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Abstract. Many scatteringmodelshave beenproposedn the graphicsliterature. Few of them, hawever, have beenevaluatedthrough
comparisonsvith real measuredlata. As the demandfor plausibleand predictablescatteringnodelsincreasesinore effort is focusedon
performingsuchcomparisonsin this papemwe examinetheimplementatiorof virtual goniophotometriclevicesusedto evaluatealgorithmic
scatteringnodels focusingon practicalissuesnamelythe subdvision of the collectorsphereandtheray densityrequiredto obtainreliable
BRDF andBTDF estimatesQur discussiorof theseissueds supportedy experimentsvhoseresultsarealsopresentedn this paper

1 Introduction

Greenbgy etal. [16] proposedh frameavork to test,validateandimprove the delity andef ciency of computergraphicsalgorithmswhichis
composedf threestagesnamelylocal light scatteringmodels light transportsimulationsandimagedisplayproceduresThey emphasized
the importanceof performingcomparisondetweensimulationsand actualmeasurementso that simulationscanbe usedin a predictive
manner Accordingto theirparadigmit is of fundamentaimportancehatateachstagesimulationsarecomparedvith measure@xperiments.

In this paperwe focuson issuegelatedto the rst stageof this systemmorespeci cally the evaluationof algorithmicscatteringnodels.
Theseevaluationsinvolve comparison®f amodelreadingswvith actualBRDF measuremeniserformedusinggoniophotometerfl8, 20]. In
orderto obtainthesereadingsrom a computemodelin the rst place,onemustperformacomputersimulationof theinputsandoutputsof
themodel,i.e., usevirtual goniophotometersThesedeviceshave importantapplicationsot only in graphicq28, 6, 12, 23], but alsoin areas
suchasremotesensind15] andmedicineg[10]. Theformulationof suchdeviceshasto reproduceactualmeasuremerdonditionsasfaithfully
aspossibleto avoid theintroductionof biasin thecomparisons.

Thesevirtual devicesareusednotonly to determineheplausibility of scatteringnodels put alsoto performdatacollectionfrom previously
validatedmodels.Besidegjiving usersacontroloverthespectrablatageneratiorfrom computermodelsusedo simulatethescatteringro le
of variousmaterialsthesedevicesallow usergo performexperimentsatdifferentsamplingesolutiong23], whichareimportantrequirements
in rendering.

Whensuchvirtual devices are presentedn the computergraphicsliterature,they are usually presentedn connectionwith a scattering
model. For example,Gondeketal. [13] have usedadevice for spectrabndspatialmeasurements,virtual goniospectrophotometeresented
asanopticsmodelanda capturedomeusedin conjunctionwith a geometricmodelof surfacemicrostructure.Although our discussioris
relatedto applicationgnvolving algorithmicscatteringmodels,our maingoalis to addresghe formulationof virtual goniophotometergnd
closely examineimplementatiorand usageissues(collector spheresubdvision andray density)that affect the reliability/costratio of the
measurementsyithout focusingon ary speci ¢ scatteringnodel.

2 Background Information

2.1 General Characteristics of Actual Goniophotometer s

A goniophotomete(from greek: gonio-photo-meter=angle-light-measuringe ned asaninstrumentthat measuresadiant ux (power)
as a function of anglesof illumination and obseration [7]. Thesemeasurementsan be performedin differentways, and, as a result,
thereare mary possiblecon gurationsfor thesedevices. Computergraphicsresearcherbave proposedextensionsfor industrially made
goniophotometer§d] aswell asnew designsbasedon the useof digital cameraq21, 31, 25]. A review of thesedevicesis beyond the
scopeof this work. A readerinterestedn more detaileddescriptionof goniophotometersisedin computergraphicsis referredto more
comprehense worksin this areal9, 26].

Goniophotometerarealsoimportantbasictools for fundamentatesearchn colorimetry[24], solarengineering8], plantbiochemistry
[2,19] andremotesensing5, 19]. ForinstanceFigurel (left) shavs aphotograptof agoniophotometensedoy Combestal. [4] to measure
BRDFsof plantspecimensThelight ux whichis incidentonthe specimercomesfrom anemitter After beingre ected or transmittedoy
thespecimenit is capturedoy adetectorphotometer).

A comprehense goniophotometricecordfor a simplespecimerwould requirea formidablenumberof measurementas mentionecby
JuddandWyszecki20] andGreenbeg etal. [16]. Boththeemitterandthephotometewould have to bemovedindependentlyf oneanother
to every positionon the hemisphereIn orderto illustrate this aspectluddand Wyszeckiperformthe following calculation. Supposehat
oneworkswith afairly large solid angleof approximately0.005steradiarfor eachaperture.To cover the entirehemispheré2 steradian)
ascloselyaspossiblewith suchan aperturewithout overlapping,we mustuseabout1000differentpositions. With boththe sourceandthe
photometemavedin eachof the 1000positionsoneendsup making1 million measurements!

The best-designedhest-constructednd best-calibratedpectrophotometemnay yield resultsthat differ from one measuremento the
next. Thesedifferencespr uncertaintiesarenetresultsof combination®f mary small uctuations dueto independentariationsof different
component®f theinstrumentdifferentfactorsin the environmentandhow the specimeris handled.

2.2 General Formulation of Virtual Goniophotometer s

In orderto simulateradiancemeasurementserformedoy placinga photometeat differentviewing positions,onecanuseradianceletectors,
which arerepresentetly the patcheof a collectorsphergplacedarounda specimenFigurel (right) presentsa sketchshaving the principal
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Figurel: Left: photograptof agoniophotometerRight: sketchof avirtual goniophotometer

component®f avirtual goniophotometeandtheir geometricabrrangementThelight ux incidentonthespecimercomesfrom the emitter
throughpatchl , andthelight ux collectedby the photometeccomesthroughpatchV . Both of theilluminating andviewing directionscan
bevariedindependentlyithin the hemispherabore the specimenThepositionof emitterandpatchl is givenby theazimuthangle ; and
thepolarangle ;. Thepositionof photometeandpatchV is givenby theazimuthangle , andthepolarangle ;.

Using this arrangementthe BRDF for a directionassociatedvith a given radiancedetectorplacedin the upperhemisphereanbe de-
terminedin termsof radiantpower. More speci cally, it is given by the ratio betweenthe radiantpower reachingthe detectoy ', after
interactingwith the specimenandtheincidentradiantpower, ' [14].

Thecorrespondingxpressiorusedto computehe BRDF for light incidentatwavelength , consideringhesolid anglein thedirectionof
incidence )~ , andthe solid anglein thedirectionassociatedavith theradiancedetector!~ , is givenby:

f(5 bt = % (1)

where:
I~ P = adjustedsolid angleregardingthe directionassociateavith theradiancedetector

In turn, the adjustedsolid angle!~ P is givenby:

A: cos
P ST ()
where:
A, = areaof theradiancedetector
L = distancdrom the specimerto theradiancedetectoy

r anglebetweerthedirectionassociateavith the radiancedetectorandthe specimemormal.
ConsidemN raysshottowardsthe specimerfor agivenwavelength , andassumehateachray carriesthe sameamountof radiantpower,
. If thetotalradiantpowerto beshotis i, thentheradiantpower carriedby eachray is givenby [29]:

()= ) @)

Also, theradiantpower reachingthe radiancedetectorcanbewritten as:

C)=nr ray() (4)

where:
nr = numberof rayshitting aradiancedetector

Thus,replacingequation3 andEquationd in Equationl, the expressiorto computethe BRDF reducego:

n
fr(;!~.;!~r)=W’~rp (5)
Similarly the BTDF is calculatedcassumingheradiancedetectorsareplacedin thelower hemisphere.

For applicationgnvolving datageneratiorfrom a previously validatedmodel,the sampleraysareusuallycollimated,i.e., the samplerays
have the sameorigin andthey hit the specimenat the samepoint. For applicationsinvolving comparisonsvith actualmeasurementthe
sampleraysmay needto be distributedangularlyaccordingto the geometricabrrangementf the surfacesusedto representhe emitterand
thespecimenAs mentionedy Crowther[5], theincidentradiationfrom anemittershavs no preferencdor oneangulamregion overtheother



So,in orderto simulatethesemeasuremertonditions the originsandtargetsof the raysarerandompoints(or samplepoints)choseron the
surfacesusedto representhe emitterandthe specimerrespectiely. Several samplingstratgjiescanbe usedto selectthesesamplepoints.
In this paperwe do notintendto determinethe mostaccurateor the mostef cient samplingstratey, sincethe adwantagesnddravbacksof
differentsamplingstratgjieshave beenadequatelyxoveredelsevhere[11, 29, 30].

3 Collector Sphere Subdivision

The rst questionghatcometo mind whenonestartstheimplementatiorof avirtual goniophotometeare: “How shouldthecollectorsphere
be subdvided?” and“Doesit matter?”.In this sectionwe describeghreesubdvision approacheandaddressheir meritsandlimitations. We
choosetheseapproachebecausehey do not requirea prior knowledgeaboutthe behaior of the BDF andtheirimplementatioris relatively
straightforvard. Is importantto note,however, thattherearealternatvesavailablein theliterature ,suchasthetriangulartessellatiorcentered
onthespeculadirectionusedby Gondeketal. [13], in whichthepatternaisedto measuréhesamplesoncentratén areaof greatesthange
in theBDF.

3.1 Equal Angular Intervals

Thesimplestway to subdvide the collectorsphereinto patchess to usesphericalcoordinates, 2 [0;2 Jand 2 [0; 5], sampledatequal
angularintervals alongboth coordinatedirections.In this casethe resultingpatcheswill not have the samearea.Notethatthe computation
of the BDFsinvolvesthe computatiorof the adjustedsolid angle(Equation2) for eachpatch,which, in turn involvesthe computatiorof the
areaof the patchandthe speci cationof theangle ;.
Considera patchgiven by the sphericalcoordinatey 1; 2) and( 1; 2). Intuitively  shouldcorrespondo % Note thatin
the computationof the adjustedsolid anglewe needto computethe cos . A simple numericalexperiment(Figure 2) shaws that using
r = arccoy w), onecanobtainmoreuniform resultswhenthe sphereis subdvided into a small numberof patches.As one

2
subdvidesthe spheranto alargernumberof patchesthedifferenceglecreasesince ; tendsto be samefor bothapproaches.
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Figure2: Differencebetweeraveragingin termsof cos andaveragingin termsof .

3.2 Equal Solid Angles

Anotherapproactthatcanbe appliedis the subdvision of the collectorspherdnto regionsof equalsolid angleq17], i.e., the patcheon the
collectorspherewill have thesamearea.ln this casethe parametespaceaepresentely 2 [0;2 ] will bedividedinto equalinternvalsasin
thepreviouscase.Thevaluesfor the sphericakoordinate arechoserto guarante@qualareapatches.

Consideringhe geometrypresentedn Figure3, thesmalltrianglehastherelationship:

% = sind (6)
andthelargetherelationship:
h .
— = 7
= sin (7
and
L _ 8
= cos (8)
SO
L°= L cos )
Theintegral of the sphericasegmentbetweerh; andh; is therefore:

Z,, Zy, Z,

2
2 Lo%s= 2 Lcos = 2 Ldh=2 L(h hi) (10)
hy hy co hy



Hence eachsliceof thesamethickness(h,  h;), hasthe samesurfaceareaaroundtheslice.

Figure3: Geometryusedto subdvide the collectorspheranto equalsolid angleregions.

Consideringhe upperhemispheraividedinto ms equalthicknessslices,theangles 1 and » limiting agivenpatcharegivenby:
!
h (hy + &=

(1; 2)= arccos(fl); arccos(%) (11)
Theissuegaisedin the previous sectionwith respecto the choicefor  alsoapplyto this subdvision approachln factour experiments
(Section5.1) shav minor improvementsin the accurag of the measurementsThe computationof the areas however, canbe donemore
efciently thanin thepreviouscase sinceall patchedhave the samearea.ln the equalangularintervalstechniquethe areasarenot the same

for all patcheswhich requiresmorecomputation.

3.3 Equal Adjusted Solid Angles

The third approachexaminedin this paper to the bestof our knowledge, hasnot beenreferencedefore. It consistsof subdviding the
collectorsphereinto regions of equaladjustedsolid angles.Like in the previous casesthe parametespacerepresentethy 2 [0;2 ]is
dividedinto equalintervals. Thevaluesfor thesphericatoordinate arecomputedakinginto accounthede nition of adjustedsolid angles
givenby Equationl, whosenumeratoris usedin the Nusseltanalog[27] to provide a geometricequivalentto the differentialarea-to-area
form factor[3].

Considertheupperhemispherabove the specimenlts adjustedsolid angleis givenby:

A Z _ _
= =2 . cof0 coS 5
cos sin d d =2
=0 =0 2 2

=2

1= (12)

Using the integration above, the adjustedsolid angleof a slice limited by 1 and » is given [cos’ 1 cos® »]. Consideringthe
hemispherelividedinto ms slicesalongthe parametespaceepresentetdy , we canobtainthefollowing relationship:

r

2 = arccos (cos? 1 i) (13)
ms

In this approachthe choiceof  is embeddedn theintegrationleadingto the equaladjustedsolid angles.As a result,the computation
of the adjustedsolid anglesis performedmore accurately Moreover, our experiments(Section5.1) shav thatit enablesa more uniform
corvergenceof the BDF estimateshanthe previoustechniques.

4 Ray Density

Anotherkey questionto be addressedvhen performingvirtual goniophotometrianeasurements how mary rays shouldbe castby the
emitterelement,i.e., how large shouldN be, 10°, 10° or 10" ? Using a sufciently large numberof samplerays, onewill have a high
probability of obtainingestimateswithin the region of asymptoticconvergenceof the expectedvaluesof a BRDF being measured.The
computationatostshowever, grow linearly with respecto thetotal numberof sampleraysN sincetheimplementatiorcostis constaniper
ray. Thepurposeof thefollowing derivationis, thereforeto provide asatistctoryboundfor N suchthatwe canobtainBRDF estimatesvith
ahigherreliability/costratio. In this contet theterm“satisfactory” meangakinginto accounthe uncertaintyof the actualgoniophotometer
whosereadingsve arecomparinghe measurementwith, andaimingatanerrortolerancecompatiblewith renderingrequirements.

Baranoskietal. [1] have shavn thatthe exponentialChebyshe inequalitycanbe appliedto obtaina boundfor the numberof samplerays
requiredto obtainan asymptoticallycorvergentvaluefor the ratio T with respecto a singleradiancedetectorr. In this case,it canbe
shavn [1] that:

n (0] 2
pr < 1 2 N (14)



where:
P(w) = probabilityof w,
pr = probability of aray hitting theradiancedetectorr,

errortolerance.

Theoreticallythecon dence in anestimationis a positive numbersuchthat:

n o, o
1 P N pr < (15)
where
: (16)
4N 2
Usingtheinequalitiesabose, Baranoskietal. [1] shavedthattheboundon thenumberof sampleraysis givenby:
In(2)
N= —5 (17)

The behaior of this boundis illustratedin Figure4, which shawvs humberof samplegaysrequiredfor given valuesof errortoleranceand
con dence.
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Figure4: Numberof rays(N ) requiredto obtainestimatesvith a givenerrortoleranceg ), consideringlifferentcon dence( ) values.

Theseinequalitiescanbegeneralizedor m patchegor radiancedetectorspsfollows:

n ) o w n . (S X
P \(:I—' p<)= P ”W po< @ 2% 1 ( 2M%=1 2me®™’ 1 ™ (@8
i=1 i=1 i=1
Resultingin:
P — 2n 2
2m e m (29)
For largevaluesof m, theinequalityabore reduceso:
2
e m (20)
andthe numberof raysis givenby:
In(2)
N=m —5 (21)
NotethatN representshe numberof samplerays requiredto obtainasymptoticallycorvergentvaluesfor the ratio —O) which is then

I ( ) i)
scaledby the adjustedsolid anglein orderto obtainthe correspondin®DF value(Equationl).
Thevalueprovidedby N representanupperboundassumingheworstcasescenariovhereall patcheseceve hits (e.g., aLambertianor

diffusespecimen) For modelssimulatingmaterialswith a strongdirectionalbehaior, the numberof raysrequiredto obtainasymptotically



corvergentresultswill atleastoneorderof magnitudesmallerthanthe numberprovided by the proposedoundasillustratedin Section5.2.
This aspecsuggestshatm in the proposedoundcould be replaceby m° representinghe numberof patchesn the collectorspherewithin
the directionallobe. This parameterhowever, is usuallyunknavn a priori. If we hadanestimatefor it, we could alsousethis estimateto
guidea non-uniformdistribution of the collectorpatchesassuggestedby Greenbeg etal. [16]. In the extremecaseof a mirror-like BRDF,
m?is equalto one. Applying the proposecboundN = 10°% rayswould be sufcient to obtainasymptoticallycorvergentresults,which
correspondso the numberof raysrequiredto obtainan asymptoticallyconvergentvaluefor theratio &~ with respecto a singleradiance
detector(patch).

5 Experiments and Discussion

Theexperimentgpresentedh this sectionaddressmplementatiorandusagdssuedirectly associatetvith thereliability of virtual goniopho-
tometersn generalj.e., we arenot targetingthe reproductionof measurementgerformedby a speci ¢ goniophotometerHence,we usea
virtual device whosecollectorspherenasunit radiusandconsidercollimatedincidentbeamsn thesesxperiments For thesale of consisteng
we usethe sameangleof incidence(45 ) in all experiments Sincethe proceduresirethe samefor bothBRDF andBTDF measurementsye
focusour obsenationson the formerandwork with the upperhemisphere.

5.1 Subdivision Errors

In our evaluationof error propagatiorassociateavith subdvision techniquesiescribedn Section3, we considera specimerwith perfect
diffuse (Lambertian)re ective propertiesfor two reasons First, its BRDF with respecto ary directionis known, i.e., f, = 1 = 0:3183
which is convenientfor error comparisons.Second the cosinedistributions of the re ected rays allows a bettercomparisonof the error
propagatiorwith respecto differentcollectorpatchesin our experimentsve usea collectorhemispheravith aresolutionof 30 30 patches
giving 900outgoingdirections whichwould beenoughto allow comparisonsvith a typical setof actualmeasurement®r a singleisotropic
material[16].

Figure5 presentsoot-mean-squar@RMS) error[1] comparisongonsideringhethreesubdvisionsdescribecearlier AlthoughtheRMS
erroris lower for experimentausingthe equaladjustedsolid anglestrata@y, the differencesiecreaseavith anincreasen thenumberof raysas
expected.
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Figure5: RMS error comparisonsvith respecto BRDF computation(collectorhemisphergesolution: 30 30 patchesusingthe three
subdvision techniquegxaminedin this paper

It is worth noting, however, thatthe RMS is a global measureij.e., low RMS error doesnot guarantedow errorfor individual patches.
Thegraphspresentedn Figure6 shav the BRDF valuesfor threepatcheon asameplane( x ed ), top, middleandbottom(grazingangle).
As we cansee,usingthe the equaladjustedsolid anglestratey (Figure 6¢), the BRDF valueswith respecto threepatchesonserge more
uniformly to the actualvaluethanusingthe othertechniquegFigure6aand 6b). Also, it shouldbe notedthatthe equalsolid angleapproach
providestheworstresultswith respecto top patches.

5.2 Ray Density Bound

For virtual goniophotometrianeasurementaimedat renderingapplicationsone needssolutionsaccurateto only 1-10%,sincehumansdo
not perceve ner variationsof light. This allows usto set = 0:01. Also, accordingto dataprovidedin the measuremerntterature[9]

the uncertaintyof actualgoniophotometers around0.5% or higher which allows usto set = 0:005. Usingthe proposedipperbound
presentedn Section4, the numberof rays requiredto obtainasymptoticallycorvemyentreadingsis givenby N = m10%°, wherem is
total numberof patchef the collectorhemisphereUnlessotherwisestatedjn the experimentgresentedn this sectionwe applythe equal
adjustedsolid anglesstratgyy to subdvide the collectorhemisphere.
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Figure 6: BRDF valuesfor threedifferentpatchegqcollectorhemispheragesolution30 30 patchesusing: equalangularintervals (left),
equalsolid angleqcenter)andequalprojectedsolid angleg(right).

numberof rays 10° 10° 10’ 10°
10x10patches | 0.0102| 0.0029 | 0.0011| 0.0003
30x30patches | 0.0310| 0.0095| 0.0031 | 0.0009
100x100patches| 0.1010 | 0.0315| 0.0099 | 0.0032

Tablel: RMSerrorsassociatetb BRDF measurement®r adiffusematerial,consideringhreeresolutiongor thecollectorsphereandusing
four ray densities.

We performedBRDF measurementfor a diffuse materialusingthreedifferentresolutionsfor the collectorhemispherenamely10x10,
30x30and100x100patchesThediffusematerialwassimulatedusinga cosineprobability distribution function[22]. Applying theproposed
boundfor the 10x10resolution,one canexpectasymptoticallycorvergentreadingsusingat most 10’ rays. For the 30x30resolution10®
raysaresufcient to obtainasymptoticallycorvergentreadingswhile for the 100x100resolutiononewould needa larger numberof rays,
accordingto the proposedoundapproximatelyl0® rays. Theseaspectsanbe visually obseredin Figure7 which presentghe pro les of
theseBRDF measurementslheseerror propagatiortrendscanalsobe quantitatvely veri ed throughthe RMS errorspresentedn Tablel.
Furthermoreit is worth notingthatthis trendis notrestrictecto Lambertianmodelsasillustratedin theadditionaltestcasegresentedn the
remainderof this section. As mentionedearliera Lambertianmodelwas consideredecausét represents pessimisticscenario.Iln other
words, sinceall directionshave equalimportancea larger N is requiredto obtainan asymptoticallycorvergent BRDF estimatefor each
patchonthe collectorhemisphere.

As mentionedin Section4, for modelssimulatingmaterialswith a strongerspecularbehaior the numberof rays requiredto obtain
asymptoticallycorvergentresultswill be at leastone order of magnitudesmallerthanthe numberprovided by the proposedound. We
performedBRDF measurement®r a speculamaterialusingthreedifferentresolutionsfor the collectorhemispherenamely10x10,30x30
and100x100patches.The speculamaterialwas simulatedusinga exponentiatedcosineprobability distribution function [22], considering
the exponentequalto 16 andan angleof incidenceof 30 . For the 10x10resolution,one can expectasymptoticallycorvergentreadings
usingat most10® rays. For the 30x30resolution10’ raysaresufcient to obtainasymptoticallycorvementreadingsyhile for the 100x100
resolutiononewould needa larger numberof rays,accordingto the proposedoundapproximatelyL0® rays. Theseaspectsanbevisually
obsered in Figure8 which presentghe pro les of theseBRDF measurementsTheseerror propagatiortrendscanalsobe quantitatvely
veri ed throughthe RMS errorspresentedn Tablel. Sincewe do nothave ananalyticalvalueto comparewith, we usedasreferenceBRDF
valuesobtainedconsideringL0'° rays.

Sinceacomputemodelis usuallylesspredictablehanmeasuringhysicalphenomend,e., it maywork well for someinputinstancesnd
fail for othersjt is importantto verify thatthe convergenceof the measurements notrestrictedto asingleplane.Figures9 and10 presents
BRDF measurement®r the samediffuseandspeculamaterialsobtainedusinga collectorhemispheresubdiided into 30x30patchesand
four differentray densitiesn orderto illustratethe corvergenceof the estimates.

Mostnaturalmaterialshave ascatteringoehavior thatexhibits anangulardependencontheincidentangleintermediatdo thatexpectedof
diffuseandspeculare ector. For this reasonwe alsoconsiderea glossymaterialwhich wassimulatedusinga cosineandanexponentiated
cosinedistributions[22]. For the diffuse componentve usea coefcient equalto 0.8, andfor the speculacromponentve usea coefcient
equalto 0.2andanexponentequalto 16. In orderto increaseur scopeof obserationswe variedtheangleof incidence andwe usedasphere
subdvision schemeproneto largervariances.This schemecorrespondso the reverseof the equaladjustedsolid anglesubdvison,i.e., the

numberofrays | 10° 10° 10’ 10°

10x10patches | 0.0094 | 0.0024 | 0.0010| 0.0002

30x30patches | 0.0305| 0.0091| 0.0030 | 0.0009
100x100patches| 0.0980 | 0.0326 | 0.0102 | 0.0030

Table2: RMS errorsassociatedo BRDF measurement®r a speculamaterial(simulatedusingan exponentiatectosinedistribution with
exponentequalto 16), consideringhreeresolutiongor the collectorsphereandusingfour ray densities.



hemispherés dividedin slicesalongtheparametespaceaepresentetly theangle , andasaconsequencalargernumberof smallerpatches
is placedon the top of the hemisphereThe resultsof theseexperimentsare presentedn Figurell, andthey suggestedhatasymptotically
corvergentestimatesanbe obtainedusingthe proposedoundunderthesecircumstances.

The materialsconsideredabore were simulatedusingisotropic models. Figure 12 illustratesmeasurementfr an anisotropicmaterial
which wassimulatedusinga Phongbaseddistribution with exponentsequalto 50 and 1000[28], andconsideringan angleof incidenceof
30 . Thesemeasurementsereobtainedusinga collectorhemisphersubdvidedinto 30x30patchesandfour differentray densitiesn order
to illustrate the convergenceof the estimates.As we can see,corvergent estimatesan be obtainedusinga numberof rays one order of
magnitudebelow the proposedupperbound.

6 Conclusion

In this paperwe examinedpracticalissuesrelatedto the validation of algorithmic scatteringmodelsthroughcomparisonf virtual mea-
surementsvith actualmeasurementonsideringhatmary readingsarerequiredto obtaina comprehenske goniophotometricecordfor a
singlespecimenpur discussionwvasfocusedon stratgiesto raisethe reliability/costratio of thesereadings.Assumingno prior knovledge
aboutthebehaior of aspecimers BDF, our experimentsuggesthatthe useof a subdvision techniquebasecbn equaladjustedsolid angles
may provide a moreuniform corvergencefor the BRDF estimatesThey alsoindicatethatthe proposedipperboundfor the numberof rays
requiredto obtainasymptoticallycorvergentestimatesanbe usedto reducethe computationatostsof the simulations.Our future plansin
this areainvolve the optimizationof this bound,which will requirethe investigationof the varianceintroducedby complex simulationssuch
thoseperformedby Westiretal. [32].
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Figure7: Pro les of BRDF measurement®r a specimerwhosescatteringoropertiesveresimulatedusinga cosinedistribution. Displayed
measurementwa/ere taken on the planegiven by the direction of the incidentbeamand the normal of the specimenand using different

resolutionfor the collectorhemisphere10x10patchegtop), 30x30patchegmiddle)and100x100patchegbottom).
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Figure8: Pro les of BRDF measurementfor a specimenvhosescatteringoropertiesare simulatedusinga Phongbasedcosinelobe with
exponentequalto 16. Displayedmeasurement&eretaken on the planegiven by the directionof the incidentbeamandthe normal of the
specimenand usingdifferentresolutionfor the collectorhemisphere:10x10 patchegqtop), 30x30 patchegmiddle) and 100x100patches

(bottom).
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Figure9: BRDF measurement®r a specimerwhosescatteringpropertiesveresimulatedusinga cosinedistribution. Displayedmeasure-
mentswereobtainedusinga collectorhemisphersubdvidedinto 30x30patchesandfour differentray densities.
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Figure 10: BRDF measurementfr a specimenwhosescatteringpropertiesare simulatedusing an exponetiatedcosinedistribution with
an exponentequalto 16. Measurements/ere obtainedusinga collectorhemispheresubdvided into 30x30patchesandfour differentray
densities.
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Figurell: BRDF measurement®r a glossymaterialobtainedusinga collectorhemisphersubdvidedinto 30x30patchesandconsidering
four differentray densitiesandthreeanglesof incidence.
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Figure12: BRDF measurement®r a specimerwhosescatteringoropertiesaaresimulatedusingananisotropid®hongbasedlistribution with
exponentequalto 50 and1000. Measurementaereobtainedusinga collectorhemispheresubdvidedinto 30x30patchesandfour different
ray densities.



