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Figurel: Four materialsamplesasthe subjectof the validation. The samplesrereferredby theirlocationin abuilding.

Abstract

We discussthe validation of BTF data measurementby means
usedfor BRDF measurementsFirst, we shov how to apply the
Helmholtz reciprocity andisotropyfor a single dataset. Second,
we discussa cross-alidationfor BRDF measuremerdataobtained
from two different measuremergetups,wherethe measurements
arenot calibratedor the level of accuray is notknown. We show
the practicalproblemsencounteredndthe solutionswe have used
to validatephysicalsetupfor four materialsamples.We describe
a novel coordinatesystemsuitablefor resamplingthe BRDF data
from onedatasetto anothedataset. Further we shav how the per
ceptuallyuniform color spaceCIE 1976L a b is usedfor cross-
comparisonof BRDF data measurementsyhich were not cali-
brated.

CR Categories: 1.3.7[Three-DimensionaBraphicsandRealism]
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1 Intro duction

Predictve rendering[Pumgathofer2003] relies on accurateinput
data. This includesthreecomponentsgeometry the light source
emittancecharacteristicsandsurfacere ectancepropertiesin this
paperwe discussthe cross-alidation of surfacere ectancedata,
furtherreferredto asbidirectionalre ectancedistribution function
(BRDF). Interestingly the original conceptof surfacere ectances
(albedo)was establishedoy Lambertin 1760, while the BRDF
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wasde ned by Nicodemusonly in 1977 [Nicodemuset al. 1977].

Since then thanksto the technologyprogressthe researchcon-
cerning BRDF hasbeenquite active in several elds: computer
graphics,computervision, lighting engineering physicsof light,

astronomymetrology andremotesensing.The communitiesdeal
with the sameconceptof surfacere ectancedifferently which is

driven mostly by applications.A readerinterestedn the topic of

BRDF asusedin computergraphicsis encouragedo readthe sur

vey by [Shirley etal. 2001].

Thework is motivatedby thenecessityo validatebidirectionaltex-
ture function(BTF) datacomingfrom a measuremergetupdevel-
opedwithin an EU projecton predictive rendering[RealRe ect].
However, thevalidationof BTF datais acompletelyunsohedprob-
lem, sinceit includessensingof visualpattern[Wandell1995]. For
thisreasonwe hadto resortto the comparisorof BRDF datacom-
putedby averagingBTF data. The BRDF datafrom the averaged
BTF wascomparedvith anotheBRDF datasetfor thesamemate-
rial sample which hadbeenmeasuredndependentlyat a different
facility by acommerciakcompary [Integra] in 2001.

ThevalidatedBTF measuremergetupis technologicallyvery dif-
ferentfrom the secondsetupusedfor referenceBRDF measure-
ments,since differenttechnologyfor light sourcesand light sen-
sorswasused. In additionthe measurementaere performedfor
different setsof samplepositions. As a resulta direct compari-
sonof the two BRDF datasetsis impossible. Unfortunately we
werenot given ary optionto suggesthangesn the measurement
andrecordingprocedure®sr the outputdataformatfor eithermea-
suremensetupandpossiblyto repeatthe datameasurementBoth
measurement@resubjectof varioussystemati@andrandomerrors,
including positioningandradiometricerrors. This makesthe vali-
dationof BRDF measurementstherdif cult.

During studyingthe literatureit hasappearedhatin the scopeof

rich computergraphicdliteraturedealingwith BRDF this problem
hasnot beendealtwith properly Typically analyticaBRDF mod-
elsareused. Thenit is statedthat a proposedBRDF modelgives
faithful or visually pleasingresults,similar to the original surface
appearance.

In this paperwe show how it is possibleto overcomethe dif cul-
tiesfor cross-alidationof BRDF datafor differentmeasurements
of the samematerialsample. We show the motivation behindour
proposednethodologyusingthe reciprocity checkandperception



basedcolor comparison. The proposedmethodcanalso be used
to validateanalyticalBRDF modelsagainstmeasure®RDF data.
We have usedthe proposednethodologyfor four materialsamples
of different surfacere ectancecharacteristicsall of which were
assumedo be isotropic. Sincepolarizationwasnot measurecn
ary setup possiblepolarizationeffectshave notbeentakeninto ac-
count.

The paperis further structuredasfollows. In Section2 we recall
fundamentalconceptsof BRDF. In Section3 we discussrelated
work. In Section4 we describethe two measuremergetupsused
to acquirethe BRDF data.In Section5 we showv the necessarpre-
processingteprequiredfor the direct comparisorof BRDF mea-
surementsln Section6.1 we describenow areciprocitycheckwas
usedon a single dataset. In Section6.2 we discusspossibilities
for colorimetric comparisonusing CIE 1976L a b color space.
Finally, in Section7 we concludeour resultsand discusspossible
futurework.

2 Surface Re ectance Function

In this section we briey recall the formal de nition of
BRDF [Nicodemusetal. 1977]andits properties.

Formally, a BRDF is de ned asa ratio betweerre ected radiance
Lo in thedirectionw, andtheincidentradiancelj comingfrom the
directionw.

dLo(o; ! ) - dLo(o; ! ) [sr 1]
Li(w;;1 ) cosfi dw dE(wi; ! )
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The factor coqf;) representshe normalizationof incoming radi-
ancel; alongw; to thedirectionperpendiculato the surface.This
correspondso theincidentirradiancedE(w; /).

fr(wi;wo; ) =

Theincomingandoutgoingdirectionsaretypically describedn the
polar coordinatesystemby a pair of angles.Hencew; = f(q;f;)
andw = f(qgo;fo). For asinglepointonthe surfacethe BRDF is
thena5-dimensionafunction f(qi; fi; qo;fo;! ) = fr(wi;wo;l ).

The BRDF is known to be a reciprocal function for at sur
faces[Chandrasekhat950]. This meanswhenwe exchangethe
incoming and outgoing direction, the value of the BRDF is not
changed:

fe(wiwo; ) = fr(wo; ;1) @)

This is known asthe HelmholtzRecipocity [Minnaert 1941]. For
structuredsurfaceshisis valid aswell, whena BRDF is averaged
overasufciently large spatialregion onthe surfacgSnyder1998;
Sryder 2002]. The areaof the region hasto be large enoughwith
respecto the sizeof structuraldetails,sothe BRDF valueis inde-
pendenbf thelocationof theregion.

An important integral property derived from the BRDF is the
albedqg which describeghe amountof incoming light thatis re-
ected on averageto a given outgoingdirection. This is obtained
by integratingthe BRDF over theincidenthemisphere:

z
r(wol)= Wfr(W;wo;l) cosg dW [ ] (3

The albedois alsoreferredto asthe hemispherical-diedional re-
ectance. Integratedfor all re ected directionsuniformly posi-

tionedonthe hemispherewe obtainthe socalledmeanalbeda

z
Fiy = = r(wo,l) cosqo dW (4)
P _w
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= = fr(W;wo;l ) cosq cosqe dW, dW [ ]
P w w

Themeanalbedois alsoreferredto ashemispherical-hemisphieal
or bi-hemisphericate ectancein theliterature.

TheBRDF is saidto be physicallyplausibleif r (wo;/ ) < 1. This
correspondgo enegy consenation. The enegy of the re ected
ux cannotbelargerthantheenegy of theincident ux.

The BRDF asde ned by Eq. (1) is a function of 5 variablesandit
is calledanisotiopic. Its valuegenerallydepend®n the incoming
directionalongthe tangentialplanef; andf,. If the BRDF value
doesdependnly onthedifferenceof theanglesf; fo, it is called
isotropic.

3 Related Work

In this sectionwe discusghework relatedto theaccurag of BRDF
measurement®r real-worldmaterials.In the physicsof light, ap-
plied optics,metrology andremotesensingtheaccurag of BRDF
measurementis a widely discussedopic. This involves mono-
graphsrelatedto the measuremeriStover 1995] andremotesens-
ing [Rees1990].

In metrology it was shown that the BRDF can be dif cult to
measureif absolutevaluesof high accuray are required. An
experimentperformedin 1988 comparedmeasurementsf four
material samplesperformedat eighteenfacilities in the United
StateglLeonardand Pantoliano1988; Leonard1988]. The results
shaved a large rangeof variationin rangeup to 250%. This has
led to therecommendatiofor re ectancemeasuremerfE1392-90
1990].

In computergraphicsmary BRDF modelshave beenproposedei-

ther phenomenologicabr physicallybased.Very often purely an-

alytical BRDF modelsareuseddueto their low memoryrequire-
ments.Thedirectuseof measuredlatahasbeenratheruncommon
dueto variousconstraintsalthoughseveralapproachessingmea-
sureddatawere proposedsomeof themonly recently [DeYoung
and Fournier 1997; Lalonde1997; Matusik 2003; Claustre<et al.

2003;Lawrenceet al. 2004].

If measureddataare usedfor an analyticalBRDF model, the pa-
rameterof ananalyticalmodelare t to themeasurediata,usinga
non-linearoptimizationprocesdor the L, normbetweermeasured
dataand analytical BRDF data. However, questionsabouterrors
of the BRDF usingan analyticalmodelvs. measurediataare of-
ten neglected. Typically, a readeris saidto believe the statement
of authors.In a bettercase the statements supportedy rendered
images(tone-mappedandpossiblyreferencgphotographgin low
dynamicrange).Thevisualsimilarity of theresultsis the maincri-
terion[Marschneret al. 2003]. The rst studieson function prop-
ertiesof theanalyticalBRDF models(Lafortune,Ward, Askhimin)
werecarriedoutonly very recently[Nganetal. 2004].

An exceptionalapproachin computergraphicsis the description
of the designof a goniore ectometeiby Sing ChoongFoo at Cor-
nell University [Foo 1997]. The author describesthe setupfor
a goniore ectometerincluding mechanicalpartsfor rotation and
positioning,the light source,the light detector sourcesof errors,
andcalibration. The calibrationof BRDF measuremergetupus-
ing referencematerialwhichis highly diffuseandspectrally at in



re ectanceis widely recommendedClarke et al. 1983; Fairchild
etal. 1990]. An importantissueis the tempoal stability of mea-
suremenequipment:the luminousintensity of usedlight sources
candropto 65% of the nominalvalueat the beginning of theillu-
minantlife cycle. Thisis referredto asmaintenancéactor. There-
fore it is recommendedo performa calibrationbeforeand after
the measuremertf every materialsampleor evenrepeatedlydur
ing themeasuremensincea singlematerialmeasuremertantake
severalhours.

The rst measurementf our materialsampleswas performedby

the compary Integrain theyear2001. The detailsof the calibra-
tion usedandthe possibleaccuray of the measured BRDF data
areunknown. The compaly con rms thatthe accuray for highly

speculadatacanexhibit large errorsin theorderof severalhundred
percent. Therefore they do separateneasurement®or the diffuse
and specularcomponentf re ectance,if the materialsampleis

moderatelyto highly specularHowever, themeasurementrecar

riedoutfor 30spectrabandsn thevisible spectrunincludingsome
calibration.

Althoughcalibrationwasdiscussedh theoriginal paperaboutBTF
measurementfDana et al. 1999], the secondphysical setupfor
BTF datameasuremenivas not calibrated. This doesnot allow
to acquirethe BTF/BRDF dataassuringabsolutevalues. The BTF
dataaremeasuredvith unknavn multiplicative factors. Eventem-
poralstability is not completelyassuredsincethe measurementf
asinglematerialtakesseveralhours.

As aresult,the cross-alidationof the uncalibratedneasurements
for BTF dataagainstreferenceBRDF data obtainedwith an un-
known level of accuragy is ratherdif cult. We have foundtwo pos-
sibilities: First, we usethe reciprocitythatis appliedto averaged
BTF data. Secondwe carry out cross-comparisonsingaveraged
BTF dataandthe BRDF datameasuredndependentlyWe discuss
thesepossibilitiesin detailin the paper

4 Two Measurement Setups

In this sectionwe describewo measuremergetupusingall avail-
abledocumentationWe referto the rst oneasintegra setupwhich
can measureonly BRDF. The secondoneis referredto as UBO
setup andit is usedfor BTF datameasurements.

4.1 Integra Setup and Data Representation

The text below follows the electronicdocumentatiorof the com-
pary Integra[Integra]. In their setupusedin 2001,the BRDF is
possiblymeasuredn two differentphysicalsetups. The rst one
is designedfor diffuse (and moderatelyglossy) BRDFs, the sec-
ondoneis for highly glossy/speculaBRDFs. For the four sample
materialsusedfor validation(seeFigure 1), the rst measurement
setupwasusedonly, sincethe materialswerenot consideredo be
speculaenough.

Themainelementof thephysicalsetupare:
illuminating systemforming a narrov parallelbeamof light,
detectowhichregistersthelight re ected by thesample and
standardliffusor

Thediffusecomponenbf aBRDF depend®ntheincidenceandre-
ected directions.Thereforetheequipmenmustprovide measure-

Parallel

light source Light detector
0, 9o
] (v
|:| BRDF sample l:l b

Figure2: Integrasetupfor thediffuseandmoderatelyglossyBRDF
measurements.

mentsinside the 2p solid angleabove/belav the materialsample
(Figure 2). Thethreedegreesof freedomareachiesedby:

1. rotationof thelight sourcein the planeof drawing (incident
angleq),

2. rotationof the detector(receptionangleqo), and
3. rotationof thesample(inclinationanglea).

Anisotropic materialsare measuredby remountingthe material
sampleandrerunningthe measuremerfor several orientationan-
gles.Thiswasnotnecessarin ourcase sincethe BRDF of all four
materialsamplesvereconsideredo beisotropic.

Themeasuremerfor the samelighting andobsenationconditions
is executedtwice: rst for the sample andthenfor a perfectstan-
darddiffusor. The relation betweenthe luminanceof the sample
andthe perfectdiffusoris the LuminanceFactor for speci c light-

ing andobsenationconditions.This correspondso calibrationbe-
fore the measurementf every sampleasdiscussedn theprevious
section.

BRDF data dependon the wavelength of the illuminating light
source Differentequipmentanbeappliedto provide spectramea-
surementsg.g.,amonochromatowith adispersve elemen{prism,
diffractiongrating,etc.) or asetof lasersemitting light of different
wavelength,or narrav spectrallters for thelight detector

Thefollowing parametersaretakeninto accountin the BRDF de-
scription(Figure 3):

Spectradimension(wavelength).

Incomingray representation:

y the azimuthof incidence,countedin the directionof the
counterclockwiseotationaroundthe normalvector

s theincidentangle.
Outgoingray representation:

g theanglebetweerthe directionsof speculare ected and
obsenationdirections.

f theanglebetweertheincidenceplaneandthe planecoin-
ciding with the obsenation and speculare ection di-
rections,countedin the direction of the counterclock-
wiserotationaroundthe speculare ectedray.

The proposedparameterizatiorallows to efciently specify the
variationof BRDF closeto theideally re ecteddirection. Further
more, the varioustypesof BRDF symmetriescan be represented
ef ciently .

Thelntegradataformatallowsto ef ciently specifyvarioustypesof
BRDFs.Thefour materialsamplesneasuredxhibit planesymme-
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Figure3: Parameterizatiomsedin Integradatarepresentation.

try formedby isotropicsurfacesThistypeof BRDF hasplanesym-
metry, wherethe symmetryplanecontainsincidentray andsurface
normal. Thatis why therangeof de nition for f isO  f < 180.

The datafrom BRDF measurementBy Integra are provided in
ASCII les for incominganglesg; 2 f0;10;20;30;45;60;90g de-
greesand 30 wavelengthsin the rangefrom 400 to 690nm. The
setof outgoingdirectionsis formeddenselywith respecto there-
ected incomingdirection. The dataare available at the Atrium
Website[DragoandMyszkowski 2001].

4.2 UBO Setup and Data Representation

The UBO setupis designedfor BTF measurementsilt is a fully
automatedystemwhich consistsf aroboticarm carryingthe ma-
terial sample,a digital camera,a lamp, and a personalcomputer
Theroboticarmhasthreedegreesof freedom.Thelight sourceand
digital cameraarepositionedon an arc having the materialsample
in thearccenter Thelight sourcepositionis x ed. The cameras
mountedon a wagonwhich moves alongthe arc rail-systemcre-
ating onemoredegreeof freedom.In total the positioningis fully
controlledby a PC, andthe setupachieres4 degreesof freedom.
This allows to measureanisotropicBTFs. The BTF imagesare
recordedin a roughly uniform densityof light sourceandcamera
directionsoverthehemisphereFor every positionthe cameraakes
several imagesin sRGB representationwhich are then combined
into a single HDR image. The size of a materialsampleis lim-
itedto 100 100 mm. The UBO measuremergetupis shown in
Figure4.

Figure4: A photographof the UBO measuremergetup.

Theavailabledirectionsg;; go were0, 15,30,45,60and75degrees
with differentincrementsf therespectie f (azimuth)directions,
seeTable 1. However, whereimagescould not be takendue to
camera-lighcclusion,aslightly differentq; wasused,which had
to betakeninto accountfor theinterpolationof BRDF values.The

g 0 15 30 45 60 75
DF 0 60 30 20 18 15

Tablel: Nominal g directionsandtheir respectieincrementsf f .

total numberof HDR imagestakenfor a materialsampleis 6,561,
which requiresa storagespaceof 40 GB. A singlematerialmea-
surementakesabout13 hours,which canpotentiallyleadto tem-
poralinstability of the measurementMore detailsaboutthe UBO
setupcanbefoundin [Muller etal. 2004].

The methodologyusedfor UBO measurementand Integra mea-
surementsccordingto the availabledocumentatiorshows the su-
periority of theIntegrameasuremergetup.Unfortunatelythelevel
of accuray andmeasuremenincertaintyfor the Integra setupare
notgiven.

5 Preprocessing for Cross-Validation

Severalpreprocessingtepsarenecessaryo be carriedout prior to
cross-alidationbetweerintegraandUBO BRDF data.First, aver
agingof the BTF datato BRDF hasto be performedfor the UBO
measurement$Secondapropercolortransformatiorio XY Z space
andCIE 1976L a b spacehasto be performedfor both Integra
andUBO measurementom the original data. Third, the BRDF
datahasto beresampledor samplecoordinategivenby UBOBTF
data.Notethatwe couldalsoresampleéheaveragedBTF datain the
coordinategiivenby theIntegraBRDF data.However, thevariance
of the BTF datais higher, soaresamplingvould belessreliablefor
comparison.

5.1 BTF averaging to BRDF

The rst stepto procesgshe BTF sampless to averageeachimage
representindhe BTF for someparticularw; andw,. This creates
a single color value. The BTF imagescomein linear RGB color

spaceusingRadianceHDR formatwithout ary gammacorrection.
This makesaveraginga strictly linearoperation.

5.2 Color Transforms

The RGB valuesfor UBO dataare transformedirom RGB color
spaceto the CIE XYZ color space, using the transform ma-
trix [Stokesetal. ]:

0 1 o0 10 1
X 0:4142 0:3576 0:1805 R

@v A=@ 02126 0:7152 0:0722A @ G A (5)
z 0:0193 0:1192 0:9505 B

The Integra spectralre ectancedataaretransformedrom a spec-
tral representatioto XYZ spaceusingCl E matchingfunctionsfor
theCIE 1931StandardColorimetricObsener [WyszeckiandStiles
1982].

In orderto comparecolorsandestimatea “color difference” these
XYZ valueshave to be transformedinto a perceptuallyuniform

colorspacee.g.,CIE 1976L a b . Thequiteelaborateornversion
fromCIEXYZ to CIE1976L a b we have usedcanbe foundin

[Hun 1991]. We alsousethe morerecentCIE LAB2000color dif-

ferencemetricfor comparisons.
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Figure5: (a) Parameterizatiomsedfor resamplingor anoutgoing
directionalignedwith a point A on the sphere.The squarecenter
pointA, ismappedo thenorthpoleof thesphere Thefour edgeof
the squarearemappedo the southpole of the sphere (b) Function
for remappingradii. (c) Visualizationof BRDF representatioffor
two incomingg; directions.

5.3 Parameterization for BRDF Data Resampling

The measurementfor isotropic BRDFs representa function de-

ned geometricallyin R® spacef, : R® 7! R. Thefunctionis mea-
suredat a discretesetof samplepoints. However, the BRDF func-
tion from UBO measurementandfrom Integrameasurementare
de ned over differentsetsof samplepointsin 3D. In orderto com-
parethe two measurementef the sameBRDF at the setsof the
discretepoints,we have to resamplehe rst functionfrom oneset
of pointsto thereferencesetof pointsof the secondunction.

Sampledataasprovided by Integraareirregularly distributedover
thehemispherewhereashe sampledataobtainedfrom UBO setup
are more regularly distributed over the hemisphere. Since the
BRDFsin our caseareisotropic,the resamplingactuallyoccursin
3D spacdn general However, thesubsebf incominganglesg; for
directionis coveredwell in the domainsfor both IntegraandUBO
data:0, 30, 45, and60 degrees.For thesedatathe interpolationis
performedonly in 2D space For theotheranglesrepresentedither
only in UBO or Integradata(anglesq 2 f 5; 15; 20; 75g) we have to
interpolateésotropicBRDFin 3D spaceln this context we propose
theBRDF parameterizatiodescribedelow, sincethecontinuityof
thefunctionsupportis ahighly desirablgyropertyfor interpolation.

Thetraditionalhemisphericaparametrizatioiiq; f ) is notsuitable,
sincethereis a strongdiscontinuityfor f = 0 and the mapping
from a squares highly non-linearalongthe pole (g = 0). A sim-
ilar problemexists for the parameterizatiousedby Integra, de-
scribedin Section4.1. Also the parameterizatiorintroducedby
Rusinkievicz [Rusinkievicz 1998]is discontinuoudor f = 0.

Wedescribeheparameterizatiothatis bicontinuousandalignsthe
dataalongtheideally re ected direction. The alignment is neces-
sary sincethe BRDF function variesfastestfor specularBRDFs
alongre ected direction,wherehigh accuray of resamplings re-
quired.We achieve thegoalby combinatiorof extendedconcentric
mappingfrom a squareto the spherewith a singlepoint of discon-

1The BRDF alignmentalongre ected directionis alsowell coveredby
bothIntegraandRusinkiavicz parameterizations.

tinuity androtatingthe spheresothatthe original north pole of the
spherds alignedwith theideally re ecteddirection.

Theconcentrianappingmapsapointfrom aunit squareo thedisc
without introducingdiscontinuity[Shirley and Chiu 1997; Shirley
1992]. A point canbe mappedrom the discto the hemispherdoy
a mappingwhich keepsa fractional areaarounda point from the
2D disk to the 3D hemisphericakurface.We extendthe mapping
sothatwe mapthe pointfrom the 2D unit squareto the 3D sphere
with a single point of discontinuity This mappingis depictedin
Figure5 (a). Basically we addonemoremappingstageon the unit
disc, that changeghe radiuson the disc only. The radiusbefore
mappingis r . We maptheradiusr p to theradiusrg asfollows:

If (ra < 1:p 2), thenwe mapa point from thediscto thetop hemi-
sphereandtheradiusbeforemappingto hemispherésrg= = 2 ra.
Otherwise we mapthe point to the bottom hemispht?rewherethe

radiusbefore mappingto the hemispherds: rg= 2 (1 r3).
Thefunctionfor this mappingstageis depictedn Figure5 (b).

For theisotropicfunction the incomingdirectionis parameterized
by g (isotropicBRDF). Theoutgoingdirectionis parameterizetly
x;y 2 [0:::1]%. The parameterizatiohasthe following properties:
a point x = y = 1=2 from a 2D squareis alwaysmappedto the
re ecteddirection,namelythe point A in Figure5 (a) and(c).

In our parameterizatiorthe main featuresof BRDF are aligned
along the re ected direction for different ;. This is important
for glossyandspeculaBRDFsandmakesno dif culty for diffuse
BRDFs.n addition,the BRDF parameterizeth R® spacedoesnot
exhibit any importantdiscontinuity This makeghenewly proposed
parameterizatioparticularlysuitablefor BRDF representatioand
interpolation.

5.4 Resampling BRDF Data

Thereare variousinterpolationand extrapolationschemedor ir-
regularly placedpoint datain 2D and3D, for suney see[Franke
1982;LodhaandFranke1999]. We have chosenShepards family
of methoddRenkal988a]for 2D and 3D data,sinceaccordingto
our experimentghey work acceptablyWe alsotesteda few Radial
BasisFunction(RBF) interpolationschemesn bothglobalandlo-
cal settings.However, theresultsof RBF interpolationfrom highly
irregular (Integra) datawereworsethanfor Shepardsinterpolation
scheme In particular we useRenkas methodfor 2D data[Renka
1988h;Renkal999] andalsofor 3D data[Renkal988a]. An ex-
ampleof resamplingBRDF datais shown in Figure6. Noticethat
themeasurementsy Integrafollow the parameterizatioby Integra
describedn Sectiord.1. The UBO measurementsereisotropised
prior to theresampling.

6 BRDF Validation

6.1 Reciprocity Check

The rst validation method, applicableeven for a single BRDF
setupjs to checkthe Helmholtzreciprocity Giventhatdiffusesur
faceluminanceis largely dependenbn the cosineof the angleg;

betweerlluminationdirectionandsurfacenormal,acolorvaluefor
normalincidencecanbereconstructedtby dividing eachcolorcom-
ponentby cosg;. Now, for pairswith go:1 = G:2;fo;1 = fi2;Gi1 =

Qo:2; fi:1 = fo2, arelationlike (XYZ)1=cosg;.1 = (XYZ)2=c0sg;:2
shouldhold.



Figure 6: The visualizationof measuremenand resamplingfor

BRDF databy Integraand UBO for ¢; = 30 , the material oor -

tile and X componenof XYZ color space.The BRDF valuemul-

tiplied by cosineof the g for outgoingdirectionwy = (qo;fo) is

visualized.The greenspheresorrespondo the BRDF from UBO

measuremerdfterisotropisation.The white spheregorrespondo

the BRDF from IntegrameasurementThe red spheresorrespond
to theinterpolatedBRDF valuesfrom Integrameasurementssing

query coordinateshy UBO data. Blue spheregepresenthe base
planeof thehemispherég, = 90 ).

Both HDR RGB input and spectraldata acquisitioncan be con-
vertedto CIE XYZ data,and furthermoreinto CIE 1976L a b
coordinatesvhich arecloserto the humanperceptiontaking also
the abore-mentionedosinerecorrectioninto consideration.Only
the cosinerecorrectedKYZ valuesaremeaningfullycomparabldo
eachother Thesearecorrespondindo the capturednputs,i.e., to
the percevableresponsef the surfacein question,andperceved
color differenceis closerto our original intentthancomparingthe
BRDF In orderto have amoremeaningfulcomparisorof two such
XYZ values acosinecorrectionhasbeenperformednthem,using
acommonangle betweertheir original viewing angles.It hasbeen
realizedby taking the geometricaimeanvalue of their cosinesfor
the new cosinecorrectionfactor

Table2 shows the meanvalueof the absolutedifferencesof X, Y,
andZ valuesby the aforementionedneaning. The usualmagni-
tudeof thesevaluesis [0::: 100], but somehigh dynamicinput can
exceedit. The shown errorvalueslook acceptableThetablecon-
tainsalsothecolor difference®f theCl ELab values following the
CIE 1976L a b de nition for DE (total difference) DC (chroma
difference) DH (huedifference) andthenewerCIE LAB2000def-
inition for total difference DEexp. In thesede nitions, avalueof 1
designates just noticeablecolor difference,andthesedatashav
thatthereciprocityis largely ful lled. NotethatBTF is in general
not an exact pointwise BRDF, but averagingthe BTF texels typi-
cally yields a good approximationof a BRDF, the only deviation
canbeintroducedby bordereffects.

Material Xo X Yo Y jZ Zij DE DC DH DEexp
ceiling 5.40 5.76 5.20 | 3.52 0.70 0.25 2.53
oortile 221 2.33 234 | 266 0.52 0.20 2.56
pinkwall 9.81 10.35 10.00 | 7.71 0.79 0.17 6.18
walkway 3.19 3.40 3.61 | 2.81 0.73 0.23 2.37

Table2: Meancolor differencesccurringfor thereciprocitytests.

6.2 Color Comparison

Preprocessing

TheBTF dataprovidedby UBO lack absolutealbedovalueswhich
prohibit a direct comparisonwith the Atrium BRDF data. But,
given thatonly 3-channekolor values(RGB, or CIE XYZ deriv-
ablefrom RGB) areavailablewhich canbematchedthefollowing
ideacanbeapplied.

If color valuesv for the samedirectionsasusedin the BTF acqui-
sition canbe createdrom the BRDF in alinear color spacege.qg.,
CIE XYZ, thereis a linear transformationbetweeneachrespec-
tive pair v;w of color triplets, wherev is the color producedfrom

theprocessingf the BRDF datawith anassumeavhite illuminant

like D65, andw is the averagecolor of a BTF photograph.

This transformatiorcanbe expresseds3 3 matrix T sothat

0 10 1 O 1
t1n tiz 13

@ty t tgA @ V2 A=@ W2 (6)
t3n t32 133 V3 W3

Theoreticallythe samematrix T shouldbefoundby all i equations
for thei correspondingolor samples.In practice,this cannotbe

expected,but to nd a meaningfulsolutiona commonT canbe

derivedfrom the given 6,56 1correspondingairsi of colorvalues,
which cantransformthe color valueswith the smallesterror This

matrix canbe foundby meansof aleast-squaredting method.

We haveto minimizethefunctionF = &(T v  w())2 wherev()

is thei-th entry of setv, which correspondso the equationsystem
J£ =0 (k= 1::31 = 1:::3), sincethe function F is corvex

with asingleminimumpoint. In addition,we maywantto introduce
weighting factorsa, 6 0 for the 3 individual color channelsk to
emphasizehe importanceof, say the Y channelby introducinga
weighteddot product x y— a ax.y, which correspondso the

weightednormkxk = & ayxi 2. We have:

(T V@ wiy (1 v W) (7)
(T vy +w®  w® 21 vy Wl

3 X N2 X .
=8 & aT v)Z+awl” 2a (T V)l
k=

Now, (T V)= t® v = é_ls 1V = tiave + tovo + tiavs, SO
”‘%V)k =v (k= 1:::3/1 = 1:::3), andwe obtain9 equations
tosolve (k= 1:::3;1= 1:::3):

qF (T V), 7T VD

0= — =3 2a(T W
Tt =& 2T V) Tty Tty Yk
“28 8 & (o WD

m=1

! ®)

Olwviously, the factor 2a, canbe omitted from further considera-
tion, which pointsout that surprisinglythe solutionis genericfor
weights(ay; ap;ag), thatis, independenfrom arny weightingof the
channelsandwe look for a zeropoint of the derivative:

F_o- a tma VO = 300 (9)

1
Eqe i =— —
Gt 2ay Tty

We seethatwe now have 3 separatequationsystemdor k= 1;2;3
surprisinglywith thesame3 3 coresymmetricmatrix A: Aj, =



évg])vl(i); (I'=1:::3;m= 1:::3). Simplifying our notations(k =
1:::3):

0 1

T= @ t(z) A
t(d

and b® = é_ v(li)w(ki);é_ vg)w(ki);é_ vg)w(ki)

with t0 = (tqitoits)  (10)

we canwrite each3-variableequation(k = 1:::3) with solution,
T,
wheree.g.t®¥ " is thetransposedcolumnvectorform) of t(K | as

N(k)T = b(")T (11)

and,because is symmetrictW A= b®; K = pAa 1

0 b 1
andwith B= @ p@ A (12)
b3
wecanwrite ~ T=BA ! (13)
ThematricesT thusobtainedare:
% 3207 1406 1144 |° 0875 1174 1568
@ 3404 1:486  1:218 A|@ 0:912 1:255  1:659 A

3:461 1:578 1:196
Teeiling

0:994 1:197 1:675
Toortile

1 1
0:357 0:954  0:226 2:671 0664 1614

@ 0377 1:007 0238 A|@ 2:797 0684  1:699 A
0:339 0:965  0:245 2:324  0:370  1:575

Tpinkwal\ Twalkway

Note thatthe rows within eachmatrix aresimilar, but the matrices
aredifferentfor eachmaterial. This canbe explainedby different
vectorsv andalsovectorsw (6), which areboth closeto gray, so

thatsmall absolutedifferencegesultin large differencesn theco-

ordinates.

Color Dierence Evaluation

Now thatwe have abestaveragdransformatiommatrix betweerthe
color sets,we cantransformthe color valuesv of the colorscom-
putedfrom the referenceBRDF andcanthen nally comparethe
two sets(T v); win ameaningfulway. TheCIE andotherexperts
of color scienceprovidednumerougunctionsfor color comparison
over the last decadegHun 1991], which don't takeinto account
absolutevaluesof (re)radiationput alsothe color sensitvity of the
humarvisualsystemwhich meanghatthenumericalresultsrepre-
sentvalidity in termsof detectabilitywith thehumanvisualsystem.

Results of Color Comparison

In Table3 we give averageandmedianvaluesof CIE 1976L a b
Total Color DifferenceDE and CIE LAB2000Total Color Differ-
enceDEexp. A color differencevalue of 1 means“barely de-
tectable”. As it canbe seenfrom the averageand medianvalues,
the erroris usuallyvery small. The walkway materialis roughon
a larger scale,so hereself-shadwing of bumpsis evidentin the
imagesandapparentljeadsto greateraveragedifferenceetween
thetwo datasets.

Investigatingthe full tablesexplainsthe reasonfor the high maxi-
mumvalues:Theseoccurexactly for directionswhereqy = g and

Material ~ Metric max avg median
ceiling DE 34.09 2.58 2.01
DEexp 31.03 2.22 1.68
oortile DE 65.37 3.95 2.28
DEexp 60.29 3.53 1.98
pinkwall DE 95.67 8.08 6.13
DEexp 68.01 6.97 5.29
walkway DE 102.23 6.77 4.88
DEexp 75.34 5.70 3.98

Table3: Colordifferencesccurringduringcolor comparisortests.

fi = fo+ 180, which meanslooking into the exact direction of
speculare ection. ThelntegraBRDF datadescribeonly the mea-
surement$rom diffuse or moderatelyglossysetupswhich exhibit
larger errorsfor aroundre ected direction. The BTF imagesfrom
the UBO setupinclude diffuse and speculare ections, large de-
viations hadto be expectedat thesedirections,mostly dueto the
positioningerrors.Also, interpolatingcolor valuesfrom the BRDF
atpointswith extremespecularitywill yield greateerrors,although
the reparameterizatiowasdesignedvery carefully. All in all, the
resultingdifferencesare well inside the rangeexpectedfrom the
uncertaintiepresentn theoriginal data.

7 Conclusion and Future Work

In this paperwe have describeca methodfor thevalidationof BTF

datameasurementby meansof cross-walidation usedfor BRDF

data.Ourwork wasmotivatedby the necessityto performthis val-

idationfor a new physicalsetupfor BTF measurement®r which

thecalibrationis missing.First, we applythe standardnethod the

reciprocity check, which canreveal the positioningerrors of the

physicalsetupor principal problemsin imageprocessingSecond,
we usedthedatafor four materialsamplesneasuredby athird party

asreferencedata. The comparisorbetweenthe datafor the same
materialsamplesneasuredntwo independenandtechnologically
differentphysicalsetupsequiresadditionalprocessingcolor con-

versionandresampling. In this context we proposean approach
for resamplindBRDF datausinga novel BRDF coordinatesystem,
which alignsmajor featuresalongthe re ected directionanddoes
not exhibit the discontinuityfor the interpolatedregions of there-

ectancefunction. Further we proposea way how to estimatethe

color transformmatrix for uncalibrateddata. The color compari-
sonof BRDF datausing CIE 1976L a b for a particulartested
caseshow thatthe error of measuremernis percevable, but quite

acceptable.

As a future work a quite interestingtopic is the direct validation

of BTF data,which couldbe a highly desirabletopic for analytical

BTF models. Sincethe BRDF/BTF conceptshasicallycorrespond
to probabilitydistribution functions the questioris if thetoolsused
in mathandinformationtheory suchasmutualentropy aresuitable
for cross-alidationof BRDF measurements.
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