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Abstract

Under certain circumstancesthe polarisation stateof the illumination can havea signi�cant in�uence on the
appearanceof scenes;outdoorsceneswith specularsurfaces– such aswaterbodiesor windows– underclear,
blueskiesaregoodexamplesof such environments.In caseslikethatit canbeessentialto usea polarisingrenderer
if a truepredictionof nature is intended,but sofar nopolarisingskylight modelshavebeenpresented.
This paperpresentsa plausibleanalytical modelfor the polarisationof the light emittedfrom a clear sky. Our
approach is basedon a suitablecombinationof several componentswith well-knowncharacteristics,andyields
acceptableresultsin considerablylesstimethananexhaustivesimulationof theunderlyingatmosphericscattering
phenomenawouldrequire.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism

1. Intr oduction

In recentyearsseveral key improvementsto the realismof
syntheticoutdoor sceneshave beenmade.They covered
diverseareassuchas renderingalgorithms,tone mapping
[PFFG98] andactualskylight models[PSS99], andin some
areassuchasspectralrenderingthecommunityis only now
startingto routinelyusemethodswhichhavebeenknown for
a long time [HG83].

Although a high level of visual realismhasalreadybeen
reachedthrough theseimprovements,current systemsare
still not capableof truly predictive renderingof outdoor
scenes.Our aim is to addressone of the remainingshort-
comingsin thisarea.

The useof polarizationinformation during imagesynthe-
siscalculationshaslain dormantfor morethana decadeaf-
ter its principleswereestablished[WK90]. Apart from the
fact that it is very computationallyintensive, it hasreceived
little attentionin the renderingcommunitybecause– while
of coursebeingessentialfor speciallycontrivedsetupsthat
for instancecontainpolarizing�lters – its additionnormally
doesnotcontributeveryprominenteffectsto theappearance
of anaverageindoorscene.

However, oneof the main areaswherepolarisationin fact
canmakeasubstantialdifferenceto theoverall radiancedis-
tributionareoutdoorscenes;this is dueto the– undercertain
circumstancesquitestrong– naturalpolarisationof skylight.
Theresultingvisualartefactsaresodiversethatentirebooks
havebeendevotedto their documentation[Kön85]. And the
effectsof theseatmosphericphenomenaarenot limited to
directviewing of thesky.

Stronglyspecularsurfacessuchaswaterbodies,windows,
car roofs or wet roadsurfacesbestre�ect horizontallypo-
larisedlight. Sinceskylight can be strongly vertically po-
larisedfor certainviewing geometries,it is only poorly re-
�ected in thesecases,and the mirror imageof the sky is
noticeablydifferent from the resultsobtainedwith a plain
light model.As a consequence,the entire energy distribu-
tion in a scenecanbewrong,which canbeall themoresig-
ni�cant whenusinga modernglobal illumination rendering
algorithmwhichtakesmultiple interre�ectionsinto account.

Since outdoor scenesare currently still problematicalfor
photorealisticrenderersfor a numberof other, more obvi-
ousreasons(e.g.scenecomplexity andrelatedglobal illu-
mination issues),this whole problemdomainhasnot been
given a lot of attentionyet. Also, althoughcomparatively
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sophisticatedanalyticalskylight modelswhichareevenpar-
tially basedon spectralradiancemeasurementshave been
presentedrecently[PSS99], no mathematicaldescriptionof
thepolarisationpatternsfoundin aclearsky – asshown e.g.
in �gures 2 and3 – hasbeenpresentedso far. In this paper
weattemptto �ll thisgap.

2. Background

2.1. Skylight models

A numberof analyticalmodelshave beendevelopedto de-
scribesky radianceandits spectralradiancein thecontext of
photorealisticimagesynthesis;we justgiveabrief overview
over thosemodelswhich are of direct interestto our ap-
proachsincewe basedour derivationsandimplementation
on someof them.A goodoverall survey on thetopic of sky
renderingcanbefoundin [Slo02].

It shouldbenotedthatthereexistsasigni�cant bodyof work
on this topic– suchasfor instance[NSTN93], [TNK� 93] or
[DNKY97] – of whichwearewell aware,but whichweomit
in this discussion.Thesepapersalsooffer valuableinsights
into the synthesisof absoluteskylight radiancevaluesand
couldequallywell have servedas“parent” skylight models
for our developments.However, sinceall previouspapersin
thisareaonly dealwith thecomputationof unpolarisedsky-
light intensitieswe choseto only concentrateon onepartic-
ular subsetof them.
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Figure 1: Skydomecoordinatesandanglesasusedbothby
someof thecitedskylight modelsandour approach. Image
redrawnafter [PSS99].

Perezet al.

In themodelintroducedby Perez[PSM93] – 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 (anumericalparameterfor sky clarity):

F (q;g) = (1+ AeB=cosq)(1+ CeDg+ Ecos2g) (1)

whereA;B;C;D and E are distribution coef�cients related
to T andg andq arethe anglesshown in �gure 1; we use
thesameconventionas[PSS99]. TheluminanceY for sky in

any viewing directiondependson the distribution function
andthezenithluminanceandis givenby

Y = YzF (q;g)=F (0;qs) (2)

The Perezmodelhasbeenfound to be slightly moreaccu-
rate than the widely cited basicCIE model [CIE94] if the
parametersA throughE arechosenwisely.

Preethamet al.

Oneof the mostsophisticatedskylight modelsso far is the
onede�ned by [PSS99]. Themain improvementofferedby
their approachis that it providesgenuinespectralradiance
valuesfor eachsample;in this way thevaryingcolourhues
of naturalskiesaretakeninto account.Theimagesproduced
with this modelarevery appealing,while therequiredcom-
putationaleffort is still basicallysimilar to theothermodels.

2.2. Skylight polarisation

The fact that the radiancepatternof a clear daytime sky
exhibits signi�cant amountsof linear polarisationhasbeen
known for a long time,andis still thetopicof contemporary
studysuchas[Cou88]. Severalphysicistsof the19th century
studiedthephenomenon,and– apartfrom qualitatively de-
scribingtheshapeof thepolarisedregions– determinedthe
existenceand locationof several neutral points, wherethe
emittedlight is unpolarised;see�gure 2 for asketchof their
location.Thesepointsarenamedaftertheir discoverers:the
mostobviousoneis theAragopoint,whichis onaverage20�

above the antisolarpoint andthereforeonly visible for low
solarelevations.TheBabinetandBrewsterpointsareharder
to observe,sincethey arebothabout15� away from thesun
in areasof verystrongluminance.

It hasto benotedthatcircularandelliptic polarisationdonot
normallyoccuron thesky, which makesthecreationof an-
alytical modelsmucheasiersinceonly the degreeof linear
polarisation(asopposedto a full setof Stokesvectors,see
section2.4) hasto be computedfor a given viewing direc-
tion.

The amountof linear polarisationfound on the sky is not
constantover theentireskydome,andis stronglydependent
on both the solar position and the turbidity of the atmo-
sphere.The strongestpolarisationscanbe observed at 90�

from the sunduring sunseton cleardays;it canreachover
90%underoptimalconditions,i.e. perfectlydry air with no
cloudsor hazewhatsoever.

As aruleof thumbit canbestatedthatthedeeperandclearer
the blue of the sky is, the strongerits polarisationwill be.
Photographerscanexploit thiseffectandusepolarisation�l-
tersto achievespectacularlydarkblueskiesin their images.

c TheEurographicsAssociation2004.



A. Wilkie & R.F. Tobler& C. Ulbricht & G. Zotti & W. Purgathofer/ Skylight Polarisation

5

10

15

0
50

40
30

20

10

30

20
10

Ba Br

S00

ABrBa

S

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.Thisgraphwasredrawnfroman encyclopediaof op-
tics[MFKS61] ; theoriginal is oneof theveryfew such illus-
trationsin literature, with most�gur esresortingto 1D line
graphrepresentationssuch asthosefoundin [Lio02] or the
two–dimensionalbut lessintuitive Stokes componentplots
such as in [LV97]. See�gur e 3 for a correspondingphoto-
graphof a real sky.

Rayleighscattering

The mathematicalfoundationneededto describethe phe-
nomenonon a molecular level is the theory of Rayleigh
or molecularscattering.It wasproposedin 1871,andwas
the �rst theorywhich wasableto properlyexplain theblue
colourof thesky.

A key insightwasthatevenindividualair molecules– which
aresigni�cantly smallerthanthe wavelengthof light – are
capableof scatteringlight; previoustheorieshadrequiredthe
assumptionof comparatively macroscopicparticleswhich
actasscatteringagents.

This type of scatteringis stronglydependenton the colour
of the light in question;for a given wavelengthl the scat-
teredintensityIl is roughlyequivalentto 1

l 4 . Blue light with
l � 425nmscattersabout5:5 timesmoreenergy away from
its directionof propagation thanred light with l � 650nm
[Lio02], which is why thesky appearsbluewhenviewedat
anangulardistancefrom thesun.

Apart from beingableto explain the colour of the sky, the
theoryof Rayleighscatteringalsoallows usto computethe
degreeof polarisationwhich is causedby thescatteringpro-
cess.Thedegreeof polarisationis dependenton thescatter-
ing angle,and goesfrom 0:0 at 0� to 1:0 at 90� from the
directionof propagation.

Thereasonwedonotobservethetotalpolarisationpredicted
by this theory for a viewing angleof 90� away from the
sun in natureis that even the purestatmospheregenerates
secondaryscatteringevents,which reducethedegreeof po-
larisation.How far this reductiongoesis dependenton the
turbidity; while clearblueskiesarestronglypolarised,hazy
skiesexhibit very little polarisation.

Figure 3: Polarisation patternof a real sky at sunsetpho-
tographedthrough a �sheye lens with a 90� linear polar-
ising �lter . Notethe increasedcontrast of the cloudsin the
polarisedareas,and their slight in�uence on the shapeof
thepolarisedregion.

2.3. Re�ection fr om specularsurfaces

In order to show the potentially large importanceof inci-
dent light 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 [HTSG91] usethesetermsevenfor re�ections
whicharenotperfectlyspecular, theapplicabilityof thefol-
lowing argumentis not limited to perfectmirrors.

FresnelTerms

In their full form (thederivationof which cane.g.befound
in [SH92]), they consistof two pairsof equations,onefor
the re�ectance,andthe secondfor the phaseretardanceof
thetwo polarisationcomponents.Bothpairsof formulascan
be found in relatedliterature,suchase.g.[WK90]; for the
point we aretrying to make, only the commonlyused�rst
pair for thespecularre�ectanceis relevant.

In �gure 4 we show the Fresnelre�ectivity for two typical
materials:one conductor, a classof materialswhich hasa
complex index of refractionandis alwaysopaque,andone
dielectric,which in pureform is usuallytransparent,andhas
a real–valuedindex of refraction.

The noteworthy featureof this diagramis that for certain
anglesof incidencearoundandaboveBrewster'sangle– the
angleatwhichre�ectedlight is completelylinearlypolarised
– theratio of there�ectivities for thetwo polarisationtypes
is quitelarge.
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Figure 4: Fresnelre�ectivities Fk, F? andFaverage(dashed
lines) for copper(red)andleadcrystal (blue)at 560nm.As
a conductor, copperhasa complex index of refraction and
doesnot polariseincident light very strongly at Brewster's
angle. For leadcrystal,with its real–valuedindex of refrac-
tion of about1.9, total polarisationof incidentlight occurs
at about62� . Notethelargeratio betweentheindividualpo-
larisationcomponentsfor anglesnearandaboveBrewster's
angle.

In conjunctionwith alreadylinearlypolarisedincominglight
this can lead to strong changesin the re�ected radiance,
which is why sceneswith specularobjects– suchas wa-
ter surfaces,windows or glossypaintedsurfaces– mayex-
hibit large discrepanciesin their re�ected radiancewith re-
spectto reality whenrenderedbeneathan unpolarisedsky-
light model; see�gure 5 for a real–world exampleof this
phenomenon.

2.4. Renderingwith Polarisation Parameters

Weareawareof � vepublicationsin computergraphicsliter-
atureaboutthis topic:

� [WK90], whowerethe�rst to implementarenderingsys-
tem capableof handling such effects. Their work was
basedon the formalismsfound in [BW64], anddemon-
stratedvarious effects – such as changesin highlight
colour andre�ected highlights– that aretypical for im-
agesgeneratedby polarisation–awarerenderers.

� [TTW94], who concentrated on the rendering of
anisotropiccrystalswith morethanoneoptical axis and
extendedthetechniquesusedby [WK90].

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

� [WTP01], whoalsoproposedusingtheStokesvectorfor-

Figure 5: Horizontal view 90� away from the sun over a
lakethrougha horizontalpolarising�lter . A �sheyelenswas
usedfor thisrealphototo emphasizethemirror effectcaused
by theskylight polarisation(which is visibleasa dark band
in the sky). A similar image can be foundin [Kön85] . It is
importantto notethat thedark areaon thewater is present
evenwhenno polarising �lter is used,sincere�ectionsare
not canceledout by a horizontal�lter . See�gur e 6 for such
an image.

malism,in their casespeci�cally becauseit allows oneto
easilyincorporate�uorescenceeffectsat thesametimeas
polarisationinformation.

� [GS04], who presenteda comprehensive modelfor gem-
stonerenderingandthereforehadto includepolarisation
effects,sincethey cansigni�cantly affect theappearance
of facetedtransparentobjects..

The main goal of most of theseefforts was that of �nd-
ing anappropriateway to describeandperformcalculations
with polarisedlight; both earlier groupsof authorssettled
for a notationsuggestedby standardreferencetexts from
physicsliterature,while someof themorerecenteffortsused
a morepracticaltechniquefrom theopticalcommunity. For
ourwork,weoptedto usetheStokesvectorformalism,ade-
taileddescriptionof whichcanbefoundeitherin theabove-
mentionedpapers,or in [DCWP02].

3. The ProposedSkylight Polarisation Model

3.1. Scopeand Limitations

Basedon the backgroundand motivation presentedin the
precedingsections,we derive an analyticalskylight model
which servesasa usefulapproximationto thebehaviour of
realskies.
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Figure6: Horizontalview 90� awayfromthesunovera lake
withouta polarising�lter . Similar to �gur e 5, a �sheyelens
wasusedfor this real phototo emphasizethe mirror effect
causedby theskylight polarisation.Notethat there�ectivity
of thecloudsfalls off much slowerthanthatof thesky.

It exhibits a goodcorrespondencewith referencedatasuch
as the plots in [Lio02] or [LV97], and the only reasonwe
cannotfurtherdemonstrateits correctnessby comparingits
outputagainstatmosphericreferencesimulationsis that no
skylight modelof suitablerealismandsophisticationwhich
we could have usedfor this purposehasbeenpublishedso
far.

It hasalsoto benotedat this point that the inclusionof po-
larisationeffects is usually not necessaryto generateper-
fectly believable imagesof outdoorscenes.However, their
inclusionis a signi�cant improvementon the roadtowards
predictive renderingof outdoorscenes,andhenceimproved
correctnessof radiometriccalculationsin suchscenes.

And even thoughwe cannotquantify the error incurredby
comparingour modelto of a (sofar non–existing) reference
simulationof real sky behaviour, it is safeto assertthat its
usecertainlylowerstheoverall radiometricerrorof outdoor
scenerendering,andthereforeservesthepurposeof demon-
stratingboth the viability and necessityof the conceptof
outdoorscenepolarisationrenderingwell.

3.2. Model Components

For suchananalyticalmodelthreekey itemsareneeded;we
will discusseachof thesein detail in thefollowing sections.

1. An expressionwhich describestherelative degreeof po-
larisationat any givenpoint in thesky dependingon the

positionof the sun;we refer to this as the polarisation
pattern.

2. An expressionwhich yields the maximumdegreeof po-
larisation in the sky; this determinesthe impact of the
patternon theskydome.This valueis dependenton both
thesolarelevationandtheturbidity.

3. A way to determinethe referencecoordinatesystemfor
thepolarisedradiationof eachskylight ray, anda result-
ing expressionfor theStokesvectorbasedonitems1 and
2.

3.3. The Polarisation Pattern

An exact bruteforce simulationof the scatteringprocesses
involved in skylight luminancewasnot really anoption for
performancereasons,so we decidedto devise a heuristic
techniquewhich is basedon two components.

Thekey observationsarethatskylight polarisationis mainly
dependenton

� theanglebetweentheviewing directionandthesun,and
the resultinglinear polarisationdue to Rayleighscatter-
ing, and

� the“clearness”of thesky in theviewing direction,which
in�uences the amountof polarisationemanatingfrom a
givendirection.

We assemblethe proposedmodelasa combinationof two
componentswhichcover thesepropertiesin turn.

Polarisation due to scattering

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

LP(q) =
1� cos2q
1+ cos2q

=
sin2q

1+ cos2q
(3)

whereq is thescatteringangle(i.e. theangleby whicha ray
of light is divertedwheninteractingwith aparticle).

The in�uence of skylight intensity

In order to obtain the degree of polarisation,the inverse
of the skylight intensity is taken asa basis.This is justi�-
ablesincethereis anindirectconnectionbetweenthedegree
of polarisationandskylight intensity:for low sunpositions
thedeepblueregionsnearthezenitharestronglypolarised,
whereasthebrighterregionsnearthehorizonexhibit signif-
icantly weaker polarisation.A suitableexpressionfor this
behaviour is

I (g;q) =
�

1
Iperez

�
1

Isun

�
I90 Isun

Isun� I90
(4)

whereIperez is the intensity accordingto the Perezmodel
andI90, Isun aretheintensityvaluesat 90� from thesunand
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for looking directly at the sun; in this way the intensity is
invertedandnormalized.

The in�uence of sky clarity

The basedegreeof polarisationgiven in equation4 needs
to be modi�ed to incorporatethe lesseningof polarisation
effectsdueto aerosolsnearthehorizon.Thereforeweneeda
functionwhichhasits maximumat thezenithanddecreases
towardsthehorizon;we founda simplecosinedependency
to besuf�cient for thispurpose:

E(q) = cos(q) (5)

The combinedpattern model

Thesetwo componentsare combinedin such a way that
equation4 is preferredat the zenithandequation5 is pre-
ferredatthehorizon.Thisresultsin thefollowing expression
for thepolarisationpattern:

P(g;q) =
1
C

LP(g)
�

q cos(q) +
� p

2
� q

�
I (g;q)

�
(6)

whereC is an empiricalscalingconstantof 1:2 which en-
suresthatthemaximalvaluesof thisexpression– whichoc-
cur for solarelevationsof 0� – arenot largerthan1.0.

Sampleplotsof thepatterngeneratedby this formulacanbe
seenin �gure 7; thesimilarity to thepatternsseenin �gures
2 and3 is evident.

S S
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Figure 7: Plots of the patternsgeneratedby the proposed
modelfor a low turbidity and solar elevationsof 1, 10, 20
and 60 degrees,respectively. Redareasexhibit the highest
levels of linear polarisation, while white areasare unpo-
larised. The changes in maximalpolarisation for varying
solar anglesshownin theseplotscorrespondsto thediffer-
encesshownin �gur e8. Comparethemto thepatternsshown
in �gur e 2.

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

Our proposedmodelfor skylight polarisationapproximates
actualmeasurements[Lio02] very well: the crosssections
shown in �gure 8 agreewith the cited observationsat the
MaunaLoaObsevatory.
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Figure 8: Plotsof therelativedegreeof polarisationfor the
four diagramsin �gur e 7. Thegreencurveis a cut through
thesymmetryaxisof thepatternat 60� , redfor 20� , bluefor
10� andblack for 1� solarelevation.Thisdiagramis similar
to the�gur esusede.g. in [Lio02], andshowsthatourpattern
formula P alreadyincludesthe in�uence of solar elevation
on thedegreeof polarisation.

3.4. Maximum degreeof polarisation

Ourapproachusesahybrid formulafor thepolarisationpat-
tern, sinceP alreadyincludesthe in�uence of solareleva-
tion; becauseof this we only have to considerthe in�uence
of theturbidity on theoverall degreeof polarisationhere.

Thetypeof relationshipbetweenturbidity andthemaximal
degreeof polarisationis comparatively obvious (an expo-
nentialfalloff for rising turbidity valuessimilar to themaxi-
mal viewing distance),but hardto quantifyin anexactfash-
ion due to the intricaciesof the interactionsbetweenlight
andthemany layersfoundin realatmosphericconditions.

Paperson the subjectsuchas[Cou83] usually just present
measurementsfor particular dates,locationsand environ-
mentalsettings.Due to the complexity of the subjectthese
papersnormallydo not provide ananalyticaldescriptionof
thephenomenathey measured.

Wethereforeproposeto useasimpleempiricallydetermined
formula for the maximal degreeof polarisationMp which
providesasuitablegradualexponentialfalloff for risingval-
uesof theturbidity T.

Mp(T) = e� T� C1
C2 (7)
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The constantsC1 andC2 areusedto �t the curve – an ex-
ampleof which is shown in �gure 9 – to a plausibleshape
thatagreeswith individual valuesmentionedin literature.A
usefulpair of valuesfor C1 andC2 is e.g.(0:6;4:0).

1 10 20 30
T

0.2

0.4

0.6

0.8

1
Mp

Figure9: Plot of theexponentialfalloff of themaximumde-
greeof polarisationfor turbiditiesin therange from1 to 32
andvaluesof (0:6;4:0) for C1;2. Thealmostcompletedisap-
pearanceof Mp for high turbidity valuescorrespondsto the
fact thatnopolarisationis apparentonveryhazydays.

Thisapproximationis permissibleinsofarasa) thepolarisa-
tion patternsgeneratedby theproposedmodelareagoodap-
proximation(asopposedto anexactsolution)to begin with,
b) theexponentialfalloff behaviour exhibitedby theformula
is qualitatively correctandalsoc) becausethis propertyof
the modelcaneasilybe controlledby the userthroughthe
factorsC1 andC2 if adifferentbehaviour is desired.

3.5. Putting it together: the skylight Stokesvector

Apart from actuallyassemblingtheStokesvectorfor agiven
skylight sample,wealsohaveto determinethereferencesys-
temfor thepolarisationinformationwehavecomputed.In a
polarisation–awarerenderer, all rayshave to maintaintheir
own referencecoordinatesystem,sincetheStokesparame-
tersareonly meaningfulfor agivengeometricalcontext.

A suitablereferencesystemcanbe constructedasfollows:
thevectorproductof theview directionv andthesolarpo-
sition vector(see�gure 1) yields a vectorwhich is normal
to the propagation of light from the sunthroughthe atmo-
sphere.This vectoris the�rst basisof thereferencesystem,
andthesecondcanbeobtainedthrougha vectormultiplica-
tion of this vectorwith theviewing direction.If needed,the
third canbeobtainedfrom thesetwo vectors,again through
avectorproduct.

If this referencesystemis used,assemblyof the actual
Stokesvectoris straightforward.Theproposedmodelyields
thedegreeof linearpolarisationD (equation9) – whichcor-
respondsto the secondStokes parameterin our reference
system– for a givenviewing directionasa valuein the in-
terval [0;1]. If the unpolarisedspectralradiancefor this di-
rectionis R, this informationcanbedirectly translatedto a

setof Stokesparameters:

E0 = R

E1 = D � R

E2 = 0

E3 = 0

(8)

Thevaluefor R is providedby the“parent” skylight model,
such as the techniqueof [PSS99], and D is determined
throughthecombinationof P andMp

D(g;q;s;T) = Mp(T) � P(g;q;s;T) (9)

3.6. Aerial perspective

So far we have only discussedthe polarisationof directly
observedskylight radiances,but any realisticskylight model
hasto includea computationof hazeand inscatteredradi-
anceinto theview ray. For instance,theapproachpresented
by [PSS99] is a goodtradeoff betweenaccuracy andcom-
putability within a reasonabletimeframe,andprovidesfor-
mulasfor theattenuationthroughhazeandscatteringaswell
asexpressionsfor theinscatteringof light into a raypath.

While the attenuationcomponentis more or less unpo-
larised,the inscatteredlight canexhibit a certainamountof
polarisation;thiseffect is sometimesusedby landscapepho-
tographersto improve the clarity of distantfeatures.Since
theprocesseswhich leadto inscatteringaresimilar for both
directly observed skylight and the inscatteringcomponent
which is usedfor hazecomputations,we optedto usethe
sameexpressionfor thedegreeof polarisationof this quan-
tity asfor thedirectlyobservedskydomeradiances.Thispro-
videsauseableapproximationatafractionof thecostwhich
a realscatteringsimulationwould require.

Evenfor veryclearskiesourmodelyieldsratherlow degrees
of polarisationfor horizontaldirectionswhich aretypically
associatedwith aerialperspective;however, thisis consistent
with reality insofar asthe polarisationof aerialperspective
effectsis neverparticularlystrongevenunderfavorablecon-
ditions.

3.7. Applicability

In principletheproposedmodelcantrivially beusedto pro-
videany of theskylight modelsdiscussedin section2.1(and
probablymost othersas well) with a polarisationcompo-
nent;it is not dependenton the“parent” modelin any way.
Dueto this it canalsobeemployedto provideStokesvector
information to empirical techniquessuchas high dynamic
rangeimageskylights, e.g.thoseusedby [Deb98], or other
analyticalhigh–qualityskylight modelssuchasthosewhich
werederivedby [NSTN93] or [TNK� 93].
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4. Results

We implementedthe proposedmodel in the context of a
polarisation–aware spectralpath tracer. The “parent” sky-
light modelusedwastheoneproposedby [PSS99]. Sincethe
implementationof this modelpredatedthis researcheffort,
we only had to add the polarisationexpressionsdescribed
in section3.5 to theexisting code,andperformour experi-
ments.

4.1. Testcases

The test renderingsin �gure 10 show �sheye views of the
entiresky for different turbidities.Figure11 visualizesthe
degreeandorientationof thelinearpolarisationin these�g-
ures; �gure 13 explains the falsecolour schemewhich is
usedhereandin �gure 14 (e).

Figure 10: Fisheye views of the entire skydome using
Preetham's modelaugmentedwith our polarisationmodel
for a solar elevation of 15� and a turbidity of 2 (top) and
6 (bottom).Theleft image is theplain view, while the right
onehada linear polariserappliedto it to yield a visualiza-
tion of the polarisedregion. Compare this to �gur e 3; the
much lower degreeof polarisationin thecaseof turbidity 6
is dueto thecorrectionfactor fromequation(7).

Thetestsceneusedin �gure 14 waschosenasa typical ex-
ampleof anoutdoorscenewith a largenumberof specular
interre�ections.We demonstratethatnoticeabledifferences
in theappearanceof suchobjectsoccurwhenpolarisationis
taken into accountby renderingthe scenein threecon�gu-
rationsandexaminingthedifferencesbetweentheresults.

In the�rst con�gurationwe useda standard(nonpolarising)
renderer(a),andfor thesecondtestweusedbothapolarisa-
tion rendererandourproposedmodel(b).

In ordertoproperlyestimatethedifferencewhichapolarised
skylight makes within the context of a polarisingrenderer
we alsoperformeda third testandrenderedthesceneusing
a polarisingsystem,but with a normal,unpolarisedskylight
model(c)

Figure 11: Falsecolour renderingsof the orientationand
degreeof polarisationin theskydomesseenin �gur es10; left
is turbidity 2, right turbidity 6. Thebrighter thepinkcolour,
thehigherthedegreeof polarisation.Thecolour (andhence
orientation)variationsaredueto thenonlinearprojectionof
theskydomeperformedby the�sheyecamera.

A differenceimagebetweentheresultof theplain rendering
andthefully polarisingcaseis shown in �gure 14 (d). Also,
�gure 14 (e)usesthesamefalse–colourschemeas�gure 10
to visualizetheamountandorientationof the linearpolari-
sationwhich is presentin theresultgeneratedby testcon�g-
uration2. Themoststronglypolarisedpartsof theimageare
there�ectionsin thewaterandat thetopof theskyscrapers.

Theseconddifferenceimage– shown in �gure 14 (f) – was
computedbetweenthe resultsof the con�guration 1: po-
larisedskylight/polarisationrenderer, and con�guration 3:
unpolarisedskylight/polarisationrenderer. It demonstrates
that while con�guration 3 is naturallyable to computethe
interre�ectionsbetweenthe skyscrapersandthe water to a
higherstandardthancon�guration1, theomissionof thepo-
larisationinformationon theskydomeleadsto considerable
differencescomparedto thefull simulation.

It hasto be notedthat the differencesbetweenthe various
resultimagesarea bit hardto judgevisually dueto theloss
of informationthroughthenecessarytonereproductionstep;
only the differenceimagesprovide reliable information in
this respect.

4.2. Performance

Therendererwe usedis a hybrid systemthatoptionallycan
be compiledto include polarisationsupport.This enabled
usto performmeaningfulside–by–sidecomparisonsof both
typesof renderersinceessentiallythesamecodebaseis used
in bothcases.For thepresentedtestscenetheusedspectral
renderingsystemperformedasfollows: the fully polarised
solution(i.e. case2) took abouttwice aslong to computeas
theplainnonpolarisedcase(10 vs.20 minutesonanAthlon
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2400+).This not particularlyexcessive increasein compu-
tation time is due to the fact that startingwith moderately
complex environmentssuchastheskyscraperscene(it con-
sistsof approximately7k CSGprimitives) ray intersection
calculations– and not the quite costly polarisation–aware
re�ectancy and light manipulations– alreadymake up the
majorityof theexpendedcomputationaleffort.
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Figure12: a) Three-dimensionalview of thepropagationof
a linearly polarisedlightwavewhich is rotatedby an angle
of a from the x-axis.b) Two-dimensionalview of the plane
of oscillationfor this wave. c) TheStokesVectorformalism:
four numbersareusedto describethepolarisationstateof a
wave. The�r st componentE0 encodesthe total luminance,
componentsE1 andE2 encodelinear polarzationin twodif-
ferentorientationsrotatedby45� , andE3 is usedto describe
thecircular polarisationcomponent.
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Figure 13: Explanationof the falsecolour schemeusedin
this paper to display linear polarisation.a) Assignmentof
colours to components1 and 2 of the Stokes vector. Red
and greenare usedto encodethe percentage of polarisa-
tion for each of thesecomponents,with bluebeingaddedif
thecomponentis negative. b) Theresultingcolours for sev-
eral planesof oscillation.Notethatthisschemeintentionally
omitscircular polarisation(dashedcircle), sinceit usually
doesnotappearin sceneswhich are illuminatedbyskylight,
andalsoomitsall absoluteradianceinformation.

The hybrid case3 with an unpolarisedskylight modelwas

noticeably– althoughnot dramatically– fasterthancase2
(it wasonly 1:7 timesslower thancase1). This canbe ex-
plainedby the fact that the systemperformsoptimizations
which switch to the cheapercalculationsfor unpolarised
light if thepossibilitypresentsitself, which it doesmoreof-
tenin thiscase.

However, this still shows that the large increasein realism
offeredby thepolarisedskylight modelcomesatsuchacom-
paratively smallcostthatits omissionwouldnotmakesense
within a polarisation–aware renderer, especiallysinceone
would not usesucha systemfor renderingswhereaccuracy
doesnothaveahighpriority.

5. Conclusionand Futur eWork

We have de�ned a simpleanalyticalapproachto providing
qualitatively correctpolarisationpatternsto existingskylight
models,and demonstratedits utility on a suitableoutdoor
testscene.It is intentionallydescribedin a very algorithmic
way, which shouldmake it easyfor programmersto imple-
mentit within any appropriaterenderer.

While theoutputof theproposedmodelis notentirelyphys-
ically correct in the strict sense– it is e.g. not capableof
representingtheneutralpointsof skylight polarisation– it is
nonethelesssuf�cient for mostrenderingapplications,since
its featurescoverall thenoticeableaspectsof skylight polar-
isationto asuf�cient degree.

Subtletieslike theneutralpointscanbehardto detecteven
with appropriateinstrumentation,andtheirabsencedoesnot
altertheappearanceof outdoorscenesin aperceivableway.

Our future efforts will nonethelessgo into the directionof
attemptingto �nd moreaccuratedescriptionsof 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 polarisationinformationasan integral part of the com-
putedspectralluminanceinformation and which is conse-
quentlycapableof exhibiting wavelength–dependentpolari-
sationeffects.
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