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Abstract

Despitethe signi cant advancesin rendering,we arefar from beingableto automaticallygenerateealisticand predictableimagesof organicmaterialssuchas
plantand humantissues. Creatingcorvincing picturesof thesematerialsis usually accomplishedy carefully adjustingrenderingparameters A key issuein this
contet is the simulationof subsurécescattering.Currentalgorithmicmodelsusuallyrely on scatteringapproximationdasedon the useof phasefunctions,notably
the Heryey-Greensteirphasefunction andits variations,which werenot derived from biophysicalprinciplesof ary organicmaterial,andwhoseparameterfiave no
biological meaning. In this report,we challengethe validity of this approacHor organic materials. Initially, we presentan original chronologyof the useof these
phasefunctionsin tissueoptics simulations,which highlightsthe pitfalls of this approach.We thendemonstrate¢hata signi cant steptoward predictive subsuréce
scatteringsimulationscanbe given by replacingit by a moreef cient andaccuratedataorientedapproach.Our investigationis supportedby comparisonsnvolving
the original measuredlatathat motivatedthe applicationof phasefunctionsin tissuesubsurficescatteringsimulations.We hopethatthe resultsof our investigation
will helpstrengtherthe biophysicabasisrequiredfor the predictive renderingof organicmaterials.

CR Categories: 1.3.7 [ComputingMethodologie§: ComputerGraphics—3DGraphics

Keywords: biophysically-basedendering subsuracescatteringphaseunction, light transportradiative transfer algorithmicsimulations,
Monte Carlomethods.

1 Introduction

Sincethe beginning of computergraphicsin the late 19605, researcherbave beenmostly concernedvith the procesof creatingrealistic
imagesf theworld aroundus. Oneof themostimportantstage®f this processs thesimulationof light interactionwith matter Effortsin this
arearesultedin predictablémagesof inorganicmaterials.More recently organicmaterials suchasplantandhumantissuegHanraharand
Krueger1993;Jenseretal. 2001;Ng andLi 2001;Stam2001],whosescatteringoehaior is characterizetby a highly signi cant subsuréce
componenthave beencarefully renderedo generatébelievableimages. For thesematerials,hovever, onemay aska coupleof questions.
First, arethe modelsof light interactionwith organic materialsaccuratefrom a biophysicalpoint of view? Secondarethesesimulations
predictve?

In orderto answerthesequestionspneneedso performcomparisonbetweermodeledandmeasurediata.In generalsuchcomparisons
arenot performedandthe employedvalidationapproachs basedsolelyonthevisualinspectionof thegeneratedmages.For applicationsn
severalareage.g., entertainmenandgamesndustries)oelievableimagesare usuallygoodenough.However, if the modelsweredescribed
by biophysicallymeaningfulparametersaindthe algorithmsandresultingimageswereaccurateepresentationsf light transportprocesses,
thesimulationscould be usedin a predictve mannef{Greenbeg etal. 1997]. This would make the procesf realisticimagesynthesisnore
intuitive [Arvo 1995a]. Furthermorethis biophysically-base@pproachhasa broaderangeof applications,ncluding not only believable
picturemaking,but alsoscienti c andmedicalapplicationssuchasthenoninvasive diagnosiof skin phototraumasndtumors[Tuchin2000;
Cotton1997].

Accuragy and computationatime are often con icting issuesin biophysically-basedendering. Although the main goal in this areais
the designof accurateandef cient models,sometimest is dif cult to obtainthis perfectcombination.In orderto achie/e a higherlevel of
accuray, it maybenecessaryo addcompleity toamodel,whichin turnmaynegatively affectits computationaperformanceHowever, this
is not alwaysthe case.In fact,we aregoingto shaw in this reportthatonemay be ableto obtainmoreaccurateandef cient representations
of biophysicalphenomenan mary casedy removing unduecompleity.

The core of ary renderingalgorithmis formed by the scatteringfunctions. Theseare also called phasefunctionswhenappliedto vol-
umetricscattering[Glassnerl995]. The purposeof this reportis to revisit the foundationsof subsuraicescatteringsimulations,including
thewidespreadapplicationof the Heryey-Greensteirphaseunction (henceforthreferredto asHGPF)[Henyey andGreensteirl941]in the
modelingof light transportin tissue. We are going to shav throughcomparisonsvith actualmeasurediatathatit negatively affectsboth
accurag andefciency of subsurécescatteringsimulations. We hopethat the resultsof our investigationwill helpto demonstratehat a
signi cant steptoward predictive tissueopticsmodelscanbe given by usingexperimentaldatadirectly, insteadof functionswhich cameto
playjustasanattemptto t suchdata.

The remainderof this reportis organizedasfollows. The next sectionprovidesan overviev of the HGPFformulationandterminology
Section3 presentsan original chronologyof tissueoptics researchwhich resultedin the questionableapplicationof the HGPFin tissue
subsurce scatteringsimulation. Section4 describeshe experimentalinvestigationset-upusedto demonstratdhe pitfalls of the HGPF
approximationsand the adwantagesf a dataorientedapproach. Section5 presentghe resultsof thesecomparisonsand discussesheir
practicalimplications.Finally, Section6 concludeshereportemphasizinghetheneedof amulti-disciplinaryeffort to advancethisimportant
areaof research.

2 HGPF: Fundamentals

In this sectionwe review the fundamentabspectof the HGPFE A detaileddiscussiorof phasefunctionsis beyond the scopeof this report.
Adequatereviews are availablein the booksby van de Hulst [van de Hulst 1980a;van de Hulst 1980b; van de Hulst 1981] and Ishimaru
[Ishimaru1997a;lshimaru1997b].



2.1 Phase Functions

Whenlight hitsa particlewith anindex of refractiondifferentfrom its ervironment(Figurel), thelight is scatteredThedirectionof scattering
is characterizethy theangle atwhichthelight is bentandanazimuthangle . LetEo betheenegy ux perunit areaof theincidentlight,
E theenegy ux perunit areaof the scatteredight in a pointatadistance from the particle,andk thewave numberde nedbyk = 2
where is thewavelengthin the surroundingmedium.SinceE mustbe proportionalto E andr 2 [vandeHulst 1981],we maywrite:

Eo (
e=Eol ) )

where ( ; ) is adimensionlesgunction (Ez is anarea)of the directionbut not of r. Therelative valuesof E may be plottedin a polar
diagram alsocalledscatteringdiagram asafunctionof in a x edplanethroughthedirectionof incidence.

Let the total enegy scatteredn all directionsbe equalto the enegy of the incidentlight falling on anareaAsca (alsocalledscattering
crosssectionvandeHulst 1981],whichis de ned as:

Asca = g ( ; Hdt, v

whered! = sin d d isthedifferentialsolid angleandtheintegralis takenovertheentiresphereS.

When ( ;) isdividedby k?Asca , anotherfunctionof direction,the phasefunction heredenotecby , is obtained The phasefunction
hasno physicaldimension. It representshe amountof scatteredux (power), i.e., the scatteringpro le of a given particle. For example,
a phasefunction representedby (¥; ¥s) describeghe amountof light scatteredrom the direction denotedby the unit vectory into the
directionvs. In astrophysicshis functionis treatedasa probability distribution, andits normalizationrequirestheintegral over all anglesto
equaltheunity: 7

(v;vs)d! = 1. 3)
S

This condition doesnot permit the phasefunction to describeabsorptionof light by the particle, only the scatteringdistribution. Thus
(v; %s)d! is the probability thata photonincidentfrom the directiongiven by the vectory will leave in the differentialunit of solid angle
in the directiongiven by the vectorws [Prahl1988],i.e., it represents single scatteringevent. The probability of light scatteringthrough
anangle aftern scatteringeventsis given by a multiple-scatteregobhasefunction, a conceptinitially usedby Tessendoraind Wasdonto
simulatemultiple scatteringn clouds,andrecentlyappliedby Premozeetal. [Premozeetal. 2003]in therenderingof objectswith subsurace

scattering.

Thename“phasefunction” hasno relationto the phaseof the electromagnetigvave (light). It hasits originsin astronomywhereit refers
to lunarphasegishimaru1997a). Coincidentally oneof the mostwidely usedphasefunctionsin radiative transfertheory andthe focusof
our investigation,the HGPF, was designedaiming at astrophysicahpplicationshamelythe study of diffuseradiationin galaxies[Henyey
andGreensteiri941].
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Figurel: Sletcth describingthe scatteringangles.

2.2 HGPF: Formulation and Terminology

The HGPFwaspresentedy Heryey and Greensteirto approximateMie scatteringn their study of diffuseradiationin galaxies[Henyey
andGreensteirl941]. It is importantto note,however, thatatheoreticalderivationfor this phasefunctionwasnot provided by Heryey and
Greensteirj1941].

TheHGPFis givenby:
1 g

(@)= (1+g® 2gcos)?’

(4)

wherethe parameteq is de ned asthe integral over all anglesof the phasefunction multiplied by the cosineof theangle . The HGPF
is actuallya function of three parametersg, and . It just happenghatan azimuthalsymmetryof the phasefunctionis assumedi.e.,
thefunctionis constantwith respecto . By varyingthe parameteg, calledasymmetryfactor in therange 1 g 1, it is possibleto
characterizédGPFsrangingfrom a completelybackward-thraving to a completelyforward-thraving form (Figure2).



Figure2: Scatteringdiagramsillustrating differentscatteringpro les providedby the HGPFE

The HGPFasde ned in Equation4 cannot,howvever, be usedto describesimultaneougorward andbackward lobeswhich aretypicalin
mary casef Mie scatteringaswell asRayleighscatteringWitt 1977]. For this reasonastrophysicistproposedvariationsbasedon the
superpositiorof two HGPFs[Uesugietal. 1971;Kattavar 1975;Witt 1977]:

(G1;02; ;u)=u (g1; )+ (1 u) (% ), ®)

where (gi; ) and (g2; ) eachareof theform given by Equation4, andu is a suitablychosenuniformly distributedrandomnumberon
theintenal [0; 1]. Figure3illustratethreescatteringoro les provided by thetwo-termHGPE
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Figure3: Scatteringdiagramsillustrating differentscatteringpro les providedby thetwo-termHGPFwith g; = 0:5andg, = 0:5.

Theasymmetryfactoris oftentimescalledanisotroy factor We emplagy the formertermthroughoutthis reportsincewe considertheuse
of theterm“anisotropy” inappropriate Recallthatthe function hasno dependencon the azimuthalangle. Furthermorethereis no direct
relationshipbetweerthis parameteanda macroscopi@nisotropichehaior of agivenmaterial,i.e., adependencen boththe polarandthe
azimuthalanglesmeasuredrom the materials normalandusedto de ne thedirectionof incidenceof theincominglight.

3 HGPF in Tissue Subsurface Scattering: Chronology and Problems

The HGPFis neitherbasedon a mechanisticheory of scatteringlJacquest al. 1987] nor doesits asymmetryfactor have ary biological
meaning. Two importantquestionsthen cometo mind. Why is the HGPF extensiely usedin renderingof both inorganic and organic
materials?What problemsmay resultfrom its usage?In orderto answerthesequestionswve needto go backin time, andtrack down the
sequencef eventsthatculminatedn its usein tissuesubsurécescatteringsimulations.

In 1976,bioengineer§Peterseretal. 1976]attemptedo usethe HGPFto approximateéMie scatteringn blood. Theirinvestigationdid not
shav agoodagreemenbetweerthe HGPFapproximatiorandthe experimentaldata,hovever.

Lateron, BrulsandvanderLeun[1984] performedgoniometricneasurementsf thescatteringro le of two typesof skintissuespamely
stratumcorneumand epidermis(Table 1). The resultingdatacorrespondo the amountof radiationtransmittedinto a solid angle !,
centeredaroundthedirectiongivenby , asafractionof thetotal radiationtransmittedat perpendiculairradiation. The measuredcattering
distributionswerein therangegivenby 0 62:5 , andthe cumulatve fractionsof thetransmittedenegy wereexpresseds:

Ri+2:5 :
N E()sin d

N62:5 .
o E()sin d

Ci()=

100% (6)



whereE correspond$o theenegy ux perunit areaof thescatteredadiation,and ; = 5i fori = 0;:::; 12
angle StratumCorneum Epidermis
254 302 365 436 546 302 365 436 546
2:5 93 116 148 176 20.6 13 1.7 2.6 4.0

75 40.2 451 501 552 60.2 94 119 161 225
125 502 630 668 709 752| 208 248 30.8 397
175 711 737 765 79.1 823| 332 375 436 525
22:5 79.2 806 823 841 86.5| 455 490 545 624
275 851 856 863 876 894| 569 598 639 702
32:5 890.3 893 894 903 915| 669 692 719 76.7
375 925 922 920 925 934 757 774 790 824
42:5 95.0 945 941 944 950 832 842 850 87.2
475 969 965 960 96.1 965| 893 898 901 914
52:5 984 980 976 976 978 941 943 943 949
575 994 992 989 990 99.0| 977 978 978 97.9
62:5 100.0 100.0 100.0 100.0 100.0| 100.0 100.0 100.0 100.0

Tablel: Scatteringoro les of stratumcorneumandepidermigissuesneasuedat 436nmand546nm andpresentedn termsof thecumulative
fractions(%), C( ), of radiationtransmittedwithin a certainangle with respecto the tissues normal (redrawn from Bruls and vander
Leun[1984])).

In their paper Bruls andvan der Leun[1984] suggestedhe scatteringoro le of organictissuescould be approximatedy singleparticle
phaséunctions:

We compaedepidermalpro les with resultsfrommultiplescatteringtheory VandeHuslt(1980)provideselaboatecomputations
of scatteringpro les of layers lled with particles,on the basisof a single particle scatteringphasefunctionthat ranges from
diffuseto veryforward oriented.Our epidermalpro les are compatiblewith pro les fromhis Table 35.

Thetablefrom van de Hulst [1980a]mentionedabore, correspondso the HGPF In 1987,Jacque®t al. [1987] followed Bruls andvan
der Leun's suggestionandtried to approximatethe measuredcatteringpro le of anotherskin tissue,namelydermis,using HGPF with
g = 0:81 Yoonetal. [1987] usedsimilar g valuesfor humanaorta. The experimentson dermisand aortatissueswvereaimedat speci ¢
medicalapplicationsand conductedvith a HeNelaser(632.8nm). Motivatedby theseworks, Prahl[1988] proposeda Monte Carlo based
algorithmto modellight transportn tissueduringlaserirradiation. Althoughthis Monte Carlobasedpproactwasusedbeforeto studylight
propagatiorin tissue[Wilson and Adam 1983], Prahl's algorithmicformulation,to the bestof our knowledge,wasthe rst proposedo use
the HGPFto computethe scatteringof photonsin organictissues.n orderto computethe trajectoriesof the scatteregphotons Prahl[1988]
usedawarpingfunctionprovided by Witt [1977], which wasobtainedby setting:

Z cos

1=2 (cos % g)d °, @)
1

and nding uponintegrationthat ( )
2
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29 ’ (8)
where 1 is an uniformly distributed randomnumberon the intenal [0; 1]. An alternatve detailedderivation of this warping function is
availablein Appendix A. For symmetricscattering(g=0) the expressioncos = 2 ; 1 shouldbe used[Prahl et al. 1989]. Sincean
azimuthalsymmetryof the phasefunctionis assumedthe azimuthalanglecanbegeneratedising = 2 », where ; is arandomnumber
uniformly distributedon theintenval [0; 1].

In 1989,biomedicalresearcherfran Gemertetal. 1989]attemptedo t the HGPFto the goniometricmeasurementsf Bruls andvander
Leun[1984], anduseda leastsquaresnethodto determinesuitablevaluesfor g. After that, it wasassumedhatthe HGPFcould be used
to approximatehe scatteringpro le of organictissuesegardlesf wavelength.This assumptiorhasnot beenquestionedip to the present
time. In fact, the useof HGPFin analyticalandalgorithmic subsurécescatteringsimulationbecamewidespreadn mary areasinvolving
tissueoptics[Tuchin2000],andnen comprehenske goniometricneasurement®r tissuesubsuracescatteringverenot performed.

In 1993,graphicsresearcherfHanraharandKrueger1993]introducedhealgorithmicformulationfor the simulationof tissuesubsuréce
scatteringproposedy Prahl[1988]to thegraphicditerature.Thisincludedtheuseof theHGPFdescribedbove. In theirexamplesHanrahan
andKruegerusedg = 0:81for dermisandg = 0:79 for epidermis.They did notincludestratumcorneumin their skin representatiorSince
then,the HGPFhasalsobeenusedin computemgraphicsapplicationgnvolving subsurécescatteringsimulationgJenseretal. 1999;Jensen
etal. 2001;PharrandHanrahar000;Premozeet al. 2003;Ng andLi 2001;Stam2001].

Are thereindeedary problemswith this useof HGPFin tissuesubsuracescatteringsimulations?First, recall the asymmetryfactorg
hasno directconnectiorwith the underlyingbiophysicalphenomenaSecondasdescribedabore, the HGPFwasinitially meantto be used
in tissueopticsjust asa functionto t multiple scatteringdataof skin measuredt speci ¢ wavelengths.As we aregoingto shav in the
following sectionsthe HGPFapproximationgleviate from the measuredata.

Theaccuray level of the HGPFapproximationglecreasesven morewhenthey areusedto describethe subsurdcebehaior of materials
characterizedby a dominantre ective-refractve scatteringlcauseddy internalstructuresmuchlargerthanthe wavelengthof light) suchas
planttissuegGovaertsetal. 1996]. In theseapplicationghe selectionof valuesfor g is madeon atrial anderrorbasis,andit hasneitheran
empiricalnor atheoreticafoundation.



In short,we believe thatthe HGPFapproximationsannotbe simply generalizedandappliedto ary tissueandary wavelength.Further
more, we maintainthat the useof this function addsunduecompleity to algorithmic subsurécescatteringsimulations. In the following
sectionsve will demonstratéhatthesesimulationscanbe performedwith a higheraccurag/time ratio usingmeasurediatadirectly.

4 Experimental Investigation Set-up

In orderto determinethe accurag of scatteringpro les obtainedusingthe HGPFE, we comparedhesepro les with the experimentalgonio-

metric data(Table 1) provided by Bruls andvan der Leun[1984]. For the HGPFasymmetryfactorswe consideredhe valuesdetermined
by van Gemertet al. [1989], which have beencommonlyusedin algorithmic subsurécescatteringsimulations. One might arguethat the

tting approactusedby van Gemertetal. [1989] to determinethe g valuescould be replacedby anotherone,which could resultinto better
approximationgor the pro les. For this reasonwe alsousedg valuesobtainedby applyingthe RMS error metric [Glassnerl995]to the

measurediata. We have experimentedwith othererror metric approachespamelyabsoluteandrelative error metrics(AppendixB). We

selectedheresultsobtainedusingthe RMS errormetricfor presentatiosincethe RMS g valuesprovide a closervisualmatchto theresults
obtainedusingthe measurediata.

The asymmetryfactorsusedin our comparisonsrepresentedn Tablel. They correspondo the measurediatafor the visible rangeof
thelight spectrum(436nmand546nm)provided by Bruls andvan derLeun[1984]. The completesetof asymmetryfactorsobtainedusing
theRMS, absoluteandrelative errormetrics,for measuredlatafor boththe ultraviolet andvisible rangeqBruls andvanderLeun1984],are
presentedn Tables4 and5 (AppendixB).

To determinghe asymmetryfactorswe initially subtractedhe consecutie cumulatve fractionsof thetransmittedradiation(Equation6)

togetF(i) =Ci GCj p,fori=1;:::;12 andF© = Co. Thus,

R i+t2:5 E d!
(i) — maxgo’;i 2:5) ()
F - Re2:5 | (9)
L2 E()d!

where = 5i,fori = 0;:::;12
Next, to obtainthe HGPFdatato be comparedo the datafrom Equation9, we computedhefollowing cumulatve densityfunction:

Z o
P( < 9= o(!)dl, (10)
0
andwe obtained p( 25)
_ < i+ 2
Coi = TP <625) (1
where ; = 5i,fori = 0;:::;12 WethenperformedtheoperationF %) = Cy;  Cgi 1fori  1andF (@ = Cy.
TheRMS errormetric gy s (g) usedto comparetheF ) andtheF ¢ fori = 0;::::12, is givenby:
4
11Xt iy 2
ru s(9) = t m Fi FOD 7 (12)

i=0

wherem = 13. We appliedthe NelderMeadsimplex searchalgorithm[Lagariaset al. 1998]to minimize rm s(g) overg 2 [ 1;1]to
obtainthe mostsuitableasymmetryfactor

asymmetryfactors StratumCorneum Epidermis
source 436 546 436 546
RMS errormetric 0.935 0.943 0.761 0.821
vanGemertetal. [1989] | 0.900 0.917 | 0.748 0.781

Table2: Asymmetryactors obtainedby tting the HGPFto scatteringpro les of stratumcorneumandepidermigissuesneasued at 436nm
and546nm.

We believe that a dataorientedapproachprovides approximationswith a higheraccurag/time ratio. In orderto con rm this assertion
we implementeda randomizedablelook-up algorithm. The scatteringanglesarestoredin a table,whoseaccessndicescorrespondo the
measuredractionsof scatteredadiation.For eachphotonwe generate uniformly distributedrandomnumberon theintenal [0; 1]. We then
multiply thisnumberby thetablesize. Theintegerpartof theresultingvalueis usedto accesshe correspondingcatteringanglestoredin the
table. Thetablesizeis limited by thegranularityof themeasuredjoniometricdata,which consistof valueswith onedecimaldigit accurag.
Thus,for eachwavelengthconsideredwe usedatablewith 1000entries.Theintermediatedatavalueswereobtainedthroughinterpolation,
anotherdesignchoicebasedn thegranularityof themeasuregjoniometricdata.For the sale of simplicity anddueto thelack of information
aboutthe scatteringoehaior betweerdatapointswe usedliinearinterpolation.

We performedtwo setsof experiments.In both setswe generateN samplegphotons)representedby randomnumbersuniformly dis-
tributedon theintenal [O; 1].

In the rst set(with N = 10°), for eachphoton,we determinedhe scatteringanglegiven by Equation8 with the g valuespresentedn
Table2, andthe scatteringanglegiven by therandomizedablelook-uptechnique The numberof samplegpermeasuredcatteringanglefor
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Figure 4: Comparisonbetweernreconstructedransmittedradiation curvesand goniometricmeasued data for the stratum corneumand
epidermigissues.

StratumCorneum Epidermis
ApproximationApproach 436 546 436 546
max  avg max  avg max  avg max  avg
HGPF, with g providedby vanGemertetal. [1989] | 51.96 27.08 | 47.71 27.76 | 42.40 14.04 | 51.24 16.09
HGPEF, with g providedby RMS errormetric 53.03 23.08 | 52.79 21.90| 35.24 1457 | 30.02 18.43
randomizedablelook-up 722 332 | 848 417 | 345 156 | 325 1.70

Table3: Relativeerror gures,namelymaximunandaverage values(%), for theapproximationmethodgwith N = 10°) with respecto the
goniometricdatafor the stratumcorneumand epidermismeasued at 436nmand 546nm.

eachapproachwasrecordedandthe comparisongerformed.Sincethe experimentaldatawaslimited to 62:5 , the scatteringanglesgiven
by the HGPFbeyondthis valuewerediscardecandnot takeninto accountinto the samplesummations.

The secondsetof experiments(with N = 10°) followed a similar protocol. It was performedthroughthe implementatiorof a virtual
goniometerwhich wasusedto computethe BTDF (bidirectionaltransmittancelistribution function) associateavith the scatteringpro les
obtainedusingthe HGPFandtherandomizedablelook-uptechnique Sinceanazimuthalsymmetryof the phasegunctionis assumedqSec-
tion 2.2), the BTDF valueswerecomputedon the planegiven by theincidentlight andthetissues normal. The BTDF valuescorresponding
to themeasurediata,denotecoy f ', fori = 0;:::; 12, werecalculatedusing:

N0
fe(biim) = ——

~ COS (13)

wherel~ and~ correspondo theindicenceandtransmissie solid angles.Similarly, to computethe BTDF correspondingo HGPFdatawe
replaced® ") by F ") in the equatiorabove.

Organictissuessuchasthestratumcorneumandepidermisareusuallyconsidereaspartof awholematerial,i.e., humanskin. Moreover,
thereare other factorsaffecting subsurace scatteringsuch as the absorptionof light by pigments[Krishnaswamy and Baranoski2004].
However, one may usesimple abstractionse¢alled “phantommaterials”,to expandthe scopeof visual obsenations. Suchabstractionsare
extensiely usedin biomedicalresearcfCotton 1997;Shimadeaet al. 2001a;Shimadaet al. 2001b],andsimilar abstractioniave alsobeing
usedin computemgraphicgArvo 1995a;Arvo 1995b].In ourinvestigatiorthesephantommaterialsarerepresentedy thin translucensheets
with aforwardscatteringoehaior simulatedusingthe HGPF (with thevaluesgivenin Table2) andtherandomizedablelook-uptechnique.
Theresultingimageswereobtainedusinga standardpathtracingalgorithmwithout post-processingignalsmoothing Glassnerl995].

5 Results and Discussion

Theresultsof the rst setof experimentsconsideringhestratumcorneumdataareshawvn in Figure4 (toprow). As expectedtherandomized
tablelook-uptechniqueprovidestheclosesimatchto the measuredata,which canalsobeobseredin Table3. It is worth notingthattheuse
of asymmetryfactorsgiven by the RMS error metric providesa closerapproximatiorthanthe valuesprovided by van Gemertet al. [1989],
which have beenusedin computergraphicssimulations.

The resultsof the rst setof experimentsconsideringthe epidermisdataare givenin Figure4 (bottomrow). In this case the disparity
betweenthe HGPFapproximationsandthe measuredlata,which increasesor datameasuredit 546nm,canbe obsered. Again, a more
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Figure6: Reconstructe@TDF valuesfor the stratumcorneuntissueat 546nm.Left: table look-up. Middle: HGPF (with RMSg). Right:
HGPF (with g provided by van Gemertet al. [1989]). Top row: Cartesianplot. Bottomrow: orthographic projection of the scattering
diagram.

accuratepproximatioris provided by therandomizedablelook-uptechniquelt introducesvensmallererrorswith respecto theepidermis
dataset,which canalsobeobseredin Table3.

Figures5 and6 presenthe resultsof the secondsetof experimentswith stratumcorneumdata. They shav thatthe quantitatve discrep-
ancieshetweerBTDF valuesobtainedusingthe randomizedablelook-up andthe reconstructe®TDF valuesobtainedusingthe HGPFare
small,with closerapproximationdeingobtainedusingasymmetryfactorsprovided by the RMS errormetric.

Theresultsof the secondsetof experimentswith epidermisdata,which arepresentedh Figures7 and8, shav noticeablegquantitatve and
qualitative discrepanciebetweenthe BTDF valuesobtainedusingthe randomizedablelook-up andthe BTDF valuesobtainedusingthe
HGPF For theseexperimentsgcloserapproximationsverealsoobtainedusingasymmetryfactorsprovided by the RMS error metric.

In short,our experimentsindicatethat the randomizedablelook-up provides a more accurateagreementvith the measurediata. The
magnitudeof thediscrepanciebetweerthis approachandthe HGPFapproachmay however, have a differentsigni cancedependingon the
application.For renderingramevorksaimedat scienti c andmedicalapplicationsit is clearlyrelevant. For example theepidermiscontains
animportantskin pigmentmelanin. Theamountof light absorbedy this pigmentaffectsnot only theskinappearancgl'sumuraetal. 2003],
but alsothevisualdiagnosiof medicalconditionssuchasmelanomast early stage§Cotton1997]. Thisamountdepend®n the path-length
of theincomingphotonswhichis in turn affectedby thetissues scatteringproperties.

For renderingframevorks aimedat believable picture making applications the visual effects causedby the different approachesnay
becomemorepronouncedr ngyligible dependingon the illumination conditions(e.g., collimatedor diffuseincidentbeams)the structural
characteristicof the materials(e.g., thickness)and perceptionissuesassociatedvith the humanvisual system[Greenbeg et al. 1997].
Figures9 and 11 illustrate this aspectthroughimagesof phantommaterialsgeneratedising the stratumcorneumandthe epidermisdata
respectiely. For example,althoughthe experimentgresentecarlierindicatedsmall discrepanciebetweerthe approximatiorapproaches
with respecto the stratumcorneumdata,the imagesshawvn in Figure9 presentemarkabladifferencesn termsof the phantommaterials
transluceng. Suchdifferencescanvary dependingfor instanceon the distancebetweerthe materials'interfacesasillustratedin Figure10.
Onthe otherhand,despitethe evident quantitatve and qualitative discrepanciebetweernthe approximatiorapproachesvith respecto the
epidermisdataveri ed in the experimentgresentectarlier theimagespresenin Figurell (top row) do not noticeabledifferencesn terms
of the phantommaterials transluceng

Regardingthe computationatostsof eachapproachrecall thatthe HGPFformulationincludesan expensve fractionalexponentiation.
For example for the SGI MIPS R14000processorsisedin our experimentsthis operationis performed ve timesslower thanarandomized
tablelook-up operation. On the otherhand,the dataorientedapproachrequiresadditionalstoragespace. For instance the tablesusedin
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Figure7: Reconstructe@®TDF valuesfor the epidermistissueat 436nm.Left: table look-up. Middle: HGPF (with RMSg). Right: HGPF
(with g providedby vanGemertetal. [1989]). Toprow: Cartesianplot. Bottomrow: orthaographic projectionof the scatteringdiagram.
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Figure8: Reconstructe@®TDF valuesfor the epidermistissueat 546nm.Left: table look-up. Middle: HGPF (with RMSg). Right: HGPF
(with g providedby vanGemertetal. [1989]). Toprow: Cartesianplot. Bottomrow: orthagraphic projectionof the scatteringdiagram.

our experimentsoccupy 36Kb of memory Takinginto accountthe size of the memoriesavailablenowvadaysandtheir decreasingrice, ony
mayconsidetthis gure quiteacceptableHence we believe thatthedataorientedapproactprovidesa moreadwantageousrade-of between
computationatostsandaccuray, while avoiding theintroductionof unduecompleity in algorithmicsubsurécescatteringsimulations.

A legitimate criticism of our investigationis that our comparisonsare limited to few wavelengths. This limitation is imposedby the
lack of measuredpectralsubsurhcedata. We shouldnote,however, thatthis aspecthighlightsthe pitfalls of the generalizediseof HGPF
in algorithmic subsuréce scatteringsimulations. Consideringwavelengthsfor which thereis no measuredataavailable, the selectionof
asymmetryfactorswhich have no biophysicalmeaningjs purelyadhoc.

Onecould amguethat the asymmetryfactorsfor thesewavelengthscanbe computedby interpolatingHGPF valuesobtainedfrom avail-
able data. Recallthat the randomizedable look-up technique besideshe introductionof smallererrors,hasthe importantadwantageof
avoiding theexpensie fractionalexponentiatiorin the HGPFformulation. Hence we canobtainvalueswith a higheraccurag/time ratio by
interpolatingvaluesgiven by therandomizedablelook-uptechnique.

Usually picture making applications,suchthosefound in entertainmentind gamesindustries,do not requirehigh delity. The major
disadwantageof usingthe HGPFin theseapplicationsis the introductionof unduecompleity in the renderingframevorks andthe lack of
predictability However, scienti ¢ applicationssuchasnoninvasive optical-tissuediagnostic§Mourantet al. 1998],demanda high level of
accurag. In orderto increasehe accurag in theseapplicationsonecould selectanothemphasefunctionto t the scatteringdata,e.g., the
Reynolds-McCormick[1980; 1988] or the Dunn and Richards-kKrtum [1996] phasefunctions. Thesefunctions,however, have the same
dravbacksasthe HGPF, namelyad hoc parametersxpensve formulationsandanaccurag arguablysmallerthana dataorientedapproach.

Besideghe directeffect on the predictabilityof algorithmicsimulations the selectionof asymmetryfactorsmay have furthertheoretical
implicationsin subsurice scattering. For example,Jenserand Buhler [2002] useda diffusion approximationto improve the ef ciency
of thelr subsurace scatteringsimulations. They statethat this approximationhas beenshavn by Furutso[1980] to be accuratewhen
<< 1 ¢? where , and s correspondo the materials absorptionand scatteringcoefcients respectiely. Clearly, in orderto
applyth|s relationshippneneeddo know thevaluesof its terms,whichin turn comefrom measurediata,especialljtheasymmetryfactorg.
As shawvn by our experimentsthevalueof g mayresultfrom a tting approachthatdoesnot matchthe measurediataaccuratelyi.e., it may
beitself anapproximation.

Incidentally therearetwo additionalaccuray issuegrelatedto the applicationof the diffusion approximationflJenserand Buhler 2002]
to describethe subsurlcescatteringof organicmaterials,n particularhumanskin tissues.First, the diffusion approximationis not suitable
whenthescatterings mostlyin theforwarddirection[Furutso1980;Flock etal. 1989;Yoonetal. 1989]. As we have shavn in thisreport,the
measurementserformedby Bruls andvan der Leun[1984] demonstrat¢hatboththe stratumcorneumandthe epidermigtissuesarehighly
forward scatteringmedia. Secondthediffusiontheoryis not applicablewhenthe absorptioncoefcient is notsigni cantly smallerthanthe




Figure9: Imagesof a phantommaterial with a scatteringbehaviorsimulatedusing data correspondingo the scatteringbehaviorof the
stratumcorneuntissuemeasued at 436nm(top row) and 546nm(bottomrow). Left column: applyingtherandomizedablelook-up. Middle
column: applyingthe HGPF with the asymmetryfactors provided by the RMSerror metric. Right column: applyingthe HGPF with the
asymmetryactors providedby van Gemertetal. [1989]. Surfacesre sepaatedby 0.9lengthunits.

scatteringcoefcient for turbid media[SardarandLevy 1998;Steinke andShepherd 988;Yoonetal. 1989]. Humanskinis characterizethy

relatively high light absorptior{KrishnasvamyandBaranoski2004;Parsacet al. 2003; Thodyetal. 1991],dueto pigmentssuchasmelanin
particleswhich have a signi cant absorptiorcrosssection[Chedelel 1995]. It is worth notingthatthe diffusionapproximatioris well suited
for mediasuchasthick fogsandclouds[Furutso1980],sincethey presentiscatteringoehaior thatit is dominatecby forwardscatteringand
theirabsorptiorof light in thevisible range(dueto thepresencef water)is negligible. It is alsoworth notingthatthediffusionapproximation
for large absorptiorhasbeeninvestigatecby MeadorandWeaver [1979]. However, their approachis restrictedto diffuseincidence[Yoon

etal. 1989].

6 Conclusion and Future Work

Phasdunctions,suchasthe HGPFandits variations,wereoriginally usedin tissuesubsurfcescatteringsimulationsto t datameasurect
speci ¢ wavelengths.Sincethen,their applicationhasbeenextendedto differentorganicmaterialsdespitethe lack of supportingmeasured
dataand the fact that their parameterdiave no biological meaning. The investigationdescribedin this report demonstrateshat a data
orientedapproacotonly increasesheaccurag andef ciency of algorithmicsubsuracescatteringsimulationsbut alsocontributesto their
predictabilitysincethe simulationsareno longercontrolledby arcangparameters.

Our investigationalso highlights a key issuein biophysically-basedendering: dataavailability. Many graphicsresearcherbave been
working to minimize this problem,and a substantiabmountof goniometricsurfacedatahasbeencollectedand analyzed. Besidesbeing
scarcergoniometricsubsurficedatamay alsocontainsomedegreeof randomnoise,which is usuallynot Itered out by the approximation
methods. Therefore,in orderto develop predictive subsurécescatteringalgorithms,we believe that efforts shouldalso be focusedon the
reliablemeasuremertdf multispectraubsurlcedata.

As multispectraldatabasebecomeavailable,memoryspacemay becomeanissue,speciallyfor a eld researcheor a forensicscientist
with a hand-heldcomputingdevice of limited storage. In thesesituations,numericaltechniquessuchas Principal ComponentAnalysis
(PCA) [Jolliffe 2002], canbe usedto reducethe dimensionalityof suchdatabaseasit hasbeendonein colorimetryfor mary years[Vrhel
etal. 1994;Imai etal. 1996]. Thesetechniquesiot only provide compactdatabasedyut alsosupportfastadditionof new spectradata.

As futurework we intendto explorethebiophysicalcharacteristicef organicmaterialsdo increasgheef ciency of PCAtechniquesvithin
subsurcescatteringsimulationframevorks. We alsointendto extendour investigatiorto ultra-violetspectraandtake advantageof graphics
hardwareto increaseheef ciency of the subsurécescatteringalgorithms.
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Figure10: Imagesof a phantommaterial with a scatteringbehaviorsimulatedusingdata correspondingo the scatteringbehaviorof the
stratumcorneumtissuemeasued at 546nm. Top row: applyingthe randomizedable look-up. Bottomrow: applyingthe HGPF with the
asymmetnyfactor provided by the RMSerror metric. Thesurfacesare sepaatedby 0.2 (left column),1.2 (middle column)and 1.8 (right
column)lengthunits.
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Appendix A: HGPF Warping Function

R
Th(ﬁyGPF, ,isafunctionof twoangles: and . Thatis, = 4 isthe probability densityfunctionover the entiresphereS. Notethat

= , ()d isnottheprobabilitydensityfunctionfor over[0; ]. Sinceanazimuthalsymmetryof thephasefunctionis assumed.e., the
functionis constantwith respecto , theazimuthalanglecanbegeneratedising2 2, where ; is arandomnumberuniformly distributed
ontheintenal [0; 1]. To generate , we needto invertthe cumulatie densityfunctionfor : P( < 9. Thiscanbeexpresseds

z
1

PO < 9=, God, (14)

R
whereK = o (; )d! istheconstanthatenforcesunit areafor probability density
Expanding(14) yields:

1 1 g
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NotingthatP( < ) = 1, wecanderiveK asfollows:
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Substitutingbackinto (15) yields
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Togenerate® weletP( < 9 = 1, where 1 isanuniformly distributedrandomnumberon theintenal [0; 1], andsolve for °. Thus:
!

1 ¢ 1 . 1
! 29 1 g "1+g 2gcos?
) " 1 - 1 Zg 1
"1+¢ 29cos0 1 g 1 ¢@
) - 1 _ 1+9g 291
"1+ g2 2gcos O 1 ¢
O g?
2 0= - 9 @@
) 1+ g2 2gcos 1vg 29.
2 0_ 1 ¢ ?
) 1+ g 2gcos "= ivg 291 |
o_ 1 2 1 ¢ a
) cos = 29 1+g v g 291

In summaryto generatea randomdirectiondistributed accordingto the HGPF andrepresentedby the pair ( ; ), we usethe warping
function: ( ) 1
1 ¢ °
) 2 2 . (17)

N 1 2
(i )= cos 29 1+g 1+g 29

Appendix B: Error Metrics Used to Compute the Asymmetr y Factors
BesidegsheRMS errormetric(Equationl2), we have experimentedvith two othererrormetricapproachesjamelythe absolutesrrormetric:

1 X T .
ag s(Q) = p— F'ooplen (18)
i=0

andtherelative errormetric
1 X 1 = F(g:i)
= = —— 100% 19
rRe L(9) = — . i a (19)
The completeset of asymmetryfactorsobtainedusing the RMS, absoluteand relative error metrics,for measureddatafor both the
ultraviolet andvisible rangegBruls andvanderLeun1984],arepresentedn Tables4 and5.

Error Metrics 254 302 365 436 546

RMSerror 0.89558 0.90965 0.92293 0.93445 0.94257
Absoluteerror | 0.89154 0.90206 0.92417 0.93589 0.94237
Relatveerror | 0.88925 0.89858 0.91074 0.92172 0.94059

Table4: Asymmetryfactors obtainedby tting the HGPF to scatteringpro les of the stratumcorneuntissuemeasued at 254nm,302nm,
365nm436nmand546nmby Bruls andvander Leun[1984].

Error Metrics 302 365 436 546

RMS error 0.68071 0.71297 0.76079 0.82053
Absoluteerror | 0.67503 0.70637 0.73890 0.82780
Relatveerror | 0.68932 0.70637 0.73890 0.78818

Table5: Asymmetnfactors obtainedby tting the HGPF to scatteringpro les of the epidermistissuemeasued at 302nm,365nm,436nm
and546nmby Bruls andvander Leun[1984].

Figures12 to 20 shav comparisondetweenreconstructecdumulative transmittedradiationcurves (obtainedusing asymmetryfactors
computedapplyingthe errormetricsdescribedabore) andgoniometricmeasurediata[Bruls andvanderLeun1984].
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Figurel5: Asymmetrfactor computedising: absoluteerror (top),
relativeerror (middle)and RMSerror metric (bottom).



100

90

80

70

60

C(a)

50

40

30

20

10

Stratum Corneum (546nm)

*

— HGPF, g = 0.94237
* measured data

100

90

80

70

60

50

C(a)

40

30

20

10

. .
10 20 30 40 50
scattering angle q (degrees)

Stratum Corneum (546nm)

*

— HGPF, g = 0.94059
* measured data

60

100

90

80

70

60

50

C(a

40

30

20

10

. .
10 20 30 40 50
scattering angle q (degrees)

Stratum Corneum (546nm)

— HGPF, g = 0.94257
* measured data

60

Figurel16: Asymmetryactor computedising: absoluteerror (top),

| | |
10 20 30 40 50
scattering angle q (degrees)

relativeerror (middle)and RMSerror metric (bottom).

60

100

90

80

70

60

C(a)

50

40

30

20

10

17

Epidermis (302nm)

— HGPF, g =0.67503
* measured data

100

90

80

70

60

50

C(a)

40

30

20

10

. .
10 20 30 40 50 60
scattering angle q (degrees)

Epidermis (302nm)

— HGPF, g = 0.68932
* measured data

100

90

80

70

60

50

C(a

40

30

20

10

. .
10 20 30 40 50 60
scattering angle q (degrees)

Epidermis (302nm)

— HGPF, g = 0.68071
* measured data

| | |
10 20 30 40 50 60
scattering angle q (degrees)

Figurel7: Asymmetrfactor computedising: absoluteerror (top),
relativeerror (middle)and RMSerror metric (bottom).
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Figure18: Asymmetryactor computedising: absoluteerror (top),
relativeerror (middle)and RMSerror metric (bottom).
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Epidermis (436nm)

— HGPF, g =0.7389
* measured data
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Figure19: Asymmetrfactor computedising: absoluteerror (top),
relativeerror (middle)and RMSerror metric (bottom).
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