
Vir tual Goniophotometric Measurements Protocol

Aravind Krishnaswamy
Schoolof ComputerScience

Universityof Waterloo

Gladimir V. G. Baranoski
Schoolof ComputerScience

Universityof Waterloo

JonG. Rokne
Departmentof ComputerScience

Universityof Calgary

TechnicalReportCS-2002-21
July, 2002

Abstract
Many scatteringmodelshave beenproposedin thegraphicsliterature.Few of them,however, have beenevaluatedthroughcomparisons

with real measureddata. As the demandfor plausibleandpredictablescatteringmodelsincreases,moreeffort is focusedon performing
suchcomparisons.In this paperwe examinetheimplementationof virtual goniophotometricdevicesusedto evaluatealgorithmicscattering
models,focusingon practicalissues,namelythesubdivision of thecollectorsphereandthe ray densityrequiredto obatainreliableBRDF
andBTDF estimates.Our discussionof theseissuesis supportedby experimentswhoseresultsarealsopresentedin thispaper.

1 Intr oduction

Thegroupof measurementsnecessaryto characterizeboththecolor andsurface�nish of anobjectis calledthemeasurementof appearance
of anobject[15]. Thisgroupof measurementsinvolvesthespectralenergy distributionof propagatedlight, andthespatialenergy distribution
of that light, measuredin termsof bidirectionalsurface-scatteringdistribution function(BSSDF, or simplyBDF). Thechangesin thespatial
distributionof thepropagatedlight affectappearancecharacteristicssuchasgloss,re�ection haze,transmissionhaze,lusterandtranslucency.

ActualBDF measurementsareperformedusinggoniophotometers[15,17]. In thispaperwediscusscomputersimulationsof thesedevices,
henceforthcalledvirtual goniophotometers.Theuseof suchdevicesgivesuscontrolover thespectraldatagenerationfrom computermodels
usedto simulatethe scatteringpro�le of variousmaterials,andallows us to performexperimentsat differentsamplingresolutions,which
areimportantrequirementsin rendering.Besidestheir usein datacollection,thesedevicescanalsobeusedto determinetheplausibility of
scatteringmodels.

When virtual measurementdevicesare discussedin the computergraphicsliteraturethey are usually presentedin connectionwith a
scatteringmodel.For example,Gondeketal. [11] haveusedadevicefor spectralandspatialmeasurements,avirtual goniospectrophotometer,
presentedas an optics modeland a capturedomeusedin conjunctionwith a geometricmodel of surfacemicrostructure.Although our
discussionis relatedto applicationsinvolving algorithmicmodels,ourmaingoal is to describetheformulationof virtual goniophotometers,
andto examineimplementationissues(collectorspheresubdivisionandraydensity)thataffect theaccuracy/costratio of themeasurements,
without focusingonany speci�c model.

Theremainderof this paperis organizedasfollows. In Section2, we providegoniophotometricbackgroundinformation.In Section3, we
highlight themainapplicationsassociatedwith this research,andpresentthegeneralformulationof virtual goniophotometers.In Sections4
and 5, we discussissuesthataffect boththeaccuracy andef�ciency of thesevirtual devices,namelythesubdivisionof thecollectorsphere
and the ray densityof the measurements.This discussionis supportedby experimentsdescribedin Section6. Finally, in Section7, we
summarizethemainaspectsof this research.

2 Goniophotometric Background

2.1 Spatial Light Distrib ution

The BDF hastwo components,namelythe bidirectionalre�ectancedistribution function(BRDF),
���

, andthebidirectionaltransmittance
distributionfunction(BTDF),

���

. It is usuallyexpressedin termsof theratiobetweenthespectralradiancepropagatedatapoint � of asurface
in the direction � andthespectralradiantenergy (per unit of areaandperunit of time) incidentfrom a direction ��� at the point � of the
surface:
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where:
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�+�
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���
����� � BDF of thesurfaceat � ,
���
	

�
���
����� � spectralradiancepropagatedat � andin a direction � ,
�

�

	

�-���!�"����� � spectralincidentradianceat � andin a direction �%� ,
���

� anglebetweenthesurfacenormalat �
�

andthedirection �
�
,

�.�

�

� � differentialsolidangleatwhich
�

� arrivesat � .

An importantpropertyof theBDF is its symmetryor reciprocitycondition,which is basedon HelmholtzReciprocityRule1 [4]. This rule
statesthattheBDF for a particularpointandincomingandoutgoingdirectionsremainsthesameif thesedirectionsareexchanged.It allows,

1Theoriginalstatementof HelmholtzReciprocityRuledoesnot includenon-specularre�ection of anysort[4, 31]. RecentlyVeach[31] derivedareciprocity
conditionfor generalBDFsusingKirchhoff 's lawsregardingradiative transfer[30].



2

for instance,the“forward” simulationof light raystraveling from a viewer to a light source,which is usedby global illumination methods
[18, 26]. Quantitatively, thisconditioncanbeexpressedas:
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Anotherimportantpropertyof theBDFsis thatthey mustbenormalized,i.e., conserveenergy. Thismeansthatthetotalenergy propagated
in responseto someirradiationmustbeno morethantheenergy received[10]. In otherwords,for any incomingdirectiontheradiantpower
propagatedover thehemispherecanneverbemorethantheincidentradiantpower[20]. Any radiantpowerthatis notpropagatedis absorbed.
Formally, in the caseof re�ection of light, the so-calleddirectional-hemisphericalre�ectance[1] shouldthereforebe lessthanor at most
equalto 1: 3
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where:
�)�O	

�
��� � ���
����� � BRDF of thesurfaceat � ,
� � anglebetweenthesurfacenormalandtheoutgoingdirection � ,
���

�

� differentialsolidangleatwhich theradianceis re�ected.

A similar relationgiven in termsof the directional-hemisphericaltransmittance[1] andthe BTDF is usedfor the transmissionof light.
BRDF andBTDF models,or simply BDF models,thatareenergy-conservingandreciprocalareconsideredphysicallyplausible2. This is a
crucialrequirementfor physically-basedrenderingframeworksaimedatglobalilluminationapplications.

2.2 General Characteristics of Actual Goniophotometer s

A goniophotometer(from greek:gonio-photo-meter=angle-light-measuring)is de�nedasaninstrumentthatmeasuresradiant�ux (power)as
a functionof anglesof illumination andobservation[7]. Thesemeasurementscanbeperformedin differentways,and,asa result,thereare
many possiblecon�gurationsfor thesedevices.Computergraphicsresearchershaveproposedextensionsfor industrymadegoniophotometers
[9] aswell asnew designsbasedon theuseof digital cameras[19, 32, 24]. A review of thesedevicesis beyond thescopeof this work. A
readerinterestedin moredetaileddescriptionof goniophotometersusedin computergraphicsis referredto morecomprehensive works in
thisarea[9, 25].

Goniophotometersarealsoimportantbasictools for fundamentalresearchin colorimetry[23], solarengineering[8], plantbiochemistry
[3, 16] andremotesensing[6, 16]. For instance,Figure1 shows photographsof a goniophotometerusedby Combeset al. [5] to measure
BDFsof plantspecimens.Thelight �ux which is incidentonthespecimencomesfrom anemitter. After beingre�ectedor transmittedby the
specimen,it is capturedby a detector(photometer).For BRDF measurementsthedetector(s)areplacedin hemisphereabove thespecimen
(Figure1a)andfor BTDF measurementsthedetector(s)areplacedin hemispherebelow thespecimen(Figure1b).

Figure1: Photographsof a goniophotometershowing different set-upsfor: BRDF (left) andBTDF (right) measurements.(Courtesyof
StephaneJacquemoud.)

A comprehensivegoniophotometricrecordfor a simplespecimenwould requirea formidablenumberof measurementsasmentionedby
JuddandWyszecki[17] andGreenberg etal. [13]. Boththeemitterandthephotometerwouldhaveto bemovedindependentlyof oneanother
to every positionon thehemisphere.In orderto illustratethis aspectJuddandWyszeckiperformthe following calculation.Supposethat
oneworkswith a fairly large solid angleof approximately0.005steradianfor eachaperture.To cover theentirehemisphere(25 steradian)
ascloselyaspossiblewith suchanaperturewithout overlapping,we mustuseabout1000differentpositions.With boththesourceandthe
photometermovedin eachof the1000positionsoneendsupmaking1 million measurements!

For many specimensthemostinformative goniophotometricdataaretakenin theplanecontainingthedirectionof theincidentlight and
thenormalof thespecimen.Many actualgoniophotometersareabridgedto thisextent.Theemittermovementgoesfrom

�
�M�P(�* to

�
�-�P&�(D*

2Lewis [21, 22] usestheterm“plausible” to describeBDF modelswhoseexistencedoesnot violatethelawsof physics.
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andthephotometermovementranges
� �!�J&)(D* to

�

�

�RQS&�(D* . Assumingthesameaperturesizesasbefore,this abridgedgoniophotometric
recordwouldcontain I2T�UWV)X

�

X�Y

( datapoints.
Thebest-designed,best-constructedandbest-calibratedspectrophotometersstill yield resultsthatdiffer from onemeasurementto thenext.

Thesedifferences,or uncertainties,arenet resultsof combinationsof many small �uctuations due to independentvariationsof different
componentsof theinstrument,differentfactorsin theenvironmentandhow thespecimenin handled.

3 Vir tual Goniophotometry

3.1 Applications

Two applicationsof virtual measurementsare especiallyrelevant for biologically and physically-basedrendering. The �rst application
correspondsto virtual measurementsaimedat the testingandevaluationof BDF modelsthroughcomparisonswith actualmeasurements.
Obviously, thesemodelscanbeveri�ed againstmeasurementsof realmaterials.However, in orderto obtainthereadingsfrom a computer
modelin the�rst place,onemustperforma computersimulationof theinputsandoutputsof themodel,i.e., usea virtual goniophotometer.
In this case,in orderto minimize theintroductionof biasin thecomparisons,the formulationof this virtual device hasto reproduceactual
measurementconditionsasfaithfully aspossible.

Thesecondapplicationcorrespondsto datagenerationfrom previously validatedcomputermodels.This may involve a large numberof
measurementswith respectto differentwavelengthsandilluminating geometries.Suchdatacansometimesbefoundin theliteraturewhere
actualmeasurementsfrom realmaterialsarereported.However, moreoftenit is not available,and,evenwhenit is available,it is only for a
restrictednumberof measurementcon�gurations.Theusevirtual goniophotometersallows theremoval of this restriction.

3.2 General Formulation of Vir tual Goniophotometer s

In orderto simulateradiancemeasurementsperformedby placingthephotometerat differentviewing positions,onecanuseradiancedetec-
tors,which arerepresentedby thepatchesof a collectorsphereplacedarounda specimen.Figure2 presentsa sketchshowing theprincipal
componentsof a virtual goniophotometerandtheirgeometricalarrangement.Thelight �ux incidentonthespecimencomesfrom theemitter
throughpatch Z . The light �ux viewedby thephotometeris delimitedby patch [ . Both the directionof illumination andviewing canbe
variedindependentlywithin thehemisphereabove thespecimen.Thepositionof emitterandpatch Z is givenby its azimuthangle \�� andits
polarangle�)� . Thepositionof photometerandpatch [ is givenby its azimuthalangle\

�

andits polarangle �

�

.

specimen

photometer
emitter

f i
f r

qi               qr

I                                                            V
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Figure2: Sketchof a virtual goniophotometer.

Using this arrangement,theBRDF for a directionassociatedwith a given radiancedetectorplacedin the upperhemispherecanbe de-
terminedin termsof radiantpower. More speci�cally, it is given by the ratio betweenthe radiantpower reachingthe detector, `

�

, after
interactingwith thespecimen,andtheincidentradiantpower, `

� [12].
Thecorrespondingexpressionusedto computetheBRDFfor light incidentatwavelength� , consideringthesolidanglein thedirectionof

incidence,
�

�

�
, andthesolidanglein thedirectionassociatedwith theradiancedetector,
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where:
�

�

�

b

� projectedsolidangleregardingthedirectionassociatedwith theradiancedetector.
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In turn, theprojectedsolidangle
�

�

� b

is givenby:
�

�

�

b

�dc

�

C�E�F �

�

�!e (5)

where:

c

�

� areaof theradiancedetector,
�

� distancefrom thespecimento theradiancedetector,
�

�

� anglebetweenthedirectionassociatedwith theradiancedetectorandthespecimennormal.

Considerf raysshottowardsthespecimenfor a givenwavelength� , andassumethateachraycarriesthesameamountof radiantpower,
` . If thetotal radiantpowerto beshotis ` � , thentheradiantpowercarriedby eachray is givenby [26]:
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f

(6)

Also, theradiantpower reachingtheradiancedetectorcanbewrittenas:

`
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`

�1g�hi	

��� (7)

where:
j

�

� numberof rayshitting a radiancedetector.

Thus,replacingEquation6 andEquation7 in Equation4, theexpressionto computetheBRDFreducesto:
�)�A	

�a�
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j
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f

�

�

� b (8)

Similarly theBTDF is calculatedassumingtheradiancedetectorsareplacedin thelower hemisphere.
For applicationsinvolving datagenerationfrom a previouslyvalidatedmodel,thesampleraysareusuallycollimated,i.e., thesamplerays

have thesameorigin andhit thespecimenat thesamepoint. For applicationsinvolving comparisonswith actualmeasurementstheactual
measurementconditionsmustbereproducedasfaithfully aspossible.In thesesituationsthesampleraysaredistributedangularlyaccording
to thegeometricalarrangementof thesurfacesusedto representtheemitterandthespecimen.As mentionedby Crowther [6], the incident
radiationfrom anemittershows no preferencefor oneangularregion over theother. So,in orderto simulatethesemeasurementconditions,
theoriginsandtargetsof theraysarerandompoints(or samplepoints)chosenon thesurfacesusedto representtheemitterandthespecimen
respectively. Several samplingstrategiescanbe usedto selectthesesamplepoints. In this paperwe do not intendto determinethe most
accurateor themostef�cient samplingstrategy. The meritsanddrawbacksof differentsamplingstrategieshave beenadequatelycovered
elsewhere[10, 26,28].

For thesakeof completeness,we indicatea strategy thatcanbe usedin theseapplications,which is basedon theclassicalMonteCarlo
strati�ed sampling[14] or jitteredsampling[26]. It usesawarpingtransformationto guaranteethatthesamplepointsarereasonablyequidis-
tributedon adisk of radiusl . This transformationis basedon thefollowing probabilitydistribution function[27]:

m6	
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5Ml

e (9)

which enablesthecomputationof thepair
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�1n�� throughthefollowing warpingfunction[29]:
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wherez
{

�+z

e

Nƒ‚
Q

I

�

I�„ . Thiswarpingfunctionpreservesfractionalareaandis bicontinous,thusif z
{ and z

e arerandomlyequidistributedthe
functionguaranteestheir pointson thedisk will alsoberandomlyequidistributed.

After generatingthe � and n coordinatesof a samplepoint, the … coordinateis added.For a samplepoint on thespecimen,… is equalto
zero,and,for a samplepoint on theemitter, … will correspondto thedistance† betweenthedisks. Finally, to obtaintheorigin of a sample
ray, thecorrespondingsamplepoint ( �
��n��1… ) on theemittershallberotatedaccordingto a speci�edincidencegeometrygivenby \

� and ��� .

4 Collector Sphere Subdivision

4.1 Equal Angular Interv als

The simplestway to subdivide the collectorsphereinto patchesis to usesphericalcoordinates,\
N‡‚

(D��4�5

„ and �JNd‚
(D�

s

e

„ (Figure 3),
sampledat equalangularintervalsalongbothcoordinatedirections.In this casetheresultingpatcheswill not have thesamearea.Notethat
thecomputationof theBDFs involvesthecomputationof theprojectedsolid angle(Equation5) for eachpatch,which, in turn involvesthe
computationof theareaof thepatchandthespeci�cationof theangle

�

�

.
Considera patch given by the sphericalcoordinates

	

�
{A�

�

e

� and
	

\
{A�+\

e

� (Figure 3). Intuitively �
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ˆ

x

e .
Note that in the computationof the projectedsolid anglewe needto computethe

�2�i���
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. Our experiments(Figure 4) show that using
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� , onecanobtainmoreuniformresultswhenthesphereis subdividedinto asmallnumberof patches.As one
subdividesthesphereinto a largernumberof patches,thedifferencesdecrease,since

�

�

tendsto besamefor bothapproaches.
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4.2 Equal Solid Angles

Anotherapproachthat canbe appliedis the subdivision of the collectorsphereinto regionsof equalsolid angles,i.e., the patcheson the
collectorspherewill havethesamearea.In thiscasetheparameterspacerepresentedby \

N‘‚
(D��4�5

„ will bedividedinto equalintervalsasin
thepreviouscase.Thevaluesfor thesphericalcoordinate

�
arechosento guaranteeequalareapatches.

Consideringthegeometrypresentedin Figure5, thesmalltrianglehastherelationship:
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Hence,eachsliceof thesamethickness,
	•’

e

Q

’

{O� , hasthesamesurfaceareaaroundtheslice.
Consideringtheupperhemispheredividedinto –

Œ

equalthicknessslices,theangles
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e limiting agivenpatcharegivenby:
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Figure5: Geometryusedto subdivide thecollectorsphereinto equalsolidangleregions.
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Theissuesraisedin theprevioussectionwith respectto thechoicefor �

�

alsoapplyto this subdivisionapproach.In factour experiments
(Section6.1) show minor improvementsin the accuracy of themeasurements.The computationof theareas,however, canbe donemore
ef�ciently thanin thepreviouscase,sinceall patcheshave thesamearea.In theequalangularintervals techniquetheareasarenot thesame
for all patches,which resultsin more�ops expendedin their computation.

4.3 Equal Projected Solid Angles

Thethird approachexaminedin this papersubdividesthecollectorsphereinto regionsof equalprojectedsolid angles.Like in theprevious
cases,theparameterspacerepresentedby \

Nƒ‚
(D�/4)5

„ is dividedinto equalintervals. Thevaluesfor thesphericalcoordinate� arecomputed
takinginto accountthede�nition of projectedsolidangles.

Considertheupperhemisphereabovethespecimen.Its projectedsolidangleis givenby:
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Using the integration above, the projectedsolid angleof a slice limited by
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{ and
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e is given 5
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In thisapproachthechoiceof
�

�

is embeddedin theintegrationleadingto theequalprojectedsolidangles.As aresult,thecomputationof
theprojectedsolid anglesis performedmoreaccuratelyandef�ciently . Moreover, our experiments(Section6.1)show thattheconvergence
of theBDF valuesis uniformevenconsideringa smallnumberof patches,no mattertheir position.

5 Ray Density

Anotherkey questionto be addressedwhenperformingvirtual goniophotometricmeasurementsis how many raysshouldbe castby the
emitterelement,i.e., how largeshould f be. Usinga suf�ciently largenumberof samplerays,onewill have a high probabilityof obtaining
estimateswithin theregion of asymptoticconvergenceof theexpectedvaluesof a BDF beingmeasured.Thecomputationalcosts,however,
grow linearly with respectto the total numberof samplerays f sincethe implementationcost is constantper ray. The purposeof the
following analysisis, therefore,to determinea satisfactoryboundfor f suchthatwe canobtainBDF estimateswith a higherreliability/cost
ratio. In thiscontext theterm“satisfactory”meanstakinginto accounttheuncertaintyof theactualgoniophotometerwhosereadingswe are
comparingthemeasurementswith, andaimingatanerrortolerancecompatiblewithin renderingrequirements.

Baranoskietal. [2] have shown thattheexponentialChebyshev inequalitycanbeappliedto obtainaboundfor thenumberof samplerays
requiredto obtainan asymptoticallyconvergentvaluefor the ratio =�¥

¦ with respectto a singleradiancedetector™ . In this case,it canbe
shown [2] that: §•¨�©
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where:
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	Š³

� � probabilityof
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� probabilityof a rayhitting theradiancedetector™ ,
« � errortolerance.

Theoreticallythecon�dence ´ in a estimationis a positive numbersuchthat:
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Usingtheinequalitiesabove,Baranoskiet al. [2] showedthattheboundon thenumberof sampleraysis givenby:
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Theseinequalitiescanbegeneralizedfor – patches(or radiancedetectors)asfollows:
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Resultingin:
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For largevaluesof – , theinequalityabove reducesto:
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andthenumberof raysis givenby:
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6 Experimental Evaluation

Theexperimentspresentedin thissectionaddressimplementationandusageissuesdirectlyassociatedwith thereliability of virtual goniopho-
tometersin general,i.e., we arenot targetingthereproductionof measurementsperformedby a speci�c goniophotometer. Hence,we usea
virtual devicewhosecollectorspherehasunit radiusandconsidercollimatedincidentbeamsin theseexperiments.For thesakeof consistency
weusethesameangleof incidence( YiÊ

* ) in all experiments.Sincetheproceduresarethesamefor bothBRDFandBTDF measurements,we
focusourobservationsin theformerandwork with theupperhemisphere.

6.1 Subdivision Errors

In ourevaluationof errorpropagationassociatedwith subdivision techniquesdescribedin Section4 (Figure6), we considera specimenwith
perfectdiffuse(Lambertian)re�ective propertiesfor two reasons.First, its BRDF with respectto any directionis known, i.e.,

�
�

�

{

s

�

(DË

VDI2T)V , whichis convenientfor errorcomparisons.Secondthecosinedistributionsof there�ectedraysallow abettercomparisonof theerror
propagationwith respectto differentcollectorpatches.In ourexperimentsweuseacollectorhemispherewith aresolutionof V

(

UµV

( patches
giving 900outgoingdirections,which wouldbeenoughto allow comparisonswith atypical setof actualmeasurementsfor a singleisotropic
material[13].

Figure6: Subdivision techniques:equalangularintervals(left), equalsolidasolidangles(right).

Figure7 presentsroot-mean-square(RMS)error[10] comparisonsconsideringthethreesubdivisionsdescribedearlier. AlthoughtheRMS
error is lower for experimentsusingtheequalprojectedsolidanglestrategy, thedifferencesdecreasewith anincreasein thenumberof rays
asexpected.

It is worth noting,however, that theRMS is a global measure,i.e., low RMS error doesnot guaranteelow error for individual patches.
Thegraphspresentedin Figure8 show theBRDF valuesfor threepatchesona sameplane(�x ed \ ), top,middleandbottom(grazingangle).
As we cansee,usingthetheequalprojectedsolid anglestrategy (Figure8c), theBRDF valueswith respectto threepatchesconvergemore
uniformly to theactualvaluethanusingtheothertechniques(Figure8aand 8b).
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Figure8: BRDF valuesfor threedifferentpatches(collectorhemisphereresolutionV
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( patches)using: equalangularintervals (left),
equalsolidangles(center)andequalprojectedsolidangles(right).

6.2 Ray Density Bound

For virtual goniophotometricmeasurementsaimedat renderingapplicationsoneneedssolutionsaccurateto only 1-10%,sincehumansdo
not perceive �ner variationsof light, which, in turn,allow usto set ´��8(DË

I . Also, accordingto dataprovided in themeasurementliterature
[9] theuncertaintyof actualgoniophotometersis around0.5%or higher, which allow usto set «@�k(DË ()(

Ê . Usingtheproposedupperbound
presentedin Section5, thenumberof raysrequiredto obtainasymptoticallyconvergentreadingsis givenby f_�J–

I

(�Í�Î

¡

e

, where– is total
numberof patchesof thecollectorhemisphere.In all experimentspresentedin this sectionwe applytheequalprojectedsolidanglesstrategy
to subdivide thecollectorhemisphere.

We performedBRDF measurementsfor a diffusematerialusingthreedifferentresolutionsfor thecollectorhemisphere,namely10x10,
30x30and100x100patches.Applying the proposedboundfor the 10x10resolution,onecanexpectasymptoticallyconvergentreadings
usingatmost I

()Ï rays.For the30x30resolution I

()Ð raysaresuf�cient to obtainasymptoticallyconvergentreadings,while for the100x100
resolutiononewould needa largernumberof rays. Theseaspectscanbevisually observedin Figure9 which presentsthepro�les of these
BRDF measurements.Theseerrorpropagationtrendscanalsobequantitatively veri�ed throughtheRMS errorspresentedin Table1.

Sincea computermodelis lesspredictablethanmeasuringphysicalphenomena,it would be importantto verify that theconvergenceof
themeasurementsis not restrictedto a singleplane.Figure10 presentsBRDF measurementsfor thesamediffusematerialto illustratethis
aspect.Furthermore,it is worth notingthatthis trendis not restrictedto lambertianmodelsasillustratedin Figure11,whichpresentsBRDF
measurementswith respectto a modelfor glossymaterials.In fact a Lambertianmodelwasusedin theseexperimentsbecauseit represents
theworstcasescenearioin which theraysareevenlydistributedamongthepatches.

For modelssimulatingmaterialswith a strongerspecularbehavior thenumberof raysrequiredto obtainasymptoticallyconvergentresults
will at leastone order of magnitudesmallerthan the numberprovided by the proposedboundas illustratedin Figure 12. This aspect
suggeststhat – in theproposedboundcouldbereplaceby –

”

representingthenumberof patchesonthecollectorspherewithin thespecular
lobe. This parameter, however, is usuallyunknown a priori . If we hadan estimatefor it, we could alsousethis estimateto guidea non-
uniform distribution of thecollectorpatches.In theextremecaseof a mirror-like BRDF, –

”

is equalto one. Applying theproposedbound
f‡�

I

()Í�Î

¡

Í rayswould besuf�cient to obtainasymptoticallyconvergentresults,whichcorrespondsto thenumberof raysrequiredto obtain
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   N=105                                                  N=106                                                N=107                                               N=108

Figure9: Pro�les of BRDF measurementsfor adiffusematerialtakenontheplanegivenby thedirectionof theincidentbeamandthenormal
of the specimen,andusing different resolutionfor the collectorhemisphere:10x10patches(top), 30x30patches(middle) and100x100
patches(bottom).

numberof rays I

()Í

I

()Ñ

I

()Ï

I

()Ð

10x10patches 0.0091 0.0036 0.0009 0.0003
30x30patches 0.0301 0.0095 0.0030 0.0009

100x100patches 0.0995 0.0318 0.0101 0.0033

Table1: RMSerrorsassociatedto BRDFmeasurementsfor a diffusematerialconsideringthreeresolutionsfor thecollectorsphereandusing
four raydensities.

      N=105                                                 N=106                                                  N=107                                                    N=108

Figure10: BRDFmeasurementsfor adiffusematerialobtainedusingacollectorhemispheresubdividedinto 30x30patchesandfour different
raydensities.

      N=105                                                      N=106                                                  N=107                                           N=108

Figure11: BRDFmeasurementsfor aglossymaterialobtainedusingacollectorhemispheresubdividedinto 30x30patchesandfour different
raydensities.
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anasymptoticallyconvergentvaluefor theratio =i¥

¦ with respectto a singleradiancedetector(patch).

      N=105                                                  N=106                                                 N=107                                              N=108

Figure12: BRDFmeasurementsfor aglossymaterialwith astrongspecularbehavior obtainedusingacollectorspheresubdividedinto 30x30
patchesandfour differentraydensities.

7 Conc lusion

In this paperwe examinedpracticalissuesrelatedto the validationof algorithmicscatteringmodelsthroughcomparisonsof virtual mea-
surementswith actualmeasurements.Consideringthatmany readingsarerequiredto obtaina comprehensivegoniophotometricrecordfor a
singlespecimen,ourdiscussionwasfocusedin strategiesto raisethereliability/costratioof thesereadings.Ourexperimentssuggestthatthe
useof a subdivision techniquebasedon equalprojectsolid anglesmayprovide a moreuniform convergencefor theBRDF estimates.They
alsoindicatethat theproposedupperboundfor the numberof raysrequiredto obtainasymptoticallyconvergentestimatescanbe usedto
reducethecomputationalcostsof thesimulations.
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