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Abstract: In this paper, we propose a novel 3D polarimetric computational 
integral imaging system by using polarization diversity of objects under 
natural illumination conditions. In the system, the measured Stokes 
polarization parameters are utilized to generate degree of polarization 
images of a 3D scene. Based on degree of polarization images and original 
2D images, we utilize a modified computational reconstruction method to 
perform 3D polarimetric image reconstruction. The system may be used to 
detect or classify objects with distinct polarization signatures in 3D space. 
Experimental results also show the proposed system may mitigate the effect 
of occlusion in 3D reconstruction. 
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1. Introduction 

Light polarization can provide an important visual extension and enhance the capabilities of 
image understanding compared to only intensity imagery. Polarimetric imaging measures the 
polarization states of light coming from all points in a scene to obtain relevant information 
about the surfaces of materials. Therefore, these polarization properties can help to classify 
materials or identify objects of interest in industries, remote sensing and military applications 
[1–6]. 

3D imaging technologies [7–20] have been extensively studied during the past several 
decades with the goal of obtaining 3D information from 2D imagery. Among these 
technologies, integral imaging [7–18] has been the subject of a significant research effort for 
its unique properties. It obtains 3D scene information by recording traditional 2D images from 
multiple perspectives. Multiple 2D images (known as elemental images) can be captured by 
using a single image sensor with a lenslet array or an array of image sensors. Then, with the 
known sensor positions, a 3D scene can be computationally reconstructed in volume, 
represented by plane-by-plane images, based on the back-projection technique [12]. 

Recently, passive 3D polarimetric imaging has been researched [21–24]. In [21,22], a 3D 
polarimetric integral imaging system was first proposed. This system was implemented by 
illuminating 3D objects with a linearly polarized light and using a rotating linear polarizer-
analyzer to determine Jones vector of elliptically polarized reflected light. Methods have also 
been developed to extract 3D shape information from polarimetric imagery through the 
relationship between the surface normal and the angle or degree of reflected or emitted 
polarization [23,24]. While these techniques offer the potential to extract 3D information from 
single polarimetric images, there are limitations to the estimation process due to the 
complexity of the relationship between the polarimetric measurements and the surface 
normal; this includes the dependence on unknown parameters such as the material optical 
constants and surface roughness [25,26]. Such methods also do not exhibit the ability to 
image through occlusions supported by integral imaging. 

In this paper, we propose a novel 3D polarimetric integral imaging system by using degree 
of polarization (DoP) images under natural illumination conditions. Stokes polarization 
parameters are measured to generate DoP images. Then by using DoP images and the original 
elemental images, we present a modified computational reconstruction method to perform 3D 
polarimetric reconstruction. This proposed 3D polarimetric integral imaging may distinguish 
objects with specular-reflection surfaces (metal, glass) and objects with diffuse-reflection 
surfaces (soil, grass). Experimental results show that the proposed system may mitigate 
occlusion when surfaces of the occlusion and the occluded objects have different polarization 
properties. 
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2. Degree of polarization images 

Here we briefly introduce the measurement of Stokes polarization parameters and the 
calculation method of degree of polarization. In our work, we use 2D images, namely DoP 
images, to illustrate DoP information of a scene, 

Polarization of light is characterized by the relationship between the temporal average of 
magnitude and phase of two independent orthogonal electric field components. Stokes 
polarization parameters are widely used to describe the polarization state of light [27,28]. The 
four Stokes polarization parameters for a quasi-monochromatic light are defined by 
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where Si is the Stokes parameter of interest (i = [0, 1, 2, 3]), Ex and Ey are the maximum 
amplitudes of the x and y components of the electric field, and δ is the phase difference 
between the orthogonal components of the electric field. Angular brackets in (1) denote a 
temporal average. Note that a general beam is composed of natural (unpolarized) and 
completely polarized light. The parameter S0 represents the total irradiance of the electric field 
while S1 describes the relationship between the irradiance of linearly horizontally polarized 
and linearly vertically polarized components in the light beam. Similarly, S2 describes the 

relationship between the linear + 45þ polarized component and the linear −45þ polarized 
component, and S3 characterizes the part of circular polarization in the field. For completely 
unpolarized light, only S0 remains. If the light is completely linearly polarized, S3 is zero. 

Moreover, for completely polarized light, 2 2 2 2

0 1 2 3
S S S S= + + , otherwise 2 2 2 2

0 1 2 3
S S S S≥ + + . 

Degree of linear polarization (DoLP), degree of circular polarization (DoCP) and degree 
of polarization (DoP) can be calculated by Stokes parameters as follows: 
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where DoLP, DoCP, and DoP are all between 0 and 1. For completely polarized light DoP = 1 
and for unpolarized light DoP = 0. 

Stokes parameters can be measured in different ways [27,29]. The measurement method 
used in this paper is to allow the input beam to propagate sequentially through two polarizing 
elements, namely, a quarter wave plate (QWP) and a linear polarizer (LP). The Stokes 
parameters are measured by first removing the QWP and then measuring the intensity of the 
outcoming optical beam with the transmittance axis of the LP set at an angle θ = 0°, 90°, 45° 
and 135° with respect to the x-axis of the Cartesian coordinate system (intensities I1, I2, I3 and 
I4, respectively). The final measurement is made by adding the QWP into the optical train 
before the LP, with its fast axis lying on the x-axis of the reference system (intensity I5). For 
the final measurement, the angle of the LP is set to θ = 45°. 

Then the four Stokes parameters can be found as 
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Fig. 1. (a) Measurement configuration of Stokes parameters. (b) Illustration of alignment 
experiment for LP and QWP. 

Figure 1(a) shows the measurement configuration. Note that Eq. (3) holds only for ideal 
polarizing elements. Transmission efficiency of these elements has to be taken into account 
for a proper determination of the Stokes parameters with real polarizers and wave plates. 
However, an advantage of this measurement method is that we do not need to consider the 
transmission efficiency of the LP for the calculation of DoP, because it cancels out when 
using Eq. (2). Despite of this fact, the absorption factor of the QWP must be considered 
because both the LP and the QWP are inserted during the measurement of S3. 

As stated in [26], the accurate measurement of the Stokes parameters by this technique 
requires the precise alignment of the axis of both the LP and the QWP. In our experiments 
this adjustment is achieved by means of the setup shown in Fig. 1(b). In this experiment, a 
laser beam goes through the LP and the QWP and is reflected back onto a screen. We adjust 
the angle between the axis of the LP and the QWP until the intensity of the reflected dot 
reaches a minimum. A digital optical power meter can be utilized to measure the intensity. In 
this situation the angle between the transmission axis of LP and the fast axis of QWP is 45þ. 
This accurate alignment guarantees the correct measurement of S3. 

3. 3D polarimetric computational integral imaging system 

In this section, we present a 3D polarimetric integral imaging system, including a polarimetric 
pickup process and a modified computation reconstruction process. By using this system, we 
can achieve a 3D polarimetric computational reconstruction under natural illumination 
conditions. 

3.1 Pickup of polarimetric images 

A typical pickup process in integral imaging is shown in Fig. 2(a). The direction and intensity 
information of the rays coming from 3D objects are recorded by a lenslet array or a sensor 
array [15]. The recorded images with their own perspective are referred to as elemental 
images. In this paper, we use a synthetic aperture integral imaging system (SAII) [30] which 
is performed by moving a digital camera on a two-axis translation stage. Compared to the 
conventional SAII, our polarimetric integral imaging uses two more optical components (LP 
and QWP) inserted in front of the image sensors to capture the polarimetric information of a 
3D scene (Fig. 2(b)). In fact, the two optical components and the image sensor can be 
replaced by a single polarimetric image sensor, which can directly provide the measurement 
of Stokes parameters. 
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Fig. 2. (a) Pickup process of integral imaging. (b) Pickup process of polarimetric integral 
imaging. 

3.2 Polarimetric information applied to computational image reconstruction 

A computational 3D image reconstruction in integral imaging is described in [12] using the 
back projection technique. In this approach, each elemental image is projected back on the 
desired reconstruction plane. The reconstruction image plane consists of the average of all the 
back-projected pixels from the shifted elemental images. The collection of all the 
reconstruction image planes represents the volume reconstruction of a 3D scene. 

In our proposed 3D polarimetric integral imaging system, the reconstruction images need 
to carry the 3D polarimetric information of objects. The conventional computational 
reconstruction method cannot implement the task directly since it does not consider 
polarimetric features of the scene. Therefore, we propose a modified computational 
reconstruction method based on a combination of the DoP and the original elemental images. 

In our proposal, if we assume that the total number of elemental images is N, the image at 
the reconstruction plane, R(x, y; z), at a distance z from the imaging system, is expressed as 
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where EIk represents the k-th elemental image, M is the magnification factor (M = z/g, g being 
the distance between the pickup plane and the image plane), r

k
 describes the number of pixels 

per unit distance for the k-th sensor, ( ),
k k

x yc c is the position of the k-th sensor, ( , )k

DoP
A x y  

represents the k-th DoP image, I(·) is an indicator function, p is a given threshold of degree of 

polarization (0 ≤ p ≤ 1), and Nt is a given number (0 < Nt < N). 
The reconstruction technique stated in Eq. (4) is based on the following procedure: instead 

of using all the pixels from the shifted elemental images as the case in conventional back 
projection techniques, only the pixels whose DoP is greater than p are used to perform the 3D 
image reconstruction. T is the total number of the pixels whose DoP are larger than the given 
threshold p. In this way, we can implement polarimetric image reconstruction in 3D space. 
The condition in Eq. (4a), T > Nt, is used to reduce reconstruction errors caused by some 
artificial DoP information. Nt can be set as N/4 or N/5 based on the particular situation. 
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4. Experimental results 

Before implementing the proposed 3D polarimetric integral imaging system, we need to select 
a proper QWP according to the performance of the image sensor. The sensor used in our 
experiments belongs to the Canon® 5D series. According to the quantum efficiencies of the 
three channels of this camera (see files from http://astrosurf.com/buil/50d/test.htm), we 
decided to use the G channel and a QWP designed for 543 nm from Melles Griot®. The 
spectral band tolerance width of this QWP is around 80 nm which matches the efficiency 
width of the G channel of our sensor. Moreover, the transmittance of the selected QWP is 
larger than 99.75%. We can ignore the absorption of our QWP when using Eq. (2) to calculate 
DoP information. 

In the experiment, two plastic cars and some plastic trees are used as a 3D scene 
illuminated by natural light sources. These two plastic cars have more specular surfaces, like 
the doors and the windows, in comparison with the trees. Two cars (objects) are located 
approximately 530 mm away from the sensor array with a tree in front of them (occlusion) 
and some others behind them (background) at 450 mm and 720 mm from the sensors, 
respectively. Elemental images are captured with the proposed polarimetric integral imaging 
system, by moving a digital camera, assembled with the LP and the QWP in front of its lens, 
on a two-axis translation stage. Figure 3 shows the experimental setup. The focal length of the 
image sensor is 50 mm and the sensor size is 36 mm (W) × 24 mm (H) with square pixel 
shape. The pitch of the scan movement is 5 mm. The image size of the elemental images is 
1248 (W) × 832 (H) and the total number of elemental images is 6 by 6. 

 

Fig. 3. Experimental setup of a polarimetric integral imaging system. 

Four examples of elemental images are shown in Fig. 4. We selected green objects to 
compose the scene because we use the G channel of the image sensor. DoLP, DoCP and DoP 
images of the corresponding images in Fig. 4 are shown in Fig. 5 with the given color 
mapping. It can easily be seen that light coming from most of the surfaces of the cars is highly 
polarized in contrast to the ones of the occlusion and the background. Moreover, most of the 
polarization generated after reflection of the natural light is linear. From Fig. 5, we can also 
see a relatively high value of the polarization degrees around the edges of the occlusion, 
objects and background. In fact, these values are likely artifacts since the calculation of DoP 
for the image edges may have some errors because the images captured to measure Stokes 
parameters may have small shift bias when we rotate the LP to different angles (see Eq. (3)). 
If the shift distances among the images are large (more than 2 or 3 pixels), some methods 
should be used to obtain the corresponding shifted pixels and correct the images in order to 
reduce the measurement errors. In our experiment, we calculated the shift distances by using 
local correlation, which are approximately 1 pixel. 

The 3D image reconstruction results from both conventional integral imaging and the 
proposed polarimetric integral imaging are illustrated in Fig. 6. Three different reconstruction 
planes located at 450 mm (occlusion), 530 mm (cars), and 720 mm (background) are shown. 
Figure 6(a) gives the reconstruction images by using the conventional reconstruction method, 
where the occlusion, the cars, and the background are focused. In Fig. 6(b)-6(c), the 
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reconstruction results by using the proposed polarimetric reconstruction method in Eq. (4) are 
presented. The threshold p for the DoP is set to 0.2 and 0.4, and Nt is fixed to N/5. In Fig. 
6(b)-6(c), only the cars show up but the occlusion and the background do not appear on the 

 

Fig. 4. Four examples of elemental images in our experiment 

reconstruction images. This occurs because in our polarimetric integral imaging system only 
the objects emitting light with DoP larger than p are reconstructed in 3D space. Experimental 
results also show that occlusion can be mitigated in 3D image reconstruction when occlusion 
has a diffuse surface compared to the objects of interest. Moreover, the 3D reconstruction 
method may benefit the tasks of specific object detection or classification. However, in 
practical applications, the direction of the light source may need to be considered as the DoP 
images may vary with the orientation of illumination. 

 

Fig. 5. DoLP, DoCP, DoP images of elemental images shown in Fig. 4. (a) DoLP images. (b) 

DoCP images. (c) DoP images. 

5. Conclusion 

In this paper, we have presented a 3D polarimetric integral imaging system based on distinct 
polarization characteristics of different object surfaces. The system can achieve 3D 
polarimetric image reconstruction by a modified computational reconstruction method. This 
technique is simply based on DoP images calculated from the measured Stokes parameters 
along each elemental image of the integral image. By performing the proposed system, only 
objects with specific polarization properties are reconstructed in 3D space. Experimental 
results are presented to verify the feasibility of the proposed system. The system may be used 
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to detect or classify objects with distinct polarization signatures in 3D space, and can support 
enhanced 3D imaging of polarized objects through diffuse occlusions. 

 

Fig. 6. Reconstruction results at 450mm, 530mm, and 720mm. (a) Reconstruction results of 
conventional integral imaging. (b) Reconstruction results of the proposed polarimetric integral 
imaging with p = 0.2. (c) Reconstruction results of the proposed polarimetric integral imaging 
with p = 0.4. 
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