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Abstract

A novel approach is presentedto ef�ciently render lo-
cal subsurfacescatteringeffects.We introducean impor-
tancesamplingschemefor a practical subsurfacescatter-
ing model.It leadsto a simpleandef�cient renderingalgo-
rithm, which operatesin image-space, and which is even
amenablefor implementationon graphics hardware. We
demonstrate theapplicability of our techniqueto theprob-
lem of skin rendering, for which the subsurfacetransport
of light typically remainslocal. Our implementationshows
that plausibleimages can be rendered interactively using
hardware acceleration.

1. Intr oduction and RelatedWork

We frequentlyencountertranslucentobjectsin our daily
lives,suchasskin, milk, marble,wax, andso on. Translu-
centobjectshave a distinct soft look dueto light entering
thematerialandscatteringinsideit. This processis known
assubsurfacescattering.Theuniqueappearanceof translu-
centobjectscannotbeachievedwith simplesurfacere�ec-
tion models.Evenfor materialsthatdo not seemto bevery
translucentat �rst sight,suchasskin for example,subsur-
facescatteringis very important.Finegeometricdetail,e.g.
small wrinkles andbumps,is smoothedout by subsurface
scatteringandappearslessprominent[7, 10].

Traditionally, subsurface scatteringhas beenapproxi-
matedwith a Lambertiandiffusere�ection. Obviously, this
approximationfails for any materialthatexhibitsnoticeable
translucency. For thesematerials,subsurfacescatteringef-
fectscanberenderedof�ine usingawiderangeof methods
proposedfor participatingmedia,including �nite element
methods[21, 1, 22], (bidirectional)pathtracing[4, 15], and
photonmapping[9, 3], to diffusionapproximations[25].

Recentlyan analyticalmodel for subsurfacescattering
[10] wasproposed,which eliminatesthe needfor numeri-
calsimulationof subsurfacelight transportin homogeneous
highly scatteringoptically thick materialssuchasmilk and

Figure 1. An interactive rendering of a bump-
mapped model on graphics hardware us-
ing measured BSSRDF parameter s of human
skin [10]. The image is rendered at roughl y 4
to 5 frames per second.

marble.A hierarchicalintegrationtechniqueswasproposed
in [8] in orderto usethis model in global illumination al-
gorithms.Unfortunately, this techniquedoesnot appearto
allow interactive rendering.

Our goal is to renderdeformable,translucentobjectsat
interactive ratesundervarying lighting andviewing condi-
tions(see�gure 1 andcolor pagefor examples).Lenschet
al. [16] proposedamethod,whichis interactive,but only for
rigid objectswith �x ed, possiblyinhomogeneous,subsur-
facescatteringproperties.Themethodby Haoetal. [5] ren-
derstranslucentbut rigid objectsin real-time.Recentwork
on real-time renderingwith precomputedradiancetrans-
fer [24] canbe extendedto subsurfacescattering[23], but
alsoassumesstaticmodels.In comparisonto our technique,
thesemethodsall requirea costly precomputationphase.



Ourcomputationsaredonefrom scratcheachframe,allow-
ing usto changevirtually everything.

Real-time rendering with complex surface BRDFs
has beenwidely studied,e.g. [6, 12, 17]. Unfortunately,
thesetechniquescannothandlesubsurface scatteringbe-
causethey assumethat light is directly re�ected and not
scatteredinsidetheobject.

In contrastto the above cited techniques,we propose
a methodto interactively renderarbitrarydynamicmodels
with local subsurfacescattering.In many cases,the effect
of scatteringremainslocal, dependingon the materialand
thescaleof thegeometry. For instance,humanskin scaled
at 10 to 20cmdoesnot exhibit muchglobal responseto the
incominglight. The local responsehowever is moredomi-
nantpresentin this case.If scaledlargeenough,otherma-
terialswill behave in thesameway.

To handlethis caseef�ciently , we show that the model
for subsurfacescatteringby Jensenetal. [10] canberewrit-
tenasan integral in image-spaceinsteadof a (hierarchical
[8]) integral over the object.We combinethis with impor-
tancesamplingof theBSSRDF, whichallows for averyef-
�cient computationof subsurfacescattering.Thenew tech-
niquecanbeimplementedin softwareaswell asongraphics
hardware.Whenrunningongraphicshardware,weachieve
interactive frameratesfor translucent,dynamicmodels.An
exampleis depictedin �gure 1, whereour methodwasap-
plied to aheadmodel.

In concurrentwork, Dachsbacheret al. [2] presented
translucentshadow maps,which is thesamein spirit asour
technique.They renderan irradiancetexture from the light
sourceview, which is �ltered usingmipmappingto perform
the integration. In contrast,our techniquerendersan irra-
diancemapfrom theeye view, while importancesampling
actsasa �lter .

2. Background

In this section,we �rst introducethe necessaryback-
groundon subsurfacescatteringandthe dipole sourceap-
proximation[10, 8].

2.1. The SubsurfaceRe�ection Equation

The following integral computesthe shadeof a surface
point xo on a translucentobject (viewed from a direction
! o):

L e(xo; ! o) =
Z

S

Z


 + (x i )
L i (x i ; ! i )S(x i ; ! i ; xo; ! o) �

(! i � N i )d! i dxi ; (1)

L e(xo; ! o) and L i (x i ; ! i ) denote exitant/incident radi-
ance respectively. S is the object's surface, 
 + (x i ) is
the hemisphereabove x i in normal direction N i , and

S(x i ; ! i ; xo; ! o) is thebidirectionalsurfacescatteringdis-
tribution function (BSSRDF). In general, the BSSRDF
is an eight-dimensionalfunction, expressingwhat frac-
tion of (differential) light energy enteringthe object at a
locationx i from a direction ! i leaves the objectat a sec-
ond locationxo into direction ! o. Becauseof its high di-
mensionality, it is infeasibleto precomputeand storethis
term, especiallysince it dependson the object's geome-
try.

It hasbeenshown [4, 10] thatsubsurfacescatteringcan
bemodelledadequatelyusingtwo components:singlescat-
teringandmultiplescattering.Singlescatteringaccountsfor
light that is scatteredonly onceinsidethemedium.Only a
small fractionof theoutgoingradianceof a highly scatter-
ing translucentmaterial,suchasmarble,milk, . . . , is dueto
singlescattering.Thedominatingtermis themultiple scat-
tering,whichweareconcernedwith.

Multiple scatteringdiffuses the incident illumination,
suchthatthereis almostnodependenceon theincidentand
outgoingdirectionanymore.Thereforeit canberepresented
athighaccuracy asafour-dimensionalfunctionRd(x i ; xo),
whichonly dependson theincidentandoutgoingpositions.
Additionally accountingfor theFresneltransmittancewhen
light entersand leaves the material,we get the following
subsurfacescatteringre�ectancefunction:

S(x i ; ! i ; xo; ! o) =
1
�

Ft (� ; ! o)Rd(x i ; xo)Ft (� ; ! i ): (2)

Substitutingthis into Equation1, weget:

L e(xo; ! o) =
1
�

Ft (� ; ! o)B (xo) (3)

B (xo) =
Z

S
E(x i )Rd(x i ; xo)dxi (4)

E(x i ) =
Z


 + (x i )
L i (x i ; ! i )Ft (� ; ! i )(N i � ! i )d! i (5)

In orderto rendertranslucentobjectsef�ciently , oneneeds
anef�cient way to solve for L e ateverysurfacepoint.

2.2. Dipole SourceApproximation

First, we needto choosea modelfor the BSSRDF, and
thus a model for Rd. This model hasto ful�ll two main
criteria: it shouldbe adaptableto different materialsand
shouldallow for importancesamplingto speedup thecom-
putationlateron.

Rd(x i ; xo) can be accuratelydeterminedusing a full
simulation.Many differenttechniqueshave beenproposed
(comingfrom the areaof participatingmedia),e.g.[4, 22,
15, 9]. While thesetechniquesareeffective,they donot ful-
�ll theabove criteria.

We choseto use a recently introducedmodel for the
BSSRDFin homogeneousmediaasthebasisfor our work
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t ; � =
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t = � a + � 0

s ; � 0 = � 0
s=� 0

t

� 0
s = reducedscatteringcoef�cient (given)

� a = absorptioncoef�cient (given)
� = relative refractionindex (given)

Ft (� ; ! ) = Fresneltransmittancefactor

Table 1. The dipole sour ce BSSRDF model.
This paper presents an ef�cient impor tance
sampling strategy for computing integrals of
this model.

[10]. Thismodelis basedonadipolesourceapproximation
for the solution of a diffusion equation[7, 25] that mod-
elslight transportin denselyscatteringmedia.We shallsee
thatit ful�lls theabove requirements.

Thekey ideabehindthedipolesourceapproximationfor
Rd(x i ; xo) [10], is elegantandsimple.An incomingray at
positionx i on a homogeneous,planar, andin�nitely large
andthick mediumis convertedinto adipolesource(i.e. two
sources)at the sameposition.Onesourceof the dipole is
placedat a distancezv above the surfaceand the second
sourceat a distancezr below thesurfaceat x i . Rd(x i ; xo)
is thenobtainedby summinga sort of illumination contri-
bution at xo, dueto thetwo sourcesnearx i . Theresultis a
functionof thedistancer (betweenx i andxo) only; seeTa-
ble1.

Although thedipolesourceapproximationis only valid
for planar surfaces[7, 14], using it for curved surfaces
yields highly plausiblerenderings,as hasbeenshown in
severalcomplex examplesby Jensenet al. [10, 8]. We will
useit in the samespirit. The modelis alsoinherentlylim-
ited to homogeneousmaterials.The appearanceof hetero-
geneousmaterialswassimulatedby meansof texturemap-
ping techniquesin previous work andis donein the work
presentedheretoo.

3. Overview

Themostexpensive partof computingtheshadingcon-
tribution due to subsurfacescatteringis the evaluationof
equation4. Onehasto integrateover the whole surfaceof

an objectandsumup all the contributionsdue to subsur-
facescattering.

A straightforwardimplementationsimplyperformsstan-
dard Monte Carlo integration using randomly (and uni-
formly) distributedsamplesover theobject.A speed-upcan
beachievedby building a spatialhierarchy on thesamples
[8]; sampleshigherup in thehierarchy aretaken,if they are
far away. The drawbackof this methodis, that onehasto
build thehierarchy �rst.

A moreef�cient integrationcanbeperformedusingim-
portancesampling [11]. Importancesamplingdistributes
the samplesaccordingto the function to be integrated,in
our caseRd. To this end,we proposea methodfor generat-
ing suchimportancesamplesin section4.

importance
samples

n

random samples

tangent plane

Figure 2. Overview of the proposed tech-
nique: we locall y sampling incoming lighting
in the tang ent plane , accor ding to the impor -
tance of the BSSRDF function.

In orderto furtherspeedup thecomputation,we do not
(locally) integrateover thesurfaceof theobject,but instead
integratetheirradiancesin image-space(seesection5).The
basicalgorithmis depictedin �gure 2. Importancesamples
aregeneratedonthetangentplaneatxo. Thesearethenpro-
jectedon theobject(in caseof a perspective viewer with a
perspective projection),andthe irradiancesfrom thereare
summedup. This makes the new algorithm amenablefor
implementationongraphicshardware.

In section6, wedetailhow thenew algorithmcanbeim-
plementedusinggraphicshardware.Section7 shows vari-
ousresults,thatcanbeachievedwith this method.Finally,
wewill concludein section8.

4. Importance Samplingof the BSSRDF

In this sectionwe derive an exact importancesampling
schemefor the BSSRDFmodelpresentedby Jensenet al.
[10] (seetable1), which allows us to evaluateequation4
more ef�ciently . The goal is to �nd sampledistancesr i ,
whicharedistributedaccordingto Rd(r )r (thiswill become



clearin thefollowing section),with Rd(r ) de�ned as:

Rd(r ) =
� 0

4�
[Rr

d(r ) + Rv
d(r )] ;

Rr
d(r ) = zr (1 + � sr )

e� � sr

s3
r

;

Rv
d(r ) = zv (1 + � sv )

e� � sv

s3
v

:

We now integrateone of the two last termsover the 2D
plane.By substitutings with

p
r 2 + z2 weobtain:

Z 1

0
z(1 + � s)

e� � s

d3 r dr = z�
�
�

1
u

e� u
� u= 1

u= � z
(6)

= e� � z ; (7)

with z eitherzr or zv ands eithersr or sv . There�ectance
thusis [10]:

� =
� 0

2

�
e� � zr + e� � zv

�

Exactsamplingis performedasfollows.Draw auniform
randomnumber� from theunit interval.Wemust�nd adis-
tancer (� ) suchthattheprobabilityof �nding r (� ) in anin-
terval [a; b] equals2�

�

Rb
a Rd(r )r dr , i.e.theprobabilityden-

sity functionis de�ned as:p(r ) := 2�
� Rd(r )r dr .

Now, pick one of the two termsRr
d or Rv

d by testing
whether

� <
e� � zr

e� � zr + e� � zv
:

This thresholdcorrespondswith themagnitudeof eachin-
tegratedterm (seeequation7). The chosenterm is called
R?

d.
We continuewith inverting its cumulative distribution

function:
Z r ( � )

0
R?

d(r )r dr = �
Z 1

0
R?

d(r )r dr:

Usingequation6 and7, weobtain:

(1 � � )e� � z =
1

q
1 +

�
r
z

� 2
e� � z

q
1+ ( r

z )2

:

Substitutingu =
q

1 +
�

r
z

� 2
gives us the following

equality:

� z(u � 1) + logu + log(1 � � ) = 0;

which canbesolvednumericallyfor u. Notethatthis func-
tion is a smooth,monotonically increasingfunction for
which we can �nd its root rapidly with Newton's method
for instance.Finally, we getanimportancesampledistance
r with:

r = z
p

u2 � 1:

5. Integration Over the Surface

In this sectionwe describehow we employ the impor-
tancesamplingscheme.

Two problemsarisein this context. Firstly, for a given
importancesamplingdistanceatapointon thesurface,it is
not trivial to constructa locationat thisdistancedirectlyon
thesurface.This would requireaccessto the local geome-
try, aswell asa complex searchroutine.Thereforewe sim-
ply constructthesamplesin thetangentplaneof thatpoint.

The secondproblemis the acquisitionof irradiancein-
formationover the surface.To this end,we renderthe ir-
radianceoncefor one (or possiblymore) referenceviews
into a 2D imageor texture map. In our implementation,
we take the cameraview to generatethis irradiancetex-
ture.Anotherpossibilitymightbeto usethelight view, sim-
ilar to shadow mapping[27]. However, this cancausearti-
factsat locationswhich areorientedperpendicularlyto the
light due to severeundersampling.Also, renderingirradi-
anceoncefor thecameraview enablesusto ef�ciently han-
dle morelights without muchextra cost,or morecomplex
lighting (e.g.from anenvironmentmap).

The resultingintegrationprocedureis simple: for each
point to shade,constructa set of samplesin the tangent
plane,project this point on the surfacew.r.t. the centerof
projectionof our irradiancetexture (see�gure 3). Essen-
tially, theintegral is solvedin imagespace.

Considerthelocal scatteringintegral (equation4):

I =
Z

A
Rd(r )E (p)dAp

=
Z

A 0
Rd(r )E (p0)

�
�
�
�

dAp

dAp0

�
�
�
� dAp0 (8)

For eachsamplepointwecantheneasilylook uptheirradi-
anceE(p0) in theirradiancetexture.Sinceweassumelocal
scattering,we take A to bea fractionof thesurfaceS, and
A0 thecorrespondingareaonthetangentplane.For simplic-
ity, A0 is consideredto beadiscof radiusR0.

Thetransformationimpliesmultiplying with a Jacobian�
�
� dA p

dA p 0

�
�
� . We derive it basedon the notion that the solid an-

glesoccupiedby thedifferentialareassurroundingp andp0

w.r.t. e (thecenterof projection),areequal:

� Ap
cos�

d2 = � Ap0
cos� 0

d02 ;

with d = ke � pk andd0 = ke � p0k. Substitutingthis in
equation8 yields:

I =
Z

A 0
Rd(r )E (p0)

cos�
cos� 0

d02

d2 dAp0

=
Z 2�

0

Z R 0

0
Rd(r )E (p0)

cos�
cos� 0

d02

d2 r dr d�
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Figure 3. Left: geometr y for sampling the irra-
diance in the tang ent plane . The irradiance at
the projected sample point p can be retrie ved
in the irradiance texture T. Right: combined
sampling of impor tance samples (dots) and
unif orm samples (squares) for a point (cir cle)
near a shado w bor der. Almost none of the im-
por tance samples will get a non-z ero contri-
bution. The unif orm samples have a higher
chance of getting a signi�cant contrib ution.

The last stepresultsfrom a transformationto polar coor-
dinates,which stemswith thedistribution importancesam-
pling routine.

Theintegral is solvednumericallyusingasetof N sam-
plespi = (� i ; r i ), wherer i is generatedasdescribedin sec-
tion 4 and� i is uniform:

I =
�

2� N

NX

i

Rd(r i )
Rd(r 0

i )
E (p0

i )
cos� i

cos� 0
i

d0
i
2

di
2 : (9)

Since the importance samples are generatedin tan-
gentspace,i.e., we generater 0

i , but we actuallytake sam-
ples with distancesr i , the samples are weighted by
Rd(r i )=Rd(r 0

i ).
Final exit radianceis computedby multiplying I with

theFresneltransmittancefor thecurrentviewing direction,
seeequation3.

6. Implementation

6.1. VarianceReduction

Artif actscausedby varianceareinherentto MonteCarlo
techniques.Somemeasurescanbetakento alleviatethis:

Strati�ed SamplingWeemploy adeterministicpseudoran-
domsamplingpatternasinput for our importancesampling
algorithm.Interleavedsampling[13] is usedto avoid band-
ing artifacts,andgracefullytransformsnoiseinto a dither-
like pattern.Also, it is moreamenablefor a hardwareim-
plementation.

CombinedSamplingThe importancesamplingalgorithm
behaves well as long as irradiancedoesnot vary quickly.
This is not a safeassumption.For instance,�gure 3 de-
pictshow in unlit regionsnearshadow borders,few impor-
tancesampleswill ever have a non-zerocontribution. Uni-
form sampleswill performbetterin thiscase.

To combatthis,wegenerateasetof uniformsamplesto-
getherwith the importancesampleset.Using the balance
heuristicproposedin [26], we cansafelycombinethe two
setsin anunbiasedfashion.

6.2. UsingGraphics Hardware

Ouralgorithmcanbeimplementedonmodernconsumer
graphicshardware. Current graphicstechnologyoffers a
high degreeof programmabilityat the fragmentlevel, and
providesfull �oating point precisionthroughoutits render
pipeline.Thesefeaturesmaketheimplementationof oural-
gorithmfeasiblein hardware.

Beforerendering,we �rst computea setof importance
sampleddistancesr i and then precomputean offset vec-
tor for eachimportancesample,which is usedto quickly
constructa samplefrom the tangentbasisvectorsat each
pixel. Also the inverseprobability densityfunction is pre-
computedasaweightfor eachsample,aswell astheweight
for thebalanceheuristic[26].

OnanATI Radeon9700Pro,whichhaveusedfor ourim-
plementation,the algorithmrequiresN + 2 passes,where
N is thenumberof samples.The�rst passrendersan irra-
diancetexture in an off-screenbuffer for the cameraview.
Asidefrom theradiance,thedepthbuffer from this view is
alsostoredin a separatetexture.An additionaldepthbuffer
is employedto performshadow mapping[27].

The accumulationof the N samplesrequirestwo �oat-
ing pointbuffers.In oneof thepasses,oneactsasrendertar-
getandtheotherastemporarystorageof previouspasses.In
asubsequentpass,therolesareswitchedin orderto avoid a
costly texturecopy. Thealphachannelis usedasa counter
for thenumberof samples.It is only incrementedif a valid
irradiancesampleis found,i.e.,if thedepthof thefetchedir-
radiancepixel is closerthanthefar plane.Thecomponents
of thesummationin equation9 arecomputedasfollows in
thefragmentshader:

� Thesampleweightsarepassedasasingle(global)pa-
rameterto thefragmentshader.

� The irradianceE(p0
i ) is retrieved using a projective

texturefetch.
� ThefunctionRd itself is storedasa 1D �oating point

texture for a certainrange.Using the information in
thedepthtexture (projective fetch), the locationpi on
thesurfaceis computed,in orderto derive r i . Now we
weight the irradiancesampleappropriately(seeequa-
tion 9).



� We omit the Jacobianfor simplicity. For most cases
this is a safeassumption,sincethe tangentplaneap-
proximatesthesurfacefor asmallareaA.

The resultingfragmentshadercontains37 instructions.
The �nal passconsistsof normalizingthe resultingpixels
with the samplecounterin the alphachannel,multiplying
with the Fresnelcoef�cient, andapplying the simple tone
mappingoperatorfrom [20].

On futurehardware,suchasATI' s Radeon9800,it will
be possibleto implementthis algorithm in a single pass,
sinceanin�nite numberof instructionsis allowed.Thiswill
make theaccumulationapproachunnecessary, therebysav-
ing a lot of memoryaccessoverhead.

7. Results

Thequalityof ouralgorithmcanbejudgedfrom theim-
agein �gure 1. A headmodelscaledto 10cmwasrendered
using the scatteringparametersfor human skin [10]. A
closeupcanbeseenin �gure 4.Theusedirradiancemapcan
beseenin thesame�gure. A bumpmapwasappliedwhen
computingthe irradiances.Subsurfacescatteringsmoothes
out thesebumpconsiderably, ashasbeennotedbefore[10].
The renderingsin �gure 1 and4 have an additionallyap-
pliedbasemap(e.g.,for theeyebrows)andaglossmap.

Renderingspeedis about4 to 5 framespersecondfor a
500by 500 imageon anATI Radeon9700Pro.Our imple-
mentationwasalsotestedon anNVIDIA GeForceFX5800
board,for which we obtainedsimilar timings. Rendering
speeddegradesroughly linearly with the numberof pixels
rendered.We expect that our inef�cient proof-of-concept
implementationcanbe furtheroptimizedfor fasterrender-
ing.

Closeupsof the headmodel can be found in �gure 4.
Theirradiancetextureusedin the�rst renderingcanbeseen
next to it. Thebottom-leftimageshows theshadow bound-
ary from theneckregion.Theoriginal shadow hasactually
a sharpboundary, asseenin the irradianceimage.Subsur-
facescatteringcausesthe shadow boundaryto be diffused
over a larger area.The ditheringstructurecomesfrom in-
terleavedsampling[13]. Thetwo top-rightimagesshow the
region on the foreheadunderdifferent illumination condi-
tions.Thetypical reddishcolorshiftsareveryprominentin
this example.More complex lighting canbeapplied:in the
bottomrow a renderingis shown usinga projective stained
glasstexture.

Also in �gure 4,examplerenderingsof two othermateri-
alscanbeseen.Theleft imagewasrenderedwith milk and
theright imagewith marble.Herewedid notapplyany base
or glossmapfor the renderings.Even the very translucent
milk is renderedwithout obvious artifacts.All the shadow
regionsshow considerablesubsurfacescattering(brownish
tint).

Figure5 shows a comparisonof Jensenet al.'s method
[8] with our method.The resultsare virtually the same,
apart from somesmall scaling factor. This is due to the
global undershootfrom not taking the whole surfaceinto
accountin theintegration.Smalldifferencescanbeseenat
sharpboundaries.E.g.,theboundaryof thelower lip is not
assmoothaswith Jensenet al.'s method.This is because
nocontributionscanbegatheredfrom underneaththelip as
this partnot visible in the irradianceimage.Noiseat graz-
ing anglesof theheadis hardlynoticeabledueto theuseof
interleavedsampling.

The appearanceof spatially varying materialscan be
simulatedby alteringtheBSSRDFparametersperpixel ac-
cording to a texture function. In �gure 5 we demonstrate
this by lighting a marbleplanewith a checkeredirradiance
pattern.Subtlelighting effectssuggesttheideaof somein-
ternalstructure.Even temporalvariationin the texturecan
berenderedat interactive rates.Weprecomputeasetof im-
portancesampleoffsets,which aregeneratedfor an inter-
polatedsetof BSSRDFparameters,andarestoredin tex-
ture memory. Note that we cannotinterpolatethe offsets
themselves,dueto thenon-lineareffectof alteringtheBSS-
RDF parameters.Sincetheimportancesamplingalgorithm
is simpleenough,theoffsetsmightalsobegeneratedonthe
GPU.

7.1. Discussion

Our methodallows a full renderingat interactive rates,
i.e., onecanalter the viewpoint, lighting, materialproper-
ties,geometryandeventopology.

The whole procedureis executedentirely on the GPU,
and virtually no precomputationis requiredon the host
CPU,exceptfor themarginalcostof generatingimportance
samplesandtheRd texture.

In a situationwherethe object is lit from behind,light
canscatterthroughthin geometry(e.g.theearson a head),
but the irradiancenecessaryto computethis may not be
availablein the irradianceimage.A simplesolutionto this
problemis to samplemultiple irradianceimagesandcom-
biningthem(e.g.usingthebalanceheuristic[26]). Thisalso
meansthattherenderingcostwill bemultipliedby thenum-
ber of irradianceimages,roughly. In the caseof a point
source,a combinationof theeye view andthe light source
view shouldcover everycontributionsuf�ciently .

Also, in certaincasesbandingandghostingartifactsmay
occurdueto undersampling.Especiallywhena too translu-
cent material is chosenand the integration areaA is too
large,variancecausesdisturbingartifacts.In any case,the
responseshouldbe limited. Contrary to the methodpro-
posedin thispaper, theinteractivetechniquein [18] handles
theglobalresponseef�ciently , but doesnotcomputethelo-
cal responsevery accurately. In otherwords,thetwo meth-



odsareperfectlycomplementary, anda combinationwould
beableto renderawidevarietyof scatteringeffects.

We noted that the performanceof our methodis pri-
marily bandwidthlimited, sincemany texture lookupsand
memorywritesneedto beperformed.Futurehardwarewill
havefasterandwidermemoryinterfaces,whichwill beben-
e�cial to ourmethod.

8. Conclusionsand Futur eWork

We have presenteda simple but ef�cient algorithm to
renderthe local effect of subsurfacescattering.It is based
on anexact importancesamplingschemefor theBSSRDF.
Local integrationover the surfaceis performedin the tan-
gentplanefor eachpixel.Theassociatedirradiancefor each
samplein the tangentplaneis looked up from a precom-
putedtexture for the cameraview. Our algorithm is sim-
ple enoughto beimplementedon modernconsumergraph-
ics hardware.Resultsshow that plausiblesubsurfacescat-
tering canbe renderedinteractively for varying viewpoint
andlighting. Also, materialproperties,geometryandeven
topologycanbechangedwithoutany additionalcost.

Wewould liketo investigatemoresophisticatedvariance
reductiontechniquesin orderto reducethenumberof inte-
grationpasses,possiblyachieving real-timerates.

A singlescatteringterm,aswell asrealisticlocal re�ec-
tion similar to thedemonstrationsoftwareof NVIDIA [19],
canbeaddedto furtherimprove realism.
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