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Abstract

We presenta technique basedon precomputedight transport for
interactve renderingof translucenbbjectsunderall-frequeng en-
vironmentmaps. We considerthe completeBSSRDFmodel pro-
posedby Jenseret al. [2001], which includesboth singleanddif-
fuse multiple scatteringcomponents.The challengeis how to ef-
ciently precomputall-frequeng light transportfunctionsdueto
subsurécescattering We applythetwo-passierarchicatechnique
by Jenseretal. [2002] in the spaceof non-linearlyapproximated
transportvectors,which allows usto ef ciently evaluatetransport
vectorsdueto diffuse multiple scattering.We thenincludean ap-
proximatedsingle scatteringterm in the precomputationwhich
previous interactie systemshave ignored. For anisotropic phase
function,this approximatiorproduces diffusetransportectorper
vertex, andis combinedwith the multiple scatteringcomponent.
For ageneraphaséunction,we introduceatechniqueérom BRDF
renderingto factorthe phasefunction usinga separablelecompo-
sition to allow for view-dependentendering. We shav that our
renderingresultsqualitatively matchthe appearancef translucent
objects achiezing a high level of realismatinteractve rates.

CR Categories: 1.3.3[ComputerGraphics]: Picture/Imagesen-
eration; 1.3.7 [ComputerGraphics]: Three-DimensionaGraphics
andRealism;
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1 Intro duction

An accuratelight transportmodel is essentialfor realisticimage
synthesisTraditionallylight scatteringoy materialss modeledby
theBRDF (BidirectionalRe ectanceDistribution Function),which
assumethatlight entersandexits thesurfaceatthe samepoint. Al-
thoughthis assumptions valid for metals,it is not valid for mary
translucenmaterialsve commonlyencountein the naturalworld,
suchasmarble,jade,wax, leaves, milk andhumanskin. Render
ing thesematerialswith the BRDF cancreatea hard, uncorvinc-
ing appearancé¢hat overemphasizesmall geometricdetails. On
the appropriatescalemost materialsexhibit transluceng, making
them appearsmoothand soft, blurring surface geometricdetails.
Thisis dueto light enteringandbeingscatteredvithin the object,
a processknown as subsurfice scattering. Subsuréice scattering
hasbeensimulatedof ine usinga wide rangeof proposedmeth-
odsfor participatingmedia,suchas nite elementmethodqRush-
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Figure1: The bird modelrenderedwith a BSSRDFthatincludes
both single and multiple scatteringunder ervironment lighting.
Noteits translucenappearancandtheall-frequeny shadavs.

meierandTorrancel987;Blasietal. 1993],pathtracing[Hanrahan
andKrueger 1993; LafortuneandWillems 1996], photonmapping
[Jensenand Christenserl998; Dorsey et al. 1999] and diffusion
approximatior]Stam1995]. Recentadwancesallow ef cient simu-
lation of subsurécescatteringoy the BSSRDF(BidirectionalScat-
tering SurfaceRe ectanceDistribution Function)model,whichre-
lates outgoing radianceat a surface point to incident ux at all
pointson the surface. By assuminghomogeneousedia,Jensen
etal. [2001] formulatedthe BSSRDFasthe sum of single scat-
tering and a diffuse dipole approximationfor multiple scattering.
Jenseretal. [2002] thenpresented two-passhierarchicalintegra-
tion techniqueto acceleratehe computationof the multiple scat-
tering componentemarkably They alsoexperimentallyvalidated
thatthe importanceof multiple scatteringncreasesvith the mate-
rial albedo.SeveralrecentpapergLenschetal. 2002;Mertensetal.
2003;HaoandVarshng 2004]exploit this propertyandimplement
interactive systemdor renderingnultiple scatteringUnfortunately
thesetechniquescannotef ciently handleillumination and shad-
ows from anervironmentmap,andthey ignoresinglescattering.

Sloanetal. [2002]introducedbrecomputedadianceransfer(PRT)

for real-timerenderingwith low-frequeng ervironmentlighting.

They precomputdor every vertex theradianceresponseso a low-

order(25D) sphericaharmonic{SH)lighting basis andstorethem
astransportvectors. Relightingthenreducego the inner product
of alight vector representedh the sameSH basis,with the pre-
computedtransportvectors. Later, Sloanet al. [2003] included
the diffuse multiple scatteringcomponenbf the BSSRDFin their
PRT framework. Singlescatterings approximatedisinga glossy
BRDF, but is not physically based.Dueto linearapproximatiorin

an SH basis,their systemis limited to low-frequeny lighting. To

improve the quality in all-frequeng lighting environments,Ng et
al. [2003] proposedhon-linearapproximationin a wavelet basis,
and achieved interactie ratesfor diffuse BRDF rendering. This
approachis later extendedby [Wang et al. 2004] and [Liu et al.

2004] to renderglossyBRDFs. To incorporatethe BSSRDFE we
facethechallengeof deriving acompacformulafor thelight trans-
port function that allows for ef cient precomputation A straight-
forward solutionwould be to precomputédor every vertex the ra-
dianceresponsedo eachlighting basis, then apply a non-linear



waveletapproximation.This is feasiblefor a smallnumberof SH
lighting basegq25 in [Sloanet al. 2002]), however, it would incur
animpracticalamountof computatiortime for thelarge numberof
waveletlighting baseg24;576in [Ng etal. 2003]).

In this paper we considerthe completeBSSRDFmodelby Jensen
etal.,composeaf bothsingleanddiffusemultiple scatteringcom-
ponents. For multiple scattering,we apply their two-passhierar
chicaltechniqug2002]in the spaceof transporivectors which are
non-linearlyapproximatedisinga waveletbasis. In the rst pass,
for selectedsurface samplepoints, we computeirradiancetrans-
portvectorswhich describdrradiancevaluesparameterizednthe
lighting ervironment. We compresghesetransportvectorsusing
a non-linearwavelet approximation. In the secondpass,we hi-
erarchicallyintegratethe precomputedrradiancetransportvectors
to computea pervertex multiple scatteringtransportvector For
single scattering,we use an approximatedormula derived from
[Jenseretal. 2001]. For anisotropicphaseunction,we evaluatea
diffusesinglescatteringransportvectorpervertex andcombineit
with the multiple scatteringcomponent.For a generalphasefunc-
tion, we usea techniquesimilar to [Wang et al. 2004] and [Liu
etal. 2004]. Speci cally, we factorthe phaseunctionusinga sep-
arabledecompositiorjKautz andMcCool 1999] andkeepK low-
orderterms,eachconsistingof a purely light-dependenpart and
a purely view-dependenpart. We precomputeK singlescattering
transportvectorspervertex, correspondingo eachlight-dependent
part;therenderingalgorithmthenusesthe view-dependenpartsto
determinevertex color. We shawv that our renderingresultsqual-
itatively matchthe appearancef translucenibjects,achieving a
high level of realism.To our knowledge,thisis the rst interactive
systemincorporatingall-frequeng ervironmentlighting and sub-
surfacescatteringwvith bothsingleandmultiple scattering.

2 Background

In this section,we briey review the BSSRDF formulation by

Jenseretal. [2001] andtheir rapidtwo-passhierarchicakendering
technique[2002]. The formulation assumes homogeneoupar

ticipatingmedium,the propertiesof which arecharacterizetby the
absorptiorcoefcient s, thescatteringcoefcient ssandthephase
function p(w; wp). Theextinction coefcient is sy = sa+ Ss.

TheBSSRDFdescribesubsuracescatteringn suchamediumby:
zZ Z

Lo(Xo; o) = A 2pS(Xi;W;xo;wo)L(xi;W.)(Fu wi) dwi dA(X) (1)

wherel, is the outgoingradianceat point X, in directionwy, L is
theincidentradianceat point x; in directionw;, andSis the BSS-
RDF Jenseretal. [2001] de ne theBSSRDFasthesumof asingle

scatteringerm SV andadiffusemultiple scatteringerm S:
SO W Xoi o) = S (X W13 Xo; o) + S5 14 Xo; o)

Usingadipole sourceapproximationthey derive & as:

Sd(xiiwixo?wo):%Ft(h?VW)Rd(iji xoil) Ri(hiwe)  (2)

whereR is the Fresnelkransmittanceh is therelative index of re-
fraction,andRy is thediffusere ectancecomputeddy:
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Figure?2: (a) Singlescatterings computedby integratingover the
refractedoutgoingray woo. Xp is asamplepoint alongthe integra-
tion path. Incidentpathlength s is approximatedrom obsered
pathlengths by Eq5. (b) We approximatesinglescatteringoy us-
ing the negative normaldirectionasthe integrationpath. The blue
solid line shavs the approximatedbsered pathlengths;, andthe
red dottedline is the true 5. The approximationis moreaccurate
asxp getscloserto thesurface which alsocontritutesmoreimpor
tanceto theintegral. dm, is themaximumdistancealongthe path.

meancosineof thescatteringangle,str = P 3s, Pistheeffective
extinction coefcient, dr = r2+ z2 anddy, = r2+rZ arethe
distancegrom illumination pointx; to thedipolesourcef = jjXo
xijj is thedistancebetweerx; andx,, andz, = 1:st°andZV: z(1+
4A=3) arethe distancesrom x, to the dipole source. Here A =
(1+ Fyg)=(1 Fy), andFy is adiffuseFresnektermapproximated
by Fgr = 1:440=h2+ 0:710=h + 0:668+ 0:0636h.

The diffusion approximationrequiresan expensve integration of

light transportfrom all pointson the surface. Jenseret al. [2002]

introducedatwo-passapproachio accelerat¢heintegrationprocess
remarkably Thekey ideais to decouplehecomputatiorof incident
illumination from the evaluationof BSSRDFE makingit possibleto

reuseillumination samplesSpeci cally, in the rst passhey com-

puteirradiancevaluesfor uniformly sampledpointson the surface.
Thesesamplesarestoredin anoctree with eachnodestoringclus-

teredvaluesof all its child nodes.In the secondpassthey traverse
the octreeby recursvely subdviding nodes evaluatethe diffusion

approximationusing clusterednodevalues,and emplgy a simple
heuristicto decidethelevel to stopsubdiision.

Single scatteringis computedby the following equationin which
the BSSRDFsinglescatteringermS™Y is implicitly de ned:
Z Zy
L (xoi o) = 55 Fp(mlwode %I L(x;w) dsdw ()
whereW.o and WOO arethe refractedincomingand outgoingdirec-
tions,F = R(h;w) R(h;wo) is the combinedFresneltransmit-
tancesioands arethescatteringoathlengthsalongw.Oandwoo, and
p is anormalizedphasgunction. Whensamplingtheillumination,
it is dif cult to estimates?accuratel;sincethatrequires nding the
point of refractionx; for arbitrarygeometry In practice,if we as-
sumethatthe surfaceatx; is locally at andilluminationis distant,
agoodapproximatiorof gocanbefound [Jenseretal. 2001] by:
O_ cq iw fij
=54
1 ($)2Q jw w2

()

wheres is the obsered pathlengthasif the incidentray is not
refracted.The singlescatteringcomponen{Eq 4) is derived from
previouswork by HanraharandKrueger[1993]andis computedy
MonteCarIointegrationalongwoo. Figure2(a)shawvsthe scenario.



3 Algorithms and Implementation

In this sectionwe derive the algorithmsfor precomputingransport
functionsdueto the BSSRDFandpresentanacceleratedsPUim-
plementation.We assume homogeneoumediumilluminatedby
distantervironmentlighting andconsideronly directillumination.

Diffuse Multiple Scattering Sincelighting is distant,we have
L(xi;w) = L(w)V(X;w) whereV is the visibility. Substituting
Eq2into Eq 1, we canwrite down the outgoingradiance_4 dueto
diffusemultiple scatteringas:

z

Ly(Xo; o) = 1Ft(h;wo) L(w) Ta(Xo; W) dwi  (6)
» 2

Ta(Xoi W) = ARd(iji Xoli ) E(xi; wi) dA(X;) (7)

E(xi;w) = R(h;wm)V(w) (/i w) 8)

whereTy is the multiple scatteringtransportfunction to be evalu-
ated E istheirradianceransporfunctionatpointof illuminationx;
which describedight transportfrom the ervironmentto x;, andthe
diffusere ectanceRy (de nedin Eq 3) predictsthelight transport
from x; to Xo, Similar to form factors in radiosity methods.Using
numericalcubatureywe canevaluatetheintegralin Eq 6 as:

Lali ) = (i ) & T ) L(w)
J

Now we canprecomputély for every vertex andstoreit asatrans-
portvector Relightingthenreducego a simpledot productof Ty
with the light vectorL. Notice thatthe above relighting equation
holdswhenL is expressedn ary orthonormabasis,suchasspher
ical harmonicr wavelets. This malkesit possibleto applyapprox-
imationtechniquedor ef cient storageandfastrendering.

As in [Ng et al. 2003], we parameterizéhe distantlighting on a
highresolutionenvironmentcubemapandcompresgransportvec-
tors Ty using non-linearwavelet approximation. To computeTy
ef ciently, we applythetwo-passhierarchicatechniqueby Jensen
etal. [2002], but performthecomputatiorin transportvectorspace.
Speci cally, in the rst passwe computeirradiancetransportfunc-
tions E for a setof uniformly distributed surface samplepoints.
We apply a wavelet transformon thesetransportfunctions, non-
linearly approximatethem by keepingonly a boundednumberof
the largestwavelet coefcients, thenquantizeandstorethe coef-
cientsascompressettansportectors.In thesecondpasswe build
akd-treeby clusteringandsummingheirradianceransportectors
computedn the rst pass.To reducememoryconsumptionye al-
wayskeepa boundechumberof waveletcoefcients ateachnode,
andtruncatethe remaining. Next for eachvertex we traversethe
kd-treein the samemannerasJenseret al. andevaluatetransport
vectorTy by accumulatinglusteredrradiancetransportvectorson
eachnode. The clusteringandaccumulatingorocesss valid since
the wavelet transformis a linear operator As the nodelevel goes
up, somehigh-frequeng componentsnay be lost by truncation;
however, by keepinganappropriatenumberof waveletcoefcients
ateachlevel, theartifactsareunnoticeablén ourtests.

SingleScattering Therearetwo dif culties in precomputingin-
gle scatteringaccordingto Eq 4. First, the integrationpathis the
refractedoutgoingdirection,which is unknavn at precomputation
time. Second,a generalphasefunction dependson both incident
andview directions,makingprecomputatiorinseparablérom ren-
dering. To this end,we proposetwo approximationgo make pre-
computationfeasible. First, we always placesamplepointsalong
the oppositedirectionof a vertex normal. By doingthis, we have

Figure 3: Renderingof single scatteringfor the bird modelusing
phasefunction approximations.In both imagesa 4-termapprox-
imation of an HG phasefunction is applied: the left imagewith
g = 0:25 (primarily forward scattering)and the right image with
g= 0:25(primarily backwardscattering).

approximatecthe view-dependenintegration path with a view-

independenpathknown at precomputatiortime (seeFigure2(b)).

Thisapproximatiorchangeshe obseredincidentpathlengths;. It

is moreaccuratdor samplepointscloserto the surface,which are
alsothemoreimportantsampledor theintegraldueto theexponen-
tial attenuatiorin s. Secondwe approximatehephasdunctionus-
ing a separablelecompositioriechniquantroducedby [Kautz and
McCool 1999],which hasbeenusedfor BRDF rendering:

K
p(Wiwe) A& Ok(w) hi(wo) 9)
k=1

whereK is the numberof approximationterms,gyx andhy arethe
light mapandview map andare storedastexturesto be indexed
with incidentandview directionsrespectiely. A numberof ma-
trix factorizatiormethodsareavailablefor thedecompositionfrom
which we choosesingularvalue decomposition(SVD). With this
approximationwe cannow handlephasdunctionsin thesameway
as[Wangetal. 2004]and[Liu etal. 2004]handleglossyBRDFsin
PRT. We substituteEq 9 into Eq 4 andrearrangeéheterms:

z

L 0oimo)  Rlhiwo) & (o) L(w) T (o)

k
Zy

T (03 W) o SsTp(xp; i) e °t°ds (10)

To(Xp: ) g R(h;w)e SV (x;w) (11)

whereTk(l) is the k-th single scatteringtransportfunction, corre-

spondingto the k-th phasefunction term. x; is the samplepoint

at distances alongthe integration path,and Tp is theillumination

transportfunctionat x, describingthe amountof light transported
to xp from the ervironmentbut attenuatedilongthe incidentpath.

Notice that for an isotropic phasefunction, the single scattering
transportfunctionis in a diffuseform, and canthereforebe com-

binedwith themultiple scatteringcomponentUsingnumericalcu-

bature we write down the singlescatteringelightingequationas:

LS (x0: o) = Re(h; o) & hie(6)) & T (X0 W) L(w;)
k j

Evaluationof Tk(l) canemplgy Monte Carlotechniquego integrate
Tp over the samplepath. For importancesampling,we pick aran-
domdistancealongthe samplepathby s(x) = In(1 | x)5syj,
wherex 2 [0; 1] is a uniformly distributedrandomnumber jsij is
theluminanceof s;,/ = 1 el Sidnjsthenormalizatiorterm,and
dm is the integrationupperlimit, which is the maximumdistance
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Figure4: Renderingof the bunry modelwith thecomponent®f a syntheticBSSRDFE We alsoshav a BRDF renderingfor comparison.
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alongthepath. The probability distribution functionfor thisimpor-
tancesamplingis g(s) = jsije! SUS=I . In practice,sinceit takes
mary randomsamplesto eliminatenoise,we insteadusea x ed
numberof N deterministicsampledistancesby taking s= s(x),
wherex; = (i 0:5)=Nandi= 1:::N.

Precomputation We parameterizehe distantlighting on a 6
32 32 cubemap. Irradianceand illumination transportfunc-
tionsarecomputeddy renderingnto OpenGL16-bit oating point
phuffers. This eliminatesthe needto downloadintermediatedata
suchas visibility mapsto the CPU. For multiple scattering,we
rst evaluateirradiancetransportfunctionsfor a setof evenly dis-
tributedsurfacesamplepoints. At eachpoint, we rasterizeasimpli-
ed modelontothe six cubemagfacesandsetthe stencilbuffer to
onefor every pixel dravn. Theinverseof the stencilbuffer, which
now storeghevisibility information,is thenappliedto generatéhe
transportfunction accordingto Eq 8. For properanti-aliasing,we
use2 2 supersamplingin rasterizationWe thendown samplethe
dataon the cardand downloadthe phuffer to the CPU to perform
the non-linearwavelet approximation. The resultsare quantized
andstoredastransportvectorssimilarly to [Ng etal. 2003]. Once
irradiancesampling's completedye applythehierarchicaintegra-
tion to computetransporivectorsTy by the diffuseapproximation.

For single scatteringwe samplealongthe negative normaldirec-
tion of eachvertex. Theintegrationupperlimit dn, is precomputed
usingaraytracerby shootingaray alongthenegative normaldirec-
tion anddetectingheintersection We usel6 deterministicsamples
to integrateover the path. At eachsamplepoint, we again render
a simpli ed modelinto an OpenGLphuffer with 2 2 supersam-
pling. To correctlyaccountfor visibility, we setthe stencil buffer
to incrementby onefor eachfragmentgenerated A stencilcount
above 1 thusmeansthe incomingray is occludedbeforeentering
theobject.Also in this passwe outputvertex normalanddepthfor
eachfragment.Thesevaluesareusedin calculatingw®andsPfor Ty
in Eq11. Thesinglescatteringransporfunctionsarecomputedyy

Figure 5: Ray tracedimagesof the
single scatteringterm (Eq 4) for the
headmodelusingan HG phasefunc-
tionwithg= 0:25. (a)isthetruean-
swerusingthe refractedoutgoingray
as the integration path with 128 im-
portancesamplesi(b) is our approxi-
mation using the negative normal di-
rection as the integration path with
128importancesamples(c) is similar
to (b) but usesonly 16 deterministic
samples(d) is renderedvith adiffuse
(d) BRDF for comparison.

summingtheillumination transporfunctionsof eachsamplepoint
accordingto Eq 10. This is accomplishedn the GPU with 16-bit
oating point blending. If the phasefunctionis isotropic,we then
sumthesingleandmultiple scatteringransport/ectorsto producea
combineddiffusetransportvector For anarbitraryphasefunction,
we rst takulatethe phasefunction by samplingbothincidentand
view directionsona6 16 16 cubemapthenperformaSVD on
the takulateddata,keepingthe rst K = 4 termsandstoringthem
ascubemapextures. Eachterm containsa pair of light mapand
view map. We apply the K light mapsin precomputatiorasindi-
catedby Eq 11 and produceK transportfunctionsper vertex. In
this case,eachof the K = 4 transportfunctionsis computedinto
its own surfaceof a phuffer using multiple rendertargets, elimi-
natingthe needto recomputevisibility for eachterm. We nally
transferdovnsamplediatato the CPU to performthe nal stepof
non-linearwavelet approximation. Computingthe transportfunc-
tionsonthe GPUis essentialproviding uswith aperformanceain
of anorderof magnitudeover an equivalentCPU implementation,
which usesthe GPU only for visibility sampling.

Rendering  To render we dynamicallysamplethe ervironment
mapona6 32 32cubemamndapplya2D Haarwavelettrans-
form to producethe light vector We computethe dot productsof
thelight vectorwith thetransportvectorson the CPU.For adiffuse
transportvector theresultsarescaledby the Fresnetransmittance
todeterminghe nal vertex colors.ForaK-termphasdunctionap-
proximation theseresultsneedto befurthercombinedwith texture
lookupsof therefractedview directioninto thephasdunctionview
maps(hi(oD). The Fresnetermandw,’arebothcomputedn the
fragmentshaderthat also accessethe view maptextures. In ad-
dition, sincespeculahighlightsplay animportantrole in percev-
ing translucenbbjectswe usea pre-cowolvedervironmentmapto
addaspeculacomponento the nal rendering Althoughtheervi-
ronmentmappingtechniquagnoresself-shadwing, it qualitatively
simulatescorvincing appearancerhencombinedwith thetranslu-
centbasecolor, which hastakeninto accountself-shadwing.
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Figure6: From (a) to (d) we shawv renderingsof single scatteringusinga 1-term, 4-term, 8-termand 16-termapproximationfor the HG

phasefunctionwith g =

0:4. (e) is renderedwith the analyticphasefunctionfor comparison (f) plotsthe decayof the RMS error of our

approximatiorasthe numberof termsincrease Eachcurve denoteaan HG phasdunctionwith a differentparameteq.

4 Results and Discussion

In this sectionwe show our experimentaresultsandverify our sin-
gle scatteringapproximations. Timings are recordedon an Intel
Pentium4 2.53GHz computemwith 1 GB memoryandanNVIDIA

GeForce6800GT graphicscard. Our programsarecompiledusing
Intel Compilerversion8.0.

Figure 1 shaws the bird modelrenderedvith a syntheticBSSRDF
(ss = [0:75;0:85;1:00], sa = [0:02,0:04; 0:07]) thatincludesboth
multiple scatteringand single scatteringwith an isotropic phase
function. To demonstrateur techniquein all-frequeng lighting
ervironmentswe precomputehis modelusinga6 64 64 cube-
mapresolutionandkeep256( 1%)waveletcoefcients. Notethe
high andlow frequeng shadavs on the diffuse oor. This model
containb0K verticesincludingthe oor. It requiresA5 minutesto-
tal precomputatioime, andwe canrelightthemodelat 6 fps. For
all othertests,we usea smallercubemapesolutionof 6 32 32,
andkeep128( 2%) wavelet coefcients. Subsuricescattering
tendsto blur thelight acrosshadev boundariesndsoftentheover
all look of anobject. Thereforecomparedvith theBRDF, theBSS-
RDF transportfunctionsarerelatively low-frequeng, anda lower
cubemapresolutionthussufces. A goodreferencefor accurag
analysisof the non-linearwavelet approximationcan be foundin
[Ng etal. 2003]. Theprecomputatiotime, storagesizeandrelight-
ing speedor ourtestmodelsarelistedin Tablel. View-dependent
renderings maintainedat real-timeratesandarenot listed.

Figure4 andFigure7 shav renderingof theBSSRDFcomponents
andcomparghemwith a diffuseBRDF rendering.Figure8 shavs
theBSSRDFrenderingof thedragonmodelwith aPerlinstylemar
ble texture. Notethetranslucenappearancef the objectsandhow
the single scatteringcomponeniaddsa solid yet transluceniook
to the models. In all theseexampleswe use syntheticBSSRDF
parameterso that the contritutions from the single and multiple
scatteringcomponentgreaboutthe same andthesinglescattering
componentareall computedwvith anisotropicphaseunction.

SingleScattering Approximation  To verify ourapproximations
with single scatteringwe renderthe single scatteringcomponent
for the headmodel using a Monte Carlo ray traceraccordingto
Eq4. We usethe BSSRDFparametersf ameasurednarblemate-
rial from [Jenseretal. 2001]andapply a Heryey-GreensteifHG)
phasefunction with g =  0:25 (primarily backward scattering).
Figure 5 shawvs the comparisonof the ray tracedimagesand the
modelis illuminatedwith a single distantlight. Image(c) is ren-
deredwith our approximationfor the integrationpathandthe de-
terministicsamplingmethod,which qualitatively matcheghe true
answeilin (a) yetis signi cantly faster Notethatthe BRDF render
ing in (d) is distinctly differentfrom the otherthree.

| | Bird | Buddha| Bunry | Dragon]
No. of Vertices 31K 56K 72K 78K
Simp. Vis. 12K 20K 15K 24K
M.S.SamplePts. | 150K 250K 300K 300K
M.S.passl PT. 6 min 20min 14 min 26 min
M.S.pas2 PT. 5min 13 min 12min 16 min
S.S.iso.PT. 14 min 67 min 42min | 102min
S.S.4-termPT. 17 min 73 min 48 min | 108min
Diff. Size 20MB 37MB 47MB 51MB
Diff. Light 25fps 14fps 12fps 10fps
4-termSize 79MB | 148MB | 188MB | 204MB
4-termLight 6.5fps | 3.5fps 3fps | 2.5fps

Tablel: Precomputatioandrenderingpro les for ourtestmodels.
Eachcolumnlists the modelsize,the size of the simpli ed model
for visibility sampling;the numberof samplepointsandthe two-
passprecomputatiortime for multiple scattering;precomputation
time for single scattering,with an isotropic phasefunction anda
4-termseparablghasefunction approximationprecomputediata
sizeandrelightingspeedor adiffuseand4-termtransportvectors.

To analyzeour phasefunction approximationwe again usea ray

tracerto renderthesinglescatteringcomponentor theheadmodel,
with anincreasingnumberof phasefunction approximatiorterms
K. In Figure6 (a)-(e)we compareheresultsfor anHG phasegunc-

tionwith g=  0:4. We alsoplot the decayof RMS errorsof our

approximatiorfor severalHG phaseunctions.As the parameteg

increasesthe phasdunctionbecomesnoredirectionalandsharply
shapedthereforerequiringmoretermsto approximateaccurately
With K=4 we arelimited to alow-orderapproximatiorof thephase
function. Thisis similarto the BRDF wheremorespeculaBRDFs
requiremore termsto approximateaccurately Finally we shav

two rendering®f thebird modelunderervironmentlighting in Fig-

ure3. They arerenderedisingtheHG phasdunctionwith g= 0:25

(primarily forward scatteringandg = 0:25 (primarily backward

scatteringyespectrely. Notetheir differentappearances.

5 Conclusion and Future Work

Translucengis anattractive andimportanteffect, butit is alsochal-
lenging to simulate. In this paperwe have presenteca method,
basedon precomputedight transport for interactve renderingof
translucenbbjectsunderall-frequeng environmentmaps. We in-
corporatehe completeBSSRDFmodelin our precomputationin-
cludingbothsingleanddiffusemultiple scatteringcomponentskFor
single scatteringwe proposeseveral approximationdo allow for



Figure 7: From left to right, the buddhamodelis renderedwith the
BSSRDFmultiple scatteringgomponentcombinednultiple andsingle
scatteringcomponentsanda diffuseBRDF for comparison.

view-dependentendering. This improveson previous interactive

systemswhich have ignoredthe single scatteringcomponent.in

thefuturewe planto accelerat®ur precomputatiotfor singlescat-
teringby reusingillumination samplesThe currentsystemconsid-
ersonly directillumination, and we would like to include global

illumination from outsidethe medium.We alsoplanto incorporate
multi-layeredmodelsinto our systemwhich canincreaseaccurag

andrealismfor certainmaterialssuchasleavesandskin.
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