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Abstract

SunlightenteringtheEarth’s atmosphereis scat-
teredby atmosphericmoleculesproducinga po-
larizationpatternthatis symmetricalabouta line
definedby the zenith and the current Sun po-
sition. This patterncan be observed and used
to establisha referencedirectionfor navigation.
Thispaperreviewsthetopicandpresentsprelim-
inary experimentalresultsin which thepolariza-
tion patternis detectedusingacolourvideocam-
era.

1 Intr oduction
In its oldestsense,navigationreferredto theprocessof plot-
ting aship’scourseandposition.Onetool developedto aid
navigationwasthemagneticcompasswhichprovidesaref-
erencebearinganda meansof determiningheading.Other
sourcesusedfor referencebearingsweretheSunandceles-
tial information.

Today, althoughthemethodsof sensingtheEarth’smag-
netic field have becomemoresophisticated(seee.g. [Ev-
erett,1995] or [Borensteinetal., 1996] for acomprehensive
summaryof magneticcompassesand other sensors),the
magneticcompassremainsthe sensorof choicefor a ref-
erencebearing.This methodof sensingdoeshave a draw-
back— it is susceptibleto errorfrom localvariationsof the
Earth’s magneticfield (e.g. due to the presenceof metal
structuresin theenvironment)[DudekandJenkin,2000].

In ourcourseof research,weareaimingto developamo-
bile robotcapableof navigatingon a building site; clearly
metalstructureswill aboundin suchan environment. An
alternative sourcefor a referencebearingis to usethe po-
larization patternproducedby the atmosphericscattering
of sunlight.Lambrinoset al. [Lambrinoset al., 2000] have
presentedmethodsof using photosensitive diodesto per-
ceive the polarizationpatternand thus derive a reference
heading.

A similar approachwastakenin this experimentalstudy
— insteadusinga digital videocamerato successfullyob-
serve the pattern. A camerais an expensive alternative to

photo-diodes,it wasusedfor two reasons:(1) convenience;
(2) therichnessof informationprovidedby adigital image.

The paperis organisedas follows: Section2 provides
generalbackgroundmaterialon polarization,theuseof the
patternby animals,anda discussionof relatedwork. Sec-
tion 3 presentsthe preliminary experimentalresults fol-
lowed by a discussion. Finally, Section4 concludesthe
paperandoutlinesfuturework.

2 Background
2.1 How is sunlight polarized?
Light incidentonany materialcanbeabsorbedandpartially
re-radiated.On enteringthe Earth’s atmosphere,unpolar-
ized sunlight hits atmosphericparticlessetting them into
vibration with a horizontalandvertical component.Light
is re-radiatedfrom the particleby this vibration, with the
vertical componentemittedtangentialto the Earthandthe
horizontalcomponentemittedtowardsthe Earth’s surface
[Serway, 1996]. In the literature, this horizontalcompo-
nentis known asane-vector. Thephenomenais known as
partial polarizationby scatteringandit producesa regular
patternover theentiresky.

Throughouttheday, thepolarizationpatternrotateswith
theSunaboutthezenith.Whilst rotating,thepatternretains
two importantproperties:

1. It hasmirror symmetryaboutthe solarmeridian(i.e.
theline passingthroughthezenithandtheSun— the
patternis alsosymmetricalabouttheanti-solarmerid-
ian, theline at180 to thesolarmeridian).

2. E-vectorsarealwaysperpendicularto thesolarmerid-
ian [Lambrinosetal., 2000].

Figure1 shows a pictorial representationof thepatternfor
a particulartimeof day. Thee-vectorpatternis verystrong
overheadat sunrise,rotatingandweakeningtowardsmid-
day, thengrowing to beverystrongat sunset.

2.2 Animals and polarization
Several speciesof insectsareknown to usethe sky polar-
izationpatternto establisha referencedirectionfor naviga-
tionalpurposes.Thiswasfirst observedin beesin the1940s
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Figure1: Thepolarizationpatternproducedby atmospheric
scatteringof sunlight.Z denotesthezenith,S is theSun,O
is theobserversposition,SM is thesolarmeridianandASM
is theanti-solarmeridian.Orientationandwidth of thebars
representdirectionanddegreeof polarizationrespectively
(diagramcourtesyof [Lambrinoset al., 2000]).

by VonFrisch[vonFrisch,1970]. Morerecentresearchhas
foundthatpolarizedlight is usedby variousspeciesof fish,
amphibians,reptiles, and primates— including sublimi-
nal detectionof thepatternby humans.In 1967,Ramskou
[Ramskou,1967] proposedatheorythatpolarizedlight was
usedby theVikingsin theirepicvoyages.However, thishas
sincebeendisputedfor lack of evidence(seee.g. [Roslund
andBeckman,1994]).

A simpleway to seethepatternis to holdapairof polar-
izing sunglassesto thesky androtatethemuntil adarkband
appears.Insectsareableto usethis patternfor a reference
directionwith aslittle as10%of bluesky visible.

In insects,particular neuronssensitive to polarization
have beenidentified. Theseneuronsreceive signalsfrom
receptorsin the insecteye which aretunedto perceive or-
thogonale-vectors(i.e. similar to holding two sheetsof
polarizingfilm at90 to eachothertowardsthesky). Three
of theseneuron-receptorsetsareused,eachwith maximum
sensitivity in particulardirections(in crickets10 , 60 , and
110 ). Thereceptorscomein pairsto enhancee-vectorcon-
trastsensitivity andto reducetheeffect of changesin light
intensity [Lambrinoset al., 1997]. One hypothesisas to
how insectsusethe patternis that they rotatetheir bodies
until thereis evenstimulationof thepatternandthustheir
bodyis alignedwith thesolarmeridian[RosselandWehner,
1986].

2.3 Relatedwork

Lambrinoset al. modelledthepolarizedlight sensitive re-
ceptorsin the desertant Cataglyphisby mountingphoto-
sensitive sensorswith blueandpolarizingfilters to themo-
bile robot Sahabot[Lambrinoset al., 1997] and later Sa-
habot2 [Lambrinoset al., 2000]. A sensorconsistedof
a pair of photosensitive diodesarrangedto receive orthog-
onal e-vectors,i.e eachdiode in a pair had its polarizing

filter rotatedat90 to theotherdiode,mimicking therecep-
tors in insects.Signalsfrom eachdiodein a pair werefed
into a log ratio amplifier, with the sensoroutputbeingthe
logarithmiseddifferencein a pair of diodereadings.This
stephelpedreducethe effectsof changesin light intensity
throughouttheday.

In theearlierpaper[Lambrinoset al., 1997], a scanning
methodof locatingthe polarizationpatternwaspresented.
Therobotwasrotated360 recordingtheoutputof onesen-
sor (i.e a photo-diodepair) for usein a lookup table. A
lookup tableis, of course,only valid for a relatively short
periodof timedueto thewestwardrotationof theSunabout
thezenith.

Anotherproblemthatariseswith this methodis the fact
thatthepatternis symmetricalaboutthesolarandanti-solar
meridiansothereis aneedto distinguishbetweenthesetwo
directions(i.e. thereis anambiguityof 180 ). Theirmethod
of overcomingthis problemwasto usea setof directional
light intensitysensorswhichdetectthelight intensitygradi-
entof theenvironment,identifying which sideof therobot
theSunis on.

In [Lambrinoset al., 2000], Lambrinoset al. presented
ananalyticalmethodof determiningrobotorientationbased
upon the polarizedlight neuron-receptorgeometryof the
cricket. Sensorswhosemaximumsensitivity occurredat
orientationsof 0 , 60 , and120 wereplacedon Sahabot
2 and analyticalexpressionsfor orientationwere derived
basedon modelsof sensoroutput.

Althoughthemethodwasprovento besuccessfulin their
paper, suchasetupwith threepairsof cameraswouldprove
unnecessarilyexpensive for a directionalsensorand this
methodwasonly superficiallyexploredin thepresentwork.

3 Polarization pattern vision with a video
camera

The camerausedin this experimentalinvestigationwasa
Sony colour charge couple device (CCD) video camera.
Thebluecomponentof thecamera’sRGB outputwasused
for analysis,aspolarizationof sunlightis mostapparentat
ultraviolet andbluewavelengths(350- 450nm).To extract
polarisedimages,linearpolarisingfilm wasusedasa filter.
All imagesweresmoothedwith a two dimensionalGaus-
sianfunction,particularlyimportantfor theblueoutputof
a CCD cameradueto the relatively poor responseat these
shorterwavelengths.

3.1 Initial tests
Initial investigationsattemptedto extracta referencebear-
ing from an arbitraryorientation. Two imagesweretaken
at a time,with thesecondimagehaving its polarizingfilter
axisorthogonalto thefirst. Someexampleimagesfollow.

Figure 2 shows a plot of image intensity with the po-
larizing film transmissionaxisat 90 to thesolar/anti-solar
meridian,correspondingto maximumtransmissionof the
e-vector. This position is definedas an orientationof 0
andsignifiesthepositionof thesolarmeridian.

Figure4 is an imagewithout the polarizingfilter. Note
its similarity to theimageof Figure2.
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Analysisof imagesetstaken hourly with the sameex-
perimentalsetup(i.e. samefilter orientationsandcamera
locations)found somegeneralpatternsbut extractinguse-
ful datahassofarprovedfruitless.Thiswas,in part,dueto
a lack of understandingof whatwe werelooking for in the
images.Hence,a morefundamentalapproachwassought.

Image with e−vector maximised
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Figure2: Intensityplot taken with polarizingfilm aligned
with e-vectorpattern,i.e. polarizingfilm transmissionaxis
is at 90 to the solar meridianand transmissionof the e-
vectoris a maximum.Notetherelatively uniform intensity
in theimage.
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Figure3: Intensityplot taken with polarizingfilm rotated
90 anti-clockwisefrom thesolar/anti-solarmeridian.Note
thebandacrossthemiddleof theimage

Figure3 shows a plot of imageintensitywith the filter
rotated90 with respectto theimageof Figure2. This po-
sition allows a minimum of e-vector transmission,as the
polarisingaxisis orthogonalto themajority of e-vectorsin
thefield of view.

3.2 Sky scanning

In experimentsemulatingthescanningmethodof Lambri-
noset al. the camerawasrotated180 in 10 increments.

Unpolarised image
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Figure4: Intensityplot withouta polarizingfilter.

−100 −80 −60 −40 −20 0 20 40 60 80 100
0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7
Average image Intensities for the two polarizer configurations

angle (degrees − 0 corresponds to facing the sun)

av
er

ag
e 

im
ag

e 
in

te
ns

ity

first image set 

second image set 

Figure5: Variationof imageintensitywith orientation.Im-
ageswere taken at 16:00 at which time the polarization
bandisalmostoverheadsothee-vectorsarerelatively large.
Imageset1 is alignedwith the e-vectorsat an orientation
of 0 which is definedasfacingtheSundirectly.

Two imagesweretakenat eachincrement,with the polar-
izing axisof thefirst imageorthogonalto thesecond.Zero
degreesis againdefinedto bealignedwith thesolarmerid-
ianandanti-clockwiserotationis positive.

Figure5 shows the averageintensityof two setsof im-
ageswith orientation.At an orientationof 0 , the average
intensity of the first imageset peaks. This indicatesthat
thepolarisingaxisof thefilter at this orientationis aligned
with thee-vector, i.e its transmissionaxis is perpendicular
to thesolarmeridian.At thesameorientation,theintensity
of image2 is aminimumindicatingthatthepolarisingfilter
is orthogonalto thee-vector.

In Figure 5 a meanimageintensity is plotted. This is
becausethecamera’s orientationcouldbecontrolledmore
accuratelythanrotatingthefilter itself. Rotatingthecamera
alsorotatestheSun’s positionin eachimageandanything
otherthananaverageintensitydoesnothavea lot of mean-
ing (the relative positionof the Sunwould changein each
image).Also, this is aneasyway of discriminatingbright-

DCR
118



−100 −50 0 50 100 150 200
0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7
Average image intensity with angle

orientation (degrees − 0 corresponds to alignement with solar meridian

in
te

ns
ity

Actual image intensity 

Model of image intensity 

Figure6: Plotof averageimageintensityvariationwith ori-
entation.Thesensormodelis shownasadottedcurvewhile
realdatais plottedasasolid line.

nessdifferencesin thethirteenimagesof eachimageset.

3.3 Responsemodel

Fromthedataof Figure5, amodelof themeanintensityas
a functionof orientationcanbeobtained.Figure6 showsa
plot of thismodelwhich is

f φ K 1 dcos2φ (1)

whereK is a scalingfactordependenton camerashutter
settingsandambientconditions;d is degreeof polarization,
φ is orientationwith respectto thesolarmeridianand f φ
is themeanintensityof animage.For theplot of Figure6,
K 0 5 andd 0 3. This model is of the sameform as
thatpresentedby Lambrinoset al. for their photosensitive
diodesof [Lambrinoset al., 2000].

3.4 Initial analysis

In thesensormodelof above, therearethreeunknownsin
theequationwhenan imageis taken,K, d andφ. Hence,
as an initial test, threeimageswith threedifferent polar-
izer maximumtransmissionangles(0 , 45 , and90 ) were
taken. By rearrangingequation1 andaccountingfor the
differentorientationsof thepolarizerallowssolutionof the
resultingthreesimultaneousequations:

f φ K 1 dcos2φ (2)

f φ K 1 dcos2φ 2
π
4

(3)

f φ K 1 dcos2φ 2
π
2

(4)

Theseequationswere developedfor an averageimage
intensity. In this instance,theequationsaresolvedat each
pixel in the threeimages. The resultsfor a setof images
taken at 4pm arepresentedin Figure7 asa contourplot.
Theconvergenceof thecontourlinesin thelowerrighthand
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Figure7: Contourplot of the solutionfor φ. The conver-
gencepoint at the lower right pointstowardstheSun’s ac-
tualposition.Imagestakenat approximately4pm.

cornerof Figure7 pointstowardstheSun’sposition.How-
ever, the contourpatternof Figure7 holdsonly for early-
morning/late-afternoon,adifferentpatternstartsto emerge
between11amand2pm.

3.5 Discussion

As shown in theprevioussection,thescanningmethodcan
be usedin combinationwith a digital camerato locatethe
solarmeridianandhenceestablisha referencebearing. If
thismethodwasto beusedonamobilerobot,alookuptable
couldbeestablishedbeforecommencinga navigationtask.
This tablewould have to be regularly updatedthroughout
the day asthe solarmeridianusedfor a referencebearing
rotateswith theSun.Solvingtheambiguitybetweentheso-
lar andanti-solarmeridianshouldnot betoo difficult given
theamountof datain anintensityplot of a cameraimage.

The modelof meanintensityvariationasa function of
the orientationof the polarisingfilter will be importantin
developingan analyticalmethodof extracting orientation
information. Theprecisemeaningof the resultsplottedin
Figure7 is asyet unclearbut the convergencepoint at the
lower right cornerappearsto shift throughouttheday. Fu-
turework will focusonhow to trackthispointandto extract
it from animage.

4 Conclusion

Clearly a camerais an expensive alternative to the photo-
diodesusedby Lambrinoset al.. However, useof thescan-
ningmethodwith adigital camerawasprovenpossibleand
it is emphasisedthat theresultspresentedhereareprelimi-
nary. Giventherichnessof informationof a cameraimage
comparedto thephoto-diodesusedby Lambrinosetal., it is
hopedthatfurtherexperimentationandanalysiscanreveala
methodof analyticallydeterminingorientationsuitablefor
usewith eitherasinglecameraor acamerapair.
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