IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023

8500211

Robust Heading Measurement Based on Improved
Berry Model for Bionic Polarization Navigation

Guangmin Li™, Ya Zhang™, Member, IEEE, Shiwei Fan™, Yanyan Wang"~, and Fei Yu

Abstract— With the advantages of anti-interference and no
accumulated error, bionic polarization heading measurement
has important military significance and research value for
autonomous navigation. However, the heading robustness is seri-
ously affected by the accuracy of the skylight polarization model
and the existing methods all use the Rayleigh scattering model
without considering atmospheric depolarization. Therefore, this
article proposed an innovative method of polarization heading
measurement based on the Berry model to consider the influence
of depolarization neutral points. And this model is improved
by controlling the neutral points with correction coefficients to
realize high-robustness heading measurement. On this basis, the
improved Berry model is further used to calibrate the sensor
parameters outdoors, which separates the skylight polarization
model error from the sensor error without expensive instruments
and complicated processes and improves the heading measure-
ment accuracy. In the experiments with changing solar altitude,
the average heading error STD after field calibration is 20.86 %
lower than that of the Berry model and 92.85% lower than that
of the Rayleigh model, which shows great advancement in actual
measurements.

Index Terms—Field calibration, heading measurement, polar-
ization navigation, skylight polarization model.

I. INTRODUCTION

BSOLUTE heading measurement under the condition
of Global Navigation Satellite System (GNSS) rejec-
tion or magnetic interference is a challenging problem [1],
[2], [3]. However, to meet the requirements of long-duration
and high-accuracy autonomous navigation, the inertial mea-
surement unit (IMU) requires high cost and large volume.
Many biological studies have shown that mantis shrimp [4],
desert ants [5], and many other creatures can use the unique
visual structure to sense the polarization of skylight and
use the polarization information for navigation, foraging, and
migration.
Therefore, scholars have been inspired to do lots of research
on absolute heading measurement with polarization sen-
sors, which are mainly classified into the point-source type
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and image-based type. Although the point-source polariza-
tion sensor [6], [7] has achieved high-accuracy navigation
performance, it can only obtain a polarization vector of one
direction at one time, which could be disturbed easily and has
poor robustness. Therefore, image-based polarization sensors
have received more and more attention. How to use skylight
polarization images to obtain more robust and more accu-
rate navigation information has gradually become a current
research hotspot.

A. Heading Measurement With Polarization Sensor

According to the Rayleigh scattering theory [8], the max-
imum polarization direction of polarized light is always per-
pendicular to the plane composed of the sun vector and the
observation vector. So, the heading can be solved by the dif-
ference of the solar azimuth in different coordinate system [9].
Sturzl and Carey [10] and Sturzl [11] used the orthogonality
between the polarization vector and the sun vector to solve the
solar azimuth by minimizing the vector cross-multiplication
results. They further used the polarization vector covariance
to improve the accuracy of solar azimuth at a small field of
view (FOV). Tang et al. [12] constructed the overdetermined
equation about the sun azimuth and altitude, and Jin et al. [9]
established the linear analytical model to improve real-time
performance. On the other hand, the projection of the solar
Meridian on the sensor plane can be directly extracted by
using the linear features [13], [14], symmetry [15], or the other
image characteristics [1], [16], [17].

Nevertheless, the skylight polarization models of the above
heading measurement methods are all Rayleigh models. When
the atmospheric turbidity is high and the solar altitude angle
changes, the existence of neutral points will significantly affect
the robustness of heading measurement. Some studies [18],
[19], [20] use the Monte Carlo algorithm to simulate the vector
radiation transmission process of sunlight, which improves
the characterization performance of the skylight polarization
model. But the calculation process is complex and difficult to
be applied to the navigation in real time [21]. Berry et al. [22]
proposed an analytical model of singular points in the polariza-
tion field, which takes into account the neutral points caused
by depolarization and reduces the computational complexity.
Howeyver, there is a certain deviation for the oo features of the
angle of polarization (AOP) image. Yang et al. [23] improved
the representation ability of the Berry model for the degree
of polarization (DOP) image by modeling the incident light
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intensity under the complex sky, but still did not consider the
AOP.

B. Calibration Methods of Polarization Sensor

Except for the changing weather, limited by the manufactur-
ing process, sensor error will also have a great impact on polar-
ization heading measurement, so it is necessary to calibrate
the polarization sensor. Han et al. [24] established the error
model for CMOS light intensity response error and polarizer
installation angle error and used the least-square method to
iteratively solve the error parameters. Yang et al. [25] and
Liu et al. [26] introduced the coupling coefficient into the error
model of the point-source polarization sensor to solve the
problem of optical path coupling. Ren et al. [27] introduced
the extinction ratio coefficient into the image-based polar-
ization sensor model to unify the incident light intensity of
two orthogonal channels, which improved the accuracy of
the error parameters. Wan et al. [28] further considered the
influence of the main point error of the polarization camera
and established the error model based on the Stokes vector.
However, the existing calibration methods must be carried
out indoors, and expensive instruments such as integrating
sphere light sources and cumbersome calibration processes are
required.

C. Technical Features

The existing heading measurement methods are all modeled
by the single Rayleigh scattering, which cannot adapt to
weather conditions with thick aerosols and changing solar
altitudes. Moreover, due to the limitation of the manufac-
turing process, the polarization sensor has problems such
as inconsistent light intensity response, installation deviation,
and inconsistent extinction ratio of polarizers. These sensor
errors will greatly affect the AOP measurement value. Through
the calibration of sensor error parameters, AOP measurement
values can be corrected, thus improving the accuracy of
heading measurement. However, the difficulty of field cali-
bration outdoors lies in that the polarization image cannot
separate the error of the sensor from that caused by the
complex weather. If directly using the traditional Rayleigh
model, the atmospheric environment error and sensor error
will be seriously coupled. Therefore, this article proposes a
method of heading measurement and field calibration based
on the improved Berry model. First, introduce the correction
coefficients to the singularity model of the polarization pattern
to improve the characterization performance, construct the
minimization objective function about the AOP, and use the
least-square method to solve the heading robustly. On this
basis, the error model of the polarization sensor is established,
and the theoretical AOP is calculated by the proposed model
and the attitude output from the inertial navigation system
(INS). And then estimate the error parameters based on the
difference between the measured AOP and the theoretical
AOP, to realize the field calibration and improve the heading
measurement accuracy. The flowchart of heading measurement
and field calibration is shown in Fig. 1. The main features of
our method are as follows.
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Fig. 1. Flowchart of heading measurement and field calibration.

1) Using the Berry model that considers the influence
of neutral points innovatively to obtain robust heading
information.

2) Introduce the correction coefficients to the Berry model
to improve the characterization performance of skylight
polarization patterns.

3) Propose the field calibration method based on the
improved Berry model to separate the sensor error from
the polarization model error and improve the heading
accuracy.

4) Construct the polarization heading measurement and
field calibration system. The attitude output from the
INS is used as the prior information of the theoreti-
cal AOP, and the advancement is verified in outdoor
experiments.

The structure of this article is as follows. Section II intro-
duces the heading measurement method based on the improved
Berry model. Section III utilizes the improved Berry model
for field calibration. Section IV builds the system of heading
measurement and field calibration and carries out simulation
and outdoor experiments. Section V summarizes the research
work.

II. HEADING MEASUREMENT
A. Skylight Polarization Model

First, we define the coordinate system used in this article.

The navigation coordinate system is the geographic coor-
dinate system. The x-, y-, and z-axes are aligned with the
geographic east, north, and zenith directions.

The sensor coordinate system has its origin at the center
of the polarization camera’s image plane with the z-axis
permanent to the image plane and coincides with the sky
direction of the navigation coordinate system. The x-axis and
y-axis satisfy the right-hand rule.

The observation meridian coordinate system has its origin
at the intersection of the observation vector and the celestial
sphere. The z;-axis coincides with the observation vector, and
the y; axis is tangent to the observation meridian plane. The
xr-axis and y;-axis satisfy the right-hand rule, as shown in
Fig. 2(a).

1) Rayleigh Model: Skylight polarization pattern is a special
and regular distribution of polarized light generated by the
particles scattering of the skylight. In sunny weather, the
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Fig. 2. Schematic of different sky polarization modes. (a) Rayleigh model.
(b) Berry model.
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scattered particles are mainly composed of atmospheric mole-
cules, the size of which is much smaller than the wavelength
of the skylight. Therefore, the single Rayleigh scattering model
can be used to describe the atmospheric scattering process: The
E vector (the electric vibration vector in the light wave) of
the scattered light is perpendicular to the scattering surface.
As shown in Fig. 2(a), O represents the position of the
observer, S represents the position of the sun on the celestial
sphere, and the zenith angle and azimuth angle are y, and ay,
respectively. P represents the observation position, and the
zenith angle and azimuth angle are y and a, respectively. ¢ is
the polarization angle of incident light and & is the scattering
angle. Thus, the skylight polarization information based on the
Rayleigh scattering model can be obtained as

. sin’6) )
~ 1+cos?
tan ¢ = Cos Y, sin y — sin y; cos y cos(a — ay) @)

— sin(a — ay) sin y;
where d represents the DOP and ¢ represents the AOP.

2) Berry Model: However, the actual atmospheric polariza-
tion mode does not strictly meet the single Rayleigh scattering
model, and there will be obvious “neutral points” in the polar-
ization distribution diagram, which will seriously affect the
robustness of the heading measurement. This depolarization
effect is caused by multiorder scattering, anisotropic scattering,
and ground reflection of aerosol particles. The four neutral
points are located on the main plane that is perpendicular to
the sun and the zenith [29], and their distribution is shown in
Fig. 2(b). The Babinet and Brewster are located on both sides
of the Sun, while Arago and the Fourth are located on both
sides of the anti-Sun.

Berry et al. [22] proposed the singularity theory of polariza-
tion field to model the neutral points. To quantitatively describe
the sky polarization information, use the Cartesian coordinate
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system to represent the projection of an observation vector
OP(x,y,z) on the celestial sphere, and its altitude angle is
p. The complex form on the ground plane is ¢ = x + iy
and that in the polar coordinate system is ¢ = r exp(id). And
set the antisymmetric point of ¢ as —1/¢*. The polarization
information can be expressed in the complex form of nonnor-
malized Stokes parameters £, and E, as

w(©) = ((Ec+1E,)") = (@)l expQi¢ ) )

where |w(¢)| represents the DOP, and ¢(¢) contains the
polarization angle information relative to the x-axis direction.
w(¢) is the function related to the observation vector, and the
zero points of the function can be expressed as the neutral
points of the skylight polarization pattern. To account for the
effects of atmospheric multiple scattering, the coefficient of
atmospheric turbidity is set as A. If the projection line of the
solar meridian always coincides with the y-axis and the Sun
altitude is f, the projection point of the sun on the ground
plane is &5 = iy, = i(1 — tan(f,/2))/(1 + tan(f,/2)). Then,
the four neutral points are

(ys+A) . (ys_A) o *
Uy ST Ut any e
@

where y, = (1 — tan(f,/2))/(1 4 tan(f,/2)) represents the
distance between the Sun projection point and the origin, ¢y
and ¢_ are on both sides of the Sun vector, while —1/¢,*
and —1/¢_* are on both sides of the anti-Sun vector. The
angular distance between two adjacent neutral points is &€ =
arctan A. And set the projection length of the observing vector
OP isr = (1 —tan(f/2))/(1 4 tan(f/2)). To make the DOP
also meet |w ()| = |w(1/¢*)|, the above formula is further
modified as

w(e) = A IE - OEH TN+ 18T )

(14210 + 1/c e + /¢

_1/C+*5

+ =

B. Improved Berry Model

The Berry model considers the influence of a turbid
atmosphere. However, it is established under the condi-
tion that the solar meridian coincides with the yoz-plane,
which is difficult to be applied to navigation. In addition,
Fig. 2(b) shows that the shape saturation of the Berry
model is still different from Rayleigh, which will have a
certain impact on the heading measurement. Therefore, the
improved Berry model is proposed to characterize the skylight
polarization.

Set the atmospheric turbidity constant as A and the solar
altitude angle in the polarization sensor coordinate system as
/3, then the projection point of the solar vector is y,, = (1 —
tan($/2))/(1 4 tan(f/2)), and the coordinates of the neutral
points in (4) are expressed in matrix form

, 0 0 0 0
¢ = [ OwtAd)  GweA) Ay (A |
(1=Ayn) (14+Ayn) (ym+A) (ym—A)
(6)
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The solar azimuth in the sensor coordinate system at the
current time is set as «, so the 2-D rotation matrix on the
ground plane is defined as

R _|cos(a/2) —sin(a/2)
Bery = I'sin(a/2)  cos(a/2) |

Then rotate the neutral point vector in the ground plane to
obtain the neutral point coordinate at the current time as

[ & & G]=Reemi’. (®)

In addition, the projection points ¢ = x + iy of the
observation vector OP(x,y,z) in the initial state are also
rotated to obtain the coordinates of the projection points ¢
under the sensor coordinate system

@)

. T . AT

CBeny = [xBerry lyBerry] = Rgeny [)C ly] . ©)
If the initial observation projection point ¢ is known, (9) can be
brought into formula (5) to obtain the sky polarization mode
constraints based on the Berry model for solar azimuth a,
altitude f, and atmospheric turbidity parameters A as follows:

w(Epemy) = w(at, B, A) & ( — D) — ) — B — )
(10)

In order to make the shape saturation closer to the measured
value, this article introduces the correction coefficient k; and
ky to correct the positions of neutral points on both sides of
the anti-Sun. Then the corrected neutral point coordinates can
be expressed as

0 0 0 0 i|

@ o & 5412[9 T VT Sy

(1)

Substitute (11) into formula (5) to obtain the real-time
characterization function of sky polarization based on the
improved Berry model

A0 - - -a)
(1+r2)%la - &l — &

w(a,,[)’, A,k],kz) =

(12)

C. Heading Measurement Based on the Improved Berry
Model

After the skylight polarization model is established, heading
solving is the most important part. The imaging process of
the skylight polarization pattern by the polarization sensor is
shown in Fig. 3, and the internal parameters and distortion
of the fisheye camera are calibrated by [30]. Each pixel
(u, v) of the polarization sensor corresponds to an observation
vector O P;(x, y, z) and a polarization vector Ei, as shown in
Fig. 3(a). Then the polarization angle y; and degree d; under
the senor coordinate system are

yi(x) = %arctan(imag(wi (x)), real(w; (x))), di = |wi (x)]
13)

where x = [a, f, A, ki, k1" represents parameters of the sun
position and the atmospheric turbidity. imag(-) and real(-)
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Fig. 3. Schematic of the imaging process of the image-based polarization
sensor. (a) E vector in the observation meridian coordinate system. (b) E
vector in the sensor coordinate system.

denote the imaginary and real parts of the complex num-
ber, respectively. To obtain the AOP information under the
observation meridian coordinate system, the conversion is
required [31]

di(xX) = yi(X) —aopi. (14)

As shown in Fig. 3(b), y; represents the AOP under the
sensor coordinate system and o p; represents the azimuth of
the current observation vector. The measured value of AOP
also needs to be processed ¢,; = Wi — Gopi- Wmi 1S the
measured value under the sensor system and ¢,,; is that under
the observation meridian coordinate system. If the number
of pixels is N, the minimization objective function can be
constructed

N
X = argmin (Z li (X) — Pumi ||)-
X i=1

The objective function is solved by Powell [32] algorithm to
obtain the estimated solar azimuth o in the sensor coordinate
system. According to the local geographical location and time,
the solar azimuth a; in the navigation coordinate system can be
obtained. Then the heading can be calculated by the difference
between a and a; as

15)

(16)

head; = a0 — a;
head =a —a;, +«

where head; and head, are the final calculated heading values.
There is 180° ambiguity in the heading solution, which can
be determined in combination with other navigation systems.

ITII. FIELD CALIBRATION

Limited by the manufacturing process, the performance of
the image-based polarization sensor is largely restricted by
the error calibration parameters. Nevertheless, the traditional
indoor calibration method needs expensive instruments and a
complex calibration process, and the characterization perfor-
mance of the skylight polarization model is very important to
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Fig. 4. Schematic of the structure of the image-based polarization sensor.
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the effect of field calibration. Therefore, this article proposes a
field calibration method based on the improved Berry model.
First, the error model of the image-based polarization sensor
is constructed, and then the AOP theoretical values of the
improved Berry model are calculated with the attitude informa-
tion output from the INS, and finally, the error parameters can
be estimated in combination with the measured AOP images.

A. Image-Based Polarization Sensor Model

The polarization sensor built in this study is mainly com-
posed of Fujinon FE185C057HA-1 fisheye lens and LUCID
PHXETO050S-P polarization camera, as shown in Fig. 4. The
scattered light in the atmosphere is incident on the array
polarizing unit after passing through the wide-angle lens and
the lens hood. Each polarization unit consists of four adjacent
pixel channels, and the polarizer installation directions of the
corresponding channels are 0°, 45°, 90°, and 135°, respec-
tively. The scattered light will be imaged on the CMOS chip
after passing through the polarization units. Each polarization
sensor contains 2048 x 2448 channels, and the size of each
pixel channel is 3.45 x 3.45 um. The main sources of
polarization sensor error are the inconsistency error of light
intensity response, the installation error of the polarizer and
the inconsistency error of extinction ratio coefficient.

According to Marius law [33], the light intensity response
value of the pixel channel in the ith polarization unit can be
expressed as

Ipy =051[1 +dcosQy —20¢)], k=1,...,4 (17)

where d represents the DOP, I p; represents the light intensity
value of the pixel channel with polarizer installation angles
of 0°, 45°, 90°, and 135°, respectively; I represents the light
intensity of the incident light; d represents the DOP of the
incident light; w represents the AOP under the polarization
sensor system; oy is the polarizer mounting angle of the pixel
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channel. Therefore, the polarization state can be described
by the Stokes vector as § = [s¢ 51 sz]T. So, the measured
polarization angle and polarization degree of the polarization
unit are y; = 0.5arctan(sp, s;) and d; = (sl2 + s%)l/z/so.
The accuracy of DOP is largely affected by the extinction
ratio coefficient of the polarizer [32]. However, the extinction
ratio coefficients of different polarizers cannot be completely
consistent, resulting in a certain deviation of DOP. In addition,
the misalignment of the installation between the array polarizer
and the CMOS chip will also lead to the coupling of the optical
path, which affects the measurement accuracy of the polariza-
tion information, as shown in Fig. 4(b). Moreover, different
polarization channels of the array polarization units will also
produce different degrees of attenuation to the incident light.
Therefore, the error propagation model is established as

Ipr = Bl [l + med cosy — 2ay)]

where f; is the attenuation parameter of the incident light
intensity of the kth pixel channel, @y is the installation angle
of the polarizer with error, and #; is the parameter of the
inconsistency error of the extinction ratio coefficient.

Due to the difference between photodiodes and the thermal
effect of circuits, the photosensitive response intensity of each
pixel channel on the CMOS chip is inconsistent. Therefore,
further considering the photosensitivity consistency error, the
relationship between the incident light intensity and the CMOS
response light intensity is modeled as

(18)

Icmosy = Al pi + Ok (19)

where 4y is the light intensity response proportional coefficient
of the kth pixel channel of the CMOS chip, J; is the bias
coefficient, Icmosy is the light intensity response value of the
pixel channel, and I p; is the output light intensity passing
through the polarizers. Therefore, (18) and (19) are the error
model of the polarization sensor in this study.

B. Objective Function

After establishing the error model of the bionic polarization
sensor, the parameters to be calibrated mainly include the
CMOS photosensitive consistency error parameters A; and
O, and the array polarizer error parameters Sy, 7k, and dy.
Set the CMOS response vector of the polarization unit to be
[Icmos;, Icmos,, Icmoss, Icmos,]”, then according to (19), the
polarization response vector can be expressed as

Ip; 1/ Icmos; o

s |Ip2| _[1/42 Iemosy | )

I= Ips |~ | 1/23 Icmoss 03 (20)
Ipy 1/24 Icmosy 04

According to the array polarizer error model (18), the
relationship between the corrected Stokes vector § and the
polarization response I can be expressed as the form of a
matrix as

]pl ,31 771,31 00825(1 7’]1ﬁ1 Sin25£1

i _ ]pz —H§ = ,32 7’]2,82 COS 25(2 ﬂzﬁz sin 25(2 g
Ips3 B3 m3fscos2az  m3fzsinas |
1p4 ,B4 7]4,34 COS 25(4 7’]4ﬁ4 sin 25!4

21
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§ = [s0 51 sz]T =[1 Id°cos2y‘ Id°sin 21//C]T represents the
polarized Stokes vector after correction, y“ and d° represents
the corrected AOP and DOP, respectively; and H represents
the calibration coefficient matrix of the array polarizer error
model. Since the coefficient matrix cannot be inverted, use the
least-squares method to solve § = (H'H) 'H’T.

Therefore, obtaining the calibrated polarization angle and
polarization degree
d° = /st +s3/s0.

w¢ = 0.5arctan(s, /s1 ), (22)

Then according to formula (14), the AOP is converted into
the coordinate system of the observation meridian plane as
¢°. If M polarized images are obtained, each image has N
polarized units, and the ith polarized unit of each image is
used as the calibration vector, to obtain the CMOS response
vector group Q and the theoretical AOP vector ®*™ of the ith
polarized unit

Q=[I,....Tu], ,,» " =[] .., 23
The parameters to be calibrated are
Y = {4k, Ok, B, ks axlk = 1,2, 3,4} (24

If more than 20 AOP images and simulation values of typ-
ical positions are obtained, 20 calibration parameters can
be solved. Q provides a group of AOP corrections ®° =
[#7, ..., &4y, - Expressing the corrected AOP ¢y, (y) as a
function about the calibration parameters y, then the error
parameters can be solved by the minimum objective func-
tion (25) between the AOP correction value and the theoretical
value, which is also solved by Powell [32] algorithm

M
y = arg min (z H(/ﬁ,:m - ;1 (y) H)
y m=1

If more than 20 AOP images and simulation values of
typical positions are obtained, 20 calibration parameters can
be solved.

(25)

C. Field Calibration Based on Improved Berry Model

Although the objective function to minimize the difference
between the measured AOP and the theoretical AOP is pro-
posed above, if the Rayleigh model is directly used, it will
cause serious coupling between the sky polarization model
error and the sensor error. Therefore, the field calibration
method based on the improved Berry model is proposed. The
specific steps are as follows.

Step 1: First, the polarization sensor and INS are fixed on
the aluminum alloy bracket, and after leveling, the calibration
device is rotated every A° to obtain M groups of AOP images
in different heading states. And each image corresponds to an
attitude value [pitch,,, roll,,, head,,]” of the INS, representing
the pitch, roll and heading values of the mth heading state of
INS. If each image has N pixels involved in the calculation, the
group of CMOS response vector {imi},’,‘i ’fi | set can be obtained.

Step 2: Then construct the theoretical AOP image in M
states. Combined with the local geographic location and

time, the solar altitude f;, and azimuth o, in the navigation
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coordinate system of the mth picture are calculated, and then
according to (26), the theoretical values of the solar elevation
BSim angle and azimuth o$™ angle under the sensor coordinate
system can be obtained as

sim K
[ a," = a, — head,

m
ﬁsim _ps
m = Fm:

Substitute the measured AOP group {¢,,1i},’,‘f:1 of the mth
image into the improved Berry model (15), in which the
fit atmospheric turbidity parameter is [A,;, kim, k2], then
the complex representation of the polarization information of

the current heading state is {w,,; (5™, g“m, Ay ki ko) YN

(26)

L m
so the theoretical AOP value is {#™}" .

Step 3: Finally, carry out the calibration of the polarization
sensor. Substituting the CMOS response vector {I,;}*_, of
the polarization unit with the same index of each picture
and the theoretical AOP {¢5™}"_ into the formula (25), the
error parameters of the ith polarization unit can be solved by
minimizing the objective function. The loop iterates until all
the polarization units in the target area complete the calibration

and obtain a set of sensor error parameters {yi},N: 1

IV. EXPERIMENTS

To verify the effectiveness of the improved Berry model
in heading measurement and field calibration, the outdoor
experiment was carried out on March 9, 2022, and August 17,
2022, on the rooftop of the Technology Innovation Building of
Harbin Institute of Technology (longitude 126.6236°, latitude
45.7261°, altitude 148.74 m). The first group of data was
collected from 15:30 to 15:40 on March 9. On August 17,
we collected another six groups. The single experiment time
is also less than 10 min. The solar altitude angle of the
data at 9:00 and 10:00 is 40°-50° and that of the data at
14:30, 15:30, 16:30, and 17:00 is 20°-30°. The experimental
system is shown in Fig. 5. The polarization sensor and the
fiber INS (FINS) are fixed on the alloy bracket, and the
damping tripod is used as the support to adjust the attitude
of the polarization sensor during the data acquisition process.
The instrument specifications are shown in Table 1. The gyro
bias stability of FINS is 0.02°/h, and the attitude accuracy
can be within 0.1° combined with GPS. In this experiment,
we input the location information directly to FINS instead of
the GPS antennas. After the system was powered on, the initial
alignment of FINS was performed first, and then the leveling
is performed according to the attitudes output from the FINS,
and the pitch and roll misalignment are controlled within 1°.
The polarization sensor is then manually rotated every 10°
and ten images are acquired each time. Thereby, 360 skylight
polarization images are obtained for each experiment. Using
the collected AOP images, the heading measurement and the
field calibration are carried out.

We evaluate the field calibration and heading measurement
performance of different models by the STD of the error
between the heading measurement value and the FINS output
value. However, due to the existence of FINS initial alignment
and installation errors, the error of heading measurement is
not unbiased, and the mean error E is not zero. Therefore,
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Fig. 5. Schematic of the experimental system and process flow.

TABLE I
INSTRUMENT SPECIFICATIONS

Parameters

Resolution: 2048 x2448,
Frame rate: 22FPS
Focal length: 1.8mm,

Device name Device model

Lucid polarization
camera
Fujinon fish

PHXETO050S-P

eye Lens FEI85COS7HA view: 185.0° x 185.0°
Accelerometer  Bias: 0.05 mg,
Bias: 0.02°/h,
FINS FINS150 Gyro Random walk:
0.002°/v/h
Heading 0.1°(GPS)

to eliminate the influence of constant deviation, we use the
relative change of heading to evaluate the model performance
and subtract this mean value

ST J S (head, — headt™ — £)°
- |

27)

where £ = (EBerry + Eproposed)/2 , and EBerry and Eproposed are
the mean of error of Berry model and improved Berry model,
respectively. head,, and head:™ are heading measurement
value and FINS output value, respectively. M represents the
number of pictures collected.

A. Characterization Performance

To verify the characterization performance of the improved
Berry model compared with the traditional skylight polar-
ization model, four groups of AOP images at 15:30 on
March 9 with different heading values are used to carry out
the characterization performance experiment. Represented by
the heading of 0°, 90°, 180°, and 270°, the actual AOP images
detected by the polarization sensor, as well as the theoretical
AOP images simulated by Rayleigh model, Berry model, and
proposed model are shown in Fig. 6. The atmospheric turbidity
parameter A is set to 25°, the correction coefficients k; and
ky are set to 1.5 experientially. It shows that the oo shape
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Fig. 6. Simulation and measurement results of skylight polarization pattern.

TABLE II
COMPARISON OF SIMILARITY COEFFICIENTS OF DIFFERENT MODELS

Heading Rayleigh Berry Proposed
0° 68.28% 38.50% 83.33%
90° 81.55% 44.05% 87.71%
180° 64.78% 31.84% 80.56 %
270° 82.77% 50.02% 87.64%
Average 74.34% 41.10% 84.81%

of the Rayleigh model in the central area is similar to the
measured value, but since the polarization neutral points are
not considered, the AOP value near the sun position is quite
different from the measured value. As for the Berry model, the
AOP zero-point position represents the neutral point position,
and this is more consistent with the measured value, but the
saturation of the oo shape is still quite different. However, the
proposed model not only includes the position information of
the neutral points, but also controls their position through the
polarization correction coefficient, which has a high consis-
tency with the measured AOP image.

To further quantitatively evaluate the characterization per-
formance of the polarization model, refer to RN6, calculate the
difference (JAOP; — AOP,| = VAOP) between the simulated
AOP and the measured AOP of each polarization unit. When
VAOP is less than 10°, this polarization unit is considered
to be the approximate one. Use Ngmilar and Ny to denote
the approximate number and the total number of polarization
units, respectively. Definition ¢ as the similarity coefficient

& = Ngimilar/ Nrotal - (28)

The statistical results of the similarity coefficient of different
models in different heading states are shown in Table II. The
similarity coefficient of the improved Berry model proposed
in this article is better than both the Rayleigh model and Berry
model in different heading states. The average of AOP image
similarity coefficient is 106.35% higher than the Berry model
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Fig. 8. Error comparison of heading measurement of different models at
15:30 on March 9, 2022.

and 14.08% higher than the Rayleigh model, which verifies
the superiority of the proposed model.

B. Heading Measurement With Different FOV

Heading measurement is further performed on two sets of
images collected at 15:30 on March 9 and 10:00 on August 17,
respectively. As shown in Fig. 7, three areas with FOV sizes of
51.8°, 69.1°, and 88.0° are selected randomly, and the heading
of each image is calculated by different skylight polarization
models. The heading calculation method based on the Rayleigh
model refers to the least-square method proposed in [10]. The
heading errors are shown in Figs. 8 and 9. The comparison of
heading errors STD (°) calculated for different FOV is shown
in Table III.

As for the Rayleigh model, as the size of FOV increases,
the solution results are unstable and even incorrect. However,
the Berry model and the proposed model is more robust with
different size of FOV. This is because, with the increase
of the FOV, the area affected by the depolarization effect
gradually becomes larger, which destroys the characteristics
of the Rayleigh model and leads to erroneous solutions.
However, the Berry model considers neutral points generated
by multiple scattering of atmospheric aerosol particles and
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Fig. 9. Error comparison of heading measurement of different models at
10:00 on August 17, 2022.

TABLE III
COMPARISON OF HEADING ERRORS STD (°) FOR DIFFERENT FOV

Time Model FOV=51.8° FOV=69.1° FOV=88.0°
Rayleigh 3.2823 15.5903 40.8613
Proposed 2.3780 2.3500 2.4386
Rayleigh 38.1966 30.6915 28.8438
Proposed 4.1673 3.1927 2.5925

can still calculate correct navigation information even if the
atmosphere is turbid.

Table III shows that even under the same FOV, the STD
of the heading error of the improved Berry model relative
to FINS is still smaller compared with the Berry model.
The improvement is particularly noticeable when the Sun
is high (10:00 on August 17, 2022). This is because the
depolarization effect becomes more obvious with the increase
in solar altitude. And the proposed model can adjust the
saturation of the AOP image by controlling the neutral point
position of anti-Sun vector through the neutral point correction
coefficient, which is closer to the measured AOP and improves
the robustness of heading measurement.

C. Field Calibration

In practical applications, due to the limitations of the
manufacturing process, the AOP measurement accuracy will
be greatly affected by manufacturing errors. To verify the
advantages based on the improved Berry model, 360 AOP
images collected at 15:30 on March 9 are used for the
field calibration experiments. The light intensity response
error parameters, polarizer installation error parameters, and
extinction ratio error parameters of all pixel channels within
the FOV = 88° are calibrated. Refer to the ideal CMOS
response formula (17), set the initial value of the parameters
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Fig. 10.  Error comparison of heading measurement of different models.
(a) Calibration results. (b) AOP error after calibration.

y = { Ak, O, B, e, axlk = 1,2, 3,4} to be calibrated as

Yinic = [1,1,1,1,0,0,0,0,0.5,0.5,0.5,0.5

1,1,1,1,0,7/4, 2/2, 37 /4. (29)

Then select the boundaries of the error parameters in the
objective function optimization process. Set the variation range
of the light intensity response proportional coefficient Ay,
extinction ratio coefficient 7, and light intensity attenuation
coefficient f; to 90% to 110% of the ideal state, so the
selected boundaries are, respectively, [0.9 1.1], [0.9 1.1] and
[0.45 0.55]. The response bias coefficient J; is +10% of
the maximum normalized light intensity, and the selected
boundary is [—0.1 0.1]; the polarizer installation parameter of
single channel fluctuates by +5° around the theoretical value.
Finally, the objective function is optimized according to the
initial values and boundaries, and the error parameters could be
solved. The AOP value and error value of a single polarization
unit before and after calibration are shown in Fig. 10. The
measured AOP before calibration has a large periodic error
relative to the theoretical value. After calibration, the error is
significantly reduced, and the periodic error is well suppressed.
Therefore, the proposed method can well overcome the influ-
ence of the sensor error on AOP measurement and improve
the AOP accuracy.

D. Heading Measurement With Changing Weather

Furthermore, verify the heading robustness of the field
calibration results based on the improved Berry model with
changing solar altitude. We conduct heading measurement
experiments on the six groups’ images collected on August 17.
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TABLE IV

FIELD CALIBRATION HEADING ERRORS OF DIFFERENT MODELS
UNDER CHANGING SOLAR ALTITUDE

Time Rayleigh(°) Berry(°) Proposed(°)
09:00 27.7718 1.4098 1.0326
10:00 27.9003 1.9706 1.2611
14:30 6.5753 0.7157 0.7015
15:30 4.5729 0.8366 0.7903
16:30 1.1526 0.8073 0.7142
17:00 1.4351 0.5331 0.4648
Average 11.5680 1.0455 0.8274

The polarization images are corrected using the polarization
sensor error parameters calibrated in the last subsection, and
the FOV is also set to 88.0°. For the calibration results of the
Rayleigh, Berry, and improved Berry models, the headings
are solved based on the Rayleigh model, Berry model, and
improved Berry model, respectively.

Finally, compared with the heading value output from FINS,
the heading error is shown in Fig. 11. The heading measure-
ment accuracy is evaluated by the STD value of heading error,
as shown in Table IV.

With the decrease in solar altitude, the heading measurement
error of all models decreases gradually. This is because the
depolarization effect becomes weaker as the solar altitude
angle decreases, so the influence on heading measurement
becomes smaller. However, the heading measurement after
field calibration based on the Rayleigh model has large fluc-
tuations, while that based on the Berry model or the proposed
model are stable with smaller heading errors. When the solar
altitude is low and the depolarization effect is weak, such
as in the 16:30 and 17:00 data, the Rayleigh model can
obtain reliable heading results after field calibration, but it
is still not as good as the proposed model. Moreover, due to
the reflection of sunlight on the ground and buildings, the
distance between the neutral point of the AOP image and
the center in a single experiment is uneven. The heading
measurement and field calibration based on the Rayleigh
model cannot adapt to this change, which leads to some jump
points of heading errors, as shown in Fig. 11(c) and (f).
However, the Berry model and the improved model can fit
the neutral points to avoid this phenomenon. Besides, since
the Rayleigh model does not consider the influence of aerosol
depolarization, when the solar altitude rises, the position of the
neutral points also changes, which destroys the characteristic
features of the Rayleigh model, resulting in lower heading
accuracy. Berry model and the proposed model both consider
the neutral points, which can well adapt to the change in the
solar altitude. Moreover, the improved Berry model can well
correct the oo shape saturation of the AOP image, so higher-
accuracy results are obtained. With the decline of the solar
altitude, the heading measurement errors of the Berry model
and the proposed model are gradually approaching. This is
because the influence of atmospheric depolarization effect on
AOP measurement value gradually decreases. However, the
improvement is especially obvious when the solar altitude is
high, such as in the data of 9:00 and 10:00. This is because
the adaptability to the depolarization effect of the Berry model
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gradually weakens when the solar altitude increases. The
proposed model can better improve the robustness of heading
measurement and field calibration due to the introduction
of correction coefficients. The last row of Table IV shows
the average value of heading error STD of six groups of
data with different methods. And we use the reduction ratio
as the evaluation index (STDyy — STDpr)/STDya X 100%,
STDy, is the average STD of the traditional method, and
ST—DprO is the average STD of the proposed method. Compared
with the traditional Berry model and Rayleigh model, the
average STD of the heading error is reduced by 20.86% and
92.85%, respectively, which verifies the advantages and broad
application prospects of the proposed method.

V. CONCLUSION

Aiming at the problem of poor robustness of the existing
methods for polarization heading measurement due to the
insufficient characterization performance of skylight polariza-
tion modes, this article proposed a new method of heading
measurement based on the Berry model. First, the neutral
points generated by the depolarization of the turbid atmosphere
are regarded as the singular point of the polarization field, and
the correction coefficient of the singular point is introduced,
thereby constructing a high-robust skylight polarization model.
And the heading is solved by minimizing the objective func-
tion related to AOP. On this basis, the theoretical AOP is fur-
ther constructed by the proposed model, and the polarization
sensor model is used as the mapping function between the
theoretical AOP and the measured AOP, and then realize the
outdoor field calibration, which separates the sensor error from
the sky polarization model error and reduces the calibration
cost and simplifying the calibration process. Finally, the actual

0 250 300 350 50 100 150 250 300 350

2
Index™"

()

Heading error after field calibration at different times. (a) 2022-08-17 9:00. (b) 2022-08-17 10:00. (c) 2022-08-17 14:30. (d) 2022-08-17 15:30.

rooftop experiment is carried out to verify that the field
calibration based on the improved Berry model can reduce
the average STD of heading error by 20.86% compared with
that of the Berry model and 92.85% compared with that of the
Rayleigh model with changing solar altitude. The results show
that the skylight polarization model considering depolarization
is very effective in improving the robustness and accuracy
of heading measurement. Future research work will focus on
improving the optical path structure to obtain more accurate
AOP values and studying algorithms such as image denoising
and anti-occlusion to make it adapt to complex environments.
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