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ABSTRACT
We present a linear Stokes polarization camer&iwgrat visible wavelength. The camera is both cachand

robust for use in field experiments and outdoorditions. It is based on fast polarization modulatesur polarization
states images are acquired successively. Processftwgare allows live calculation, visualizationdameasurement of
polarization images deduced from the acquired imadée architecture of the hardware, calibratiosults and
sensitivity measurements is presented. Polarizatimge processing including polarization parametansiputed are
proposed. These parameters include linear Stokesngters (§ S, and $), usual polarization parameters (intensity,
degree of linear polarization, and angle of poktion) and other polarization based parametersafzeld image,
depolarized image, virtual polarizer, polarizatidifference). Color data fusion and vector overldgodthms are
presented. Finally experimental results and obsemnsas well as possible applications are disclisse

Keywords: Time division polarimeter, polarizatiamaging, linear Stokes parameters, visible bandrenstruction,
Target detection/identification

1 INTRODUCTION
Along with intensity and spectrum polarizationlight carries abundant informatidt®. Polarization is by far
the less investigated of these three fundamentgbarties of light. A lot of different technologicalpproaches of
imaging polarimeters have been studigd. We present in this paper the experimental resiilss compact and robust
polarization camera. We focused on designing botacaurate sensor and powerful software to visgiaizd measure in
live the polarization parameters of a scene. Hawitgess to live measurement and visualization gfiieed data is the
key to successful experiments, especially wheretb&periments are carried outdoor.

2 POLARIZATION IMAGING

Whereas standard imaging is limited to measurirgittensity of the light (which is the first Stokparameter),
polarization imaging consists in measuring at léagt Stokes parameters. Polarization data containgtie Stokes
parameters give much more information than a sirmténsity measurement. Figure 1 (located at tltecdrihe article)
shows a normal intensity image and a linear pad#ion image where the polarization information ésled with color.
High polarization areas are coded as vivid colGgentation of polarization is coded as color hliee shape of the car
can be inferred from the color hue variations, #sphalt ground (visible as reddish which is partiatizontal
polarization) can be distinguished from naturaluge (grey which is unpolarized) with its differepblarization
signature. For most of the cases, almost all tharjzation information is contained in the threestfiStokes parameters.
Circular polarization requires specific conditidnshbe created (light going through a birefringemtdiam, light reflected
by a multilayer material), so usually the last ®®kparameter contains mostly noise. Most of theeatirimaging
systems are so limited to analysis of the threst S8tokes parameters which describe linearly paddrlight.

3 DIVISION OF TIME POLARIMETERS — FAST POLARIZATION M  ODULATOR

The first polarization imaging systems have bewfisidn of time polarimeters with mechanical rotatiof
polarizer and waveplate between frames. Theseragstiee usually quite slow and very sensitive toiomodf the scene
between frames. The use of electrically driven godgion elements like liquid crystals or birefreng ceramics reduced
dramatically the time required to acquire the paktion frames, allowing fast division of time polaeters to be
designed, and so limiting the registration probkamsed by the motion of the scene. We developedtgpblarization
modulator. It is composed of two elements. The fitement is a 45degree polarization rotator aedstitcond element
90 degree polarization rotator. The 45 degree imalton rotator is composed of a quarter waveplatel a
programmable quarter wave plate. The orientationthef neutral axis of the programmable quarter wkatepis
electrically tilted by 45 degrees between the twates. A +45 degrees linear polarization is comekeito a circular
polarization after the first waveplate and conwgragain to linear polarization after the secondrigmavave plate. The
90 degree polarization rotator is composed of @rammmable half wave plate. The orientation of teatral axis of the



programmable half waveplate is electrically tiltbg 45 degree between the two states. Combined hegethese
elements give access to 4 states of polarizatioithware -45°, 0°, 45° and 90°. Although only thiesages are

necessary to have linear polarization informatiwe, chose to use the 4 images to reduce noise. fiheige of the
polarization modulator is explained in Figure 2.
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Figure 2 : Polarization modulator principle. Theufiopossible states are the four main linear polatians, -45°, 0°, 45° and 90°.

4  CALIBRATION AND MEASUREMENTS

4.1 Calibration results

The calibration and results presented are made avigreen filter (520-550nm). Test in broad barsiblé are
currently carried out and show very good results Tthe Stokes parameters are linear with intensiythe link between
each pixel of the images and its Stokes parametansbe expressed with a matrix. If the images arfeptly -45°,
0°,45° and 90° polarization, the Stokes parametansbe easily deduced, and the matrix is obviodstjuced from the

definition of the Stokes parameters (Equation Iwklver the polarization states are not perfects? @F,45° and 90°,
so the C matrix is not the exactly the one in Eiguat.
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Equation 1 : the images acquired and the Stokearpaters are linearly linked by the matrix C. if ff@arization states acquired are
perfectly -45°, 0°, 45° and 90°, the C matrix isedily deduced from the Stokes parameters definitio

Calibrating the camera consists in determiningdhlébration matrix C that links the images acadite the
Stokes parameters. The accuracy of the calibratonbe estimated by measuring degree of linearipateon (DOLP)
and angle of polarization (AOP) of a rotating pidar (Equation 2).

poLp=YS S _|S+iS,
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S

Equation 2 : Deduction of the DOLP and AOP from $tekes parameters.

AOP:%Arg(Sl +iS,)



After calibration of the camera, the measuremerDOLP is excellent; the standard deviation arou@fi% DOLP is
0.45% (Figure 3a). It comes from a bias and fronasneement noise. The bias, which is repeatable,atsm be
calibrated and removed. It will require the useaafion linear link between the polarizations staeguired and the
Stokes parameters. We are investigated this bidstas likely to come from slight misalignment tife neutral axis of
the waveplate in the polarization modulator. Tksds to an imperfect conversion of the linear jddion to circular to
linear again. Removing this bias leads to a stahdaviation of 0.35%. This can be greatly improbgdmproving the
illumination as will be shown later. The measureh@&nAOP of the rotating polarizer is also excellefihe standard
deviation of AOP is 0.15° (Figure 3b). There isalwious bias.
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Figure 3 : (a) measurement of the DOLP of a rotgtolarizer. A bias of +0.25% is observed. (b) Meament of the AOP of a
rotating polarizer. The standard deviation is 0.15°

4.2 Test at other DOLP

We tested if the camera was able to measure aetwrBXOLP other than 100%. We designed a simple
experiment on which we manually rotated a dieledtirface to observe if the DOLP was following Eresnel law. The
dielectric surface was a colored Plexiglas platee Tact that the Plexiglas plate was colored alltavget rid of the
second internal reflection. The precision of theaswement was limited by the manual rotation ofdieéectric surface,
the manual rotation of the illumination, and thewacy of camera orientation. No large bias is plesk and the
experimental data are in excellent agreement vii¢ghtheoretical prediction. However additional meaments with a
motorized rotation of both the dielectric plate e illumination would be necessary to confirnsthi
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Figure 4 : (a) Experimental set up for measurentdiairge variations of DOLP. (b) Experimental resund theoretical prediction.
No large bias is observed for DOLP lower than 100%



4.3  Sensitivity

The standard deviation observed with the rotapiolgrizer was limited by the noise of the camera.h@ve a
more realistic idea of the real performances ofdamera, we designed a simple experiment on whietarg able to
accurately change the DOLP of the light sourceyféda). We used a dielectric surface and changextientation with
respect to the camera. The Fresnel laws links tigéeeof incidence of the light to the DOLP of theflected beam. In
this experiment, we used a powerful light sourcethe gain of the camera could be reduced to we$b value and the
full dynamic of the camera was still used. These excellent conditions. We tilted the Plexiglastpldy 6mrad
(20arcmin). It leads to a 0.9% change of DOLP (Faghb). The sensitivity of the DOLP measurement loastimated

by looking at the standard deviation of the measergs around the best fit. The standard deviatias measured to be
only 0.017%, which is excellent.
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Figure 5 : (a) experimental set up for measurenoérsimall variations of DOLP. (b) Results of the meaments.
The DOLP standard deviation is 0.017%.

5 LINEAR STOKES POLARIZATION CAMERA

A prototype camera based on this technology has beilt. The camera (Figure 6a) is a linear Stakeision
of time imaging polarimeter. It uses standard CGEandard F mount lenses, and the proprietary pmatefdst
polarization modulator with 4 states of linear pidation. The power supply for the camera is 15V. D@e switching
time of the modulator is in the order of 180 The camera resolution is 782x582 pixels. Itstaligation is 12 bits. It
goes up to 35 frames per seconds in full resolugioth up to 111 frames per second in half resolufldve camera is
compact (4"x4"x6") and robust. The acquisition aimlage processing software run on a standard comptte
interface between the camera and the computerBE4E394 connection (FireWire) and USB. The cameesgnted is

integrated and calibrated with a green filter (58Dnm). Test in broad band visible are currentlyied out and show
very good results.

Figure 6 : a) Photo of the Linear Stokes camera?h] experimﬁfwﬂh the Linear Stoks camera



6 POLARIZATION IMAGE PROCESSING

6.1 Raw images and Stokes parameters

When the camera is calibrated, we can process ttiiee$ parameters to display and measure in livevaet
polarization parameters. Examples will be giverotebn a measurement. The scene observed is madbalf, a CCD
camera, and a polarizer array with all the polanzith a different orientation. There is no pol&tizn the center of the
array. These objects are laid on a glass tablenkhe raw images acquired (Figure 7) and the cldmm matrix, the
three Stokes parameters ¢

Figure 7 : Raw images acquired. The differencesadmg@ous on the polarizer array on the upper rightach image. (a) Vertically
polarized image, (b) Horizontally polarized ima@#hvious differences can be observed on the glasshgrand the reflections on the
ball. (c) 45 degree polarization image (d) -45dsgpolarization image.

(a) (b) (©)
Figure 8 : Stokes parameters deduced. @)&@ameter = intensity that would be observed iggular camera. (b) Sparameter =
how horizontally or vertically polarized the ligist The reflection on the glass plate is high. Scparameter = how obliquely
polarized the light is.

6.2 DOLP and AOP

Whereas all the polarization information is conéal in the Stokes parameters, it is very diffitalinterpret it.
This is why more relevant parameters are computked.most used parameters are DOLP and AOP. Figehe®s the
DOLP image. The DOLP of all the polarizers is vhigh, as well as the reflections on the ball andhenglass surface.
The different orientations of the polarizers on éineays are not distinguished.

Figure 9 : (a) DOLP image.



Displaying the AOP can be tricky. On a simple gsagle, an AOP of 0 degree will be displayed askyland
AOP of 90 degree will be displayed as medium gean an angle just below 180 degree as white (FigjQrdocated at
the end of the article). This visualization leadsat“jump” as the angle around 0 and 180 degreéctwtepresent the
same AOP) are displayed as black if just above degyee and white if just below 180degrees. A bettey to display
the AOP is to use the color hue. Color hue is eutar scale, exactly as AOP. The hue goes frontaaetllow, green,
blue, magenta, and finally red again. This is dyattte case of the AOP, which can be 0°, then 48, 135°, and
finally 180° which is also 0°. This way, the jumpand 0° and 180° of AOP disappears with this Jigadon. This
visualization of the AOP is much easier to undemthan the display as gray values.

6.3  Vectors overlay

Once the DOLP and AOP are known, the polarizatieotors can be overlaid on the intensity image. The
orientation of the vector is the AOP and the ler@ftthe vector is proportional to the DOLP (EquatR). The AOP and
DOLP of each vector are deduced after averagintbkes parameters on an 11x11pixels kernel.viéng important to
average the Stokes parameters which are lineartémsity and not directly the DOLP or AOP. If thésea very low
signal to noise ratio, the DOLP will appear to beast random between 0 and 1. Averaging the DOLIPlead to
about 50% DOLP. Averaging the Stokes parametergtardcalculating the DOLP will give the real DOi®ue on the
area. The signal to noise ratio on the area ismdstbetter than on a single pixel.

COS(AOP) COS(AOP+ E)
sin(AOP+%)

Equation 3 : Left equation: polarization vectorgRi equation, normal vectors.

Some interesting effects can be observed on thgamath overlaid vectors (Figure 11). For example vectors of
polarization are rotating along the ball. However the reflection of the ball, the image is reverdmd not the
polarization, so they do not follow the shape @ tiflection of the ball. It is also possible tdcodate the normal to the
surface from the DOLP and AOP data. The Fresneataaps give the link between DOLP and angle ofdeace of
light. Inverting this equation allows to determihe angle of incidence of light on the surface fritven DOLP (Equation
3). In this calculation, the first root of the etjoa is taken (the incidence angle is supposedetdbdélow Brewster’s
angle). This result has to be taken with a certaire. The DOLP depends on the refractive indexhefmaterial for a
dielectric material and it does not follow the Frelsequations if the material is not dielectric awlthe calculation
assumes an un-polarized environment. The matersipposed to have a 1.5 refractive index in thaulzion. On the
image with normal vectors overlaid, the vectorskitike “hairs” on the objects (Figure 11). The effeon the ball is
particularly visible.

(b)
Figure 11 : (a) polarization and (b) normal to sack vectors overlaid on the intensity image. Normeakors are proportional to the
projection of the normal to the surface in the alaton plan for a dielectric object under unpolzed illumination.



6.4 Color data fusion

The most relevant color data fusion is HSL (Huefugtion and Luminance) color data fusion. This is
essentially because hue is a circular parameterARP. A possible visualization is to represent A&3Ra color hue, and
DOLP as the luminance of the image. Black areasaaseciated with low DOLP whereas bright areasaasociated
with high DOLP. The saturation is kept at its maximvalue. This visualization only displays polatiaa information
of the scene. No information on the intensity of gtene is displayed (Figure 12a located at theoénlde article).
Another possibility is to display the intensity iggaand to code the polarization information onlycakr information.
AOP is represented as a color hue, and DOLP asatieation of the color hue. The luminance is e intensity of the
image (Figure 12b) which makes this data fusiory @asunderstand as dark objects remain dark arghbobjects
remain bright. Color areas are associated with P areas and pale colors/grays with low DOLPasureThis
visualization displays intensity and polarizatioriormation about the scene. This type of image appto have only
little noise as the real dark areas (small sigizaRept dark whereas in the previous visualizataark areas with high
DOLP can appear bright.

7 APPLICATIONS AND EXPERIMENTS

7.1 Target detection, contrast enhancement

It has been showed that DOLP imaging is a powedol to detect man made objets". Manmade objects
are usually associated with much higher DOLP thatunal objects. We tested this property with a atinie car in a
scene made of random natural objects like woodpquebr (Figure 13). Whereas not obvious to detethénintensity
image, the car is the only prominent object inE@LP image. This quick experiment shows how usBQLP can be
for automated detection and identification of mademabjects.

(a) (b)

Figure 13: (a) intensity and (b) DOLP image of a taa “natural” background.

An interesting property of DOLP and AOP is thatyth#o not depend on the intensity of the light. Thiskes
polarization data powerful to detect objects hiddeshadows. Objects in shadows should keep aaimilarization
signature, but with a poorer signal to noise rafite tested this property by placing two miniatuagescn a scene, on in
the light and the other in shadow. We used thé FrSL color data fusion, and observed a very simpalarization
signature for the two cars (Figure 14). This canfirthe insensitivity of polarization imaging andrgtures to intensity
of light.

(b)
Figure 14: (a) intensity and (b) DOLP image of a gaa “natural” background.



As polarization information does not depend orenstty information, polarization is an excellent ywa
increase contrast of object. It can as well ineaag contrast of object in shadows as the contfastite object on a
white background. We tested this on a white mug imhite environment (Figure 15, located at the ehthe article).
When mapped as color, the Polarization informagjaratly enhanced the contrast of the mug on thkgsaand.

7.2 Reflection enhancement/removal

Another interesting possibility offered by polaion data is to separate polarized to unpolarighit
(Equation 4). Polarized image is different from B®LP. For instance, for a same absolute amoupblafrized light, a
black area will have a high DOLP whereas a brighaawill have a lower DOLP. On usual objects, getd image will
only show the polarized part of reflections, withsalutely no diffused light. The objects look likeetallic mirrors has
they do not show any information on their diffudigght. On the other hand, unpolarized image remalethe polarized
part of reflections. It is very useful to removeragch reflections as possible on an object. lixacdy equivalent to
having for each pixel of the image a polarizer vilie right orientation to remove the reflectionspdlarized image
enhances the diffused light from the objects. Tina sf the unpolarized and polarized light gives tieemal intensity
image.

Equation 4 : Deduction of polarized and unpolarizigtht from the Stokes parameters.

() (b)
Figure 16: (a) Polarized image. The car appears likmetallic mirror. (b) Unpolarized image. The ceflections on the car are
dramatically reduced. The normal intensity imafégQre 1 left) is the sum of the polarized and unpolariaeges.

7.3  Transparency of thin clouds/fog

Polarization of the sky has been a subject of nintrest'”*”. Most of the studies were limited to DOLP and
AOP measurements. Parameters like polarized imkgeation 4) have not been studied. During an outdistd
experiment, we observed an interesting phenoman@imaged some thin clouds in polarization. Theid®were way
brighter than the surrounding sky because they wigfasing the bright light of the sun (Figure 178)hey were
decreasing the DOLP of the background sky (Figut®.1However, we observed that they were almostvisittle in the
polarized image (Figure 17c). As the clouds were, ttihey were almost transparent. The backgrounadrized sky was
directly visible by transparency. Polarized imaghijch removes all the diffused light, allows obsegvpolarized light
through diffusing media.

(b) () | (d)
Figure 17: (a) Intensity, (b) DOLP, (c) Polarizedd (d) AOP image of a thin cloud.
The cloud appears very bright on the intensity immagd so is seen as having a lower DOLP. Howekerckoud is almost
transparent in polarized image. AOP is almost cansbver the whole image.



7.4 3D shape information

Polarization carries information about the 3D shapobjectd®> . We tested this property by putting various
objects in a depolarized light environment. Figli8eshows an experiment carried out with a rubb#ér B®P and AOP
information are coming only from the shape of thgeot. The increase of DOP on the edge of thedmallthe rotation of
AOP along the ball are perfectly observed. Nornaadters follow perfectly the shape of the surfagenfrthe normal to
the surface information, the 3D shape can be réagried by integrating the local slopes. Figure $8dws the 3D
reconstruction of the sphere. The exact shapeeofabonstructed object depends on the model cldgektthe DOLP
and the angle of incidence (Dielectric materialtaher diffusive surface).

(@) (b) (c) (d)
Figure 18: (a) DOP, (b) AOP, and (c) normal vectarege of a sphere. All the information about tleshape of the object is
contained in the polarization data. (d) a 3D modah be reconstructed by integrating the normalsudace

Similar experiment has been carried out with aiatime car (Figure 19).

@) (b) (€)
Figure 19: Intensity (a), DOLP (b) and AOP (c) ingagf a miniature car.

The 3D reconstruction is more difficult in this ea§ he miniature car is not made of a single maltemd has strong
angles on its surface. However, a simple reconsbru@lgorithm shows acceptable results (screesshbtvideo 1
below).

= W W G

@) (b) (€) (d)
Video 1: Different views of the 3D model of the daduced from polarization data acquired. This @@anstruction comes only from
polarization data acquired from a single point @wi No stereoscopic or photo-stereoscopic inforomais used in this
reconstruction. The reconstruction shows some dedtions of the shape but the overall shape is sleige to the real one as can be
observed from these screenshots of the 3D modmsd Midtp://dX.doi.org/Xx. XXXX/X. XXXXXXX.X




(@) (b)

Figure 1: (a) Normal intensity image of a car. (b) Polarizen image of the same scene.

(a) (b)
Figure 11: (a) Black and white image of AOP.(b) @diue image of AOP. The jump between black antewt¥tich represent the
same AOP does not appear on the color hue imagd iy jump can be seen on the ball and on therjzelaarray.

@) (b)
Figure 12: (a) Color data fusion of polarizationtdaonly. High DOLP areas are bright and with viidlors whereas low DOLP
areas are dark. (b) Color data fusion of intensitd polarization data. Low DOLP areas are grey whiigh DOLP areas are
displayed as vivid colors

@) (b)
Figure 15: (a) Intensity and (b) Color data fusioha white mug in a white environment. The coldadasion clearly enhances the
visibility of the mug on the background.



8 CONCLUSION

We have presented a linear Stokes polarizatiorecanWe focused on developing both the sensor ksadaa
powerful acquisition and processing software toehav live visualization and measurement of all tmesented
polarization parameters. This effective polarizattamera combines:

- Very good calibration results
Excellent sensitivity
Portability and robustness for field experiments
Powerful software for live polarization measuremamalysis and visualization.
The experimental results obtained with this camel@wed to (re)demonstrate applications of
polarization imaging like:
0 target detection
0 contrast enhancement
o reflection enhancement/removal
3D reconstruction
We will keep on improving software, acquiring mauelarization data and conduct other experimentéind new
applications for this versatile and user friendiysor.

o
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