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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 turn, presentingthe
unique challengesfacing eacharea and describing solutions that
have been presentedover 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, userinteraction, collision
handling

I. INTRODUCTION

Modeling hair is essentiato computergraphicsfor various
applications;however, realistically representindhair in struc-
ture, motion and visual appearanceés still an openchallenge.
Hair modeling is important for creating corvincing virtual
humansfor mary diverseCG applications.

Hair modeling is a dif cult task primarily due to the
compleity of hair. A humanheadtypically consistof a large
volume of hair with over 100,000hair strandsHowever, each
individual hair strandis quite smallin diameter Considering
this duality, researcherbave examinedwhetherhair shouldbe
treatedas an overall volume or asindividual interactinghair
strands.Currently thereis no methodthat hasbeenaccepted
asthe industry standardor modelinghair.

In the real world, the structureand visual appearancef
hair varies widely for eachperson,making it a formidable
task for ary one modeling schemeto captureall diversities
accurately Moreover, dueto the high compleity of hair the
algorithms that provide the best visual delity tend to be
too computationallyoverwhelmingto be usedfor interactve
applicationghathave strict performanceequirementsThe di-
verseapplicationghatincorporatehair modelingeachpossess
their own challengesand requirementssuch as appearance,
accurag, or performanceAdditionally, therearestill unknovn
propertiesaboutreal hair, makingthe creationof a physically
correctmodelingschemeelusive at this time.

In this surney, we will discussthe primary challenges
involved with modeling hair and also review the bene ts
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and limitations of methodspresentedn the pastfor handling
thesecomplex issues.Furthermore we will give insight for
choosingan appropriatehair modeling schemebasedon the
requirement®f the intendedapplication.

A. Hair Modeling Overviav

As illustratedby Magnenat-Thalmanet al. [1], hair mod-
eling canbe divided into threegeneralcateyories: hairstyling,
hair simulation, and hair rendering. Hairstyling, viewed as
modelingthe shapeof the hair, incorporategshe geometryof
the hair and speci es the density distribution, and orientation
of hair strandsHair simulationinvolvesthe dynamicmotion of
hair, including collision detectiorbetweerthe hairandobjects,
suchasthe heador body, aswell ashair mutualiinteractions.
Finally, hair renderingentailscolor, shadavs, light scattering
effects, transpareng and anti-aliasingissuesrelatedto the
visual depictionof hair on the screen.

While therearesereralknown techniquegor hair modeling,
hair researchbegan by viewing hair as individual strands,
or one-dimensionalcurves in three-dimensionakpace[2],
[3]. Building on thesefoundations researcherfiave focused
on how theseindividual strandsinteract with each other to
comprisethe whole volume of a full headof hair. Though
several pathshave beenfollowed, modelinga full headof hair
remainsan open challengedue to the geometriccomplexity
andthin natureof anindividual strandcoupledwith the com-
plex collisions and shadavs that occur amongthe hairs. We
have consideredhe following generalquestiondor analyzing
thesemethodsin several categories:

Hair Shape Canthe methodhandlelong, curly or wavy
hair or is it limited to simplershort, straightstyles?
Hair Motion: Is the method robust enoughto handle
large, erratichair motionthatcancausedynamicgrouping
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 ¢ GPU featuresor other hardware constraintsor
doesit have cross-platformcompatibility?

User Control: To whatdegreedoesthe userhave control
over the hair?|s the control intuitive or burdensome?
Hair Properties Can the method handle various hair
propertieqe.g.coarsevs. ne, wetvs. dry, stiff vs.loose)
andallow for thesevaluesto vary on the y throughout
the application?



Given the factors above, a hair modeling method may
typically have strengthin someareas,but little capability in
addressingpthers. Future researchendeaors strive to lessen
the gap betweentheseareas.The goal is to createan ideal
uni ed hair modeling structurethat can effortlessly handle
varioushair shapesmotions,and propertieswhile giving the
desiredevel of intuitive usercontrolin amannerthatachieves
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.Cosmeticprototyping desiresan exact physical
and chemicalmodel of hair for virtually testing and devel-
oping products;currently thereis little measurediataon the
mechanicalbehaiors of hair to accuratelysimulate hov a
productwill in uence hair's motion andstructure As aresult,
thereis no known hair modelingmethodthat cansimulatethe
structure,motion, collisions and other intricaciesof hair in a
physically-exact manner

In contrast,in the entertainmentindustry such as with
featureanimation,a physically correcthair 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
endeaor due to the magnitudeof the hair volume. Methods
to accelerateand easethis processwould be valuedadditions
to hair modelingresearch.

Anotherarenathatrequireshair modelingis interactive sys-
tems,suchas virtual ervironmentsand videogamesin these
applications.the performancespeedof the virtual hair is the
mainemphasisoverits appearancel houghrecentefforts have
increasedhe ef ciency of hair modelingalgorithms therestill
remainsa desireto heightenthe quality of the resulting hair
to capturemore hair shapesmotionsand properties.

The remainderof this paperis organized as followed.
Hairstylingtechniquesrereviewedin Sectionll. Methodsfor
simulatingdynamichair are presentedn Sectionlll. Section
IV describesthe propertiesof hair relatedto its interaction
with light, followed by techniquedor renderinghair. Finally,
SectionV presentsnew challengesfacing hair researchand
applicationsin eachof thesecatayories.

Il. HAIRSTYLING

Creatinga desiredhairstylecanoftenbealong, tedious,and
non-intuitive process.In this section,the main propertiesof
real hair that controlits nal shapeareexplained,followed by
the methoddor styling virtual hair. Techniquedor hairstyling
can be catgorized into three general steps: attaching hair
to the scalp, giving the hair an overall or global shape,and
managing ner hair properties.

A. Hair Structual and GeometricProperties

Thereis a diverse spectrumof hair shapesboth natural
and arti cial. Dependingon their ethnic group, people can

have naturally smooth or jagged, and wavy or curly hair.
Thesegeometrideaturescanresultfrom variousstructuraland
physical parameter®f eachindividual hair strand,including
the shapeof its cross-sectionits level of curliness,or theway
it comesout of the scalp[4], [5]. Hair scientistscatayorize
hair typesinto three main groups: Asian hair, African hair,
and Caucasianhair. Whereasan Asian hair strandis very
smoothand regular, with a circular cross-sectionan African
hair strand looks irregular, and has a very elliptical cross-
section. Caucasianhair rangesbetweenthesetwo extrema,
from smoothto highly curly hair.

Furthermoremost peopletypically cut and style their hair
in variouswaysthroughbangs porytails, braids,etc. Cosmetic
productscanalso modify the shapeof hair, eithertemporarily
(using gel, moussegtc.), 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 resultswith the appearanceof real-
world hair. Consequentlyvirtual styling techniquesare not
appropriatefor applicationsthat may desire a physically-
correct model for the structure of hair, but rather for ap-
plicationsthat 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
endeaors are still at early stages.

B. Attaching Hair to the Scalp

Dueto the high numberof individual hair strandscompos-
ing a humanheadof hair, it is extremelytediousto manually
place eachhair 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 approachedjair strands
are not directly placedonto the surface of the head model.
Instead,the userinteractively paints hair locationson a 2D
mapwhich is subsequentlyrojectedontothe 3D modelusing
a mappingfunction. Sphericalmappingsto map the strand
basesto the 3D contour of the scalp have been popular
approache$?], [8].

Alternatively, Kim et al. [9] de ne a 2D parametricpatch
thatthe userwrapsovertheheadmodel,asillustratedin Figure
1. The usercaninteractiely specify eachcontrol point of the
spline patch.In the 2D spacede ned by the two parametric
coordinatesof the patch,the usercan place various clusters
of hair.

Placing hair 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] usea
harmonicmappingand compensatéor the mappingdistortion
by distributing the root particles basedon a Poissondisc



Fig. 1. 2D squarepatchwrappedontothe 3D modelby the methodof Kim
etal. [9].

distribution using the distancebetweencorrespondingpoints
onthescalpin world spaceratherthantheir 2D mappositions.

2) 3D Placement:An alternatve approachs to usedirect
3D placementof the hair roots onto the scalp. Patrick et al.
[11] presentaninteractive interfacewherethe usercanselect
triangles of the head model. The set of selectedtriangles
de nes the scalp,ie. the region of the headmeshwherehair
will be attachedand eachtriangle of the scalpis the initial
sectionof a wisp.

3) Distribution of Hair Strandson the Scalp: A popular
approachfor placing hair strandsusesuniform distribution
over the scalpasit makesa good approximationof real hair
distribution. Somewisp-basedpproachesandomlydistribute
hair roots inside eachregion of the scalpcoveredby the root
wisps sections[12], [13], [14]. But if wisp sectionsoverlap,
a higher hair densityis generatedn the overlappingregions,
which can producedistractingresults.In orderto guarantee
uniform hair distribution over the whole scalp,Kim et al. [9]
uniformly distribute hair over the scalpandthen assigneach
generatedair root to its owner cluster

Some approacheslso enablethe userto paint local hair
densityoverthescalp[15], [13]. Hair densitycanbevisualized
in 3D by representinglensityvaluesas color levels. Control-
ling this parameters helpfulto producefurtherhairstylessuch
as thinning hair. Hernandezand Rudomin[15] extendedthe
painting interfaceto control further hair characteristicsuch
aslengthor curliness.

C. Global Hair ShapeGeneation

Oncehair hasbeenplacedon the scalp,it hasto be given
a desired global shapewhich is commonly done through
geometry-basedyhysically-basear image-basedechniques,
which are explainedand evaluatedin this section.

1) Geometry-Based Hairstyling:
hairstyling approaches mostly rely on a parametric
representatiorf hair in orderto allow a userto interactvely
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 generalizectylinders.

a) Parametric Surface: Using two-dimensionakurfaces
to represengroupsof strandshasbecomea commonapproach
to modeling hair [16], [17], [18]. Typically, these methods
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 Texture mappingandalphamappingarethenused
to malke the strip look more like strandsof hair. A complete
hairstyle can be createdby specifyinga few control curves

or hair strands.The control points of thesehair strandsare

then connectedhorizontally and vertically to createa strip.

Thoughthis methodcan be usedfor fasthairstylegeneration
andsimulation,thetypesof hairstylesthatcanbe modeledare

limited dueto the at representatiorof the strip (seeFigure

2, left).

In orderto alleviate this at appearancef hair, Liang and
Huang[17] usethreepolygonmeshego warpa 2D stripinto a
U-shapewhich givesmorevolumeto the hair. In this method,
eachvertex of the 2D strip is projectedonto the scalpandthe
vertex is then connectedo its projection.

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

Extra geometricdetail canalsobe extractedfrom a surface
representationKim and Neumann[19] developeda model
calledthe Thin ShellVolume or TSV, that createsa hairstyle
startingfrom a parameterizedurface. Thicknessis addedto
the hair by offsetting the surface along its normal direction.
Individual hair strandsarethendistributedinsidethe TSV (see
Figure 2, right). Extra clumpsof hair can be generatedff a
NURBS surface using the method of Noble and Tang [18].
Starting from a NURBS volume that has beenshapedto a
desired hairstyle, key hair curves are then generatedalong
the isocunes of the NURBS volume. The pro le curvesthat
are extruded from the key hair curves createextra clumps,
which canthen be animatedindependentlyfrom the original
NURBS surface. This approachaddsmore e xibility to the
typesof hair shapesand motionsthat can be capturedusing

Geometric-based the surfaceapproach.

b) Wisps and Genealized Cylinders: Wisps and gener
alizedcylindershave beenusedasintuitive methodsto control
the positioning and shapeof multiple hair strandsin groups
[14], [20], [21], [22], [13]. Thesemethodsreducethe amount
of control parameterseededo de ne a hairstyle.A groupof
hair strandgendto rely onthe positioningof onegenerakpace
cune thatsenesasthe centerof aradiusfunctionde ning the
cross-sectiorof a generalizedcylinder, also referredto as a
hair cluster The clusterhair modelis createdrom hair strands
distributed inside of thesegeneralizedcylinders (see Figure
3). The usercanthen control the shapeof the hair strandsby



editing the positionsof the generalcurve or curves.

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

The clustersor wispsallow for the creationof mary popular
hairstylesfrom braidsand twists of mary African hairstyles
[22] to constrainedshapessuch as porytails. Some more
comple 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 hairstyle can often be tediousas the
time to createa hairstyleis typically relatedto the compleity
of the nal style.

¢) Multi-resolutionEditing: Comple hair geometrycan
also be representedvith a hierarchyof generalizeccylinders
[9], [23], allowing usersto selecta desiredlevel of control
in shapemodeling. Higher level clusters provide efcient
meandfor rapid global shapeediting, while lower level cluster
manipulationallows direct control of a detailedhair geometry
— down to every hair strand.Kim and Neumann[9] further
shav thattheir multi-resolutionmethodcangeneratecomplex
hairstylessuchascurly clusterswith a copy-and-past¢ool that
transfersdetailedlocal geometryof a clusterto otherclusters
(seeFigure 4).

Fig. 4. Multiresolution hairstyling[9]

2) Physically-basedHairstyling: Some hairstyling tech-
niques are strongly linked to physically-basedanimation of
hair. Theseapproachesely on the speci cation of a few key
parametersn 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 straightbeamembeddedn
a X edsupportat 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 geta proper nal shape.

b) Fluid Flow: Hadap and Magnenat-Thalmanri24]
modeledstatic hairstylesas streamlinesof uid ow based
on the ideathat static hair shapegesemblesnapshot®f uid
o w aroundobstaclesThe usercreatesa hairstyleby placing
streams,vortices and sourcesaround the hair volume. For
example, a vortex is usedto createa curl in the hair at a
desiredlocation (seeFigure 5).

Fig. 5. Modeling hair usinga "uid “ow [24]

HadapandMagnenat-Thalmantater extendedthis work to

simulatedynamichair, asexplainedin Sectionlll-C.1.a.

c¢) Styling Vector and Motion Fields: Yu [8] obsened
that both vector elds and hair possessa clear orientation
at speci ¢ 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 superimposingrocedurallyde ned vector eld primitives,
hair strandsareextractedby tracingthe eld linesof thevector
eld. A hairstrandbeginsata designatediocationon the scalp
andthengrows by a certainstepsizealongthe directionof the
accumulatedrector of the vector eld until a desiredlength
is reached.Similarly particlescan be usedin motion elds
to shapestrands[25]. A particle is given a x ed life-time
andtracedthrougha motion eld. The history of the particle
comprisegshe whole hair strand;changingthe life-time of the
particle then changeghe length of the hair.

Choeet al. [13] alsousea vector eld to computeglobal
hair position while accountingfor hair elasticity Their algo-
rithm calculateshair joint anglesthat bestaccountfor both
the in uence of the vector eld and the naturaltrend of the
strandfor retrieving its restposition.Anotherimportantfeature
of the approachis the ability for the userto de ne hair
constaints A hair constraintcausesa constraintvector eld
to be generatedver a portion of 3D spacethatlater modi es
the original vector eld proportionallyto a weight parameter
Hair deformationis computedby usingthe previousalgorithm
appliedon the modi ed vector eld. In practice,the usercan
specifythreetypesof constraintspoint constraintstrajectory
constraintsanddirection constraintsHair constraintgurn out
to be very useful for creatingcomple< hairstylesinvolving



porytails, bunchesor braids,asillustratedin Figure6 (right).

Fig. 6.

A styling vector ®eld [8]
hairstyling[13] (right)

(lefty and constraint-based

3) Geneation of Hairstylesfrom Images: Recenthairstyle
generationapproachedave proposedan alternatve way of
generatinchairstylesbasedon the automaticreconstructiorof
hair from images.

a) Hair Geneation FromPhotayraphs: Kongetal. were
the rst who usedreal hair picturesto automaticallycreate
hairstyleg26]. Their methodis merelygeometricandconsists
of building a 3D hair volume from various viewpoints of
the subjects hair. Hair strandsare then generatednside this
volume using a heuristicthat doesnot ensurefaithfulnessin
hair directionality This approachis thenbestsuitedfor simple
hairstyles.

Grabli et al. introducedan approachexploiting hair illumi-
nationin orderto capturehair local orientationfrom images
[27]. Their systemworks by studyingthe re ectance of the
subjects 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 determinethe 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
Iters; their strategyy mainly consistsof testingseveral lters
on a given 2D location and choosingthe one that gives the
most reliable resultsfor that location. This method captures
local orientationsof the visible part of hair, andthusproduces
visually faithful resultswith respecto original hairstyles(see
Figure7). Wei etal. [29] subsequentlymprovedthe e xibility
of the methodby exploiting the geometryconstraintanherent
to multiple viewpoints, which proves sufcient to retrieve a
hair modelwith no needfor controlledlighting conditionsnor
a comple setup.

Fig. 7. Hair capturefrom photographg28]

b) Hair Geneation From Sletches: Mao et al. [30] de-
velopeda sketch-basedystemdedicatedo modelingcartoon
hairstyles. Given a 3D head model, the user interactively
draws the boundaryregion on the scalpwherehair shouldbe
placed.The userthendraws a silhouetteof the target hairstyle
aroundthe front view of the head.The systemgeneratesa
silhouettesurfacerepresentinghe boundaryof the hairstyle.
Curves representingclustersof hair are generatedbetween
the silhouettesurfaceandthe scalp. Thesecurvesbecomethe
spinefor polygon stripsthat representarge portionsof hair,
similar to the stripsusedby [16], [17].

This sketch-basedystemquickly createsa cartoonhairstyle
with minimal input from its user The strips, or clusterpoly-
gons,usedto representhe hair, however, are not appropriate
for modelingmoreintricatehairstylessuchasthoseobsenable
in the real world.

4) Evaluation: Each of the global hair shapingmethods
describedn this sectionis appropriatefor styling hair under
differentcircumstanceslablel shavs a comparisorof several
global shapingmethodsin hair shape e xibility, usercontrol,
and time for manualsetupor input. The larger the range of
hair shapeghat canbe modeledby an algorithm, the broader
its applicability in practiceis. The level of user control is
importantin order to facilitate placing exact details where
desiredin the hair. Moreover, while somestyling methodscan
capturea hair shapequickly through automaticprocessing,
othersrequire time-consumingmanual setupor input by its
user

As Tablel indicatesgeometry-baseHairstylingtechniques,
suchasthroughgeneralizectylinders or parametricsurfaces,
customarilygive the user a large degree of control over the
hair; however, the manualpositioningof hair canbe atedious,
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 minutesto
several hoursdependingon the complexity of the hair shape.
While parametricsurfacestypically provide fast methodsfor
hairstylecreation the resultstendto belimited to at, straight
hairstylesdue to the 2D surfacerepresentationAlternatively,
wisp or generalizeatylinderscanmodelmary straightor curly
hairstyleshapes.

Controllingthe volumeof the hair throughphysically-based
techniquessuchasthrough uid o w or vector elds, typically
requiredesstediousinput by theuser;however, ner detailsof
mary comple hairstylesare often dif cult to capturethrough
suchinteraction.Many of the parameterganbe non-intuitive
to hairstyling and the usertypically haslessspeci c control
over the hairstyle creationin comparisonto the geometry-
basedapproaches.

The generationof hairstylesfrom imageshasbeenshavn
to be a highly automaticprocessavenwith a relatively simple
setupby Wei et al. [29]. The nal hairstylescreatedfrom
imagescanbe quite impressve, but thesemethodsarelimited
in thatthey resultfrom hairstylesthat have to exist in thereal
world, makingthe rangeof stylesmodeledgenerallyless e x-
ible than geometricor physically-basednethods.Hairstyles
generatedfrom sketchescan allow for more creatvity in



the resulting hair shapesthough speci c ner details, such
as with braided hair, can be impossibleto achieze without
cumbersomeaiserinvolvement.

[ [ 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, must exist none fast
Sketches limited, detailshard medium fast

TABLE |
ANALYSISOF GLOBAL SHAPING METHODS Evaluationof
geometry-basedeneglized cylinders and surfaces,
physically-based/olumesand image-basedusing photaraphsand
sketchesin the areasof usercontwol, exibility of resultinghair
shapesand the time of manualinput or setup.

There are 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
prototypestrandthat controlsthe wisp shape put vector elds
and hair constraintsare also utilized to achiese intricate hair
shapesuchasbraids,buns,andponytails. While exacttimings
for manualinput is not provided, the amountof userinput is
still consideredhigh and the most time-consumingaspectof
the whole virtual hairstyling process.

D. Managing Finer Hair Properties

After hair hasbeengivenaglobalshapejt is oftendesirable
to alter someof the ner, more localized propertiesof the
hair to either createa more realistic appearancéde.g. curls
or volume) or to captureadditional featuresof hair suchas
the effects of water or styling products.In practice,most of
thesetechniquesto control ner details have beenusedin
conjunctionwith geometricor physically-base@pproachefor
de ning a global hair shape(Sectionsll-C.1 andlI-C.2).

1) Details of Curls andWaves: Local detailssuchascurls,
waves or noise might needto be addedto achiese a natural
appearancéor hair oncea global shapehasbeende ned. Yu
[8] generatedlifferentkinds of hair curlinessby usinga class
of trigonometricoffset functions. Various hairstylescan thus
be createdby controlling differentgeometricparametersuch
as the magnitude,the frequeng or the phaseof the offset
function. In orderto prevent hair from looking too uniform,
offset parametersare combinedwith randomtermsthat vary
from onehair clusterto another(seeFigure8, left). Similarly,
a more naturallook canbe generatedor hair shapedhrough
uid o w by incorporatinga breakavay behaior to individual
hair strandsthat allow the strandto breakavay from the uid
o w basedon a probability function [24].

Choeet al. [13] modela hairstylewith several wisps, and
the global shapeof eachwisp is determinedby the shape
of a masterstrand Within a wisp, the degree of similarity
amongthe strandsis controlled by a length distribution, a
deviation radiusfunctionanda fuzzinessvalue. The geometry
of the masterstrand is decomposednto an outline com-
ponentand a details component.The details componentis
built from a prototype strandusing a Markov chain process
where the deggree of similarity betweenthe master strand

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

and the prototype strand can be controlled through a Gibbs

distribution. Resulting hairstylesare thus globally consistent
while containing ne variationsthat greatly contribute to their

realism,as shavn by Figure 8 (right).

Thesemethoddor localizedshapevariationhelpto alleviate
the syntheticlook of the virtual hair, however since most of
themincorporatesomeform of randomgeneratiorthe userhas
lesscontroloverthe ner details.This semi-automatiprocess
helps acceleratethe creation of hairstyles as these minute
details could take mary man-hoursif performedmanually
On the other hand, the random generationcan also cause
unwanted artifacts if strandsare perturbedin a way that
causesunnaturalcollisions. Moreover, thesemethodsdo not
accountfor the physical hair propertiesfor computing the
hair geometry althoughit is well-known that such features,
describedin Sectionll-A, have a greatin uence on the hair
shape[4], [5].

In orderto automaticallygeneratehe ne geometryinclud-
ing wavesor curls, of naturalhair, Bertails et al. [6] recently
introduceda new hairstyling method using a mechanically
accuratemodel for static elastic rods (the Kirchhoff model).
The method, basedupon a potential enegy minimization,
accountsfor the natural curlinessof hair, as well as for the
ellipticity of hair bers' cross-sectior{seeFigure 9). Though
not appropriatefor creatingcomplex hairstyles,this method
is promisingfor a more accuratehairstylegeneratiorprocess,
accountindgor individual hair ber propertiesit couldthusbe
usefulfor cosmeticgrototyping.Very recently this approach
was extendedto hair dynamics(seeSectionlll-B.4)

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

2) ProducingHair Volume: Whereasnostgeometric-based
hairstyling methodsimplicitly give volume to hair by using



volumetric primitives (see Section 1I-C.1), physically-based
methods often account for hair self-collisions in order to

producevolumetric hairstyles.Approacheshat view hair as

a continuousmedium[25], [24], [8], [13] add volumeto the

hairthroughthe useof continuumpropertieghatreproducehe

effects of collisions betweenhair strands,suchas via vector

elds or uid dynamics.As strandsof hair becomecloser

thesetechniquesither prevent them from intersectingdue to

the layout of the vectoror motion elds, or fostera repulsve

motion to move themapartfrom eachothet

Since detectingcollisions betweenstrandsof hair can be
dif cult and, in the least, very time consuming,Lee and
Ko [31] developedatechniquethataddsvolumeto a hairstyle
withoutlocatingspeci c intersection@mongstrands Theidea
is that hair strandswith poresat higherlatitudeson the head
cover strandswith lower pores.Multiple headhull layersare
createdof different sizesfrom the original head geometry
A hair strandis checled againsta specic hull basedon
the location of its pore. A hairheadcollision detectionand
responsealgorithmis then used.This methodonly works in
the caseof a quasi-statithheadthatremainsvertically oriented.

3) Modeling Styling Products and Water Effects: Styling
products,suchas hairspray mousse and gel, have signi cant
effects on the hair appearanceincluding hairstyle recosery
after the hair hasmoved, stiffened overall hair motion, large
grouping of hair strandsdue to the adhesrenessof xati ve
products,andthe changein the hair volume.

Lee and Ko [31] developeda methodto modelthe effects
of hair gel on a hairstyle. A styling force is usedto enable
hairstylerecovery asthe hair movesdue to external force or
headmovement As aresult,aninitial hairstylecanberestored
after motion. When gel is appliedto the hair, the desireis
to retain the deformedhairstyle rather than returning to the
initial style. This algorithm preseresthe deformedshapeby
updatingthe styling force duringthe simulation.Alternatively,
breakablestaticlinks or dynamicbondscanbe usedto 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 asthe hair moves. Throughthe useof a
dual-sleletonmodelfor simulatinghair, separatespringforces
canbe usedto control the bendingof hair strandsversusthe
stretchingof curls [33]. Styling productscan then alter the
spring stiffness'independentiyto createdesiredresults.

Water will also drastically changethe appearanceshape
and motion of hair. As wateris absorbednto hair the mass
of the hair increasesup to 45%, while its elasticity modulus
decreasedy a factorof 10 — leadingto a more deformable
and lesselasticmaterial[34]. Moreover, as hair getswet, the
volume of the hair decreasebecausestrandsof hair in close
proximity with eachotheradheredueto the bondingnatureof
water In their staticphysically-basednodel,Bertailset al. [6]
easilyincorporatedhe effect of wateron hair by simply mod-
ifying the relevant physical parameterghat actually change
whenhair getswet: themassandthe Young's modulusof each
ber. Ward et al. [33] modeleddynamicwet hair with their

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

dual-sleletonsystemby automaticallyadjustingthe massof
the hair alongthe skeletonsaswateris addedto the hair. The
increasedmassresultedin limited overall motion of the hair
and elongationof curls. A e xible geometricstructureallows
the volume of the hair to changedynamicallyby alteringthe
radius of the strandgroupsthat are usedin simulation (see
Figure 10).

An interactve virtual hairstylingsystemintroducedby Ward
etal. [7] illustrateshow waterandstyling productscanbe used
to interactively alterthelook andbehaior of hair dynamically
througha 3D interfacethat allows usersto performcommon
hair salonapplicationg(suchaswetting, cutting, blow-drying)
for the purposeof intuitively creatinga nal hairstyle.

I1l. HAIR SIMULATION

It is dif cult to provide a realistic model for dynamichair
becausesachindividual hair strandhasa complex mechanical
behaior and very little knowledgeis available regardingthe
natureof mutualhair interactions Animation of a full headof
hair raisesobvious problemsin termsof computationakosts.
As a consequencegxisting hair animationmethodspropose
a tradeof betweenrealismand ef ciency, dependingon the
intended application. Before analyzing existing methodson
hair animation, we briey describein Section Ill-A some
mechanicafeaturesof real hair.

Numerousmethodsfor the dynamicsof an individual hair
strandhave beenborrovedfrom existing 1D mechanicamod-
els. Thesemodels presentedindcommenteanin Sectionlll-
B, have subsequentlypeenusedfor animatingbothindividual
hair strandsand groups of hair. While there can be over
100,000strandsof hair on a humanhead, it was obsened
that most hair strandstendto move in a similar way astheir
neighbors.This obsenation led to a numberof approaches
extendingthe single-strandnethodto simulatethe collective
behaior of hair. Thesemethodswhich rangefrom continuum
to hairwisp modelswill bepresentedn Sectionlll-C. Finally,
Section llI-D presentsrecent works that have used multi-
resolutiontechniquesn orderto gainef ciency andto achiee
interactize hair simulations.

A. The Medanicsof Hair

A hair strandis an anisotropicdeformableobject: it can
easilybendandsometimegwist but it stronglyresistsshearing



and stretching.A hair strand also has elastic propertiesin
the sensethat it tendsto recover its original shapeafter the
stressbeing applied to it has beenremoved. The nature of
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 surface causesanisotropicfriction 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
chagesby merefriction. This phenomenomasbeenmeasured
in the caseof combedhair, but it seemghatno studyhasbeen
publishedregardingthis effect in the caseof hair-hair friction.

Fig. 11. An electronmicrographof a hair ®ber that shaws the structureof
the outer cuticle surface,which is composedf thin overlappingscales{4].

Also, the geometrichair shape which is correlatedto some
structural and physical featuresof the hair (see Section -
A) affects the motion of hair. For example,a curly moving
hair will look more“elastic” thana straighthair, becauséair
curls can longitudinally stretchduring motion, like springs—
althoughhair strandsstill remain unstretchableln addition,
hair clumps are more likely to appearin curly hair, where
contactsexist amonghair strands andthusthe probability for
themto getinto tanglesis greater In fact,asobseredin the
real world, the more intricate the hair's geometryis, the less
degreesof freedomit hasduring motion. Thefeaturecurliness
will be evaluated on existing approachesn Sectionslll-
B and IlI-C. To our knowledge, there are no quantitatve
nor qualitatve results publishedon hair grouping from the
mechanicditerature.

Unlike somewell-known physicalmaterialssuchas uids—
which have beenstudiedfor centuriesandmodeledby accurate
equations—hairemainsan unsohed problemfor which there
is currently no standardphysically-basednodel. Hence,one
of the challengedies in nding an appropriaterepresentation
of hair for dynamicsimulation.

B. Dynamicsof Individual Hair Strands

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

Eachoneof thesefour modelsis describedandevaluatedin
termsof realismand ability to be includedinside a 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
particle hasthreedegreesof freedom,namelyonetranslation
andtwo angularrotations.Hair bendingrigidity is ensurecby
angularspringsat eachjoint. This methodis simpleandeasy
to implement.However, torsionalrigidity and non-stretching
of the strandare not accountedor. Limiting the stretchingof
the strandrequiresthe useof strongspringforces,whichleads
to stiff equationghat often causenumericalinstability, unless
very small time stepsare used.

Many adwancesin mass-springformulation were recently
made, especiallyin the context of cloth simulation. Baraf
and Witkin [37] shaved that implicit integration methods
prove very usefulfor the simulationof a stiff systemasthey
ensurethat the systemwill remain stable even with large
time steps.Implicit integration was later usedin the caseof
hair simulation[38], [39]. Other approacheg$12], [40] used
a constrainedmass-springmodel, well-suited for animating
extensiblewisps suchaswavy or curly wisps.

2) OneDimensionalProjectiveEquations: In 1992, Anjyo
et al. proposeda simple method basedon 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
each hair strand. Then, each hair strandis consideredas a
chainof rigid stickss;. Hair motion is simulatedasfollows:

Eachstick s; is assimilatedas a direction, and thus can
be parameterizeddy its polar angles (azimuth) and
(zenith) (seeFigure 12).
Theexternalforce F appliedto thestickis projectedonto
bothplanesP andP , respectiely, de ned by and
(the longitudinal projectionof F on's; is neglectedsince
it shouldhave no effect on the rigid stick).
Fundamentaprinciplesof dynamicsare appliedto each
parameter and which leadsto two differential equa-
tions that are solved at eachtime step.

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

This methodis attractve for mary reasonslt is easyto
implement, efcient (tens of thousandsof hair strandscan
efciently be simulated this way). Moreover, hair is pre-
ventedfrom stretchingwhile hair bendingis properly recov-
ered.Havever, astorsionalhair stiffnesscannotbe accounted
for, this methodcannotproperlyhandlefully 3D hair motions.



Furthermore,as motion is processedrom top to bottom, it
is dif cult to handleexternal punctualforcesproperly Issues
related to the handling of external forces are discussedin
Sectionlll-B.5.

3) Rigid multi-bodyserial chain: In orderto computethe
motion of individual hair strands,forward kinematics have
beenusedas a more generalalternatve to one-dimensional
projectve equations[41], [32]. Such techniquesare well-
known in the eld of robotics,and ef cient multi-body dy-
namicsalgorithmshave beenproposedor decadeg42].

Eachhair strandcanbe representedsa 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 processedising the Articulated-Body Method
describedin [42], with a linear time compl&ity. Hadapand
Magnenat-Thalmanrf4l] and Changet al. [32] used this
techniqueto animate several sparseindividual hair strands
within an elaborate,global continuousmodel for hair (see
Sectionlll-C.1). Resultsfor thesemethodshave typically been
limited to straighthair as possibleissuesrelatedto curly hair
simulationare not 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 SuperHelices: The Kirchhoff's theory for
elastic rods has just been exploited by Bertails et al. for
accuratelypredictingthe motion of individual hair bers [43].
Theresultingmechanicamodelfor oneindividual hair strand,
calleda SuperHelix, correspondso a spatialdiscretizationof
the original continuousKirchhoff model,wherethe curvatures
andthe twist of the rod are assumedo remainconstantover
each prede ned piece of the rod. As a result, the shapeof
the hair strandis a piecavise helix, with a nite numberof
degreesof freedom.This model is then animatedusing the
principles of Lagrangianmechanics.The supefHelix model
naturally accountsfor the typical nonlinearbehaior of hair,
aswell asfor its bendingandtwisting deformationmodes.It
alsointrinsequelyincorporateshe constraintof 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 handle ary external forces, such as gravity, wind,
contactsor collisions.

In methodssimulatingchainsof rigid links (Sectionlll-B.2),
motion is processedrom top to bottomin one single pass.
This meansthat a collision detectedat stick sk only affects
the following stickss; , wherej > k without propagatinghe
effect backwardto the stickslocatednearthe roots,which can
leadto unrealisticshapedor 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 objectotherthanthe head.

In the caseof serialrigid multi-body chains,externalforces
canproperlybeaccountedor whenusinga multi-passforward
dynamicsalgorithm. However, becauseof the high bending
andtorsionalstiffnessthat arerequiredto maintainthe curved
shapeat rest, the simulation may lack stability if external
forces are integrated within an explicit integration scheme.
The major drawback of the articulatedbodiesmodelis that,
unlike the mass-springanodel, it is dif cult to formulate
the cornventional dynamics—basedan reduced coordinates—
using an implicit integration scheme[44]. As proposedby
Baraf [45], a solutionmay bethe useof Lagrangemultipliers
insteadof a reduced-coordinatef®rmulation of the problem,
in order to integrate hard constraintsimplicitly. Probably
becauseof its non ftriviality, this method has never been
implementedn the caseof hair dynamics.Choeet al. recently
proposedanothersolution basedon a hybrid model, which
takes advantageof both mass-springsnodelsandrigid multi-
body serial chains [39]. This model allows for an implicit
(andthusstable)integrationof the dynamics,including robust
constraintdbetweerthe hairandthebody. But asmass-springs,
it doesnot fully avoid stretchingof the hair strand.

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

6) Evaluation: The following tableindicates for eachhair
dynamicmodelgivenabove, which arethe requiredproperties
thatit ensures.

Mass- Projective | Rigid multi-body Dynamic
springs | dynamics serial chain SuperHelices
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 1l

ANALYSISOF DYNAMIC MODELS FOR INDIVIDUAL HAIR STRANDS
Criteria: bendingrigidity, torsional rigidity, non-stetcing,
curlinesshandling and handling external constaints (soft and
hard) properly.

C. Simulatingthe Dynamicsof a Full Hairstyle

Handling a collection of hair strandsleadsto additional
challengesin the eld of computergraphics:the realism of



the collective dynamic behaior and the efciency of the
simulation.

As mentionedin Sectionlll-A, hair interactionsare very
compl, and little knowledge is known about the actual
phenomenaf interactions,and their order of magnitude.In
addition, the enormousumberof contactsand collisionsthat
occur permanentlyor temporarily inside hair raisesobvious
problemsin termsof computationatreatment.Consequently
two challengingissueshave to be handledwhen computing
hair contactsand collisions: detectionand response.

While early hair animation methodsgenerally neglected
hair-hair interactionsfor the sale of ef ciency and simplicity,
more recentapproachegor animatinghair make assumptions
on hair consisteng during motion to simplify the problemof
collisions. Hair is essentiallyeither globally consideredas a
continuousmedium (Sectionlll-C.1), or as a set of disjoint
groupsof hair strands(SectionllI-C.2.b). Speci ¢ hair-hair
interactionmodelsare proposedn both cases.

1) Hair asa ContinuousMedium: Due to the high number
of strandscomposinga humanheadof hair, simulatingeach
strandindividually is computationallyoverwhelming.Further
more, strandsof hair in closeproximity with eachothertend
to move similarly. This obsenation led researchergo view
hair asan anisotropiccontinuousmedium.

a) AnimatingHair using Fluid Dynamics: Considering
hair asa continuumled Hadapand Magnenat-Thalmanf#1]
to modelthe complex interactionsof hairusing uid dynamics.
Theinteractionof singlehair strandsaredealtwith in a global
mannerthroughthe continuum.

Individual stranddynamicsis computedto capturegeom-
etry and stiffnessof each hair strand (see SectionllI-B.3).
Interactiondynamics,including hair-hair, hairbody, and hair
air interactions,aremodeledusing uid dynamics.Individual
hair strandsare kinematicallylinked 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-
tions by creatingboundary uid particlesaroundsolid objects
(see Figure 13 which shavs hair blowing in the wind). A
uid particle,or SmoothParticle HydrodynamicqSPH),then
exerts a force on the neighboring uid particlesbasedon its
normal direction. The viscous pressureof the uid, which
is dependenbn the hair density accountsfor the frictional
interactionsbetweenhair strands.

Utilizing uid dynamicsto modelhair capturegshe complex
interactionsof hair strandsHowever, sincethis methodmakes
the assumptionof a continuumfor hair, it doesnot capture
dynamicclusteringeffectsthat canbe obseredin long, thick
real hair. Moreover, computationgequiredfor this methodare
quite expensve; using parallelization,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
adaptve way. Each particle representsa certain amount of
hair material which has a local orientation (the orientation
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of a particle being the meanorientationof every hair strand
coveredby the particle), refer to Figure 14.

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 gurationis kept
duringthe motionbecausét representshe spatialconsisteng
of interactionshetweenparticles.During motion, eachparticle
caninteractwith otherparticlesbelongingto its currentneigh-
borhood.The methodproposego handletheseinteractionsby
settlingbreakabldinks betweercloseparticles;assoonasthe
two particlesare not close enough,theselinks vanish.Thus,
this method facilitates trans\ersal separationand grouping
while maintaininga constantengthfor hair. At eachtime step,
searchinghe neighborhoodf eachparticleis doneef ciently
by usinga grid of voxels.

c) Interpolation betweenGuide Hair Strands: Changet
al. [32] createda systemto capturethe complec interactions
thatoccuramonghair strandsin this work, a sparsehair model
of guide strands which were rst introducedin [46], [47], is
simulated.A densehair modelis createdby interpolatingthe
position of the remainingstrandsfrom the sparsesetof guide
strandsUsing multiple guide hair strandsfor the interpolation
of a strandalleviateslocal clusteringof strands.

The sparseset of guide strandsis also usedto detect
andhandlemutualhair interactions Sincedetectingcollisions
only among the guide strandsis inefcient, an auxiliary
trianglestrip is built betweentwo guide strandsby connecting
correspondingverticesof the guide strands(see Figure 15).
A collision among hair strandsis detectedby checking for
intersectionsbetweentwo hair sgmentsand betweena hair
vertex anda triangularface.Dampenedspring forcesarethen
usedto pusha pair of elementsaway from eachotherwhen
a collision occurs.Figure 15 shows the sparseand densehair
models,respectiely.

The useof guidestrandscanleadto missedcollisionswhen
the interpolatedstrandscollide with an objectwith which the
guide strandsdo not.

d) FreeForm Deformation: To achieve hair simulationof
complex hairstylesin real-time,Volino et al. [48] proposedo
usea global volumetricfree form deformation(FFD) scheme
insteadof consideringanaccuratenechanicamodelrelatedto
the structureof individual hair strands.A mechanicalmodel
is de ned for a lattice surroundingthe head. The lattice is
thendeformedasa particlesystemandhair strandgfollow the
deformationby interpolation.Collisions betweenthe hair and
the body are handledby approximatingthe body as a set of



Fig. 15. (left) Sparsehair modelwith staticlinks and(right) Renderedmage
of interpolateddensehair model[32].

metaballs.

This methodis well-suited for animatingvarious complec
hairstyles,when the head motion hasa low magnitude.For
high deformations,hair discontinuitiesobsened in real hair
(e.g., seeFigure 18) would not be reproducedbecauseonly
continuousdeformationsof hair are consideredthrough the
lattice deformation.

2) Hair as Disjoint Groups: In orderto reducethe com-
plexity of hair, an alternatve approachconsistsof grouping
nearby hair strandsand simulating thesedisjoint groups as
independentjnteracting entities. This representatiorof hair
was especiallyusedto saze computationtime in comparison
with the simulation of individual strands,and even reach
interactve frame rates. It also capturesrealistic featuresof
hair as it accountsfor local discontinuitiesobsenred inside
long hair duringfastmotion;theselocal discontinuitiescannot
be capturedusing the continuumparadigm.

a) Real-timeSimulationof Hair Strips: As discussedn
Sectionll-C.1.a, the compleity of hair simulation hasbeen
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
stripsis presentedn [49] thatis adaptedirom the projective
angulardynamicsmethodintroducedby Anjyo et al. [3] (see
Sectionlll-B.2); dynamicsis appliedto the control point mesh
of the NURBS surface.

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

Using strips to model hair resultsin signi cantly faster
simulationbecausdewer control pointsarerequiredto model
a strip in comparisorto modelingindividual strands.n [49],
collision avoidancebetweenhair strips and external objects,
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suchastheheador the body, is achieved by usingellipsoidsto
approximatethe boundariesof theseobjects.When a control
point of the strip is inside the ellipsoid a reactionconstraint
methodis usedto move it backto the boundary Furthermore,
collisions between hair strips are avoided by introducing
springswithin the strips and betweenneighboringstrips. The
springsareusedto preventneighboringstripsfrom moving too
far apartor too closetogether Moreover, springsarealsoused
to prevent a strip from overstretchingor over-compressing.
The resultis that the hairstyle remainsrelatively consistent
throughouthe simulation.Similarly, GuangandZhiyong [50]
presentsa strip-basedhair structurefor modeling short hair
wherethe strips of texture-mappedair are simulatedusinga
mass-springnodeland 3D morphing.

By usinga singlestrip to representensor 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 representithe at shapeof the strips is most suited to
simulatingsimple, straighthair.

b) Simulationof Wisps: Oneof the rst methodsto take
adwantageof grouping hair was presentechy Watanabeand
Suenagadn [53]. They animatea set of trigonal prism-based
wisps. During motion, the shapeof a wisp is approximated
by parabolic trajectoriesof cti ve particlesinitially located
nearthe root of eachwisp. At eachtime step,the trajectories
of the particles are estimatedusing initial velocities and
accelerationssuchas gravitational accelerationThis method
amountsto simulating only approximatekinematicswithout
consideringthe inertia of the system,which appearsto be
limited to slow hair motion. Moreover, interactionsbetween
differentwispsare not taken into account.

A similar processof groupingneighboringstrandstogether
into wisps was usedby [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 accountfor complex interactions being obsened in
real hair during fast motion, Plante et al. [12], [54] have
representedhair using a x ed set of deformable,volumetric
wisps.Eachwisp is structurednto threehierarchicallayers:a
skeletoncurvethatde nesits large-scalenotionanddeforma-
tion, a deformablevolumetricenvelopethat coatsthe skeleton
andaccountgfor the deformationof the wisp sectionsaround
it, anda givennumberof hair strandghataredistributedinside
the wisp ervelopeandusedonly at the renderingstageof the
procesqseeFigure17).

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

Assuming that the local discontinuitiesinside hair are
causedby collisions betweenwisps of different orientations,
this method provides a model of anisotropic interactions



Fig. 17. Elementsde®ninga deformablevolumetricwisp [12].

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

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

As illustratedin Figure 18, the approachhasled to con-
vincing resultsfor fast motions, capturingthe discontinuities
thatcanbe obseredin long, thick hair. Neverthelessyery ex-
pensve computationsvere requiredfor the examplesshown,
which wasmainly dueto the high costfor detectingcollisions
betweenthe deformablewisps. Moreover, the high numberof
contactghatneededo be computechetweereachwisp atrest
causedsomevisible artefactsin the reststate.

Choeetal. [39] have recentlyimprovedthe stability of this
kind of approachesCollisionsbetweerthewispsandthe body
are robustly handledby using constraineddynamics.More-
over, to avoid undesiredoscillationswhen computingwisp-
wisp interactionsthey proposean empiric law for controlling
the amplitudeof penaltyforces.A cohesve forceis alsoused
to presere the initial hairstyleduring the simulation.

D. Multi-resolutionMethods

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

1) Level-of-Detail Repesentations:To bettercapturenatu-
ral clusteringof hair, a multi-resolutionhair modelingscheme
may be usedto acceleratdoththe simulationandrenderingof
hair while maintaininga high visual quality. Ward et al. [55],
[38] usethreedifferentlevels of detail (LODs) for modeling
hair — individual strands clustes and strips representedy
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subdvision curves, subdvision sweptvolumes,and subdvi-
sion patchesrespectiely (seeFigure 19, left). By creatinga
hair hierarchycomposedof thesethree discreteLODs along
with anef cient collisiondetectiormethodthatuseshefamily
of sweptsphee volumes(SSVs)[56] asboundingvolumesto
encapsulatéhe hair, this methodwas able to acceleratehair
simulationup to two ordersof magnitude.

During simulation,the hair hierarchyis traversedto choose
theappropriateepresentatioandresolutionof a givensection
of hair. Thetransitionsbetweerthe LODs occurautomatically
using a higher resolutionsimulation for the sectionsof hair
thataremostsigni cant to the applicationbasedon the hair's
visibility, viewing distance andmotion, relative to the viewer.
If anobjectin thescenenccludesa sectionof hair or if the hair
is outsideof the eld-of-vie w of the camerahenthe sectionis
simulatedat the coarsest.OD (a strip) andis not renderedIf
the hair canbeviewed, the distanceof the viewer from the hair
andits motiondetermineits currentresolution.As thedistance
from the hair to the viewer decreasesor as the hair moves
more drastically thereis more obsenable detail and a need
for a moredetailedsimulationwithin the hair, thusthe hair is
simulatedandrenderedat higherresolutionsFigure 19 shows
LOD representationfleft) 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 actvity. Cou-
pled with LOD representationsthis method both simulated
and renderedhair fast enoughfor a user to interact with
dynamichair.

Fig. 19. Left: Level-of-detail representationfor 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 compleity
of motion, techinquedfor adaptve clusteringand subdvision
of simulated hair have been proposedrecently [40], [38].
Bertails et al. [40] introducedan adapte animationcontrol
structure,called AdaptiveWsp Tree (AWT), that enablesthe
dynamic splitting and meming of hair clusters.The AWT
depend®n a completehierachicaktructurefor the hair, which
can either be precomputed—foinstanceusing a hierarchical
hairstyle[9]—or computedon the y. The AWT representat
eachtime stepthe wisps segmentsof the hierarchythat are
actually simulated(called active segments).Consideringthat
hair should always be more re ned near the tips than near



the roots, the AWT dynamically splits or memges hair wisps
while alwayspreservinga tree-like structure jn which theroot
coincideswith the hair rootsandthe leaves standfor the hair
tips.

At eachtime step, different wisps segmentsof the global
hierarchy that is, different LOD, can thus be active, while
only the nest levels of detailsareusedat the renderingstage.
The splitting procesdocally re nes the hair structurewhena
given wisp segmentis not sufcient for capturingthe local
motion and deformation.The memging processsimpli es the
AWT whenthe motion becomesoherentagain.Splitting and
melging criteria are linked to the local motion of hair (for
example,the magnitudeof velocity of the wisps sggments)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 motions merge, mimicking the static friction in
real hair. This avoids subsequentollision processingbetween
these wisps, thus increasingefciency as well as gaining
stability from the reducednumberof primitives. In addition,
the splitting behaior modelswisps deformationwithout the
needof the complex deformablewisp geometryusedin [12].
For collision processingactive wisp sggmentsof the AWT
are thus representedby cylinders, which greatly simpli es
collision detectiontests.

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

Ward and Lin [38] proposeda similar, but a more top-
down approachfor animating hair. Their continuousmulti-
resolutionstructure called hair hiearchy [38], is coupledwith
the level-of-detailrepresentationfs5], insteadof wisps[12].

IV. HAIR RENDERING

Realisticrenderingof humanhair requiresthe handling of
bothlocal andglobalhair propertiesTo rendera full hairstyle,
it is necessaryo choosean appropriateglobal representation
for hair. Implicit and explicit representationare presented
and discussedn Section|V-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 shadevs on each other; this issue of self-
shadaving, handledin SectionlV-C, plays a crucial role in
volumetric hair appearanceRenderinghair typically requires
time-consumingcomputations SectionlV-D reviews various
renderingacceleratiortechniques.
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A. RepesentingHair for Rendering

Choicesof hair rendering algorithms largely dependon
the underlying representationgor modeling hair geometry
For example, explicit modelsrequire line or triangle-based
renderersyhereassolumetricmodelsneedvolumerenderers,
or renderingalgorithmsthat work on implicit geometry

1) Explicit Repesentation:With anexplicit representation,
one hasto drav eachhair ber. A hair ber is naturallyrep-
resentedvith a curved cylinder. The early work by Watanabe
and Suenaga [53] adopteda trigonal prism representation,
whereeachhair strandis representedsconnectegrismswith
threesides.This methodassumeshatvariationin color along
the hair radius can be well approximatedby a single color.
Othersuseribbon-like connectedtriangle strips to represent
hair, where eachtriangle always facestowards the camera.
Ivan Neulander[57] introduceda techniquethat adaptiely
tessellatesa curved hair geometryinto polygonsdepending
on the distanceto the cameragcurvatureof hair geometryetc.
At large distancesa hair strandoften resemblesnary hairs.
Kong and Nakajima[58] exploited this propertyto reducethe
numberof renderechairsby adaptvely creatingmore hairsat
the boundary

Dif culties arise with explicit renderingof tesselatechair
geometrydue to the unique natureof hair — a hair strandis
extremely thin in diameter(0.1 mm). In a normal viewing
condition, the projectedthicknessof a hair strandis much
smallerthan the size of a pixel. This property causessevere
undersamplingproblemsfor renderingalgorithmsfor polyg-
onal geometry Any point sample-basedendererdetermines
a pixel's color (or depth) by a limited number of discrete
samples.Undersamplingcreatesabrupt changesin color or
noisy edgesaroundthe hair. Increasinghe numberof samples
alleviatesthe problem,but only at slow convergencerates[59]
and consequenthat increasedenderingcosts.

LeBlancetal. [60] addressethisissueby properlyblending
eachhair's color using a pixel blending buffer technique.In
this method, each hair strand is dravn as connectedlines
and the shadedcolor is blendedinto a pixel buffer. When
using alpha-blendingpne shouldbe carefulwith the draving
order Kim andNeumanr9] alsouseanapproximatevisibility
ordering methodto interactively drav hairs with OpenGLs
alphablending.

2) Implicit Repesentation: Volumetric textures (or tex-
elg [61], [62] avoid the aliasing problem with pre- Itered
shadingfunctions. The smallestprimitive is a volumetric cell
that can be easily mip-mappedo 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,
suchvolumesshouldbe updatedfor every frame,makingpre-
Itering inef cient.

The renderingmethodof the cluster hair model [20] also
exploits implicit geometry Eachclusteris rst approximated
by a polygonal boundary When a ray hits the polygonal
surface, prede ned density functions are usedto accumulate
density By approximatingthe high frequeny detail with
volume density functions, the method producesantialiased
imagesof hair clusters.However, this methoddoesnot allow



changesin the density functions, making hairs appearas if
they always staytogether

B. Light Scatteringin Hair

The rst requirementfor ary hair renderingsystemis a
modelfor the scatteringof light by individual bers of hair.
This modelplaysthe samerole in hair renderingasa surface
re ection, or local illumination, model doesin corventional
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 (seeFigure1lin Sectionlll-A), andthe medulla,
a structureof unknown function that sometimesappearsear
the axis of the ber.

A hair is composedof amorphousproteinsthat act as a
transparenmediumwith anindex of refraction = 1:55 [4],
[63]. The cortex and medulla contain pigmentsthat absorb
light, often in a wavelength-dependentay; thesepigments
arethe causeof the color of hair.

2) Notationand Radiometryof Fiber Re ection: Our nota-
tion for scatteringgeometryis summarizedn Figure 21. We
refer to the plane perpendicularto the ber asthe normal
plane The direction of illumination is ! ;, and the direction
in which scatteredight is beingcomputedor measureds ! ;
both directionvectorspoint away from the center We express
I'i and !, in spherical coordinates.The inclinations with
respectto the normal planeare denoted ; and , (measured
so that O degreeis perpendiculartto the hair). The azimuths
aroundthe hairaredenoted ; and ., andtherelative azimuth

r i, which is sufcient for circular bers, is denoted

Fig. 21. Notationfor scatteringgeometry

Becausebers are usually treatedas one-dimensionaénti-
ties, light re ection from bers needsto be describedsome-
what differently from the more familiar surface re ection.
Light scatteringat a surfaceis corventionallydescribedusing
the bidirectional re ectance distribution function (BRDF),
fr('i;!' ). The BRDF givesthe densitywith respectto the
projectedsolid angleof the scatteredux that resultsfrom a
narrav incident beamfrom the direction! ;. It is de ned as
theratio of surfaceradiance(intensity per unit projectedarea)
exiting the surfacein direction! ; to surfaceirradiance( ux

14

per unit area)falling on the surface from a differential solid
anglein the direction! ;:
_ dL (') .
dEi('y) "
Underthis de nition, the scatteredadiancedueto anincident
radiancedistribution L (! ;) is
Z

fe(tiz!y)

Li(ty) = fr(tis!e)Li(ti)cos id!

H 2
whereH 2 is the hemispheref directionsabove the surface.

Light scatteringfrom bers is describedsimilarly, but the
unitsfor measuringheincidentandre ectedlight aredifferent
becausethe light is being re ected from a one-dimensional
cunve [64]. If we replace“surface” with “curve” and “area”
with “length” in the de nition above we obtain a de nition
of the scatteringfunction fs for a ber: “the ratio of curve
radiance(intensity per unit projectedength)exiting the curve
in direction! , to curveirradiance( ux perunitlength)falling
on the curve from a differential solid anglein the direction
I';.” The curnve radiancedueto illumination from anincoming
radiancedistrimtionl_zi is

Lf(t:)=D o fs(tis!r)Li(ti)cos id!
whereD is the diameterof the hair as seenfrom the illumi-
nationdirection.

This transformationmotivated Marschneret al. [64] to
introducecurve radianceandcurve irradiance Curve radiance
is in somesensehalfway betweerthe conceptof radianceand
intensity andit describeghe contrikution of athin ber to an
imageindependenbf its width. Curve irradiancemeasureshe
radiantpower interceptedberunit lengthof ber andtherefore
increaseswith the ber's width. Thus, giventwo 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
interceptamoreincidentlight. This de nition is consistentvith
the behaiior 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 ;
is often included in the model, as was common in early
presentationsf surfaceshadingmodels.

3) Re ection and Refraction in Cylinders: For specular
re ection, a haircanbemodeledto a rst approximationasa
transparen(if lightly pigmented)r purelyre ecting (if highly
pigmented)dielectric cylinder. The light-scatteringproperties
of cylindershave beenextensvely studiedin orderto inversely
determinethe propertiesof optical bers by examining their
scattering[65], [66], [67].

As rst presentedn graphicsby Kajiya andKay [61] (their
scatteringnodelis presentedh SectionlV-B.5),if we consider
a bundle of parallel rays that illuminates a smoothcylinder,
eachray will re ect acrossthe local surface normal at the
point whereit strikes the surface. Thesesurfacenormalsare



all perpendiculato the ber axis—thg lie in the normalplane.
Becausethe direction of eachre ected ray is symmetricto
theincidentdirectionacrossthe local normal,all there ected
rays will make the sameangle with the normal plane. This
meansthatthe re ected distribution from a parallelbeamdue
to specularre ection from the surfacelies in a cone at the
sameinclination asthe incidentbeam.

For hairsthat are not darkly pigmented the componentof
light that is refractedand entersthe interior of the hair is
also important. As a consequencef Bravais's Law [68], a
corrolary of Snell's Law, light transmittedthrougha smooth
cylinder will emit on the sameconeasthe surfacere ection,
no matterwhat sequence®f refractionsandinternalre ections
it may have taken.

4) Measuementsof Hair Scattering: In cosmeticslitera-
ture, some measurementsf incidence-planescatteringfrom
bers have been published.Stamm et al. [63] made mea-
surementsof re ection from an array of parallel bers. They
obsened several remarkabledeparturesfrom the expected
re ection into the specularcone:therearetwo speculapeaks,
oneon eithersideof the speculadirection,andthereis asharp
true speculampeakthatemegesat grazingangles.The authors
explainedthe presenceof the two peaksusing an incidence-
plane analysisof light re ecting from the tilted scalesthat
cover the ber, with the surfacere ection andthe rst-order
internalre ection explaining the two speculampeaks.

A later paperby Bustardand Smith [69] reportedmeasure-
mentsof single bers, including measuringhe four combina-
tions of incidentand scatteredinear polarizationstates.They
found that one of the speculampeakswas mainly depolarized
while the other presered the polarization. This discovery
provided additional evidencefor the explanationof one lobe
from surfacere ection and one from internal re ection.

Bustard and Smith also discussedpreliminary results of
an azimuthalmeasurementperformedwith illumination and
viewing perpendiculato the ber. They reportedbright peaks
in the azimuthaldistribution, speculatedhatthey weredueto
causticformation, but they did not reportary data.

Marschneetal. [64] reportedmeasurementsf single bers
in more generalgeometriesIn addition to incidenceplane
measurementghey presentechormalplanemeasurementhat
shav in detail the peaksthat Bustard and Smith discussed
and how they evolve as a strandof hair is rotated around
its axis. The authorsreferredto thesepeaksas “glints” and
shaved a simulation of scatteringfrom an elliptical cylinder
that predictsthe evolution of the glints; this clearly con rmed
that the glints are causedby caustic formation in internal
re ection paths.They also reportedsomehigherdimensional
measurementthat showv the evolution of the peakswith the
angleof incidencewhich shavedthefull scatteredlistribution
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:
co( r+ i),

SCi; i r; 1) = cog 1)

kd+ ks

15

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

Kajiya and Kay derived the diffuse componenby integrating
re ected radiance acrossthe width of an opaque,diffuse
cylinder. Their specularromponents 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 shouldbealobe
concentratedhearthat cone.Note that neitherthe peakvalue
nor the width of the speculadobe changesvith  or

Banks [70Q] later re-explained the same model basedon
more minimal geometricarguments.For diffusere ection, a
differentialpieceof ber isilluminatedby a beamwith across
sectionproportionalto cos ; andthediffuselyre ected power
emits uniformly to all directions! For specularre ection,
Fermats principle requiresthat the projectionof the incident
andre ected raysonto the ber bethe same.

In anotherpaperon renderingfur, Goldman[71], amonga
numberof otherre nementsto the aggrejateshadingmodel,
proposeda re nementto introduceazimuthaldependenceto
the ber scatteringmodel. He multiplied both terms of the
model by a factor f 4, that can be expressedn the current
notationas:

fgr = 1+ acos

Settinga > 0 senes to bias the model toward backward
scattering,while settinga < 0 biasesthe model towards
forward scattering’

Tae-Yong Kim [72] proposedanothermodelfor azimuthal
dependenceyhich accountsfor surfacere ection and trans-
mission using two cosinelobes. The surface re ection lobe
derivesfrom the assumptiorof mirror re ection with constant
re ectance (that is, ignoring the Fresnel factor), and the
transmissiorlobe is designedempirically to give a forward-
focusedlobe. The modelis built on Kajiya-Kay in the same
way Goldmans is, de ning:

Ccos < < 3

— 2 2
o) 0 otherwise

This modelis Kajiya and Kay's model multiplied by:

far = ag( =2)+ g(k( )

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

1Banks doesnot discusswhy uniform curve radianceis the appropriate
sensen which the scatteredight shouldbe uniform.
2In Goldmans original notationa = (' ref fect tr ansmit )= reflect *
r ansmit ). A factorof %( reflect ¥ transmit ) canbe absorbednto the
diffuse and specularcoef®cients.



scatterings. The rst termis for backward (surface)scattering
andthe secondterm s for forward (transmitted)scattering.

Marschner et al. [64] proposed the most complete
physically-basechair scatteringmodel to date. Their model
males two improvementsto Kajiya and Kay's model: it pre-
dictsthe azimuthalvariationin scatteredight basedn theray
optics of a cylinder, andit accountsfor the longitudinal sep-
aration of the highlight into surface-re ection,transmission,
and internal-re ection componentsthat emepge at different
angles.The azimuthalcomponentof the model is basedon
a ray analysisthat accountsfor focusing and dispersionof
light, absorptionin the interior, and Fresnelre ection at each
interaction.The longitudinal componentmodelsthe shifts of
the rst threeordersof re ection empirically usinglobesthat
aredisplacedfrom the specularconeby speci ¢ angles.

6) Light Scatteringon Wet Hair: The way 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 effects of wet fur and wet hair, respectrely.

As hair becomesawet, athin Im 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 shinier appearancef the hair
due to increasedspecularre ections. Furthermorelight rays
are subjectto total internalre ection insidethe Im of water
aroundthe hair strandscontributing to the darker appearance
wethair hasoverdry hair. Moreover, wateris absorbednto the
hair ber, increasingthe opacity value of eachstrandleading
to more aggressie self-shadwing (seeSectionlV-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 appearancef wet
hair (seeFigure 10).

C. Hair Self-Shadowingnd Multiple Scattering

Fig. 23. Importanceof self-shadwing on hair appearance(left) Shadws
computedusing Deep Shadw Maps [75] comparedto (right) No shadas.
Imagescourtesyof Pixar Animation Studios.

Hair bers castshadevs onto eachother, aswell asrecev-
ing andcastingshadevs from andto otherobjectsin the scene.
Self-shadwing createscrucial visual patternsthat distinguish
onehairstylefrom anotherseeFigure23. Unlike solid objects,
a densevolume of hair exhibits complex light propagation
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patterns.Each hair ber transmitsand scattersrather than
fully blockstheincominglights. The strongforward scattering
propertiesaswell asthe comple< underlyinggeometrymake
the shadev computationdif cult.

One can ray trace hair geometry to compute shadav,
whetherhair is representetdy implicit models [61] or explicit
models [64]. For complex geometrythe costof ray traversal
can be expensve and mary authorsturn to cachingschemes
for efciency. Two main techniquesare generally used to
castself-shadws into volumetric objects:ray castingthrough
volumetric densitiesand shadev maps.

1) Ray-castinghrougha Volumetric Repesentation: With
implicit hair representationg@necandirectly ray tracevolume
density[20], or usetwo-passshadaving schemedor volume
density [61]; the rst pass lls volume densitywith shadev
information andthe secondpassrendersthe volume density

2) ShadowMaps: LeBlanc[60] introducedthe use of the
shadev map, a depthimageof hair renderedrom the light's
point of view. In this technique,hair and other objectsare
renderedfrom the light's point of view and the depthvalues
are stored.Each point to be shadaeved is projectedonto the
light's cameraand the point's depthis checled againstthe
depthin the shadev map. Kong and Nakijima [58] extended
the principle of shadev cachingto the visible volume buffer,
whereshadav informationis storedin a 3D grid.

In complex hair volumes, depthscan vary radically over
small changesin image space.The discretenatureof depth
sampling limits shadaev buffers in handling hair. Moreover,
lights tend to gradually attenuatethrough hair bers due
to forward scattering.The binary decisionin depth testing
inherentlyprecludessuchlight transmissiorphenomenarhus,
shadaev buffers are unsuitablefor volumetric hair.

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

Z,
«(19d1®

(p) = exp( ) ; where
0

| is thelengthof a pathfrom thelight to p, : is the extinction
(or density)functionalongthe path. is the opacitythickness
(or accumulatedxtinction function).

Fig. 24. Top: a beamof light starting at the shadev cameraorigin (i.e.,
thelight source)and passingthrougha single pixel of the deepshadav map.
Bottom: the correspondingransmittancegor visibility) function , storedas
a piecavise linear function.

In the deepshadav mapstechnique[75], eachpixel stores
a piecavise linear approximatiorof the transmittancdunction
instead of a single depth, yielding more precise shadev



computationghan shadev maps,seeFigure 24 for anillus-
tration. The transmittancéunction accountdor two important
propertiesof hair.

Fractional Visibility: In the contet of hair rendering the
transmittancéunctioncanberegardedasa fractionalvisibility
function from the light's point of view. If more hair bers
are seenalong the path from the light, the light gets more
attenuatedoccluded) resultingin lessillumination (shadav).
As noted earlier, visibility can changedrastically over the
pixel's extent. To handlethis partial visibility problem,one
should accuratelycomputethe transmissiorfunction by cor
rectly integrating and Itering all the contributions from the
underlyinggeometry

Translucency: A hair ber absorbsscattersandtransmits
the incominglight. Assumingthat the hair ber transmitsthe
incominglight only in a forward direction,the transluceng is
also handledby the transmittancdunction.

Noting that the transmittancdunction typically variesradi-
cally overimagespaceput graduallyalongthelight direction,
one can accuratelyapproximatethe transmittancefunction
with a compactrepresentationDeepshadev maps [75] use
a compressegiecavise linear function for eachpixel, along
with specialhandlingfor discontinuitiesin transmittancegsee
Figure 23).

Fig. 25. Opacity Shadev Maps.Hair volumeis uniformly sliced perpendic-
ular to the light directioninto a setof planarmapsstoringalphavalues(top).
The resultingshadaved hair (bottom).

Opacity shadev maps|[76] further assumehat suchtrans-
mittance functions always vary smoothly and can thus be
approximatedwith a setof x ed imagecachesperpendicular
to the lighting direction (see Figure 25). By approximating
the transmittanceunction with discreteplanar maps,opacity
maps can be efciently generatedwith graphics hardware
(see Section IV-D.3). Linear interpolation from such maps
facilitatesfastapproximationto hair self-shadavs.

For light-colored hair, recentwork has shovn that shad-
owing and attenuationalone are insufcient to producethe
correctappearanceror fully realisticresults light thatre ects
from hair to hair, or multiple scattering mustbeaccountedor.
Photonmappingmethodq77] canreduceperframerendering
timesfrom days,requiredfor pathtracingmethodsto hours,
but simulating multiple scatteringin hair truly efciently is
still an openproblem.
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D. RenderingAcceleation 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 acceleratgreciseren-
deringalgorithmsby simplifying the geometricrepresentation
of hair, by developingfastvolumetricrendering pr by utilizing
recentadvancesin graphicshardware.

1) ApproximatingHair Geometry: SectionlV-B explained
the structureof hair and shoved that hair bers are actually
quite complex. Simplifying this geometryusingfewer vertices
and renderingfewer strands,is one stratgy for accelerating
hair rendering.Remwing large portions of hair strandscan
be distracting and unrealistic, therefore surfacesand strips
have been used for approximatinglarge numbersof hair
strandg[16], [49], [50], [78].

These two-dimensionalrepresentationgesemblehair by
texture mappingthe surfaceswith hairimagesandusingalpha
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) representationssedby Ward et al.
[55], [38] (seeSectionlll-D.1) for acceleratinghe 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
scatteringand shadaving effectsis diminishedby an order of
magnitude.

2) Interactive Volumetric Rendering: Bando et al. [10]
modeledhair as a set of connectedparticles,where particles
representhair volume density Their renderingmethod was
inspired by fast cloud renderingtechniqueq79] where each
particleis renderedby splattinga textured billboard, both for
self-shadwing computationand nal rendering.This method
runsinteractvely, but it doesnot castvery accurateshadavs
inside hair (seeFigure 14).

Bertails et al. [80] usea light-orientedvoxel grid to store
hair densityvalues,which enableshemto ef ciently compute
accumulatie transmittancenside the hair volume. Transmit-
tancevaluesare then ltered and combinedwith diffuse and
specularcomponentdo calculatethe nal color of eachhair
segment. Thoughvery simple, this methodyields corvincing
interactve resultsfor animatechair (seeFigure26). Moreover,
it caneasily be parallelizedto increaseperformance.

Fig. 26. Interactve hair self-shadwing processedy accumulatingtrans-
mittancevaluesthrougha light-orientedvoxel grid [80]. (left) Animatedhair
without self-shadws; (right) Animatedhair with self-shadws.



3) Graphics Hardware: Many impressie advanceshave
been made recently in programmablegraphics hardware.
Graphicsprocessounits (GPUs)now allow programmingof
more and more complex operationsthrough dedicatedlan-
guagessuchasCg. For example,variousshadersandirectly
be implementedon the hardware, which greatly improves
performanceCurrently the major drawvbackof advancedGPU
programmingis that new featuresare neithereasyto imple-
mentnor portableacrossdifferentgraphicscards.

Heidrich and Seidel[81] ef ciently renderanisotropicsur
faceshy using OpenGLtexture mapping.Anisotropicre ec-
tionsof individual hair bers have alsobeenimplementedvith
this methodfor straightforward ef ciency.

As for hair self-shadwing, someapproachesave recently
focused on the accelerationof the opacity shadev maps
algorithm (presentedn SectionlV-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 the hair self-shadar computatiordonepurelyin graphics
hardware. Using textured strips to simplify hair geometry(as

seenin SectionlV-D.1), they achieve real-time performance.

Mertenset al. [82] explored efcient hair density clustering
schemessuited for graphicshardware, achieving interactive
ratesfor high quality shadev generationin dynamicallychang-
ing hair geometry Finally, a real-timedemonstratiorshaving
long hair moving in the seawas presentedby NVidia in
2004 [83] to illustrate the new capabilities of their latest
graphicscards(seeFigure 27).

Fig. 27. Real-timerenderingof long, moving hair using recentgraphics
hardware [83]. Image Courtesyof 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-basedealism (for
cosmeticprototyping),visual realismwith a high usercontrol
(for featuresIms), or computationsacceleration(for virtual
ervironmentsandvideogames)Someof thesegoalshave been
partially achieved, but mary important issuesstill remain,
especiallyin the eld of hair animation.
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A. Hairstyling

One of the most dif cult challengesto virtual hairstyling
remainsto be creatingintricatestyleswith a high level of user
controlin a shortamountof time. Thereis typically a tradeof
betweerthe amountof usercontrolandthe amountof manual
input time. An interestingfuture directionin hairstylingcould
be to combinedifferent shapingtechniquesn a mannerthat
keepsa high degree of user control while still accelerating
the time for userinput. Moreover, haptic techniquesfor 3D
user input have shavn to be quite effective for mimicking
real-world humaninteractionsand have only recently been
explored for hairstyling [7]. Attaining input through haptic
gloves rather than through traditional mouse and keyboard
operationsis a possibility that could allow a userto inter
act with hair in a mannersimilar to real-world human-hair
interactions.Creatinga braid, for example, could potentially
be performedin just minuteswith haptic feedbacksimilar to
real-world hairstyling.

In addition to user input, interactve virtual hairstyling
techniqueganalsobene t from accelerationg renderingand
simulation.While moststyling techniquesretargetedtowards
static hair, faster hair animation and rendering techniques
would enablemore realistic human-hairinteraction. Styling
of dynamichair would be bene cial for cosmetictraining and
otherinteractive hairstylingfunctions.Thesehigh-performance
applicationddemandhe ability to interactaccuratelywith hair
via commonactiities, suchas combingor brushinghair, in
real time. But as explained in next Section, hair dynamic
behaior as well as hair interactionsare currently far from
beingsatishctorily simulated especiallyin termsof accurag.

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 behaior) is currentlyavailable.
Somerecentwork accountingfor relevant structuraland me-
chanicalpropertiesof hair startsto exploreandto developnew
mechanicaimodelsfor simulatingmore closely the comple,
nonlinearbehaior of hair [43].

While hair animation methodsstill lack physically-based
grounds,mary adwanceshave beenmadein terms of per
formancethrough the use of hair strips (Section llI-C.2.a),
FFD (Sectionlll-C.1.d), andmulti-resolutiontechniquegSec-
tion 111-D), but eachof thesemethodshave variouslimitations
to overcome.Hair strips can be usedfor real-time animation
of hair, though hairstylesand hair motions are limited to
simple examplesdueto the at surfacerepresentatiorf the
hair. Multi-resolution techniqgueshave been able to model
someimportantfeaturesof hair behaiors, including dynamic
groupingandseparatiorof hair strandsandhave successfully
acceleratedhair simulation while preservingvisual delity
to a certain extent. However, highly complex hairstyleswith
motion constraintsare still not simulatedin real-time with
thesemulti-resolutionmethods FFD methodshave beenused
to attainreal-timeanimationof varioushairstylesnevertheless
suchapproachesre limited mainly to small deformationsof



hair. It would be interestingto explore the synthesisof one  [3]
or moreof thesetechniquesy drawing on their strengthsfor
example,the useof an FFD approactthatwould allow for the
hair volumeto split into smallergroupsfor ner detail. [4]

(5]
C. Rendering (6]

Whereasvery little physicaldatais available for hair me-
chanical properties,especiallythe way a collection of hair 71
bers behae togetherduring motion, the microscopicstruc-  [g]
ture of hair is well-known (SectionIV-B.1). Measurements
of hair scatteringhave recently led researchergo propose o]
an accuratephysically-basedmodel for a single hair ber,
accounting for multiple highlights obsenable in real hair [10]
(SectionlV-B.5). So far, this modelis only valid for a single
hair ber. Othercomplex phenomenauchasinterre ection [11]
insidethe hair volumeshouldalsobe consideredor capturing
the typical hair lighting effects. Another important aspect
of hair is self-shadwing. Many existing approacheslready [12]
yield corwvincing results.The most challengingissueperhaps
lies in simulating accuratemodelsfor both the scatteringof
individual hair bers andthe computationf self-shadws at
interactive rates. [14]

[13]

V1. CONCLUSION [15]

We presented literaturereview on hair styling, simulation, [16]
and rendering. For hairstyling, the more e xible methods
rely mostly on manual designfrom the user Intuitive user [17]
interfacesand pseudo-physicaalgorithmscontribute to sim-
plifying the users task,while recentapproachesapturinghair (18]
geometryfrom photographsautomatically generateexisting
hairstyles.Variousmethodsfor animatinghair have alsobeen
described,such as through a continuousmedium or disjoint
groupsof hairs. Existing hair simulationtechniquegypically
requirea tradeof amongvisualquality, e xibility in represent- [20]
ing styles and hair motion, and computationalperformance.

We also shoved how multi-resolutiontechniquesanbe used [21)
to automaticallybalancehistradeof. Finally, we discussedhe
mainissuesn hair renderingWe explainedthe effectsof light (22]
scatteringon hair bers, exploredtechniquedor representing
explicit and implicit hair geometry and examined different
shadaving methodsfor renderinghair. 23]

Hair modeling remains an active area of research.De-
pendingon the speci ¢ eld-styling, animationor rendering—
different levels of realism and ef ciency have been made.
While hair renderingis probably the most advanced eld,
styling andabove all animationstill raisenumerousunsohed  [25]
issuesResearchersave begunto explore techniqueghatwill 26]
enablemore authenticuserexperienceswith hair.

[19]

[24]

[27]
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