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Infrared polarisation measurements of targets and backgrounds in a
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ABSTRACT

The infrared (IR) radiation emitted or reflected in an off-normal direction from a smooth surface is partially polarised. This
principle can be used for enhanced discrimination of targets from backgrounds in a marine environment. It has been shown that
(man-made) targets do not demonstrate a pronounced polarisation effect when observed from near normal direction whereas

the sea background radiation has a certain degree of polarisation in slant observation path.

A measurement setup has been constructed for collecting polarised IR imagery. This setup contains a rotating polarisation
filter that rotates synchronously with the frame sync of the camera. Either a long wave IR (LWIR) or a mid wave IR (MWIR)
camera can be mounted behind the rotating polarisation filter. The synchronisation allows a sequence of images to be taken
with a predefined constant angle of rotation between the images. Out of this image sequence three independent Stokes images
are constructed, containing the normal intensity part, the vertical/horizontal polarisation and the diagonal polarisation. Upto 20
full linearly polarised images can be acquired per second.

Measurements are taken at the North Sea coast with this setup. The recorded images are analysed to determine the influence
of polarisation on the detection of small targets in such an environment. Furthermore differences between polarisation contrasts
in MWIR are analysed.

1. INTRODUCTION

It is well known that electro-magnetic radiation reflecting from a smooth surface observed near a grazing angle becomes (partly)
polarised. This phenomenon has been shown for visual as well as infrared wavelength bands. Less known is the phenomenon
that electro-magnetic radiation emitted from smooth surfaces also becomes polarised.

This polarisation phenomenon can contribute in the detection of small targets in a marine environment, see Figure 1.
Radiation from the sea surface becomes polarised due to reflection or emission when observed near grazing angles. Small
targets (like swimmers or a life raft) in this environment generally are observed under a different, near grazing, angle and
therefore are less polarised.

The polarisation effects in a marine environment are Just the opposite from land-based target detection, like land-mine
detection.!! The landmines generally exhibit a larger polarisation effect than backgrounds (soil, vegetation). This contradiction
can be explained by the fact that the sea surface is relatively smooth and observed at a grazing angle, whereas most targets in
this marine environment are observed at an almost perpendicular angle.

In the remainder of this section related work is discussed as well as an introduction into the theory of infrared polarisation
is given. In Section 2 the measurement setup that is used to collect infrared polarised imagery is described. This setup is
used to do near-shore measurements of the North Sea. The measurement conditions are described in Section 3. The acquired
Measurements and how infrared polarisation contributes in the detection of target is described in Section 4.
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Figure 1. The TIR polarisation setup looking onto the sea and sky reflection on the sea.

1.1. Related work

Infrared polarisation measurements in a marine environment have been performed and reported previously by a number of
authors. One group of authors is from the Naval Postgraduate School in Monterey (CA). This group consists of Cooper,>®
Gregoris® and Walker.!® They all used a dual band camera (MWIR and LWIR) and a wire grid polariser. This polariser was
rotated manually, giving a delay of about 10 s between measurements. There was no correction for narcism. They claim that
for the MWIR polarisation the reflection dominates and that for the LWIR the emission dominates. Furthermore the measured
sky polarisation was low as well as the measured polarisation of the targets.

In a different approach, Iannarillil® used a hyper spectral polarimetric imager for ocean sensing (wave slope retrieval).

A group of FGAN-FOM, Germany reported on the measurements with an infrared polarisation filter in a marine environ-
ment.12 Their setup consists of a telescope and a continuously rotating polarisation filter. Images from an infrared camera (1.2
- 5.9 um) where recorded on tape. With the filter in vertical orientation, the number of hot spots due to sun glints in the waves
were reduced and targets could be more easily seen. They also measured polarised reflections from clouds.

Finally, Balfour! performed some initial measurements on infrared polarisation. A similar measurement setup was used as
described in this paper. Measurements were taken after sun set. The image clearly shows that the sea is polarised, whereas the

targets and the sky are less polarised.

1.2. Polarisation theory e
Under a number of assumptions,” the polarised radiation of a flat surface of a target irradiated by a black body source is easily
modelled. One of the assumptions is that the surface of this target (or background) is completely flat and specular for reflection.
This surface has a fixed temperature 7. Assume that a black body source with temperature T is irradiating on this surface-

The Linearly Polarised radiance LP is under this assumption (as well as a few others) given by”:

LP(T,, T 05) = 5abs[(6(65) = o(8:)) (s (To) = Iaa(T)]  [W/m?srl, O

with 6; the incidence angle and pp(6;), ps(0:) the reflection coefficients for respectively the polarisation parallel to the pla“é;,.:;
of incidence and perpendicular to the plane of incidence. The function Igg(T) is the radiance over the wavelength band of the -

camera and is calculated by integrating Planck’s equation.
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Equation 1 shows that if the reflected black body source has the same temperature as the reflecting surface, the linear
polarisation is zero. Furthermore, there is an angular dependency. For §; = 0 degree, both reflection coefficients are the same
and there will also be no linear polarisation. Radiation sources in the marine environment are the sun, clouds and the blue
sky. These sources do not exactly behave like black bodies, so this model may not be applicable. Nonetheless, this model
give insight into the phenomenon of infrared polarisation. The apparent sky temperature depends on the elevation angle of the
camera and the spectral wavelength band. This temperature ranges from the ambient temperature at ground level to less than
230 K at high elevations.

The radiance originating from a particular area of the surface passes through a polariser and subsequently via the optical
system onto the detector array of the camera. The detector of the camera delivers a signal proportional to the scene radiance.
This value depends on the orientation of the filter. For a given angle ¢ between the principal axis of the polarisation filter and
the horizontal axis, the measured scene radiance I, of a detector element of the camera is given by:

I.(p) = %C [ +Qcos(2¢) + Usin(2¢)]  [W/m2sr, 2)

where ¢ = 0 represents the situation that horizontal polarised radiation passes unattenuated through the linear polariser. The
constant C contains all the parameters of the optical system. The parameters I, () and U are three of the four Stokes parameters.?
I is the total radiation, @ is the horizontal or vertical polarised radiation and U is the diagonal polarised radiation. The fourth
Stokes parameter V' defines the circular polarisation and is not considered in the model and cannot be measured with a linear
polariser,

The above representation of polarisation defines the LP radiation LP and the polarisation angle w:

LP = /Q*+U?, 3

—;— arctan(U/Q), 4

w

with w the angle between the principal axis of the filter and the horizontal orientation. For a flat surface and a single radia-
tion source as is assumed in the model, only two different polarisation angles are found: one in which emission polarisation
dominates w = 90° (vertical polarisation) and one in which reflection polarisation dominates w = 0° (horizontal polarisation).

The radiance intensity as measured by the camera behind the polariser is given in Equation 2. With our polarisation setup,
described in Section 2, this radiance is measured over a full rotation of the filter in N frames. The Stokes-Miiller polarisation
parameters I, Q and U are estimated by:

i
I
&
—~

A
w
SN’

G = £ Lig)eos(ze))

N
- 4 -
U = N _S_ Ie(p;) sin(2¢;), ©)

with NV the number of frames (in this paper either 10 or 60), j the frame number and ¢j = %l the angle of the linear polariser
for frame j. The angle of the polariser has not been calibrated, 50 instead of directly using the Stokes parameter (), the estimated
linear polarisation LP is used, as defined by Equation 3.
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controller electronics. b) The motor controller multiplies the frame sync by a number as given by the processing computer.
This is input to the Phase Locked Loop (PLL), which drives the motor so that the angle pick up has the same frequency as the

multiplied frame sync. The angle pick up gives a pulse for every 3 degrees of rotation.

Figure 2. a) Infrared polarisation setup,

2. MEASUREMENT SETUP

tructed for infrared polarisation measurements. This setup consists of an infrared polariser,
r the infrared camera. The polariser is applicable to both the
troller is to rotate the polariser synchronously with the frame

A measurement setup is cons
motor to rotate the polariser, a motor controller and a mount fo

MWIR and LWIR wavelength bands. The task of the motor con
rate of the camera. This means that between two frame synchronisation pulses the filter is rotated over a fixed angle. This angle

is presettable between 6° and 60°. Radiation from the cooled detector array, the lens and the camera housing is partly reflected
by the polarisation filter. This phenomenon is called narcism and has been solved by measuring and compensating for these
reflections. A more thoroughly description of this measurement setup can be found in Cremer et al.”

Only three independent measurements are necessary for a full estimation of the Stokes linear polarisation parameters in
Equation 5. However taking more measurements reduces the error in the estimation. It also facilitates the evaluation of the
quality of the estimation. The Root Mean Square (RMS) o2 of the difference between the measured radiance as function of
the angle ¢; and the expected radiance in Equation 2 based on the estimated Stokes parameters I, Q and U from Equation 5is
given by:

1< 1/: = . 2
=5 21 (16(%) -3 (I + Q cos(2¢:) + Usin(2cp,—))) _ (6)
i=

If the model it of T, & and U is close, then the model error o is an estimation of the Gaussian pixel noise. However, there 2r¢

other changes in the image (for example due to movement of ta
be expected based on the pixel noise.

rgets) and this will cause to give a much higher error than can




Figure 3. The measurement location at Scheveningen beach.

3. MEASUREMENT CONDITIONS

All measurements were performed with the Radiance HS camera. This is a MWIR camera (3-5 pm). A 100 mm lens was
used to acquire the images. This lens and camera combination corresponds to a Field Of View (FOV) of 4.4°. The MWIR
camera has a focal plane array of 256 by 256 detectors. The instantaneous field of view for each detector was 0.3 mrad for this
100 mm lens and this camera. The f number of the optics is 2.3.

The air temperature at noon was 7° C and the sky was almost perfectly clear. The relative humidity was 87% and there was
a very mild wind from the east (less than 1 m/s). The viewing direction was looking west. The visibility over land was high,

4. ANALYSES AND DISCUSSION
4.1. Initial analyses
One set of polarised (and intensity) images are shown in Figure 5. In the radiance intensity image, the buoys and the ship are

casily detectable. This is due to the relative short distances and the clear weather conditions. Nonetheless, we will show what
Polarisation can contribute in this specific case, providing insight in how it can be applicable in other situations.

Inthe LP image, two of the buoys and the boat are clearly visible. This is in contrary to the literature! . This phenomenon is
¢Xplained later on. First consider the polarisation of the sea. The sea js polarised, though not completely. There are a few highly
Polarised patches visible. The foreground seems more polarised than the background (close to the horizon). In the intensity
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(b) TIR

(a) Visual

polarisation setup in the visual (a) and infrared (b). There are three buoys
11 as a small motor boat (number 4). In the visual image, this boat is sailing
the camera. In the visual image the rectangular area,

Figure 4. The field of view (FOV) of the MWIR
(number 1 through 3) in the FOV of the MWIR as we
to the right. In the TIR image the boat is sailing to the teft and away from
just right of the middle, the contrast is enhanced

a lower radiance than the background. Since it is expected that the water has roughly
ifferent sky reflection. Apparently the sky reflected in the foreground
in Figure 5 it is noted that the radiance intensity of the sky decreases
lose to the ambient temperature and the ambient temperature
evations the radiance intensity of the sky decreases, give
d from the sea surface. This difference in reflected and

image, it shows that the foreground has
the same temperature, this difference has to be caused by d
is colder than the sky reflected in the background. Indeed,
with elevation angle. The apparent temperature at the horizon is ¢
is coincidently close to the temperature of the sea water. For higher el
rise to larger difference in reflected sky radiance and radiance emitte
emitted radiance causes a larger linear polarisation.” ‘
The angle of polarisation is around 90 degrees for the sea in the foreground. This means that the angle of maximum
polarisation is vertical. This angle corresponds to a situation in which radiance due to emission of the sea surface is larger
than the radiance due to reflection of the sky.” The sky above the horizon is also polarised. In visual wavelength bands it is .
known that the sky is largely polarised when the viewing direction is perpendicular to the sun. The phenomenon of infrared
polarisation of the sky is analysed in more detail in Section 4.5. '
The targets (buoys and boat) also seem to be polarised. This was not expected. In Figure 5 can be seen that the estimated
model error is very high. A more detailed analyses of one pixel on the sea surface and one pixel on the boat is given in Figure 6.
The intensity of the pixel on the sea surface roughly has the shape of a cosine. There is some noise on each sample as can be
expected. However, the pixel on the boat does not have the shape of a cosine. Nonetheless, the resulting model fit is a cosine
with an amplitude larger than the amplitude of the pixel on the sea surface. i
ntensity of the pixel on the boat. This manifests itself in the larger
estimated error o2, The reason that the pixel on the boat shows such an erratic behaviour is twofold. First of all, the ship is
moving, and hence during the time of 1 second the intensity changes. Secondly, the rotating filter introduces a shift of the
complete image, possibly due to an erroneous wedge effect.}! Though this effect only introduces a shift of an amplitude of

about 1 pixel, it is enough for pixels on the boat to wi arisation

It is clear that the cosine fit does not match with the i

Idly vary in intensity. It is not possible to reliably analyse the pol i
of the targets, until a correction of movement (both the filter and the target) is made. = !
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Figure 5. One set of images. The radiance intensity image [ is given in a). The LP radiation LPis given in b), the angle of
polarisation ¢ is given in c) and an estimation of the model error is given in d).
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Figure 7. The average radiance intensity and the LP radiance as function of the elevation angle (0 degree is the horizon and
positive is above the horizon). The 60 images in each sequence were taken with and without polarisation filter.

4.2. Influence of polarisation filter

Two similar sequences were acquired with and without polarisation filter. This has been performed to verify that the apparent
polarisation of the sea is not caused by some other artifacts (for instance movement of the waves, see Section 4.3). In Figure 7
the radiance intensity and the LP radiance are shown for a sequence with and without the filter. The behaviour at the horizon
of the radiance is quite similar. However, the radiance of the sea as measured without the filter is higher than when the filter i
used. .
For the sky we see that this difference is just opposite. The LP radiance, calculated in the same way for both sequences: is
much lower when measured without the filter than as measured with the filter. This shows that the filter is working. Movement
of waves (which have a period related to the rotation of the filter) causes some 'LP’ radiance in the sequence measured withou!
the filter, i"or the sky this LP radiance is almoest zero when measured without the filter, confirming that the apparent LP radianc®
of the sea, only exists due to movemant of the waves.
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Figure 8. The average LP radiance and the model error as function of the elevation angle (O degree is the horizon and positive

is above the horizon). The 10 images were acquired with a rotation speed of 6 rotations per second and the 60 images were
acquired at a rotation speed of 1 rotation per second.

4.3. Influence of acquisition speed

» there is some
uence to be expected of the acquisition time. The polarisation setup has an adjustable speed. At the Jowest speed it rotates

at I rotation per second (rps) and at high speed it rotates at 6 rps. The integration time is much lower (1 ms) compared to the
frame sync (16.7 ms). So the blur due to rotation of the filter during the integration time is smalil.

In Figure 8 the influence of the rotation speed is shown. Two curves arc given: the LP radiance and the model error. The
LP radiance is quite similar for both rotation speeds. However, the model error is considerable lower for ] 1ps. The sharp peak
at 0 degrees elevation (the horizon) is caused by induced movement of the filter, which is not corrected for.

4.4. Temporal variations

as well as the position of the sun and clouds. To analyse the reproducibility. four measurements of the same scene were acquired

in almost 2.5 hours, The average radiance as well as the LP radiance for these four measurements are shown in Figure 9.

The LP radiance shows a dependency with time. The average polarisation of the sea increases with time. This increase is
more apparent for the sky (elevation above 0 degree). Most likely this is caused by the different sun position, see Section 4.5,
The increase in the average polarisation of the sea probably is caused by an increase of the air temperature.

4.5. Infrared Polarisation of the sky

In Section 4.1 we already noticed that the sky above the horizon is polarised. Between 13:09 and 13:24 four sequences of the
sky polarisation were recorded in different directions with respect to the direction of the sun. The horizon is identified in these
images. The intensity and the LP radiance Wwas averaged over the lines above the horizon. In Figure 10 the intensity and the LP
fadiation as function of the elevation angle (above the horizon) are shown.

In this figure, both the radiance intensity as well as the LP radiance decreases with elevation. As mentioned before, for
Visual Wavelengths, the maximum polarisation of the sky is found 90 degrees away from the sun (looking perpendicular to the
Sun direction).2 However in Figure 10, the maximum polarisation is found at an azimuth of 45 degrees, which is more towards
the sun, which implies that the actual angle is slightly higher than 45 degrec tdue 1o the elevation of the sun).

For flat surfaces, the amount of LP radiance depends on the radiance difference between source (the sun) and target (the

» See Equation 1. For visual wavelengths the radiance from the farzet - neghgible, and thus the maximum, pelansation is

sky
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found for the Brewster an gle. Due to the emission, the angle of maximum polarisatjon shifts away from the normal for infrared
wavelength bands.”

However, the sky is not a flat surface and has to be considered as inhomogeneous substance radiating partly by the consti-
tuting molecules and partly by their scatterin g. The Degree of Linear Polarisation DoL P(6) of the sky as function of the angle
6 between the observation direction and the position of the sun is given by?

<« 9
sin“ @

LolRE) = 1+ cos?6

@)
This function has a maximum for 6 = 90 degree. This equation is only valid for scattering of monochromatic light on particles
that are small compared to the wavelength (also known as Rayleigh scattering). This equation does not take into account the
emission from these particles and thus only considers reflection on these particies.

Figure 10, the radiance intensity is much larger for 45 degree than for the others, so the degree of polarisation for this angle is
possibly lower than for 90 degree.

5. CONCLUSIONS

In this paper we have shown a measurement setup that is used for infrared polarisation measurements in a marine environment.
We have excluded the supposition that the apparent LP radiance is due to the movement of the waves; their impact is low
compared to the polarisation effect.

For these particular measurements there is little difference between slow and fast rotation of the polarisation filter. This is
likely caused by the very moderate wind, giving a nearly flat sea surface.

In correspondence with the literature the sea surface appeared polarised. The polarisation angle is vertical, so the emission
from the sea surface dominates the reflection of the blue sky. This supposition is supported by the clear blue sky, which is much
colder than the sea water, The decrease of polarisation towards the horizon also is an indication for this. Towards the horizon,
the sources that reflect on the sea surface have a temperature closer to the Sea water temperature than the sources reflecting (the
blue sky) under steeper angles,

Due to induced movements by the filter as well as movement of the targets, it was not possible to reliably measure the
polarisation of the targets. With our current processing the targets appear to be significantly linearly polarised, but also the
model error is large.
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