Ef cient Renderingof Local SubsurfaceScattering
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Abstract

A novel approad is presentedo efciently renderlo-
cal subsurfacescatteringeffects. We introducean impor-
tancesamplingschemefor a practical subsurfacescatter
ing model.It leadsto a simpleandefcient renderingalgo-
rithm, which operatesin image-space and which is even
amenablefor implementationon graphics hardware. We
demonstate the applicability of our techniqueto the prob-
lem of skin rendering for which the subsurfaceransport
of light typically remainsglocal. Our implementatiorshows
that plausibleimages can be rendeed interactively using
hardware acceleation.

1. Intr oduction and RelatedWork

We frequentlyencountetranslucenbbjectsin our daily
lives,suchasskin, milk, marble,wax, andsoon. Translu-
centobjectshave a distinct soft look dueto light entering
the materialandscatteringnsideit. This procesds known
assubsurécescatteringThe uniqueappearancef translu-
centobjectscannotbe achieved with simplesurfacere ec-
tion models.Evenfor materialsghatdo not seemto bevery
translucentat rst sight, suchasskin for example,subsuf
facescatterings very important.Finegeometricdetail,e.qg.
small wrinkles and bumps,is smoothedout by subsuréce
scatteringandappearsessprominent7, 10].

Traditionally, subsuréce scatteringhas been approxi-
matedwith a Lambertiandiffusere ection. Obviously, this
approximatiorfails for ary materialthatexhibits noticeable
translucenyg. For thesematerials,subsurfcescatteringef-
fectscanberenderedfine usingawide rangeof methods
proposedor participatingmedia,including nite element
methodqd21, 1, 22], (bidirectional)pathtracing[4, 15], and
photonmapping][9, 3], to diffusionapproximationg25].

Recentlyan analyticalmodelfor subsurice scattering
[10] was proposedwhich eliminatesthe needfor numeri-
calsimulationof subsurécelight transporin homogeneous
highly scatteringoptically thick materialssuchasmilk and
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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 roughly 4
to 5 frames per second.

marble.A hierarchicalintegrationtechniquesvasproposed
in [8] in orderto usethis modelin globalillumination al-
gorithms.Unfortunately this techniquedoesnot appeatto
allow interactize rendering.

Our goalis to renderdeformable tfranslucenbbjectsat
interactve ratesundervarying lighting andviewing condi-
tions (see gure 1 andcolor pagefor examples)Lenschet
al.[16] proposedmethodwhichis interactive, but only for
rigid objectswith x ed, possiblyinhomogeneoussubsu¥
facescatteringoropertiesThemethodby Haoetal. [5] ren-
derstranslucentbut rigid objectsin real-time.Recentwork
on real-time renderingwith precomputedadiancetrans-
fer [24] canbe extendedto subsuracescattering[23], but
alsoassumestaticmodels.In comparisorto ourtechnique,
thesemethodsall require a costly precomputatiorphase.



Our computationgredonefrom scratcheachframe,allow-
ing usto changevirtually everything.

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

In contrastto the above cited techniqueswe propose
a methodto interactvely renderarbitrary dynamicmodels
with local subsurficescatteringln mary casesthe effect
of scatteringremainslocal, dependingon the materialand
the scaleof the geometry For instance humanskin scaled
at 10to 20cmdoesnot exhibit muchglobal responséo the
incominglight. Thelocal responsdowever is more domi-
nantpresentn this caself scaledarge enoughotherma-
terialswill behae in the sameway.

To handlethis caseef ciently, we shav thatthe model
for subsurécescatteringoy Jenseretal. [10] canberewrit-
tenasanintegral in image-spacénsteadof a (hierarchical
[8]) integral over the object. We combinethis with impor
tancesamplingof the BSSRDFE which allows for avery ef-
cient computatiorof subsurfcescatteringThe new tech-
niguecanbeimplementedn softwareaswell asongraphics
hardware.Whenrunningon graphicshardware,we achieze
interactve frameratesfor translucentdynamicmodels.An
exampleis depictedin gure 1, whereour methodwasap-
pliedto aheadmodel.

In concurrentwork, Dachsbacheet al. [2] presented
translucenshadav maps,whichis the samein spirit asour
technique They renderanirradiancetexture from the light
sourceview, whichis Itered usingmipmappingo perform
the integration. In contrast,our techniquerendersanirra-
diancemapfrom the eye view, while importancesampling
actsasa lter.

2. Background

In this section,we rst introducethe necessarpback-
groundon subsurécescatteringand the dipole sourceap-
proximation[10, 8].

2.1. The SubsurfaceRe ection Equation

The following integral computeshe shadeof a surface
point X, on a translucentbject (viewed from a direction
o)

zZZ
L®(Xo;!o) = L'(xi; ' i)S(Xis ! isXo0; ! o)
S (i)
(! i Ni)d! idXi; (1)

L®(Xo;! o) and L'(x;;!;) denote exitant/incident radi-
ance respectiely. S is the objects surface, . (X;) is
the hemisphereabore x; in normal direction N;, and

S(Xj;!i;Xo;! o) is the bidirectionalsurfacescatteringdis-
tribution function (BSSRDF). In general,the BSSRDF
is an eight-dimensionalfunction, expressingwhat frac-
tion of (differential) light enegy enteringthe objectat a
locationx; from a direction! ; leavesthe objectat a sec-
ond locationx, into direction! ,. Becauseof its high di-
mensionality it is infeasibleto precomputeand storethis
term, especiallysince it dependson the objects geome-
try.

It hasbeenshown [4, 10] that subsur&cescatteringcan
be modelledadequatelyisingtwo componentssinglescat-
teringandmultiple scatteringSinglescatteringaccountgor
light thatis scatterednly onceinsidethe medium.Only a
smallfraction of the outgoingradianceof a highly scatter
ing translucenmaterial,suchasmarble milk, ..., is dueto
singlescatteringThe dominatingtermis the multiple scat-
tering,whichwe areconcernedvith.

Multiple scatteringdiffusesthe incident illumination,
suchthatthereis almostno dependencentheincidentand
outgoingdirectionarymore.Thereforeat canberepresented
athighaccurag asafour-dimensionafunctionRy(X;; Xo),
whichonly depend®n theincidentandoutgoingpositions.
Additionally accountindgor the Fresnetransmittancevhen
light entersand leaves the material,we get the following
subsurécescatteringe ectancefunction:

SO0l o) = SR 51 )R X)F( 1 1): (@)

Substitutingthis into Equationl, we get:

Lé(Xo;! o) = %Ft( 11 6)B(Xo) 3
B(Xo) = E (Xi)Ra(Xi; Xo)dX; (4)
7S
E(xi) = L't )R )N 1i)d!i (5)
*(Xi)

In orderto rendertranslucenobjectsef ciently, oneneeds
anef cient wayto solve for L€ atevery surfacepoint.

2.2. Dipole Source Approximation

First, we needto choosea modelfor the BSSRDF- and
thus a model for Ry. This modelhasto fulll two main
criteria: it should be adaptableto different materialsand
shouldallow for importancesamplingto speedup thecom-
putationlateron.

Rq4(Xi;Xo) can be accuratelydeterminedusing a full
simulation.Many differenttechniqueshave beenproposed
(comingfrom the areaof participatingmedia),e.g.[4, 22,
15, 9]. While theselechniquesireeffective, they do notful-
Il theabove criteria.

We choseto use a recently introducedmodel for the
BSSRDFin homogeneoumediaasthe basisfor our work
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Table 1. The dipole source BSSRDF model.
This paper presents an efcient impor tance
sampling strategy for computing integrals of
this model.

[10Q]. This modelis basecbn adipole sourceapproximation
for the solution of a diffusion equation[7, 25] that mod-
elslight transportin denselyscatteringnedia.We shallsee
thatit ful lls theabove requirements.

Thekey ideabehindthedipole sourceapproximatiorfor
Rq(Xi; Xo) [10], is elegantandsimple.An incomingray at
positionx; on a homogeneouglanar andin nitely large
andthick mediumis convertedinto adipolesource(i.e.two
sourceskt the sameposition. One sourceof the dipole is
placedat a distancez, above the surface and the second
sourceat a distancez, below the surfaceatx;. Rq(Xi; Xo)
is thenobtainedby summinga sortof illumination contri-
bution atx,, dueto thetwo sourcesiearx;. Theresultis a
functionof thedistance (betweerx; andx,) only; seeTa-
blel.

Although the dipole sourceapproximationis only valid
for planar surfaces[7, 14], using it for curved surfaces
yields highly plausiblerenderings,as hasbeenshown in
severalcomplex examplesby Jenseretal. [10, 8]. We will
useit in the samespirit. The modelis alsoinherentlylim-
ited to homogeneoumaterials.The appearancef hetero-
geneousnaterialswassimulatedby meansof texture map-
ping techniquesn previous work andis donein the work
presentedheretoo.

3. Overview

The mostexpensve partof computingthe shadingcon-
tribution due to subsuréce scatteringis the evaluation of
equationd. Onehasto integrateover the whole surfaceof

an objectand sumup all the contritutions due to subsur
facescattering.

A straightforvardimplementatiorsimply performsstan-
dard Monte Carlo integration using randomly (and uni-
formly) distributedsamplesvertheobject.A speed-ugan
be achieved by building a spatialhierarcly on the samples
[8]; sampledigherupin thehierarcly aretaken,if they are
far awvay. The dravbackof this methodis, that one hasto
build the hierarcly rst.

A moreefcient integrationcanbe performedusingim-
portancesampling[11]. Importancesamplingdistributes
the samplesaccordingto the function to be integrated,in
our caseRy. To thisend,we proposea methodfor generat-
ing suchimportancesamplesn sectiond.
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Figure 2. Overview of the proposed tech-
nique: we locall y sampling incoming lighting
in the tangent plane, according to the impor -
tance of the BSSRDF function.

In orderto further speedup the computationwe do not
(locally) integrateover the surfaceof theobject,but instead
integratetheirradiancesn image-spacéseesections). The
basicalgorithmis depictedn gure 2. Importancesamples
aregenerate@nthetangenplaneatx,. Thesearethenpro-
jectedon the object(in caseof a perspectie viewer with a
perspectie projection),andthe irradiancesrom thereare
summedup. This makes the new algorithm amenablefor
implementatioron graphicshardware.

In section6, we detailhow thenew algorithmcanbeim-
plementedusinggraphicshardware. Section7 shows vari-
ousresults,thatcanbe achieved with this method.Finally,
wewill concludein section8.

4. Importance Sampling of the BSSRDF

In this sectionwe derive an exactimportancesampling
schemefor the BSSRDFmodel presentedy Jenseret al.
[10] (seetable 1), which allows usto evaluateequation4
more ef ciently. The goalis to nd sampledistances;,
whicharedistributedaccordingo Rq(r)r (thiswill become



clearin thefollowing section)with R4(r) de ned as:

Ru(r) = o [RY() + RYOL:
R&(I’) = Zr(1+ Sr)es3r;
RID = 20+ s)Son

We now integrate one of th%two last terms over the 2D
plane.By substitutings with = r2 + z2 we obtain:

Z,

S u=1
2(1+ s)%r dr 1ow ©6)
u= z

= e % @)

|

N
\

0]

with z eitherz, or z, ands eithers; ors,. There ectance

thusis [10]: o

= e
2

Exactsamplingis performedasfollows. Draw auniform
randomnumber fromtheunitintenal. We must nd adis-
tancer ( )suchthatttﬁzprobabmtyof nding r( ) in anin-
terval [a; b] equals?- bRd(r)r dr, |e theprobabilityden-
sity functionis de ned as:p(r) := 2-Rgy(r)r dr.

Now, pick one of the two termsRy or Ry by testing
whether

Zr+e Zy

e
e Zr + e Zy .
This thresholdcorrespondsvith the magnitudeof eachin-
tegratedterm (seeequation?). The chosenterm is called
R].
We continuewith inverting its cumulatize distribution
function:
Z () Z,
RA(r)rdr =

<

R3(r)r dr:
0

Usingequation6 and7, we obtain:

1 + (L)
1 e *= t——=e 2 = (5),
1+ %
q 2
Substitutingu = 1+ £ ° gives us the following
equality:

z(u 1)+ logu+log(l )= 0;

which canbe solved numericallyfor u. Notethatthis func-
tion is a smooth, monotonically increasingfunction for
which we can nd its root rapidly with Newton's method
for instanceFinally, we getanimportancesampledistance
r with:

p
r=z uz 1

5. Integration Over the Surface

In this sectionwe describehow we emplgy the impor
tancesamplingscheme.

Two problemsarisein this context. Firstly, for a given
importancesamplingdistanceat a pointonthesurface,it is
nottrivial to constructalocationatthis distancedirectly on
the surface.This would requireaccesgo the local geome-
try, aswell asa comple searchroutine. Thereforewe sim-
ply constructhe samplesn thetangentplaneof thatpoint.

The secondproblemis the acquisitionof irradiancein-
formation over the surface.To this end, we renderthe ir-
radianceoncefor one (or possiblymore) referenceviews
into a 2D image or texture map. In our implementation,
we take the cameraview to generatethis irradiancetex-
ture.Anotherpossibilitymightbeto usethelight view, sim-
ilar to shadev mapping[27]. However, this cancausearti-
factsat locationswhich areorientedperpendicularlyto the
light dueto severe undersamplingAlso, renderingirradi-
anceoncefor thecameraview enableaisto ef ciently han-
dle morelights without muchextra cost,or more comple
lighting (e.g.from anernvironmentmap).

The resultingintegration procedureis simple: for each
point to shade,constructa set of samplesin the tangent
plane,projectthis point on the surfacew.r.t. the centerof
projectionof our irradiancetexture (see gure 3). Essen-
tially, theintegralis solvedin image space

Considerthelocal scatteringntegral (equationd):

Z

Rd(f)E(P)dAp
7A

Rq(r)E(p?)
A0

d Ap dApo (8)
For eachsamplepointwe cantheneasilylook up theirradi-
anceE (pY) in theirradiancetexture. Sincewe assumeocal
scatteringwe take A to be a fraction of the surfaceS, and
Althecorrespondingreaonthetangenplane For simplic-
ity, A%is consideredo beadiscof radiusR®.

Thetransformatiorimplies multiplying with a Jacobian

j/f e We derive it basedon the notion that the solid an-
P

glesoccupiedby thedifferentialareassurroundingp andp®
w.r.t. e (the centerof projection),areequal:

cos cos ©
Pomqe = Ao gqe
withd = ke pkandd®= ke p%. Substitutingthis in
equation8 yields:
Z
cos d®
| = Rd(r) (pO) 5 0Apo
os °d
7% Z qo
= Rd(r)E(pO) rdrd

0d2



Figure 3. Left: geometry for sampling the irra-
diance in the tangent 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 (circle)
near a shado w border. Almost none of the im-
portance samples will get a non-zero contri-
bution. The uniform samples have a higher
chance of getting a signi cant contrib ution.

The last stepresultsfrom a transformationto polar coor
dinateswhich stemswith the distribution importancesam-
pling routine.

Theintegralis solvednumericallyusingasetof N sam-
plespi = ( i;ri), wherer; is generate@dsdescribedn sec-
tion4 and ; is uniform:

. 492
EEES LA (g

cos d;2

_ Ra(ri)
T 2N . Ra(r))

Since the importance samples are generatedin tan-
gentspacej.e., we generate %, but we actually take sam-
ples with distancesr;, the samplesare weighted by
Ra(ri)=Ra(rf).

Final exit radianceis computedby multiplying I with
the Fresneltransmittancdor the currentviewing direction,
seeequation3.

6. Implementation
6.1. Variance Reduction

Artif actscausedy varianceareinherento Monte Carlo
techniquesSomemeasuresanbetakento alleviatethis:

Strati ed SamplingWe employ adeterministigoseudaan-
domsamplingpatternasinputfor ourimportancesampling
algorithm.Interleaved sampling[13] is usedto avoid band-
ing artifacts,andgracefullytransformsnoiseinto a dither

like pattern.Also, it is moreamenabldor a hardwareim-

plementation.

CombinedSampling The importancesampling algorithm
behaeswell aslong asirradiancedoesnot vary quickly.
This is not a safe assumptionFor instance, gure 3 de-
pictshow in unlit regionsnearshadev borders few impor-
tancesampleswill ever have a non-zerocontribution. Uni-
form sampleswill performbetterin this case.

To combatthis, we generate setof uniform samplego-
getherwith the importancesampleset. Using the balance
heuristicproposedn [26], we cansafelycombinethe two
setsin anunbiasedashion.

6.2. Using Graphics Hardware

Ouralgorithmcanbeimplementedn modernconsumer
graphicshardware. Current graphicstechnologyoffers a
high degreeof programmabilityat the fragmentlevel, and
providesfull oating point precisionthroughoutits render
pipeline. Thesefeaturegnake theimplementatiorof oural-
gorithmfeasiblein hardware.

Beforerendering,we rst computea setof importance
sampleddistances; andthen precomputean offset vec-
tor for eachimportancesample,which is usedto quickly
constructa samplefrom the tangentbasisvectorsat each
pixel. Also the inverseprobability densityfunctionis pre-
computedasaweightfor eachsample aswell astheweight
for thebalanceheuristic[26].

OnanATI Radeor®700Prowhich have usedfor ourim-
plementationthe algorithmrequiresN + 2 passeswhere
N is thenumberof samplesThe rst passrendersanirra-
diancetexture in an off-screenbuffer for the cameraview.
Asidefrom theradiancethe depthbuffer from this view is
alsostoredin a separatéexture. An additionaldepthbuffer
is employedto performshadev mapping[27].

The accumulatiorof the N samplesequirestwo oat-
ing pointbuffers.In oneof thepassesyneactsasrendertar
getandtheotherastemporarystorageof previouspassesn
asubsequerpasstherolesareswitchedin orderto avoid a
costlytexture copy. Thealphachannelis usedasa counter
for the numberof samplesilt is only incrementedf avalid
irradiancesamples found,i.e.,if thedepthof thefetchedr-
radiancepixel is closerthanthefar plane. The components
of the summationin equation9 arecomputedasfollows in
thefragmentshader:

Thesampleweightsarepassedisasingle(global) pa-
rameterto thefragmentshader

The irradianceE (p?) is retrieved using a projective

texturefetch.

Thefunction Ry itself is storedasa 1D oating point
texture for a certainrange.Using the informationin

the depthtexture (projectie fetch), the locationp; on

thesurfaceis computedjn orderto deriver;. Now we
weighttheirradiancesampleappropriately(seeequa-
tion 9).



We omit the Jacobianfor simplicity. For most cases
this is a safeassumptionsincethe tangentplaneap-
proximateghe surfacefor asmallareaA.

The resultingfragmentshadercontains37 instructions.
The nal passconsistsof normalizingthe resultingpixels
with the samplecounterin the alphachannelmultiplying
with the Fresnelcoefcient, and applyingthe simpletone
mappingoperatorfrom [20].

On future hardware,suchasATI's Radeor9800,it will
be possibleto implementthis algorithmin a single pass,
sinceanin nite numberof instructionds allowed. Thiswill
male the accumulatiorapproachunnecessaryherebysar-
ing alot of memoryacces®verhead.

7. Results

The quality of our algorithmcanbe judgedfrom theim-
agein gure 1. A headmodelscaledo 10cmwasrendered
using the scatteringparameterdor humanskin [10]. A
closeupcanbeseenn gure 4. Theusedrradiancemapcan
be seenin the same gure. A bump mapwasappliedwhen
computingtheirradiancesSubsurécescatteringsmoothes
outthesebumpconsiderablyashasbeennotedbefore[10].
The renderingsn gure 1 and4 have an additionally ap-
plied basemap(e.qg.,for theeye brows) anda glossmap.

Renderingspeeds about4 to 5 framespersecondor a
500by 500imageon an ATl Radeor®700Pro.Our imple-
mentationwasalsotestedonanNVIDIA GeForceFX5800
board,for which we obtainedsimilar timings. Rendering
speeddggradesroughly linearly with the numberof pixels
rendered We expect that our inefcient proof-of-concept
implementatiorcanbe further optimizedfor fasterrender
ing.

Closeupsof the headmodel can be found in gure 4.
Theirradianceextureusedin the rst renderingcanbeseen
next to it. The bottom-leftimageshavs the shadev bound-
ary from the neckregion. The original shadev hasactually
a sharpboundaryasseenin the irradianceimage.Subsur
facescatteringcauseghe shadav boundaryto be diffused
over a larger area.The dithering structurecomesfrom in-
terleavedsampling[13]. Thetwo top-rightimagesshaw the
region on the foreheadunderdifferentillumination condi-
tions. Thetypical reddishcolor shiftsarevery prominentin
this example.More comple lighting canbe applied:in the
bottomrow arenderings shavn usinga projectie stained
glasstexture.

Alsoin gure 4, examplerendering®of two othermateri-
alscanbeseenTheleft imagewasrenderedvith milk and
therightimagewith marble Herewe did notapplyary base
or glossmapfor the renderingsEven the very translucent
milk is renderedwithout obvious artifacts.All the shadov
regionsshawv considerablesubsurécescatteringbrownish
tint).

Figure5 shavs a comparisomof Jenseret al's method
[8] with our method.The resultsare virtually the same,
apartfrom somesmall scalingfactor This is due to the
global undershoofrom not taking the whole surfaceinto
accountin theintegration. Small differencesanbe seenat
sharpboundariesE.g.,the boundaryof thelower lip is not
assmoothaswith Jenseret al's method.This is because
no contritutionscanbe gatheredrom underneathhelip as
this partnot visible in the irradianceimage.Noiseat graz-
ing anglesof the headis hardly noticeabledueto the useof
interleavedsampling.

The appearancef spatially varying materialscan be
simulatedby alteringthe BSSRDFparameterperpixel ac-
cordingto a texture function. In gure 5 we demonstrate
this by lighting a marbleplanewith a checleredirradiance
pattern.Subtlelighting effectssuggestheideaof somein-
ternalstructure Eventemporalvariationin the texture can
berenderedatinteractve rates We precompute setof im-
portancesampleoffsets,which are generatedor an inter
polatedsetof BSSRDFparametersand are storedin tex-
ture memory Note that we cannotinterpolatethe offsets
themseles,dueto thenon-lineareffect of alteringthe BSS-
RDF parametersSincetheimportancesamplingalgorithm
is simpleenoughtheoffsetsmightalsobegeneratednthe
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 themaiginal costof generatingmportance
samplesaandthe Ry texture.

In a situationwherethe objectis lit from behind,light
canscatterthroughthin geometry(e.g.the earson a head),
but the irradiancenecessaryo computethis may not be
availablein theirradianceimage.A simplesolutionto this
problemis to samplemultiple irradianceimagesand com-
biningthem(e.g.usingthebalanceheuristic[26]). Thisalso
meanghattherenderingcostwill bemultiplied by thenum-
ber of irradianceimages,roughly. In the caseof a point
sourcea combinationof the eye view andthelight source
view shouldcover every contrikution sufciently .

Also, in certaincase$andingandghostingartifactsmay
occurdueto undersamplingespeciallywhenatootranslu-
cent materialis chosenand the integration areaA is too
large, variancecauseglisturbingartifacts.In ary casethe
responseshould be limited. Contraryto the method pro-
posedn thispapertheinteractie techniquen [18] handles
theglobalresponsef ciently, but doesnotcomputethelo-
cal responsevery accuratelyln otherwords,thetwo meth-



odsareperfectlycomplementaryanda combinationwould
beableto renderawide variety of scatteringeffects.

We noted that the performanceof our methodis pri-
marily bandwidthlimited, sincemary texture lookupsand
memorywrites needto be performed Futurehardwarewill
havefasterandwider memoryinterfaceswhichwill beben-
e cial to our method.

8. Conclusionsand Futur e Work

We have presenteda simple but ef cient algorithmto
renderthe local effect of subsurécescatteringlt is based
on anexactimportancesamplingschemeor the BSSRDFE
Local integration over the surfaceis performedin the tan-
gentplanefor eachpixel. Theassociatedtradiancefor each
samplein the tangentplaneis looked up from a precom-
putedtexture for the cameraview. Our algorithmis sim-
ple enoughto beimplementedn modernconsumeggraph-
ics hardware. Resultsshav that plausiblesubsurécescat-
tering can be renderednteractively for varying viewpoint
andlighting. Also, materialpropertiesgeometryandeven
topologycanbechangedvithout any additionalcost.

Wewouldlik eto investigatemoresophisticatedariance
reductiontechniquesn orderto reducethe numberof inte-
grationpassespossiblyachieving real-timerates.

A singlescatteringerm,aswell asrealisticlocal re ec-
tion similar to thedemonstratiosoftwareof NVIDIA [19],
canbeaddedo furtherimprove realism.
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Figure 4. Top row (from left to right): closeup of the head model with the corresponding irradiance
map next to it. Notice how the roughness of the surface is washed away due to the subsurface scat-
tering. Next two: forehead lit from above and forehead lit from the side . Note the obvious color shifts
due to scattering. Bottom row: shadow region on neck. Next: the same model with skin lit by a
stained glass texture . Last two: milk and marble materials applied to the model.

Figure 5. Comparison of Jensen et al.'s method (left) with our method (middle). The results are virtu-
ally the same, apart from a small scaling factor which we accounted for here. Right: rendering with
spatiall y and temporall y varying BSSRDF parameter s.
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