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Abstract

Sunlightenteringthe Earth's atmospherés scat-
teredby atmospherienoleculesproducinga po-
larizationpatternthatis symmetricalaboutaline
defined by the zenith and the current Sun po-
sition. This patterncan be obsened and used
to establisha referencedirectionfor navigation.
This papereviewsthetopic andpresentgprelim-
inary experimentalresultsin which the polariza-
tion patternis detectedisinga colourvideocam-
era.

1 Intr oduction

Inits oldestsensenavigationreferredo theproces®f plot-
ting a ship’s courseandposition. Onetool developedto aid
navigationwasthemagneticcompassvhich providesaref-
erencebearinganda meansof determiningheading.Other
sourcesisedfor referencebearingsverethe Sunandceles-
tial information.

Today althoughthe method=of sensinghe Earth's mag-
netic field have becomemore sophisticatedseee.g. [Ev-
erett, 1995 or[Borensteiretal., 1994 for acomprehensie
summaryof magneticcompassesnd other sensors)the
magneticcompasgemainsthe sensorof choicefor a ref-
erencebearing. This methodof sensingdoeshave a draw-
back— it is susceptibldo errorfrom local variationsof the
Earth's magneticfield (e.g. dueto the presenceof metal
structuresn the environment)[DudekandJenkin,2004.

In our courseof researchye areaimingto developamo-
bile robot capableof navigating on a building site; clearly
metal structureswill aboundin suchan ernvironment. An
alternatve sourcefor a referencebearingis to usethe po-
larization patternproducedby the atmosphericscattering
of sunlight. Lambrinosetal. [Lambrinosetal., 200q have
presentednethodsof using photosensitie diodesto per
ceive the polarizationpatternand thus derive a reference
heading.

A similar approachwastakenin this experimentalstudy
— insteadusinga digital video camerao successfullyob-
sene the pattern. A camerais an expensve alternatve to
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photo-diodesit wasusedfor two reasons(1) corvenience;
(2) therichnesof informationprovidedby a digital image.
The paperis organisedas follows: Section2 provides
generabackgroundmaterialon polarization the useof the
patternby animals,anda discussiorof 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 incidentonary materialcanbeabsorbedndpartially
re-radiated.On enteringthe Earth's atmosphereynpolar
ized sunlight hits atmospherigarticlessettingthem into
vibration with a horizontaland vertical component.Light
is re-radiatedfrom the particle by this vibration, with the
vertical componenemittedtangentialto the Earthandthe
horizontalcomponentemittedtowardsthe Earth’s surface
[Servay, 1996. In the literature, this horizontalcompo-
nentis known asan e-vector The phenomenas known as
partial polarizationby scatteringandit producesaregular
patternovertheentiresky.
Throughouthe day, the polarizationpatternrotateswith

theSunaboutthezenith. Whilst rotating,thepatternretains
two importantproperties:

1. It hasmirror symmetryaboutthe solarmeridian(i.e.
theline passinghroughthe zenithandthe Sun— the
patternis alsosymmetricalboutthe anti-solarmerid-
ian,theline at 180 to thesolarmeridian).

2. E-vectorsarealwaysperpendiculato the solarmerid-
ian [Lambrinosetal., 2004.

Figure 1 shows a pictorial representationf the patternfor
aparticulartime of day. The e-vectorpatternis very strong
overheadat sunrise rotating and wealeningtowardsmid-
day, thengrowing to bevery strongat sunset.

2.2 Animals and polarization

Several speciesof insectsare known to usethe sky polar
izationpatternto establishareferenceirectionfor naviga-
tional purposesThiswasfirst obsenedin beesn the1940s
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Figurel: Thepolarizationpatternproducedy atmospheric
scatteringof sunlight.Z denoteghezenith,Sis the Sun,0
istheobsenersposition,SMis thesolarmeridianandASM
is theanti-solameridian.Orientationandwidth of thebars
representirectionanddegreeof polarizationrespectrely
(diagramcourtesyof [Lambrinosetal., 2000).

by Von Frisch[von Frisch,1970. Morerecentresearcthas
foundthatpolarizedliight is usedby variousspecieof fish,
amphibians reptiles, and primates— including sublimi-
nal detectionof the patternby humans.In 1967,Ramslou
[Ramslou, 1967 proposedatheorythatpolarizedight was
usedby theVikingsin theirepicvoyages However, thishas
sincebeendisputedior lack of evidence(seee.g.[Roslund
andBeckman1994).

A simpleway to seethepatternis to hold a pair of polar
izing sunglasset thesky androtatethemuntil adarkband
appearslinsectsareableto usethis patternfor a reference
directionwith aslittle as10%of bluesky visible.

In insects, particular neuronssensitve to polarization
have beenidentified. Theseneuronsreceve signalsfrom
receptordn the insecteye which aretunedto perceve or-
thogonale-vectors(i.e. similar to holding two sheetsof
polarizingfilm at90° to eachothertowardsthe sky). Three
of theseneuron-receptosetsareused eachwith maximum
sensitvity in particulardirections(in crickets10°, 60°, and
110°). Thereceptorgomein pairsto enhance-vectorcon-
trastsensitvity andto reducethe effect of changesn light
intensity [Lambrinoset al., 1997. One hypothesisasto
how insectsusethe patternis thatthey rotatetheir bodies
until thereis even stimulationof the patternandthustheir
bodyis alignedwith thesolarmeridian[RossebndWehner
1984.

2.3 Relatedwork

Lambrinoset al. modelledthe polarizedlight sensitve re-
ceptorsin the desertant Cataglyphis by mountingphoto-
sensitve sensorsvith blue andpolarizingfilters to the mo-
bile robot Sahabof{Lambrinoset al., 1997 and later Sa-
habot2 [Lambrinoset al., 200d. A sensorconsistedof
a pair of photosensitie diodesarrangedo receve orthog-
onal e-vectors,i.e eachdiode in a pair hadits polarizing

filter rotatedat 90° to theotherdiode,mimicking therecep-
torsin insects.Signalsfrom eachdiodein a pair werefed
into a log ratio amplifier, with the sensoroutputbeingthe
logarithmiseddifferencein a pair of diode readings. This
stephelpedreducethe effectsof changesn light intensity
throughoutheday.

In the earlierpaper{Lambrinoset al., 1997, a scanning
methodof locatingthe polarizationpatternwas presented.
Therobotwasrotated36(° recordingthe outputof onesen-
sor (i.e a photo-diodepair) for usein a lookup table. A
lookuptableis, of course,only valid for a relatively short
periodof time dueto thewestwardrotationof the Sunabout
the zenith.

Anotherproblemthatariseswith this methodis the fact
thatthepatternis symmetricabboutthesolarandanti-solar
meridiansothereis aneedto distinguishbetweerthesewo
directions(i.e. thereis anambiguityof 180°). Theirmethod
of overcomingthis problemwasto usea setof directional
light intensitysensorsvhich detecthelight intensitygradi-
entof the environment,identifying which side of the robot
the Sunis on.

In [Lambrinoset al., 200d, Lambrinoset al. presented
ananalyticalmethodof determiningobotorientationbased
uponthe polarizedlight neuron-receptogeometryof the
cricket. Sensorswhosemaximum sensitvity occurredat
orientationsof 0°, 60°, and 120° were placedon Sahabot
2 and analytical expressiondor orientationwere derived
basedn modelsof sensoioutput.

Althoughthe methodwasprovento besuccessfuin their
papersuchasetupwith threepairsof camerasvould prove
unnecessarilyexpensve for a directional sensorand this
methodwasonly superficiallyexploredin the presentvork.

3 Polarization pattern vision with a video
camera

The camerausedin this experimentalinvestigationwas a
Sory colour chage couple device (CCD) video camera.
Theblue componentf the cameras RGB outputwasused
for analysisaspolarizationof sunlightis mostapparentt

ultraviolet andbluewavelengthg350- 450nm).To extract
polarisedmageslinearpolarisingfilm wasusedasafilter.

All imageswere smoothedwith a two dimensionalGaus-
sianfunction, particularlyimportantfor the blue output of

a CCD cameradueto therelatively poorresponset these
shorterwavelengths.

3.1 |Initial tests

Initial investigationsattemptedo extracta referencebear
ing from an arbitrary orientation. Two imagesweretaken
atatime, with the secondmagehaving its polarizingfilter
axisorthogonato thefirst. Someexampleimagesfollow.

Figure 2 shavs a plot of imageintensity with the po-
larizing film transmissioraxisat 90° to the solar/anti-solar
meridian, correspondingo maximumtransmissiorof the
e-vector This positionis definedas an orientationof 0°
andsignifiesthe positionof the solarmeridian.

Figure4 is animagewithout the polarizingfilter. Note
its similarity to theimageof Figure2.
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Analysis of image setstaken hourly with the sameex-
perimentalsetup(i.e. samefilter orientationsand camera
locations)found somegeneralpatternsbut extractinguse-
ful datahassofar provedfruitless. Thiswas,in part,dueto
alack of understandingf whatwe werelooking for in the
images.Hence a morefundamentabpproachwassought.
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Figure2: Intensity plot taken with polarizingfilm aligned
with e-vectorpattern,i.e. polarizingfilm transmissioraxis
is at 90° to the solar meridianand transmissiorof the e-
vectoris a maximum.Notetherelatively uniform intensity
in theimage.
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Figure 3: Intensity plot taken with polarizing film rotated
90 anti-clockwisefrom the solar/anti-solameridian.Note
thebandacrosghe middle of theimage

Figure 3 shavs a plot of imageintensity with the filter
rotated90° with respecto theimageof Figure2. This po-
sition allows a minimum of e-vectortransmissionasthe
polarisingaxisis orthogonalo the majority of e-vectorsin
thefield of view.

3.2 Sky scanning
In experimentsemulatingthe scanningmethodof Lambri-

noset al. the camerawasrotated180C in 10° increments.
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Figure4: Intensityplot withouta polarizindfilter.
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Figure5: Variationof imageintensitywith orientation.Im-
ageswere taken at 16:00 at which time the polarization
bandis almostoverheadsothee-vectorsarerelatively large.
Imageset1 is alignedwith the e-vectorsat an orientation
of 0° whichis definedasfacingthe Sundirectly.

Two imagesweretaken at eachincrementwith the polar
izing axisof thefirstimageorthogonato the secondZero
degreess againdefinedto be alignedwith the solarmerid-
ian andanti-clockwiserotationis positive.

Figure5 shaws the averageintensity of two setsof im-
ageswith orientation. At an orientationof 0°, the average
intensity of the first image set peaks. This indicatesthat
the polarisingaxis of thefilter atthis orientationis aligned
with the e-vector i.e its transmissioraxisis perpendicular
to thesolarmeridian.At the sameorientation the intensity
of image2 is aminimumindicatingthatthe polarisingfilter
is orthogonalko the e-vector

In Figure5 a meanimageintensity is plotted. This is
becausehe cameras orientationcould be controlledmore
accuratelfthanrotatingthefilter itself. Rotatingthecamera
alsorotatesthe Sun’s positionin eachimageandanything
otherthananaverageintensitydoesnot have alot of mean-
ing (therelative positionof the Sunwould changein each
image).Also, this is an easyway of discriminatingbright-
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Figure6: Plotof averageémageintensityvariationwith ori-
entation. Thesensomodelis shovn asadottedcurve while
realdatais plottedasasolidline.

nesddifferencesn thethirteenimagesof eachimageset.

3.3 Responsanodel

Fromthedataof Figure5, amodelof the meanintensityas
afunctionof orientationcanbe obtained.Figure6 shavsa
plot of thismodelwhichis

f(¢) =K[1+dcog29)] @)

whereK is a scalingfactordependenbn camerashutter
settingsandambientconditions;d is degreeof polarization,
@is orientationwith respecto the solarmeridianand f (¢)
is the meanintensityof animage.For the plot of Figure6,
K = 0.5 andd = 0.3. This modelis of the sameform as
thatpresentedy Lambrinoset al. for their photosensitie
diodesof [Lambrinosetal., 2004.

3.4

In the sensomodelof above, therearethreeunknonnsin
the equationwhenanimageis taken,K, d, and@. Hence,
asan initial test, threeimageswith threedifferent polar
izer maximumtransmissiorangles(0°, 45°, and90°) were
taken. By rearrangingequationl andaccountingfor the
differentorientationsof the polarizerallows solutionof the
resultingthreesimultaneougquations:

Initial analysis

f(g) = K[1+ dcog2g)] @)
f(g) =K [1-|-dcos(2(p— 2. g)} ®)
f(9) =K [1+dcog2e-2. g)} )

Theseequationswere developedfor an averageimage
intensity In this instancethe equationsare solved at each
pixel in the threeimages. The resultsfor a setof images
taken at 4pm are presentedn Figure 7 asa contourplot.
Thecorvergenceof thecontourinesin thelowerright hand
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Figure 7: Contourplot of the solutionfor ¢. The corver-
gencepoint at the lower right pointstowardsthe Sun's ac-
tual position.Imagestakenat approximatelydpm.

cornerof Figure7 pointstowardsthe Sun's position. How-
ever, the contourpatternof Figure 7 holdsonly for early-
morning/late-afternoonadifferentpatternstartsto emege
betweerllamand2pm.

3.5 Discussion

As shawn in the previous section the scanningnethodcan
be usedin combinationwith a digital camerato locatethe
solarmeridianand henceestablisha referencebearing. If

thismethodwasto beusedonamobilerobot,alookuptable
couldbeestablishedeforecommencinga navigationtask.
This table would have to be regularly updatedthroughout
the day asthe solarmeridianusedfor a referencebearing
rotateswith the Sun. Solvingtheambiguitybetweerthe so-
lar andanti-solarmeridianshouldnot betoo difficult given
theamountof datain anintensityplot of acameramage.

The model of meanintensity variation as a function of
the orientationof the polarisingfilter will be importantin
developing an analyticalmethodof extracting orientation
information. The precisemeaningof the resultsplottedin
Figure7 is asyet unclearbut the corvergencepoint at the
lower right cornerappeargo shift throughoutthe day. Fu-
turework will focuson how to trackthis pointandto extract
it from animage.

4 Conclusion

Clearly a camerais an expensve alternatve to the photo-
diodesusedby Lambrinosetal.. However, useof thescan-
ning methodwith a digital cameravasprovenpossibleand
it is emphasisethattheresultspresentedhereareprelimi-
nary Giventherichnesf informationof a cameramage
comparedo thephoto-diodesisedby Lambrinosetal., it is
hopedhatfurtherexperimentatiorandanalysiscanreveala
methodof analyticallydeterminingorientationsuitablefor
usewith eithera singlecameraor a camerapair.
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