N

N

GOQM;@ M;2 TQH 'BK2i B+ BK ;BM; i? Q
CmHB2M 6 /2- ar TM2b? S MB;> ?B- Mi?QMv * “"0- G
> K2H- 6 #B2M ""2i2M F2 - >2K _ K +?2 M/  M-J2?

hQ +Bi2 i?Bb p2 'bBQM,
CmHB2M 6 /2-ar TM2b? S MB;" ?B- Mi?QMv * ""0- Gm/QpB+ 6 2BM- *v’
H BK2i B+ BK ;BM; i?7Qm;? 7Q;X TTHB2/ QTiB+b- kyR9-8jUR3V-TTX
? H@yRyk8ked

> G A/, ? H@ayRyk8ked
2iiTh,ff? HXb+B2M+2f? H@yRyk8ked
am#KBii2/ QM Re J " kyR8

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.science/hal-01025267
https://hal.archives-ouvertes.fr

Long range polarimetric imaging through fog

Julien Fadé;

Swapnesh Panigrahi, Anthony Care! Ludovic Freirt, Cyril

Hamel! Fabien Bretenaket, Hema Ramachandranand Mehdi Alouidi

linstitut de Physique de Rennes, CNRS, Universie de Renned,
Campus de Beaulieu, 35042 Rennes, France
2Laboratoire Aine Cotton, CNRS, Universie Paris-Sud 11, 91405 Orsay, France
3Raman Research Institute, CV Raman Avenue, Sadashivanagars60 080, Bangalore, India

compiled: March 16, 2015

We report an experimental implementation of long-range pol arimetric imaging through fog over kilo-
metric distance in real eld atmospheric conditions. An inc oherent polarized light source settled on a
telecommunication tower is imaged at a 1.3 km distance with a snapshot polarimetric camera includ-
ing a birefringent Wollaston prism, allowing simultaneous acquisition of two images along orthogonal
polarization directions. From a large number of acquisitio ns datasets and under various environmental
conditions (clear sky/fog/haze, day/night), we compare th e e ciency of using polarized light for source
contrast increase with di erent signal representations (i ntensity, polarimetric di erence, polarimetric
contrast,...). With the limited-dynamics detector used, a maximum fourfold increase in contrast was
demonstrated under bright background illumination using p olarimetric di erence image.
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(110.0113) Imaging through turbid media; (110.5405) Polar imetric imaging;

(010.7295) Visibility and imaging; (110.4280 Noise in imaging systems).
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1. Introduction
Imaging of objects and light sources hidden behind
a turbid medium has wide applications in areas per-
taining to medical diagnostics [1, 2], remote sensing
[3] and transport and navigation [4]. More speci -
cally, imaging through nebulous media encountered
in nature, like fog, rain and light haze is still a
topical issue that attracts a lot of attention. En-
hanced vision in such weather conditions has indeed
tremendous applications for assistance in naviga-
tion of all modes of vehicular transport. Vision sys-
tems that can o er enhanced visibility during such
weather conditions can be used to provide visual
assistance by means of augmented reality displays
that can e ciently detect and isolate light sources
hidden beyond foggy intervening media. Besides,
with the advent of autonomous vehicles, both air-
borne and terrestrial, this problem becomes increas-
ingly important in the eld of machine vision and
vehicular safety as well.

In general, the photons travelling through any
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random medium can be classi ed into ballistic,
shake and di used photons. The di used photons
undergo maximum scattering as they travel through
the medium, whereas ballistic and snake photons
undergo predominantly forward scattering. As a
result, the di used photons randomly take longer
paths and times to reach the detector. Conse-
quently, in the process, they are received as noise
over the ballistic photons that retain the spatial and
temporal information of the source (signal). Vari-
ous approaches have been studied to discriminate
and record only the ballistic and snake photons in
order to attain a better contrast of signal over the
noise. For instance, time-gated imaging, using a
gated camera synchronized to a pulsed illumination
source is shown to be an e cient way to recover
the information carried by ballistic photons [1, 5].
Other approaches have also been studied such as
spatial Itering techniques [6, 7], intensity modula-
tion schemes [8, 9] or laser optical feedback imaging
[10, 11].

An alternative approach, such as polarization-
gated imaging [12{16], involves this time light po-
larization. It is based on the preservation of the



state of polarization of light (linear or circular)
during propagation through thick scattering media,
such as heavy fog conditions, with minor depolar-
ization. This so-called polarization memory e ect
has been analyzed in numerous references, both for
linearly polarized [17] and circularly polarized light
[18, 19]. As a result, such e ect can be exploited
using a polarization-sensitive imaging device to en-
hance the visibility of a source provided this latter
emits polarized light. These approaches have al-
ready proved e cient and been reported in a num-
ber of in laboratory experiments [12{16], with sim-
ulated turbidity conditions on very short distances
using arti cial scatterers like aerosols.

In case of light travelling through fog, photons
undergo scattering by a cloud of randomly dis-
tributed particles with sizes in the order of 5-50

m and varying number density [20]. Moreover, de-
pending on the environmental conditions, the scat-
terers in the intervening medium may not retain a
perfect spheroid shape due to drag (as in case of
large rain drops) or may have ice crystals with pre-
ferred orientations [21].

Although these overall studies on polarized light
propagation bring very useful elements of under-
standing, they remain quite di cult to exploit for
sizing an outdoor imaging system because they are
carried out in well-established and well-controlled
conditions. Indeed, the combined e ects of sun il-
lumination, surrounding arti cial illumination, vis-
ibility evolution, change of scatterers density and
size, varying atmospheric conditions are extremely
di cult to mimic or anticipate in a laboratory.

In addition, unless resorting to numerical scatter-
ing simulations, long range propagation is a phe-
nomenon that cannot be easily simulated by a lab-
oratory experiment, even with a scaling approach.

Keeping in mind the aforementioned applications
and requirement of study of such vision systems in
real atmospheric conditions, we report in this pa-
per the design, implementation and operation of an
imaging experiment we developped to investigate
the polarimetric contrasts of a scene including a po-
larized light source in real foggy environment over
a kilometric distance. Such distance corresponds to
a reasonable range requirement for transport safety
applications. We also analyze the e ciency of sev-
eral representations of the polarimetric informa-
tion obtained with our imaging installation in var-
ious environmental conditions (clear sky/fog/haze,
day/night).

This article is organized as follows: in the next
section, we recall some basics of polarimetric imag-
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ing and the corresponding experimental techniques.
Then, in Section 3, we detail the long-range polari-
metric imaging setup used in this experiment, as
well as calibration procedures in Section 4. Two
representative datasets are then extensively ana-
lyzed in Section 5, among numerous datasets ac-
quired during experimental campaigns. The e -
ciency of dierent polarimetric signal representa-
tions to increase visual contrast of a polarized light
source in fog over long distance is discussed for vary-
ing environmental conditions. Then, a general dis-
cussion and conclusion on the experiment is even-
tually provided in Section 6.

2. Polarimetric contrast imaging

Polarization sensitive imaging has proved e cient
in the context of enhanced vision through turbid
media [22], industrial quality control [23, 24] and
machine vision [25]. To probe the complete polari-
metric properties of a light source, one needs to
measure the Stokes vectolS given by

0801 0 e+ 1y 1
Sl IX I
S= = y 1
%322 %|+45 | 45X (1)
S3 I 1L

from which the degree of polarization (DOP) of
the sourc% can be obtained using the relation,
DOP = = Sf+ S+ S3=S. Hitherto, various
techniques have been employed to fully or partially
measure the Stokes vectors of an image and obtain
the polarimetric information of the scene of inter-
est. Most often, rotating polarizers and/or mov-
ing birefringent plates are used. Other schemes in-
cluding prisms [26], Savart plates [27], polarization
gratings [28], liquid crystal modulators [29] or mi-
crogrid division-of-focal-plane polarimetric imagers
[30] have been used with varying degrees of com-
promise towards mechanical reliability and real-
time acquisition and processing. Measuring the full
Stokes vector at each pixel can be a slow and storage
heavy task and hence not very suitable for imaging
moving objects, thus, limiting their application in
real-time scenarios. In the experiment presented
here, we consider a highly polarized source with
a priori known linear polarization state with the
intervening medium being non-birefringent. There-
fore, it is not necessary to measure the full Stokes
vector but only the rst two components of the
Stokes vector to de ne the so-called Orthogonal
States Contrast given by Eq. (2)
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Polarimetric camera
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Fig. 1. Long range polarimetric imaging experimental setup. The sotce and the camera are separated by 1.27 km
with the camera placed in the University of Rennes 1 campus and theaurce located on a telecommunication tower
of the TDF company. The photograph shows the polarized light souce settled on the telecommunication tower.

where I, and |, are the intensities obtained
through orthogonally aligned analyzers or through
a polarization splitting Wollaston prism. In the
case considered here of a linearly polarized light
propagating through non-birefringent medium, the
OSC is equal to the DOP of the source after pass-
ing through the atmosphere and fog. The inten-
sity measures recorded by a pixel of a camera are
of course a ected by various noise sources, for in-
stance, (a) the Gaussian electronic noise induced
by the electronic read-out circuit of the CCD array
sensor ; and (b) optical noise due to photon noise,
atmospheric turbulence and uctuations introduced
by spatial/temporal evolutions of the intermediate
foggy medium. As will be seen later, the com-
putation of the OSC may be strongly a ected by
this noise, especially in low illumination conditions,
since the division by total intensity (It = I+ 1)
may lead to unbounded values.

3. Long range Experimental Setup

The experiment presented here is designed to imple-
ment a long-range polarimetric imaging system over
kilometric distance, and in real- eld outdoor condi-
tions. Such experiment allows us to assess the bene-
ts of using polarized light for improved detectabil-
ity of a light-mark through turbid atmosphere over
long distances. Such a system can have practical
applications in aviation or navigation at sea in poor
visibility conditions. The setup mainly consists of
a polarized light emitter and a polarimetric imag-
ing system that simultaneously acquires two images
of a scene corresponding to the two orthogonal di-
rections of polarization. These elements, which are
extensively described in this section, are located on
the Beaulieu campus of University of Rennes 1, and
are separated by 1.27 km. The source is located on
the top of a telecommunication tower owned by the

TDF company. The detection setup is located in
a laboratory building as illustrated in Fig. 1. The
various parts of the setup are described in detail in
the following subsections.

3.A. Polarized Source

The source used is a 300 W halogen incandescent
lamp with a linear polarizer, both placed inside a
weatherproof steel housing as shown in Fig. 1. The
light from the incandescent lamp is polarized us-
ing an adhesive dichroic polymer polarizing sheet
glued to a glass plate and oriented such that the
polarization axis is vertical. Half the optical power
provided by the lamp being absorbed by the polar-
izer, it turned out that standard polaroid sheets are
subject to deterioration after a few minutes of illu-
mination. For this reason, we use polarizing sheets
speci cally designed for LCD projector industry,
thus ensuring high durability under high power op-
eration conditions. Before installing the source, we
conducted durability tests in indoor conditions with

a 300 W lamp. The lamp was allowed to run con-
tinuously during day times. In these conditions, it
was noticed that the polarimetric contrast of the
sheet was reduced by 57.4% in a period of 5 days
with continuous daytime usage. In light of this, a
weather-proof steel housing was designed, such that
the polarizing sheet glued on a glass plate is placed
su ciently far (20 cm) from the lamp. Moreover,
holes have been drilled in the bottom and top of
the housing to enable air- ow in-between the lamp
and the glass plate. This air ow is stimulated by
convection when the temperature of the glass-plate
increases allowing the hot air in-between to be re-
moved, and thus providing an e cient heat dissipa-
tion. Such mechanical design ensures a reasonable
lifetime of almost one year in outdoor conditions



before requiring replacement.

The telecommunication tower is about 80 m in
height and provides a suitable location for the
source. The distance of the tower from the labo-
ratory site in the University of Rennes 1 is optimal
for various applications where a long-range imaging
through fog may be crucial. The tower is also the
tallest structure in the surrounding area and is in
line-of-sight from laboratory buildings. The polar-
ized source is connected to a GSM switch enabling
easy remote control of the emission part of the ex-
periment.

3.B. Snapshot polarimetric camera

The detection system consists of a shapshot po-
larimetric imaging setup and a computer dedicated
for control and image acquisition. The detection
system is housed on a mezzanine oor of a labo-
ratory building in the line-of-sight of the emitter.
The schematic of the imaging setup is shown in
Fig. 2.(a) and 2.(b). The imaging setup consists of a
telescopic arrangement of lenses L1 (50 mm, F/2.8
camera objective) and L2 (25 mm, F/2.1 camera
objective) which creates a collimated beam of light
that is incident on a Wollaston prism (WP). The
WP is a calcite birefringent prism with a5 splitting
angle which introduces an angular separation be-
tween the vertical and horizontal polarization com-
ponents of the incident beam. These ordinary and
extraordinary beams are then focused onto the cam-
era using a third lens L3 (25 mm, F/2.1 camera
objective), thus creating two images | and I, on
the CCD. This setup allows us to simultaneously
record a scene along orthogonal polarization direc-
tions using a single camera. This has huge advan-
tage in real-time processing of moving objects and
has proved to be e cient in the presence of turbu-
lence and relative motion of the scene [26], such as
fog in our case. It has been demonstrated that this
con guration su ers from lower geometrical aber-
ration as well [26]. In order to avoid chromatic
aberrations due to the WP, we use a selective red
Iter (F) with a central wavelength of 612 nm and

a linewidth of 12 nm. The two images produced
on the CCD have considerable overlap because of
the small splitting angle of the WP. To prevent this
overlap, a stainless-steel slit painted with dark matt
paint of dimension 3 mm 18 mm s used as a eld
mask (FM) and is placed in the intermediate image
plane existing between lenses L1 and L2. The CCD
camera is a 12 bhits, 782 582 pixels resolution
camera (Basler A312f) with pixel size of 8 m and
average dark count of 23e /s with standard devi-

4

ation of 0.6 e /s. The camera was selected for its
low noise properties in low light conditions, which
as we will see, is preferable while performing arith-
metic on the acquired polarimetric images.

Fig. 2. Polarimetric imaging setup: The Wollaston
prism (WP) angularly separates the incident beam into
two orthogonal polarization components forming two im-
ages | and |, on the CCD. The illustration in (a) shows
a orthographic view of the polarimetric imager while
the schematic in (b) geometrically indicates the working
principle of the imaging setup. A top view photograph
of the imaging setup is shown in (c).

3.C. Control program

The camera is controlled through an IEEE 1394a
interface by a custom acquisition program devel-
oped using LabVIEW. A number of features are
implemented in the program that suit the experi-
ment and provide automation of acquisition using
a user-friendly interface. One of the features im-
plemented is what we will refer to as auto-exposure
mode (AEM). We had to implement such AEM be-
cause the imaging system is by essence operated
for long time periods under varying weather con-
ditions. Under this mode, the exposure time of
the camera is automatically changed depending on
the illumination of a given pre-de ned pixel. This
pixel can be chosen to be the pixel representing the
source on the camera (we will refer to this pixel
as "source pixel" for brevity in further sections),
thereby avoiding saturation or underexposure of the
source pixel with respect to the surrounding scene.
It is also possible to feed this control loop with the
average brightness of a region of interest, or of the



overall scene. The advantage of this mode is most
apparent during twilight and in foggy conditions
when the illumination of the scene varies strongly
in time. Using dynamically controlled exposure
time, one obtains a time series of frames, which can
be normalized to their respective exposure times
(which are stored in a data- le by the program) so
as to continually exploit the full dynamic range of
the camera. We also implement a so-called cumula-
tive grab mode (CGM) to avoid recording the 100
Hz intensity uctuations due to the 50 Hz modula-
tion of the electrical supply network. This mode is
automatically activated for exposures smaller than
10 ms, that is when the source blinking becomes
apparent. Under CGM mode, a frame having max-
imum gray-level value of the source pixel is chosen
from a sample of Ncgm frames whereNcgy de-
pends on the exposure timeTey, in milliseconds as
Ncom = 20(ms)=Texp. The program also displays
the calculated OSC of the source pixel in real-time
and allows for compensation of the ambient light
contribution, in which case the OSC reads

(I
(I
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In the above equation, | ¢ (respectively | 3) denotes
the average intensity over a3 3 pixels area enclos-
ing the pixel corresponding to the source location
(source pixel) in 1 (respectively I,). On the other
hand, |2 (respectively 13) estimates the ambient
illumination by averaging a 3 3 pixels area in
the vicinity of the source pixel, but strictly distinct
from the source spatial extent. With such de ni-
tion, the OSC is computed taking into account in-
tensity measuresl 2 and 15 of a reference area close
to the source representing the ambient illumination.

Using such control software with AEM allows us
to acquire images at prede ned intervals over long
periods of time with strongly varying illumination
conditions (i.e., clear sky, obstructed vision, day-
time/night-time and twilight).

4. Experiment calibration

In this section, we rst describe the camera cal-
ibration and image registration procedures which
have to be implemented so as to provide reliable
polarimetric images and measurements. Then, we
report some experimental results which allowed us
to validate the experimental system (emission and
acquisition) and laboratory calibration on real eld
conditions.

4.A.

The frames obtained in the experiment described
above are binary values obtained from the cam-
era. Processing of the frames to extract the im-
ages is at this step carried out in a post-acquisition
stage. The post-processing includes xed pattern
dark frame subtraction, pixel non-uniformity cor-
rection, image registration and optical distortion
correction. The latter processing steps are orga-
nized in the following manner.

Detector calibration: For a camera sensor
there are mainly three calibrations to be performed
in order to record an image that closely corresponds
to the scene being imaged, namely dark pattern cal-
ibration, non-uniformity of pixel gain and removal
of hot and dead pixels. Each pixel has dierent
dark noise properties at a particular temperature
and exposure time. After averaging over a number
of dark frames acquired in total darkness, one ob-
tains the xed pattern dark frame (I pp) that can
be subtracted from the images of interest. It must
be noted that this correction depends on the expo-
sure time. We thus averaged 500 dark frames to
obtain the Igpp for di erent exposure times. An-
other important correction to be made is the non-
uniformity in pixel gain. Owing to the fabrication
process, each pixel in the sensor may not have the
same sensitivity/gain. This non-uniformity is es-
timated by illuminating the sensor with spatially
uniform white light and recording the resulting pat-
tern. This image is normalized by dividing by the
mean gray level to create a gain non-uniformity im-
age lnu - Using the above two calibration images,
a raw image recorded is systematically corrected
using lecorr = (I raw - IFPD )/l GNU -

Image registration and distortion calibra-
tion: Once performed the above calibrations and
corrections on the bare detector itself (without
any image forming optics), the polarimetric optical
imaging system is mounted. When the system is
assembled and images are recorded, one has to ex-
tract the two images corresponding to orthogonal
polarization directions from a single frame. Itis re-
quired that the two extracted images have a one to
one correspondence between pixels such that they
map the same scene. This process is straightfor-
ward if there is no geometrical distortion or if both
the images share the same geometrical distortion.
However, the WP used in the polarimetric imaging
setup does introduce astigmatism and anamorphic
distortion in the resulting images [31]. The distor-
tion is non-symmetrical with respect to the two im-
age channels and hence a perfect image registration

Imaging setup calibration



Fig. 3. Dierence image (I - |, ) of the calibration tar-
get (grid of dots) (left) and test object (right). The
top images correspond to the di erence images formed
with approximate extraction of the two image channels.
The middle row is the result of image registration cor-
rection by pixel linear translation, and the bottom row
corresponds to the di erence images created after apply-
ing the distortion correction algorithm. The inset shows
the correlation map obtained by translating the I, over
21 21 pixels and nding maximum correlation with | .

is not possible by merely translating one of the im-
age to match the other. The di erence in distortion
in the two images can be reduced by a non-linear
coordinates transformation on b to match the dis-
tortion in | .

To perform such corrections, a grid of equally
spaced dots (printed black dots on white paper with
Nno specic polarization orientation) was imaged
through the system and the acquired images were
used to calibrate the two image registration meth-
ods, namely simple translation or non-linear coor-
dinates transformation. The correction by transla-
tion was obtained by a maximum correlation tech-
nique where one of the image channels, say | was
translated in X and Y directions over 21 21 pix-
els and correlation values with | were recorded for
each translation position. Then, a best match was
found by looking for the maximum correlation value
and translating I, accordingly. The inset in Fig. 3
shows the correlation map and Fig. 3.(b) shows the
di erence image | =l -1, after correction by trans-
lation. This shows a great improvement in compar-
ison to uncorrected images (Fig. 3.(a)), but it can
be observed that pixel registration is imperfect in
the outer regions of the image.

Therefore, to digitally remove the residual mis-
match caused by the non-symmetrical aberrations
in both channels, we resort to a non-linear coordi-
nates transformation on the pixels of image 4 to
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match the distortion in | . This is performed by ex-
tracting the coordinates of the centroids of the dots
in two thresholded polarimetric images and nd-
ing the coe cients of a 2D polynomial of degree 3
for the X-Y coordinates transformation. The co-
e cients of the polynomial are found using least
squares optimization procedure. A polynomial of
degree three has been found to be su cient to de-
scribe the non-linear transformation as the higher
order coe cients of the polynomial are negligible
compared to the lower order coe cients. By apply-
ing this non-linear coordinates transformation to
the pixels of I,, we obtain a distorted version of
the latter, which now shares the same geometrical
distortions as I,. For further processing of the po-
larimetric images, it is lastly necessary to resample
the resulting image on the same regular (square) set
of pixels locations as |}, which is done by a Matlab
implementation of a standard bicubic interpolation
algorithm. The result of this geometrical correction
procedure can be observed in the di erence image
after correction given in Fig. 3.(c).

A comparison of e ectiveness of the calibration
and of the image registration using simple transla-
tion and non-linear correction is given in Fig. 3.(d-
f) on a test object (plain white paper with circular
pattern in black). In comparison to approximate
extraction (Fig. 3.(d)), simple translation allows for
a reduction by 63 % of the span of extreme values in
the di erence image (Fig. 3.(e)), whereas with the
non-linear distortion correction, a further reduction
by 30 % is obtained (Fig. 3.(f)).

It must be noted that the non-linear correction
method is computationally slower than nding lin-
ear translation parameters by maximum correlation
method. The calculation of parameters for non-
linear correction is a one-time calibration proce-
dure that takes about a minute for completion on
a standard computer (Matlab on 2.60 GHz proces-
sor). This time is acceptable even though it is 25
times slower than nding maximum correlation in a
small neighborhood of 21 21 pixels. However, the
computational time required to correct each frame
becomes very stringent for real-time applications.
In this case, the simple translation is four orders
of magnitude faster than the non-linear correction,
which takes about 2 seconds to process because of
interpolation of a large number of pixels values. As
a consequence, for applications requiring high pro-
cessing speed and where only a small region of the
image is of interest, it is su cient to use only linear
translation. Thus, in the remainder of this arti-
cle, as we shall consider a small region of interest



around the source location, we will limit ourselves
to simple translation registrations, for the sake of
computational e ectiveness on long time series ex-
periments.

Intensity Asymmetry: It is important to
take note of any transmission asymmetry in the
two image channels introduced by the WP. In our
case a 2.7% asymmetry in intensity was observed
after imaging a uniformly illuminated depolarizing
object (plain white paper observed with di erent
orientations) through the system. The measured
average intensity ratio (I, /I » = 1.027) was used to
correct this asymmetry. This ratio was seen to be
constant over a large central region including the
region of interest.

100
200
300
400
500
600
700

100 200 300 400 500

Fig. 4. The raw image obtained from the camera with
782 582 pixels. Extraction of two image channels after
applying image registration process is demarcated in yel-
low dashed box. The ambient illumination is obtained
by averaging over the region shown in red-dashed lines
and the region shown in blue dashed lines is the 21 21
pixels ROI that includes the source at its center.

4.B. In-situ veri cation
Along with the above calibration procedures, fur-
ther alignment of the detection system with the
polarization direction of the source is done while
mounting the detection system. The polarimetric
camera setup and the control/acquisition computer
are settled in a mezzanine oor of a building fac-
ing the telecommunication tower. It has rst been
checked that the spread of the light source was close
to our expectancies (1 1 pixel with the selected
50 mm focal length objective lens), with an actual
horizontal spread of 1.5 pixels and vertical spread
of about 2 pixels. The main discrepancy in the ver-
tical direction is due to the in uence of the WP.
The whole setup is placed on a stable mechani-
cal mount with adjustable angle (pitch) so that the
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imaging system can be aligned in line-of-sight with
the source on the tower. In addition, the tilt angle
(roll) must be well aligned so that the polarization
axis of the imager is strictly aligned with the po-
larization direction of the source. This calibration
is preferably done during night time in clear sky
with the polarized lightmark turned on. It is in-
deed easier to minimize and even null the intensity
at the source location in the perpendicular polariza-
tion image (I, ) in dark background. After such cal-
ibration, we observed an OSC of 0.97 for the source
pixel which increased to a value of 1.00 when OSC
was computed taking into account the low intensity
background contribution, as in Eq.(3).

During these preliminary calibration acquisitions,
it was checked on the acquired frames that the day-
time clear sky is polarized to some extent, depend-
ing on sun location, and that the ambient light
backscattered on the tower structures and imaged
on the camera can partly retain polarization. How-
ever, we observed that the imaged scene is almost
totally depolarized as soon as a thin layer of fog
or haze is present in the atmosphere, or when the
weather is covered by (even very thin) clouds. As a
result, the di erence image of the two image chan-
nels is expected to provide an obvious advantage
over intensity imaging due to its ability to cancel
the unpolarized background and isolate the polar-
ized source.

5. Experimental results:
foggy condition

Once settled, optimized and calibrated the imag-
ing system described in previous sections, and us-
ing the above mentioned control program, we were
able to acquire numerous series of frames of the
source at dierent times of the day (dawn, day-
time, dusk, nigthtime) with varying atmospheric
conditions (clear sky, thin haze, fog, cloud, rain,
snow,...). The corresponding time-series acquisi-
tions were recorded during years 2011 and 2012
with various time periods (10 images/minute to 6
images/hour) over long time spans of several hours
or tens of hours.

During these long term acquisitions, the dynam-
ically varying exposure time in AEM was recorded
for each acquisition and the frames were normal-
ized to their respective exposure times during post-
acquisition analysis. From each raw frame, we then
extracted the two sub-images § and I, (with j cor-

responding to thej ! image in the time series). One
raw image extracted from a time series is repre-
sented in Fig. 4, with an overlay indicating the im-

age registration (rectangles in yellow) from which

Signal contrast in



Signal representation Symbol De nition
Intensity | I+ 12
Polarimetric di erence I s

0sC e 1

I+ 12
Polarimetric ratio

OosC
Iy

A1,

ratio

Table 1. Signal representations of polarimetric data,
with hi , denoting spatial averaging over a square neigh-
bourhood « of the central pixel of sizeNy pixels.

regions of interest (ROI) corresponding to L and

Ij? are extracted. The example of ROI shown in
light blue in Fig. 4 is a 21 21 pixels rectangle
surrounding the source location.

5.A. Principle of the measurement

These numerous acquisitions were used to gauge the
e ectiveness of polarimetric imaging under various
atmospheric conditions. The analysis of the exper-
imental results led us to retain four main di erent
scenarios, associating clear sky / foggy conditions
and day/night time. The conditions in daytime
with fog are indeed such that the intensity of the
pixels around the source are nearly uniform, mak-
ing it di cult to identify the source from the back-
ground in a simple intensity image. In clear sky
conditions, the background consists of the telecom-
munication tower structures and installations. On
the other hand, in night time we have conditions
where the source is brighter and the background
is dark with unpolarized and localized bright light
sources (for instance, the red aircraft warning lights
on the tower) or sometimes, during heavy fog, a uni-
formly lit background because of scattering of city
lights.

In all these conditions, we are interested in maxi-
mizing the visual contrast of the source with respect
to its background. Polarimetric imaging provides
us with two data sets (I, and I, ) for the same image
and thus allows us to create various representations
of the image with dierent visual contrasts. We
thus propose to consider four simplesignal repre-
sentations of the available data, generally referred
to as , and compare their visual contrast under
various environmental conditions. These four signal
representations correspond to a simple intensity im-
age (), a polarimetric di erence image ( ), the
OSC image ( osc) and a polarimetric ratio image
(' ratio ), and are given in Table 1, along with their
respective symbol and mathematical de nition.

It is obviously seen that the absolute values of
these signal representations are di erent. However,
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we will be interested in the remainder of this sec-
tion in comparing the visual contrast of the polar-
ized source that can be obtained with these di er-
ent representations. We must therefore provide a
fair comparison between the contrasts obtained in
di erent representations. For this purpose we de-
ne a contrast-to-noise ratio (CNR) such that the
CNR value is insensitive to the scale of these four
representations. The CNR is de ned for a central
pixel denoted s (signal ) with respect to its sur-
rounding square neighbourhood i of sizeNy pixels
as,

h i
CNR = g i k 4
P @
N, 1 i2 g | k
wherehi , = Nt =Ny is the spatial average
over . It must be noted that the evaluation of

the spatial averages are carried out for a sample of
pixels de ned by the region | that excludes the
2 2 central region centered on the source pixel to
prevent spatial extent of the light source from per-
turbing computation of the background statistical
properties. With the above de nition, the CNR is
basically the measure of how many standard devia-
tions away does the signal pixel lie from the distri-
bution of its surrounding pixels. The CNR values
computed on the data provide a more quantitative
evaluation of the contrast than a visual analysis of
the polarimetric images plotted in subsequent g-
ures. Moreover, in an applicative context, the CNR
would be directly linked to the performance of au-
tomated detection of polarized sources of unknown
number and locations in a scene. In the presence of
structured background and/or unpolarized spurious
sources, a high CNR would warrant good detection
probability along with low false alarm rate.

In the following subsections, we provide a thor-
ough data analysis performed on two particular
time-series acquisitions, allowing one to observe
clear sky and foggy conditions in day time (Subsec-
tion 5.B) and night time (Subsection 5.C). These
two experimental data series are representative of
the wide variability of environmental conditions
that were made possible to address with the ex-
perimental facility described in this article.

5.B. Day time measurement

This rst data acquisition series that we will focus
on has been recorded on the 17-Oct.-2011, between
10.02 am and 10.57 am. During this 55-minutes
acquisition, an image has been recorded every 10
seconds, making it possible to observe rapid rising
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Fig. 5. (a) Time evolution of the source (signal) intensity, ambient intensity and camera exposure time across day
time experiment. (b) Time-evolution of the CNR of four polarimetric signal representations. (c) Raw images of four
frames labelled H, I, J and K, corresponding to various visibility conditions across day time experiment.
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Fig. 6. CNR images of the 21 21 region of interest
around the polarized light source, extracted at times in-
dicated by H, I, J and K in Fig. 5. Row 1 to 4 correspond
to the CNR obtained with intensity image, di erence im-

age, OSC image and contrast ratio image respectively.

The corresponding CNR for the central source pixel are
also given as numerical gures for comparison.

of a thick fog and evolution of its density within a

period of 30 minutes. The evolution of the exper-
imental conditions can be observed in Fig. 5. In
Fig. 5.(a), the intensity of the pixel corresponding
to the location of the polarized source (signal pixel)
is plotted in red curve as a function of time. In
addition, the evolution of the ambient intensity is

represented in black curve. This quantity was esti-
mated from a spatial averaging of the total intensity
| = 1__+ 1, in a homogeneous 21 21 pixels sky re-
gion, marked in Fig. 4 with a red square. The cam-

era exposure time during the whole experiment was
controlled by the software in Auto Exposure Mode,

S0 as to prevent underexposure or saturation of the
signal pixel. The evolution of the exposure time is
also provided in Fig. 5.(a) in dotted blue curve, re-

vealing the smooth evolution of the fog density and
background illumination during the experiment.

Across this experimental dataset (330 images),
four instants will be considered, labeled H, I, J and
K in Fig. 5.(b). The corresponding raw images ac-
quired by the imager are respectively plotted in
Fig. 5.(c). They correspond to di erent interest-
ing situations of visibility of the source through fog.
The rst situation H corresponds to high fog den-
sity where the source is completely embedded in
the background illumination, as can be checked in
Fig. 5.(a) by comparing the levels of the signal and
background intensities. Acquisition | is the rstim-
age recorded on which the light source begins to be
detectable over the background. Then, acquisition
J corresponds to an intermediate situation of a light
haze limiting the visibility of the source whereas the
last measurement K has been acquired in clear sky,
but with a signi cantly higher background illumi-
nation than in the J situation.

Let us now analyze the CNRs associated to the
four signal representations considered in this article
and de ned in Table 1. The evolution of the CNRs
across the whole dataset is given in Fig. 5.(b). In
Fig. 6, we also provide the contrast images com-
puted for each signal representation and for each
situation H-K, on a 21 21 pixels neighbourhood
of the central signal pixel. The numerical values



indicated in Fig. 6 correspond to the CNR of the
central pixel estimated on this neighbourhood. As
can be seen from these results, the source is hid-
den behind heavy fog until 10.13 am and all CNR
values remain close to zero in this situation. It can
be indeed checked in Fig. 6 that the source is not
distinguishable on any of the four signal represen-
tations studied.

Measurements performed after 10.13 am are more
interesting. Indeed, they rst allowed us to observe
that, as soon as the light emitted by the source is
visible over the background, it retains a very high
polarization degree, with no detectable depolariza-
tion induced by turbid atmosphere, nor partially
depolarized halo in the vicinity of the source loca-
tion. Following a similar interpretation as in prior
laboratory experiments [12{17] on short distances,
this result can be understood considering proper-
ties of Mie scattering on large particle size in fog
droplets [16, 32]. In our case, since we are work-
ing at a very long distance, the light emitted by the
source can be almost totally absorbed by a thin fog,
which in return cannot be considered as a strongly
di usive medium, and hence cannot induce strong
depolarization. In addition, the low numerical aper-
ture of the imaging system at such distance acts as a
spatial Iter [6, 7], thus preventing most of the scat-
tered and snake photons (slightly scattered) from
entering the imaging system.

Then, the results given in Figs. 5 and 6 reveal
that, as soon as intensity coming from the source is
detectable, all polarimetric signal representations
( , osc and (aic) provide CNR values sig-
ni cantly higher than the CNR obtained with a
standard non-polarimetric intensity measurement
( 1). This general result thus con rms the inter-
est of polarimetric measurements for enhanced vi-
sion through poor visibility conditions. The analy-
sis can be however re ned so as to identify the best
signal representation in a given situation. In very
low visibility conditions (acquisition 1), it appears
that (a0 gives the best improvement in terms of
CNR (60% increase) with respect to an intensity
measurement .

On the other hand, when visibility increases, the
best signal representation corresponds to a di er-
ence image allowing the CNR to be enhanced
up to a factor of almost 4 (acquisition K). The ef-
ciency of the di erence image is due to its ability
to suppress the background contribution. This en-
hancement is either due to di used light in the tur-
bid atmosphere, as in acquisition J, or due to the
surrounding scene, as in acquisition K on which ele-
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ments of the telecommunication tower can be iden-
ti ed on the intensity image. Indeed, as it has been
noticed in Subsection 4.B, the ambient light does
not exhibit noticeable polarization as soon as the
sky is covered by clouds or when a thin layer of haze
or fog is obscuring the atmosphere. Hence, the con-
tributions of this ambient background on the two
polarimetric images |- and |, are strictly identi-
cal, and can be suppressed on a di erence image.

Lastly, it is interesting to note that osc never
appears to be the best representation, contrary
to anterior work on active polarimetric imaging
[33, 34] (where, due to the re ection geometry of
imaging, the background has a signi cant polar-
ized component). Indeed, in the present context
of active polarized source and passive totally unpo-
larized background, OSC implies a normalization
of by the total intensity |, which, on the dark
background image  obtained, increases the rela-
tive noise in the nal image and thus decreases the
CNR. In the next subsection, it will be shown that
such normalization can be much more detrimental
to signal quality in night time conditions. There-
fore, this normalization must be avoided when it
comes to locating or detecting a target in poor vis-
ibility conditions, unless one wants to assess the
DOP of the light source.

5.C. Night time measurement

A similar experiment was conducted during night
time on the 14-Oct.-2011, between 1.53 am and
7.17 am. During this 324 minutes acquisition, a
raw frame has been recorded every minute. As in
the previous subsection, the evolution of signal pixel
and background intensities are plotted respectively
in red and black curve in Fig. 7.(a). The evolution
of the exposure time over this long time period is
given in Fig. 7.(a) in dotted blue curve (logarith-
mic scale). This curve shows the strong variations
of the exposure time at night with atmospheric con-
ditions, ranging from 7 ms to a maximum value of
4 s authorized by the camera used. From the obser-
vation of these curves, it can be noted that a dense
fog cloud has totally obscured the visibility of the
source between 3.40 am and 4.55 am, leading to
a maximum exposure time in total darkness, as in
situation labelled M in Fig. 7. On the other hand,
the beginning and end of the acquisition correspond
to almost clear sky conditions (as in situations la-
belled L and O). The strong signal intensity vari-
ations observed in clear sky conditions are mainly
due to atmospheric turbulence which causes icker
of the location of the signal pixel on the images, and
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Fig. 7. Same as Fig. 5 for night time experiment. The i
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Fig. 8. Same as Fig. 6 for night time experiment. The
OSC image is observed to be noisy and has least signal
contrast as a result.

can also be partly due to an unperfect smoothing
of the source intensity modulation at 100 Hz. In
the conditions of the experiment, one other situa-
tion labelled N has retained our attention since it
corresponds to one of the rare instants of fog set-
ting/rising in which the source is partly visible. The
raw images corresponding to these four situations
are also plotted in Fig. 7.(c).

As in Fig. 5, the CNRs associated to the four sig-
nal representations are plotted in Fig. 7.(a) across
the whole dataset. The contrast images obtained
at each patrticular situation analyzed L, M, N and
O are given in Fig. 8. These experimental results

ol
4:96.25 045325 Tme

nset shows a mad ed part of the plot where the fog is
sentatios. Four frames labelled L, M, N and O have been
night exgeriments. The display dynamics in (c) has been
the baclground becomes visible.

rst con rm that OSC is not a relevant signal repre-
sentation due to noise ampli cation occurring with
normalization. The corresponding CNR is indeed
always close to zero, and the noise ampli cation can
be clearly observed in Fig. 8. This e ect is particu-
larly enhanced in night conditions since background
values are very close to or equal to zero (since the
exposure time is limited in clear sky to prevent sat-
uration of the source pixel, see Fig. 7.(a)), thus
leading to non-numerical values in the nal image,
which are not taken into account in the computa-
tion of CNR.

The comparison of the three other signal repre-
sentations considered in this paper is more infor-
mative. It can rst be noted that between 3.40
am and 4.55 am, none of the representations al-
lows the source to be signi cantly detected over the
background, due to total absorption of the emit-
ted light when propagating through dense fog. In
clear sky conditions however (situations L and O)
or partially reduced visibility (situation N), it can
be observed that simple intensity image and po-
larimetric di erence image share comparable CNR
values. This con rms the fact that only out-
performs a simple intensity image in the presence
of signi cant background contribution, as observed
above in daytime conditions. In night time condi-
tions, the very dark background is strongly a ected
by camera dark noise and a di erence image could,
in some con gurations of noise realization, lead to a
degradation of the CNR with respect to an intensity
detector. Only the ratio representation a4, allows



improving the CNR values by a factor comprised
between 10% and 35%, which can be explained by
the noise reduction induced by the spatial averaging
of the background in the expression of (4o .

These results, which seem to soften the inter-
est of polarimetric imaging for vision enhancement
though turbid atmosphere in night conditions, ac-
tually reveal the limitations of the sensor used for
these experiments. These nocturnal acquisitions in-
deed allow us to identify two ways of improvement
for our detection system, which are (a) the mini-
mization of the dark noise, and most importantly
(b) the increase in detector dynamics. Reducing
the dark noise would limit the level of noise in
dark background in night-time conditions for po-
larimetric signal representations, as stated above.
Moreover, it can be observed in Fig. 7.(b) that
between 6.00 am and 7.10 am, strong variations
in all the CNR values occur, following the same
abrupt \steps" at each modi cation of the expo-
sure time. This is a con rmation that in these sit-
uations, the dark image background is perturbed
with camera dark noise. Usually, the dark noise
level increases with the acquisition time. How-
ever, the Basler A312f camera used implements
a Sony ICX 415AL sensor, whose HAD (Hole-
Accumulation Diode) technology makes it possible
to inhibit the increase of dark noise level with inte-
gration time. As a result, the noise contribution is
thus arti cially doubled in our measurements, rela-
tively to the signal pixel value when exposure time
is divided by two, hence leading to a strong decrease
in terms of CNR. This also con rms that adapting
the exposure time cannot increase the dynamics of a
detector when the illumination variations across the
scene exceed the actual sensor dynamics. It would
thus be highly bene cial to use a high dynamics sen-
sor to improve these results and potentially increase
the range of environmental conditions for which po-
larimetric imaging could be advantageous for vision
enhancement through turbid atmosphere over long
distances.

6. Conclusion

In this paper, we have reported an experimental
setup allowing to perform snapshot polarimetric
contrast imaging of a light emitter through tur-
bid atmosphere over kilometric distance. With this
setup it has been possible to acquire long time-
series of measurements in various real environmen-
tal conditions of weather and visibility. The re-
sults reported in the article have permitted to as-
sess the bene ts of using a polarized light source
and a polarization-sensitive camera to increase Vvi-
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sual contrast or detectability of such light source
in degraded visibility conditions, and at a distance
compatible with potential applications, such as nav-
igation assistance for airborne, maritime or terres-
trial transportation. It can be concluded from these
results that, for the purpose of detecting a polarized
source embedded in an unpolarized background, us-
ing polarized beacons and polarimetric cameras can
lead to a signi cant improvement of the contrast.
This is particularly true in the presence of high
background illumination levels, which is likely to
occur in daytime conditions, or in night-time sit-
uations, due to scattering of unpolarized ambient
light by the atmosphere itself. This is indeed bene-
cial, as computing a simple polarization-di erence
image would make it possible to isolate the target
from ambient light and hence provide higher con-
trast in foggy situations in real-time.

Another result of this article is that no signi -
cant depolarization of the polarized source, nor de-
polarized halo could be detected during propaga-
tion through fog over a kilometer with a standard
dynamics camera, as the one used in this exper-
iment. This observation, unreported to our best
knowledge at a kilometric distance, thus con rms
the interest of conducting such experiments in real-
eld conditions, over long distances. This behavior,
similar to the one observed on short distance labo-
ratory experiments was not an entirely predictable
result. It is indeed dicult to mimic the physi-
cal conditions that were encountered during these
experiments with in laboratory short distance mea-
surements using highly di usive water or gas tanks.

As a perspective to this work, we are currently
implementing to our setup a new camera with a
higher dynamics range and lower noise level, so as
to re ne the rst analyses presented in this arti-
cle. Such a camera will make it possible to ana-
lyze situations in which observations were limited
by the detector itself. More importantly, it is also
expected that a high dynamics sensor will increase
the range of application of polarimetric imaging in
terms of visibility distance for beacon detection or
localization in turbid atmosphere. Other impor-
tant perspectives to this work can be enumerated,
among which the de nition of clear gures of merit
that link image contrast ratios with visibility range.
Another important eld of research that will be
addressed is the de nition of optimal signal rep-
resentation as a function of environmental or in-
strumental conditions for various image processing
tasks, such as estimation or detection. Recent re-
sults have evidenced the potential of polarimetric



imaging contrast when relevant statistical parame-

ters, such as partial correlation between measure-
ments, are considered [35]. Applying these theo-
retical results to experimental data will necessitate

a more thorough analysis of the images in terms
of statistical properties, which will also be enabled

with the use of a better camera. Then, the imple-

mentation of these optimal estimators/detectors on

FPGA boards for in-line real-time image processing
and display is also an interesting perspective to this
work.
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