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Figure1: Fourmaterialsamplesasthesubjectof thevalidation.Thesamplesarereferredby their locationin abuilding.

Abstract

We discussthe validation of BTF data measurementsby means
usedfor BRDF measurements.First, we show how to apply the
Helmholtzreciprocityandisotropyfor a singledataset. Second,
wediscussacross-validationfor BRDFmeasurementdataobtained
from two different measurementsetups,wherethe measurements
arenot calibratedor the level of accuracy is not known. We show
thepracticalproblemsencounteredandthesolutionswe have used
to validatephysicalsetupfor four materialsamples.We describe
a novel coordinatesystemsuitablefor resamplingtheBRDF data
from onedatasetto anotherdataset.Further, weshow how theper-
ceptuallyuniform color spaceCIE 1976L� a� b� is usedfor cross-
comparisonof BRDF data measurements,which were not cali-
brated.
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1 Intro duction

Predictive rendering[Purgathofer2003] relies on accurateinput
data. This includesthreecomponents:geometry, the light source
emittancecharacteristics,andsurfacere�ectanceproperties.In this
paperwe discussthe cross-validationof surfacere�ectancedata,
furtherreferredto asbidirectionalre�ectancedistribution function
(BRDF). Interestingly, theoriginal conceptof surfacere�ectances
(albedo)was establishedby Lambert in 1760, while the BRDF
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wasde�ned by Nicodemusonly in 1977[Nicodemuset al. 1977].
Since then thanksto the technologyprogressthe researchcon-
cerningBRDF hasbeenquite active in several �elds: computer
graphics,computervision, lighting engineering,physicsof light,
astronomy, metrology, andremotesensing.Thecommunitiesdeal
with the sameconceptof surfacere�ectancedifferently which is
driven mostly by applications.A readerinterestedin the topic of
BRDF asusedin computergraphicsis encouragedto readthesur-
vey by [Shirley etal. 2001].

Thework is motivatedby thenecessityto validatebidirectionaltex-
ture function(BTF) datacomingfrom a measurementsetupdevel-
opedwithin an EU projecton predictive rendering[RealRe�ect ].
However, thevalidationof BTF datais acompletelyunsolvedprob-
lem,sinceit includessensingof visualpattern[Wandell1995].For
this reason,we hadto resortto thecomparisonof BRDF datacom-
putedby averagingBTF data. The BRDF datafrom theaveraged
BTF wascomparedwith anotherBRDF datasetfor thesamemate-
rial sample,which hadbeenmeasuredindependentlyat a different
facility by a commercialcompany [Integra] in 2001.

ThevalidatedBTF measurementsetupis technologicallyvery dif-
ferent from the secondsetupusedfor referenceBRDF measure-
ments,sincedifferent technologyfor light sourcesand light sen-
sorswasused. In additionthe measurementswereperformedfor
different setsof samplepositions. As a result a direct compari-
sonof the two BRDF datasetsis impossible. Unfortunately, we
werenot given any option to suggestchangesin themeasurement
andrecordingproceduresor theoutputdataformatfor eithermea-
surementsetupandpossiblyto repeatthedatameasurement.Both
measurementsaresubjectof varioussystematicandrandomerrors,
includingpositioningandradiometricerrors.This makesthevali-
dationof BRDF measurementsratherdif�cult.

During studyingthe literatureit hasappearedthat in the scopeof
rich computergraphicsliteraturedealingwith BRDF this problem
hasnot beendealtwith properly. Typically analyticalBRDF mod-
els areused. Thenit is statedthat a proposedBRDF modelgives
faithful or visually pleasingresults,similar to theoriginal surface
appearance.

In this paperwe show how it is possibleto overcomethe dif�cul-
ties for cross-validationof BRDF datafor differentmeasurements
of thesamematerialsample.We show the motivation behindour
proposedmethodologyusingthe reciprocitycheckandperception



basedcolor comparison.The proposedmethodcanalso be used
to validateanalyticalBRDF modelsagainstmeasuredBRDF data.
We have usedtheproposedmethodologyfor four materialsamples
of different surfacere�ectancecharacteristics,all of which were
assumedto be isotropic. Sincepolarizationwasnot measuredon
any setup,possiblepolarizationeffectshavenotbeentakeninto ac-
count.

The paperis further structuredas follows. In Section2 we recall
fundamentalconceptsof BRDF. In Section3 we discussrelated
work. In Section4 we describethe two measurementsetupsused
to acquiretheBRDF data.In Section5 we show thenecessarypre-
processingsteprequiredfor thedirect comparisonof BRDF mea-
surements.In Section6.1we describehow a reciprocitycheckwas
usedon a single dataset. In Section6.2 we discusspossibilities
for colorimetric comparisonusing CIE 1976L� a� b� color space.
Finally, in Section7 we concludeour resultsanddiscusspossible
futurework.

2 Surface Re
ectance Function

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

Formally, a BRDF is de�ned asa ratio betweenre�ected radiance
Lo in thedirection~wo andtheincidentradianceLi comingfrom the
direction~wi .

fr (~wi ;~wo; l ) =
dLo(~wo; l )

Li(~wi; l ) � cosf i � dwi
=

dLo(~wo; l )
dE(~wi; l )

[sr� 1]

(1)

The factor cos(f i) representsthe normalizationof incomingradi-
anceLi along~wi to thedirectionperpendicularto thesurface.This
correspondsto theincidentirradiancedE(~wi; l ).

Theincomingandoutgoingdirectionsaretypically describedin the
polarcoordinatesystemby a pair of angles.Hence~wi = f (qi ; f i )
and~wo = f (qo; f o). For a singlepoint on thesurfacetheBRDF is
thena 5-dimensionalfunction f (qi; f i ;qo; f o; l ) = fr (~wi;~wo; l ).

The BRDF is known to be a reciprocal function for �at sur-
faces[Chandrasekhar1950]. This means,whenwe exchangethe
incoming and outgoing direction, the value of the BRDF is not
changed:

fr (~wi;~wo; l ) = fr (~wo;~wi ; l ) (2)

This is known astheHelmholtzReciprocity [Minnaert 1941]. For
structuredsurfacesthis is valid aswell, whena BRDF is averaged
overa suf�ciently largespatialregion on thesurface[Snyder1998;
Snyder 2002]. Theareaof the region hasto be large enoughwith
respectto thesizeof structuraldetails,so theBRDF valueis inde-
pendentof thelocationof theregion.

An important integral property derived from the BRDF is the
albedo, which describesthe amountof incoming light that is re-
�ected on averageto a given outgoingdirection. This is obtained
by integratingtheBRDF over theincidenthemisphere:

r (~wo; l ) =
Z

Wi

fr (~wi;~wo; l ) � cosqi � dWi [� ] (3)

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

tionedonthehemisphere,we obtainthesocalledmeanalbedo:

r̃ (l ) =
1
p

Z

Wo

r (~wo; l ) � cosqo � dWo (4)

=
1
p

Z

Wo

Z

Wi

fr (~wi;~wo; l ) � cosqi � cosqo � dWo � dWi [� ]

Themeanalbedoisalsoreferredto ashemispherical-hemispherical
or bi-hemisphericalre�ectancein theliterature.

TheBRDF is saidto bephysicallyplausibleif r (~wo; l ) < 1. This
correspondsto energy conservation. The energy of the re�ected
�ux cannotbelarger thantheenergy of theincident�ux.

TheBRDF asde�ned by Eq. (1) is a functionof 5 variablesandit
is calledanisotropic. Its valuegenerallydependson the incoming
directionalongthe tangentialplanef i andf o. If theBRDF value
doesdependonly onthedifferenceof theanglesf i � f o, it is called
isotropic.

3 Related Work

In thissectionwediscussthework relatedto theaccuracy of BRDF
measurementsfor real-worldmaterials.In thephysicsof light, ap-
pliedoptics,metrology, andremotesensing,theaccuracy of BRDF
measurementsis a widely discussedtopic. This involves mono-
graphsrelatedto themeasurement[Stover 1995]andremotesens-
ing [Rees1990].

In metrology it was shown that the BRDF can be dif�cult to
measureif absolutevaluesof high accuracy are required. An
experimentperformedin 1988 comparedmeasurementsof four
material samplesperformedat eighteenfacilities in the United
States[LeonardandPantoliano1988;Leonard1988]. Theresults
showed a large rangeof variation in rangeup to 250%. This has
led to therecommendationfor re�ectancemeasurement[E1392-90
1990].

In computergraphicsmany BRDF modelshave beenproposed,ei-
therphenomenologicalor physicallybased.Very often purelyan-
alytical BRDF modelsareuseddueto their low memoryrequire-
ments.Thedirectuseof measureddatahasbeenratheruncommon
dueto variousconstraints,althoughseveralapproachesusingmea-
sureddatawereproposed,someof themonly recently [DeYoung
andFournier1997; Lalonde1997; Matusik 2003; Claustreset al.
2003;Lawrenceet al. 2004].

If measureddataareusedfor an analyticalBRDF model, the pa-
rametersof ananalyticalmodelare�t to themeasureddata,usinga
non-linearoptimizationprocessfor theL2 normbetweenmeasured
dataandanalyticalBRDF data. However, questionsabouterrors
of the BRDF usingan analyticalmodelvs. measureddataareof-
ten neglected. Typically, a readeris said to believe the statement
of authors.In a bettercase,thestatementis supportedby rendered
images(tone-mapped)andpossiblyreferencephotographs(in low
dynamicrange).Thevisualsimilarity of theresultsis themaincri-
terion [Marschneret al. 2003]. The �rst studieson functionprop-
ertiesof theanalyticalBRDF models(Lafortune,Ward,Askhimin)
werecarriedoutonly very recently[Nganetal. 2004].

An exceptionalapproachin computergraphicsis the description
of thedesignof a goniore�ectometerby SingChoongFoo at Cor-
nell University [Foo 1997]. The author describesthe setupfor
a goniore�ectometerincluding mechanicalparts for rotation and
positioning,the light source,the light detector, sourcesof errors,
andcalibration. The calibrationof BRDF measurementsetupus-
ing referencematerialwhich is highly diffuseandspectrally�at in



re�ectanceis widely recommended[Clarke et al. 1983; Fairchild
et al. 1990]. An importantissueis the temporal stability of mea-
surementequipment:the luminousintensityof usedlight sources
candropto 65%of thenominalvalueat thebeginningof the illu-
minantlife cycle. This is referredto asmaintenancefactor. There-
fore it is recommendedto perform a calibrationbeforeand after
themeasurementof every materialsampleor evenrepeatedlydur-
ing themeasurement,sincea singlematerialmeasurementcantake
severalhours.

The �rst measurementof our materialsampleswasperformedby
the company Integra in theyear2001. The detailsof the calibra-
tion usedandthe possibleaccuracy of the measuredBRDF data
areunknown. The company con�rms that theaccuracy for highly
speculardatacanexhibit largeerrorsin theorderof severalhundred
percent.Therefore,they do separatemeasurementsfor thediffuse
andspecularcomponentsof re�ectance,if the materialsampleis
moderatelyto highly specular. However, themeasurementsarecar-
riedoutfor 30spectralbandsin thevisiblespectrumincludingsome
calibration.

Althoughcalibrationwasdiscussedin theoriginalpaperaboutBTF
measurements[Dana et al. 1999], the secondphysicalsetupfor
BTF datameasurementwas not calibrated. This doesnot allow
to acquiretheBTF/BRDFdataassuringabsolutevalues.TheBTF
dataaremeasuredwith unknown multiplicative factors.Eventem-
poralstability is not completelyassured,sincethemeasurementof
a singlematerialtakesseveralhours.

As a result,thecross-validationof theuncalibratedmeasurements
for BTF dataagainstreferenceBRDF dataobtainedwith an un-
known level of accuracy is ratherdif�cult. We havefoundtwo pos-
sibilities: First, we usethe reciprocity that is appliedto averaged
BTF data.Second,we carryout cross-comparisonusingaveraged
BTF dataandtheBRDF datameasuredindependently. We discuss
thesepossibilitiesin detail in thepaper.

4 Two Measurement Setups

In thissectionwe describetwo measurementsetupsusingall avail-
abledocumentation.Wereferto the�rst oneasIntegra setupwhich
can measureonly BRDF. The secondone is referredto as UBO
setup, andit is usedfor BTF datameasurements.

4.1 Integra Setup and Data Representation

The text below follows the electronicdocumentationof the com-
pany Integra [Integra ]. In their setupusedin 2001,theBRDF is
possiblymeasuredin two differentphysicalsetups.The �rst one
is designedfor diffuse (andmoderatelyglossy)BRDFs, the sec-
ondoneis for highly glossy/specularBRDFs. For the four sample
materialsusedfor validation(seeFigure1), the �rst measurement
setupwasusedonly, sincethematerialswerenot consideredto be
specularenough.

Themainelementsof thephysicalsetupare:

� illuminatingsystemforming a narrow parallelbeamof light,

� detectorwhichregistersthelight re�ectedby thesample,and

� standarddiffusor

Thediffusecomponentof aBRDFdependsontheincidenceandre-
�ected directions.Therefore,theequipmentmustprovidemeasure-

Figure2: Integrasetupfor thediffuseandmoderatelyglossyBRDF
measurements.

mentsinsidethe 2p solid angleabove/below the materialsample
(Figure 2). Thethreedegreesof freedomareachievedby:

1. rotationof the light sourcein theplaneof drawing (incident
angleqi ),

2. rotationof thedetector(receptionangleqo), and

3. rotationof thesample(inclinationanglea ).

Anisotropic materialsare measuredby remountingthe material
sampleandrerunningthemeasurementfor severalorientationan-
gles.Thiswasnotnecessaryin ourcase,sincetheBRDFof all four
materialsampleswereconsideredto beisotropic.

Themeasurementfor thesamelighting andobservationconditions
is executedtwice: �rst for thesample,andthenfor a perfectstan-
darddiffusor. The relation betweenthe luminanceof the sample
andtheperfectdiffusor is theLuminanceFactor for speci�c light-
ing andobservationconditions.This correspondsto calibrationbe-
fore themeasurementof everysampleasdiscussedin theprevious
section.

BRDF data dependon the wavelengthof the illuminating light
source.Differentequipmentcanbeappliedtoprovidespectralmea-
surements,e.g.,amonochromatorwith adispersiveelement(prism,
diffractiongrating,etc.)or a setof lasersemittinglight of different
wavelength,or narrow spectral�lters for thelight detector.

The following parametersaretakeninto accountin theBRDF de-
scription(Figure 3):

� Spectraldimension(wavelength).

� Incomingray representation:

y the azimuthof incidence,countedin the directionof the
counterclockwiserotationaroundthenormalvector.

s theincidentangle.

� Outgoingray representation:

q theanglebetweenthedirectionsof specularre�ected and
observationdirections.

f theanglebetweentheincidenceplaneandtheplanecoin-
ciding with theobservationandspecularre�ection di-
rections,countedin the directionof the counterclock-
wiserotationaroundthespecularre�ectedray.

The proposedparameterizationallows to ef�ciently specify the
variationof BRDF closeto theideally re�ecteddirection.Further-
more, the varioustypesof BRDF symmetriescanbe represented
ef�ciently .

TheIntegradataformatallowstoef�ciently specifyvarioustypesof
BRDFs.Thefour materialsamplesmeasuredexhibit planesymme-



Figure3: Parameterizationusedin Integradatarepresentation.

try formedby isotropicsurfaces.Thistypeof BRDFhasplanesym-
metry, wherethesymmetryplanecontainsincidentrayandsurface
normal.Thatis why therangeof de�nition for f is 0� � f < 180� .

The data from BRDF measurementsby Integra are provided in
ASCII �les for incominganglesqi 2 f 0;10;20;30;45;60;90g de-
greesand 30 wavelengthsin the rangefrom 400 to 690nm. The
setof outgoingdirectionsis formeddenselywith respectto there-
�ected incoming direction. The dataareavailable at the Atrium
Website[DragoandMyszkowski 2001].

4.2 UBO Setup and Data Representation

The UBO setupis designedfor BTF measurements.It is a fully
automatedsystemwhichconsistsof a roboticarmcarryingthema-
terial sample,a digital camera,a lamp, anda personalcomputer.
Theroboticarmhasthreedegreesof freedom.Thelight sourceand
digital cameraarepositionedon anarchaving thematerialsample
in thearccenter. The light sourcepositionis �x ed. Thecamerais
mountedon a wagonwhich movesalongthearc rail-system,cre-
atingonemoredegreeof freedom.In total thepositioningis fully
controlledby a PC,and the setupachieves4 degreesof freedom.
This allows to measureanisotropicBTFs. The BTF imagesare
recordedin a roughly uniform densityof light sourceandcamera
directionsoverthehemisphere.For everypositionthecameratakes
several imagesin sRGB representationwhich are then combined
into a single HDR image. The size of a materialsampleis lim-
ited to 100� 100 mm. The UBO measurementsetupis shown in
Figure4.

Figure4: A photographof theUBO measurementsetup.

Theavailabledirectionsqi ;qo were0,15,30,45,60and75degrees
with differentincrementsof the respective f (azimuth)directions,
seeTable 1. However, where imagescould not be takendue to
camera-lightocclusion,a slightly differentqi wasused,which had
to betakeninto accountfor theinterpolationof BRDF values.The

q 0 15 30 45 60 75
Df 0 60 30 20 18 15

Table1: Nominalq directionsandtheir respectiveincrementsof f .

total numberof HDR imagestakenfor a materialsampleis 6,561,
which requiresa storagespaceof 40 GB. A singlematerialmea-
surementtakesabout13 hours,which canpotentiallyleadto tem-
poral instability of themeasurement.More detailsabouttheUBO
setupcanbefoundin [Müller et al. 2004].

The methodologyusedfor UBO measurementsand Integra mea-
surementsaccordingto theavailabledocumentationshows thesu-
periorityof theIntegrameasurementsetup.Unfortunately, thelevel
of accuracy andmeasurementuncertaintyfor the Integrasetupare
notgiven.

5 Preprocessing for Cross-Validation

Severalpreprocessingstepsarenecessaryto becarriedoutprior to
cross-validationbetweenIntegraandUBO BRDF data.First,aver-
agingof theBTF datato BRDF hasto be performedfor theUBO
measurements.Second,apropercolor transformationtoXYZ space
andCIE 1976L� a� b� spacehasto be performedfor both Integra
andUBO measurementsfrom the original data. Third, theBRDF
datahastoberesampledfor samplecoordinatesgivenby UBOBTF
data.NotethatwecouldalsoresampletheaveragedBTF datain the
coordinatesgivenby theIntegraBRDFdata.However, thevariance
of theBTF datais higher, soaresamplingwouldbelessreliablefor
comparison.

5.1 BTF averaging to BRDF

The�rst stepto processtheBTF samplesis to averageeachimage
representingthe BTF for someparticular~wi and~wo. This creates
a singlecolor value. The BTF imagescomein linear RGB color
spaceusingRadianceHDR formatwithout any gammacorrection.
This makesaveraginga strictly linearoperation.

5.2 Color Transforms

The RGB valuesfor UBO dataare transformedfrom RGB color
spaceto the CIE XYZ color space, using the transform ma-
trix [Stokesetal. ]:
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0:2126 0:7152 0:0722
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1
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0

@
R
G
B

1

A (5)

TheIntegra spectralre�ectancedataaretransformedfrom a spec-
tral representationto XYZ spaceusingCIE matchingfunctionsfor
theCIE 1931StandardColorimetricObserver[WyszeckiandStiles
1982].

In orderto comparecolorsandestimatea “color difference”,these
XYZ valueshave to be transformedinto a perceptuallyuniform
colorspace,e.g.,CIE 1976L� a� b� . Thequiteelaborateconversion
from CIEXYZ to CIE 1976L� a� b� we have usedcanbe found in
[Hun 1991]. We alsousethemorerecentCIE LAB2000color dif-
ferencemetricfor comparisons.



(a)

(b) (c)

Figure5: (a) Parameterizationusedfor resamplingfor anoutgoing
directionalignedwith a point A on thesphere.Thesquarecenter,
pointA, ismappedto thenorthpoleof thesphere.Thefour edgesof
thesquarearemappedto thesouthpoleof thesphere.(b) Function
for remappingradii. (c) Visualizationof BRDF representationfor
two incomingqi directions.

5.3 Parameterization for BRDF Data Resampling

The measurementsfor isotropic BRDFs representa function de-
�ned geometricallyin R3 space,fr : R3 7! R. Thefunction is mea-
suredat a discretesetof samplepoints.However, theBRDF func-
tion from UBO measurementsandfrom Integrameasurementsare
de�ned over differentsetsof samplepointsin 3D. In orderto com-
parethe two measurementsof the sameBRDF at the setsof the
discretepoints,we have to resamplethe�rst functionfrom oneset
of pointsto thereferencesetof pointsof thesecondfunction.

Sampledataasprovidedby Integraareirregularly distributedover
thehemisphere,whereasthesampledataobtainedfrom UBO setup
are more regularly distributed over the hemisphere. Since the
BRDFsin our caseareisotropic,theresamplingactuallyoccursin
3D spacein general.However, thesubsetof incominganglesqi for
directionis coveredwell in thedomainsfor bothIntegraandUBO
data:0, 30, 45, and60 degrees.For thesedatatheinterpolationis
performedonly in 2D space.For theotheranglesrepresentedeither
only in UBO or Integradata(anglesq 2 f 5;15;20;75g) wehaveto
interpolateisotropicBRDFin 3D space.In thiscontext wepropose
theBRDFparameterizationdescribedbelow, sincethecontinuityof
thefunctionsupportis ahighly desirablepropertyfor interpolation.

Thetraditionalhemisphericalparametrization(q;f ) is notsuitable,
since there is a strongdiscontinuity for f = 0 and the mapping
from a squareis highly non-linearalongthepole(q = 0). A sim-
ilar problemexists for the parameterizationusedby Integra, de-
scribedin Section4.1. Also the parameterizationintroducedby
Rusinkiewicz [Rusinkiewicz 1998]is discontinuousfor f = 0.

Wedescribetheparameterizationthatis bicontinuousandalignsthe
dataalongtheideally re�ecteddirection.Thealignment1 is neces-
sary sincethe BRDF function variesfastestfor specularBRDFs
alongre�ecteddirection,wherehigh accuracy of resamplingis re-
quired.Weachievethegoalby combinationof extendedconcentric
mappingfrom a squareto thespherewith a singlepoint of discon-

1TheBRDF alignmentalongre�ected directionis alsowell coveredby
bothIntegraandRusinkiewicz parameterizations.

tinuity androtatingthespheresothattheoriginal northpoleof the
sphereis alignedwith theideally re�ecteddirection.

Theconcentricmappingmapsapoint from aunit squareto thedisc
without introducingdiscontinuity[Shirley andChiu 1997;Shirley
1992]. A point canbemappedfrom thedisc to thehemisphereby
a mappingwhich keepsa fractionalareaarounda point from the
2D disk to the3D hemisphericalsurface.We extendthemapping
sothatwe mapthepoint from the2D unit squareto the3D sphere
with a singlepoint of discontinuity. This mappingis depictedin
Figure5 (a). Basically, we addonemoremappingstageontheunit
disc, that changesthe radiuson the disc only. The radiusbefore
mappingis rA. We maptheradiusrA to theradiusrB asfollows:

If (rA < 1=
p

2), thenwe mapa point from thediscto thetophemi-
sphereandtheradiusbeforemappingtohemisphereis rB =

p
2� rA.

Otherwise,we mapthepoint to thebottomhemisphere,wherethe

radiusbeforemappingto the hemisphereis: rB =
q

2� (1� r2
A).

Thefunctionfor thismappingstageis depictedin Figure5 (b).

For the isotropicfunction the incomingdirectionis parameterized
by qi (isotropicBRDF).Theoutgoingdirectionis parameterizedby
x;y 2 [0:: :1]2. Theparameterizationhasthefollowing properties:
a point x = y = 1=2 from a 2D squareis alwaysmappedto the
re�ecteddirection,namelythepointA in Figure5 (a) and(c).

In our parameterizationthe main featuresof BRDF are aligned
along the re�ected direction for different qi . This is important
for glossyandspecularBRDFsandmakesno dif�culty for diffuse
BRDFs.In addition,theBRDFparameterizedin R3 spacedoesnot
exhibit any importantdiscontinuity. Thismakesthenewly proposed
parameterizationparticularlysuitablefor BRDFrepresentationand
interpolation.

5.4 Resampling BRDF Data

Thereare variousinterpolationand extrapolationschemesfor ir-
regularly placedpoint datain 2D and3D, for survey see[Franke
1982;LodhaandFranke1999]. We have chosenShepard's family
of methods[Renka1988a]for 2D and3D data,sinceaccordingto
ourexperimentsthey work acceptably. We alsotesteda few Radial
BasisFunction(RBF) interpolationschemesin bothglobalandlo-
cal settings.However, theresultsof RBF interpolationfrom highly
irregular(Integra)datawereworsethanfor Shepard'sinterpolation
scheme.In particular, we useRenka's methodfor 2D data[Renka
1988b;Renka1999] andalsofor 3D data[Renka1988a]. An ex-
ampleof resamplingBRDF datais shown in Figure6. Noticethat
themeasurementsby Integrafollow theparameterizationby Integra
describedin Section4.1. TheUBO measurementswereisotropised
prior to theresampling.

6 BRDF Validation

6.1 Reciprocit y Check

The �rst validation method,applicableeven for a single BRDF
setup,is to checktheHelmholtzreciprocity. Giventhatdiffusesur-
faceluminanceis largely dependenton the cosineof the angleqi
betweenilluminationdirectionandsurfacenormal,acolorvaluefor
normalincidencecanbereconstructedby dividing eachcolorcom-
ponentby cosqi . Now, for pairswith qo;1 = qi;2; f o;1 = f i;2;qi;1 =
qo;2; f i;1 = f o;2, a relationlike (XYZ)1=cosqi;1 = (XYZ)2=cosqi;2
shouldhold.



Figure 6: The visualizationof measurementand resamplingfor
BRDF databy Integra andUBO for qi = 30� , the material�oor -
tile andX componentof XYZ color space.TheBRDF valuemul-
tiplied by cosineof the qi for outgoingdirectionwo = (qo; f o) is
visualized.Thegreenspherescorrespondto theBRDF from UBO
measurementafterisotropisation.Thewhite spherescorrespondto
theBRDF from Integrameasurement.Theredspherescorrespond
to theinterpolatedBRDF valuesfrom Integrameasurementsusing
querycoordinatesby UBO data. Blue spheresrepresentthe base
planeof thehemisphere(qo = 90� ).

Both HDR RGB input and spectraldataacquisitioncan be con-
vertedto CIE XYZ data,and furthermoreinto CIE 1976L� a� b�

coordinateswhich arecloserto the humanperception,taking also
theabove-mentionedcosinerecorrectioninto consideration.Only
thecosinerecorrectedXYZ valuesaremeaningfullycomparableto
eachother. Thesearecorrespondingto thecapturedinputs,i.e., to
theperceivableresponseof thesurfacein question,andperceived
color differenceis closerto our original intent thancomparingthe
BRDF. In orderto havea moremeaningfulcomparisonof two such
XYZ values,acosinecorrectionhasbeenperformedonthem,using
acommonangle,betweentheiroriginalviewingangles.It hasbeen
realizedby taking thegeometricalmeanvalueof their cosinesfor
thenew cosinecorrectionfactor.

Table2 shows themeanvalueof theabsolutedifferencesof X, Y,
andZ valuesby the aforementionedmeaning. The usualmagni-
tudeof thesevaluesis [0:: : 100], but somehigh dynamicinputcan
exceedit. Theshown errorvalueslook acceptable.The tablecon-
tainsalsothecolordifferencesof theCIELabvalues,following the
CIE 1976L� a� b� de�nition for DE (total difference),DC (chroma
difference),DH (huedifference),andthenewerCIE LAB2000def-
inition for totaldifference,DEexp. In thesede�nitions, avalueof 1
designatesa just noticeablecolor difference,andthesedatashow
that thereciprocityis largely ful�lled. NotethatBTF is in general
not an exact pointwiseBRDF, but averagingthe BTF texels typi-
cally yields a goodapproximationof a BRDF, the only deviation
canbeintroducedby bordereffects.

Material jX2 � X1j jY2 � Y1j jZ2 � Z1j DE DC DH DEexp
ceiling 5.40 5.76 5.20 3.52 0.70 0.25 2.53
�oortile 2.21 2.33 2.34 2.66 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 differencesoccurringfor thereciprocitytests.

6.2 Color Comparison

Preprocessing

TheBTF dataprovidedby UBO lackabsolutealbedovalues,which
prohibit a direct comparisonwith the Atrium BRDF data. But,
given that only 3-channelcolor values(RGB, or CIE XYZ deriv-
ablefrom RGB) areavailablewhich canbematched,thefollowing
ideacanbeapplied.

If color valuesv for thesamedirectionsasusedin theBTF acqui-
sition canbe createdfrom theBRDF in a linear color space,e.g.,
CIE XYZ, thereis a linear transformationbetweeneachrespec-
tive pair v;w of color triplets, wherev is the color producedfrom
theprocessingof theBRDF datawith anassumedwhite illuminant
like D65,andw is theaveragecolorof a BTF photograph.

This transformationcanbeexpressedas3� 3 matrix T sothat
0

@
t11 t12 t13
t21 t22 t23
t31 t32 t33

1

A �

0

@
v1
v2
v3

1

A =

0

@
w1
w2
w3

1

A (6)

Theoretically, thesamematrix T shouldbefoundby all i equations
for the i correspondingcolor samples.In practice,this cannotbe
expected,but to �nd a meaningfulsolutiona commonT can be
derivedfrom thegiven6,561correspondingpairsi of colorvalues,
which cantransformthecolor valueswith thesmallesterror. This
matrix canbefoundby meansof a least-squares�tting method.

Wehaveto minimizethefunctionF = å (T �v(i) � w(i) )2, wherev(i)

is thei-th entryof setv, which correspondsto theequationsystem
¶F
¶tkl

= 0 (k = 1:: : 3; l = 1:: : 3), sincethe function F is convex
with asingleminimumpoint. In addition,wemaywantto introduce
weighting factorsak 6= 0 for the 3 individual color channelsk to
emphasizethe importanceof, say, theY channelby introducinga
weighteddot product, x � y = å akxkyk which correspondsto the
weightednormkxk = å akx2

k. We have:

F = å (T � v(i) � w(i) ) � (T � v(i) � w(i) ) (7)

= å
�
(T � v(i) ) � (T � v(i) ) + w(i) � w(i) � 2(T � v(i)) � w(i) �

= å
3

å
k= 1

�
ak(T � v(i) )2

k + akw
(i)
k

2
� 2ak(T � v(i) )kw

(i)
k

�

Now, (T � v)k = t(k) � v = å 3
l= 1 tklvl = tk1v1 + tk2v2 + tk3v3, so

¶(T�v)k

¶tkl
= vl (k = 1:: : 3; l = 1:: :3), and we obtain9 equations

to solve (k = 1:: :3; l = 1:: :3):

0 =
¶F
¶tkl

= å
�

2ak(T � v(i) )k �
¶(T � v(i))k

¶tkl
� 2ak

¶(T � v(i) )k

¶tkl
� w(i)

k

�

= 2akå
� 3

å
m= 1

(tkm� v(i)
m )v(i)

l � v(i)
l � w(i)

k

�
(8)

Obviously, the factor 2ak canbe omitted from further considera-
tion, which pointsout that surprisinglythe solution is genericfor
weights(a1;a2;a3), that is, independentfrom any weightingof the
channels,andwelook for a zeropointof thederivative:

Eqk;l :
1

2ak

¶F
¶tkl

= 0 :
3

å
m= 1

tkmå v(i)
m v(i)

l = å v(i)
l w(i)

k (9)

Weseethatwenow have3 separateequationsystemsfor k = 1;2;3
surprisinglywith thesame3� 3 coresymmetricmatrix A : Alm =



å v(i)
m v(i)

l ; (l = 1:: :3; m= 1:: :3). Simplifying our notations(k =
1:: :3):

T =

0

@
t(1)

t(2)

t(3)

1

A with t(k) = (tk1;tk2;tk3) (10)

and b(k) =
�
å v(i)

1 w(i)
k ;å v(i)

2 w(i)
k ;å v(i)

3 w(i)
k

�

we canwrite each3-variableequation(k = 1:: :3) with solution,

wheree.g.t(k) T
is thetransposed(columnvectorform) of t (k) , as

At(k)T
= b(k) T

(11)

and,becauseA is symmetric,t (k)A = b(k) ; t(k) = b(k)A� 1

andwith B =

0

@
b(1)

b(2)

b(3)

1

A (12)

we canwrite T = BA� 1 (13)

ThematricesT thusobtainedare:
0

@
3:207 � 1:406 � 1:144
3:404 � 1:486 � 1:218
3:461 � 1:578 � 1:196

1

A

0

@
0:875 1:174 � 1:568
0:912 1:255 � 1:659
0:994 1:197 � 1:675

1

A

Tceiling Tfloortile0

@
� 0:357 0:954 � 0:226
� 0:377 1:007 � 0:238
� 0:339 0:965 � 0:245

1

A

0

@
2:671 � 0:664 � 1:614
2:797 � 0:684 � 1:699
2:324 � 0:370 � 1:575

1

A

Tpinkwall Twalkway

Notethat therows within eachmatrix aresimilar, but thematrices
aredifferentfor eachmaterial. This canbe explainedby different
vectorsv andalsovectorsw (6), which areboth closeto gray, so
thatsmallabsolutedifferencesresultin largedifferencesin theco-
ordinates.

Color Di�erence Evaluation

Now thatwehaveabestaveragetransformationmatrixbetweenthe
color sets,we cantransformthecolor valuesv of the colorscom-
putedfrom the referenceBRDF andcanthen�nally comparethe
two sets(T � v); w in a meaningfulway. TheCIE andotherexperts
of colorscienceprovidednumerousfunctionsfor colorcomparison
over the last decades[Hun 1991], which don't take into account
absolutevaluesof (re)radiation,but alsothecolor sensitivity of the
humanvisualsystem,whichmeansthatthenumericalresultsrepre-
sentvalidity in termsof detectabilitywith thehumanvisualsystem.

Results of Color Comparison

In Table3 we give averageandmedianvaluesof CIE 1976L� a� b�

Total Color DifferenceDE andCIE LAB2000Total Color Differ-
enceDEexp. A color differencevalue of 1 means“barely de-
tectable”. As it canbe seenfrom the averageandmedianvalues,
theerror is usuallyvery small. Thewalkwaymaterialis roughon
a larger scale,so hereself-shadowing of bumpsis evident in the
imagesandapparentlyleadsto greateraveragedifferencesbetween
thetwo datasets.

Investigatingthe full tablesexplainsthe reasonfor thehigh maxi-
mumvalues:Theseoccurexactly for directionswhereqo = qi 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: Colordifferencesoccurringduringcolorcomparisontests.

f i = f o + 180� , which meanslooking into the exact direction of
specularre�ection. TheIntegraBRDF datadescribeonly themea-
surementsfrom diffuseor moderatelyglossysetups,which exhibit
largererrorsfor aroundre�ected direction. TheBTF imagesfrom
the UBO setupincludediffuse andspecularre�ections, large de-
viationshadto be expectedat thesedirections,mostly due to the
positioningerrors.Also, interpolatingcolorvaluesfrom theBRDF
atpointswith extremespecularitywill yield greatererrors,although
the reparameterizationwasdesignedvery carefully. All in all, the
resultingdifferencesarewell inside the rangeexpectedfrom the
uncertaintiespresentin theoriginaldata.

7 Conclusion and Future Work

In thispaper, we havedescribedamethodfor thevalidationof BTF
datameasurementsby meansof cross-validationusedfor BRDF
data.Ourwork wasmotivatedby thenecessityto performthis val-
idation for a new physicalsetupfor BTF measurementsfor which
thecalibrationis missing.First,we applythestandardmethod,the
reciprocity check,which can reveal the positioningerrorsof the
physicalsetupor principalproblemsin imageprocessing.Second,
weusedthedatafor fourmaterialsamplesmeasuredby athird party
asreferencedata. The comparisonbetweenthe datafor thesame
materialsamplesmeasuredontwo independentandtechnologically
differentphysicalsetupsrequiresadditionalprocessing:color con-
versionandresampling. In this context we proposean approach
for resamplingBRDF datausinga novel BRDF coordinatesystem,
which alignsmajor featuresalongthe re�ected directionanddoes
not exhibit thediscontinuityfor the interpolatedregionsof the re-
�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 that the error of measurementis perceivable,but quite
acceptable.

As a future work a quite interestingtopic is the direct validation
of BTF data,which couldbea highly desirabletopic for analytical
BTF models.SincetheBRDF/BTFconceptsbasicallycorrespond
to probabilitydistributionfunctions,thequestionis if thetoolsused
in mathandinformationtheory, suchasmutualentropy,aresuitable
for cross-validationof BRDF measurements.
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