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Abstract

This papempresentsinew techniqueor renderingoidirectionaltex-
ture functions (BTFs) at different levels of detail (LODs). Our
method rst decomposesachBTF imageinto multiple subbands
with a Laplacianpyramid. Eachvectorof Laplaciancoefcients
of a texel at the samelevel is regardedas a Laplacianbidirec-
tional re ectancedistribution function (BRDF). Thesevectorsare
then further compressedby applying principal componentsanal-
ysis (PCA). At the renderingstage,the LOD parameteffor each
pixel is calculatedaccordingto the distancefrom the viewpoint to
the surface. Our renderingalgorithmusesthis parameteto deter
mine hov mary levels of BTF Laplacianpyramid arerequiredfor
rendering. Underthe samesamplingresolution,a BTF gradually
transitsto a BRDF asthe cameramaves away from the surface.
Ourmethodprecomputeshis transitionandusest for multiresolu-
tion BTF rendering.Our Laplacianpyramid representatiomallows
real-timeanti-aliasedenderingof BTFs usinggraphicshardware.
In additionto provide visually satishictory multiresolutionrender
ing for BTFs,our methodhasacomparableompressiomateto the
availablesingle-resolutioBTF compressiortechniques.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Antialiasing;1.3.7 [Computer Graphics]: Three-
DimensionalGraphicsand Realism—Color shading,shadaving,

andtexture

Keywords: levels of detail, bidirectionaltexture function, anti-
aliasing,real-timerendering

1 Intro duction

Over the pastfew years,we have seenanimpressve improvement
in the capabilitiesof graphicsprocessingunits (GPUs). Among
mary revolutionary featuresthe mostfascinatingachi&zementis
therealizationof GPU programmabilityfor real-timerealisticren-
dering. Today real-timerenderingechniquefiave beerwidely uti-
lizedin videogamesHowever, evenwith thehelpof today's graph-
ics hardware, the visual quality of mostgamesis still not aspho-
torealisticaswe might expect(althoughnot every computergame
needsthis characteristic).One of the reasondehindis that most
materialsof 3D objectsare still only modelledby a combination
of multiple textures,suchasthe combinationof bump, shininess,
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Figurel: Comparisondetweerthe BTF renderingsith andwith-

out LOD representation.On the left, we shav a model mapped
with a BTF. On the right, the top portion shaws the renderingre-

sultwithout LOD andthe bottomshaws theresultswith LOD. The
smallerimagesarethe original imagedisplayedon the screenand
thelargeronesaretheirmagni cations.WithoutLOD, therearethe
artifactsof jaggy lineson the model. With LOD, theseartifactsare
removed.

specularanddiffuse maps. Sucha materialsynthesigechniques
widely adoptedy gamesecausdt is suitablefor GPUimplemen-
tation. For example,in Xbox's Halo 2 [Bungie 2004], mostof the
objectsarebumpmappedo createdepthillusion. However, bump
mappinghasits limitations. It only captureghe shadingcausedy
normalvariation,but notthevisually importanteffectssuchasself-
shadaving, maskingandcomple non-difusere ection. To render
more realistic materialsinteractiely, thereis a needfor the gen-
eralandefcient representationsf complex materialssuitablefor
real-timerendering.

BTFis anextensionto texturesdependentnthelighting andview-
ing direction and s suitablefor modelingcomplex materialsfor
real-timerendering.While renderingof BTF hasbeenextensively
studiedfor years,to bestof our knowledge,thereis no multires-
olution techniquefor anti-aliasedBTF rendering. Multiresolution
techniquefor texturing is importantasit allows anti-aliasingand
efcient rendering. The goal of this paperis to bridgethis gapby
providing a multiresolutionrepresentatioffior real-timerendering
of BTF atdifferentLODs.
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Figure2: lllustrationof the LOD issuein pixel shading.

Appearanceof real materialshasdifferent LOD properties. Re-
ectance of homogeneoumaterials which canbe representedyy
a singleBRDF, hasno LOD issue:becausehe BRDF is only the
ratio betweenincomingandoutgoing ux. Theratio is alwaysthe
samedespitethe distanceto the camera. However, complex ma-
terialsrepresentetty BTF aredifferent: underthe samesampling
resolutionthe BTF ratio couldbedifferentasthedistancgrom the
camerato the objectchanges.For example,if we take alook ata
weave cloth closely the knitting patternsare visible and distinct.
Ontheotherhand,if theclothis locatedfar away from us,we can
hardly seethesedetails.

Take Figure2 asan example. Two pixels are projectedon areasa
andb, which areon surfacesA andB respectiely. Without loss
of generality the areaof b is larger thana becausesurfaceB is
fartheraway from the viewpoint. If the samplingratesat a and
b are equal, more samplesare requiredto preciselycalculatethe
color of b. The implicationis thatit actually takes moretime to
correctly shadethe areawhich is far from the viewpoint. This is
notreasonabl@andrun-timeinef cient, sinceusuallywe paymore
attentionto the shadingof the objectsnearthe cameranot the far
background.Hardware multisamplingcannotsolwe this issuebe-
causdéhenumberof sampless notproportionatto the pixel projec-
tion area(it is basedipon x edsubpixel samples)Insteadof trying
to integratethe sampleon-the- y, we proposeanideacalledpre-
computed_OD re ectanceto solwe this problem: the appearance
(re ectance)of differentLODs shouldbe precomputedndstored
for lateruse. In this paper we proposean LOD representatioof
BTF basedn Laplacianpyramid. Our speci ¢ contributionsare:

1. LOD Representationfor BTF Rendering: At the render
ing stage,the numberof texture accessdependson which
LOD is chosenlf thesurfaceis far away from the viewpoint,
fewerlevelsarerequiredto reconstrucits BTF. Thereforethe
numberof textureaccesses reducedandthe performanceés
enhanced.Thus, the proposedmethodcan achieve the anti-
aliasedBTF renderingn real-time.

2. Good CompressionRate of BTF: Althoughour initial goal
is theanti-aliasedandef cient renderingof BTFs, our repre-
sentatioralsohasa comparableompressiomateto the other
available BTF compressiomnmethods. It is becauseour BTF
Laplacianpyramid not only providesa multiresolutionrepre-
sentationbut alsoremoves much of the texel-to-texel BRDF
correlation.Hence thenormsof mostof the LaplacianBRDF
vectorsarearoundzero. Therefore the varianceandentroy
arereducecanda goodcompressiomateis achieved.

2 Related Work

Our methodbuilds uponprior work in the elds of BTF andLOD.
This sectiongivesa brief overview of the relatedwork and back-
groundknowledgerelevantto the problemwe try to address.

21 BTF

Danaet al. [1999] proposedthe BTF representatiorio represent
theappearancesf real-world surfaces A BTF is asix dimensional
re ectance eld:

F(p; wi; Wo); 1)

which connectdor eachtexture coordinatep the outgoingdirection
W, to theincidentdirectionw;. Theraw dataof a BTF is a series
of imagestaken from differentviewpoints undervariousincident
lighting conditions.Usuallytherearetwo waysto arrangehe BTF

data: oneis to treatit asa setof BTF imagesF "% (p), which is

the imagefor the lighting directionw; andthe view direction wp;

anotheiis to take it asa setof pertexel BRDFsF P(w; wp), which

is the setof colorsatapixel p underdifferentviewing andlighting

directions.

Due to its high dimensionality a BTF requiresgigantic memory
spacefor storage(usually more than hundredsof mega-bytes).
Hence,similar to mostimage-basedenderingapproacheshow to
efciently compressand manipulatethe BTF becomesan impor-
tantissue.MethodssuchasPCA [Sattleretal. 2003;Milller et al.
2004a], chainedfactorization[Suykens et al. 2003], re ectance
eld [McAllister 2002; Mesethet al. 2004], and vector quantiza-
tion [Leung and Malik 2001] have alreadybeenadoptedto deal
with the BTF in orderto getbetterrun-timeefciency. Recently
multilineardecompositions alsousedfor BTF analysigVasilescu
andTerzopoulo2004]. Ma etal. [2004] proposedo split theBTF
into two bands:a lowpass(an averageBRDF of the material)and
a highpasshand(shadingeffects of surfacemesostructures)The
lowpasshandis tted by the Phongshadingmodel. This operation
compressethelowpassbandto only afew of coefcients (shading
parameters)For the highpasdand,a polynomial-base@¢ompres-
sionmethodis appliedto it. However, the highpasgandstill com-
priseshadingsignalswith variousfrequenciesDirect compression
of theintermixedhighpas$andmayresultin alessaccurateecon-
struction,in otherwords,the lossof visible shadingvariations. It
is alsohardto computethe coefcients of high powver termswith a
polynomial-basednethodbecaus®f the restrictionson numerical
precision.

How to renderBTF in real-time becomesanotherimportantis-

sue. Mary recentmethodsdemonstratehe ability of rendering
a single BTF mappedobjectin real-time. Thesemethodsusu-
ally take advantagef the graphicshardwareto achieve real-time
performance.For the readerswho areinterestedn BTF process-
ing and rendering,we recommendhe excellentsuney paperby

Miller etal. [2004b].

2.2 LOD

LOD hasmary applicationsn graphicssuchasmeshsimpli cation
andterrain rendering. Here, we only discussthe LOD methods
relatedto materialshadingandrendering.

Renderingn differentLODs is very importantin computergraph-
ics. In adynamicscenea comple-shadedbjectcould beviewed
at different distancesfrom the viewpoint. As the object moves
further away from the viewpoint, one may notice someokvious



Laplacian PCA Laplacian BTF
BTF Weight Maps Principle Components
€y _Di
BTE Per-Pixel
b oo P
DO
7}’ &
4
/ e,
7 ; .
Fy > D, i wat/ Synthesis Rendering
% Laplacian PCA ///// Reslt
Transform L Compression G
4’& Shading
- 5 Fitting Shading
: Mean Vector » Parameters

Figure3: lllustration of the proposedalgorithm. First, a Laplaciantransformis appliedto the BTF images.Then,the BTF subbandswhich
containinformationof image-basedppearancarefurthercompressetly PCA. The meanvectorof thetop level Laplacianpyramidis tted
by a parametricshadingfunction. With the extractedeigenLaplacianBRDFs and shadingparametersye canreconstructhe BTF at the

pixel shadeistage.

aliasingartifactssuchas shimmering,scintillation, and the Moiré

patterns. The most popular anti-aliasingmethodfor texturesis

mipmapping[Williams 1983]. Mipmapping works by creating
lower resolution, pre Itered versionsof the texture map. Dur-

ing rendering the mipmapat the appropriateresolutionis chosen.
Hence thetexturepixels (texels)arealreadyproperly Itered when
they arerenderedon the screen. The intent of mipmappingis to

keepthe pixel-to-texel atleast1:1in orderto catchup the Nyquist
rate, or in otherwords, to avoid aliasing. However, mipmapping
canonly beappliedon colortexture. Shadingparametemapssuch
asshininessnapcannotapply mipmappingbecausé is not physi-
cally correct.

For achieving LOD of arbitrary shading,Goldman[1997] created
multiple shadersnanuallyin orderto renderfur at differentLODs.

Meyer et al. [2000] proposedan analyticalshadermodelbasedon

micro-geometrye ection for renderingaforestof pine-treesSelf-

shadaving andvisibility aretakeninto accounin theshaderswith-

outhaving to samplethem. Adabalaet al. [2003] demonstratethe

ability of renderingwoven clothesat any LOD. For LOD of nor

malmaps Fournier[1992] suggestetb useanormalmappyramid,

whereeachlevel storeddistributionsof surfacenormals.Thesedis-

tributionsarerepresentedssumsof a smallnumberof Phong-lile

spread®f surfacenormalsatagivenresolution.Kautzetal. [2001]

presented methodthatautomaticallysynthesizebumpmapsatar

bitrary LOD usinga normaldensityfunction. Toksvig [2004] pro-

posedamipmappingechniqueof normalmapswhichusesshorten-
ing asameasuref normalvariationto eliminatespeculahighlight

aliasing.

Run-timeef ciency is anotheiimportantLOD topic, aspointedout
by Olanoet al.[2003]. They proposedan automaticshadersimpli-
cation algorithm. The basicideais to manuallyidentify blocksof
shadercodethat are candidatedor reduction. And then,an LOD
shaderis createdautomaticallyby assemblinghesecode blocks
with appropriateconditionals. The LOD could be chosenby dif-
ferentviewing distances. They also mentionedthe possibility of
usingdifferentLOD selectiorcriterions,suchashardwareresource
limits.

3 Algorithm

In thissectionwe describeouralgorithmfor generatingndrender

ing the LOD representationsf BTFs. Figure3 shavs anovervien

of our algorithm. The methodfor generatingthe LOD represen-
tation consistsof threestages:bandsegmentationof BTF images
with Laplacianpyramids(Section3.1), compressiorof Laplacian
BRDFswith PCA (Section3.2), and datapacking (Section3.3).

For renderingthe LOD representationi real-time,we rely on the

power of modernconsumegraphicshardvare(Section3.4).

3.1 Band segmentation of BTF images with Lapla-
cian pyramids

Theinputto our algorithmfor generating.OD representations a
BTF, F(p; w; wo). We take BTFsfrom the BTF databasgrovided
by University of Bonn 1. In this databasefor eachmaterial,6,561
imagesaretaken (81 lighting and81 viewing directions)to sample
thevariationsof theappearance.

Toreducethecolor correlationfor highercompressiomate,we rst
corverteachBTF image,F ™" (p), to the YCbCr color space We
thenperformamultiresolutionanalysidor eachchannekeparately
For eachcolor channel,we decompose BTF imageinto multi-
ple subbandaising Laplacianpyramids[Burt and Adelson1983].
TheresultedLaplacianpyramid representsinimageasa seriesof
bandpass- lteredmagesgachsampledatsuccessiely sparsespa-
tial densities. The scaleof the Laplacianoperatordoublesfrom a
level to the above level of the pyramid, while the centerfrequeny
of the passbands reducedby an octare. The Laplacianpyramid
is a versatiledatastructurewith mary attractive featuresfor im-
ageprocessingOneessentiapropertyof Laplacianpyramidis that
the rst-order statisticsof the bandpassitered imagesare highly
pealed aroundzero,which meanstheseimagesarelargely decor
relatedandcanbe highly compressedAnotherolvious option for
bandsegmentationis the wavelet transform. We choseLaplacian
transformbecauset requireslesscomputationandis easierto be
implementecn GPU.

Lhttp://btf.cs.uni-bonn.de/



Figure4: Elimination of shadingdiscontinuityusinga parametric
shadingunction. Ontheleft is the BTF renderingusingthenearest
lighting and viewing directions,which producesa distinct zigzag
pattern.Ontheright, a parametricshadingmodelis usedto rectify
theresult.

We obtaina Laplacianpyramidfor a BTF imageby repeatediyap-
plying thefollowing procedure:

Fei(p) =#pa(p) R (p); @)

L ™e(p) = R (p) " p R (p); 3)

where Fy"""(p) = F%"(p) is the original BTF image and
Fe""(p) is the resultof applyingan appropriatelow-pass lter
g(p) andthe downsamplingoperation#, on F.;1*(p). The di-
mensionof F"*(p) is 1=2¢ of the dimensionof the original BTF
image. The kth-level BTF Laplaciancoefcients, L' is the
bandpasdtered imageobtainedoy subtractinghelowpassitered
Feyq? from B as shawn in Equation(3), where" , donates
the upsamplingoperation. We performthe abore procedurel max
times. The Laplaciancoefcients L{""*(p); ;L}"’r'n’::" ,(p) andthe

lowpassltered imageF,"r‘m’:;':""( p) arekeptto build a(/ maxt 1)-level

Laplacianpyramid. In our implementationwe chosea3 3 box

Iter for downsamplingandlow-passltering, andusedthenearest
neighborasthe upsamplingoperation.

3.2 Compression of Laplacian BRDFs with PCA

We stackall the LaVE.Iaciancoefcients at level k obtainedin the
previous section, Lk"W°(p), togetherto form the LaplacianBTF
at level k, Ly, whereLy(p;wi;wo) = L"""*(p). EachLaplacian
BTF Lk canbe regardedas a setof pertexel LaplacianBRDFs,
LE(W; Wo). We treateachlLaplacianBRDFs LE asa vectorand
performPCA on thesevectorsto nd the n mostdominatingprin-
cipal componentsat level k, &, j = 1:n. We call g; the j-th
LaplacianBRDF principal componentor eigenLaplacianBRDF)
atlevel k. We canthenapproximataeachLE(W; Wo) usingalinear
combinatiorof e;:

n
LP(wiwo) & dj(pag(w;we) + m(wi; wo);
=1

wheredy;(p) storesthe PCA weightsfor a pixel p and ny is the
meanof LaplacianBRDFs.Dueto the propertyof Laplaciantrans-
form, m is actuallyequalto a zerovector sowe canapproximate
thewholeLaplacianBTF atlevel k as

Li(pwi; wo) & dj(P)ex (Wi Wo): @)
j=1

Hencefor eachLaplacianBTF, Ly, we only needto storetheeigen
LaplacianBRDFsey; andthe correspondingveightsdy; for recon-
struction.

We stoptheconstructiorof the pyramidwhenthenumberof Lapla-
cian BRDFsis closeto n and PCA is not necessaryary more.
For the top of the Laplacianpyramid, F; _, we alsoapproximate
it by PCA. However, F; _ is alowpass Itered imageinsteadof
Laplaciancoefcients, soits meanvectoris not zeroandhasto be
stored. As suggestedy Ma et al. [2004], we t the meanvec-
tor m__(w;wo) of Fy by a parametricshadingfunction. It is
becauseafter several passe®f lowpassltering, only thelow fre-
queng appearancef aBTF, suchasthe diffusecomponentsstays
inm__(w;w). Henceiit is usuallysufcient to t m__(w;wo)
with aparametricshadingnodelandonly to storethe tted shading
parametersldeally, acomplex BRDF modelcouldbeused.In our
implementationwe usedthe Phongshadingmodelbecauset is a
built-in shadingmodelin GPU andwe found it sufcient for the
materialswe have experimented Hence,we approximater; _ by

n?max:
P (Wino) = ka+ kg(N L)+ ks(N H)?; (5)

wherek, is the ambientcontribution, kg is the diffuse coefcient,

ks anda arethespecularcoefcients, N = (0;0; 1) is thenormal,L

dependon w; andH is a functionof w; andw,. To nd theshad-
ing parameterg,, kg, ks anda, we usedthe Levenbeg-Marguardt
algorithmfor theresultednon-linearoptimizationproblem.

Anotherbene t of usingashadingnodelinsteadf storingtheorig-

inal meanvectorm _(wW;wp) is thatwe canavoid the shadingdis-
continuitieswithout usingexpensve interpolationoperations.Be-
causeBTF is only sampledrom asetof viewing andlighting direc-
tions,to evaluatem _ (w; wo) for anarbitrarysetof w andw,, one
solutionis to interpolatethe nearbysampleqLiu et al. 2004; Sat-
tler etal. 2003] by assuminghat m __ is a piecavise-linearfunc-
tion. However, the interpolationoperationan expensve operation
on GPU. Also, sincem __ is an averageof pertexel BRDFs, it

shouldbe betterapproximatedy shadingmodels.Figure4 shavs
the comparisondbetweerusingthe nearesheighborandthe shad-
ing model.

Notethatthe above approximatioris only valid for theY channel.
For the Cr and Cb channelswe found thattheir meanvectorsfor

F ... arenearlyconstanwith respecto the changeof lighting and
viewing. Hence for meanvectorsin Ch (andCr) channelsye only

approximatdt asa constanfunctionwhosevalueis the averageof

all theCb (or Cr) valuesg, thatis,

nf(wiwo) = T ©)

3.3 Data packing

We assumehatthe original BTF is consistedbf p g 24-bitRGB
imagesof sizer r, wherep andq arethe numberof lighting and
viewing samplingdirections. To ef ciently renderthe LOD repre-
sentationusing GPU, we have to compactlypackthe LOD repre-
sentatiorinto several texture maps.For that purposewe useeight
eigenLaplacianBRDFsfor Y channelndtwo for CbandCr chan-
nelsateverylevel. TheLOD representationanthenberepresented
astwo texture mapsfor ef cient BTF renderingon GPUs:

1. EigenLaplacianBRDFmap EacheigenLaplacianBRDF, as
shavn in the top of Figureb5, is talulatedandindexed by a
light-view index Tpc = (Tw;; Tw,), WhereTy, and Ty, arethe
sequence&umberscorrespondingespectiely to the lighting
andviewing directionsthat BTF imagesweresampled.This
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Figure5: On the left, eigenLaplacianBRDF map (top) and PCA
weightmap(bottom)areshavn. Themapdatais scaledandshifted,
andonly RGB channelsare displayed. On the right is the corre-
spondingarrangementsf the maps. Eight eigervectorsarestored
for Y channe(Y; g) andtwo for CbandCr (Cby 2;Cry ).

mapis storedasa 3p (I max*t 1)q 128-bitRGRA oating
pointtexture,andthetotal sizeis 48pq(/ max+ 1) bytes.

2. PCAweightmap We packthe PCA weightmapsat different
levels into a single squaretexture, as shavn in the bottom
of Figure5. This mapis storedasa2r 2r 128-bitRGBA
oating pointtexture,andthetotal sizeis 64r2 bytes.

In our experimentsg= p= 81 andr = 64. Hence,the size of the
original BTF datais 80,621,56&ytes.We choosd max= 4. There-
fore, the sizeof eigenLaplacianBRDF mapandPCA weightmap
is 1,574 640and262 144 bytesrespectiely.

3.4 Rendering

Thewholerenderingoroceduras executedby GPU.For eachpixel,
we usea pixel shademprogramto performthe following stepsto
calculateits pixel color.

1. Obtain the surfacetexture coodinate and the light-view in-
dex. For the pixel to be renderedwe rst obtainits surface
texture coordinatep asthe index to acces$?CA weightmap.
Let wi andw, bethelighting andviewing directionswith re-
spectto the pixel to berendered First, we have to obtainthe
correspondingsequencaenumbersto index the eigenLapla-
cian BRDF map. For that purposewe usethe nearesneigh-
bor approach.Thatis, we nd the closestlighting(viewing)
directionto w;(wp) at which BTF was sampled,and useits
correspondingequenc@umberto index the eigenLaplacian
BRDF map. To speedup the nearesneighborsearchjn the
preprocessingtagewe preparealookuptableto storethe se-
guencenumberof the closestdirectionfor mary directions.
We canthendeterminethelight-view index Tyc for wi andwyg
by simply looking up this map.

2. Determinethe LOD parameter We usetherange-basedOD
selectiormethod Ak enine-Mdller andHaines2002]to obtain
a continuousLOD parameterl between0 and/ nax. More
speci cally, I = min(/ max max(log,(d); 0)), whered is the

distancefrom the viewpoint to the surfacepoint correspond-
ing to the pixel to berendered.

3. Obtain the eigen Laplacian BRDFsand PCA weights For
eachlevel k, bl ¢k | max wecomposdwo n-dimensional
vectors: (a) PCA weight vector Dy, in which Dy[j] =
dkj(p):1 j n, and(b) eigenLaplacianBRDF vectorEy,
in which E¢[j]1= &j(Tpc);1 j n. Thesevectorsarecom-
posedby directly looking up the PCA weight map and the
eigenLaplacianBRDF mapusingp andTpc.

4. Calculatethe pixel color. Thepixel coloris calculatedas
!

I max
a WDFEc + nfmax(w,; Wo); (7
k=bl ¢

wherew, = min(max1 [ +k;0); 1) istheweightfor thecon-
tribution of level k of I andthe vector nfmax(w;wo) is the
F; .., meanvectorapproximationdescribedn Equations(5)
and(6). Finally, we convertthe YCDbCr pixel color backto the
RGB color space.

Themaximallevel, | max affectsthe numberof textureaccessn the
renderingstage. The reconstructiorof a singlelevel requiressix
textureaccesses.

4 Results

We useda desktopPCwith anIntel Pentium4 3.0GHzCPU,1GB

memoryandan NVIDIA GeForce 6800 GPU with 128MB video

memoryto demonstrat®ur system. Vertex and fragmentshaders
were implementedwith the NVIDIA Cg shadinglanguage. The

window size of the renderingsystemis 1024 768. Under this

presetcon guration,the lling rateof 30+framesperseconccould

bereachedHowever, becaus¢healgorithmis Il-limited, therun-

time performancevariedwith the numberof pixelsontheprojected
image.

41 LOD

Figure 7 compareghe imagesgeneratedvith and without LOD

BTF rendering WithoutLOD renderingdistinctMoiré patternge-

vealwhentheobjectis rendereditadistance Theproposednethod
providescontinuoud_ODs usinglinearinterpolationdbetweerev-

els. Our LOD BTF representatiorsuccessfullycapturesthe pro-

gressve transitionbetweenBTF and BRDF. The performanceof

our renderingsystemvarieswith differentselected.ODs: lessde-
tailed BTF renderingresultsin a fasterframe rate becausdewer

texture accessesare needed. (Notice that GeForce 6 Seriessup-
port dynamicbranching which allows true loopsandconditionals
in shadeprograms We usedconditionalsn thefragmentshadeto

determinawhich level we needto access.)

4.2 Compression

Using the datapackingschemadescribedn Section3.3, the total
size of the compressedatais 1;836 784 bytesandthe compres-
sionrateis 43.9x. Table1l liststhemeansquaresrrors(MSE) of the
reconstructiongor differentmaterials. The measurementf error
is thesameassuggestethy Mesethetal. [2004]. Notethatmostof
the shadingvariationsandreconstructiorerrorslie in theY chan-
nel. Figure6 shaws thereconstructiorerrorsin the Y channelwith



Material Average Minimum  Maximum
error error error

Y 0.0285 0.0161 0.0379

Wool Cb  0.0075 0.0037 0.0128
Cr  0.0089 0.0048 0.0146

Y 0.0359 0.0182 0.0925

Impalla Cb  0.0046 0.0033 0.0083
Cr 0.0040 0.0027 0.0064

Y 0.0137 0.0069 0.0373
Wallpaper Cb  0.0034 0.0025 0.0080
Cr 0.0028 0.0019 0.0079

Y 0.0302 0.0186 0.0404

Proposte Cb 0.0104 0.0063 0.0200
Cr 0.0081 0.0049 0.0133

Y 0.0254 0.0142 0.0354

Cordury Cb  0.0068 0.0041 0.0085
Cr 0.0043 0.0028 0.0059

Tablel1: BTF reconstructiorerrorsof differentmaterialsin the'Y,
Cb and Cr channelsusing the datapacking schemadescribedn
Section3.3. This tablejusti es why we allocatemore spacefor
theY channethanCb andCr channelsNoticethateightprincipal
componentsvereusedfor theY channein thistable.

respectto the numberof principal componentaised. This gure
justi es our choiceof usingeighteigenLaplacianBRDFsfor the Y
channel.

5 Conclusions and Future Work

We have presentech methodwhich introducesLaplacianpyramid
into the BTF renderingframenwork to achieze continuoud_OD ren-
dering. We take an arbitrary BTF asthe input, build a multires-
olution representatiomnd useit for shadingreconstructiorat the
renderingstage.The advantageof the proposed_OD BTF repre-
sentatiorinclude:

1. Anti-aliasingrenderingis achiezed by our LOD BTF repre-
sentation. Subbandof the BTF progressiely contritute to
therenderingresultaccordingo theviewing distance.

2. At therenderingstagethereal-timeperformancelepend®n
which LOD is chosen.If the BTF surfaceis far away from
the viewpoint, fewer BTF levels are requiredto reconstruct
the appearanceTherefore the numberof texture accesseis
reducedandtheframeratecouldbeincreased.

3. Thecompressiomateof our subbandompressiomethodfor
BTFsis comparableo the bestavailable BTF compression
methods.

BTF is aneffective representatiofor complex materialsandthere
arenumberof waysto male it morepracticalto be usedin gameor
Im industry We would like to proceeda betteranalysison BTF
subbanddata. We alsolike to study and implementthe wavelet-
basedBTF representationandtry to integrateit into the wavelet
lighting framavork [Ng et al. 2003; Ng et al. 2004]. In addition,
how to synthesizehe BTF on arbitrarysurfacewith our represen-
tationis alsoan challenge.We alsoplanto studyon othertopics
suchas large-scaleBTF acquisitionand synthesis(suchas grass
eld, sandybeach forestandsoon)andtheimportancesampling
for fasterBTF acquisition.
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Figure 6: Plot of the reconstructiorerrorsin the Y channelwith

respecto the numberof principal componentsThis plot indicates
thatit is sufcient to useeightprincipalcomponentfor mostma-
terialswe have tested.
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Figure8: Renderingresultof differentmaterialsundervariouslighting conditions. Fromtop to bottom: impalla, wallpaper proposteand
cordurg. (Modelscourtesyof NVIDIA Corp.)



