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Figure1: A dynamichair without self-shadowing (left) andshadedwith our algorithm(right). The3D light-oriented
mapstoringhair densityandtransmittance(middle). Thewholesimulation(includinganimationandour rendering)
is runninginteractively onastandardCPU.

Abstract
This paper presentsa new fast and accurateself-

shadowing algorithmfor animatedhair. Our methodis
basedon a 3D light-orienteddensitymap,a novel struc-
ture that combinesan optimizedvolumetric representa-
tion of hairwith a light-orientedpartitionof space.Using
this 3D map,accuratehair self-shadowing canbe inter-
actively processed(several framesper secondfor a full
hairstyle)on a standardCPU. Beyond the fact that our
applicationis independentof any graphicshardware(and
thusportable),it caneasilybeparallelizedfor betterper-
formance.Ourmethodis especiallyadaptedto renderan-
imatedhair sincethereis no geometry-basedprecompu-
tationandsincethedensitymapcanbeusedto optimize
hair self-collisions.Theapproachhasbeenvalidatedon
adancemotionsequence,for varioushairstyles.

Key words: Hair self-shadowing, interactive rendering,
hair simulation.

1 Intr oduction

Self-shadowing is of greatrelevanceto the realisticap-
pearanceof hair as it contributes to the impressionof
volume(seeFigure1). Consideringthe high numberof
thin, translucent�bers composingahumanhair, thisphe-
nomenonis dif�cult to reproducebothaccuratelyandef-
�ciently .

Our work wasespeciallymotivatedby the needfor a
simple, fast and accuratetechniqueto renderanimated

sequencesinvolving dynamichair. Recently, mucheffort
hasbeenmadeto achieve interactive frameratesin the
simulationof dynamichair [3, 22,1]. But most of the
time, thesegoodperformancesonly includethe costfor
animationwhile realistichair renderingis doneof�ine.

Approachestargeting interactive self-shadowing are
very recentandmostlyrely onadvancedGPU'scapabili-
ties[17,12]. Thoughsuccessful,thesemethodsarehighly
dependentonthehardwarearchitecture,andremaindif�-
cult to implement.This paperinvestigatesanalternative
solutionbasedon theCPUwhich turnsout to besimpler
to implement,more�e xible, andwhich still yields inter-
active framerates.

1.1 PreviousWork

Realisticrenderingof humanhair requiresthe handling
of bothlocal andglobalhair properties.Local hair prop-
ertiesdescribethe way individual hair �bers areillumi-
natedandthenrepresentedin the imagespace,whereas
global propertiesde�ne how the hair �bers interactto-
gether. Globalhairpropertiesespeciallyincludehairself-
shadowing which playsa crucial role in volumetrichair
appearanceandwhich is themainfocusof thispaper.

Local Illumination

To renderan individual hair strand,Kajiya andKay ear-
lier proposedare�ectancemodel[9] thathasbeenwidely
usedsubsequently. Theirmodelis composedof alamber-
tian diffusecomponentandananisotropicspecularcom-



ponent. Many later approacheshave subsequentlypro-
posedfurtherre�nementsto this model[13,2,7,10]. Re-
cently, Marschneretal. [16] measuredthescatteringfrom
real individual hair �bers andproposeda physical-based
scatteringmodelaccountingfor subtlescatteringeffects
(suchas multiple specularhighlights)observed in their
experiments. In our approach,we useKajya-Kay's re-
�ectancemodelbut our self-shadowing techniquecould
becombinedwith any otherlocal illuminationmodel.

Self-Shadowing
Two main techniquesare generally used to cast self-
shadows into volumetricobjects1: shadow mapsandray
castingthroughvolumetricdensities.

In basicdepth-basedshadow maps,the sceneis ren-
deredfrom the light point of view, andthe depthof ev-
ery visible surfaceis storedinto a 2D shadowmap. A
pointis shadowedif thedistancebetweenthepointandits
projectionto the light's camerais greaterthanthedepth
storedin theshadow map.This algorithmis not adapted
to rendersemi-transparentobjectssuchashairbecauseit
only storesa singledepthper pixel. To handlethe self-
shadowing of semi-transparentobjects, Lokovic et al.
proposedanextensionto thetraditionalshadow maps:the
deepshadowmap[15]. For eachpixel of the map, the
methodstoresa transmittancefunction (alsocalledvisi-
bility function) thatgivesthefractionof light penetrating
ateverysampleddepthalonga raycastedfrom thepixel.

Kim and Neumannproposeda practical implemen-
tation of this approach, called the opacity shadow
maps [11], and applied it to hair rendering. In their
method,the hair volume is uniformly sliced along the
light raysandeachhair volumecomprisedbetweentwo
consecutive slices is renderedfrom the light's point of
view into thealphabuffer, leadingto anopacityshadow
map. Final renderingis doneby interpolatingthediffer-
ent opacity shadow maps. This methodhasbeenused
togetherwith hair representationsat differentLODs for
theinteractive animationof hair [23].

The opacityshadow mapstechniquewasrecentlyex-
ploitedby otherauthors[17,12] to geta fastrenderingby
usingrecentGPU's capabilities.Kosteret al. achieved
real-time results by acceleratingthe implementation
of the opacity shadow maps and by making some
assumptionsaboutthe geometryof hair. Mertenset al.
usedan adaptive clusteringof hair fragmentsinsteadof
an uniform slicing, which enabledthemto interactively
build amoreaccuratetransmittancefunction.

Volume renderingis a common approachfor visu-
alizing datasetsthat comeon 3D grids [8]. To render

1Pleasereferto [24] for acompletesurvey onshadowing methods.

semi-transparentvolumetricobjectswith shadows,a �rst
stepusuallyconsistsof castingraysfrom thelight source
into thevolume,andstoringthelight attenuationfunction
(in voxels for instance).Then,actualrenderingis done
by ray tracing from the viewpoint. Suchmethodscan
accuratelyrenderboth volumetric data such as clouds
or smoke [8] as well as data with �ne geometrysuch
as hair [9]. Ray-tracing-basedapproachesoften yield
goodquality results,but they areusuallyvery expensive
in termsof time andmemory. More recently, splatting
approacheshavebeenusedin orderto achieve interactive
shadowing andrenderingof volumetricdataset[18,25].
Billboard splattinghasbeensuccessfullyappliedto the
renderingof clouds[6]. In thecaseof hair, this method
is still ef�cient but it doesnot seemto bereally adapted
to renderthe�ne geometryof hair [1].

Ray tracing-basedmethodscan often be very pro-
hibitive in termsof renderingtime, as they requirethe
calculationandthe sortingof multiple intersectionsbe-
tweentheraysandtheobjectsthatneedto beshadowed.
Conversely, the key bene�t of the shadow map-based
approachesis the light-orientedsamplingof geometry,
which makesthecomputationof accumulative transmit-
tancestraightforward. Actually, our methodis inspired
by both. Combininga volumetricrepresentationof den-
sity with a light-orientedsamplingallows us to de�ne a
practicalandinteractive self-shadowing algorithm.

1.2 Overview
Ourgoalis to provideaneasy, accurateandef�cient way
of castingshadows inside hair. Our methodhasto be
�e xible enoughto handleandacceleratesimulationsthat
involveanimatedhair.

Our maincontribution is to proposea new algorithmic
structurecalled3D light-orientedshadowmapthatis in-
spiredby both traditional3D densityvolumesandmore
recent2D shadow mapsasit combinesanoptimizedvol-
umetricrepresentationof hair with a light-orientedparti-
tionof space.Thisvoxel structurestoresthelight attenua-
tion throughthehairvolume,andit isusedtocomputethe
�nal color attributedto eachhair drawing primitive (hair
segmentfor instance).

Themainadvantagesof ourmethodarethefollowing:

� Ourapplicationis portable,simpleto implementand
canrenderawholehairstylecomposedof thousands
of hairstrandsinteractively onastandardCPU.Fur-
thermore,it can easily be parallelizedto increase
performance.

� Theapproachis especiallyadaptedto animatedhair
sincethealgorithmicstructuresthatwe usedareef-
�ciently updatedat eachtime step. Moreover we



show thatourdatastructuresprovideaninexpensive
wayof processinghair self-collisions.

� Our techniquedoesnot make any assumptionabout
thegeometryof hair, andthuscanbeappliedto ren-
der any hairstyle. It hasbeenvalidatedon various
hairstyles,either static or animatedwith different
kindsof motion.

Section2 describesour 3D light-orientedshadow map
structure.Section3 explainshow theself-shadowing pro-
cesscanbe ef�ciently doneby usingthis new structure.
Section4 dealswith thetwo extensionsof themethod:on
theonehand,weshow thatour3D mapis veryhelpful to
processhair self-collisionsef�ciently; on theotherhand
we provide a parallelizedversionof our algorithm that
improvestheglobalperformanceof thesimulation.The
lasttwo sectionsdiscussresultsbeforeconcluding.

2 3D Light-Oriented Shadow Map

Our 3D shadow mapis a uniform cubic voxel grid that
associatesto eachvoxel (or cell) a densityvalue and a
transmittancevalue.

The differenthair modelsthat we want to renderare
composedof a setof segments,but our algorithmcould
alsoapply to otherkindsof geometrysuchaspolygonal
surfacesfor example.

2.1 A Light-Oriented Local Frame
In our method,the light raysareassumedto be parallel
(ie. comingfrom an in�nitely distantsource),which is
a reasonableassumptionfor handlingcommonlighting
conditionslike sunlight. This point will bediscussedin
conclusion.

Insteadof having a �x ed-orientedstructurelike in pre-
vious approaches,our map is always aligned with the
light direction. More precisely, the map is placedin a
local frameR = (O;Xmap;Ymap;Zmap) whereXmap co-
incideswith the normalizedlight vectorL andO is the
origin of themap(seeFigure3).

As we shall seein Section3.2, this con�guration is
very helpful for computingthe accumulatedtransparen-
ciesef�ciently . Note that for non-animateddatarequir-
ing “dynamic” lighting (ie. a moving light), this choice
would not be appropriatesincethe materialgeometryis
to be recomputedeachtime the light moves. But in our
case,the geometryof hair needsto be updatedat each
time step,so the moving light casedoesnot yield extra
costfor us.

2.2 Object Spaceto Map Space
To occupy a limited memory, our datastructureexploits
thefact thatduringanimation,thehair volumeis always
locatedinsidea boundingbox of constantspatialdimen-
sion. Indeedhair alwaysremainsattachedto a scalp,and

hair strandsareassumedto be inextensible.Storinghair
elementscan thus be done inside a boundedstructure,
provided we build a mappingfunction from the 3D ob-
ject spaceto this3D boundingspace.

The spatial dimensionof the map is thus �x ed and
only dependson themaximallengthlmaxof a hair strand.
If the dimensionof the map is superior or equal to
2� lmax+ hmax, wherehmax is themaximaldimensionof
thehead,it is ensuredthatthegrid will alwaysrepresenta
boundingvolumefor thehairatany timestep.Of course,
thebestchoicefor thedimensionof themapis themini-
malnumbersatisfyingtheconstraintabove.

Thesize(or resolution)of themap(ie. thenumberof
cellsit contains)dependson thedesiredaccuracy of self-
shadowing. Sometestshave beenmadein Section5 to
compareresultsusingdifferentmapresolutions.

In theremainderof thepaper, NCELLSwill denotethe
numberof cells in eachdirectionXmap, Ymap andZmap
of themapframeR , anddswill representthestepof the
map,ie. thespatialdimensionof acell (seeFigure2).

Figure2: Onecell of themapcontaininga point P. The
l i parametersgive the locationof P insidethe cell, and
will be usefulfor the �ltering process(seeSection3.3).
By convention,eachcell will storethe quantityof light
receivedby its backside(yellow side).

To �nd the index of the cell correspondingto a point
P(x;y;z), the coordinatesof P are �rst expressedin the
map frame R as (xmap;ymap;zmap), and the following
mappingfunctionthenapplied:
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Figure3 shows themappingbetweentheobjectspace
andthemapspace.

Thanksto themappingfunctionY, accessto elements
of the mapis donein constanttime, which greatlycon-
tributesto theef�ciency of themethod.
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Figure3: Correspondencebetweentheobjectspaceand
the map space. Becauseof the modulooperatorin the
mappingfunction Y, the �rst slice of the map(in light
order)doesnot necessarilyhave the lowest index. The
�rst sliceandthelastslicehaveconsecutive indexes.

3 Self-Shadowing Algorithm

Ourself-shadowing algorithmis composedof threemain
steps:hair density �lling (1), transmittancecomputa-
tion (2), and�ltering (3). Initially, eachcell of the map
hasanull density(andwecall it anemptycell).

Thefollowing �gure summarizesthewholerendering
pipeline2.

ComputeSelfShadows()

- Fill density map (1)

- Compute transmittance (2)

Draw()

no

yes

no

Did the camera move?

Did the light OR
the geometry change ?

For each vertex :

- Compute local illumination

- Filter transmittance (3)

- Compute final color of the vertex

- Send the vertex to the GPU

reset density

draw next frame

yes

init map

Figure4: Therenderingpipeline.

2In ourcase,eachhair strandis drawn asanOpenGLline strip

3.1 Filling Hair Density into the Map
The�rst stepof thealgorithmconsistsof �lling themap
with hair density. This is simply doneby traversingthe
geometryof hair anddoingthefollowing operations:

� Eachhair strandsi is sampledusingaCatmull-Rom
splineinto nSmooth pointsPi

k;

� For eachpoint Pi
k, the densityof the cell Y (Pi

k) is
incremented.

Of coursetheresultingdensityvalueobtainedfor one
cell only makessenserelative to valuesof theothercells.
Indeed,eachisolateddensityvalue is arbitrary, andes-
pecially dependson the numberof samplepoints used
for eachstrand.Assumingthathair samplingis uniform,
which is a reasonableassumption,the relative density
multiplied by a scalingfactor f approximatesthe light
fall off throughthe correspondingcell. This quantity is
commonlycalledtheextinctionparameter[15].

In practice,our hair samplingis the sameas the one
that is usedat the �nal drawing stage,in orderto ensure
thateachdrawn vertex belongsto anon-emptycell.

3.2 Computing Transmittance
Thefractionof light thatpenetratesto a point P of space
canbewrittenas[15]:

t (p) = exp(�
Z l

0
k (l0)dl0) (1)

wherel is thelengthof thepathfromthelight to thepoint,
andk is theextinction functionalongthepath.

Thefunctiont is calledthetransmittancefunction. A
sampledevaluationof t can be doneby accumulating
transparenciesof sampledregionsalongthe light direc-
tion.

In ourcase,weneedto evaluatethetransmittancefunc-
tion at eachcell of themap. To do this, we computethe
transparency of eachcell (i; j ;k) as:

t(i; j ;k) = exp(� k i; j ;kds) (2)

wherethe extinction coef�cient k i; j ;k is computedusing
thedensityvalueof thecell (i; j ;k), asexplainedbefore
in Section3.1:k i; j ;k = f � di; j ;k wheredi; j ;k is thedensity
of cell (i; j ;k) and f is ascalingfactor.

Thetransparenciesarethencompositedtogetherto get
the�nal transmittanceof eachcell (i; j ;k):

Trans(i; j ;k) =
i

Õ
i0= imin

exp(� di0; j ;k f ds) (3)

whereimin is theindex of themapslicethatis theclosest
to thelight (seeFigure3).



As we mentionedin the previous section, the nov-
elty of our approachin comparisonwith previous algo-
rithms using voxel grids is that cells are sortedalong
the light direction:accumulatingtransparenciesthenbe-
comesstraightforward:

� A transmittanceparameterprevTransis �rst initial-
izedto 1 which is thepropervaluefor a transparent
andfully illuminatedcell;

� The column ( j;k) is traversed,startingfrom slice
imin (theclosestsliceto thelight) until sliceimax (the
furthestslice):

– If cell (i; j ;k) is non-empty, its transmittance
is set to prevTrans� exp(� di; j ;k f ds) (using
Equation3) and the parameterprevTrans is
updatedto thisvalue.

– Otherwisecell (i; j ;k) is given the transmit-
tanceprevTrans.

Note that someemptycells might alsobe in shadow,
since �lling densitiesinto the map doesnot necessary
yield a connective setof non-emptycells. Even if only
verticesbelongingto non-emptycellswill bedrawn, giv-
ing a propertransmittancevalueto emptycells is impor-
tantbecausesuchcellscouldbe involved in the �ltering
process,if a non-emptycell hasempty neighbors(see
next section). The algorithm describedabove guaran-
teesthatevery cell of themaphasa propertransmittance
value.

3.3 Filtering and ComposingColors

Figure 5: The effect of �ltering the transmittanceval-
ues.Self-shadowswithout�ltering (left): regularpatterns
alignedwith the maparevisible. Self-shadows with �l-
tering (right): artefactshave vanished,hair looks coher-
ent.

Before drawing hair primitives, it is necessaryto �lter
transmittancevalues,otherwiseregular patternsaligned
with the densitymapwill be quite visible, asshown by
Figure5.

For eachpointP thathasto besentto theGPUfor �nal
drawing:

� We computethe relative position of P (l i ; l j ; l k)
with respectto its correspondingcell Y (P) (seeFig-
ure2).

� We compute�ltered transmittanceat point P by ap-
plying a trilinear interpolationas:

Transf (P) = å
i02f i� 1;:::; ig

j02f j� 1;:::; jg

k02f k� 1;:::;kg

Ai0A j0Ak0Trans(i0; j0;k0)

whereAi0 =
�

l i if i0= i
(1� l i) otherwise

(similar for A j0 andAk0)

� Finally, thecolor F P of vertex P is obtainedby the
following equation:

F P = F Ambient+ Transf (P) � (F Di f f use+ F Specular(P))

4 Extensions

4.1 Handling Hair Self-Collisions
Becauseof thehigh numberof hair strandscomposinga
humanhairstyle,hair self-collisionsrepresenta dif�cult
andcomputationallyexpensiveissuein hairanimation.In
practice,it often takesmorethan80% of the simulation
time [21].

An acceptableapproximationof hair self-interaction
consistsof consideringthatinternalcollisionsmainly re-
sult into thehairvolume[14]. Startingfrom thisassump-
tion,hairdensityinformationis veryuseful:if thedensity
is local over a �x ed threshold(correspondingto maxi-
mumquantityof hair thatcanbecontainedin a cell), the
hair strandsshouldundergo constraintsthatspreadthem
out.

Hair is animatedusinganapproachclosedto hairguid-
ancemethods[5,4]. In our case,hair is composedof ap-
proximatelyahundredwispswhereeachhairwispis sim-
ulatedthroughthreeguidehair strands.Eachguidehair
strandis animatedusingafastrigid links simulation[19].
Final renderedhair strandsaresimply interpolatedfrom
theguidehair strandswithin eachwisp.

Using the density map at eachtime step, hair self-
collisions are processedby applying repulsive forces
from the center of each cell having a too high den-
sity. Although this method is extremely simple, it
yields convincing results. Furthermore, this is a
very cheapway to handlehair self-collisions (it only
takes 2.5% of the whole processingtime). Please
visit our websiteand watch our videos at http://www-
evasion.imag.fr/Publications/2005/BMC05a/.



4.2 Parallelization of the Algorithm

� Density
� Transmittance

for half�map

� Filter transmittance

� Display
� Local illumination

Simulation Self-Shadows Rendering

hair
Gather

half�hairstyle

half�hairstyle
Simulate

� Transmittance
for half�map

� DensitySimulate

Figure6: A parallelversionof ouralgorithm.

Oneadvantageof having a CPU-basedalgorithmis that
parallelizationcanbe consideredin orderto increaseits
ef�ciency. As a matterof fact, the describedmethodis
very well suitedfor sucha technique.We presenthere
the parallel implementationof the simulationand self-
shadowing algorithms.

� Simulation: thanksto the useof the density-map
for handlingself-collisions,eachhair wisp can be
simulatedindependently. This allows for a straight-
forward parallelizationwhereeachprocessorcom-
putesa part of the hair, gatheringat the end their
partialresults.

� Self-Shadowing: hereagain a straight-forwardpar-
allelizationcanbeappliedthanksto thefactthatthe
mapis light-oriented. As describedin Section3.2,
thecalculationsfor eachcolumn( j;k) canbedone
independently.

We have testedthis implementationon a standardPC
clusterandwereable,using3 CPUs,to easilydoublethe
frameratein comparisonwith thesingleprocessorresults
givenin thenext section.

Whentrying to usemoreCPUs,thenetwork gathering
andsendingof theverticesto theGPUbecamethemain
bottleneck. Sendingvertex arraysdirectly to the GPU
shouldreducethisbottleneck.

5 Resultsand Discussion

Our algorithm hasbeenappliedboth to static and dy-
namic hairstyles. In eachcasewe compareit with ex-
istingmethodsin termsof qualityandperformance.

5.1 RenderingStatic Hair
Figures 1 and 7 show that our self-shadowing algo-
rithm producesgoodvisual resultsfor merelysynthetic
hairstylesaswell asfor hairstylescapturedfrom realhair
geometry. Wecanseein Figure7 thatself-shadowsmake
volumetricwispsstandout,whereasnoself-shadows�at-
tenthehair.

Figure7: Applying our self-shadowing algorithmto a
hairstylecapturedfrom photographsby the methodof
Paris et. al [20]. The hairstyleis composedof 87,500
hair strands(1,123K segments)andit took 2 secondsto
renderit.

Figure 8 shows resultsobtainedon curly hair when
usingdifferentmapresolutions.We cannotice that for
�ne resolutions(128� 128or 256� 256),curly wispsare
properlyshadowedandtheirshapeis thusclearlyvisible,
whichis not thecasefor thecoarsestresolutions.In prac-
tice, we foundthata 128� 128resolutionwassuf�cient
to accountfor smallshapedetailsof hair.

Figure8: Evaluationof the quality of self-shadowing,
usingdifferentmapresolutions.Fromleft to right: 32�
32 with ds= 0:5; 64� 64 with ds= 0:2, 128� 128with
ds= 0:1 and256� 256with ds= 0:05.

Map reset Trans Filter Total
+ density + draw rendering

Smooth 0.038 0.015 0.037 0.09
Curly 0.062 0.015 0.053 0.13

Table 1: Detailed performanceof the renderingpro-
cess(computingdensity, transmittance,�ltering and �-
nal drawing) of a smoothhairstylecomposedof 100K
segmentsanda curly hairstylecomposedof 200K seg-
ments.Theresultsareexpressedin secondsper frame;
they have beenobtainedusinganIntel P4CPUat3GHz.

In comparisonwith [17] our self-shadowing algorithm
runsat a higherframerate(11 FPSinsteadof 6 FPSfor
100Khair segments).



5.2 RenderingDynamic Hair
Figure9 shows two snapshotsfrom our hair animations.
Our self-shadowing algorithmcapturesthe�ne disconti-
nuitiesobservedin realhair duringmotion,asillustrated
in Figure10.

Figure 9: A smoothbrown hairstyle(100 K segments)
andacurly redhairstyle(200K segments)animatedwith
differentdancemotionsand interactively renderedwith
ouralgorithm.

Anim Hair self- Rendering Total
collisions simu

Smooth 0.067 0.003 0.09 0.16
Curly 0.254 0.003 0.13 0.557

Table2: Detailedperformanceof thesimulation(anima-
tion, renderingandhair self-collisions)of two hairstyles
composedof 134 animatedwisps: a smoothhair style
(100K renderedsegments)anda curly hair style (200K
renderedsegments).Theresultsareexpressedin seconds
per frame; they have beenobtainedusing an Intel P4
CPUat3GHz.

Table 2 gives the detailedperformanceof the whole
simulation,including animation,hair self-collisionsand
renderingfor bothsmoothandcurly hairstyles.Notethat
theanimationtime is not thesamefor thetwo hairstyles,
becauseit includesthe updateandthe smoothingof the
interpolatedhair strands.

A hair composedof 3350hair strandsand100K seg-
mentsis thuscompletelysimulatedataninteractiveframe
rateof 6 FPS.For aestheticresults,wehave implemented
hair-body collisions using a standardmethodbasedon
spheresapproximation.Handlingsuchcollisionsmakes
the performancefall down to 3.5 FPS for the smooth
hairstyle,and1.5 FPSfor thecurly hairstyle,but no op-
timizationhasbeendevelopedyet for thatspeci�c prob-
lem,consideringit wasbeyondthescopeof thispaper.

In ourapproach,thehair volumeis properlygenerated
usinga repulsive force �eld basedon local densities,as
explainedin 4.1. However, this methoddoesnot account

for hairanisotropy norwispsinterpenetration.Thiscould
bedoneby addingmoreinformationto themap,suchas
hairorientation.

Figure 10: A real shadowed hair (left) and our
model(right) with similar lighting conditions.

6 Conclusionand Futur e Work

We have presenteda new hair self-shadowing algorithm
basedon a 3D-light orienteddensitymap.Our approach
can interactively rendervarioushairstylescomposedof
thousandsof hair strands,andyields convincing results.
Our algorithmcaneasilybe parallelizedto improve the
performance.Furthermore,we have shown thatour den-
sity map is very helpful in acceleratingthe simulation
process,asit canbe usedto handleself-collisionsin an
inexpensive way with goodvisual results. We areplan-
ningto usethehairdensityinformationagain to optimize
hair-bodycollisions.

For simplicity purposes,our approachmakes the as-
sumptionof an in�nitely distantsource,which could be
a limitation for renderingscenesilluminatedby punctual
sources.Yet,it seemsthatwecouldeasilyhandlethecase
of punctualsourcesby only changingour mappingfunc-
tion Y. Insteadof consideringan uniform squarespace
partition, the new mappingfunction Y 0 shouldaccount
for an angularspacepartition starting from the source
point,andthensamplednormallyto thelight rays.

Our methodcouldalsohandleseveral light sourcesby
simply addingas many light-orientedmapsas sources.
The �nal transmittanceof a point P would have to be
interpolatedbetweenthe transmittancevaluesobtained
from thedifferentsources.

To geta betterprecisionin our computationsfor a low
cost,aninterestingideawould beto follow thesameap-
proachasMertenset. al [17] who build anadaptive slic-
ing alonga light ray andthusgeta betterapproximation
of thevisibility functionthanapproachesusingauniform
slicing.
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