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Abstract

This paperpresentsa renderingmethodfor translucent
objects,in which view point andillumination can be modi-
ed atinteractiverates.In a preprocessingteptheimpulse
responseao incominglight impingingat eac surfacepoint
is computedand stored in two different ways: The local
effect on close-bysurfacepointsis modeledas a per-texel
Iter kernelthatis appliedto a texture maprepresentinghe
incidentillumination. Theglobalresponséi.e. light shining
throughthe object)is stored as vertex-to-vertex throughput
factors for the triangle meshof the object. During render
ing, theillumination mapfor theobjectis computedccord-
ing to the currentlighting situationandthen lter ed by the
precomputedkernels. Theillumination mapis alsousedto
derivetheincidentilluminationontheverticeswhich is dis-
tributed via the vertex-to-vertex throughputfactors to the
other vertices. The nal image is obtainedby combining
thelocal and global response We demonstate the perfor
manceof our methodfor several models.

1 Intr oduction

On the appropriatescale the visual appearancef most
natural as well as syntheticsubstancess profoundly af-
fected by light enteringthe material and being scattered
inside[9]. Examplesof materialswhosemacroscopiap-
pearanc&epend®n the contribution from subsurécescat-
teredlight include biological tissue(skin, leaves, fruits),
certainrocks and minerals(calcit, uorit, silicates),and
mary othercommonsubstanceésnow, wax, paper certain
plastics,rubber lacquer). Dependingon the scaleof dis-
play, corventional,surface-basede ection functionsmay
only uncorvincingly mimic the naturalvisualimpressiorof
suchmaterialg(seeFigurel).

Unfortunately previous renderingalgorithmshandling

Figure 1. A back lit marble horse sculpture .

Left: using a traditional surface based light
re ection model. Right: taking into account
subsurface scattering of light. Translucenc y
effects are very clear in particular at the ears
and the legs. The sculpture measures about
5cm head to tail. This paper presents a
rendering method whic h convincingl y repro-
duces translucenc y effects as shown in the
right image, under dynamic viewing and illu-
mination conditions and at interactive rates.

subsurécescatteringdo not nearlyallow interactve image
synthesigseeSection2 for an overvien). However, light
light particlestraveling throughan optically densemedium
undego frequentscatteringeventscausingsevere blurring
of incidentillumination. The renderingmethodproposed
in this papertakesadwantageof this smoothingpropertyof
highly scatteringmediaby factoringthe light impulsere-
sponsenthesurfaceof atranslucenbbjectinto ahighfre-
gueng local partandalow frequeng globalpart. We shav
that the impulse responsecan be precomputedn a short
time, storedcompactlyandprocessegufciently rapidlyin
orderto allow interactive renderingof translucenyg effects
onrigid objectsat interactive ratesunderdynamicviewing
andlighting conditions.



2 Previous Work

Thealgorithmin this paperdravs uponpreviouswork in
theareaof globalillumination, realtime local shadingwith
complex BRDFsanddatabas@approachefor re ectance.

Usuallyin globalillumination, oneassumeshata scat-
teredlight particleleavesa hit surfaceat thelocationof in-
cidenceitself. The relation betweenthe intensity of light
scatterecht into anoutgoingdirection  andthe inten-
sity of incidentilluminationat recevedfrom adirection

is given by the BRDF (bi-directionalre ectancedistri-
bution function) . However, locallight scatter
ing is only avalid assumptiorfor a metalsurfaceor for a
smoothboundarybetweennon-scatteringnedia. In other
casesa light particlehitting a surfaceata rst location
fromdirection mayemepgeatadifferentsurfacelocation

This phenomenowranbe simulatedwith anumberof al-
gorithmsthathave beenproposedor globalilluminationin
thepresencef participatingmedia,including nite element
methods[21, 1, 23], path tracing [6], bi-directionalpath
tracing[15], andphotonmapping[10, 4], or by a diffusion
simulation[26]. Also, the propagatiorof electromagnetic
radiationin scatteringnediais a well-studiedtopic outside
of computergraphicsin elds suchasmedicalimaging,at-
mospherandocearresearctandneutrontranspor{9, 25|.
Methoddfor globalilluminationareofteninstance®f meth-
odsusedn thesenther elds. In opticallydensemedia,such
methodscanbe quite expensve, with typicalimagerender
ing timesin therangefrom 10 minutesto several hoursfor
staticillumination andviewing parameters.

Non-local light scatteringat a surface can however
also be modelled explicitly, by meansof the BSSRDF
(bi-directionalsubsurécescatteringe ectancedistribution
function) BSSRDF modelshave been
presentedor single[6] andmultiple [11] subsuracelight
scatteringn homogeneoumaterials.Thesemodelscanbe
usedin aray tracer muchin the sameway astraditional
BRDF models. The mostprominentdifferenceis thatthey
require two surface locationsratherthan one. However,
theseBSSRDFmModelsaremuchmorecomplex thantypical
BRDF models(seefor instance-igure2), sothatrendering
timesfor commonimageresolutionsstill arein the orderof
secondgo minutesperframe.

Real-timerenderingof objectswith complex BRDFshas
beendonewith avarietyof technique$2, 8, 12, 13]. These
techniquesassumepoint light sourcesor distantillumina-
tion (ervironmentmaps)and usually do not allow spatial
variationof theBRDF. Noneof thesetechniquesanbeap-
plied to subsurécescatteringfor translucenbbjects,since
the in uence on incidentlight is not local arymore. Re-
centwork oninteractve globalillumination of objects[24],
including self-shadwing and interre ections, can proba-
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Figure 2. The BSSRDF model (from [11])
used in this paper. Constants for some
materials are also found in [11]. The
graphs show the diffuse re ectance due to
subsurface scattering for a measured
sample of marble with  =(2.19,2.62,3.00) ,
=(0.0021,0.0041,0.0071) and =1.5.
indicates the radiosity at a distance in a
plane, due to unit incident power at the ori-
gin. Subsurface scattering is signi cant up
to a distance of several millimeter s in marble.
The graphs also explain the strong colour I-
tering effects obser ved at larger distances.
RGB colour triplet



bly be extendedto subsurcescattering.But this method
assumedow-frequeng distantillumination, whereasour
methodallows high-frequeny localizedillumination.

Image-basedechniquedike light elds [16, 5] or sur
facelight eld [18, 28] representhe appearancef objects
suchthat they canbe interactvely displayedfor different
views. The outgoingradianceis recordedand storedin a
sort of databasevhich thencanbe ef ciently queriedfor
assemblingnew views. Light elds canrepresenthe out-
goingradianceof anobjectwhich exhibits subsuracescat-
teringunder x edillumination. Relightingof the objectre-
quiresto additionallyrecordthedependengontheincident
illumination. Re ection elds [3] parameteriz¢heincident
illumination by its directiononly. Although differentillu-
minationcanbe simulatedby useof differenternvironment
maps,it is not possiblee.g. to casta shadev line onto the
object. Thedirectionaldependengis not sufcient to rep-
reseniocal variationof theilluminationontheobjects sur
face.

Our approachfor the representatiorf translucentob-
jectstakesthe spatialvariationof incidentilluminationinto
accountwhile the directionaldependengis not storedex-
plicitly. This approachwill be motivatedin the following
section.

3 Background and Motivation

In orderto computethe shadeof atranslucenbbjectata

surfacepoint , obsenedfrom adirection , thefollow-
ing integral needgo be solved:
denoteghe surfaceof the objectand is thehemi-

sphereof directionsontheoutsideof thesurfaceat . Note
thattheBSSRDFEwhichrepresenttheoutgoingradianceat

into direction  dueto incidentradianceat coming
from direction , is aneight-dimensionalunction,sothat
naive precomputatiomndstorageapproachearenot feasi-
blein all practicalcases.

Previous subsuréce scatteringstudies[6, 11] however
revealthat:

subsurcescatteringcanbe accuratelymodelledasa
sumof a singlescatteringermanda multiple scatter
ing term;

single scatteringacountsfor at mosta few percentof

theoutgoingradiancan materialswith high scattering
albedolikemarble milk, skin,etc... — wewill ignore
singlescatteringn this work;

multiple scatteringdiffusesincidentillumination: ary
relationbetweendirectionsof incidenceand exitance
is lost.

As aresult,subsurécescatteringn highly scatteringnate-
rials canberepresentetb anaccuray of afew percentby
a four-dimensionaldiffuse subsurécere ectancefunction

, which relatesscatteredadiosity at a point
with differentialincident ux at

- 1)
(@)
(3)

The Fresneltransmittancdactors  indicatewhatfraction
of the ux or radiosityis transmittedat a surface bound-
ary. TheFresnefactorin (3) indicateswhatfraction of in-
cidentlight entersthe translucenbbject. In (1), it models
what fraction of light comingfrom underneathre-appears
in the ervironment. The remainderre-enterghe object,for
instancedue to total internalre ection if the objecthasa
higherrefractionindex thanits surrounding A fastapprox-
imation of Fresnelfactorshasbeenproposedn [22]. The
factor in (1) corvertsradiosityinto exitantradiance.
The diffuse sub-surcescatteringre ectance  in (2)
playsasomavhatsimilarrole astheradiosityintegralkernel
in theradiosityintegral Equation

(4)

vis

where denotesthe radiosity at , the self-
emittedradiosity there ectivity, thedirectionof a
line connecting and andvis is thevisibility predi-
cate.Factordike in radiosityand in our
caseareusuallycalled(differential)throughputfactors.
The mainideaof this paperis to discretiseequation(2),
muchin the sameway asthe the radiosity integral equa-
tion (4) is discretisedn Galerkinradiositymethodqd7, 29].
Thethroughputfactorsthatresultfrom discretisatiorof the
radiosity equationare betterknown asform factors. Note
however that form factorsin radiosity encodepurely geo-
metric information abouta sceneto be renderedand that
they do not directly allow to re-rendera sceneunderdy-
namic lighting conditions. The subsuréce scatteringre-
ectance encodesbesidesgeometricinforma-
tion alsothevolumetricmaterialpropertiesanywherein the
objectrelevantfor light transportfrom to : it is the
Greendunction(impulse-reponseglobalre ectancedistri-
bution function[14]) of the volumetricrenderingequation
insidethe object. In radiosity the Greensfunctiondoesin
generalnot resultin practicalrelighting algorithmsdueto
its high storagecost. The primary goal of this paperis to



Figure 3. Work o w during rendering:

branc h) is computed by projecting the illumination

r st, incident illumination
texture atlas. The resulting illumination map is processed in two ways. The global response (upper

is computed and projected into the

to the mesh vertices and multipl ying the vertex

irradiance vector with a vertex-to-ver tex throughput factor matrix. The local response (lower branc h)

is computed by ltering the incident illumination map with spatiall y varying

texel-to-te xel lter

kernels. Finally the global and the local response are combined.

demonstratéhatexplicit representatioof the Greendunc-
tion however is practicalfor dynamicrelighting of translu-
cent objects. This is because is in generala much
smootheffunctionthanthe Greendunctionfor radiosity

In this paperwe will usethediffusesub-suracescatter
ing re ectancemodelfrom [11] (see gure 2). This model
hasbeenderivedfor scatteringata planarboundarysurface
betweerhomogeneoumaterials.lt is in principle notvalid
for curved surfacesand neitherfor heterogeneoumateri-
als, althoughusingit in suchcasesoften yields plausible
results. This paperhowever focusseson the feasibility of
storingandusingthe Greendunctionfor interactverender
ing of translucenimaterials.A propertreatmentof curved
surfacesand heterogeneoumaterialsrequiresa more so-
phisticatedoreprocessinghanshavn here,andis the topic
of future work. However, it doesnot affect the rendering
algorithmitself proposedn this paper

4 OQutline

Ourmethodis basedn a discreteversionof theintegral
expressiorin Equation?2 atwhich we arrive with a Garlekin
type approach.In this approachwe employ two different
setsof basisfunctionsarriving at two differentdiscretiza-
tion. One setof basisfunctionsare hat functionsplaced
at objectverticesin orderto modelsubsuracescatteringat
large distancegsmoothglobal part). The othersetof basis
functionsarepieceaviseconstantorrespondingo thetexels
in atextureatlas(disucssedbelow) in theimmediateneigh-
borhoodof apoint,in orderto accuratelymodel atsmall

scatteringdistanceqdetailledlocal part). Eachof the two
discretizationproceedasfollows:

1. We x asetof spatialbasisfunctions . Thebasis

functionswe usearediscussedbelow;

2. We project the irradiance (equation(3)) onto
the chosenbasis: the coefcients in
, arefound by calculatingscalar

productsof with dualbasisfunctions

(5)

The dual basisfunctionsare the unique set of linear
combinationf the primarybasisfunctions that
ful Il thefollowing orthonormalityrelations:

denotesKroneclersdeltafunction (1 if , 0
otherwise);
3. Equation(2) is transformednto a matrix-vectormul-
tiplication:
(6)
with throughputfactors
(7



4. The radiosity is recon-

structedas

at surface position
8

Equation(1) shavs how radiosityis corvertednto out-
goingradiancdor a particulardirection.

Two discreterepresentationsf the sameproblemareof
courseredundantWe applysuchadoublerepresentatioto
exploit the advantage®f each however appropriatéblend-
ing will benecessaryor correctresults.Thework o w for
renderinganimageis illustratedin gure 3.

Our methodhasto addresghe following sub-problems,
which arediscussedn detailbelow:

Preprocessing.generationof a texture atlasfor the
input model; computationof throughputfactorsfrom
eachtexeltoa9 9texel neighborhooddetaillediocal
response)computatiorof weightsfor distributing the
illumination in eachtexture atlastexel to the nearest
triangleverticesaswell asfor reconstructingheillu-
minationfrom thenearestriangleverticesandcompu-
tation of vertex-to-vertex throughputfactors(smooth
global response)computationof factorsfor blending
thelocalandglobalresponse;

At renderingtime: computationof the irradiancein
eachtexture atlastexel (incidentillumination map);
distribution of the irradiancein eachtexel to triangle
meshvertex irradianceandapplicationof the precom-
puted vertex-to-vertex throughputfactorsin orderto
obtainthe scatteredadiosityat eachvertex (globalre-
sponse)grorvolution of the incidentillumination map
with the precomputedexture lter kernels(local re-
sponse)plendingof local andglobal responsesising
theprecomputedblendingfactors.

5 Preprocessing

The preprocessinghaseof the proposedilgorithmcon-
sistsof two steps— the generationof a texture atlas for
the input modelandthe calculationof the local andglobal
light distribution for light hitting an objectat a singlepoint
(Greensfunctions).

5.1 GeometryPreprocessing

All renderingesultspresentedherearebasedntriangle
modelswhicharereducedo lessthen20000triangles.Dur-
ing simpli cation wetry to obtainroundtrianglesof similar
size.

To obtaina 2D parameterizatioof theobjectsurface we
generatatextureatlas.Theatlasis generatedby rst split-
ting the meshof the modelinto differenttriangle chunks

Figure 4. Example of a texture atlas for the
bird model. Inner triangles are drawn in
green, border triangles are marked in red.

andorthographicallyprojectingeachchunkonto a suitable
plane.Theanglebetweerthenormalsof theprojectedrian-
glesandthe planenormalarekeptsmallto avoid distortion
andensurebestsamplingrate. Startingwith arandontrian-
gle, we addanadjacentriangleto a chunkif the deviation
of thetriangle's normalcomparedo the averagenormalof
the chunkis belov somethreshold,e.g. 30 degrees. We
alsoaddto eachchunka borderformedby adjacentrian-
gles.Thewidth of theborderis requiredto beatleast3 tex-
elsto provide sufcient supportfor applyingthe Iter
kernelsto the original chunk. The bordertrianglesmay be
distortedin orderto ful Il this constraint.

All projectedtexture chunksare rotatedto ensurethat
the areaof their axis-alignedboundingbox is minimal [27,
20]. A genericgpackingalgorithmgeneratea densepacking
of the boundingboxesinto a squaretexture of prede ned
size.Thealgorithmis ableto scalethe sizeof the bounding
boxesusingaglobalscalingfactorin orderto ensuredense
packing. Figure 4 shavs an exampletexture atlasfor the
bird model.

5.2 Global response

Subsuréce scatteringat larger distancestendsto be
very smoothandamendabléo representatioby meansof
vertex-to-vertex throughputfactorsusing linear interpola-
tion of vertex radiosities.

Linear interpolationof vertex colorsis well-known in
graphicsunderthe nameof Gouraudinterpolation. On a
trianglemesh,it correspondso representing color func-
tion by its coefcients w.r.t. thefollowing basisfunctions:



where with
thethreeverticesof the trianglecontaining . The 'sare
the barycentriccoordinatesof  in the triangle
Note that . We associatea
basisfunction  with every vertex in thetrianglemesh.
is zero exceptfor the threeverticesin the triangle
containing . Whenplotted,thesebasisfunctionslook like
“hats” centeredhteachmeshvertex.

We will needto projectthe irradiance to sucha
basis: . Thecoefcients  aregiven
by scalarproducts(5) with the dual basisfunctions  of
the . Thesedual functionsare alsozeroexceptfor the
threeverticesof the triangle containing . The threenon-
zerovaluesare

where is the sumof the areasof the trianglessharing
vertex , beingavertex of thetrianglecontaining .

The throughputfactors(7) areapproximatedn the fol-
lowing way, which requiresto evaluatethe diffuse subsur
facescatteringre ectance  only oncefor eachpair of
meshvertices

The matrix-vectorproduct(6) thenresultsin the scattered
radiosity  at the meshvertices . The global radios-
ity for intermediatesurfacepoints is foundby lin-
earinterpolation:

wherethelattersumis overthethreeverticesof thetriangle
containing .

5.3 Local response

Subsurécescatteringre ectanceis however quite large
at small distancega rangeof up to about2mmfor marble,
seeFigure?2), sothatdetailin incidentillumination suchas
sharpshadev boundarieswill be presered. For this rea-
son,amoreaccurateepresentatiowill berequiredfor the
throughpuin theimmediateneighborhooaf a pointwhere
light entersthe translucenbbject. We modelthis by means
of texel-to-texel throughputlter kernelscenteredat
eachnon-emptytexel of thetexture atlas.

Mathematically this correspondswith projectingto a
piecavise constantasisfunctions . The basisfunc-
tionsarelonthepart of themodelsurfaceprojected
in a single texture atlastexel andthey are O every-
whereelse.Thereis onesuchbasisfunctionpernon-empty
texture atlastexel. The dual basisfunctionsin are
piecavise constanin the sameway, exceptthatthey take a
value insteadof 1 on isthearea

of andis computedasa sideresultof texture atlas
generation.
By equation(5), theirradiancecoefcients cor

respondto the averageirradianceon We will
approximatethem by the value at the centerpoint in the
texel. The texel-to-texel throughputfactor (7) between
texel and is approximatedas

with being evaluatedat
thesurfacepoints  correspondindo the centerof thetex-
els. Thesetexel-to-texel throughputfactorscanbe viewed
asnon-constanirradiancetexture lter kernels. Equation
(6) then correspondsvith a corvolution of the irradiance
texture. The corvolved (blurred)texture shavs the locally
scatteredadiosity

5.4 Blending Local and Global Response

The global and the local responsecannotbe simply
addedo obtainthecorrectresult.In theregionsof directil-
lumination,bothcontributionswill addupto approximately
twice the correctresult. However, theradiosity ~ calcu-
latedin 5.2will havethelargestinterpolatiorerrornearthe
pointof lightincidencewhile  ( 5.3)returnsthemoreac-
curateresponsédor pointscloseto directillumination (see
Figure5). is actually only available for thosepoints.
Our choiceis to keepthetexel accuratelter kernelfor the
local radiositysinceit representshe bestlocal responsef
ourmodel. Thus,we somehe haveto reducethein uence
of the low-frequeng partat small scatteringdistancesand
mustensuresmoothblendingbetweerthe local andglobal
responseavherethein uence of thelocal responsends.

Theglobalradiosity  dueto directillumination corre-
spondgo thediagonalof theform factormatrix . Thedi-
agonalentriesaresetto zeroyielding . To obtainsmooth
blendingwe introducea new radiosityvector ~ whichis
directly derived from the illumination mapin a way de-
scribedbelov. Using this new radiosity vector, the com-
binedradiosityresponsevill beobtainedas

(9)

For eachtexel of the illumination map, we have
to determineits optimal contribution to the direct
radiosity  of thethreevertices of theenclosingtrian-
gle. Our approachis to minimize the differencebetween
the globalradiosityandthe correctradiosityfor eachtexel

ontheboundary ofits lter kernel . The
correctradiosityat is foundby calculatinga larger Iter
kernel . Notice thatthe in uence of the
kernelon of the kernelis exactly zero. Statedmath-
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Figure 5. a) Ideal impulse response . b) Local
response modeled by the ltering kernel (red)
¢) Linear interpolation of the global response
resulting from distrib uting the irradiance and
evaluating the form factor matrix . d) Opti-
mized global and local response: The diag-
onal of is set to zero, the weights for

(green dots) are optimiz ed to interpolate the
boundar y of the lIter kernel (blue dots), the
blue area is subtracted from the Iter kernel.

ematically the problemis to nd sothat

is minimal. is the surfacepoint correspondingo

the centerof texel and . The

sumis overthevertices of thetrianglecontaining , and
is givenin (9).

After correctingthe global responsewe also have to
changethe lter kernels. The interpolatedvaluesof the
globalresponséareto besubtractedrom eachkernel,cor
respondingo theblueareain Figure5.

This optimizationhasto be donefor every texel. It is
performedasapreprocessingtepandtakesjust a few min-
utes. Theirradianceat eachtexel is now distributedto two
differentvectors:to usingthe dual basisfunctions
andtothe  usingtheweights describedn thissection.

6 Rendering

After preprocessingherenderings straightforvard. In
orderto rendera translucentobjectinteractiely, we rst
computean illumination map andthen split the computa-
tion into two branches. The rst one derives the irradi-

anceat eachvertex from the illumination map and com-

putesthe smoothglobal responseThe secondorancheval-

uatesthe local responséy Itering theillumination map.
Both brancheganbeexecutedn parallelonadualproces-
sormachine.Finally, the globalandthelocal responsere
combined.

6.1 Computing the lllumination

For anilluminatedobject,we needto corvertits illumi-
nationfrom objectspaceinto texture spacesincethe pre-
computed lter works in texture space. Furthermorewe
have to integrateovertheillumination mapin orderto com-
putetheirradianceatthevertices.For the corversionto tex-
ture spacewe usethe parameterizatiownf the objectgiven
by thetextureatlas.

Theillumination mapcaneasilybe createddy rendering
the object by not usingits 3D vertex positionsbut its 2D
texture coordinategrom the texture atlas. This attens the
objectaccordingto the atlasandtheresultis a texture con-
tainingtheillumination. Somecarehasto betakenthatthe
lighting is correctlycomputedeventhoughthe geometryis
projectedinto 2D. We do this by computingthe lighting in
a vertex shadef[17] usingthe original 3D vertex position
andnormal. Furthermorewe includea Fresneltermin the
lighting calculationsfor which we use Schlick's approxi-
mation[22] which canbe computedn the vertex shaderas
well. Therenderedllumination mapis thenreadbackfrom
the frame buffer and stored. In Figure 3a) andb) theillu-
minationon the objectandthe correspondingllumination
mapderivedusingthetextureatlasareshown.

Oncetheirradianceat eachtexel is computedwe
canintegrateit to obtaintheirradiancefor eachvertex. In
order to distribute the texel irradiancecorrectly to vertex
irradiancewe follow Equation5. Thevertex irradiance
is givenas

(10)

the sumover all texels in the illumination map timesthe
value at the currenttexel of the dual basisfunction corre-
spondingo the vertex, timesthe area of themodel
surface coveredin thetexel. As aresult,theillu-
minationat eachtexel is distributedto exactly threediffer-
entvertices. Theweights areprecomputed
into animageof the sameresolutionasthetextureatlas.

The samedistribution mechanisms alsoappliedto ob-
tain the secondradiosityvector ~ ( 5.4). This time, the
weights areusedinsteadof thedualbasisfunction.
Distributing the illumination mapto two vectorsinsteadof
just one doesnot signi cantly in uence renderingperfor
mance.



6.2 Low FrequencyReconstruction

Giventheirradianceattheverticesthelow frequeng or
globalresponsés calculatedwith the throughputfactorsof
Section5.2. Theresultingradiosity — attheverticeshased
onthetransferfunctionsmatrix isthenfoundby

(11)

As previously discussed the radiosity at a particular
point on atriangleis interpolatedusing the barycentric
basis with respecto theverticesof thetriangle.

(12)

Dependingon the size of the modeland the scattering
parametergheentriesin thematrixmaydropto very small
values.In thesecasesfull matrixtimesvectormul-
tiplication may be more costly thanignoring form factors
belov usingjust a sparsematrix. In our experiments
the overheadof representing sparsematrix paid off if 40
percenibf theform factorscouldbeignored.

If desired,surface appearanceletail can be addedby
meanf asurfaccetexture  which modulategheradios-
ity. representtheoverallre ectanceateachtexel. Since
theform factormatrix  alreadycomputegheradiosityat
the verticescorrectly we have to ensurethat thosevalues
are not changedby the texture. Thereforewe devide the
vertex radiosity by its correspondindexture valueprior to
multiplicationwith thetexture:

(13)

Thecompletdow-frequeng responsés thengivenby

(14)

6.3 Local Response

Accordingto thefactorizatiordescribedn Section3, the
local responséo a light impulseimpinging on the surface
atpoint isrepresentetly a Iter kernel
in texture spacecenteredht the correspondingexel
Eachpointor texel maypossesadifferent Iter kernel. The
resultingradiositydueto localresponsés thuscomputedy
akind of corvolution for eachtexel:

(15)

Sincethe Iter kernelsfor eachtexel are different, we
currentlyimplementthis stepin software. After the corvo-
lution, the Itered illumination mapis reloadedastexture

and appliedduring the nal composition. In future work,

we planto mapalsothe convolution to graphicshardware.
Onsomesystemgonvolutionwith asinglekernelis already
availableasan OpenGLextension.Onecouldthink of per

forming a principle componenanalysison the kernels,use
hardware Itering for principlekernelsand nally blendthe
results. Anotherway would be using weightingtex-

tureswhichareoffsetby thecorrectpositionin the Iter ker-

nel andthenmultiplied with the illumination map, adding
up the 49 contrikutionsin the framebuffer.

6.4 Combining Local and Global Response

Local and global responseare combined in one
hardware-acceleraterenderingstepusing multi-texturing.
Ragistercombinersaresetup in sucha way the the vertex
radiosityis multiplied with thesurfacetexture  andatthe
sametime the Itered illumination map correspondingo
thelocal responsés added.

7 Results

We report the performanceof our systemduring tests
with four differentmodels(seecolor page). We perfomed
onetestwith a horsemodel madeof homogeneousvhite
marble(parametersaken from [11]), anda secondteston
thesamehorsemodelbut with thewhite marbleaugmented
by dark veinsproducedby Perlinnoise[19]. We rendered
a bustmodelwith skim milk, andwe applieda completely
syntheticmaterialto a bird model.

The preprocessingime for all modelsare around1-2
minutesfor calculatingthe Iter kernelsand around2-8
minutesfor computingthe vertex-to-vertex form factors.
The Iter kernelsarecomputedor a texture at-
las. In thecomputatiorof theglobalpartonly thevertex-to-
vertex form factorsabove the thresholdof areconsid-
ered.Thethird columnin Table1 shavs how the numberof
form factorsabove this threshold.

All modelscanberenderedandrelit atinteractive frame
rates.Table1 lists how muchof therenderingtime is spent
oneachindividual stepof therenderingprocedureThetim-
ingswerecollectedon adual 1.7 GHz Xeon PC with 1GB
of RAM, usinga GeForce3graphicscard. The local and
the global responseare computedin two parallel threads
suchthatthe total time is lessthanthe sumof the individ-
ual tasks. Table 1 shaws that the numberof form factors
during the computationof the global responséhasa major
in uence ontherenderingtime.

For eachmodelwe currentlyusea resolutionof

to renderthe illumination mapwhich is alsothe reso-
lution of all othermaps. In the future we hopeto be able
to improve the resolutionby perfomingthe corvolution in
hardware.



| model | #vertices | #formfactors]| fps [ illummap | local | global | display | total |
horse 10000 16441460| 2.3 29 149 33 371 | 431
horsetextured 10000 12409116 2.7 29 145 302 33| 364
bust 8574 4946764 5 24 147 144 28 | 199
bird 4000 1750862| 5.6 16 139 86 26 | 180

Table 1. This tablelists the numberof verticesof eachmodel,the numberof relevantvertex-to-vertex form factors,
the achievedframerateandthetimingsfor renderingthe illumination map,computingthe local responséy ltering,

distributing the illumination to the vertices,performingvector/matrixmultiplication for the global responsendthe
overalltime. All timings aregivenin milliseconds. Note that the total timings are suchthat all four modelscanbe

renderedandrelit atinteractize framerates.

Figure 6. Optimizing the blending: A checker-
board is projected on a bust (left). Triangles
in the hair region crossing the border lead
to artifacts (middle). The optimiz ed blending
yields much better results (right).

Figure8 displayshow the nal resultis composeaf the
local and global response. Notice that the color Itering
effectfor light transporto distantpointscanbe obsenedat
thelegs. This effectis actuallyvisiblein all models.

The effect of optimizing the blendingbetweerthelocal
andglobal partis demonstrateth Figure6. Notethatthe
combinedresultwithout the optimizationis muchto bright
andexhibits severeartifactsat illumination discontinuities.
Thosehave almostperfectlybeenremoredby theoptimiza-
tion.

8 Conclusionand Futur e Work

We have developeda systemfor the interactive render
ing of translucentbjects. The basicideais to represent
the impulse-reponses a high frequeng local partand a
low-frequeny global part. The papershows thatstorageis
feasible,andinteractive renderingunderdynamicviewing
andillumination conditionsis achieved.

In the future we would like to shav the applicability
of the presentednethodto heterogeneousiaterials.More
complicatedalgorithmshave to be appliedduring the pre-
processingo determingheform factormatrix andthelocal

Iter kernelswhile therenderingprocedurewill be exactly
thesame.

It isworthinvestigatingvhichadditionalpartsof theren-
dering could be computeddirectly on the graphicsboard.
This may affect the Itering for the local responsepr the
computatiorof thevertex irradiances.

Acknowledgements

We would like to thank JensVorsatz,ChristianRoessl|
andKolja Kahlerfor providing andsimplifying thegeomet-
ric models.

References

[1] P Blasi,B. L. Séc,andC. Schlick. A renderingalgorithm
for discretevolumedensityobjects.ComputerGraphicsFo-
rum, 12(3):201-2101993.

[2] B. Cabral,M. Olano,andP. Nemec. Re ection Spacelm-
ageBasedRenderingIn Proc. SIGGRAPHpagesl65-170,
August1999.

[3] P.Debevec,T. Hawkins,C. Tchou,H.-P. Duiker, W. Sarokin,
and M. Sagar Acquiring the Re ectanceField of a Hu-
manFace.In Proc. SIGGRAPHpagesl45-156July 2000.
ISBN 1-58113-208-5.

[4] J.Dorsg, A. EdelmanJ. Legakis,H. W. JensenandH. K.
Pedersen Modeling andrenderingof weatheredtone. In
Proceeding®f SIGGRAPHI9, pages225-234,1999.

[5] S.Gortler, R. GrzeszczukR. Szelinski,andM. Cohen.The
Lumigraph.In Proc. SIGGRAPH pagesA3-54,Aug. 1996.

[6] P. HanraharandW. Krueger Re ection from layeredsur
facesdueto subsurécescattering.In Proceedingof SIG-
GRAPH93, pagesl65-174,1993.

[7] P. S.HeckbertandJ. Winget. Finite elementmethodsfor
global illumination. TechnicalReportUCB/CSD 91/643,
ComputerScienceDivision (EECS),University of Califor-
nia, Berkeley, California,USA, July 1991.



[8] W. HeidrichandH. Seidel.Realistic,Hardware-accelerated

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

ShadingandLighting. In Proc. SIGGRAPHpagesl 71-178,
Aug. 1999.

A. Ishimaru.”"WavePropagationand Scatteringn Random
Media”, volumel. AcademicPress1978.

H. W. Jenserand P. H. Christensen. Ef cient simulation
of light transportin sceneswith participatingmediausing
photonmaps.In Proceeding®f SIGGRAPHS8, pages311—
320,1998.

H. W. JensenS. R. MarschnerM. Levoy, andP. Hanrahan.
A PracticalModel for SubsuraceLight Transport.In Proc.
SIGGRAPHpages$11-518 August2001.

J. Kautz and M. D. McCool. Interactve Renderingwith
Arbitrary BRDFs using SeparableApproximations. In
D. LischinskiandG. W. Larson editors,TenthEurographics
Renderingbrkshop1999 pages281-292,Junel999.
J.KautzandH.-P. Seidel. TowardsInteractve Bump Map-
ping with AnisotropicShift-VariantBRDFs. In Eurograph-
ics/SIGGRAPHHardware Workshop pagess1-58,August
2000.

E. P. LafortuneandY. D. Willems. A theoreticaframevork
for physicallybasedendering.ComputerGraphicsForum,
13(2):97-1071994.

E. P. LafortuneandY. D. Willems. Renderingparticipat-
ing mediawith bidirectionalpathtracing. In Eurographics
Renderingborkshop1996 pages91-100,1996.

M. Levoy andP. HanrahanLight Field Rendering.In Proc.
SIGGRAPHpages31-42,Aug. 1996.

E. Lindholm, M. J. Kilgard, and H. Moreton. A user
programmablevertex engine. In Proceedingof ACM SIG-
GRAPH2001, pagesl49-158 August2001.

G. Miller, S.Rubin,andD. PonceleonLazy decompression
of surfacelight elds for precomputedjlobal illumination.
In 9th Eurographics Workshopon Rendering pages281—
292,Junel998.

K. Perlin. An imagesynthesizer In Proceedingsof the
12thannualconfeenceon Computergraphicsandinterac-
tive techniques page287-296 ACM Press1985.

H. Pirzadeh. Computationalgeometrywith the rotating
calipers. Masters thesis, School of ComputerScience,
McGill University, Montreal, Quebec,Canada,November
1999.

H. E.RushmeieandK. E. Torrance Extendingtheradiosity
methodto includespecularlyre ecting andtranslucentna-
terials. ACM Transactionson Graphics 9(1):1-27,1990.

C. Schlick. An Inexpensve BDRF Model for Physically
basedRendering. In Eurographics'94, pages149-162,
Sept.1994.

F. X. Sillion. A unied hierarchicalalgorithmfor global
illumination with scatteringvolumes and object clusters.
IEEE Transactionson Visualizationand ComputerGraph-
ics, 1(3):240-2541995.

P-P. Sloan,J. Kautz, and J. Sryder Precomputedradi-
anceTransferfor Real-Time Renderingin Dynamic, Low-
Frequeng Lighting Environments. In Proc. SIGGRAPH
July 2002(to appear).

J.SpanierandE. Gelbard.MonteCarlo principlesand neu-
trontransportproblems Addison-Wesley, 1969.

10

[26]

[27]

(28]

[29]

J. Stam.Multiple scatteringasadiffusionprocessin Euro-
graphicsRenderinghbrkshop1995 pages41-50,1995.

G. T. Toussaint. Solving geometricproblemswith the ro-
tating calipers. In Proceedingsof IEEE MELECON'83,
AthensGreece May 1983.

D. Wood,D. Azuma,K. Aldinger, B. Curless,T. Duchamp,
D. Salesin,and W. Stuetzle. SurfaceLight Fieldsfor 3D
Photography. In Proc. SIGGRAPH pages287-296,July
2000.

H. R. Zatz. Galerkinradiosity: A higher order solution
methodfor global illumination. In Proceedingsof SIG-
GRAPH93, page213-220,1993.



Figure 7. The horse model with unif orm marble and with added veins. The structures in the head and
leg areas are clearly noticab le. The bust on the right is rendered as skim milk.

Figure 8. The textured horse model lit from the top left, parallel to the horse. The left image shows
the local response , the middle the global response and the right image the combined result. Notice
that diff erent areas are illuminated due to local and global response .

Figure 9. The bird model with an arti cial material under unif orm illumination (left) and illuminated
by a white slide of increasing intensity (left-to-right: 1 uniform, 1, 3, 5, 10, 50). Note the color shift
from magenta to green.

11



