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Abstract

In precomputedradiancetransfer (PRT), the radiance
transferoperatoris precomputedn verticesof a mesh.
During renderingthe transferoperatoris combinedwith
illumination to produceglobal illumination effects at
real-time frame rates. However, visible error can be
introducedby interpolatingthe transferredradiancebe-
tween vertices. We proposeto adaptvely subdvide
mesheswith PRT in orderto avoid the interpolationer-
ror. The meshdensityis increasedvherethe transferred
radiancecanchangeapidly andintroducehigherror. We
exploit thefactthattheillumination frequeng in PRT is
boundedandthuswe areableto performthe subdvision
during the preprocessinghase. This obviatesthe need
for dynamicmeshsubdvision atrendertime. Theadap-
tive subdvision is guidedby an error measuréasedon
thetransferoperator

CR Categories: 1.3.7 [ComputerGraphics]: Three-
DimensionalGraphicsand Realism—ShadingShadev-

ing

Keywords: Adaptive subdvision, SphericaHarmonic
Lighting, PrecomputedRadiancelransfer

1 Intro duction

Precomputedadianceransfer(PRT) [Sloanet al. 2002;
Sloanet al. 2003]is a techniqueto computelighting on
3D modelsfrom arbitrarylow-frequeng directionallight
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sourcesin real-time. PRT supportsadvancedglobal il-

luminationeffectssuchassoft-shadws, interre ections
andsubsurécescattering.Sphericaharmonic{SH) are
usedin PRT to represenillumination and bidirectional
re ectancedistribution functions(BRDFs)[Westinet al.
1992;Kautzetal. 2002;Ramamoorth2002].

Thereis anextensve preprocesstepin PRT which sim-
ulateshow light is shadaved and/orre ected beforeit
reachesa point on an objects surfaceand how BRDF
turnsit into re ectedlight. Resultsof the preprocessare
storedthe in form of onetransfermatrix M, per “illu-

minationpoint” p. Theillumination pointscanbe either
objectverticesor texels of atexture mappedntotheob-
ject.

At rendertime, the transfermatrix M, is multiplied by
the SH coefcient vectorl representingheillumination.
Theresultingvectorly = Ml is thendottedwith thevec-
tor of SH basesvaluatedfor the viewing direction. This
is how the re ected luminance(color) is computedfor
the illumination points (vertices,texel centers).The lu-
minanceof imagepixels to which no illumination point
projectsis computedby linearinterpolation.

Theillumination points(pointsat which thetransferma-

trix was computed)form point samplingof the transfer
operatorde ned over whole objectsurface. If the sam-
pling densityis not high enough,artifactsoccurin the

reconstructeghading(Figure1(a)). A possiblesolution

to the transferoperatorundersamplings to increasethe

samplingdensityby uniformly subdviding trianglesor

increasingtexture resolution. However, in most cases
this wastesresourcedecausehe rate of changeof the

transferoperatoris usually highly non-uniformover the

modelsurface(Figurel1(b)).

We proposeo adaptvely subdvide meshesvith precom-
putedradiancetransferin a way thatre ects the rate of
changeof the tranferoperator(Figure 1(c)). Our aim s
to distributethe errordueto interpolationuniformly over
theobjectsurfaceby subdviding morewherethetransfer
operatorchangesapidly. Usingthefactthatillumination
frequeng in PRT (asin ary otherSH-lightingtechnique)
is boundedwe cansubdvide in thepreprocessinghase.
Thiswouldn't be possibléf illuminationfrequeny were
not boundedbecausef possiblesharpshadavs. Since



Appeaedin Proceeding®f SpringConfeenceon ComputetrGraphics(SCCG2004),ComeniudJniversity, Bratislava.

(@

(©

Figurel: Adaptive subdvision for the *column' model. The rst two rows shav the modelundertwo differentillumi-
nationsthethird row shovs thetriangulations(a) Original modelcontains200verticesand246triangles— too few to
capturethe shapeof thecolumnshadav correctly (b) Uniform subdvision (1565verticesand2584triangles)increases
thequality, but therearestill interpolationartifactsvisible ontheshadev boundarynearthe column.(c) Adaptive subdi-
vision (1188vertices 2828triangles)re nesthemeshnearthe columnandthe shadav is reconstructeavith lessvisible

artifacts.

we subdvide in preprocessye do not know the particu-
lar illumination thatwill beusedto shadethe object.We
thereforeestimatethe worst caseinterpolationerror for
trianglesover all possiblelluminationsandusethis esti-
matederrorasa priority of trianglesubdvision. To our
knowledgethis is the rst work thataddressethe prob-
lem of transferoperatorsampling.

We limit oursehesto the PRT on Lambertiansurfaces
with self-shadwing only (nointerre ections,no subsuf
facescattering).In this casethe transfermatrix reduces
to a transfervectort, andthe outgoingradianceat p is
computedas a dot productof transferandillumination
vectorshpjli.

2 Related work

The relatedwork on precomputedadiancetransferis
[Sloanet al. 2002; Sloanet al. 2003; Kautz et al. 2002;
Lehtinenand Kautz 2003], but thosepapersdo not ad-
dressthe samplingdensityof the radiancetransferoper
ator.

Thereis muchwork on adaptve subdvision in the eld
of radiosity e.g.[Myszkowski et al. 1994; Martin et al.
1997; Gibsonand Hubbold 1997]. None of theseap-
proachedlirectly appliesto our problem.Thefundamen-
tal differencelies in thefactthatin radiosity the illumi-
nationis x edandknown at subdvision time. The sub-
division criterion canthereforebe basedon a particular
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illumination. We facea different problem: the transfer
operatoris x ed, but theillumination is not. We do not
know theillumination at subdvision time andthe crite-

rion mustthereforebe basedsolely on the transferoper

ator

Anotherrelatedareais dynamiclevel-of-detailthattakes
shadingnto accounfXia andVarshng 1996;Choetal.

1996;Klein etal. 1998;Williams et al. 2003]. Unlikein

theseapproachegyuraimisto performthesubdvisionin

preprocesandobviate dynamiclevel-of-detailselection
at rendertime. We cando this becausehe illumination

frequeny in PRT is bounded.

3 Our Contribution

3.1 Problem statement

Given a triangle D = (v1;V2;V3) we wantto assesdhe
errorintroducedby interpolatingthe resultsof PRT from
vertices(v1; Vo; v3) insteadof computingthe PRT atary
point of the triangle. We arelooking for the maximum
of this error over all pointsx 2 D andall “unit power”
directionallighting functions':

JLXT)  Line(x: )i
L(x;") ’

= 1
® k’k=1;x2D ( )
whereL(x; ") would be the luminanceat x if PRT were
precomputedat x andLin:(x;") denoteshe interpolated
luminanceat x. We divide by L(x;") becauseaccording
to theWeberlaw [Ferwerda2001],we areinterestedn a

relative errormeasureatherthananabsoluteone.

Suchan error metric canbe used,e.g.,in the following
ways:

Color codede is presentedo the graphicsdesigner
sothathe or sheknows wherethe modelshouldbe
re ned.

e is usedto guide an automaticmeshsubdvision
algorithm.

Herewe dealwith the automaticomeshsubdvision.

3.2 Mesh subdivision

Theinput of the subdvision algorithmis a meshandthe
maximumallowed numberof triangles(trianglebudget).
The outputis the meshadaptvely subdvided to mini-
mizetheinterpolationerror The pervertex transfervec-
tors are computedconcurrentlywith the meshsubdvi-
sion. Thealgorithmstepsareshavn in Figure?2.

for (every meshtriangleD;) do
Estimatetriangleerror ey, .
if (ep, > threshotl) then
Insert(ep,; D) into the priority queue.
end if
end for
while (trianglebudgetnotreachedAND queuenotempty) do
Extracttriangle Dmax With maximume.
Subdvide Dmax.
for (every child c¢j of Dmay) do
Estimatechild error e .
if (&; > threshotl) then
Insert(e;; cj) into the priority queue.
endif
end for
endwhile

Figure2: Adaptive subdvision algorithm.

Theprioritiesaregivenby theestimateof errordescribed
in the next section. The subdvision we applyis a regu-

lar subdvisiondepictedn Figure3(a). No triangleshape
quality metricis used— it is theresponsibilityof thede-

signerto provide aninput modelwith well shapedrian-

gles. This subdvision schemecanintroduceT-vertices,
whichwe remove in a post-processingtepby additional
trianglesubdiision (Fig. 3(b), (c)).

We use this simple subdvision algorithm becausehe
subdvision schemaeitself is not the focus of this work.
We ratherconcentrat®nthetriangleerrorestimateguid-
ing the subdvision. A more sophisticatedsubdvision
schemas given,e.g.,in [Baumetal. 1991].

3.3 Error Estimate

Theerrormeasureve areseekingto estimates givenin
Equationl. We estimateit by assumingt to be propor
tional to the sumof local contrastsalongtriangleedges,
&  Qupvy) t Quava) t Guavy)- Thecontrasmeasurdor
edge(v1;V2) betweerverticesv, andv; inspiredby the
Michelsonconstrast is

jL(va;)  L(vay)j,
Kk=1 L(v1;") + L(vz;")

Qvi;va)

In the context of precomputedadianceransferon Lam-
bertiansurfacestheluminancel(x;") is givenby thedot
productL(x; ") = hjli, wherety is thetransfervectorat
x andl is the SH coefcient vectorof illumination. The
edgecontrastbecomes:

jhty jli - Rty jlij

Gv1iv2) klk=1 m

1De ned asw, whereLmax is theluminanceof alighterarea
min
of interestandLp,, is theluminanceof anadjacentarker area.
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Figure 3: Triangle subdvision usedin the algorithm.
(a) Regular subdvision. (b) Subdvision usedin post-
procesgo remaove T-vertices.(c) Exampleof a T-vertex
removal usingthe subdvision form (b).

jhty,  ty,jlij
kik=1 My, + ty,jli
_ maxj kty, ty,kklkcost(ty, ty,;l)j
klk=1 ktvl + t\/2k k|kCOS§(tV1 + tVZ; |)
jkty, ty,KCOSB(ty, ty,l)j
klk=1 ktV]_ + tV2kCOS6_(tVl + tV2; I) ’

An additional constrainton the illumination vector |

is that it representsa non-ngative function (light is

never neggative). We want to maximize the func-

tion jcosB (ty, ty,;l) j=cosB(ty, + ty,;1) over all non-
negative unit illuminations. We haven't succeededn

solvingthis problemanalyticallyandinsteadwe assume
that the maximumis a constantndependenof t,, and
tv,. Weused

v @

V1 V2

asthe rst measureof the edgeerror. The disadwantage
of this error measurds that it promotessubdvision in
shadevedareagoo much.Thisis becausef thedenom-
inator kty, + ty,k in Equation2; the moreshadeved the
triangleis, the lower kty, + ty,k is and gy,.,) becomes
very high even for low differencebetweenthe transfer
vectorsty, andty, (Figure4(a)).

Quivo) =

This obsenationmotivatedusto remove the problematic
denominatoandusethe errormeasure

Bvivy) = ktVl tVzk; 3

whichis simply the L2-distancebetweervectorst,, and
ty,. The resultsobtainedwith this error estimate(Fig-
ure4(b)) correspondo our expectationdetterthanthose

(@) (b)

Figure4: Comparisorof the errormeasure$2) and(3).

(a) Error measurg2): division by kty, + ty,k promotes
subdvision in shadeved areas.The planeunderthe box

andthebottomof thebox aresubdvidedtoo much,even

thoughthe gradientof illumination in thesepartscannot
behigh. (b) Errormeasurg3): thedenominatofrom (2)

is removed. The bottom of the box is lesssubdvided.

Thereis moresubdvision on the sidesof thebox andon

theplanearoundthebox, wheretheilluminationgradient
canbehigh.

obtainedwith Eq. 2. By further experimentationwe
have found that error measure(3) gives good results
for at surfacesput promotesoo mary subdvisionson
cuned surfacesin comparisorto at ones. To rectify
this problemwe divide measure3 by the divergenceof
triangle normals. The nal error measurefor triangle
D= (V1;V2;Va) is

_ ktvl tV2k+ ktVz

1+ aé nq;

tv3k+ kt\/3 tvlk

N+ no+ns
kni+ no+ ngk

;@)

wherea is a userspeci ed constantandny, n», nz are
trianglenormals.
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Figure5: (a) Uniform subdvision (1953 verticesand 3504 triangles). (b) Adaptive subdvision (1540 vertices,3720

triangles).

4 Results

Figure 1l shavs renderingof a modelwith threediffer-
entsubdvisionlevels. The rst two rowsshav themodel
undertwo differentilluminations, the third row shavs
the triangulations. We usedsphericalharmonicsof or-
der 6 for precomputedadiancetransfer(length of the
transfervectoris 36). The modelis illuminated by an
approximatiorof a pointlight source Figurel(a)shovs
the original model containing200 verticesand 246 tri-
angles. This is not sufcient to samplethe transferop-
eratoradequatelyandresultsin severeinterpolationarti-
factsin theshadaev. Figure1(b) shawvs uniform subdvi-
sionof theoriginal model(1565verticesand2584trian-
gles). This leadsto a sufcient samplingof the transfer

operatorfartherfrom the column, but therearestill vis-
ible artifactson the shadev boundarynearthe column.
Figurel(c) shawvs theresultsof our adaptve subdvision
(1188vertices,2828triangles). The planeis subdvided
much more nearthe columnwherethe shadav can be
quite sharp.The artifactsnearthe columnaremuchless
visible.

Figure5 compareainiform andadaptve subdvisionin a
more complicatedcon guration. With the uniform sub-
division, the transferoperatoris undersampledn the
oor in proximity of the knot object. Adaptive subdi-
visionre nesthemeshmorein thisareaandremovesthe
mostsevereartifactsfrom the uniform subdvision.
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5 Conclusions and Future Work

We have presentedain approachto adaptve subdvision
of mesheswith precomputedadiancetransfer The ob-
jectiveisto decreas¢heinterpolatiorerrorthatcanoccur
if the radiancetransferoperatoris undersampled.The
subdvision is performedin preprocesandno dynamic
subdvision is thereforerequired at rendeftime. The
mostimportantpartof thesubdvisionalgorithmis theer
ror measuravhich estimatesheworstcasenterpolation
error for a triangle over all possibleilluminations. We
proposedan empiricalmeasurehat wasinspiredby es-
timatingworstcasecontrastover triangleedges.For our
testsceneghe renderingquality with adaptvely subdi-
vided modelsis superiorto thatof uniformly subdvided
models.

In futurework we planto extendtheapproacho precom-
putedradiancetransferwith generalBRDFs. We also
wantto relatethe error measureon curved and at sur
facesn amoreprincipledway.
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