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Abstract

Under certain circumstanceshe polarisation state of the illumination can havea signi cant in uence on the
appearanceof scenesputdoorsceneswith specularsurfaces- sud aswater bodiesor windows— underclear,

blueskiesare goodexampleof sud environmentsln casedike thatit canbeessentiato usea polarisingrendeer

if atrue predictionof nature is intendedbut sofar no polarising skylight modelshavebeenpresented.

This paperpresentsa plausibleanalytical modelfor the polarisation of the light emittedfrom a clear sky. Our
approad is basedon a suitablecombinationof several componentsvith well-knowncharacteristics,andyields
acceptableesultsn consideably lesstimethanan exhaustivesimulationof theunderlyingatmospheriscattering

phenomenavouldrequire.

Catagories and SubjectDescriptors(accordingto ACM CCS)
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1.3.7 [Computer Graphics]: Three-Dimensional

1. Intr oduction

In recentyearsseveral key improvementsto the realismof
synthetic outdoor sceneshave beenmade. They covered
diverseareassuch as renderingalgorithms,tone mapping
[PFFG98 andactualskylight models[PSS99, andin some
areassuchasspectrarenderingthe communityis only now
startingto routinelyusemethodsvhich have beenknown for
alongtime[HG83.

Although a high level of visual realism has alreadybeen
reachedthrough theseimprovements,current systemsare
still not capableof truly predictve renderingof outdoor
scenesOur aim is to addressone of the remainingshort-
comingsin this area.

The useof polarizationinformation during image synthe-
siscalculationshaslain dormantfor morethana decadeaf-
ter its principleswere establishedWK90]. Apart from the
factthatit is very computationallyintensie, it hasreceved
little attentionin the renderingcommunitybecause- while
of coursebeingessentiafor speciallycontrived setupsthat
for instancecontainpolarizing lters — its additionnormally
doesnot contributevery prominenteffectsto theappearance
of anaverageindoorscene.
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However, one of the main areaswherepolarisationin fact
canmale asubstantiatlifferenceto theoverall radiancedis-
tribution areoutdoorscenesthisis dueto the—undercertain
circumstanceguitestrong— naturalpolarisatiorof skylight.
Theresultingvisualartefictsaresodiversethatentirebooks
have beendevotedto theirdocumentatiofiKon85. And the
effects of theseatmospherigghenomenare not limited to
directviewing of the sky.

Strongly specularsurfacessuchaswater bodies,windows,
car roofs or wet road surfacesbestre ect horizontally po-
larisedlight. Since skylight can be strongly vertically po-
larisedfor certainviewing geometriesit is only poorly re-
ected in thesecasesand the mirror image of the sky is
noticeablydifferentfrom the resultsobtainedwith a plain
light model. As a consequencehe entire enegy distribu-
tion in a scenecanbewrong,which canbeall themoresig-
ni cant whenusinga modernglobalillumination rendering
algorithmwhich takesmultiple interre ectionsinto account.

Since outdoor scenesare currently still problematicalfor
photorealisticrendererdor a numberof other more obvi-
ousreasonge.g. scenecompleity andrelatedglobalillu-
minationissues)this whole problemdomainhasnot been
given a lot of attentionyet. Also, althoughcomparatrely
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sophisticatednalyticalskylight modelswhich areevenpar
tially basedon spectralradiancemeasurementhave been
presentedecently[PSS99, no mathematicatlescriptionof
the polarisatiorpatternfoundin aclearsky —asshovn e.qg.
in gures 2 and3 — hasbeenpresentedofar. In this paper
we attemptto Il this gap.

2. Background
2.1. Skylight models

A numberof analyticalmodelshave beendevelopedto de-

scribesky radianceandits spectraradiancen the context of

photorealistidmagesynthesiswe justgive a brief overvien

over thosemodelswhich are of direct interestto our ap-

proachsincewe basedour derivationsandimplementation
on someof them.A goodoverall suney on thetopic of sky

renderingcanbefoundin [Slo03.

It shouldbenotedthatthereexistsasigni cant bodyof work

onthistopic—suchasfor instancg NSTN93, [TNK 93] or
[DNKY97] —of whichwe arewell avare,but whichwe omit
in this discussionThesepapersalsooffer valuableinsights
into the synthesisof absoluteskylight radiancevaluesand
could equallywell have sened as“parent” skylight models
for our developmentsHowever, sinceall previous papersn

this areaonly dealwith the computatiorof unpolarisedsky-

light intensitieswe choseto only concentrat®n onepartic-
ular subsebf them.

Figure 1. Skydomecoorinatesand anglesas usedboth by
someof the cited skylight modelsand our appmoad. Image
redrawnafter[PSS9R

Perezetal.

In the modelintroducedby PerezZlPSM93 — which is very
similar to the earlier basic skydome radiancemodel pro-
posedby the CIE [CIE94] — the luminanceF for a given
pointontheskydomeis controlledby onekey factor namely
theturbidity T (a numericalparametefor sky clarity):

F (0;9 = (1+ A=) (1+ CeP9+ Ecodg (1)

whereA;B;C;D andE aredistribution coefcients related
to T andgandq arethe anglesshavn in gure 1; we use
thesamecorventionas[PSS99. TheluminanceY for sky in

ary viewing directiondependon the distribution function
andthe zenithluminanceandis givenby

Y = Y;F (g;9=F (0;qs) v

The Perezmodelhasbeenfound to be slightly moreaccu-
rate than the widely cited basicCIE model [CIE9]] if the
parameter#\ throughE arechoserwisely.

Preethametal.

Oneof the mostsophisticatedkylight modelssofar is the
onede ned by [PSS99. The mainimprovementofferedby
their approachis thatit providesgenuinespectralradiance
valuesfor eachsample;in this way the varying colour hues
of naturalskiesaretakeninto accountTheimagesproduced
with this modelarevery appealingwhile therequiredcom-
putationaleffort is still basicallysimilarto the othermodels.

2.2. Skylight polarisation

The fact that the radiancepatternof a clear daytime sky
exhibits signi cant amountsof linear polarisationhasbeen
known for alongtime, andis still thetopic of contemporary
studysuchas[Cou8d. Severalphysicistsof the 19" century
studiedthe phenomenonand- apartfrom qualitatively de-
scribingthe shapeof the polarisedregions— determinedhe
existenceand location of several neutal points wherethe
emittedlight is unpolarisedsee gure 2 for asketchof their
location.Thesepointsarenamedaftertheir discoserers:the
mostobviousoneis the Arago point,whichis onaverage20
above the antisolarpoint andthereforeonly visible for low
solarelevations.The BabinetandBrewsterpointsareharder
to obsenre, sincethey arebothaboutl5 away from thesun
in areasf very strongluminance.

It hasto benotedthatcircularandelliptic polarisationrdonot
normally occuron the sky, which makesthe creationof an-
alytical modelsmucheasiersinceonly the degreeof linear
polarisation(asopposedo a full setof Stokesvectors,see
section2.4) hasto be computedfor a given viewing direc-
tion.

The amountof linear polarisationfound on the sky is not
constanbver the entireskydome,andis stronglydependent
on both the solar position and the turbidity of the atmo-
sphereThe strongesipolarisationscan be obsered at 90
from the sunduring sunsebn cleardays;it canreachover
90% underoptimal conditions,i.e. perfectlydry air with no
cloudsor hazewhatsoger.

As arule of thumbit canbestatedhatthedeepeandclearer
the blue of the sky is, the strongerits polarisationwill be.
Photographersanexploit this effectandusepolarisation|-

tersto achieve spectacularlylarkblue skiesin theirimages.
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Figure 2: Qualitative sketch of skylight polarisation lev-
els in percent for two different solar elevations. S solar
position, A Arago point, Br Brewster point, Ba Babinet
point. Thisgraphwasredrawn from an encyclopediaf op-
tics[MFKS61; theoriginal is oneof theveryfew sudillus-
trationsin literature, with most gur esresortingto 1D line
graphrepresentationsud asthosefoundin [Lio02] or the
two—dimensionabut lessintuitive Stokes componenplots
sud asin [LV97]. Seegure 3 for a correspondingphoto-
graphof a real sky.

Rayleigh scattering

The mathematicafoundationneededto describethe phe-
nomenonon a molecularlevel is the theory of Rayleigh
or molecularscattering It was proposedn 1871,andwas
the rst theorywhich wasableto properlyexplain the blue
colourof thesky.

A key insightwasthatevenindividual air molecules-which
aresigni cantly smallerthanthe wavelengthof light — are
capableof scatterindight; previoustheorieshadrequirecthe
assumptionof comparatiely macroscopigarticleswhich
actasscatteringagents.

This type of scatteringis strongly dependenbn the colour
of the light in question;for a given wavelengthl the scat-
teredintensityl, is roughlyequvalentto l% Blue light with

| 425nmscattersaabout5:5 timesmoreenegy awvay from

its directionof propa@tionthanred light with |  650nm
[Lio02], whichis why the sky appeardluewhenviewed at
anangulardistancgrom thesun.

Apart from beingableto explain the colour of the sky, the
theoryof Rayleighscatteringalsoallows usto computethe
degreeof polarisationwhichis causedy the scatteringoro-
cess.Thedegreeof polarisationis dependenbn the scatter
ing angle,andgoesfrom 0:0 at0 to 1:0 at 90 from the
directionof propagtion.

Thereasorwe donotobserethetotal polarisatiorpredicted
by this theory for a viewing angleof 90 away from the
sunin natureis that even the purestatmosphera@enerates
secondanscatteringevents,which reducethe degreeof po-
larisation.How far this reductiongoesis dependenbn the
turbidity; while clearblue skiesarestronglypolarised hazy
skiesexhibit very little polarisation.
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Figure 3: Polarisation patternof a real sky at sunsetpho-
tographedthrougha sheye lenswith a 90 linear polar-
ising Iter. Notethe increasedcontrast of the cloudsin the
polarisedareas,and their slight in uence on the shapeof
the polarisedregion.

2.3. Re ection from specularsurfaces

In orderto shav the potentially large importanceof inci-
dentlight polarisationfor sceneswith specularsurfaces,it
is instructive to considerthe Fresnelterms,which describe
the re ected intensity for interactionsof light with perfect
re ectors. Sincephysically plausiblere ection modelssuch
as[CT81 or [HTSG9] usethesetermsevenfor re ections
which arenot perfectlyspecularthe applicability of thefol-
lowing agumentis notlimited to perfectmirrors.

FresnelTerms

In their full form (the derivation of which cane.g.befound
in [SH93), they consistof two pairs of equationspne for
the re ectance,andthe secondfor the phaseretardancenf
thetwo polarisationcomponentsBoth pairsof formulascan
be foundin relatedliterature,suchase.g.[WK9Q]; for the
point we aretrying to make, only the commonlyused rst

pair for the speculare ectanceis relevant.

In gure 4 we shaw the Fresnelre ectivity for two typical
materials:one conductor a classof materialswhich hasa
complex index of refractionandis alwaysopaqueandone
dielectric,whichin pureform is usuallytransparentandhas
areal—aluedindex of refraction.

The noteworthy featureof this diagramis that for certain
anglesof incidencearoundandabove Brewsters angle—the
angleatwhichre ectedlight is completelylinearlypolarised
—theratio of there ectivities for thetwo polarisationtypes
is quitelarge.
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Lead Crystal

Figure 4: Fresnelre ectivities Fy, F> and Fayerage(dashed
lines)for copper(red) andlead crystal (blue) at 560nm.As

a conductoy copperhasa comple index of refraction and

doesnot polariseincidentlight very strongly at Brewster's

angle For leadcrystal, with its real-valuedndex of refrac-

tion of about1.9, total polarisationof incidentlight occurs

atabout62 . Notethelargeratio betweertheindividual po-

larisation componentfor anglesnearandabove Brewster's

angle

In conjunctionwith alreadylinearly polarisedncominglight

this can lead to strongchangesin the re ected radiance,
which is why sceneswith specularobjects— suchaswa-

ter surfaces,windows or glossypaintedsurfaces— may ex-

hibit large discrepancie their re ected radiancewith re-

spectto reality whenrenderedeneathan unpolarisedsky-

light model; see gure 5 for a real-world exampleof this

phenomenon.

2.4. Renderingwith Polarisation Parameters

We areawareof ve publicationsn computemgraphicditer-
atureaboultthis topic:

[WK90], whowerethe rst toimplementarenderingsys-
tem capableof handling such effects. Their work was
basedon the formalismsfound in [BW64], and demon-
stratedvarious effects — such as changesin highlight
colour andre ected highlights— that aretypical for im-
agegyeneratedby polarisation—avarerenderers.

[TTW94], who concentratedon the rendering of
anisotropiccrystalswith more thanone optical axis and
extendedthetechniquesisedby [WK9Q].

[FGH99, who were the rst to suggestthe use of the
much more easily handledStokes vector formalism in-
steadof the cohereng matrix approachfavored by the
earlierauthors.

[WTPO1], who alsoproposedisingthe Stokesvectorfor-

Figure 5: Horizontal view 90 away from the sun over a

lake througha horizontalpolarising Iter. A sheyelenswas
usedfor thisreal phototo emphasizéhemirror effectcaused
by the skylight polarisation(which is visibleasa dark band
in the sky). A similar image can be foundin [K6n8Y. It is

importantto notethat the dark areaon the wateris present
evenwhenno polarising lter is used,sincere ectionsare

not canceledout by a horizontal Iter. See gur e 6 for such

animage.

malism,in their casespeci cally becausét allows oneto
easilyincorporateuorescencesffectsatthesametime as
polarisationinformation.

[GS04, who presentec comprehensie modelfor gem-
stonerenderingandthereforehadto include polarisation
effects,sincethey cansigni cantly affect the appearance
of facetedransparenobjects..

The main goal of most of theseefforts was that of nd-
ing anappropriatevay to describeandperformcalculations
with polarisedlight; both earlier groupsof authorssettled
for a notationsuggestedy standardreferencetexts from
physicsliterature while someof themorerecenteffortsused
amorepracticaltechniquefrom the optical community For
ourwork, we optedto usethe Stokesvectorformalism,ade-
taileddescriptionof which canbefoundeitherin theabove-
mentionedhaperspr in [DCWPO03.

3. The ProposedSkylight Polarisation Model
3.1. Scopeand Limitations

Basedon the backgroundand motivation presentedn the
precedingsectionswe derive an analyticalskylight model
which senesasa usefulapproximatiorto the behaiour of
realskies.
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Figure6: Horizontalview 90 awayfromthesunoveralake
withouta polarising Iter. Similarto gure5, a sheyelens
was usedfor this real phototo emphasizéhe mirror effect
causeddy the skylight polarisation.Notethatthere ectivity
of the cloudsfalls off mudh slowerthanthat of the sky.

It exhibits a good correspondencwith referencedatasuch
asthe plotsin [Lio02] or [LV97], andthe only reasonwe
cannotfurther demonstratéts correctnes®y comparingits
outputagainstatmospheriaeferencesimulationsis that no
skylight modelof suitablerealismandsophisticatiorwhich
we could have usedfor this purposehasbeenpublishedso
far.

It hasalsoto be notedat this point thatthe inclusionof po-
larisation effects is usually not necessaryo generateper
fectly believableimagesof outdoorscenesHowever, their
inclusionis a signi cant improvementon the road towards
predictive renderingof outdoorscenesandhencemproved
correctnessf radiometriccalculationgn suchscenes.

And even thoughwe cannotquantify the error incurredby
comparingour modelto of a (sofar non—«isting) reference
simulationof real sky behaiour, it is safeto asserthatits
usecertainlylowersthe overall radiometricerrorof outdoor
scenaenderingandthereforesenesthepurposeof demon-
strating both the viability and necessityof the conceptof
outdoorscenepolarisationrenderingwell.

3.2. Model Components

For suchananalyticalmodelthreekey itemsareneededywe
will discusseachof thesein detailin thefollowing sections.

1. An expressiorwhich describesgherelative degreeof po-
larisationat ary givenpointin the sky dependingon the
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position of the sun; we refer to this asthe polarisation
pattern

2. An expressiorwhich yields the maximumdegree of po-
larisation in the sky; this determineghe impact of the
patternon the skydome.This valueis dependendn both
thesolarelevationandtheturbidity.

3. A way to determinethe referencecoordinatesystemfor
the polarisedradiationof eachskylight ray, anda result-
ing expressiorfor the Stokesvectorbasednitems1 and
2.

3.3. The Polarisation Pattern

An exact bruteforce simulationof the scatteringprocesses
involvedin skylight luminancewasnot really an option for
performancereasonsso we decidedto devise a heuristic
techniquewhichis basedon two components.

Thekey obsenationsarethatskylight polarisationis mainly
dependentn

the anglebetweerthe viewing directionandthe sun,and
the resultinglinear polarisationdue to Rayleighscatter
ing, and

the“clearness’of the sky in theviewing direction,which
in uences the amountof polarisationemanatingfrom a
givendirection.

We assemblehe proposedmodelasa combinationof two
componentsvhich cover thesepropertiesn turn.

Polarisation due to scattering

To determinethe relative degree of polarisationthe term
for linear polarisationdue to Rayleigh scatteringgiven in
[Lio02] is usedfor the rst of thecomponents.

1 cofq_ sirfq
LP(a) = 73 co2q 1+ co2q ®)

whereq is thescatteringangle(i.e. theangleby which aray
of light is divertedwheninteractingwith a particle).

The in uence of skylight intensity

In order to obtain the degree of polarisation,the inverse
of the skylight intensityis taken asa basis.This is justi -
ablesincethereis anindirectconnectiorbetweerthedegree
of polarisationandskylight intensity:for low sunpositions
thedeepblueregionsnearthe zenitharestronglypolarised,
whereaghe brighterregionsnearthe horizonexhibit signif-
icantly wealer polarisation.A suitableexpressionfor this
behaiouris

1 1

|pe|ez Isun  Isun loo

l9o Isun @

l(gq) =

where Iper; is the intensity accordingto the Perezmodel
andlgg, lsyn aretheintensityvaluesat90 from thesunand
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for looking directly at the sun;in this way the intensity is
invertedandnormalized.

Thein uence of sky clarity

The basedegree of polarisationgiven in equation4 needs
to be modi ed to incorporatethe lesseningof polarisation
effectsdueto aerosolsiearthehorizon.Thereforewe needa
functionwhich hasits maximumatthe zenithanddecreases
towardsthe horizon;we found a simple cosinedependenc
to besufcient for this purpose:

E(q) = cogq) (5)

The combinedpattern model

Thesetwo componentsare combinedin sucha way that
equationd is preferredat the zenithand equation5 is pre-
ferredatthehorizon.Thisresultsin thefollowing expression
for thepolarisationpattern:
1 p
P(gQ) = ZLP(@ qcofa)+ 5 g I(ga)  (6)
whereC is an empirical scalingconstantof 1:2 which en-
suresthatthe maximalvaluesof this expression- which oc-
curfor solarelevationsof 0 —arenotlargerthan1.0.

Sampleplotsof the patterngeneratedby this formulacanbe
seenin gure 7; thesimilarity to the patternsseenin gures
2 and3is evident.

Figure 7: Plots of the patternsgeneated by the proposed
modelfor a low turbidity and solar elevationsof 1, 10, 20

and 60 deggrees,respectivelyRedareasexhibit the highest
levels of linear polarisation, while white areas are unpo-
larised. The changes in maximal polarisation for varying
solar anglesshownin theseplots correspondgo the differ-

enceshownin gure8. Compaethemtothepatternsshown
in gure2.

The relative degree of polarisationwhich this patternfor-
mulaprovidesfor differentsolarelevationscanbeseenfrom
gure 8; in orderto faciliateproperscalingby thefactorde-
terminedin section3.4, the scalingby C is doneto reacha
maximumvalueof 1:0 for all turbidities.

Our proposednodelfor skylight polarisationapproximates
actualmeasurementf.io02] very well: the crosssections
shavn in gure 8 agreewith the cited obsenationsat the

Maunal.oa Obseatory.

0.8

0.6

0.4

0.2

90 60 30 30 60 90

Figure 8: Plots of therelativedegreeof polarisationfor the
four diagramsin gure 7. Thegreencurveis a cut through
thesymmetnaxisof the patternat 60 , redfor 20 , bluefor
10 andbladkfor 1 solarelevation.Thisdiagramis similar
tothe guresusede.g. in [Lio02], andshowghatour pattern
formula P alreadyincludesthe in uence of solar elevation
onthedegreeof polarisation.

3.4. Maximum degreeof polarisation

Ourapproachusesa hybrid formulafor the polarisatiorpat-
tern, sinceP alreadyincludesthe in uence of solareleva-
tion; becausef this we only have to considerthein uence
of theturbidity on the overall degreeof polarisatiorhere.

Thetype of relationshipbetweerturbidity andthe maximal
degree of polarisationis comparatrely obvious (an expo-
nentialfalloff for rising turbidity valuessimilar to the maxi-
mal viewing distance)put hardto quantifyin anexactfash-
ion dueto the intricaciesof the interactionsbetweenlight
andthemary layersfoundin realatmosphericonditions.

Paperson the subjectsuchas[Cou83 usuallyjust present
measurementfor particular dates,locationsand erviron-
mentalsettings.Due to the compleity of the subjectthese
papersnormally do not provide an analyticaldescriptionof
thephenomenshey measured.

Wethereforeproposeo useasimpleempiricallydetermined
formulafor the maximal degreeof polarisationM, which
providesa suitablegradualexponentialfalloff for rising val-
uesof theturbidity T.

TC

Mp(T)=e < (7

¢ TheEurographic#ssociation2004.
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The constantsC; andC, areusedto t the curve — an ex-
ampleof whichis shavn in gure 9 — to a plausibleshape
thatagreeswith individual valuesmentionedn literature.A
usefulpair of valuesfor C; andC; is e.g.(0:6;4:0).

Mp
1

0.8
0.6
0.4
0.2

T

1 10 20 30

Figure 9: Plot of the exponentialfalloff of themaximunde-
greeof polarisationfor turbiditiesin therange from1 to 32
andvaluesof (0:6; 4:0) for Cy.». Thealmostcompletadisap-
pearanceof M, for high turbidity valuescorrespondso the
factthatno polarisationis appaenton very hazydays.

This approximatioris permissiblénsofar asa) thepolarisa-
tion patterngeneratethy theproposednodelareagoodap-
proximation(asopposedo anexactsolution)to begin with,
b) theexponentiaffalloff behaiour exhibitedby theformula
is qualitatively correctandalsoc) becausehis propertyof
the model can easily be controlledby the userthroughthe
factorsC; andGC; if adifferentbehaiour is desired.

3.5. Putting it together: the skylight Stokesvector

Apartfrom actuallyassemblinghe Stokesvectorfor agiven

skylight samplewe alsohave to determingherefeencesys-
temfor the polarisationinformationwe have computedin a

polarisation—avarerendererall rayshave to maintaintheir

own referencecoordinatesystem sincethe Stokesparame-
tersareonly meaningfulfor a givengeometricatontext.

A suitablereferencesystemcanbe constructedas follows:
the vectorproductof the view directionv andthe solarpo-
sition vector (see gure 1) yields a vectorwhich is normal
to the propagtion of light from the sunthroughthe atmo-
sphereThis vectoris the rst basisof thereferencesystem,
andthe secondcanbe obtainedthrougha vectormultiplica-
tion of this vectorwith theviewing direction.If neededthe
third canbe obtainedfrom thesetwo vectors,again through
avectorproduct.

If this referencesystemis used,assemblyof the actual
Stokesvectoris straightforvard. The proposednodelyields
thedegreeof linearpolarisatiorD (equation9) —which cor-
respondgo the secondStokes parametelin our reference
system- for a givenviewing directionasa valuein thein-
tenval [0; 1]. If the unpolarisedspectralradiancefor this di-
rectionis R, this informationcanbe directly translatedo a
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setof Stokesparameters:

E0=R
E;=D R
- 8)
E>=0
E3=0

Thevaluefor Ris provided by the “parent” skylight model,
such as the techniqueof [PSS99 and D is determined
throughthe combinationof P andMp,

D(ga;s;T) = Mp(T) P(ga;s;T) 9

3.6. Aerial perspective

So far we have only discussedhe polarisationof directly
obseredskylight radiancesbut ary realisticskylight model
hasto include a computationof hazeandinscatteredadi-
anceinto theview ray. For instancethe approactpresented
by [PSS99 is a goodtradeof betweenaccurag and com-
putability within a reasonabldéimeframe,and providesfor-
mulasfor theattenuatiorthroughhazeandscatteringaswell
asexpressiondor theinscatteringof light into aray path.

While the attenuationcomponentis more or less unpo-

larised,the inscatteredight canexhibit a certainamountof

polarisationthis effectis sometimesisedby landscap@ho-

tographergo improve the clarity of distantfeatures.Since
the processewvhich leadto inscatteringaresimilar for both

directly obsered skylight and the inscatteringcomponent
which is usedfor hazecomputationsye optedto usethe

sameexpressiorfor the degreeof polarisationof this quan-
tity asfor thedirectlyobsenedskydomeradiancesThis pro-

videsauseableapproximatioratafractionof thecostwhich

arealscatteringsimulationwould require.

Evenfor very clearskiesourmodelyieldsratherlow degrees
of polarisationfor horizontaldirectionswhich aretypically
associatewvith aerialperspectie; however, thisis consistent
with reality insofar asthe polarisationof aerial perspectie
effectsis never particularlystrongevenunderfavorablecon-
ditions.

3.7. Applicability

In principlethe proposednodelcantrivially be usedto pro-
vide ary of theskylight modelsdiscussedh section2.1 (and
probably most othersas well) with a polarisationcompo-
nent;it is not dependenon the “parent” modelin ary way.
Dueto thisit canalsobe employedto provide Stokesvector
informationto empirical techniquessuchas high dynamic
rangeimageskylights, e.g.thoseusedby [Deb9, or other
analyticalhigh—qualityskylight modelssuchasthosewhich
werederivedby [NSTN9J or [TNK 93].
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4. Results

We implementedthe proposedmodelin the context of a
polarisation—avare spectralpath tracer The “parent” sky-
light modelusedwastheoneproposedy [PSS99. Sincethe
implementatiorof this modelpredatedhis researcteffort,
we only hadto add the polarisationexpressionsdescribed
in section3.5 to the existing code,and performour experi-
ments.

4.1. Testcases

The testrenderingsn gure 10 shav sheye views of the
entiresky for differentturbidities. Figure 11 visualizesthe
degreeandorientationof thelinearpolarisationin these g-

ures; gure 13 explains the false colour schemewhich is
usedhereandin gure 14 (e).

Figure 10: Fishere views of the entire skydome using
Preethams modelaugmentedvith our polarisation model
for a solar elevation of 15 and a turbidity of 2 (top) and
6 (bottom).Theleft image is the plain view, while the right
onehada linear polariserappliedto it to yield a visualiza-
tion of the polarisedregion. Compae this to gure 3; the
mud lower degree of polarisationin the caseof turbidity 6
is dueto the correctionfactor fromequation(7).

Thetestsceneusedin gure 14 waschoserasatypical ex-
ampleof anoutdoorscenewith a large numberof specular
interre ections.We demonstrateéhat noticeabledifferences
in theappearancef suchobjectsoccurwhenpolarisations
takeninto accountby renderingthe scenein threecon gu-
rationsandexaminingthe differencedetweertheresults.

In the rst con gurationwe useda standardnonpolarising)
rendereia),andfor thesecondestwe usedbotha polarisa-
tion rendereiandour proposednodel(b).

In orderto properlyestimatehedifferencevhichapolarised
skylight makes within the context of a polarisingrenderer
we alsoperformeda third testandrenderedhe sceneusing
apolarisingsystem put with a normal,unpolarisedskylight
model(c)

Figure 11: False colour renderingsof the orientationand
degreeof polarisationin theskydomeseerin gureslg; left
is turbidity 2, right turbidity 6. Thebrighter the pink colour,

thehigherthe degreeof polarisation.Thecolour (andhence
orientation)variationsare dueto thenonlinearprojectionof

the skydomeperformedby the sheye cames.

A differenceémagebetweertheresultof theplain rendering
andthefully polarisingcaseis shovnin gure 14 (d). Also,
gure 14 (e) useshe samefalse—colouschemeas gure 10
to visualizethe amountandorientationof the linear polari-
sationwhichis presentn theresultgeneratedby testcon g-
uration2. Themoststronglypolarisedpartsof theimageare
there ectionsin thewaterandatthetop of the skyscrapers.

The secondlifferenceimage— shavn in gure 14 (f) —was
computedbetweenthe resultsof the con guration 1: po-
larised skylight/polarisationrenderer and con guration 3:
unpolarisedskylight/polarisationrenderer It demonstrates
that while con guration 3 is naturally ableto computethe
interre ectionsbetweenthe skyscrapersandthe waterto a
higherstandardhancon guration 1, theomissionof thepo-
larisationinformationon the skydomeleadsto considerable
differencesomparedo thefull simulation.

It hasto be notedthat the differencesbetweenthe various
resultimagesarea bit hardto judgevisually dueto the loss
of informationthroughthenecessarjonereproductiorstep;
only the differenceimagesprovide reliable informationin
thisrespect.

4.2. Performance

Therenderewe usedis a hybrid systemthatoptionallycan
be compiledto include polarisationsupport.This enabled
usto performmeaningfulside—by—sideomparison®f both

typesof renderesinceessentiallthe samecodebasés used
in both casesFor the presentedestscenethe usedspectral
renderingsystemperformedas follows: the fully polarised
solution(i.e. case?) took abouttwice aslong to computeas
theplain nonpolarisedase(10vs. 20 minuteson anAthlon

¢ TheEurographic#ssociation2004.
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2400+).This not particularly excessie increasein compu-
tation time is dueto the fact that startingwith moderately
complex ervironmentssuchasthe skyscrapeisceng(it con-
sistsof approximately7k CSG primitives) ray intersection
calculations— and not the quite costly polarisation—aare
re ectang/ and light manipulations- alreadymalke up the
majority of the expendeccomputationaéffort.

b)
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Figure 12: a) Three-dimensionaliew of the propagation of

a linearly polarisedlightwavewhich is rotatedby an angle
of a fromthe x-axis. b) Two-dimensionaView of the plane
of oscillationfor this wave c) TheStolesVectorformalism:
four numbes are usedto describethe polarisationstateof a

wave The r st componengg encodeghe total luminance
component&; andE, encoddinear polarzationin two dif-

ferentorientationsrotatedby 45 , andEjz is usedto describe
thecircular polarisationcomponent.
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Figure 13: Explanationof the false colour schemeusedin
this paperto display linear polarisation.a) Assignmenbf
colours to componentsl and 2 of the Stoles vector Red
and greenare usedto encodethe percentaye of polarisa-
tion for ead of thesecomponentsyith blue beingaddedif
the components negative b) Theresultingcolours for sev-
eral planesof oscillation.Notethatthis schemantentionally
omitscircular polarisation (dashedcircle), sinceit usually
doesnotappearin scenewvhich areilluminatedby skylight,
andalsoomitsall absoluteradianceinformation.

The hybrid case3 with an unpolarisedskylight modelwas

¢ TheEurographic#ssociation2004.

noticeably— althoughnot dramatically— fasterthan case2
(it wasonly 1:7 timesslower thancasel). This canbe ex-
plainedby the fact that the systemperformsoptimizations
which switch to the cheapercalculationsfor unpolarised
light if the possibility presentstself, which it doesmoreof-
tenin this case.

However, this still shaws thatthe large increasen realism
offeredby thepolarisedskylight modelcomesatsuchacom-
paratizely smallcostthatits omissionwould not make sense
within a polarisation—aare renderer especiallysince one
would not usesucha systemfor renderingsvhereaccurag
doesnot have a high priority.

5. Conclusionand Futur e Work

We have de ned a simpleanalyticalapproachto providing
qualitatively correctpolarisatiorpatterngo existing skylight
models,and demonstratedts utility on a suitableoutdoor
testscenelt is intentionallydescribedn a very algorithmic
way, which shouldmalke it easyfor programmergo imple-
mentit within ary appropriateenderer

While the outputof theproposednodelis notentirely phys-
ically correctin the strict sense- it is e.g. not capableof
representinghe neutralpointsof skylight polarisation- it is
nonethelessufcient for mostrenderingapplicationssince
its featurecover all thenoticeableaspect®f skylight polar
isationto asufcient degree.

Subtletiedik e the neutralpointscanbe hardto detecteven
with appropriaténstrumentationandtheirabsenceoesnot
altertheappearancef outdoorscenesn apercevableway.

Our future efforts will nonethelesgo into the direction of

attemptingto nd more accuratedescriptionsof the polar

isation pattern,and to obtain a more physically plausible
expressionfor Mp. Also, we will attemptto derive a more
nely controllableoverall skylight modelwhichwill feature
the polarisationinformationasanintegral part of the com-
puted spectralluminanceinformation and which is conse-
guentlycapableof exhibiting wavelength—dependepblari-

sationeffects.
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