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Abstract. We proposeapracticablevayto includebothpolarizationandfluores-
cenceeffectsin arenderingsystematthe sametime. Previousresearcthin this di-
rectiononly demonstratedupportfor eitheroneof thesephenomenaysingboth
effectssimultaneouslyvassofar not possible mainly becaus¢hetechniquegor
thetreatmenbf polarizedight werecomplicatedandrequiredrenderingsystems
written specificallyfor this task.

The key improvementover previous work is thatwe usea different,moreeasily
handledormalismfor the descriptionof polarizationstate which alsoenablesis
toincludefluorescenceffectsin anaturalfashion.Moreover, all of ourproposals
arestraightforvard extensiongo a corventionalspectrarenderingsystem.

1 Intr oduction

For the purpose®f truly predictive photorealisticenderingt is essentiathatno effect
which contributesto the interactionof light with a sceneis neglected. Most aspects
of objectappearanceanbe accountedor by usingjust the laws of geometricoptics,
comparatrely simpledescription®of surfacereflectvity, tristimulusrepresentationsf
colourandlight, andcannowadaysbe computedvery efficiently througha variety of
commonrenderingalgorithms.However, severalphysicaleffects,namelyfluorescence,
diffraction, dispersionand polarization,arestill rarely — if at all — supportecby con-
temporaryrenderingsoftware.

1.1 Polarization

Polarizationhasreceved particularly little attentionbecause- while of coursebeing

essentiafor speciallycontrivedsetupghate.g.containpolarizingfilters— it seemingly
doesnot contributevery prominenteffectsto the appearancef anaveragescene.This

misconceptiors in partfosteredby thefactthatthehumaneye is normallynotcapable
of distinguishingpolarizedfrom unpolarizedight?.

1Contraryto commonbelief trainedobserers can distinguishpolarizedfrom unpolarizedight with the
nakedeye. Namedafterits discoerer the effectis known asHaidinger’s brushandis describedy Minnaert
in hisbookaboutlight in outdoorsurroundingg$7].
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Oneof the mainareaswhereit in factdoesmake a substantialifferenceare out-
door scenesthis is dueto the usuallyquite strongpolarizationof skylight, asonecan
find documentedn G. P. Kdnnens book[6] aboutpolarizedlight in nature.But since
suchscenesrecurrentlystill problematicalfor photorealisticcendererdor a number
of other, more obviousreasonge.g.scenecompleity andrelatedglobalillumination
issues)this hasnot beengivena lot of attentionyet. Otherknown effectswhich de-
pendon polarizationsupportarecertaindarkeningor discolourizatiorpatterngn metal
objectsandtheir reflections andthe appearancef facetedransparentbjects,suchas
crystals.

1.2 Fluorescence

Someof thereasongor the smallamountof work fluorescencéasrecevedarediffer-
entfrom thosewhich have madepolarizationa fringe topic. Firstly, althoughit causes
very prominenteffects, thesecanalsobe faked comparatiely easily throughcustom
shadersat a fraction of the effort involvedin actuallysimulatingthe real process Sec-
ondly, measurementsf fluorescenpigmentsarevery hardto obtain,virtually no pub-
licly accessiblelataof this kind exists, anddesigningsuchspectraby handis tedious.
The third mainreasonis sharedbetweenfluorescencand polarization: they oughtto
be doneusinga spectrakenderingsystemwhich still rankascomparatiely exotic and
expensveto use.

2 Previous Work

2.1 Raytracing with Polarization Parameters

Physicshaslong achievedaverythoroughunderstandingf light polarization;a classic
introductionis e.g.to be found in the book of Born and Wolf [1]. In the computer
graphicditeraturetherearetwo publicationsaboutit; oneby Wolff andKurlander{16],
who demonstrategbolarization—aare image synthesisfor the first time, and one by
Tannenbaunet al. [14], who concentratedn the renderingof anisotropiccrystalsand
extendedthetechniquesisedby Wolff etal.

The main goal of theseefforts wasthat of finding an appropriatenvay to describe,
and perform calculationswith, polarizedlight; both groupsof authorssettledfor a
notationsuggestedby standardeferencdexts from physicsliterature.

CoherencyMatrices. The formalismto describepolarizedlight usedby both Wolff
and Tannenbaunis that of coheencymatrices(CM for short); this techniquewasin-
troducedby Born and Wolf [1]. As derivedin detail by Tannenbaunet al. [14], the
coherenyg stateof amonochromatievave canbe expressedn a matrix J of theform

5 (Jxx ny> _ (<EXE;> <EXE;>)
I Iy) T \(BE) (BE)
whereEy andE, arethe E—field vectorsfor the X andY directions,respectiely, and
E; denotesthe complex conjugateof Ex. The main diagonalelements- Jxx and Jyy
—arerealvalued,andthetraceT (J) = Jx+ Jyy Of the matrix representshe total light
radiationof thewave, while thecomplex conjugatesky andJyx representhecorrelation

of the X andY component®f E. For fully polarizedlight, thesecomponentarefully
correlatedand|J| vanishes.



CoherencyMatrix Modifiers. Besideseingableto describearay of light, it is also
necessaryo procesghe interactionof light with a mediumor surface. Suchfiltering
operations(or filters for short)on polarizedlight describedby a cohereng matrix can
beperformedy usingcoheencymatrixmodifiess, or CMM. Tannenbauretal. brought
this approachwhich was originally introducedby Parrentet al. [8], to the computer
graphicsworld for usein theirrenderingsystem.

CMMs havetheform of acomplex—valued?2 x 2 matrix. If all participatingelements
have the samereferencecoordinatesystemsucha matrix M, canbeappliedto a given

coherencenatrix J in thesequencef J, = MpJMJ, Where.‘MF;r signifiestheconjugate

transposef M. If themodifierandthecohereng matrixarenotin thesamecoordinate
systemanappropriatdransformation- asdiscussedh section?.3 of thefull versionof

Tannenbaunetal. [14] (to befoundontheproceeding€D—-ROM) — hasto beapplied
first.

2.2 ReflectionModels which take Polarization into Account

Apart from the modified Cook—Torrancemodel usedby Wolff et al., only one other
surfacemodel proposedso far, namelythat of He et al. [5], attemptsto considerpo-
larizationeffects. As could be inferredfrom the resultssectionof this paper the high
compleity of their surfacemodelapparenthied the authorsto only implementa sim-
pler, non—polarizingversionin practice,andto containthemseleswith just providing
thetheoreticalderivationof the polarization—s&varemodelin thetext.

2.3 Rendering of Fluorescencdffects

Sofar Glassnehasapparentlybeenthe only graphicsresearchewho investigatedhe
renderingof fluorescencgghenomend3]. The main focus of his work was centered
aroundthe properformulation of the renderingequationin the presenceof phospho-
rescencendfluorescenceandhe provided striking resultsgeneratedvith a modified
versionof the public domainraytracerrayshade Sadly this work was not followed
up, nor wasthe modifiedversionof rayshadenadepublic. Also, we are not aware of
ary work thataimsat consideringheinclusionof fluorescenceffectsin sophisticated
reflectancenodels.

3 A Combined Renderer

We first introduceanalternatie notationthatcanbe usedfor polarizationsupport,and
thenshav how this formalismcaneasilybe combinedwith fluorescencsupport.

3.1 Alternative Polarization Support

A descriptionfor polarizedradiationwhich dueto its simplermathematicatharacter
isticsisis bettersuitedfor usein raytracing—basetenderingsystemds that of Stoles
parametes. Thisdescriptionwhile equivalentto cohereng matriceshastheadvantage
of usingonly real—aluedtermsto describeall polarizationstatesof optical radiation,
andhasan— alsononcomple& — correspondinglescriptionof ray weightsin the form
of Miller matriceq11].

It hasto be keptin mind that— similar to cohereng matrices- both Stokesparam-
etersandMuller matricesaremeaningfulonly whenconsideredvithin their own local
referencdrame;the main effect of thisis thatin arenderingsystemnot only light, but



alsofilters areorientedandhave to storean appropriateeferencan someway. How-
ever, for the sale brevity this spatialdependengis omittedin our following discussion
exceptin the sectionaboutmatrix realignment.

StokesParameters. Apartfrom cohereng matricesthe polarizationstateof anelec-
tromagneticwave of a given frequeny can also be describedn several other ways.
Threereal—\alued parametersare requiredto describea generalpolarizationellipse,
but the Stolesvectornotationdefinedby

Eno =KV +V) W-m~2]

En1= K(V¢ _Vyz) (1)
En2 = K(2VZ-V{Z - cosy)

Ens = K(2VZ-V{-siny)

(in the notationusedby Shumaler [11]) hasprovenitself in the optical measurements
community andhasthe key advantagethatthe first componenof this 4—vectoris the
unpolarizedintensity of the light wave in question(i.e. the samequantitythata non-
polarizing rendereruses). Component®2 and 3 describethe preferenceof the wave
towardslinear polarizationat zero and 45 degrees,respectiely, while the fourth en-
codespreferencdor right—circularpolarization.While thefirst components obviously
alwayspositive, the valuesfor thethreelatter parameterareboundedoy [—En o, Enol;
e.g.for anintensityEn o = 2, avalueof E, 3 = —2 would indicatelight whichis totally
left circularly polarized.

The — at leastin comparisorto cohereng matrices— much more comprehensible
relationshipbetweenthe elementsof a Stokes vector and the stateof the wavetrain
it describeds, amongstotherthings, very beneficialduring the delugging stageof a
polarizingrenderersinceit is mucheasierto construciverifiabletestcases.

Miller Matrices. Mduller matrices(MM for short) arethe datastructureusedto de-
scribeafiltering operatiorby materialghatarecapableof alteringthepolarizationstate
of incidentlight representetdy a Stokesvector The generalmodifierfor a 4—vectoris
a4 x 4—matrix,andthe structureof the Stokesvectorsimpliesthatthe elementof such
a matrix correspondo certainphysicalfilter properties. As with Stokesvectors,the
bettercomprehensibiltyof thesereal~alueddatastructuress of considerabldenefit
duringfilter specificatiorandtesting.

Thedegenerateaseof MM is thatof a nonpolarizindfilter; this couldequallywell
bedescribedy a simplereflectionspectrum For suchafilter thecorrespondind/M is
theidentitymatrix. A morepracticalexampleistheMM of anideallinearpolarizerTp,,
wherethe polarizationaxis is tilted by an angleof ¢ againstthe referencecoordinate
systemof the optical pathunderconsiderationandwhich hasthe form of

1 COoS2( sin2¢
_1|cos2¢p cog2p  sin2g-co2p O
~ 2|sin2¢p sin2gp-co2p  sif2¢ 0

0 0 0 0]

Tiin(®)

For the purpose®f physicallycorrectrenderingt is importantto know the MM which
is causedby evaluationof the Fresnelterms;for this we usethe notationfrom [16].



For agivenwavelengthandintersectiorgeometry(i.e. specifiedndex of refractionand
angleof incidence)theresultingtermsF, F, 8, andd; have to beusedas

A B 0O O

B A O O
TFresneI: 0 0 C =Ss|

0 0 s C

whereA = (FL +F)/2,B= (FL - F)/2,C=cogd, —9)) andS= sin(d, — ),
0, — 9 is thetotal retardanceheincidentwavetrainis subjectedo.

Filter Rotation. In orderto correctly concatenatea filter chain, as effectively first
describedby Hall et al. in [4] (which basicallyamountsto matrix multiplications of
the MMs in the chain),we have to be ableto re—aligna MM to a new referencesys-
tem,which amountdo rotatingit alongthedirectionof propagatiorto matchthe other
operands.

Contraryto firstintuition, directionalrealignmenbperationsarenotnecessarglong
thepathof aconcatenatefilter chain;theretardanceomponenof asurfaceinteraction
is responsibldor the alterationghatresultfrom changesn wavetraindirection.

Sincein the caseof polarizedlight a rotationby anangleof ¢ canonly affect the
secondandthird componentof a Stokesvector (i.e. thosecomponentghat describe
the linear componenbf the polarizationstate),the appropriaterotation matrix M(¢)
hastheform of

1 0 0 0

|0 cos2¢ sin2p O
M(@) = 0 —sin2¢ coxp 0" (2)

0 0 0 1

Matricesof thesameform arealsousedto rotateMiiller matrices.In orderto obtainthe
rotatedversionof a MM T(0), M(¢g) hasto be appliedin a way similar to that shovn
for CMMs, namelyT(@) = M(—q) - T(0) - M(@).

Apart from beingusefulto re—aligna filter throughrotation, the matrix M given
in equation(2) is alsothe MM of anideal circular retader. Linearly polarizedlight
enteringa materialof this typewill emegewith its planeof polarizationrotatedby an
angleof @; certainmaterials,suchascrystalquartzor dextrose,exhibit this property
whichis alsoreferredto asoptical activity.

3.2 Renderingof Fluorescenceffects

Sincefluorescencés amaterialproperty its descriptioronly affectsthefilter datastruc-
ture. Specifically for a systemwhich usesn sampledo represenspectrafilter values
of fluorescensubstancebave to be are—radiatiormatrix (RRM) of n x n elements.
The factthat fluorescencenly ever causedight to be re—radiatecht lower wave-
lengthsthanthoseat which it is absorbedallows usto only considerthe lower half of
this matrix. In practice,we usethe samereflectionspectraasfor normal materials,
only augmentedvith a datastructurethatholdsthe areabelow the maindiagonal. All
filtering operationsvereadaptedo handlethe presencef this crosstalkcomponents
a sticky property;evenif only onefilter in a concatenatiorthainhasan off—diagonal
componenttheoverallresulthasto be alsofluorescent.



3.3 Combining Fluorescencend Polarization

Similar to the previous section,this is a problemwhich only concernsthe filtering
operations.Specifically the questionis in which way nonpolarizingn x n (or n plus
sub—diagonatrosstalkof (n x (n—1))/2) re—radiationmatrix filters andn x (4 x 4)
reflectancespectrawith Muller matricesassamplesanbe properlymixed.

Practical Considerations. Fortunatelythesolutionis straightforvard. Thekey obser
vationhereis thatlight whichis re—emittecby fluorescentnoleculesanbe considered
to be unpolarizedfor our purposessincethis kind of light interactionwith pigments
usually hasno directionalcharacter This meansthat, while the full combinationof
thetwo propertieswvould requirethe ratherunwieldy construciof a datastructurewith
nx nx4x 4 entries(a MM for eachRRM entry), we canget by with usinga much
smallerentity.

Ourcombinedilter datastructureuseghesamenonpolarizingcrosstalkcomponent
astheplainfluorescence-marefilter describedn theprevioussectionandjustreplaces
themaindiagonalreflectionspectrumwith its polarizingcounterpart.

The only areawherethis changecauses considerabléncreasean the complexity
of arenderingsystemarethefilter manipulationmethodswhich now have to account
for four possiblestatesof eachoperandfluoresceniyes/no,polarizingyes/no)in each
procedure.

4 Results

We implementedhe proposediual polarizationandfluorescencsupportin the public
domainrenderingsoftwareunderdevelopmentt ourinstitute the Advancedrendering
Toolkit (ART for short).

Filters and Light. Thefirst taskwasto introducethe distinctionbetweerfilters and
light — asdescribedn the previous sections- throughoutthe raytracingcodeof ART;

thepreviously usedpolymorphougolourdatatype hadto beappropriatelyreplacedy
filter andlight structuresAs anunasled—forfringe benefitof this quite substantiatask
it transpiredthatthe entirerenderingcodebecamemuchclearersemanticallythrough
theintroductionof this distinction;this mightsene asanencouragemerfor otherswho
facethe sametask.

Fluorescence. Thefilters werethenextendedsothatthey alsobecamecapableof en-
codingfluorescenc@nformationasdescribedn section3.2. Themainwork duringthis
stepwasthe alterationof thefilter manipulationroutinesand developmentof special-
izedstorageclassedor fluorescenteflectiondata.

Polarization. In orderto be ableto make meaningfulperformanceomparisonsand
alsoto keepthe option of usinga fasterrenderemwithout polarizationcapabilitiesfor
the majority of userswho do not needthe feature, polarizationsupportwas imple-
mentedasa compile—timeoptionin ART. For the non—polarizeableenderetthe proce-
duresfor polarizationsupportexpandto NOPs,sono overheads incurred,andfor the
polarization—avarerenderethey areexpandedasinline funtions.

Apartfrom additionallargechangeso thelight andfilter manipulatiorcode—which
had alreadybeenfleshedout and pushedinto one module during the first step— the



major changesn this stageinvolved the introductionof the capability to store and
manipulateheorientationof light andfilter datastructuresiuringrenderingprocesses.
Threesampleimagesobtainedwith this hybrid rendererare shaovn in figure 1 in the
colourplatesection.

Optimization. The only computationabptimizationwith respecto polarizationthat
hasbeenimplementedn ART so far is that eachinstanceof the light andfilter data
structureds taggedasto whetherit actually describegolarizedlight or a polarizing
filter. This makesit possibleto usefasterroutinesif both operandsn a calculationin-
volving lights and/offilters arenot polarized(specifically multiplicationof thesamples
insteadof matrix operations)If oneof the operandss polarizedor polarizing,thenso
is theresultof the computationpolarizationis a sticky propertyof light andfilters.

Thissimpleoptimizationleadsto a polarization—aarerenderewhichis onaverage
only 10— 30 percentslower thanits plain counterparfor scenesvhich do not contain
ary polarizingsurfaceslightsource®r materials . Sincepracticallyall scenegontainat
leasta certainpercentagef objectsandlightsourceshatdo notexhibit any polarizedor
polarizingpropertythisshortcutactuallyimprovestheperformancef thepolarization—
awarerendereffor all but extremescenes.

For sceneswith large amountsof polarizing objects— like e.g.the examplescene
shavn in figure 1 — the slowdown of the polarizeableversioncomparedhe plain ren-
dereris naturally higherand dependsstrongly on the scene. The examplein figure 1
exhibits afairly typical slowdown of around500percent30vs. 150secondsendering
time); in somerarecasesve have obsenedevenlargerperformancelrops.Thisdrastic
increasen renderingimeis thepriceonehasto payfor increaseghysicalaccurag, al-
thoughwe estimatethat someadditionalperformanceould be gainedfrom aggressie
globaloptimizationof the numericcodein our renderingsystem.

5 Conclusion

We presentedh practicalway to implementcombinedpolarizationand fluorescence
supportin the context of a modernrenderingsystem.The key improvementover pre-
viousapproacheare

» Theuseof Stokesvectorsto describeboth unpolarizedan polarizedlight with a
single,intuitive formalism.

» The useof Muller matricesto describethe polarizing effect of materialsand
surfacesn anunderstandableay thatis complementaryo Stokesvectors.

» Thecombinationof theseformalismswith fluorescencénformationinto asingle
renderingsystem.

Our futureresearchwill concernitself with the efficiency of spectralrenderingin gen-
eral,andin particularthe choiceof the mostsuitablespectralrepresentatiofior pho-
torealisticrendering;this is a questionfor which a goodanswerthatis generallyvalid
hasyetto be given. In the courseof theseinvestigationsve planto alsoinvestigataf
bothpolarizationandfluorescenceanberepresentedvenmoreefficiently, andinvesti-
gatewhetherandhow the usuallylarge similarity in polarizationstateamongssamples
in a given light spectrumcan be safely exploited to reducestorageand computation
requirements.
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Fig. 1. Example renderingsof polarization effectscombinedwith fluorescentobjects. The

left andright columnsshav similar setupsundertwo differentilluminations- at the left D65,

and at the right UV blacklight. The sceneshavs several metal sphereggold, copper silver)

anda nonfluorescentbject(the biplanemodel)which float over a diffusefloor with fluorescent
propertiesandwhich arereflectedn alargeblock of adielectricmaterial(glass).Thereflection
is viewed well belov Brewsters anglein orderto increaseits intensity; becauseof this, the

polarizingfilters which are placedin front of the camerain the two lower images(horizontal
polarizerin the middle, vertical at the bottom) do not affect the entire reflectedenegy. For

comparisorpurposesthe topmosttwo imageshave a 50 percentneutralgrey filter insteadof a

polarizerplacedin front of thecamera.Theseimagescanalsobe viewedin higherresolutionat

http://www.artoolkit.og/Gallery/Fluorescence/.



