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Imaging through haze using multispectral polarization imaging

method
M. EL KETARA® and S. Breugnot?
*Bossa Nova Technologies, 11922 Jefferson Blvd., Culver city, CA 90230, USA

ABSTRACT

In almost every practical scenario the light reflected from a surface is scattered in the atmosphere before it reaches a
sensor. While this effect can be a little annoying for the amateur photograph trying to take a picture, it can have
disastrous consequences for unmanned autonomous vehicle navigating through fog for instance.

By employing an innovative method based on a clever combination of spectral bands and polarization analysis, coupled
with advanced image processing techniques, significant improvements have been achieved on fog obscurant using the
existing passive full Stokes polarization imaging camera for visible light “SALSA” (developed by Bossa Nova
Technologies).

Keywords: polarization, passive imaging, Full Stokes, dehazing, Computer vision, Image recovery, Scattering, Fog.

1. INTRODUCTION

In this paper, we will present a passive electric-optical imaging system design for imaging through haze particle. This
system employs jointly optimized multi-modal image acquisition and processing methods in order to increase the
operational range (the distance between the sensor and the object/scene of interest) compared to traditional, single-mode
image acquisition in the presence of obscurants. To achieve a substantial gain in image quality, a multi-modal hardware
solution combined with coordinated processing techniques was used.
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Figure 1: Schematic representation of the interaction of light on clear day

During a clear day, an imaging system can collect principally two light components (Figure 1):
Idetect (X' Y }\1 9, (P) = IObject (X' Y 7\; 6, (P) + Eobject (X, Y 7\1 9, (\0) (1)

- aetect (x, Y, A, 0, @) the light impinging on the camera

- lopject (x, Y, A, 6, @) the light from the sun reflected by the object towards the camera direction
- Eobject (x, Y, A, 8, 0) the light emitted/radiated spontaneously by the target object

- (x,y) the pixel coordinates of the scene,

- Athe wavelength of light observed using the camera,

- (6, o) the angles in spherical coordinates of light illumination
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During a foggy day, small liquid droplets present in the air scatter the light in the atmosphere. As a result, visible light
coming from the observed object is attenuated and the image observed is blurred. The ambient light path is also modified
by those haze particles: atmospheric light scattered by the obscurant medium combines with reflected light from the
target objet causing a decrease in image contrast as well as color degradation (Figure 2).
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Figure 2: Schematic representation of the interaction of light with haze particle during imaging
The radiative transfer equation for the intensity of light measured on the detector can be expressed as:

Idetect (X, Y, 1,0, .tz r) = Iscat [object] (x, Y, A0, .tz T') + Iscat [particles] (X, Y 1,0, .tz T) (2)
+ Eobject (x,y,4,0,0,t,2,1) + Eparticles (X, Y, A, 9' P, t,z, T‘)
With
- Iscat [object; the light coming from the object illuminated by a natural light source Iopjec: Which travels through the
medium and is scattered by haze particles during its path towards the camera
- Iscar pparticies) the backscattered light also called airlight [1, 2]: the light coming from the illumination source,
scattered by the medium and going directly to the camera
- Eopject the light emitted/radiated by the target object [3]
- Eparticle the light emitted/radiated by the haze particles located between the object and the sensor
- (t, z, r) are the scattering medium characteristics: respectively the medium transmission, the haze depth and the
particle size.

In most cases, the light spontaneously emitted by the observed object and by the haze particles is the result of thermal
radiations. For this type of objects, the peak radiation is mostly in the far infrared ~ 9um. With these considerations,
Equation (2) can be simplified for the visible [400-700nm] to the following expression:

Idetect (x' iz /1' 0' ?, t,z, T) = Iscat [object] (x: iz /1: 9: ®, t,z, T') + Iscat [particles] (x: Y /1: 9' ?, t,z, T) (3)

1.2 Light scattering models

As discussed previously, the presence of haze particle introduces an undesired parameter s particies)- 1 NiS cOmponent
appears due to the interaction between light and haze particles: when light interacts with matter, the electromagnetic
field is modified and the photons can be reradiated (scattered) by the particle towards the direction of the camera.

This interaction can be classified in two categories: elastic and inelastic {the elastic scattering, in contrast to the inelastic
scattering, is a process in which the kinetic energy of the light is conserved}. The elastic scattering, which is detailed in
this study, is the predominant effect in scattering (approximately only 1 out of 10’ photons scattered is not scattered
elastically) [3]. The elastic scattering effects can be described in the general case using the Mie theory.

In fog, the ambient medium is air with a permeability of 1.25663753x10°° H/m and the haze particle is principally
composed of water with a permeability of 1.256627x10 ¢ H/m [4]. Thus, we can in first approximation consider that the
ratio of magnetic permeability is equal to 1. Under that approximation, only three parameters are necessary to determine
completely the scattered light field lscat partictes):
- The size of the haze particle: r = D/2.
- The complex index of refraction of the haze particle: m(X) = n + ik with n as defined by the International
Association for the Properties of Water and Steam [5] and the imaginary components as defined by Bertie, J.E.
and Lan, Z [6].
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- The electric field of the incident light. The light coming directly from the sun is un-polarized. In other words, it
is combination of arbitrary polarized light with arbitrary phase (stochastic distribution of polarization). Monte-
Carlo simulation was used to simulate the light distribution: hundreds of electric fields with completely
arbitrary incident p impinging on the haze particle have been simulated to generate the data provided.

1.3 Simulation results

Using the Mie model and the parameters described above, the light scattered is studied through:

- The reduced scattering coefficient which corresponds to the number of scatter event N observed during the
propagation through a homogeneous scattering medium with a thickness d.

- The polarization signature of the scattered light through the evolution of the normalized Stokes vector (s;, S,
s3) depending on the angle of scattering.

As we can observe the light scattered intensity (lsca particies)) has a complex polarization signature (Figure 3) which
depends on different parameters such as the angle of scattering (angle between the initial and final directions of light
propagating through the scattering particle), the wavelength - particle size dependency (Figure 4).

The acquisition system presented hereafter is thus based on a multispectral polarization imaging system.
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Figure 3: Evolution of the polarization intensity through the normalized Stokes vector (sy, S, and s;) after interaction with haze
particle (r=0.1um) relatively to the angle of scattering at 2 =1500nm.
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Figure 4: Evolution of the reduced scattering coefficient with the wavelength from visible to Short Wave Infrared (SWIR) for
various particle size r

2. MULTISPECTRAL POLARIZATION IMAGING SYSTEM

The multispectral polarization imaging solution proposed is a complete dehazing method based on three consecutive
steps that will take advantages of the information discussed in the previous section:

e  Two acquisition steps (a spectral selection and a polarization modulation) to acquire the image with as few haze
effects as possible.

® One post processing step on the image to complete image dehazing

2.1 First step: Spectral selection [acquisition]

The scattering effect depends highly on the wavelength considered (see section 1.3). For this reason, a spectral selection
is used to minimize haze effect. This technique consists in observing the same scene with various spectral filters and
selecting the filter for the image acquisition where the haze effect is less present (Iscat [particles; Minimized) and the
signal of interest is the strongest (I,pjecc Maximized).

2.2 Second step: Polarization modulation [acquisition]

In most cases the object observed does not feature the same polarization signature as the light scattered. Therefore,
polarization imaging capabilities can be a very efficient tool to isolate and reject the light contribution due to the haze
particles. Isolating that part is the first step to then attenuate it, and in some cases completely remove the blurring effect
on the image. But in order to do so, it is necessary to know precisely the polarization properties of the light reflected by
the object directly toward the camera. The general assumption made is that light directly reflected by the object is not
polarized. This approximation is valid for objects with diffusive surface. It is mainly not valid for objects featuring
specular, highly reflective surfaces.
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However, for an object far enough (Bz > 0.2 with B coefficient of extinction due to scattering and absorption and z the
distance between observer and object) [2], this general assumption becomes valid, even for specular surfaces (see Figure
11 for experimental validation): the light reflected by an object far enough can be considered un-polarized.

The dehazing method becomes easy to understand by looking back at Equation (3). This equation can be rewritten:

unpol (4)

_ . pol
lgetect = Iscat [object] +1 scat [particles] +1 scat [particles]

The light detected is the superimposition of;

Iscat [object] » UNpolarized. This is what we need to isolate.

= Iscat pparticles], Partially polarized. This is the contribution due to the obscurant particles, which need to be
minimized. It can be decomposed as I © and | “mpot wich are respectively the component of

scat [particles] scat [particles]

the scattered light completely and not polarized.

In order to minimize the second term of Equation (4), three different techniques based on polarization imaging were
explored and compared:

+¢ Using a linear polarizer

A linear polarizer filter is placed on the light’s pathway and its axis orientation is adjusted in order to cut part of the
polarized light coming from the haze particles scattering. Although attractive because of its simplicity, this common
technique only produces limited results since light scattered is purely linearly polarized only in rare configuration
(see Figure 3).

+¢+ Degree of polarization technique (DOP)

Since the assumption made is that the light coming from the target is un-polarized, one method consists of
removing all the polarized part of the light. By using a polarization camera, we can extract the DOLP and thus
separate the image into its totally polarized part and un-polarized part. The totally polarized part can be excluded to
recover only the light coming from the target. The limitation of this approach is that this technique removes only the

polarized component 1°% [particles) @1 NOt the non-polarized component I:(:lzimpartlcles] of the light scattered

Iscat [particles] (Cf- Eq-(4) )

«* Extended Degree Of Polarization Extracting Technique (EDOPET)

This technique is an extension of the previous method. The polarized part of the scattered light Iﬁ’fét [partictes] 1S

measured with the DOP technique. Making the assumption that the scattering angles (the angle between the light
source impinging on the haze particle and the line of sight) and the nature of the particles are invariant within the

scene observed, the un-polarized/polarized parts of the light scattered ratio 1 5em . icies/! beat particies) BY the

obscurant remains constant: the only variations observed within the scene are due to the difference of fog density
between the scene and the observer. We can use at this point a similar methodology as the Dark Channel Prior
Technique [7] for post processing and adapt it for polarization to measure this polarization ratio on a known point,
where only airlight is present, such as clear sky for instance (where DOP will be theoretically the highest).

2.3 Third step: Post processing

Once images have been acquired at a specific wavelength(s) and polarization imaging techniques have been applied, the
last step is to apply well-known image processing tools.

The model widely used for post-processing techniques to describe hazed images is [7, 8, 9, 10]:
Lgetect (x,¥) =J(x, Y)t(x,y) + V(x,y) ®)

With lgeeet the intensity detected by the camera, J the scene radiance, t the medium transmission, and V(x,y) = A(1 —
t(x,y)) the atmospheric veil where A is the global atmospheric light, and (x, y) is the pixels coordinates of the scene.
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The problem with this model is that it is a dependent system of equation: there are three unknown parameters for only
one equation (infinity of possible solutions). Thus, in order to solve this problem, some additional physical constraints
need to be applied.

The main assumption used is to consider that the atmospheric veil (and consequently the transmission map) has no
specific edges or textures.

So, to estimate the haze layer or atmospheric veil from the hazy image, a low pass filter is applied to the image. The
equation system is composed of two independents equations with three independent unknown parameters:

[detect(x’y) :](x:Y)t(x:Y) + V(x! }’)

LOWPaSS(Idetect (x, }’)) =V(x,y) ©

Then, in order to fully solve the problem, the general technique involves determining the airlight parameter A by
measuring it in areas where it is perfectly known such as sky where:

Lyetect (xsky' ysky) =4 (7)

This way, the transmission map can be recovered (and from that the intensity of the dehazed image). However the
transmittance map recovered suffers from the strong assumptions made which are not perfectly verified on the whole
image or for all geometrical configurations of objects in the scene. Thus, additional filters are generally used to smooth
the obtained transmittance. The basic principle is summarized in Figure 5.
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Figure 5: Basic architecture of post-processing techniques to recover an image dehazed from a raw image

In this paper, the post-processing used was limited to the dark channel prior (DCP) technique [7] which presents a
combination of relatively good efficiency and computational speed [11].
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3. TESTING ENVIRONMENTS AND PERFORMANCE METRICS

In order to evaluate and validate the dehazing system proposed, two completely different environments have been tested:
a fully controlled lab-setup (in order to validate the methodology and the concept) and a non-controlled environment (in
order to validate the performances in real condition).

3.1 Fully controlled lab-setup

The fully controlled experimental testing setup is composed of a transparent tank, a scattering medium, an illumination,
a target and the Salsa Full Stokes polarimetric camera (see Figure 6a).

Targets

Figure 6: a) Experimental testing setup and b) focus on the rotation stage for the illumination with some of the configurations
available for the illumination presented in red shape.

In order to mimic fog behavior, many different techniques can be employed: a fog machine, a solution of milk and water,
a fog effect glass filter... For this paper, a milk and water solution was used: it presents the advantage of being under
control (particle size and concentration known) and having some degree of freedom (modification of “fog” concentration
easy). To mimic haze particle of 0.04-0.3nm behavior low fat milk [12, 13] - where only casein (~ 0.04-0.3 um) is
present - was used instead of whole milk (2.7% of casein and 3.4% of fat globule) [12, 14]. Three different volume
percentage of milk were used: 0.013, 0.009 and 0.007%.

To mimic the sunlight, a non-polarized diffuse white light illumination was used. The illumination can provide white
light or bandpass red, green or blue light and can be submerge during the water experiments

The illumination is placed on a rotating stage (Figure 6b) to adjust the angle defined by the illumination, the object and
the camera without changing the target-camera distance.

The polarization camera used for this experiment was the Salsa Full Stokes camera from Bossa Nova Technologies
calibrated for red, green and blue bandpass filters (for laboratory experiments) and laser line filters at 400, 450, 500, 600,
650nm with FWHM=10nm (for outdoors experiments). This system presents the unique advantage of providing easily
and in real time all the polarized light information through the 4 Stokes parameters (S, S, S, Ss) [15, 16, 17].

Light reflected by objects can be polarized or not depending on its surface [18]. However, as we have discussed in
Multispectral polarization imaging system section, when the object is far enough, the light emanating from scene objects
has no significant polarization contribution to the measured polarization. To test and verify this hypothesis, two objects
were used during the laboratory experiments: a diffusive surface (square spectralon) and a specular surface (toy car).

Two different experimental configurations have been considered (Figure 7).
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Figure 7: The two different configurations used during the experiments. In configuration 1, the angle a can be adjusted from 40 to
90deg. In configuration 2, the angle is fixed.

In the first configuration, the angle o defined by the illumination, the target and the camera can be adjusted while in the
second the angle defined by the illumination, the target and the camera is fixed to 45deg..

Those two configurations and several milk concentrations allow mimicking natural behavior of fog in various
conditions.

3.2 Non-controlled environment

For this setup, we considered an outdoor environment. The scene selected was the shore of Santa Monica, CA. It was
observed from Manhattan Beach, CA (Figure 8).
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Figure 8: Image of the scene observed for on field experiments (Santa Monica) and map of the distance between the observation
point (Manhattan Beach) and the scene (Santa Monica)

3.3 Performance metrics

Two types of techniques can be implemented in order to evaluate dehazing performances: qualitative and quantitative
methods.
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Qualitative methods are generally based on collection of human perception on the dehazing effect of a method compared
to another one [19]. Thus, the dehazing method efficiency can be determined without a strong knowledge of the dehazed
scene. However, this technique has many limitations:

- Quality depends on the observer perception

- Dehazing method efficient for human perception will not be automatically the best one for automatic detection
algorithm (like using algorithm for water detection is not usually the best for metal detection)

- Absence of unequivocal discrete scale on the dehazing efficiency

On the contrary, quantitative methods could not have those issues. But the main limitation is that they generally are
quantitative relative method (require information on the dehazed scene) such as contrast ratio measurement, peak signal
to noise ratio, mean square error. However, some quantitative techniques are absolute (no reference image needed) such
as instance computational time evaluation or edge measurement. Some of these techniques have been used in the results
presented hereafter for a fog algorithm assessment and/or a dehazing quality measurement.

4. RESULTS ON LABORATORY ENVIRONMENT

In this section we will present some of the results obtained with the polarimetric camera operating in the visible
spectrum, using the laboratory system presented in section 3.1 and our dehazing method (cf. section 2)

4.1 Spectral selection results

The diffusive and specular targets are observed under three different illuminations (red, green and blue) and three
different concentrations of scattered particles (Figure 9).
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Figure 9: Evolution of the visibility depending on the wavelength and the milk volume percentage in the configuration 2 (see
Figure 7)

In this figure, the advantage of using a spectral selection during the acquisition is clear. It can be observed that the best
configuration to clearly identify the object is obtained for a low concentration of milk (as expected) and a higher
wavelength (red). The size of the scattering particles in the experiments ranging from 0.04 to 0.3um, those results are in
agreement with the result obtained using the Mie theory (see Figure 4).
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4.2 Polarization modulation

Two techniques are presented here: the linear polarizer technique and the extended degree of polarization extraction
technique (EDOPET) presented in section 2.2.

4.2.1 Linear polarizer results

The light intensity image obtained through a perfect linear polarizer which axis lies at an angle ¢ with respect to a
horizontal plane is given by the relation:

(sgetect (x,5, 1) + cos(2¢) s(lietect (%3, 1) + sin(2¢) sgetect (x,, }.)) (8)
2

sholar (x,y,4, @) =

The SALSA polarization camera measuring all the Stokes parameters (Sg¢'s%), it is possible to simulate the effect a
perfect linear polarizer would have had on the image acquired.

The light coming from the target being un-polarized, the polarizer’s orientation angle ¢ that will give the minimum
intensity  Sopolar COrresponds to the most efficient dehazing. Figure 10 shows the evolution of the light intensity
averaged over a Region Of Interest (drawn on the diffusive target) that would be measured after a linear polarizer for
three different positions of the light source (angle ) and for various angle ¢ {cf. Eq.(8)}

ot (configl: a = 40°) l,o¢ (configl: o =60°) It (configl: a = 80°)
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Figure 10: On top: Image of the diffusive target obtained with blue illumination and 0.007% of milk volume concentration. The
red rectangle represents the region of interest (ROI) used to measure the intensities values. Bottom: Evolution of intensities in the
ROI that would be obtained if a polarizer at an angle ¢ was placed in front of a simple camera (red line) normalized by the total
intensity acquired with a simple camera ( ly).
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A modulation of the light intensity (amplitude up to 5%) is observed when the polarizer’s orientation is modified and the
light intensity minimums are obtained for different polarizer’s orientations ¢ in each case.

Red illumination (o = 80°) Green illumination (o = 80°) Blue illumination (o = 80°)
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Figure 11: Evolution of intensities that would be obtained if a polarizer at an angle ¢ was placed in front of a regular
camera (plotted lines on the charts) for different region of interest and different illuminations. The 3 rectangles

represent the ROIs used to measure the intensities values. The volume concentration of milk in this experiment is
0.007%.

We can also note in Figure 11 above that the intensity detected is highly dependent of the part of the scene observed
(which can easily be understood since they depend on the object radiance observed and/or the transmittance of
incoherent light through fog) but the modulation remain the same (best and worst polarizations are found for the same
polarizer angle). This is consistent with the approximation made at the beginning that light polarization is coming only
from the light scattered by particle.

Consequently, this method and our adaptive Full Stokes polarization imaging solution was able to search in real time the
optimal combination of polarization on each case and reduce by up to 5% the contribution of the haze particles on this
test.

4.2.2 EDOPET technique

To demonstrate the dehazing efficiency of this method, an image of the diffusive target was acquired when no scattering
medium was present (clear atmosphere) and then again when the scattering particles medium was added into the
aquarium (foggy environment).
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Then, two of the polarization dehazing techniques presented earlier were applied on the image to determine how the
contrast between the target’s edges and the background evolved.

Reference image without haze

Image with haze

Dehazing with one polarizer

Dehazing with extended DOP

1 K L A
0.9 08r 0.9 0.9
0.8 08 0.8 0.8
0.7 0.7 0.7 0.7
A 4
06 0.6
0.6 i} CR = 1.6 0.6 WV
3 a -7 -1
—Eo0s :‘:05- —Eos5 CR=1.7 :Egs
0.4F 0.4
0.4 0.4 W
03 03f 0.3 03 CR = 3.1
0.2 1 0.2r 0.2 0.2
/
01f_ W 1 0.aF 0.1 0.1
,LCR=122 : | ,
) 0 500 1000 0 500 100C 1 0 500 1000 0 500 1000
x (pixels) X (pixels) x (pixels) X (pixels)

Figure 12: Top: Evolution of intensities detected before and after polarization dehazing processing for a 0.007% milk volume

concentration and green illumination in configuration 2 (see Figure 7). The first image serves as a reference when there is no

scattering particle present. Bottom: Evolution of the normalized intensities values along the red dashed lines on the top of the
figure

On the top row of Figure 12, we can observe qualitatively that the image dehazed with extended DOP extraction
technique provide a much better contrast than the image with haze or the image dehazed with one polarizer.

In order to evaluate this improvement quantitatively, the evolution of the intensity along a line crossing areas where
there is both target presence and only “atmospheric veil” is measured. This allows to define a contrast ratio (CR)
between the highest intensity observed (measured on the target) and the lowest one (measured where there is no target).
We measure the same contrast ratio on the image without haze in order to have the reference of the image that should be
obtained with complete dehazing. In this experiment, the presence of haze reduces the contrast ratio by a factor 8 (Figure
12, between images 1 and 2).

Using the linear polarizer technique presented earlier does not increase drastically the contrast ratio (Figure 12, between
images 2 and 3). EDOPET gives much better results (Figure 12, between images 3 and 4): the contrast ratio is improved
and no noise is added to the image (contrast ratio between the image dehazed and the regular image is increased by a
factor 2 on this experiment).

4.3 Image processing

On Figure 13, the results of the application of the DCP (dark channel prior) technique [7] on the image dehazed with
EDOPET are provided. This post-processing technique allows here to increase the contrast ratio by a factor 3 compared
to the haze image.
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Figure 13: Evaluation of the image processing dehazing efficiency on the image dehazed with EDOPET. Same
experimental conditions as Figure 12

Extended DOP dehazing + image processing

Extended DOP dehazing

ehazing improvement

One polarizer dehazing

Contrast ratio

Figure 14: Contrast ratio enhancement on the results provides in Figure 12 and Figure 13. The dash line represents the
contrast ratio measured without haze.

However, we can note that even if this image has a higher contrast ratio than the image dehazed with EDOPET (Figure
14), it is noisier than expected (compared to the reference image without haze). Thus, a fog assessment method based on
quantitative evaluation (such as gradient ratioing method [20]) to determine when it is judicious to use each technique is
necessary.
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5. RESULTS IN A NON-CONTROLLED ENVIRONMENT

In this section we report on the results obtained during the outdoor experiments described in section 8.

5.1 Spectral selection results

The same static scene was observed through different spectral filter using the polarimetric camera. The results are
displayed in Figure 15 a).
b)

a ) Image 400nm Visible edges in the original image 400nm: 103

Image 450nm

Visible edges in the original image 450nm: 3980

Image 550nm

Image 650nm

Figure 15: a) Intensity of the same scene under the same climatic conditions but observed through different spectral filter and b)
Image and number of edges visible on the ROI (red rectangle) in the intensity image using gradient ratioing method [20]

In this experience (Figure 15a) the haze effect is less important on higher wavelength (650nm) than on low wavelength
(400nm).

In order to evaluate this effect without scene knowledge, edge detector tool [20] have been used to assess the images
dehazing quality (Figure 15b). When haze is present, the contrast on the image is reduced. Thus, if the image is
segmented (following the definition of the meteorological visibility distance proposed by CIE {the International
Commission on Illumination} in 1987) the number of edges detected gives a good metric to evaluate the haze effect:
high number of visible edge means more contrast so, less haze effect. Quantitatively, we can observe that spectral
selection increases by 231 times the number of edge visible (Figure 16).
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Figure 16: Evolution of the number of visible edges detected on the experiment displays in Figure 15

5.2 Polarization modulation

On the best image obtained with the spectral selection (visible camera at 650nm), the DOP techniques described on
section 2.2 provides the following results (Figure 17).

Non polarized intensity
255 55
25

0-
i0

Polarized component of the total
intensity

Total intensity

Figure 17: Image obtained at 650nm (Figure 15) dehazed by using the polarization imaging technique. The image dehazed
corresponds to the non-polarized intensity
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This method further increases the quality of the image. Using the same evaluation technique based on the visible edges
detected [20], the number of edges recovered after this polarization modulation step increased by 113% compared to
using only the spectral selection.

5.3 Image processing

On the best image obtained after the two acquisition steps (spectral selection and polarization modulation), the Dark
Channel Prior (DCP) image processing tool was applied (Figure 25).

Image at 650nm with DOP
dehazing

Image after post-processing

Figure 18: Best image obtained with spectral selection and polarization modulation technique with and without image dehazing. The
last row is a zoom on the ROI area (red rectangle)

By using this technique, the number of edges recovered is increased by 3 compared to using only the acquisition
optimization steps.

6. CONCLUSION

A successful demonstration has been made that a dehazing effect can be obtained by efficiently combining (Figure 19):
spectral selection, polarization modulation and image processing.

# of edges: 103 23,132 26,063 77,770

Spectral Polarization

- selection modulation processing

Figure 19: Decomposition of image dehazing processing
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As it can be seen above, the two acquisition steps (spectral selection and polarization modulation) significantly increased
the quality of the image acquired. Then, the post-processing has been efficient to complete the dehazing process.

# of edges: 103 77,770
f

Our dehazing

Only Image

processing

Figure 20: Comparison of the image obtained after our method and the one obtained using only image processing

This three step technique has permitted to notably increase the operational range of the imaging system technology
compared to conventional method (Figure 20). This has been quantified through the contrast of the scene: the number of
edges detected has been increased 755 times compared to the same raw image acquired at 400nm (Figure 20). It is an
amelioration by a factor 5.5 compared to using only post-processing techniques.

The efficiency of the combined results of our unique multispectral polarization imaging system and additional post-
processing to increase drastically the image quality of outdoor scene in visible light has been successfully demonstrated.
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