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Abstract. A separablelecompositiorof bidirectionalreflectancalistributions
(BRDFs)is usedto implementarbitraryreflectancefom point sourcen exist-
ing graphicshardvare. Two-dimensionatexture mappingandcompositingop-
erationsareusedto reconstrucsamplef the BRDF atevery pixel atinteractie
rates.

A changeof variablesthe Gram-Schmidhalfangle/diferencevectorparameter
ization,improvesseparability Two decompositiomlgorithmsarealsopresented.
ThesingularvaluedecompositioffSVD) minimizesRMS error Thenormalized
decompositions fastandsimple,usingno morespacehanwhatis requiredfor
thefinal representation.

1 Introduction

Traditionallyhardwarerenderer®nly supporthe Phonglighting model[19] in combi-
nationwith Gouraudshading.However, the Phonglighting modelis strictly empirical
andphysicallyimplausible. Gouraudshadingalsotendsto undersampléhe highlight
unlessa highly tessellatedurfaceis used.

In generalsurfacereflectanceanbedescribedisingabidirectionalreflectancealis-
tribution, or BRDF. Thereflectancequatiordescribesheoutgoingradiancel,(w,, X)
in direction®, ata surfacepointx asanintegral over theirradianceL;(@;, X) cosy 6;
atthatsurfacepoint weightedby the BRDF f (&, X, @;):

Lo(@0x) = / F (o X0 @5) Lis(@3, X) cos.y 6: dis,
Q

with cos, 6; = max(®;-N, 0) wheref isthesurfacenormalatx andQ? isthehemisphere
of incomingdirections.For M pointsourcesthereflectancentegralreduceso

M
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wherer; is thedistanceo light sourcei and; is its intensity While pointsourcesare
notideal (glossysurfacesdon' really look glossyunlessthey reflectthe environment),
we would still atleastlike to rendersurfacesatinteractie ratesusingthis model,with
arbitraryBRDFs,evaluatedat perpixel resolution.

Neglectingx (andwavelength), BRDFsareparameterizety at leastfour degrees
of freedom. Analytic evaluationof a BRDF is possibleusing programmableshaders



[18], but suchcapabilitiesarenot yet widely availablein hardwareandmeasuredlata
still cannotbeuseddirectly. TabulatedBRDFscouldbeimplementedn hardwareusing
four-dimensionatexture maps,but this would be expensve: 50MB would berequired
for (therelatively low) resolutionof 64* atthreebytespersample.To rendermultiple
surfaceswith differentreflectancdunctionsatinteractive ratesacompressedepresen-
tationthatusesexisting two-dimensionahardwaretexturing capabilitieds desirable.
Recentlyseparabledecompositionhave beenproposedor compressingBRDFs
[4,5, 22]. Separablelecompositionapproximatéto arbitraryaccurag) ahigh-dimen-
sionalfunction f usinga sumof productsof lower-dimensionafunctionsg; andhy:

N

f(xvyvsz) ~ ng(xay)hk(sz)- (2)

k=1

Separablelecompositionsre capableof high compressiomatesif goodapproxima-
tionscanbefoundfor small N. Separableepresentationarealsomucheasierto eval-
uatepointwisethanotherrepresentationsuchask-nearesheighborg6], wavelets,or
sphericaharmonicq26].

As wewill demonstratajndercertainchange®f variablesmary BRDFsarehighly
separableandsoa smallnumberN of low-dimensionafunctionscanbe usedto rep-
resentthemaccurately In fact, N = 1 hasprovento be visually adequatdor mary
interestingBRDFs;seecolour Figure12. Becausef the simplicity of the reconstruc-
tion processyve canperformit atinteractve ratesusingexisting hardwaresupportfor
texturing, compositinganddiffuselighting. Of course this methodis alsoapplicable
to softwarerendering;fastevaluationof BRDFscan be performedusingonly a few
texturelookups,multiplicationsandadditions.

2 Overview

Thetechniquedescribedn this paperis composeaf two distinctphases.

In thefirst phaseatargetBRDF is analyzedanda suitableseparableepresentation
found. Algorithmsto accomplistthis arediscussedn Sectiord.

Oncea representatiors found, it canbe usedin imagesynthesisin this paperwe
focuson interactize rendering,on existing hardware, with respecto the point-source
lighting model (eq. 1), althoughthe separableepresentatiof BRDFsis also very
usefulin softwarerendering.

Thebasicalgorithmfor hardwarerenderingeplacesheevaluationof theBRDF by
thesumof productsof lower dimensionafunctions(substitutingeq.2 into eq.1). The
functionsg,, andh; areheldin texture maps,the multiplicationsaredoneusingeither
compositingor multitexturing, the cosinetermis evaluatedusingdiffuselighting and
texture modulation,andthe summationgif N > 1 or morethanonelight sourceis
required)aredonewith anaccumulatiorbuffer or compositing.

Hardware-acceleratethteractive renderingimposesa numberof constraints.The
mostseriouds thatthe parameterizatioof thetexturemapsmustbeconsistenwith lin-
earinterpolationof texturecoordinatesoPhongshadingperpixel tangentandnormal
interpolation)canbe accuratelyapproximatedTheseconstraintsnteractwith changes
of variablesthatareusefulfor increasinghe separabilityof BRDFs. Suitableparame-
terizationchoicesandtheir effectson quality arediscussedn Section5. In Section6
we describebriefly how the capabilitiesof existing graphicshardwarecanbe exploited
to achieve interactve renderingperformance.



3 Prior Work

Representationsf reflectancdunctionsfall into two categories:

1. Parameterizednodelsfor specifickindsof BRDFs.
2. Generalbpproximatiortechniques.

The mostfamiliar specializedbarametriaepresentatioiis probablythe Phongmodel
[19], which wasone of the first reflectancenodels. Ward [25] haspresentedh more
sophisticatednodelbasedn anisotropidGaussiatobesfittedto variousBRDFs.He et
al.[7] have deriveda physicallybasednodelbasedn Kirchhoff diffraction(calledthe
HTSG model here),which also takes wavelengthinto account. Poulin and Fournier
[20] have proposeda modelbasedon self shadaving of microgylinders. Thereare
othermodels but we usethesefor examplesn this paper

Therearealsomary BRDF approximatiortechniquesSchibderandSweldeng23]
have representedBRDFs using sphericalwavelets. Koenderinket al. [12] have ex-
pressedBRDFsin termsof an orthonormalbasisusing Zernike polynomials. Lafor-
tune et al. [13] have usedan approximationbasedon the summationof generalized
Phongcosinelobes.Cabralet al. [3] werethefirst to usesphericaharmonicgo repre-
sentBRDFs.Fournier[5] usedasumof separabléunctionsfor representingeflectance
models.

Noneof themoregenerakpproximatiormodelshave beenusedin interactve ren-
dering. Theproblemwith mary of theaboverepresentationis thatinteractve hardware
implementationsvould requirecompletelynen hardware—thg do not build on exist-
ing capabilities. Theexceptionto thisis Fournier's separableepresentationwhich can
beimplementedisingexisting supportfor texture mappingandcompositing.

To ourknowledgetherehasonly beenoneattempto incorporatenoresophisticated
reflectancenodelsinto interactve renderingwithout generalshadersupport.Heidrich
andSeidel8] analyticallyseparatetheBanksanisotropianodel[2] andhave proposed
a single passrenderingalgorithmusingtexture mapping. Our approachis similar but
we considerthe moregenerakaseof arbitraryBRDFs.

4 Decomposition

Thefirst phasdn the applicationof this techniques generatiorof a separablelecom-
positionof eachBRDF. Decompositions donein advanceof renderingandneedonly
be performedonceper BRDE Theresultis a compressedepresentatiothat canbe
storeduntil needed.

Neglectingpositionandwavelengthdependenceg generalanisotropicBDRF f is
afunction of four degreesof freedomcorrespondingo incidentdirection®; andview
directionw,. In Section5 we will look at severalreparameterizatiortatcanincrease
the effective separabilityof a BRDF, so assumehatthe parameter®f the BRDF are
X = Py (@;,d,) andy = Py(@;, @,) for vectorfunctionsP, andP,,.

A separablelecompositiompproximateamultivariatefunction f asasumof prod-
uctsof functionsg; andh;, of lower dimensionality:
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Our methoddoesnot assuméehata BRDF is single-termseparable A BRDF can
alwaysberepresentedccuratelyusingaseparablexpansionjf enoughermsareused.
However, we have found thata goodapproximationcanbe achieved with only a few
termsandoftenasingletermis sufiicientif agoodparameterizationanbefound.

Wewill considettwo algorithmsfor findingappropriatdunctionsg, andhy: singu-
lar valuedecompositiomndnormalizeddecompositionThesingularvaluedecomposi-
tion (SVD) canproduceoptimalapproximationshut is relatively expensvein time and
space We have developedanapproacttallednormalizeddecompositioffND), which
is amuchsimplertechniquehatcanproducegooddecompositiong timelinearin the
numberof BRDF samplegaken. It usesno morespacehanrequiredto storetheoutput
factors.

4.1 Singular Value Decomposition

Givena matrix M, the singularvaluedecompositioSVD) [1, 21] of M is the factor
izationM = USVT wherethe columnsof U = [u,] andV = [v,] areorthonormakand
S = diag(o}) is a diagonalmatrix of singularvaluesoy. The matrix productUSv”
canbewrittenasasum:

K
M = Z UkUkVZ'.
k=1

Notethateachtermu,Vv? is anouterproducti.e. amatrixwhoseelementareproducts
of anelemenbf u, andanelemenbf vy,.

The singularvaluesoy, are positive and monotonicallydecreasingn magnitude.
Truncatingtheabove sumresultsin anoptimalroot meansquareapproximatiorof M.

Assumewe haveatahlulated reparameterizeBRDF fp(X, y) thathasbeensampled
at somecollectionof K x K parametewalues. Definea matrix M = [m;;] with
m;; = fp(Xi,Y;); in otherwords,let x be constanfor eachrow of the matrix, andlet
y beconstanfor eachcolumn:

fe(x,y1) ... fp(X1,YK)
M = SR 5
fe(Xr,y1) .o fP(XK,YK)

If we interpolateu; and v, of the SVD factorizationof this matrix into the two-
dimensionafunctionsu(x) andwv(y) andthentruncatethe seriesat N < K terms,
we have theapproximation

N
fe(%y) ~ Y ok (X)ve(y)-
k=1

Thereareseveralmajordravbacksto the SVD. First, it alwaysresultsin aleastroot
meansquareapproximatiorof M; it is not possibleto specifya fundamentallydifferent
norm.

Secondlythe expansioncontainsnegative factorsthat are not compatiblewith the
strictly positive natureof reflectancenor mostgraphicshardware. For the first term
thesenegative valuescanusuallybe cancelledbut, but not for laterterms.

Finally, the memoryconsumptiorof the matrix M grows rapidly with the desired
resolution.If we samplethe BRDF 64 timesalongeachparametgrtheresultingmatrix



consumesbout67MB, assumingt bytes(a float) persample.If we samplehe BRDF
128timesin eachdimensionthematrixwould take upaboutl GB. Theresultingtexture
mapswouldbeonly 64 x 64 or 128 x 128 pixelsin size.Smallertexture mapsthanthis
mayresultin visualartifacts.

4.2 Normalized Decomposition

The SVD is too expensve for high-resolutionfactorizationsandit always computes
a full approximationwhich is often not necessaryasa few termsusually suffice for
a goodapproximation. The NormalizedDecompositionND) algorithmcanbe used
insteadn mary situations.

Consideffirst a single-termapproximation

fr(xy) = fr1(X,y) = g1 (X)ha(y).

If xis fixed, g1 (x) is a constantscalinga profile givenby h; (y). To find a single-term
separableapproximation find the averagenormalizedprofile alongy and storeit in
hi(y), thenstorethe normalizatiorfactorsin g, (X).

Although the ND methoddoesnot guaranteeoptimality, testsshawv that single-
term approximationsisingthe SVD arein mostcasesvisually similar to single-term
approximationgoundusingthe ND.

A wide classof approximationg€anbe computedusingthe p-norm:

B = (/Y |fp|”<x,y>dy)”,
1 fP(va)
MO = w1 Ta®

To implementthe ND algorithmtheseintegralsmustbe computechumerically

NormalizeddecompositioND), besidesbeing considerablyfasterthanan SVD,
takesmuchlessmemory We cansamplethe BRDF and computethe averageprofile
andnormsincrementallyratherthanhaving to storeandoperateon alarge matrix. The
only memoryneededs thatfor thetwo outputfunctionsg; (x) andh; (y). Theaveraging
procesaisedto computethe outputfunctionsalsoreducesoise,sothe techniquecan
be usedwith goodresultson noisymeasurediata.

A single-termND expansioncontainsonly positive factors sincethe BRDF f must
bepositive everywhere For multi-termexpansionsapproximatiorof sequentiatesidu-
alscanbeused.However, sincetheresidualswvill containnegativevaluestheadditional
termswill containfactorswith negative values.

5 Parameterization

The parameterizationf the BRDF cansignificantlyaffect separability Figure1 visu-
alizesthe effect of reparameterizatiorifwo imagesaredecomposedndreconstructed
by theND algorithm.Theoriginalimageis notreconstructederywell. Thereparame-
terizedimage,whichis rotatedin orderto alignthe objectwith theboundariesis much
betterapproximated.

As we focus on hardware renderingthe parameterizatiof the functionsof the
resultingseparabldorm mustalsobe compatiblewith the linear interpolationof tex-
ture map coordinateperformedin hardware. If this techniqueis usedwith perpixel
evaluationof texture coordinatesry bijective parametrizatiomf BRDFscanbeused.
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Fig. 1. Reparameterizationanimprove the
performancef decompositionin this casethe
SVD would resultin a perfectsingle-termre-
construction. The ND algorithmusedin this
figureresultsin a blurrier reconstruction.

Fig. 2. Surfacecoordinatesystemusedto pa-
rameterizea BRDF. The surfacenormalis i,
the primary surfacetangentis t, ands is the
secondansurface tangentperpendiculato h

andt.

We have not found a single parameterizatiothat works well for all BRDFs, al-
thoughwe have foundparameterizationthatwork well for broadcateyoriesof BRDFs.
This is to be expecteddueto the differentsurfacephenomenahat contribute to varia-
tionin reflectanceasshowvn in Figure3. Eachof thesephenomenomlignsthefeatures
the BRDF alongdifferentaxes.We will shav examplesof thesetradeofs in Figure5.

e

A: Microfacets B: Subsurface Scattering C: Deep Microgeometry
Example: rough metal Example: human skin Example: velvet

Fig. 3. Surfacephenomen#hatcontrituteto BRDFs.
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5.1 BRDF Parameterization

The standardparameterizationf a BRDF is with respecto the incidentdirection®;
andviewing direction, relative to alocal surfaceframeat x. A unit lengthvectora
canbeexpressedh sphericatoordinate4d(a), ¢(&)) relativeto thelocal surfaceframe

{A,1,8} (seeFigure2) asfollows:

cosf(a)
tan ¢(&)

¢(L‘A}i)! 00 = 0("/‘)0) and¢0 ¢((‘Do)

Letd; = 0(w;), ¢; = =



Many BRDFsarenotespeciallyseparablevith respecto thestandardncident/view,
or (6;, ;) x (6., ®,) parameterization.

Very goodresultscanusuallybe obtainedusingan elevation/azimuthor (6;,6,) x
(i, $o) parameterizatiorwhichis unfortunatelynotdirectly compatiblewith hardware
texturemapping;seeSections.3.

Rusinkiavicz [22] hasparameterizethe BRDF in termsof the halfway vectorAﬁ
(thevectorhalfway betweertheincidentandoutgoingray) anda“dif ferencevector”d:

~

h = norma; +,),
d (Rot{8, —6(h)} o Rot{A, —¢(h)}) &;.

d
Thetwo rotationsarechoserto rotateh to thepoleof anew coordinatesystemwhichis

visualizedin Figure4; d is in fact®;, but parameterizedith respecto thistransformed
frame. The Rusinkievicz reparameterizationan be interpretedasa changeof basis

with thenew basisfoundby a Gram-Schmidorthonormalizatiorof {h, —f, A x h}:

h = norma; + &), 0 = —normA — (A-h)h),
¢ = hxaq, d = [&-ha- 0,097

Althoughthe Rusinkievicz parameterizatiomakesmary BRDFsmuchmoresepara-

ble, it is numericallyunstablef h ~ Ai. This makesit unsuitablefor hardwareinterpo-
lation; seeSection5.3.

—>

s
Fig. 4. Two differentviews of the Rusinkiavicz parameterizationView 1 (left): The angles
(84, #a) of the “difference”vectord arerelative to h andthe planecontainingh andfh. View
2 (right): The Rusinkiavicz parameterizatiogenerates nev orthonormalframe consistingof

h, a vectort perpendiculato h andin the sameplaneasbothh andf, anda third vector¢

perpendiculato bothh and(l. The vectord; is analyzedagainstthis new frameto obtainthe
differencevectorcoordinates.

To avoid the numericalinstability, we caninsteadapply Gram-Schmidbrthonor
malizationto {h, 1,8}

norm(t — (t - h)h), (4)
[@; - h,&; - 8,0 - T)7T.

h = norma; + @), t
§ = hxt,

o>
|



Note thath cannotequalf for ary true surfaceframe. For vertex framesthatare not
exactly alignedwith the surface,asusedin computergraphicsit is theoreticallypossi-
blefor h to becloseto t but only for glancingretroreflectior(for which the majority of
BRDFsare0), andeventhenfor only oneview direction.

This parameterizatiommay not align anisotropicfeaturesof the BRDF and does
not have the samesymmetriesas the Rusinkiavicz parameterizatiorbut in practical
applicationst is numericallystableandit is compatiblewith hardwareinterpolation.

5.2 Error Analysis

To comparetheseparameterizationsye testeda numberof analytic and measured
BRDFs[10]. EachBRDFwassampled32 timesalongeachdimensionanda separable
decompositiowascomputedusingthe SVD. To obtaina consistenparameterization-
independentomparisorthe RMS error of the outgoingradiancewasestimatedusing
8000 Monte Carlo samplesvenly distributed over both the incidentand view hemi-
spheres. Eachsamplewas computedby multiplying the value of the approximated
BRDF with the cosineof the incidentelevationangle(i.e. #;). This choicewasmade
becaus®utgoingradiancecorrespondso whatis actuallypercevedby the eye.
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Fig. 5. CosineweightedRMS luminanceerror for all parameterizationand BRDFs for the
velvet, HTSG copper Poulin-Fourniermicrogy/linder brushednetalmodelandWard'’s model,as
a function of the numberof termsin an SVD. The non-zeroasymptoticerroris dueto sampling

andthebilinearinterpolationusedto reconstruct continuoussersionof eachfactor

Resultsareshovn in Figure5. The non-zercasymptoticerroris dueto thebilinear
interpolationusedto reconstruct continuousversionof eachfactor The asymptotic
errorsshavn in Figure 5 are also highly dependentn the size of the texture maps
usedandthe averagevalue of eachBRDFE Figure 6 shows the dependeng between
texture map size and RMS error.  Note that the asymptoticerror may not decrease
monotonicallydependingn how the BRDF interactswith the samplinggrid, andhow
antialiasings performedduring BRDF sampling.

RMS error is not a totally appropriateerror metric, asit tendsto overweightthe
peakswhile underweightinghe diffuse colour Futureresearctshouldconsiderap-
propriateerror metricsfor BRDF approximationsperhapshy analyzingshape-from-
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Fig. 6. CosineweightedRMS error with  Fig. 7. The resulting texture maps (as XY
respectto the original BRDF for single-term hemisphereanaps)after decomposingNVard'’s
ND andsingle-termSVD approximationsvith modelin the Gram-Schmidiparameterization
Gram-Schmidparameterizationsingvarying with the ND algorithm. SeeFigure 10 for an
texturemapsizes. imagerenderedvith thesetexture maps.

shadingalgorithmsin the context of the nonlinearintensity sensitvity of the human
visualsystem.

With respecto RMS error, we found that no single parameterizatiowasthe best
for all the BRDFswe tested.BRDFsthataredominatedby specularor nearspecular
reflectionoff randomly orientedmicrofacets(Figure 3A), suchas HTSG modelsof
roughmetalor Ward's model,were usually bestapproximatedy halfvectorparame-
terizations.Matte materialsin which “thick” microgeometryandself-shadwing were
presentandthat had colour shifts at normalviewing angles suchas mattetranslucent
paintsor velvet (Figure 3B&C), had BRDFsthat usually were mostseparablaising
the standardncident/viev parameterizationCertainBRDFs,suchasglossyiridescent
paints,maybebestapproximatedisinga sumof two termswith differentparameteriza-
tions. Theelevation/azimuttparameterizatiowassurprisinglyeffective in mostcases.

5.3 Factor Parameterization

Now we haveto find asuitablerepresentationf thefunctionsin aseparabl&xpansion
thatallows for a goodinterpolationof the parametersSereralpossiblerepresentations
[9, 14, 17] permithilinearinterpolationin the (u, v)-spaceof texture mapsto approxi-
matesphericainterpolationof unit vectors.

Mappinga sphericalcoordinate(6, ¢) representatiodirectly ontothe coordinates
of atexture mapdoesnot give the desiredresult,sinceinterpolationdoesnot correctly
wraparoundin ¢ usingthe shortespathoverthehemisphere.

Hemispherenapsareabettersolutionto angulatinterpolation.TheXY hemisphere
mapjust projectsa givenunit vectora ontothetangentvectors:

~

a; =4a-t, ay =4a-8
Now we have to mapa, anda, into theusualrangeof texturecoordinates:

1 1
a, = —(a, + 1), a, = —(ay +1). (5)

2 2
If problemswith backfcingvertex framesareencounteredt is betterto usepara-
bolic mapg9], which automaticallytake careof negativea, = a- i andscaletheother



coordinatesothey lie outsidethe unit circle andextendoutto infinity smoothly:

1 Qg 1 Ay
Oy = = 1), a, = = 1]).
“ 2(1+azjL ) ¢ 2(1+afL )

Thiscomputatiorcanbeaccomplishedvith a projective transformatiorandnormaliza-
tion (requiredanywaysfor correcttexture coordinateinterpolation)so the net costis
justanotherot productto computea .

The Rusinkiavicz parameterizatiodoesnot work well with hemispherenaprep-
resentations.Our approachcalculategexture coordinatesonly at vertices;linear in-
terpolationof texture coordinateds usedwithin polygons. The differencevectorsat
the verticesof polygonscaoveredby a highlight tendto be parameterizedvith wildly
differentvalues(i.e., vary heavily in ¢4) in the Rusinkiavicz parameterizationBilin-
earinterpolationthen calculatesncorrecttexture coordinateswhich introducesvery
visible errors.

The elevation/azimuth(6;, 6,) x (¢;,$,) parameterizatiois alsonot compatible
with hemispheramaps. When interpolatingazimuthanglesthe shortestdirection of
interpolationneedgo be chosentakinginto accounthe periodicity of both ¢; and¢,.
Neitherhemispherenapsnor periodictexturessatisfythis requirement.

Theincident/view (0;, ¢;) % (6,, ¢,) parameterizatioworkswith hemispherenaps,
and certain“deep microgeometry”"BRDFs (suchas velvet) are more separablevith
respecto this parameterization.

The new Gram-Schmidtalfvectorparameterizatiomombinedwith an XY hemi-
spheremaprepresentatioof the functionsg, andh; hasprovento be a goodcombi-
nationfor mary nearspeculaBRDFsandis givenin full by thefollowing:

N

h = norm@; +d,), f = normt— (h-f)h),

§ = hxt,
b = (h-T+1)/2, 0, = (W -t'+1)/2, (6)
b, = (h-8+1)/2, W = (@i-§+1)/2,

The bottomleft imageof Figure10 shavs Newell’'s teapotrenderedwith a single-
term decompositiorof Ward'’s modelusingthe ND algorithmandthe abose parame-
terization.Figure7 shavs the correspondingexture mapsthatwereusedto renderthe
single-termapproximation.

6 Rendering

Compositingandtexturing operationsyhich arealreadyavailablein currentgraphics
hardwarethroughOpenGLor Direct3D, canbe usedfor interactve reconstructiorof
a separablydecompose®RDF Framebuffer and texture map arithmeticis usedto
reconstructhe outgoingradiancgeq.1) in parallelfor eachpixel.

For eachterm, first renderthe scenewith one diffusely illuminated texture map
factor Withoutclearingthecolouror depthbuffers,rendethescenegainwith constant
illuminationandthesecondexturemap. Texturecoordinatefiave to berecalculatecat
eachvertex whene&ertheview or relative light sourcepositionchangesFor thesecond
pass setthe depthtestto “equality” and setthe compositingoperationto “multiply”.
Theaccumulatiorbuffer canthenbe usedto summultiple terms.With multitexturing,

10
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temporarygraphicshardvare. rently bedoneby the hostCPU.
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the productof two texturemapsandthediffuselighting canbeformedin a singlepass.
SeeFigure8 for pseudacodefor this algorithm.

For a single-term,two-factor decompositiorand a model with 2048 quads,we
achievedratesof 6.7-17Hz;seeFigure9. Performancevasstronglydependenon bus
and CPU performanceasit was necessaryo performtangentvectortransformation
andtexture coordinategeneratioronthe host.

Texture mappinga diffuseterm canreintroducea dependencen x thatcanaddvi-
sualcompleity; seeFigurel3. As well, MIP-mappingcanbe usedto avoid highlight
aliasing by generatinga pyramidof factorizationatdifferentresolutionlevelsandpre-
filtering the BRDF for eachlevel. Alternatively, at somelossin accurag, thefactorsof
asinglehigh-resolutiordecompositioanbefilteredanddownsampledndependently

6.1 HardwareRendering Issues

Our implementationneededto addresghe limitations of currentgraphicshardware,
specificallylack of dynamicrangeandprecision limited texture coordinategeneration
capabilities,and lack of negative numbersand signedarithmetic. In this sectionwe

only sketchhow to overcomethesdimitations;for moredetailse€[10]. Someof these
limitations had a moderatémpacton performancebput it would be relatively easyto

addresshemin new hardwaredesigns.

Cosine Term: We usehardwarelighting to multiply thetermgy hy, by cos, 6;. It could
be built into thereflectancdunction, but this might affect the separability
Signed Arithmetic: Multiterm approximationsvill have negative valuesin theexpan-
sion,which areincompatiblewith contemporargraphicshardware.We canuse
biasingto corvertthe expansionto a form thatusesonly multiplication of pos-
itive values. Threeadditionalrenderingpassesrethenrequiredto correctfor

11
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Fig. 10. Comparisorof renderingmodesusing Ward'’s anisotropicBRDF model[25], using
ks = (1.0,0.0,0.0), (az, @y) = (0.21,0.048), andk, = 0.3. Topleft: Gouraudnterpolation
of the BRDF evaluatedat the vertices. Top right: the BRDF evaluatedin a raytracerat every
pixel, with interpolationof the framevectorsfrom the vertices. Bottomleft: ND with oneterm
(128 x 128 pixels), renderedvith hardvare acceleration.Bottom right: SVD with five terms
(32 x 32 pixels),rendereavith hardwareacceleration.

the bias[10]. Notethatall passesisethe samesetof texture coordinates.See
Figure11 for anexampleof a multi-termrendering.

Precision: Framebuffers often only have 8 bits of precision. While this is sufficient
for someBRDFs,deepeframebuffersincreasequality. If multitexturingis used,
only the multitexturing unit needgo have high precision.

Dynamic Range: Framebuffersusuallyclampintermediatecolourcomponents$o the
range[0, 1]; texture mapscanlikewise only storevaluesin therange[0,1]. Un-
fortunately BRDFs are definedover the range|[0, co). To avoid clampingwe
multiply thetexturesby scalefactorschoserto ensurethatno possiblepointwise
productwill exceedhelimits of theframebuffer, while maximizingtheavailable
precision.In afinal renderingstep,theresultmustbe scaledby a productof the
reciprocalsof thesescalefactors. To avoid precisionissuesin the framebuffer,
we limit therangeof theoriginal BRDFsto [0, 5].

Texture Map Resolution: A texture map resolutionof 128 x 128 hasprovento be
adequatdor all the BRDFswe tested.Usually64 x 64 andsometimegvenless
is enoughseeFigure6.

While the algorithmrunsnow at interactie rateson currenthardware (Figure9),
somerelatively simple extensionsto the graphicshardware (and/orthe graphicsAPI
anddrivers),mostimportantlysomenew texture coordinategeneratiormodes,would
permitmuchbetterperformanceindeaseof use[16].

12



Fig. 11. Themicrog/linder modelrenderedwith differentnumbersf termsusingOpenGL.The
incorrectextra highlight thatappearsisingonetermdisappearsvith two or moreterms.

6.2 Software Rendering

Sofarwe have presentedvhathasto bedoneto usea separableepresentatiom hard-
wareacceleratedendering.A separableepresentatioganeasilybe usedin software
rendering:We do not have to evenlimit oursehesto parameterizationthat arecom-
patiblewith lineartexture coordinateinterpolationif texture coordinatesreevaluated
ateachpixel.

To evaluatea BRDF at a certainposition,one hasto computea sum of products
at that position (eq. 3). As we have seen,a few termsare often sufficient to visually
approximatea given BRDFE Thusthe evaluationboils down to a few texture lookups,
multiplicationsandadditions.Implementatiorin arendereior in ashadinganguages
straightforvard.

7 Conclusions

We have investigatedlifferentparameterizationanddecompositioralgorithmsto im-
provethevisualcorvergencenf theseparablapproximatiorto BRDFs,andhave shavn
how reconstructiorfrom this compressedepresentationanbe accomplishedt inter-
active ratesusingcurrentgraphicshardware.

A modificationof the Rusinkievicz half-vector/diferencevectorparameterization
[22] combinedwith a hemispherenapparameterizatioof thefactorsstoredin texture
mapsgave excellentresultsfor “microfacet’BRDFs.

The proposedrepresentatiomf BRDFs canalso be usedfor software renderers.
Separablelecompositionareagoodchoicefor acompacgeneral-purposdataformat
to storecompresse®RDFs,asthey allow for fastandaccuratesvaluationof BRDFs,
includingthosereconstructeffom measurediata.
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Raytraced

OpenGL
single-term
ND + L2 norm

Figurel2: HTSGcopper Poulin/Fourniers brushednetal, Lafortune/Millems’ modifiedPhongmeasured
velvet, measuregbeacockeatherandmeasuredrey vinyl.

a

Figure 13: Diffusetexture mapscanbe addedto single-termseparabla@lecompositiongor the specular
highlight. Left to right: Ward'’s anisotropicBRDF; Ward'’s anisotropicBRDF (orientedorthogonallyto the
first example);(measuredyarnishedvood.
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