Polarimetric 3D imaging in degraded environments
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Abstract

We investigate the performance of two-dimensional (2D) and three-dimensional (3D) polarimetric imaging in low
illumination conditions and under partial occlusion using both visible range and long wave infrared (LWIR) range
imaging sensors. Polarimetric imaging is an important imaging strategy within the fields of object visualization, object
recognition, materials inspection, and materials classification. While relying on the light reflected from objects under
study, polarimetric imaging can become challenging in degraded environments such as low illumination conditions
or in the presence of partial occlusions. 3D integral imaging (Inlm) is one prominent technique for improving scene
visualization under such degraded conditions by using multiple perspectives of 2D elemental images of the scene to
reconstruct the 3D image of the scene. This allows depth information to be extracted and improves the performance
of low light image reconstruction due to being optimal in the maximum likelihood sense. Together, 3D polarimetric
InIm can measure 3D polarimetric information of objects in photon-starved conditions and improve the performance
of polarimetric imaging over conventional 2D techniques. Moreover, reconstructed 3D integral image at a particular
depth or range under extremely low light environments may provide higher signal to noise ratio (SNR) as compared
to the 2D images. In this paper, we present new data on the performance of visible range camera and long wave
infrared (LWIR) imaging systems in the extraction of polarimetric information of objects in photon starved conditions.
The polarimetric information of the object can be extracted from the Stokes parameters and degree of linear
polarization (DoLP). The Stokes polarization parameters is measured using rotating polarizer in front of an image
sensor and applied for the calculation of DoLP image of scene. An LWIR wire grid polarizer and a linear polarizer is
used as the polarimetric objects in adverse environmental conditions for LWIR range and visible range imaging
systems, respectively. Since the number of photons per pixel is very low in case of the visible range sensing system,
the total variation (TV) denoising algorithm and mathematical restoration model are applied to the visible DoLP
images to enhance the visualization. The mathematical model for signal restoration and TV denoising algorithm is not
applied in case of the LWIR imaging system because enough thermal photons is present in the scene. A quantitative
comparison on the performance of imaging systems in the extraction of polarimetric information for the object under
adverse environmental conditions including low light conditions in terms of SNR is presented in this paper. The
quantitative results demonstrate the effectiveness of the chosen preprocessing methods for visible range sensing and
show overall better performance by the 3D integral imaging visible range sensing system in comparison to the LWIR
imaging system. Finally, we compare the theoretical probability density function for the visible 2D and 3D DoLP
images to the experimental histogram of visible 2D and 3D DoLP images. The result shows the strong similarity
between the theoretically derived distributions and the probability distribution functions found through experimental
measurements. These results demonstrate significantly better performance in visible range sensing for polarimetric
3D integral imaging over conventional 2D imaging in degraded environments.

Copyright © 2021 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) — www.amostech.com



1. Introduction

Polarimetric imaging is a technique that involves the measurement of polarimetric signature of reflected light from
the object surface which contains the additional information of objects other than its intensity [1, 2]. Polarimetric
signature of light reflected from an object surface can be used in target recognition, material inspection and material
classification [3-5]. While depend on the light reflected from objects, the quality of polarimetric imaging suffers from
noise in low light condition due to low signal to noise ratio and limited photons. Three-dimensional integral imaging
can be used to improve the signal to noise ratio in low light conditions [6-8]. Polarization imaging with three-
dimensional (3D) integral imaging has been reported for object visualization in low light illumination conditions [9-
11]. Integral imaging is a three-dimensional imaging technique that records the multiple 2D images from different
perspectives of 3D scene using a camera array, lenslet array or a single moving camera and reconstruct the 3D
images computationally using these 2D images [12-20]. The advantage of 3D InIm is that it allows the depth
information of 3D scene and improve the performance of low light imaging task. In addition, 3D Inlm has the ability
to reconstruct the objects behind occlusions [8].

In this paper, passive polarimetric information of 3D scene is extracted using 3D Inlm in degraded environments of
low light and under occlusion in visible and LWIR range. This paper is the extension of the work presented in [11].
In this paper, we have additionally considered the effect of occlusion in the scene under low light illumination and
provided experiments and analysis accordingly. The polarimetric information of 3D scene is extracted by calculating
nonlinear operator the degree of linear polarization (DoLP) using Stokes parameters. The captured images in low light
conditions using visible sensor are significantly degraded by read noise, it becomes challenging to extract the
polarimetric information in low light conditions using visible camera. In order to improve the visualization of visible
polarimetric imaging in photon starved conditions, a mathematical restoration model [21] and total variation denoising
[22] are applied. The mathematical model for signal restoration and TV denoising algorithm are not applied in case
of the LWIR imaging system because enough thermal photons is present in the scene. Finally, the performance of
polarimetric imaging in visible and LWIR range is compared in terms of SNR. The quantitative analysis of passive
polarimetric integral imaging indicates that the performance of 3D integral imaging outperforms the conventional 2D
imaging in degraded environments and the visible range imaging system produces higher SNR than the LWIR imaging
system. Furthermore, the theoretical statistical distribution function of 2D DoLP and 3D DoLP is compared to the
experimental histogram of 2D and 3D DoLP images in low light conditions. The theoretical probability density
function (PDF) of 2D DoLP and 3D DoLP shows strong similarity to the experimental PDF of 2D DoLP and 3D
DoLP images in low light conditions.

2. Polarimetric imaging

Polarization of light is characterized by the relationship between temporal average of magnitude and phase of two
independent orthogonal electric field components. The optical properties of linear polarized light can be captured by
inserting a rotating linear polarizer filter in front of image sensor as shown in Fig.1 [1, 2].
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Fig.1 Experimental setup of polarimetric imaging system

The Stokes parameters are defined in terms of the intensity of light wave in Eq. (1) [2].
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where, 1%, 1°®°, 1 and 11*° are the intensities of electric filed vector filtered with 0°, 45°, 90° and 135° linear
polarizer filter, respectively. The polarimetric information of scene can be extracted by calculating the degree of
linear polarization (DoLP) using Stokes parameters as [2];
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where, S; [i =0, 1, 2] in the Eq. 2 are the Stokes parameters and the value of DoLP ranges from 0 to 1.
3. Polarimetric integral imaging

Integral imaging is a well-known technique for three-dimensional passive imaging. In this method, intensity as well
as directional information of 3D scene is recorded by a camera array, lenslet array or a single camera on a moving
platform [11-19]. The 2D images from multiple perspective of 3D scene recorded by camera sensors are known as
elemental images. These multiple elemental images can be used to produce the 3D reconstruction of scene either
computationally or optically. Figure 1 shows the diagram of scene capturing process using a single camera on a moving
platform, and Fig. 1 (b) shows the 3D reconstruction process via synthetic aperture integral imaging (SAII) [20] using
multiple 2D elemental images. The 3D scene is reconstructed by back propagating the captured elemental images
through a virtual pinhole array to the desired depth. The 3D scene can be reconstructed at any depth that falls within
the depth of field of captured elemental images. The advantages of using 3D integral imaging are that it uses parallax
and depth reconstructed 3D images to reduce the effects of partial occlusions in front of the scene and to segment out
objects of interest from the background. Moreover, reconstructed 3D integral image at a particular depth or range
under extremely low light environments provides higher signal to noise ratio (SNR) as compared to the 2D images

[8].
The reconstruction of polarimetric 3D scene at depth z can be computed as [20];
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In the Eq.3 the (x, y) is the image pixel index, O (x, y) is the overlapping pixel number on (X, y). 1%nn is the set of
polarimetric elemental images with multiple directions 4 [0°, 45°, 90°, 135°] while the subscripts m, n represent the
location of the elemental image. M and N are the total numbers of elemental images in the horizontal (H) and vertical
(V) directions. Ly and Ly are the total number of pixels of elemental images and in the x and y directions. f is the focal
length of camera cy, and cy are the sensor size in the x and y directions and ¢ is the additive noise of camera.

Three dimensional polarimetric integral imaging experiments were performed by a moving camera on two axes
translational stages in low light and low light under partial occlusions. A linear polarizer filter in front of the camera
was used to record a set of four images [I1%, 1457, 199", 1135°] by rotating the polarizer filter at angle 8 (0°, 45°, 90°, 135")
with respect to the y-axis as shown in Fig.1. The 3D scene consists of a polarizer, a mannequin, and the test tubes
filled with hot water to provide an IR source as shown in Fig. 2. The process of 3D polarimetric integral imaging using
visible and LWIR range sensors were similar, the only difference is that linear polarizer film was used for visible
polarization and IR wire grid polarizer was used for LWIR polarization as shown in Fig. 2. For fair comparison of
visible and LWIR polarimetric images, the pixel size of visible camera is binned with 3 by 3 binning to
19.5umx19.5um. The pixel size of LWIR camera is 17umx17pm.
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Fig. 2. (a) Reference image of 3D scene in high illumination using visible camera, (b) reference image of 3D scene using
LWIR camera. (c-d) Integral imaging set up, (c) pickup process (d) reconstruction process via SAII.

4. Result and discussion

We recorded 9 (3%3) elemental images for SAIl with a pitch size of 30mm in both horizontal and vertical directions
using visible (Hamamatsu C11440-42U) and LWIR camera (Tamarisk 320 LWIR camera 60 Hz). The focal length of
visible and LWIR cameras are 50mm and 11mm, respectively. The captured polarimetric images [I%, 14%°, 1977, 113%7]
with multiple orientations of polarization @ (0", 45°, 90°, 135°) are used to calculate the Stokes parameters, and DoLP
images using Eq. (1) and Eq. (2), respectively. Fig. 3 shows 2D and 3D DoLP images using visible camera in degraded
conditions such as low illumination and low illumination under partial occlusion. The low light condition is calculated
in terms of photons per pixel in case visible range camera. The photons per pixel under low light conditions prior to
binning is estimated as 3.5 [10]. The captured images using visible camera in low light environments are embedded
in noise due to low photon counts. The noise present in the captured images due to photon starved condition is
enhanced during the calculation of nonlinear operator DoLP as shown in Fig. 3(a). The reconstructed 3D DoLP image
reduces the saturation effect of noise as shown in Fig 3(b). The polarimetric information of scene in low light condition
under partial occlusion is shown in Figs. 3(c-d). The occlusion infront of the scene as shown in Fig. 3(c) is reduced
by 3D integral imaging. The reconstructed 3D DoLP image reduces the effect of partial occlusion in front of the scene
and segment out the object of interest from the background as shown in Fig. 3(d).
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3D(1.2m)

Fig.3. (a-b) Polarimetric images in low light illumination using visible range camera. (a) 2D DoLP image and (b) 3D DoLP
image at z = 1.2m in low light illumination. (c-d) Polarimetric images in low light under partial occlusions using visible
range camera. (c) 2D DoLP image and (d) 3D DoLP image at z = 1.2m in low light under partial occlusions. The estimated
photons per pixel is 3.5.

Finally, a total variation (TV) denoising along with mathematical model of dehazing is applied to reduce the noise in
polarimetric 2D DoLP and 3D DoLP images. The enhanced 2D and 3D DoLP images after preprocessing in low light
and low light under occlusions are shown in Fig4. Fig. 4(a) and Fig. 4(b) show the noise free images of DoLP in low
light condition for 2D and 3D case, respectively and Fig. 4(c) and Fig. 4(d) show the noise free 2D DoLP and 3D
DoLP images in low light under occlusion, respectively.

DoLP

3D(1.2m)

Fig.4. (a-c) Polarimetric images in low light illumination using visible range camera after TV denoising and dehazing. (a)
2D DoLP image and (b) 3D DoLP image at z = 1.2m in low light illumination. (c-d) Polarimetric images in low light under
partial occlusions using visible range camera after TV denoising and dehazing. (c) 2D DoLP image and (d) 3D DoLP image
atz=1.2min low light under partial occlusions.

The extraction of polarimetric information using LWIR camera is same as that of visible camera. The mathematical
model for signal restoration and TV denoising algorithm is not applied in case of the LWIR imaging system because
enough thermal photons is present in the LWIR scene. Fig. 5 shows the polarimetric images using LWIR camera in
low light and partial occlusion conditions. Fig. 5(a) and Fig. 5(b) show the 2D and 3D LWIR polarimetric images in
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low light conditions, respectively. Fig. 5(c) and Fig. 5(d) show the 2D and 3D LWIR polarimetric images in low light
under partial occlusion, respectively.

3D(1.2 m)

Fig.5. (a-c) Polarimetric images using LWIR range camera. (a) 2D DoLP image and (b) 3D DoLP image at z = 1.2m. (c-d)
Polarimetric images in under partial occlusions using LWIR range camera. (c) 2D DoLP image and (d) 3D DoLP image at z
= 1.2m under partial occlusions.

Finally, we compare the result of polarimetric images using visible and LWIR sensors by measuring the signal to
noise ratio of polarimetric and non-polarimetric region. The SNR is defined as SNR = (4, _"‘y ——  Msand Lo
O,

s b

are the mean of polarimetric and non-polarimetric regions respectively, and os and oy, are the standard deviation of
polarimetric and non-polarimetric regions respectively. The same area is selected from the DoLP images in case of
visible and LWIR. The background region is chosen as the area which contains the lowest pixel value. Table 1 shows
the quantitative comparison of polarimetric images using visible and LWIR sensors. The quantitative results indicate
that 3D DoLP with preprocessing outperforms the 2D DoLP image with preprocessing in low light conditions. It also
shows that the visible range imaging system with preprocessing produces higher SNR than the LWIR imaging system
in DoLP calculation.

Table 1. SNR comparison of visible and LWIR polarimetric image in low light illumination

Visible LWIR
No processing After preprocessing
2D DoLP 3D DoLP 2D DoLP 3D DoLP 2D DoLP 3D DoLP
SNR 1.85 5.29 10.97 23.91 2.19 2.70

The statistical analysis of 2D and 3D DoLP images are done by considering the visible 2D image in low light
condition is dominated with camera read noise, which has a Gaussian distribution [11]. From Eq.1, the Stokes
parameters which are the addition and subtraction of two orthogonal polarimetric images. Therefore, the calculated
Stokes parameters are read noise dominated with Gaussian distribution with same variance and different means. The
probability density function of visible DoLP [Eq.2] after considering Stokes parameters as Gaussian distribution
follows the following distribution function [11].

0 RO
f(P) :ii - . Q)
: JIKIB(L+j,1/2+k) ’

j=0k=0

where, P represents the DoLP of the polarimetric object in low light, § and y represent the non-centrality
parameters of doubly non central F-distribution. The non-centrality parameters are § =Y?%-1 (Ui /o)? and y = (uo
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/6)?, where i and o2 are the mean and variance of Stokes parameters and i [0,1,2] is the index of Stokes parameter.
B(.) represents the beta function with j and k are the summations variables [23].

The experimental histogram of polarimetric area of visible DoLP image in low light condition and the probability
density function of DoLP using Eq.4 for 2D and 3D case are plotted in the Fig.6. The graphs in Fig.6 indicate that the
theoretically probability density function for the 2D and 3D DoLP images are similar to the experimental histogram
of 2D and 3D DoLP images. The probability density function for 3D DoLP has less standard deviation than 2D DoLP,
which confirms that 3D DoLP has less noise compared to the 2D DoLP.
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Fig. 6. Theoretical and experimental probability density function of visible DoLP images in low light illumination conditions
(a) 2D DoLP image, and (b) 3D DoLP image. Red curve represent the theoretically derived PDF and blue histogram represent
the experimental PDF.

5. Conclusions

In summary, we have compared the 3D polarimetric imaging of visible and LWIR range cameras in the adverse
conditions of low light and partial occlusions. In order to extract the polarimetric information in low light condition
using visible camera, mathematical model of restoration and TV denoising are used. The advantage of three-
dimensional integral is that it reconstructs the object of interest in front of the partial occlusion and improve the
performance of low light imaging task. The visible polarimetric imaging outperforms the LWIR polarimetric imaging
in terms of SNR. Also, we derived theoretically the probability density function for the visible 2D and 3D DoLP
images and show strong similarity between the theoretically derived distributions and the probability distribution
functions found through experimental measurements. These results demonstrate significantly better performance in
visible range sensing for polarimetric 3D integral imaging over polarimetric 2D imaging in degraded environments.
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