � � i , which is suf�cient for circular �bers, is denoted� � .

Fig. 21. Notation for scatteringgeometry

Because�bers areusually treatedasone-dimensionalenti-
ties, light re�ection from �bers needsto be describedsome-
what differently from the more familiar surface re�ection.
Light scatteringat a surfaceis conventionallydescribedusing
the bidirectional re�ectance distribution function (BRDF),
f r (! i ; ! r ). The BRDF gives the density with respectto the
projectedsolid angleof the scattered�ux that resultsfrom a
narrow incident beamfrom the direction ! i . It is de�ned as
the ratio of surfaceradiance(intensityperunit projectedarea)
exiting the surfacein direction ! r to surfaceirradiance(�ux

per unit area)falling on the surfacefrom a differential solid
anglein the direction ! i :

f r (! i ; ! r ) =
dL r (! r )
dEi (! i )

:

Underthis de�nition, thescatteredradiancedueto an incident
radiancedistribution L i (! i ) is

L r (! r ) =
Z

H 2
f r (! i ; ! r )L i (! i ) cos� i d! i

whereH 2 is the hemisphereof directionsabove the surface.
Light scatteringfrom �bers is describedsimilarly, but the

unitsfor measuringtheincidentandre�ectedlight aredifferent
becausethe light is being re�ected from a one-dimensional
curve [64]. If we replace“surface” with “curve” and “area”
with “length” in the de�nition above we obtain a de�nition
of the scatteringfunction f s for a �ber: “the ratio of curve
radiance(intensityperunit projectedlength)exiting thecurve
in direction! r to curveirr adiance(�ux perunit length)falling
on the curve from a differential solid angle in the direction
! i .” Thecurve radiancedueto illumination from an incoming
radiancedistribution L i is

L c
r (! r ) = D

Z

H 2
f s(! i ; ! r )L i (! i ) cos� i d! i

whereD is the diameterof the hair as seenfrom the illumi-
nationdirection.

This transformationmotivated Marschneret al. [64] to
introducecurve radianceandcurve irradiance.Curve radiance
is in somesensehalfwaybetweentheconceptsof radianceand
intensity, andit describesthecontribution of a thin �ber to an
imageindependentof its width. Curve irradiancemeasuresthe
radiantpower interceptedperunit lengthof �ber andtherefore
increaseswith the �ber' s width. Thus, given two �bers with
identical propertiesbut different widths, both will have the
samescatteringfunction but the wider �ber will producea
brighter curve in a renderedimage becausethe wider �ber
interceptsmoreincidentlight. Thisde�nition is consistentwith
the behavior of real �bers: very �ne hairs do appearfainter
whenviewed in isolation.

Most of the hair scattering literature does not discuss
radiometry, but the above de�nitions formalize the common
practice, except that the diameter of the hair is normally
omitted sinceit is just a constantfactor. The factor of cos� i

is often included in the model, as was common in early
presentationsof surfaceshadingmodels.

3) Re�ection and Refraction in Cylinders: For specular
re�ection, a hair canbemodeled,to a �rst approximation,asa
transparent(if lightly pigmented)or purelyre�ecting (if highly
pigmented)dielectric cylinder. The light-scatteringproperties
of cylindershavebeenextensively studiedin orderto inversely
determinethe propertiesof optical �bers by examining their
scattering[65], [66], [67].

As �rst presentedin graphicsby Kajiya andKay [61] (their
scatteringmodelis presentedin SectionIV-B.5), if weconsider
a bundle of parallel rays that illuminatesa smoothcylinder,
each ray will re�ect acrossthe local surface normal at the
point whereit strikes the surface.Thesesurfacenormalsare
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all perpendicularto the �ber axis–they lie in thenormalplane.
Becausethe direction of eachre�ected ray is symmetric to
the incidentdirectionacrossthe local normal,all the re�ected
rays will make the sameangle with the normal plane.This
meansthat the re�ected distribution from a parallelbeamdue
to specularre�ection from the surface lies in a cone at the
sameinclination as the incidentbeam.

For hairs that are not darkly pigmented,the componentof
light that is refractedand entersthe interior of the hair is
also important. As a consequenceof Bravais's Law [68], a
corrolary of Snell's Law, light transmittedthrougha smooth
cylinder will emit on the sameconeas the surfacere�ection,
no matterwhatsequenceof refractionsandinternalre�ections
it may have taken.

4) Measurementsof Hair Scattering: In cosmeticslitera-
ture, somemeasurementsof incidence-planescatteringfrom
�bers have been published.Stamm et al. [63] made mea-
surementsof re�ection from an array of parallel �bers. They
observed several remarkabledeparturesfrom the expected
re�ection into thespecularcone:therearetwo specularpeaks,
oneoneithersideof thespeculardirection,andthereis asharp
truespecularpeakthatemergesat grazingangles.Theauthors
explainedthe presenceof the two peaksusing an incidence-
plane analysisof light re�ecting from the tilted scalesthat
cover the �ber , with the surfacere�ection and the �rst-order
internal re�ection explaining the two specularpeaks.

A later paperby BustardandSmith [69] reportedmeasure-
mentsof single�bers, including measuringthe four combina-
tions of incidentandscatteredlinear polarizationstates.They
found that oneof the specularpeakswasmainly depolarized
while the other preserved the polarization. This discovery
provided additionalevidencefor the explanationof one lobe
from surfacere�ection andonefrom internal re�ection.

Bustard and Smith also discussedpreliminary results of
an azimuthalmeasurement,performedwith illumination and
viewing perpendicularto the �ber. They reportedbright peaks
in theazimuthaldistribution, speculatedthat they weredueto
causticformation,but they did not reportany data.

Marschneret al. [64] reportedmeasurementsof single�bers
in more generalgeometries.In addition to incidenceplane
measurements,they presentednormalplanemeasurementsthat
show in detail the peaksthat Bustard and Smith discussed
and how they evolve as a strand of hair is rotated around
its axis. The authorsreferredto thesepeaksas “glints” and
showed a simulationof scatteringfrom an elliptical cylinder
thatpredictstheevolution of theglints; this clearlycon�rmed
that the glints are causedby caustic formation in internal
re�ection paths.They also reportedsomehigher-dimensional
measurementsthat show the evolution of the peakswith the
angleof incidence,whichshowedthefull scattereddistribution
for a particularangleof incidence.

5) Models for Hair Scattering: The earliest and most
widely used model for hair scatteringis Kajiya and Kay's
model, which was developed for rendering fur [61]. This
model includesa diffuse componentand a specularcompo-
nent:

S(� i ; � i ; � r ; � r ) = kd + ks
cosp(� r + � i )

cos(� i )
:

Fig. 22. ComparisonbetweenKajiya's model (left), Marschner's model
(middle) andreal hair (right).

Kajiya andKay derived the diffusecomponentby integrating
re�ected radianceacross the width of an opaque,diffuse
cylinder. Their specularcomponentis simply motivatedby the
argumentfrom the precedingsectionthat the ideal specular
re�ection from the surface will be con�ned to a cone and
thereforethere�ection from a non-ideal�ber shouldbea lobe
concentratednearthat cone.Note that neitherthe peakvalue
nor the width of the specularlobe changeswith � or � .

Banks [70] later re-explained the same model basedon
more minimal geometricarguments.For diffuse re�ection, a
differentialpieceof �ber is illuminatedby a beamwith a cross
sectionproportionalto cos� i andthediffuselyre�ectedpower
emits uniformly to all directions.1 For specular re�ection,
Fermat's principle requiresthat the projectionof the incident
andre�ected raysonto the �ber be the same.

In anotherpaperon renderingfur, Goldman[71], amonga
numberof other re�nementsto the aggregateshadingmodel,
proposeda re�nementto introduceazimuthaldependenceinto
the �ber scatteringmodel. He multiplied both terms of the
model by a factor f dir that can be expressedin the current
notationas:

f dir = 1 + a cos� �:

Setting a > 0 serves to bias the model toward backward
scattering,while setting a < 0 biasesthe model towards
forward scattering.2

Tae-Yong Kim [72] proposedanothermodel for azimuthal
dependence,which accountsfor surfacere�ection and trans-
mission using two cosine lobes.The surface re�ection lobe
derivesfrom theassumptionof mirror re�ection with constant
re�ectance (that is, ignoring the Fresnel factor), and the
transmissionlobe is designedempirically to give a forward-
focusedlobe. The model is built on Kajiya-Kay in the same
way Goldman's is, de�ning:

g(� ) =

(
cos� � �

2 < � < �
2

0 otherwise

This model is Kajiya andKay's modelmultiplied by:

f dir = a g(� �= 2) + g(k(� � � � ))

wherea is usedto balanceforward and backward scattering
and k is a parameterto control how focused the forward

1Banks doesnot discusswhy uniform curve radianceis the appropriate
sensein which the scatteredlight shouldbe uniform.

2In Goldman's original notationa = (� r ef lect � � tr ansmit )=(� r ef lect +
� tr ansmit ). A factorof 1

2 (� r ef lect + � tr ansmit ) canbe absorbedinto the
diffuse andspecularcoef®cients.



16

scatteringis. The�rst termis for backward(surface)scattering
and the secondterm is for forward (transmitted)scattering.

Marschner et al. [64] proposed the most complete
physically-basedhair scatteringmodel to date. Their model
makes two improvementsto Kajiya andKay's model: it pre-
dictstheazimuthalvariationin scatteredlight basedon theray
optics of a cylinder, and it accountsfor the longitudinal sep-
aration of the highlight into surface-re�ection,transmission,
and internal-re�ection componentsthat emerge at different
angles.The azimuthalcomponentof the model is basedon
a ray analysisthat accountsfor focusing and dispersionof
light, absorptionin the interior, andFresnelre�ection at each
interaction.The longitudinal componentmodelsthe shifts of
the �rst threeordersof re�ection empirically using lobesthat
aredisplacedfrom the specularconeby speci�c angles.

6) Light Scatteringon Wet Hair: Theway light scatterson
hair is changedwhen hair becomeswet. Jensenet al. [73]
noted that when objects becomewet they typically appear
darker andshinier;hair behavesthe sameway. Bruderlin [74]
and Ward et al. [33] alteredprevious light scatteringmodels
to capturethe effectsof wet fur andwet hair, respectively.

As hair becomeswet, a thin �lm of wateris formedaround
the �bers, forming a smooth,mirror-like surfaceon the hair.
In contrastto the naturally rough, tiled surface of dry hair,
this smoothersurfacecreatesa shinierappearanceof the hair
due to increasedspecularre�ections. Furthermore,light rays
aresubjectto total internal re�ection inside the �lm of water
aroundthe hair strands,contributing to the darker appearance
wethairhasoverdry hair. Moreover, wateris absorbedinto the
hair �ber , increasingthe opacityvalueof eachstrandleading
to moreaggressive self-shadowing (seeSectionIV-C).

Bruderlin [74] and Ward et al. [33] modeledwet strands
by increasingthe amountof specularre�ection. Furthermore,
by increasingthe opacity value of the hair, the �bers attain
a darker and shinier look, resemblingthe appearanceof wet
hair (seeFigure10).

C. Hair Self-Shadowingand Multiple Scattering

Fig. 23. Importanceof self-shadowing on hair appearance.(left) Shadows
computedusing DeepShadow Maps [75] comparedto (right) No shadows.
Imagescourtesyof Pixar Animation Studios.

Hair �bers castshadows onto eachother, aswell asreceiv-
ing andcastingshadowsfrom andto otherobjectsin thescene.
Self-shadowing createscrucial visual patternsthat distinguish
onehairstylefrom another, seeFigure23.Unlike solidobjects,
a densevolume of hair exhibits complex light propagation

patterns.Each hair �ber transmits and scattersrather than
fully blockstheincominglights.Thestrongforwardscattering
propertiesaswell as the complex underlyinggeometrymake
the shadow computationdif�cult.

One can ray trace hair geometry to compute shadow,
whetherhair is representedby implicit models [61] or explicit
models [64]. For complex geometry, the costof ray traversal
can be expensive and many authorsturn to cachingschemes
for ef�ciency. Two main techniquesare generally used to
castself-shadows into volumetricobjects:ray castingthrough
volumetricdensitiesandshadow maps.

1) Ray-castingthrougha VolumetricRepresentation:With
implicit hair representations,onecandirectly ray tracevolume
density[20], or usetwo-passshadowing schemesfor volume
density [61]; the �rst pass�lls volume densitywith shadow
informationand the secondpassrendersthe volumedensity.

2) ShadowMaps: LeBlanc [60] introducedthe useof the
shadow map,a depthimageof hair renderedfrom the light's
point of view. In this technique,hair and other objects are
renderedfrom the light's point of view and the depthvalues
are stored.Eachpoint to be shadowed is projectedonto the
light's cameraand the point's depth is checked againstthe
depthin the shadow map.Kong and Nakijima [58] extended
the principle of shadow cachingto the visible volumebuffer,
whereshadow information is storedin a 3D grid.

In complex hair volumes,depthscan vary radically over
small changesin image space.The discretenatureof depth
sampling limits shadow buffers in handling hair. Moreover,
lights tend to gradually attenuatethrough hair �bers due
to forward scattering.The binary decision in depth testing
inherentlyprecludessuchlight transmissionphenomena.Thus,
shadow buffers areunsuitablefor volumetrichair.

The transmittance� (p) of a light to a point p canbe:

� (p) = exp(� 
) ; where
 =
Z l

0
� t (l0)dl0:

l is thelengthof a pathfrom the light to p, � t is theextinction
(or density)functionalongthepath.
 is theopacitythickness
(or accumulatedextinction function).

Fig. 24. Top: a beamof light starting at the shadow cameraorigin (i.e.,
the light source)andpassingthrougha singlepixel of the deepshadow map.
Bottom: the correspondingtransmittance(or visibility) function � , storedas
a piecewise linear function.

In the deepshadow mapstechnique[75], eachpixel stores
a piecewiselinearapproximationof thetransmittancefunction
instead of a single depth, yielding more precise shadow
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computationsthan shadow maps,seeFigure 24 for an illus-
tration.The transmittancefunctionaccountsfor two important
propertiesof hair.

Fractional Visibility: In the context of hair rendering,the
transmittancefunctioncanberegardedasa fractionalvisibility
function from the light's point of view. If more hair �bers
are seenalong the path from the light, the light gets more
attenuated(occluded),resultingin lessillumination (shadow).
As noted earlier, visibility can changedrastically over the
pixel's extent. To handlethis partial visibility problem,one
shouldaccuratelycomputethe transmissionfunction by cor-
rectly integrating and �ltering all the contributions from the
underlyinggeometry.

Translucency: A hair �ber absorbs,scattersandtransmits
the incoming light. Assumingthat the hair �ber transmitsthe
incominglight only in a forwarddirection,the translucency is
alsohandledby the transmittancefunction.

Noting that the transmittancefunction typically variesradi-
cally over imagespace,but graduallyalongthelight direction,
one can accuratelyapproximatethe transmittancefunction
with a compactrepresentation.Deepshadow maps [75] use
a compressedpiecewise linear function for eachpixel, along
with specialhandlingfor discontinuitiesin transmittance(see
Figure23).

Fig. 25. OpacityShadow Maps.Hair volumeis uniformly slicedperpendic-
ular to the light directioninto a setof planarmapsstoringalphavalues(top).
The resultingshadowed hair (bottom).

Opacityshadow maps[76] further assumethat suchtrans-
mittance functions always vary smoothly, and can thus be
approximatedwith a setof �x ed imagecachesperpendicular
to the lighting direction (seeFigure 25). By approximating
the transmittancefunction with discreteplanarmaps,opacity
maps can be ef�ciently generatedwith graphics hardware
(see Section IV-D.3). Linear interpolation from such maps
facilitatesfastapproximationto hair self-shadows.

For light-colored hair, recentwork has shown that shad-
owing and attenuationalone are insuf�cient to producethe
correctappearance.For fully realisticresults,light thatre�ects
from hair to hair, or multiplescattering, mustbeaccountedfor.
Photonmappingmethods[77] canreduceper-framerendering
times from days,requiredfor pathtracingmethods,to hours,
but simulating multiple scatteringin hair truly ef�ciently is
still an openproblem.

D. RenderingAcceleration Techniques

Accurately renderingcomplex hairstylescan take several
minutes for one frame. Many applications,such as games
or virtual reality, require real-time renderingof hair. These
demandshave initiated recentwork to acceleratepreciseren-
deringalgorithmsby simplifying the geometricrepresentation
of hair, by developingfastvolumetricrendering,or by utilizing
recentadvancesin graphicshardware.

1) ApproximatingHair Geometry:SectionIV-B explained
the structureof hair and showed that hair �bers are actually
quitecomplex. Simplifying this geometry, usingfewer vertices
and renderingfewer strands,is one strategy for accelerating
hair rendering.Removing large portions of hair strandscan
be distracting and unrealistic, thereforesurfacesand strips
have been used for approximating large numbers of hair
strands[16], [49], [50], [78].

These two-dimensionalrepresentationsresemblehair by
texturemappingthesurfaceswith hair imagesandusingalpha
mappingto give the illusion of individual hair strands.Curly
wisps can be generatedby projecting the hair patch onto a
cylindrical surface[78].

Level of detail (LOD) representationsusedby Ward et al.
[55], [38] (seeSectionIII-D.1) for acceleratingthe dynamic
simulation of hair, also accelerateshair rendering.Using a
coarseLOD to model hair that cannotbe seenwell by the
viewer requiresrendering fewer vertices with little loss in
visual �delity . As a result,the time requiredto calculatelight
scatteringandshadowing effectsis diminishedby an orderof
magnitude.

2) Interactive Volumetric Rendering: Bando et al. [10]
modeledhair as a set of connectedparticles,whereparticles
representhair volume density. Their renderingmethod was
inspiredby fast cloud renderingtechniques[79] whereeach
particle is renderedby splattinga texturedbillboard, both for
self-shadowing computationand�nal rendering.This method
runs interactively, but it doesnot castvery accurateshadows
insidehair (seeFigure14).

Bertails et al. [80] usea light-orientedvoxel grid to store
hair densityvalues,which enablesthemto ef�ciently compute
accumulative transmittanceinside the hair volume.Transmit-
tancevaluesare then �ltered and combinedwith diffuse and
specularcomponentsto calculatethe �nal color of eachhair
segment.Thoughvery simple, this methodyields convincing
interactive resultsfor animatedhair (seeFigure26).Moreover,
it caneasilybe parallelizedto increaseperformance.

Fig. 26. Interactive hair self-shadowing processedby accumulatingtrans-
mittancevaluesthrougha light-orientedvoxel grid [80]. (left) Animatedhair
without self-shadows; (right) Animatedhair with self-shadows.
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3) Graphics Hardware: Many impressive advanceshave
been made recently in programmablegraphics hardware.
Graphicsprocessorunits (GPUs)now allow programmingof
more and more complex operationsthrough dedicatedlan-
guages,suchasCg. For example,variousshaderscandirectly
be implementedon the hardware, which greatly improves
performance.Currently, themajordrawbackof advancedGPU
programmingis that new featuresare neithereasyto imple-
mentnor portableacrossdifferentgraphicscards.

Heidrich andSeidel[81] ef�ciently renderanisotropicsur-
facesby using OpenGLtexture mapping.Anisotropic re�ec-
tionsof individualhair �bers havealsobeenimplementedwith
this methodfor straightforward ef�ciency.

As for hair self-shadowing, someapproacheshave recently
focused on the accelerationof the opacity shadow maps
algorithm (presentedin SectionIV-C.2), by using the recent
capabilitiesof GPUs. Koster et al. [78] exploited graphics
hardware by storing all the opacity mapsin a 3D texture, to
have thehair self-shadow computationdonepurelyin graphics
hardware.Using texturedstrips to simplify hair geometry(as
seenin SectionIV-D.1), they achieve real-timeperformance.
Mertenset al. [82] explored ef�cient hair density clustering
schemessuited for graphicshardware, achieving interactive
ratesfor highqualityshadow generationin dynamicallychang-
ing hair geometry. Finally, a real-timedemonstrationshowing
long hair moving in the sea was presentedby NVidia in
2004 [83] to illustrate the new capabilities of their latest
graphicscards(seeFigure27).

Fig. 27. Real-timerenderingof long, moving hair using recentgraphics
hardware [83]. ImageCourtesyof NVIDIA Corporation,2004

V. NEW CHALLENGES

As the need for hair modeling continuesto grow in a
wide spectrum of applications, the main focus for future
researchmay be put either on physically-basedrealism (for
cosmeticprototyping),visual realismwith a high usercontrol
(for features�lms), or computationsacceleration(for virtual
environmentsandvideogames).Someof thesegoalshavebeen
partially achieved, but many important issuesstill remain,
especiallyin the �eld of hair animation.

A. Hairstyling

One of the most dif�cult challengesto virtual hairstyling
remainsto becreatingintricatestyleswith a high level of user
control in a shortamountof time. Thereis typically a tradeoff
betweentheamountof usercontrolandtheamountof manual
input time. An interestingfuturedirectionin hairstylingcould
be to combinedifferent shapingtechniquesin a mannerthat
keepsa high degree of user control while still accelerating
the time for user input. Moreover, haptic techniquesfor 3D
user input have shown to be quite effective for mimicking
real-world human interactionsand have only recently been
explored for hairstyling [7]. Attaining input through haptic
gloves rather than through traditional mouseand keyboard
operationsis a possibility that could allow a user to inter-
act with hair in a mannersimilar to real-world human-hair
interactions.Creatinga braid, for example,could potentially
be performedin just minuteswith haptic feedback,similar to
real-world hairstyling.

In addition to user input, interactive virtual hairstyling
techniquescanalsobene�t from accelerationsin renderingand
simulation.While moststyling techniquesaretargetedtowards
static hair, faster hair animation and rendering techniques
would enablemore realistic human-hairinteraction.Styling
of dynamichair would be bene�cial for cosmetictrainingand
otherinteractivehairstylingfunctions.Thesehigh-performance
applicationsdemandtheability to interactaccuratelywith hair
via commonactivities, suchas combingor brushinghair, in
real time. But as explained in next Section, hair dynamic
behavior as well as hair interactionsare currently far from
beingsatisfactorily simulated,especiallyin termsof accuracy.

B. Animation

Unlike some other mechanicalsystems,such as �uids,
hair has not been deeply studied by physicists, and thus
no macroscopicmodel describingthe accuratedynamicsof
hair (individual andcollective behavior) is currentlyavailable.
Somerecentwork accountingfor relevant structuralandme-
chanicalpropertiesof hair startsto exploreandto developnew
mechanicalmodelsfor simulatingmore closely the complex,
nonlinearbehavior of hair [43].

While hair animation methodsstill lack physically-based
grounds,many advanceshave been made in terms of per-
formancethrough the use of hair strips (Section III-C.2.a),
FFD (SectionIII-C.1.d), andmulti-resolutiontechniques(Sec-
tion III-D), but eachof thesemethodshave variouslimitations
to overcome.Hair strips can be usedfor real-timeanimation
of hair, though hairstyles and hair motions are limited to
simple examplesdue to the �at surfacerepresentationof the
hair. Multi-resolution techniqueshave been able to model
someimportantfeaturesof hair behaviors, including dynamic
groupingandseparationof hair strands,andhave successfully
acceleratedhair simulation while preservingvisual �delity
to a certainextent. However, highly complex hairstyleswith
motion constraintsare still not simulatedin real-time with
thesemulti-resolutionmethods.FFD methodshave beenused
to attainreal-timeanimationof varioushairstyles;nevertheless
suchapproachesare limited mainly to small deformationsof
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hair. It would be interestingto explore the synthesisof one
or moreof thesetechniquesby drawing on their strengths;for
example,theuseof anFFD approachthatwould allow for the
hair volumeto split into smallergroupsfor �ner detail.

C. Rendering

Whereasvery little physicaldata is available for hair me-
chanical properties,especiallythe way a collection of hair
�bers behave togetherduring motion, the microscopicstruc-
ture of hair is well-known (Section IV-B.1). Measurements
of hair scatteringhave recently led researchersto propose
an accuratephysically-basedmodel for a single hair �ber ,
accounting for multiple highlights observable in real hair
(SectionIV-B.5). So far, this model is only valid for a single
hair �ber. Other complex phenomenasuchas inter-re�ection
insidethehair volumeshouldalsobeconsideredfor capturing
the typical hair lighting effects. Another important aspect
of hair is self-shadowing. Many existing approachesalready
yield convincing results.The most challengingissueperhaps
lies in simulatingaccuratemodelsfor both the scatteringof
individual hair �bers andthe computationsof self-shadows at
interactiverates.

VI . CONCLUSION

We presenteda literaturereview on hair styling, simulation,
and rendering. For hairstyling, the more �e xible methods
rely mostly on manualdesign from the user. Intuitive user
interfacesand pseudo-physicalalgorithmscontribute to sim-
plifying theuser's task,while recentapproachescapturinghair
geometry from photographsautomaticallygenerateexisting
hairstyles.Variousmethodsfor animatinghair have alsobeen
described,such as througha continuousmedium or disjoint
groupsof hairs.Existing hair simulationtechniquestypically
requirea tradeoff amongvisualquality, �e xibility in represent-
ing styles and hair motion, and computationalperformance.
We alsoshowed how multi-resolutiontechniquescanbe used
to automaticallybalancethis tradeoff. Finally, wediscussedthe
mainissuesin hair rendering.We explainedtheeffectsof light
scatteringon hair �bers, exploredtechniquesfor representing
explicit and implicit hair geometry, and examined different
shadowing methodsfor renderinghair.

Hair modeling remains an active area of research.De-
pendingon the speci�c �eld–styling, animationor rendering–
different levels of realism and ef�ciency have been made.
While hair rendering is probably the most advanced�eld,
styling andabove all animationstill raisenumerousunsolved
issues.Researchershave begunto explore techniquesthatwill
enablemoreauthenticuserexperienceswith hair.

REFERENCES

[1] N. Magnenat-ThalmannandS. Hadap,ªStateof the art in hair simula-
tion,º in International Workshopon Human Modeling and Animation,
ser. KoreaComputerGraphicsSociety, June2000,pp. 3±9.

[2] R. Rosenblum,W. Carlson,andE. Tripp, ªSimulatingthe structureand
dynamicsof human hair: Modeling, rendering,and animation,º The
Journal of Visualization and ComputerAnimation, vol. 2, no. 4, pp.
141±148,1991.

[3] K. Anjyo, Y. Usami,andT. Kurihara,ªA simplemethodfor extracting
the naturalbeautyof hair,º in Proceedingsof ACM SIGGRAPH1992,
ser. ComputerGraphicsProceedings,AnnualConferenceSeries,August
1992,pp. 111±120.

[4] C. R. Robbins,ChemicalandPhysicalBehaviorof HumanHair, 3rd ed.
Springer-Verlag,New York, 1994.
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Lévêque,ªSuper-helices for predicting the dynamicsof natural hair,º
in ACM Transactionson Graphics (Proceedingsof the SIGGRAPH
conference), August2006.

[44] S. Hadap,ªHair simulation,º Ph.D. dissertation,University of Geneva,
2003.

[45] D. Baraff, ªLinear-time dynamicsusing lagrangemultipliers,º in SIG-
GRAPH'96: Proceedingsof the 23rd annual conferenceon Computer
graphicsandinteractivetechniques. New York, NY, USA: ACM Press,
1996,pp. 137±146.

[46] A. Daldegan,N. M. Thalmann,T. Kurihara,andD. Thalmann,ªAn in-
tegratedsystemfor modeling,animatingandrenderinghair,º Computer
GraphicsForum, vol. 12, no. 3, pp. 211±221,1993.

[47] T. Kurihara,K. Anjyo, andD. Thalmann,ªHairanimationwith collision
detection,º in Proceedingsof ComputerAnimation'93. Springer, 1993,
pp. 128±138.

[48] P. Volino and N. Magnenat-Thalmann,ªAnimating complex hairstyles
in real-time,º in ACM Symposiumon Virtual Reality Software and
Technology, 2004.

[49] C. Koh and Z. Huang, ªA simple physics model to animatehuman
hair modeledin 2D strips in real time,º in ComputerAnimation and
Simulation'01, Sept.2001,pp. 127±138.

[50] Y. Guangand H. Zhiyong, ªA methodof humanshort hair modeling
andreal time animation,º in Paci�c Graphics, Sept.2002.

[51] E. Sugisaki,Y. Yu, K. Anjyo, and S. Morishima, ªSimulation-based
cartoon hair animation,º in Proceedingsof the 13th Conference in
Central Europe on ComputerGraphics, Visualization and Computer
Vision, 2005.

[52] H. D. TaskiranandU. Gudukbay, ªPhysically-basedsimulationof hair
strips in real-time,º in Proceedingsof the 13th Conferencein Central
Europe on Computer Graphics, Visualization and Computer Vision,
2005.

[53] Y. WatanabeandY. Suenaga,ªA trigonal prism-basedmethodfor hair
imagegeneration,º IEEE ComputerGraphicsandApplications, vol. 12,
no. 1, pp. 47±53,Jan1992.

[54] E. Plante,M.-P. Cani, andP. Poulin, ªCapturingthe complexity of hair
motion,º GraphicalModels(Academicpress), vol. 64, no. 1, pp. 40±58,
january2002.

[55] K. Ward, M. C. Lin, J. Lee, S. Fisher, and D. Macri, ªModeling hair
using level-of-detail representations,º in International Conference on
ComputerAnimationand SocialAgents, May 2003,pp. 41±47.

[56] E. Larsen,S. Gottschalk,M. Lin, and D. Manocha,ªDistancequeries
with rectangularsweptspherevolumes,º Proc. of IEEE Int. Conference
on Roboticsand Automation, 2000.

[57] I. Neulanderand M. van de Panne,ªRenderinggeneralizedcylinders
with paintstrokes,º in GraphicsInterface, 1998.

[58] W. Kong and M. Nakajima, ªVisible volume buffer for ef®cient hair
expressionand shadow generation,º in ComputerAnimation. IEEE,
1999,pp. 58±65.

[59] D. P. Mitchell, ªConsequencesof strati®edsamplingin graphics,º ACM
SIGGRAPH, 1996.

[60] A. M. LeBlanc, R. Turner, and D. Thalmann,ªRenderinghair using
pixel blendingand shadow buffers,º The Journal of Visualizationand
ComputerAnimation, vol. 2, no. 3, pp. 92±97,± 1991.

[61] J. Kajiya andT. Kay, ªRenderingfur with threedimensionaltextures,º
in Proceedingsof ACM SIGGRAPH89, ser. ComputerGraphicsPro-
ceedings,Annual ConferenceSeries,1989,pp. 271±280.

[62] F. Neyret, ªModeling animatingand renderingcomplex scenesusing
volumetric textures,º IEEE Transactionon Visualizationand Computer
Graphics, vol. 4(1), Jan-Mar1998.

[63] R. F. Stamm,M. L. Garcia,andJ. J. Fuchs,ªTheoptical propertiesof
humanhair i. fundamentalconsiderationsandgoniophotometercurves,º
J. Soc.Cosmet.Chem., no. 28, pp. 571±600,1977.

[64] S. Marschner, H. W. Jensen,M. Cammarano,S. Worley, andP. Hanra-
han, ªLight scatteringfrom humanhair ®bers,º ACM Transactionson
Graphics, vol. 22, no. 3, pp. 780±791,July 2003,proceedingsof ACM
SIGGRAPH2003.

[65] C. L. Adler, J. A. Lock, and B. R. Stone,ªRainbow scatteringby a
cylinder with a nearlyelliptical crosssection,º AppliedOptics, vol. 37,
no. 9, pp. 1540±1550,1998.

[66] D. Marcuse,ªLight scatteringfrom elliptical ®bers,º Applied Optics,
vol. 13, pp. 1903±1905,1974.

[67] C. M. Mount, D. B. Thiessen,andP. L. Marston,ªScatteringobserva-
tions for tilted transparent®bers,º Applied Optics, vol. 37, no. 9, pp.
1534±1539,1998.

[68] R. A. R. Tricker, Introductionto Meteorological Optics. Mills & Boon,
London,1970.

[69] H. Bustardand R. Smith, ªInvestigationinto the scatteringof light by
humanhair,º AppliedOptics, vol. 24, no. 30, pp. 3485±3491,1991.

[70] D. C. Banks, ªIllumination in diverse codimensions,º Proc. of ACM
SIGGRAPH, 1994.

[71] D. Goldman, ªFake fur rendering,º in Proceedingsof ACM SIG-
GRAPH'97, ser. ComputerGraphicsProceedings,Annual Conference
Series,1997,pp. 127±134.

[72] T.-Y. Kim, ªModeling, rendering,and animating human hair,º Ph.D.
dissertation,University of SouthernCalifornia, 2002.

[73] H. W. Jensen,J. Legakis,and J. Dorsey, ªRenderingof wet material,º
RenderingTechniques, pp. 273±282,1999.

[74] A. Bruderlin, ªA methodto generatewet and broken-up animal fur,º
in ComputerGraphics and Applications,1999. Proceedings.Seventh
Paci�c Conference, October1999,pp. 242±249.

[75] T. Lokovic and E. Veach, ªDeep shadow maps,º in Proceedingsof
the 27th annual conference on Computer graphics and interactive
techniques. ACM Press/Addison-Wesley Publishing Co., 2000, pp.
385±392.

[76] T.-Y. Kim and U. Neumann,ªOpacity shadow maps,º in Rendering
Techniques2001, ser. Springer, July 2001,pp. 177±182.

[77] J. T. Moon and S. R. Marschner, ªSimulatingmultiple scatteringin
hair usinga photonmappingapproach,º ACM Transactionson Graphics
(Proc. SIGGRAPH), vol. 25, no. 3, 2006.

[78] M. Koster, J. Haber, and H.-P. Seidel,ªReal-timerenderingof human
hair using programmablegraphicshardware,º in ComputerGraphics
International (CGI), June2004,pp. 248±256.

[79] Y. Dobashi,K. Kaneda,H. Yamashita,T. Okita, and T. Nishita, ªA
simpleef®cientmethodfor realisticanimationof clouds,º in SIGGRAPH
'00: Proceedingsof the 27th annualconferenceon Computergraphics
and interactive techniques. ACM Press/Addison-Wesley Publishing
Co., 2000,pp. 19±28.

[80] F. Bertails, C. Ménier, and M.-P. Cani, ªA practical self-shadowing
algorithm for interactive hair animation,º in Graphics Interface, May
2005,graphicsInterface'05.

[81] W. Heidrich and H.-P. Seidel, ªEf®cient renderingof anisotropicsur-
facesusing computergraphicshardware,º Proc. of Image and Multi-
dimensionalDigital SignalProcessingWorkshop(IMDSP), 1998.

[82] T. Mertens, J. Kautz, P. Bekaert, and F. V. Reeth, ªA self-shadow
algorithm for dynamic hair using density clustering,º in Proceedings
of EurographicsSymposiumon Rendering, 2004.

[83] C. Zeller, R. Fernando,M. Wloka, and M. Harris, ªProgramming
graphicshardware,º in Eurographics- Tutorials, September2004.



21

Kelly Ward Kelly Ward is currentlya softwareen-
gineerat Walt Disney FeatureAnimation,whereshe
works on look developmentandhair modelingtools
for feature®lms. Shereceived her M.S. and Ph.D.
degreesin ComputerSciencefrom the University
of North Carolina,ChapelHill in 2002 and 2005,
respectively. She received a B.S. with honors in
ComputerScienceandPhysicsfrom Trinity College
in Hartford, CT in 2000, where she was named
the President's Fellow in Physicsin 1999-2000.Her
researchinterestsincludehair modeling,physically-

basedsimulation,andcomputeranimation.Shehasgivenseveralpresentations
and invited lectureson her hair modelingresearchat internationalvenues.

Florence Bertails Florence Bertails is currently
working at INRIA Rhtne-Alpes,France,as a post-
doctoralresearcher. Shegraduatedin 2002from the
TelecommunicationEngineeringSchool of Institut
National Polytechniquede Grenoble (INPG) and
received a MSc in Image,Vision andRobotics.She
has just completeda Ph.D from the INPG where
sheworked on hair simulationandphysically-based
modeling,in collaborationwith physicistsand hair
scientistsfrom L'Orial Research.Shepresentedher
Ph.D work at internationalconferencessuchas the

ACM-EGSymposiumof ComputerAnimationandEurographics,andreceived
the best student paper award at Graphics Interface 2005 for interactive
renderingof animatedhair. Her latestwork onhairanimationwill bepublished
at ACM SIGGRAPH2006.

Tae-Yong Kim Tae-Yong Kim is currently a re-
searchscientistat Rhythm and Hues Studios.His
responsiblitiesat R&H include researchand devel-
opmentof animation tools for movie productions.
His work was usedin many ®lm productionssuch
asthe the Chroniclesof Narnia,SupermanReturns,
X-Men 2 andseveral othermovies.

He holds a Ph.D in computersciencefrom the
University of Southern California where he re-
searchedhumanhair modeling and rendering.His
Ph.D work was publishedin SIGGRAPH2002and

other conferences.In addition, he holds an M.S. in computersciencefrom
U.S.C.anda B.S. in computerengineeringfrom the SeoulNationalUniver-
sity.

He has taught in recent SIGGRAPH coursesand has reviewed many
academicpapersfor suchvenuesas SIGGRAPH,Symposiumon Computer
Animation, Eurographicsandothers.

StephenR. Marschner StephenR. Marschneris an
AssistantProfessorof ComputerScienceat Cornell
University. He received his Sc.B. in Mathematics
and ComputerSciencefrom Brown University in
1993andhis Ph.D. in ComputerSciencefrom Cor-
nell in 1998,thenheldresearchpositionsat Hewlett-
PackardLaboratories,Microsoft Research,andStan-
ford University before joining the Cornell faculty
in 2002. He is the recipient of a 2003 Technical
AchievementAward from the Academyof Motion
PictureArts andSciences,an NSF CAREERaward

in 2004, and an Alfred P. SloanResearchFellowship in 2006. Marschner's
researchinterestsinclude simulating the optics and mechanicsof complex
everydaymaterialsfor computergraphics.

Marie-Paule Cani Marie-Paule Cani is a Professor
of ComputerScienceat the Institut National Poly-
techniquede Grenoble(INPG), France.A graduate
from the Ecole NormaleSupirieure,shereceived a
PhDfrom theUniversityof ParisSudin 1990andan
ªhabilitationºdegreefrom INPG in 1995. Shewas
awardedmembershipof the Institut Universitairede
Francein 1999. She is the headof the INRIA re-
searchgroupEVASION which shecreatedin 2003.
Her main researchinterestscover physically-based
animation,interactive modelling techniquesand the

designof layeredmodelsincorporatingalternative representationsandLODs.
Recentapplicationsinclude pattern-basedtexturing, the animationof natural
phenomenasuchas lava-¯ows, ocean,vegetationand humanhair, real-time
virtual surgery andinteractive sculptingor sketchingtechniques.Marie-Paule
Cani co-chairedIEEE ShapeModeling International(SMI) in 2005andwas
paperco-chairof EUROGRAPHICS2004 andof the ACM-EG Symposium
on ComputerAnimation (SCA) in 2006.Sheserved in the editorial boardof
GraphicalModels(GMOD) from 2001to 2005andjoined theeditorial board
of IEEE TVCG in 2006.

Ming C. Lin Ming Lin received her B.S., M.S.,
Ph.D. degreesin Electrical Engineeringand Com-
puterScienceall from the University of California,
Berkeley. She is currently a full professorin the
ComputerScienceDepartmentat the University of
NorthCarolina(UNC), ChapelHill. Shereceived the
NSF Young Faculty CareerAward in 1995, Honda
ResearchInitiation Awardin 1997,UNC/IBM Junior
Faculty DevelopmentAward in 1999,UNC Hettle-
manAwardfor ScholarlyAchievementsin 2002,and
®ve bestpaperawardsat internationalconferences.

Her researchinterestsincludehaptics,physically-basedmodeling,robotics,
and geometriccomputingand has authoredover 140 refereedpublications
in these areas.She has served as the conferenceorganizer and program
chair of more than a dozenof technicalconferences,as well as the steering
committee member of ACM SIGGRAPH / EurographicsSymposiumon
ComputerAnimationandWorld HapticsConference.Sheis alsoanassociated
editor and a guesteditor of several journalsand magazines,including IEEE
Transactionson Visualizationand ComputerGraphics,InternationalJournal
on ComputationalGeometryandApplications,IEEE ComputerGraphicsand
Applications,andACM ComputingReviews. Shehasgivennumerouslectures
and invited presentationsat many internationalconferences.


