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Abstract: In this paper, we propose a method for multispectral imaging polarimetry based
on a color charge-coupled device (CCD), which can simultaneously measure the Stokes
vectors at three wavelengths without significantly increasing the complexity of the system
and the procedure for the polarimetry. We perform the experiment of imaging polarimetry at
three wavelengths and the experiment of target classification based on multispectral imaging
polarimetry. The experiment results demonstrate the feasibility of the proposed method, as
well as the superiority of this method in target classification and detection.

Index Terms: Multispectral polarimetry, Stokes vector, color charge-coupled device (CCD),
classification

1. Introduction

Imaging polarimetry can obtain the polarization information that is not visible in classical intensity
images. Therefore, it has many applications in target detection, remote sensing, and biomedical
imaging [1]-[6]. In recent years, multispectral imaging polarimetry [7]-[9], which can measure the
polarization information of the scene at different wavelengths, has demonstrated to be an effective
optical detection technique. In particular, by combing the polarization information and the spectral
information, the performance of target detection can be improved. However, the spectral filter,
dispersion element or multiple imaging channels have to be employed in the multispectral imaging
polarimetry system [10]-[12], and the procedure of measuring the polarization information has to be
repeated for each wavelength [7], [13]. Besides, the multispectral single-shot polarimeter can only
acquire the polarimetric information at a single pixel or a linear array of pixels [14], [15], and thus,
the procedure of scanning has to be involved to obtain the polarimetric information of a 2-D scene.
These factors significantly increase the complexity of the polarimetric system, and, in addition, the
procedure of measuring the Stokes vectors for multiple wavelengths becomes much more complex
and time consuming, compared with that for single wavelength.
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In this paper, based on the characteristic of the color charge-coupled device (CCD) that it can
simultaneously measure the light intensities at different wavelengths by RGB channels, we propose
the method of multispectral imaging polarimetry based on color CCD, which can simultaneously
measure the Stokes vectors at three wavelengths. In this method, we consider the cross-talk effect
between RGB channels to make sure the retrieved intensity signals and the measured Stokes
vectors are undistorted. We perform the experiment of imaging polarimetry at three wavelengths
to verify the feasibility of the proposed method. In addition, we perform the experiment target
classification based on multispectral imaging polarimetry, and we compare the performances of
target classification at one wavelength and at three wavelengths.

2. Stokes Polarimetry at a Single Wavelength

For the passive polarimetry system, the polarization state of the light scattered by the target can be
defined as Stokes vector S. The scattered light from the target will be analyzed by the polarization
state analyzer (PSA), which is a generalized polarizer with the eigenstate of T. The light intensity
measured by the sensor should be [2]
1

= =TT 1

=3 S (1)
where the superscript T refers to the transpose operator.

Considering the typical Stokes polarimetry [2], [3], four intensity measurements at four different

eigenstates of PSA are required to obtain the full Stokes vector, and the four measured light
intensities can be expressed as

1

im= ET;s, mel[l,4]. )
The measured light intensities can be also written in a matrix form as
T
i I;
2 111
=] == S=WS 3
I3 2| T} ®)
I4 TZ

where W is the measurement matrix composed by four different eigenstates T of PSA. The polar-
ization state of the scattered light S can thus be estimated as [14]

S=w"l. (4)

In this way, one can measure the Stokes vector at a certain wavelength.

3. Multispectral Stokes polarimetry Based on Color CCD

The Stokes polarimetry for one single wavelength mentioned above can be extended for measuring
the Stokes vectors at different wavelengths, taking into account that the eigenstate of PSA T, as
well as the Stokes vector, could be wavelength dependent.

In this work, we propose a method of multispectral imaging polarimetry based on a color CCD, in
which the target is illuminated by the light beam with three different wavelengths corresponding to
three color channels (R, G, and B channels) of the color CCD, respectively. In this case, we assume
these three wavelengths are A4, Ao and A3 respectively, and the Stokes vector of the scattered light
at these wavelengths can be expressed as

S, =W, ., ie[13] (5)

i

where S; and I;, refers to the Stokes vector and the measured intensities at the wavelength of 2,
respectively, while W;, refers to the measurement matrix at the wavelength of ;. It needs to be
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Fig. 1. Quantum efficiencies of RGB channels of the color CCD (AVT Stringray F-33C).

noticed in (5) that the measurement matrix W,, could be wavelength depended, due to the possible
wavelength dependence of the retarder in PSA.

Besides, due to the cross-talk effect of the quantum efficiency between RGB channels, a color
CCD always get the distorted light intensities in practice. Let us take the color CCD of AVT Stingray
F-033C for example to illustrate this cross-talk effect. The quantum efficiencies of RGB channels of
the CCD at different wavelengths are shown in Fig. 1. It can be seen from Fig. 1 that the quantum
efficiencies for RGB channels overlap with each other in some spectral regions. Therefore, the
green light with the wavelength of 525 nm, for example, could not only generate the signal in the
green (G) channel, and it can generate the considerable signals in the blue (B) and red (R) channels.

In order to compensate the cross-talk effects of the color CCD mentioned above, we intro-
duce a compensation matrix K to correct the distorted signals measured by the color CCD into
a true one. We denote the true light intensities of three wavelengths passing through PSA at
the state of T; to be a 3-dimensional vector I, and the three sensor signals in RGB channels
measured by the color CCD to be a 3-D vector ISP, The relation between 1™¢ and ISP can be
expressed as

IFP = K™, ie[1,4] (6)

Based on (6), one can compensate the cross-talk effects to deduce the true light intensities of
the three wavelengths. Consequently, the Stokes vectors at three wavelengths can be estimated,
respectively, based on (5).

4. Experimental Setup of Multispectral Imaging Polarimetry Based
on Color CCD

To achieve the multispectral polarimetry method mentioned above, we design an imaging polarime-
try system, which includes three laser sources with three different wavelengths of 11, 1> and i3
respectively. The experimental setup is shown in Fig. 2. In our experiment, the three wavelengths
are 633 nm, 532 nm, and 450 nm, which correspond to the red, green, and blue channels of the
color CCD, respectively. The PSA in our system is composed by a linear polarizer and a rotating
wave plate. By changing the orientations of the linear polarizer and the wave plate, the eigenstate
of PSA T can be adjusted, which will be discussed in detail in the following. The type of the color
CCD is AVT Stingray F-033C, whose quantum efficiencies are shown in Fig. 1.
The Muller matrix of a linear polarizer can be expressed as

1 Cos 20p sin 26p 0

1| cos26p  cos?20p  sin26p cos26p O
Me(p) =5 | . . -
sin20p sin 20p cOS 20p sin“20p 0

0 0 0 0
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Fig. 2. Experimental setup of Stokes imaging polarimetry system. R: reflectors; BS: beam splitter; E:
beam expander; P: the plate with a target on it; WP: wave plate; LP: linear polarizer.

where 6p represents the orientation of the polarizer. For the rotating wave plate, the Muller matrix
of it should be

10 O 0
01 0 0
00 cosA sinA
00 —sinA cosA

Mr(A, 0r) = J(OR) J(—6R) (8)

where 6z and A represent the orientation and phase shift of the wave plate, respectively. J(6g) is a
rotation matrix with the orientation of 65 given by

1 0 0 0

_ | O0cos(26r) —sin(26g) O
JOR) =1 ¢ sin(20g) cos(26r) 0 |- (9)

0 0 0 1

The phase shift of the wave plate A depends on the wavelength A. Therefore, Mz depends on
the orientation of the wave plate and the wavelength of the light.
The Muller Matrix of PSA M could be defined as

M(6p,0p, 1) = MpMpg . (10)

The eigenstate of PSA at a certain wavelength A should be the first row of matrix M, which is
given by

1
cos(260p —46g)(1—CcosA) + €0s 260p (1+c0sA)

_ 2 2
T = sin(20p —46g)(cosA—1) + sin 260p (1+-c0sA) : (1)
2 2

sin A sin(20p — 20R)

It can be seen in (11) that the eigenstate of PSA T depends one the orientation of the linear
polarizer 6p and the orientation of the wave plate 6z. Therefore, the eigenstate of PSA T can be
adjusted by adjusting the orientations of the linear polarizer and the wave plate.
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Fig. 3. Schematic of the scene.

Consequently, the measuring matrix W, which depends on the wavelength, can be expressed as

Ti(n)7

1| To(0)T
W(A):E Ta() (12)

Ta(1)7

where T4, T, T3, and T4 stand for four different eigenstates of PSA.

The cross-talk effects in color CCD is caused by spectral overlapping of the Bayer filter in RGB
channels, and in this case, the light at a certainly wavelength could generate the signals in multiple
channels, as mentioned in Section 3. This could result in the distortion in the measurement of the
light intensities at different wavelengths. Therefore, in order to properly measure the Stokes vector,
one has to compensate the cross-talk effects mentioned above to get the light intensity correctly.
This can be realized by taking into account the transfer efficiencies of R, G, and B channels for the
wavelengths in the polarimetric system. It can be known from Fig. 1 that the transfer efficiencies
for wavelengths of 450 nm, 532 nm and 633 nm in red channel are 0.0061, 0.0142, and 0.2678,
respectively. The transfer efficiencies for these three wavelengths in green channel are 0.0497,
0.3010, and 0.0081, respectively, and those in blue channel are 0.2330, 0.0477, and 0, respectively.
These transfer efficiencies for the wavelengths of 450 nm, 532 nm, and 633 nm in RGB channels
can be written in a matrix form as

0.0061 0.0142 0.2678
K = | 0.0497 0.3010 0.0081 | . (13)
0.2330 0.0477 0.0000

We denote the measured intensity signals vectors in R, G, and B channels at four different states
of PSA to be Ig, lg, and I, respectively, and we denote the corresponding true light intensities at
450 nm, 532 nm, and 633 nm to be lss50, Is32, and lgs3, respectively. According to (6), the relation

between them can be expressed as
luso I
sz | =K ']l | . (14)
lo3s Is

By this way, we can compensate the distortion to obtain the true light intensities at different
wavelengths under different polarization states of PSA.

In our experiment, the employed wave plate is the quarter wave plate at 633 nm, and the
orientations of the linear polarizer and the wave plate is set to be (0°,0°), (90°,0°), (45°,45°), and
(45°,0°) to realize four eigenstates of PSA in order to make the measurement matrix W at 633 nm
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Fig. 4. (a) Initial RGB intensity images at four different eigenstates of PSA recorded by CCD.
(b) Compensated intensity images at four different eigenstates of PSA.

to be

—

1
Weaz = >

(15)

—_ o -1
—_

o =00

- O OO

0
0

The phase retardances of this wave plate at 450 nm and 532 nm are 0.738 = and 0.604 ,
respectively. The orientations of the polarizer and the wave plate are same to those at 633 nm.
Therefore, based on (11) and (12), the measurement matrix at 450 nm and 532 nm can be calculated
to be

1 1 0 0
111 —1 0 0
W45°=§ 1 0 1 0
1 0 -0.680 0.733
- - (16)
1 1 0 0
111 -1 0 0
Wea =514 o 1 0
1 0 -0.321 0.947

The schematic of the scene to be measured is shown in Fig. 3. The background of the scene
is a superposition of white paper, a sheet polarizer, and a translucent adhesive tape. The object
consists of a piece of translucent adhesive tape placed on the background. Since adhesive tapes
are birefringent materials whose retardances depend on the wavelength, the Stokes vectors of light
scattered by the scene depends on the wavelength.

The initial intensity images at four different eigenstates of PSA, which are the RGB images
recorded by the CCD, are shown in Fig. 4, and the corresponding compensated intensity images
are shown in Fig. 4(b). It can be seen that Fig. 4(b) is slightly different from Fig. 4(a), which is
attributed to the compensation of the cross-talk effect between RGB channels.

Based on the compensated intensity image in Fig. 4(b), the measured Stokes vector of the
scattered light at 450 nm, 532 nm, and 633 nm is shown in Fig. 5 according to (4), (15),
and (16). The color scale in Fig. 5 represents the values of the elements in the Stokes vector.
It can be seen from Fig. 5 that the Stokes vectors of the scattered light at different wavelengths are
considerably different from each other.
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Fig. 5. Measured Stokes vectors of the scene at 450 nm, 532 nm, and 633 nm.
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Fig. 6. Measured Stokes vectors of the scene at 450 nm, 532 nm, and 633 nm at low signal-to-noise
ratio.

It needs to be clarified that the measurement of the Stokes vectors at three wavelengths shown
in Fig. 5 is realized by capturing four RGB images at four different states of PSA by the color
CCD. Compared with the previous Stokes imaging polarimetry at single wavelength [2], the method
proposed in this paper can realize the measurement of the Stokes vectors at three wavelengths
instead of at just one single wavelength, while keeping the times of modulating the state of PSA
and the times of image capture unchanged.

The diversity of the Stokes vectors at different wavelengths, which is shown in Fig. 5, combines
the polarization information and the spectral information, and it could be beneficial for various
applications of polarimetry. In the following, we will present the experiment of target classification
based on Stokes imaging polarimetry.

5. Target Classification by Multispectral Stokes Imaging Polarimetry

The method of measuring three-wavelength Stokes vectors could be widely employed in polari-
metric imaging and polarimetric analyzing. One of the prominent applications is in classification
or discrimination of the target. In order to compare the performances of classification at one sin-
gle wavelength and at multiple wavelengths, we perform the corresponding experiment of Stokes
imaging polarimetry.

The configuration of the target classification system is same to the imaging polarimetry system
shown in Fig. 2. For the sake of simplicity, a scene with two different regions is investigated. The
measured Stokes vectors of each pixel of the scene at three different wavelengths (450 nm, 532 nm
and 633 nm) are shown in Fig. 6. It needs to be clarified that in this experiment, we fabricate the
object whose Stokes vector is close to that of the background, especially at 633 nm. In addition,
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we decrease the intensity of the light sources in the polarimetric system to decrease the signal to
noise ratio. Therefore, the object is relatively hard to be discriminated in Fig. 6, compared with that
in Fig. 5.

In the case of low light intensity, such as the case of Fig. 6, the noise should obey a Gaussian
distribution [16], [17], and thus, it is assumed that the perturbation of the noise leads to Gaussian
statistics for the measured data (the measured four elements in the Stokes vector). Therefore, we
perform the polarimetric classification with Gaussian statistics.

Let us consider a target containing regions with different polarimetric properties with a number
of N. It is assumed that the Stokes vector of each pixel in the scene can be obtained, and for a
single pixel x, we have the Stokes vector in single wavelength as Sy. The probability density function
(PDF) associated with the region of class k in the scene will be [18]

1 1 e \Tr-1
P = ey P [ 5(S = STy

x(SX—§k):|, kell,N] (17)
where Sy and I'," are the mean and covariance of the Stokes vectors in region k, which are
estimated based on the database pixels of region k. In fact, (17) is the extension of the PDF of

Gaussian distribution from 1-D to multi-dimensional. The database pixels of region k could be
defined as 2, and then, we have

= 1

S = - SX

- 1 _ —

= 5— D (Sy— SIS — SN (18)
K XeQ

where Pq, is the number of pixels in Q. If a pixel x is recognized as in region k of the scene, then
k should maximize the likelihood function given by (17), which is expressed as [19]

k = argmax {log[P«(S)1} . (19)
ke[1,N]

In this way, we can perform target classification. Actually, the basic idea of the classification
algorithm above is to find the region of class k with the maximum probability density for the pixel x,
which is identified to be the class that the pixel x belongs to. In practice, the probability densities
of all the region of classes for pixel x are calculated, and consequently, the region of class with the
maximum probability density can be identified.

It needs to be clarified that the classifier in (19) is based on the Stokes vector at one single
wavelength with the dimensions of four, and it can be directly extended to higher dimensions by
basing on the Stokes vectors at multiple wavelengths. In our case, we can combine the Stokes
vectors at three wavelengths into a 12-D vector. Adapting this 12-D vector to (17) and (19), one can
realize the classification based on the Stokes vectors at three wavelengths.

We perform the experiment of classification based on the Stokes vectors at single wavelength of
450 nm, 532 nm, and 633 nm, respectively. In addition, we also perform the classification based on
the Stokes vectors at three wavelengths for the purpose of comparison. The results of classification
are shown in Fig. 7, in which the blue and red pixels in Fig. 7 refer to the pixels classified to be the
background and the target, respectively.

It can be seen in Fig. 7(a) to (c) that due to the low signal to noise ratio as well as the similarity
between the Stokes vectors of the object and background, the target classification at single wave-
length induce misclassification at many pixels, especially in Fig. 7(c). In fact, in the case of one
single wavelengths, the Stokes vector of the target could be too close to that of the background,
which could induce the failure of target classification (or discrimination), as the case for the wave-
length of 633 nm shown in Fig. 7(c). However, for the classification based on the Stokes vectors
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Fig. 7. Result of classification at different wavelengths (a) at 450 nm, (b) at 532 nm, (c) at 633 nm, and
(d) at three wavelengths.

at three wavelengths, due to eight additional dimensions compared with that for single-wavelength,
we could significantly improve the accuracy of classification. As Fig. 7(d) shows, the classification
errors in the scene is significantly decreased, and the target and background can be identified with
a good performance, which is even better than that at 532 nm [ see Fig. 7(b)], which performs best
among Fig. 7(a) to (c). Therefore, the method of multispectral Stokes imaging polarimetry based
on color CCD can increase the classification performance, due to the ability of simultaneously
obtaining the Stokes vectors at three wavelengths. In addition, it can considerably decrease the
possibility of the failure of target discrimination, which could happen for one single wavelength.

It needs to be clarified that the experiment above is based on the Stokes polarimetry, while the
performance of the target discrimination or classification can be improved by Mueller polarimetry,
which can realize the proper choice of input Stokes vector to benefit the target discrimination or
classification.

6. Conclusion

In conclusion, the method of multispectral imaging polarimetry based on color CCD is proposed,
which can obtain the Stokes vectors of the scene at three different wavelengths simultaneously.
Compared with the typical imaging polarimetry for one wavelength, this method can provide more
spectral polarization information without significantly increasing the complexity of the system and the
procedure for the polarimetry. In addition, it is shown by the experimental result that, the performance
of target classification or detection can be improved by employing this method, thanks to the
diversity of the polarization information at different wavelengths. Actually, the method proposed
in this paper can significantly increase the amount of obtained polarimetric information and can
effectively overcome the failure of polarimetric target detection at single wavelength.

The method of multispectral imaging polarimetry based on color CCD proposed in this paper
goes beyond the particular case of Stokes imaging polarimetry, and it can be extended to other
types of polarimetry, such as Mueller imaging polarimetry [20], [21] and orthogonal state contrast
(OSC) imaging polarimetry [22].
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