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Abstract: Inspired by many insects, several polarized skylight orientation determination approaches have
been proposed. However, almost all of these approaches always require polarization sensors pointing to
the zenith of the sky dome. Therefore, the influence of sensor tilts (not pointing to the sky zenith) on bio-
inspired polarization orientation determination needs to be analyzed urgently. Aiming at solving this prob-
lem, a polarization compass simulation system is designed based on a solar position model, the Rayleigh
sky model, and a hypothetical polarization imager. Then, the error characteristics of four typical orienta-
tion determination approaches are investigated in detail under the pitch tilt condition, roll tilt condition,
and both pitch and roll tilt conditions. Finally, simulations and field experiments indicate that the orienta-

tion errors of the four typical approaches are highly consistent when they are subjected to tilt interference ;
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the errors are affected by not only the degree of inclination but also the solar altitude angle and the relative

position between the Sun and polarization sensor. The results of this study can be used to estimate the ori-

entation determination error caused by sensor tilts and correct this type of error.

Key words: polarization optics; orientation determination; sensor tilts; skylight polarization pattern

1 Introduction

Traditional navigation systems such as the in-
ertial navigation system, global position system
(GPS) , and geomagnetic navigation system
(GNS) play a key role in the navigation of air-
craft, robots, missiles, and vehicles. Inertial navi-
gation systems have many advantages, whereas
gyroscopes and accelerometers are usually prone
to drift and noise, which may cause error accumu-
lation over time'''. In addition, although the GPS
is a real-time and cost-effective locating system,
GPS signals can be easily jammed owing to the
presence of disturbances™”. GNSs are sensitive
to electromagnetic interference'”. With the rapid
advancement of human society, there is a need to
design a highly precise, autonomous, reliable,
and robust navigation system.

The navigation behavior of animals provides

us with new ideas regarding navigation ™.

Desert
ants rely on the predictable pattern of polarized
light in the sky to find their way back home in hos-
tile environments' ™. Honey bees detect the polar-
ization of skylights to move from their hives" ™"
Birds use skylight polarization patterns to calibrate
magnetic compasses during their long-range migra-

[11]

tions The dorsal rim area of the compound

eyes of locusts is sensitive to polarized skylight,
enabling it to estimate its orientation "***,

These animals can use polarized light as a
compass because of the polarization pattern in the
sky'"“**". Unpolarized sunlight through the Earth’s
atmosphere produces a skylight polarization pat-

tern' """,

Sunlight remains unpolarized until it in-
teracts with atmospheric constituents, and scatter-
ing sunlight causes a partial linear pattern of polar-

ization in the sky, which can be well described by

22]

the Rayleigh sky model "%,

Inspired by the polarization navigation behav-
1ors of animals, several orientation-determination
methods have been proposed based on the Ray-
leigh sky model. Polarization-orientation-determi-
nation methods mainly include the following four
typical approaches: the zenith, solar meridian and
antisolar meridian (SM-ASM) , symmetry, and
least-squares approaches. The zenith approach is
based on calculating the heading angle by measur-
ing the angle of polarization (AOP) at the sky ze-
nith™'*** Because the polarization E-vector
along the SM-ASM is consistently perpendicular
to the SM-ASM, the heading angle can be calcu-
lated by extracting SM-ASM. This approach is
called the SM-ASM approach™*”. Furthermore,
because of the symmetry of the skylight polariza-
tion pattern, symmetry detection can be used to
determine the orientation. This approach is
termed the symmetry approach™ . Finally, the
polarization E-vector of the Rayleigh sky model is
consistently perpendicular to the solar vector.
Therefore, the orientation can be determined by
the total-least-square method, which is called the

#3%1  However, most of

least-square approach’
these heading-determination approaches require
the polarization sensor to point toward the zenith

[37

of the sky dome “": the Zenith approach must di-
rectly capture the polarization information at the
sky zenith; SM-ASM and symmetry approaches
require that the reference direction of the AOP be
converted to the local meridian using the sky ze-
nith as a reference point; and the least-squares ap-
proach requires a known sky zenith dependent co-
ordinate system to determine the orientation accu-
rately.

In actual navigation, the carriers moving in
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three-dimensional space, such as aerial vehicles,
aircraft, and rockets, tilt. Even carriers moving
on the ground, such as vehicles and multilegged
robots, tilt when the ground is uneven™™.
Therefore, the impact of the polarization sensor
tilt on bioinspired polarized skylight heading deter-
mination requires investigation and detailed discus-
sion'".

The objective of this paper is to study the im-
pact of the sensor tilt on polarization orientation
determination. First, a polarization compass simu-
lation system is designed. Next, based on this
simulation system, numerical simulation experi-
ments are performed to investigate the impact of
the sensor tilt on the aforementioned four classical
heading-determination approaches. Finally, the
results of the field experiments are compared with
the results of the digital simulation to validate our

conclusions.

2 Polarization simulation system

A polarization compass simulation system,
depicted in Fig. 1, was designed to study the im-

pact of the sensor tilt on orientation determination.

Latitude — ;
. Solar position [ Solar altitude—>| Rayleigh sky | Maximum
Longitude — p = .
Time — model —> Solar azimuth—>| ZOCE
vy
A?P Df)P Elvector
Orientation Hypothetical [« Yaw

<«—AOP image «—
polarization [« Pitch
<«—DOP image +—| imager <«— Roll

Orientation<«—| determination
algorithm

Fig. 1 Polarization compass simulation system. AOP is
the angle of polarization, DOP is the degree of po-
larization, and E-vector is the polarization electric

field vector

In addition, the sun azimuth coordinate frame
was constructed to describe this system. As de-
picted in Fig. 2, ox,y,z, 1s the East-North-Up
(ENU) geographic coordinate frame. The y, axis
of the sun azimuth coordinate frame ox,y.z, is

aligned with the solar azimuth, z, axis points to

the zenith, and x, axis completes the right-handed
coordinate frame. The sun azimuth coordinate
frame rotates around the z, axis when the solar azi-
muth changes, and the direction of the y, axis is al-
ways aligned with the direction of the solar azi-
muth.

The rotation matrix from the ENU coordi-

nate to the sun azimuth coordinate is given by

COS@,s —sing,s O
C;=lsing, cosg,s Of (1)
0 0 1
where ¢, 1s the solar azimuth angle in the ENU
coordinate.
Zenith
Azg(za)
SM-ASM
N
P e
hy h
T T Spes | %}’g
Pap Y
— Qgp
X, Ya
X,

Fig. 2 Coordinate frame: ox,y,z, is the East-North-Up
(ENU) geography coordinate frame. ox,y,z2,is
the sun azimuth coordinate frame. Red circle S
represents the sun. Green circle P represents the
observation point. The red line SM-ASM repre-
sents the solar meridian and anti-solar meridian.
hg 1s the solar altitude angle. /4 is the altitude an-
gle of P. y; is the angle between P and the sun.
@,s 1s the solar azimuth angle, and ¢,p is the azi-
muth angle of P in the ENU coordinate. ¢,y is
the azimuth angle of P in the sun azimuth coordi-

nate

2.1 Solar position model
In this section, the solar position is calculated

9 40 com-

by the relevant astronomical formulae’
pare the simulation results and field experiments.
Based on relevant astronomical formulae, the

position of the sun can be calculated using three an-
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gles: solar declination angle 0, solar hour angle
T, and latitude L, of the observation site. Solv-
ing the spherical triangle S-O-NP in Fig. 3, the so-
lar altitude angle hs€&[ 0% 90°] and solar azimuth
angle ¢, €[0%360°] in the ENU coordinate
frame are given by

sin hs =sin 65 sin L, + cos 65 cos L, cos Ts

sin 65 — sinhg sin L, . (2)
cos hgcos L,

COS Qs =

By solving the inverse trigonometric function
in Eq. (2) and making quadrant judgments, we
have:

hs = arcsin (sin 8 sin L, + cos s cos L, cos Ts) ,

(3)
Pos —
amos( sin s — sin A sin Lo) To<0
coshgcosL,
— arccos(sin &5 — sin hs sin Lo) —_— ’
coshgcosL,
(4)

where the formula for the solar declination angle

Fig. 3 Celestial sphere, where red circle S is the sun, O
is the observation site, NP is the North Pole. ¢y
is the solar declination angle, T is the solar hour
angle, L, is the latitude of the observation site,
hg is the solar altitude angle and ¢ is the solar az-

imuth angle in the ENU coordinate

0s for 1985 is given by

0s=0.3723+ 23.256 7sin o5 + 0.114 9sin 205 — 0.171 2sin 305 — 0.758c0s o5 +
0.3656 cos 205+ 0.020 1 cos 305 , (5)

where the day angle o5 = 2nx(D — D,)/365.2422,

D is the day of the year, and the spring-equinox

time D, expressed in days {rom the particular year

(1985) is

D, =79.6764+ 0.2422 X (Y — 1985) —

INT[(Y — 1985) /4], (6)

where Y is the year and INT represents the round-

ing down.

The calculation process for the solar hour an-
gle Ty is given below, where the local standard
time S, of the observation site can be calculated as

S,=S,+[Fo,—4(120 — Lon,)]/60. (7)

In Eq. (7), for observation site O, Spand
F, are the hour and minute of the Beijing time, re-
spectively, and Lon, is the longitude of observa-
tion site O.

Then, time error E, is given as:

E,=—0.0028 — 1.985 7sin o5 + 9.905 9sin 205 —
7.0924cos 05— 0.688 2cos 205 .

(8)
Next, S, is corrected by E, to obtain solar
time S,:
S,=S,+ E,/60. (9)
Finally, the solar hour angle T is given as:
Ts=(S,—12) X 15°. (10)
In short, using the above formulae, the solar
azimuth angle and solar altitude angle can be calcu-
lated.
2.2 Rayleigh sky model
The Rayleigh sky model predicts the degree
of polarization (DOP) of the sky polarization prop-
erties'” as:

o2
pOP=DOP,, — 7 (11)

1+ cos’y,’
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where y,, called the scattering angle, is the angle
between observation point P and the sun. DOP,,,
is the maximum detected DOP in the sky and
DOP,,, =1 for an ideal sky.

The Rayleigh sky model predicts the sky po-

larization properties AOP*" as
AOP =

sinhg cos hp — coshg sinhp cos(gags — gogp)

[}

arctan :
sin (goys — (pg,,) coshs

(12)
where Ap is the altitude angle of observation point
P, ¢, is the azimuth angle of P in the ENU coor-
dinate, and AOP &€(—90,90). According to trig-
onometric functions,

sin AOP
cosAOp  @nAoP (13)

sin AOP + cos’AOP =1
Then, sin AOP and cos AOP are given by

sinhg coshy—coshs sinhp cosl @ s,
sin AQp— s 0TI TOR TS DI (psspw)

sin yp

SIn (@5 ¢er)

cos AOP—= coshg
sinyp

(14)

The sky polarization E-vector in the ENU co-

ordinate predicted by the Rayleigh sky model is
given as

E.,=V,cosAOP + H, sin AOP, (15)

s
where F,p is the polarization E-vector of observa-
tion point P in the ENU coordinate predicted, V,p
is the tangent direction of the local meridian, and
H,; is the vector perpendicular to V., and parallel
to the oz, y, plane. V pcos AOP and H,»sin AOP
are the projections of the polarization E-vector on
V. and H,p, respectively:
Ve = (—sinhp sin ¢ p, — sinkp cos @,p, coshp)’,
(16)
H = (—cos @, sin @, 0)". (17)
The superscript T represents a matrix or a
vector transpose. Substituting (14) into (15) ,

E» in the ENU coordinate is given as

E,—
COS Qs SIN fip COS hs — COS @ ,p COS hp SIN hig

sinyp

—sin @, Sin hp oS hs + sin@,p cos hp Sin As |.

sinyp

SIN (@, — @,p)COS hs cos hp

sinyp

(18)
In short, the polarization E-vector E,» in the

sun azimuth coordinate can be expressed as
E.,=CiE,,. (19)

2.3 Hypothetical polarization imager

To construct an ideal simulation system,
both the skylight polarization model and the polar-
ization imaging sensor must be constructed . In
this section, a hypothetical polarization imager is

designed and described in detail.

0.1
Focal point

3
yfv

Fig. 4 Camera coordinate frame o.x.y.z. and pixel coor-

dinate frame 0,z,y,, where f is focal length

To construct a hypothetical polarization imag-
er, camera and pixel coordinate frames were estab-
lished, as depicted in Fig. 4. The z, axis of the
camera coordinate frame o.x.y.z. was aligned
with the optical axis of the imager, and the 2, and
y. axes of the camera coordinate frame o.x,y. 2,
were aligned with the column and row directions
of the image, respectively. The x, and y, axes of
the pixel coordinate frame o,x,y, were aligned
with the column and row directions of the image,
respectively. The unit of this coordinate is pixels.

In the camera coordinate frame, the vector of
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pixel P'(x,pr, y,p1) 18

.
L1 1
V=D [r (l‘pl”_ 772) s Dy (ypr— 7, 5 )s]{| )

(20)
where D, and D, are the column and row pixel siz-

es, respectively, 7, and », indicate that the polar-

ization image has 7, X 7, pixels, and fis the focal
length of the pixel-based polarization camera used.

Suppose three Euler angles of the polarization
imager are given. Then the rotation matrix from
the camera coordinate to the sun azimuth coordi-

nate can be described as

cosfcosy tsinfsinasiny  cosasiny  sinfBcosy — cosBsinasiny
C!=| —cosfsiny +sinfBsinacosy cosacosy —sinfsiny — cosfsinacosy |, (21)
—sinfAcosa sin a cos ffcosa

where v, a, and f represent the yaw, pitch, and
roll angle, respectively.
Then, the shooting direction of pixel P"in the
sun azimuth coordinate is
Vpr=C!V p. (22)
Azimuth angle ¢, of the shooting direction

of pixel P'in the sun azimuth coordinate is

V(1,1)
Q. — arctan| ————=|.
Vu["(29 1)

(23)
Altitude angle hp of the shooting direction of

pixel P'is

(24)

V(3. 1)}

hp = arcsin{

aP!

where V. (1,1), V(2,1), and V,(3,1) are

V.| 1s the mode of

the components of V1, and
V.. Then, the scattering angle y, of the pixel P’
is given as
yp—arccos [ sin hp sinhstcoshp coshs cos (@.p) ).
(25)
Substituting Eq. (25) into Eq. (11) , the
DOP of pixel P’ can be obtained. Fig. 5(a) de-
picts a hypothetical DOP image.
The azimuth angle ¢, of the shooting direc-
tion of pixelP'in the ENU coordinate is
Q' = Qup' — Pys. (26)
Therefore, substituting Eqs. (24) , (26) ,
and (18) into Eq. (19), the polarization E-vector
E . of pixel P'in the sun azimuth coordinate frame
can be obtained. The polarization E-vector E , of

P'in the camera coordinate frame can be given by
Ep=C.Ep, (27)

where C; is the transpose of C!, which represents
the rotation matrix from the sun azimuth coordi-
nate to the camera coordinate. Because the AOP
reference direction is aligned with the y, axis and
the shooting direction of the hypothetical polariza-
tion imager is aligned with the z, axis, the AOP

can be calculated as

o E[P’(lv 1)
AOQOP = arctan Eo(2.1) (28)

where E (1, 1)and E (2, 1) are the components
of E.p. A hypothetical AOP image is depicted in
Fig. 5(b).

For the four typical orientation-determination
algorithms described in Section 1, the zenith and
least-squares approaches can directly use the AOP
for orientation determination. However, for the
SM-ASM and symmetry approaches, further
transformation of AOP is required. The reference
direction of AOP must be converted to the local
meridian. The AOP whose reference direction is
local meridian can be defined as

AOPLM = AOP — ¢, (29)
where £ is the angle between the y, axis and the lo-
cal meridian. When the polarization imager points

to the sky zenith, we have

1
(I/;P’i%)

&= arctan | (30)
(ypl’/_ )‘2 )

A hypothetical AOPLM image is obtained
and depicted in Fig. 5(c).
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-45
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(b) AOP image (c) AOPLM image

Fig. 5 Hypothetical polarization images

3 Simulation

To investigate the impact of the sensor tilt on
orientation determination, we performed some sim-
ulation experiments for four classical polarization-
orientation-determination algorithms, namely, the
zenith, SM-ASM, symmetry, and least-squares ap-
proaches, as depicted in Fig. 6. According to the
Rayleigh sky model, the polarization E-vector at
the sky zenith is perpendicular to the solar azi-
muth; therefore, the zenith approach determines
the heading angle by measuring the AOP at the

[3.,16,23-25]

sky zenith The polarization E-vector
along the SM-ASM is always perpendicular to
SM-ASM. Therefore, the SM-ASM approach
can be used to calculate the heading angle by ex-
tracting SM-ASM ",

the skylight polarization pattern, the symmetry ap-

Using the symmetry of

proach can determine the orientation by symmetry

detection ",

The polarization E-vector of the
Rayleigh sky model is always perpendicular to the
solar vector; therefore, the least-squares approach
can be used to determine the orientation by the to-
[33-35

tal least square of the polarization E-vectors

Considering that the polarization imager
needs to capture the skylight polarization pattern,
the imager field of view must always be above the
horizon, and the interference of buildings and ob-

stacles must be eliminated. In our simulation and

Symmetry approach

Zenith

approach Least-square

- ~"approach

SM-ASM _
approach

Fig. 6 Rayleigh sky model and four typical orientation-
determination approaches (‘The red dot represents
the sun, the pink point represents the sky zenith,
red line represents the solar meridian and anti-so-
lar meridian (SM-ASM) , blue lines represent the

polarization electric field vectors (E-vector) )

Tab.1 Simulation parameters

Symbol Value Unit Description

DoPrP,, 1 / Maximum DOP in the sky

D, 3.45 pm Pixel size in column direction

D, 3.45 pm Pixel size in row direction

7, 2048 pixel Number of pixels in column direction
”, 2448 pixel Number of pixels in row direction
f 4 mm Focal length of polarization imager

experiment, the imager angle of view was 108°;
therefore, we set the pitch and roll angles to |a|+
|8l<< 30°.

The tilt state of the sensor in practice can be
divided into three situations:

1) Pitch-tilt-only condition

2) Roll-tilt-only condition

3) Pitch-and-roll-tilt condition

The parameters of the simulation are listed in
Tab. 1.
3.1 Pitch-tilt-only condition

In this section, we discuss the error character-
istics of the pitch-angle-only condition with the roll
angle set to zero. Using the polarization compass
simulation system discussed in Section 2, more
than 1.4 X 10° sets of simulation experiments
were performed, and the orientation errors of

four typical approaches were obtained in the rang-
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es of solar altitude angle hs €[ 0% 50°], yaw an-
gle y €[ —180°180°], pitch angle, a&[ —30°
,30°], and roll angle §=0°. The results of the
pitch-tilt-only condition are depicted in Fig. 7.

30 30 -
_15 15
Fl1s &5
-30 -30 20
<% 0 d;éo
25 “ “,25 “ 102
/J{ 50 ™ 0 o0 180 éé 50 D0 90 180 B
18077 vaw % -180° Yaw 5
(a) Zenith approach (b) SM-ASM approach ,E
g
30 -108
20 5 o ‘
2 -20
~5 ‘ £-15
-30 -30:
g, 0 %/0 -30
«;25 “90 180 22° ‘ 00 180
{?» 50180 -90 0 6,050 180-90 2{ -40

(c) Symmetry aproach (d)Least-squaIe approach

Fig. 7 Orientation errors of four typical polarization-ori-

entation-determination approaches under pitch tilt

It can be observed in Fig. 7 that under the
pitch-tilt-only condition, the variation trend of the
orientation error for the four typical approaches is
the same. There were three similarities:

(a) When the pitch angle was 0°, the error in
all four approaches was close to 0. With an in-
crease in the pitch angle, the error tended to in-
crease.

(b) When the solar altitude angle was 0°, the
error in all the four approaches was always close
to 0°. When the pitch angle was not 0°, the error
in all approaches tended to increase with an in-
crease in the solar altitude angle.

(¢) The error in the four approaches is sym-
metric with respect to planes y = 0° and y=180°
(—180°).
180°(—1807), regardless of the pitch and solar alti-

When the yaw angle was 0° or

tude angles, the error in all the four typical ap-
proaches were always close to zero. In addition,
the following trends were observed: error was
close to zero at y — — 180°. With the yaw angle

increasing gradually, the error increased gradually

and reached a maximum before the error decreased
and approached zero at y=10°. Subsequently,
with the yaw angle increasing gradually, the orien-
tation calculating error increased gradually and
reached a maximum. Finally, the orientation er-
ror decreased and was close to zero at y = 180°.

The following is a detailed analysis of the rea-
sons for the above three similarities:

For (a), when a=0°, there is no impact of the
sensor tilt. In other words, under ideal conditions,
all four typical approaches can effectively determine
the orientation. When the pitch tilt increases, the
tilt interference increases, which leads to an increase
in orientation-determination errors.

For (b),

the solar azimuth information to determine the ori-

the four approaches essentially use

entation. When the solar altitude angle increases,
the component of the solar vector projected on the
plane ox,y.(ox,y,) decreases, thus the stability
and reliability of the solar azimuth are weakened.
This causes an increase in orientation-determina-
tion errors.

For (¢), the errors in the four approaches are
all symmetric with respect to planes y = 0° and
w — 180°(—180°). This manifests in the symme-
try of the skylight polarization pattern with respect
to SM-ASM. When the yaw angle is 0° or 180°
(—180°) and only pitch tilt occurs, the direction of
the polarization imager's optical axis always points
to SM-ASM, which is parallel to the y. axis.
Therefore , when the yaw angle is 0° or 180°
(—180°), regardless of the pitch and solar altitude
angles, the errors in the four approaches are al-
ways close to zero.

To further compare these four approaches,
we drew groups of simulation results of the four
approaches on a graph, as depicted in Figs. 8 and
9. Itis evident that the variation trends of the four
error curves are identical, and the four curves al-
most coincide. Furthermore, under similar condi-

tions, the error difference between these four ap-
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proaches is always less than 0.66°. Therefore,
when there is interference from only the pitch tilt,
it can be concluded that the error characteristics of

the four approaches are consistent, and the orien-

—Solar altitude

Solar altitude and pitch/(°)
2

2

E

b5

=

2

s -10

.§ 20— Zenith

5 30 SM-ASM
Y1 - Symmetry
_40 Sl LCaSt-Square | |

1

Orientation determination errors under only pitch tilt

tation errors of the four approaches are almost
the same. Moreover, similarity (b) is evident
in Fig. 8, and similarities (a) and (c) can be par-

tially reflected in Fig. 9.

()
Yaw/(°)

0 2

~
=N

Index

Fig. 8
under the pitch-tilt-only condition

W
SO
1

8 10 12 14
x10*

Simulated orientation-determination error curves of four typical polarization-orientation-determination approaches

Orientation determination errors under only pitch tilt

10 -=—Solar altitude
-10F---Pitch .

v
S
T

20

Solar altitude and pitch/(°)

10~

180

1
[e)
Yaw/(°)

--180

Orientation error/(°)

Fig. 9

—Zenith

- - Symmetry
...... Least-square
1

20l 1 1 1 1
6.7 6.8 6.9 7 7.1 72

Index x107
Simulated orientation-determination error curves of four typical approaches under the pitch-tilt-only situation. This

is an enlarged view of Fig. 8

3.2 Roll-tilt-only condition
In this section, we discuss the error character-
istics for the situations when only the roll angle tilt

exists and with the pitch angle set to zero. The ori-

entation errors in four typical approaches were ob-
tained in the ranges of the solar altitude angle
hs €[ 0°,50°], yaw angle y €[ —180°, 180° ], roll
angle, f&[—30°%30°], and pitch angle a=0".
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The results under this condition are depicted in
Fig. 10, where the yaw range is [ —180°, 180 ].
For ease of observation and comparison, the
range of yaw is converted to [ —90°%, 270° ], as de-
picted in Fig. 11. By comparing Figs. 11 and 7,
it is evident that the two sets of graphs have identi-
cal shapes, with the only difference being the
range of the yaw angle. Therefore, the error char-
acteristics of the roll-tilt-only condition are signifi-
cantly similar to those of the pitch-tilt-only condi-
tion. The first two error similarities are the same
as those described in Section 3.1; however, the
third one 1s different.

For only roll tilt, the errors in the four ap-
proaches were all symmetric with respect to
planesy = —90°(270°) and y=90°. When the
yaw angle was 90° or —90°(270%), regardless of
the roll and solar altitude angles, the errors of the
four typical approaches were always close to zero.
We observed the following trends: the error was
close to zero at y = —90°, and with the yaw angle

increasing gradually, the error increased gradually

and reached a maximum. Subsequently, the error
decreased and was close to zero at y=90°.
Then, as the yaw angle increased gradually, the
error increased gradually and reached a maximum.
Finally, the error decreased and was close to zero
at y = 270°.

In short, compared with the result of the
pitch-tilt-only condition, the result of the roll-tilt-
only case has a 90° shift in the yaw direction. The
reason for this phenomenon is given in below.

As depicted in Fig. 4, the direction of the op-
tical axis of the polarization imager is (0,0, 1).
Using Eq. (22), the optical axis direction in the
sun azimuth coordinate is given by

0 sin fcos y — cos B sin asin y
Vy=Co|=

1 cosffcosa

—sinfsiny — cosfsinacosy |

(31)

Assume two sets of altitudes (w1, a1, 1) and

(vs, @5, §5) that satisfy v, =y, +90°, f.=a,
B1=0°, and a, = 0".

sin 3, cos y; — cos 31 sin @, sin y, —sin @, Sin y, sin 3, cos v,
V= —sinfsiny, —cosf sina, cosy, | =|—sina, cosy,|=| —sinf,siny, | =
cos 81 cos a; cos a; cos f3

sin 8, cos y, — cos f3, Sin @, sin y»

—sin 8, siny, — cos B, sina, cos y, | =V,

cos 3z cos a,

where V,, and V, are the optical axis directions
at (yy, a1, B1) and (., as, B2) in the sun azimuth co-
ordinate system, respectively. V., =V, indi-
cates that the optical axis directions of the image
at (yy, a1, §1) and (y., a», ) are identical. There-
fore, the polarization information collected by the
polarization imager at (yy, ai, 81) and (., as, 32)
corresponds to almost the same area of the sky.
As such, the results of the roll-tilt-only condition
have a 90° shift in the yaw direction compared

with that of the pitch-tilt-only condition.

(32)

To further compare these four approaches un-

der the roll-tilt-only condition, we obtained
groups of simulation results of the four approaches
on a graph, as depicted in Figs. 12 and 13. It is
evident that the variation trends of the four error
curves are identical, and the four curves almost co-
incide. Furthermore, as depicted in Fig. 13, the
error curve of the pitch-tilt-only condition is drawn
for comparison with that of the roll-tilt-only condi-
tion. It is evident that the results of the roll-tilt-on-

ly condition have a 90° shift in the yaw direction
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Fig. 10 Orientation-determination errors in four typical
polarization-orientation-determination approach-
es under the roll-tilt-only condition with y €[ —
180°, 180° ]

compared with that of the pitch-tilt-only condi-

tion. Therefore, the properties of the roll-tilt-only
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2
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Orientation error/(°)
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Y e
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Fig. 11 Orientation-determination errors in four typical
polarization-orientation-determination approach-
es under the roll-tilt-only condition with y €[ —
90°, 270° ]

condition can be obtained from that of the pitch-

tilt-only condition.

Orientation determination errors under only pitch tilt
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Fig. 12 Simulated orientation-determination error curves of four typical polarization-orientation-determination approaches

under the roll tilt only situation

3.3 Pitch-and-roll-tilt condition

The error characteristics of the pitch-and-roll-
tilt condition are discussed in this section. The ori-
entation-determination errors of four typical ap-
proaches were obtained in the ranges of the so-

lar altitude angle hs €[0°50°], yaw angle

w e[ —180°%180° ], pitch angle a €[ —30°, 30°],
roll angle, B€[—30%30°], and l|a|+ |B|< 30°.
The results of the zenith approach for pitch and
roll tilts are depicted in Fig. 14.

It is evident from Fig. 14 that under the

pitch-and-roll-tilt condition the error in the zenith
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Fig. 13 Simulated orientation-determination error curves of four typical approaches under the roll tilt only situation. This

is an enlarged view of Fig. 12. Only pitch is the error curve when the pitch angle equals the roll angle under the

pitch-tilt-only situation

approach has the following characteristics:

(a) With an increase in pitch and roll angles,
the error in the zenith approach tends to increase.

(b) When the solar altitude angle was 0°, the
orientation error in the zenith approach was close
to 0°. When the pitch and roll angles were not 0°,
the error tended to increase with an increase in the
solar altitude angle.

(c) When the other conditions were the
same, the yaw angle difference also affected the
orientation errors.

The reasons for these observations are identi-
cal to those mentioned in Section 3. 1. The follow-
ing is a detailed analysis of the reasons for these
three characteristics.

For (a) ,

crease, the tilt interference increases,

when the pitch and roll tilts in-
which leads
to an increase in orientation errors.

For (b),

solar azimuth information to determine the orienta-

the zenith approach essentially uses

tion. When the solar altitude angle increases, the
component of the solar vector projected on the
plane ox,y,(ox,y,)decreases, thereby weakening
the stability and reliability of the solar azimuth.

This leads to an increase in the orientation error.

For (¢),

tive position between the sun and the polarization

with different yaw angles, the rela-
sensor is different, resulting in different orienta-
tion errors when the sensor tilts.

Under pitch and roll tilts, the error difference
between the four approaches was always less than

0.77°. Therefore,

other three approaches were consistent with those

the error characteristics of the

of the zenith approach.
3.4 Application values

The findings of this study have two important
application: (1) Given the allowable error range of
the orientation, the allowable range of the corre-
sponding pitch and roll angles can be obtained. (2)
The error caused by the sensor tilt can be correct-
ed when the pitch angle and roll angle are given.

The allowable ranges of the pitch and roll an-
gles are illustrated by considering the allowable
maximum error of orientation as an example. Sup-
pose that the maximum allowable error of orienta-
tion is ME. It is important to note that for any
yaw angle, the maximum error of orientation is af-
fected not only by the pitch and roll angles but also
When the pitch and

the orientation-determination er-

by the solar altitude angle.

roll angles are 0°,
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Fig. 14 Simulated orientation-determination error of the zenith approach under the pitch-and-roll-tilt condition
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ror caused by the sensor tilt is 0°. When the pitch
or roll angle increases, the maximum error in the
orientation determination increases. When the so-
lar altitude angle is 0°, the orientation-determina-
tion error is almost unaffected by the sensor tilt.
When the solar altitude angle increases, the maxi-
mum error of the orientation determination increas-
es. Based on the simulation results, the allowable
ranges of the pitch and roll angles can be roughly
estimated by

hs /@’ + 7 < ME®. (33)

The results of this study can mitigate such ori-
entation-determination errors. The impact of the
sensor tilt is a type of system error, and a method
of eliminating this error is to fully analyze its char-
acteristics. Therefore, given the pitch angle and
roll angle, the error caused by the tilt can be ob-
tained based on the results of this study. Subse-
quently, the orientation can be calibrated by sub-
tracting this error. In our field experiment, we
mitigated such orientation-determination errors,

as discussed in Section 4.

4 Field experiment

To further verify the simulation results, field
experiments were performed to investigate the im-
pact of the polarization sensor tilt on orientation
determination. The results of the field experiments
were compared with those of the simulation.

The experimental platform used in this study
is depicted in Fig. 15. Two tripods were
equipped with a Sony IMX250MZR polarization
imager and a GPS/IMU (global position system/
inertial measurement units) integrated navigation
system. The parameters of the actual polarization
imager were consistent with those of the hypotheti-
cal polarization imager, as listed in Table 1. The
GPS/IMU integrated navigation system was used
to determine the pitch and roll angles of the polar-
ization imager. The true North was determined by

a double-antenna GPS device as a benchmark (the

Fig. 15 Polarization-orientation-determination experiment

‘ 0.6
o)
[a]
0.2
0

(a) DOP image

90
20
_ 45
0 jf 0
20 2
45
S -40
90

(b) AOP image (c) AOPLM image-

platform

AOP/(°)

Fig. 16 Actual polarization images (The four corners of
these polarization images could not be properly
imaged owing to the short focal lens used in the
imager. Therefore, these are not used in polar-

ized skylight navigation and are set to 0)

orientation resolution was 0. 1° with a 2 m base-
line). Field experiments were performed in Nan-
jing, China, on the roof of our laboratory
(32°0136.4” N, 118°5111.9” E), between No-
vember 15 and November 19, 2019. Meteorologi-
cal conditions were stable. Fig. 16 depicts a set of
actual polarization images.

To determine the impact of the sensor tilt,
field experiments were performed for the pitch-tilt-
only, roll-tilt-only, and pitch-and-roll-tilt condi-
tions. The experimental results are depicted in

Figs. 17-19. The green curves in these figures de-
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pict the simulation results. As discussed in Sec-
tion 3, the orientation errors in the simulation re-
sults of the four typical approaches were almost
identical. Therefore, only one curve is drawn
here to facilitate the observation and comparison
of the simulation and experimental results. The
dithering of the experimental orientation error
curves is attributed to cloud interference, which
was not the focus of this study.

As is evident in Figs. 17-19 from comparing
the simulation results with the experimental re-

sults of the four typical approaches, it is clear
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Fig. 17 Field experiment for the pitch-tilt-only condi-
tion on 15 November 2019 with pitch angle of
—20.0°
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Fig. 18 Field experiment for the roll-tilt-only condition
on 16 November 2019 with roll angle of 29. 1°

that: (a) There are some differences between the
simulation results and the field experimental re-
sults. However, these differences are always

within a narrow range. (b) The experimental er-

929 %
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Fig. 19 Field experiment for the pitch-and-roll-tilt condi~
tion on 19 November 2019 with pitch and roll an-
gles of —16.3%and —9.9°, respectively

ror curves and simulation error curves have the
same variation trend, and the experimental errors
in the four typical approaches have the same varia-
tion trend.

For further analysis, in (a) of the above para-
graph, the Rayleigh sky model is an ideal model
that only considers a single scattering event and
has some differences from the actual skylight po-
larization pattern /. Therefore, the experimental
error curves did not coincide with the simulation
eITOT Curves.

For (b) of the above paragraph, for all the
pitch-tilt-only, roll-tilt-only, and pitch-and-roll-
tilt conditions, the orientation error curves of the
field experiments and simulation had the same
variation, and the experimental errors in the four
typical approaches had the same variation trend.
These results further indicate that the orientation
error characteristics of the four typical approaches
are consistent under the tilt interference. The sim-
ulation error curves of the four typical approaches
almost coincided. However, the field experiment
error curves of the four typical approaches did not
coincide because field experiments were affected
by not only sensor tilts but some other disturbances
as well, such as measurement noise and clouds. In
particular, where the curve wobbles markedly, ori-

entation determination was disturbed by clouds.
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Fig. 20 Orientation-determination error correction for
the pitch-tilt-only condition on 15 November
2019 with pitch angle of —20. 0°
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Fig. 21 Orientation-determination error correction for
the roll-tilt-only condition on 16 November
2019 with roll angle of 29. 1°
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Fig. 22 Orientation-determination error correction for
the pitch-and-roll-tilt condition on 19 Novem-
ber 2019 with pitch and roll angles of —16.3°

and —9. 9°, respectively

As depicted in Figs. 20-22, the results of
this study can be used to correct the orientation-de-
termination errors caused by sensor tilts. In partic-

ular, when the weather was good, the error cor-

rection result was better, as depicted in Fig. 22.
However, when the weather conditions were com-
plex and there was interference from clouds, this
had some effect on error correction. However,
the effect was negligible, as depicted in Figs. 20
and, particularly, in Fig. 21. This is because,
when the weather is clear, skylight polarization
patterns are closer to the Rayleigh sky model, and
there is less interference from meteorological fac-
tors such as clouds. However, when the weather
conditions are complex, skylight polarization pat-
terns deviate from the Rayleigh sky model, and
there is strong interference from meteorological

factors, resulting in a poor correction effect.

4 Conclusion

In this study, the impact of the sensor tilt on
polarized skylight orientation determination was in-
vestigated in detail. Four typical polarization ori-
entation-determination approaches were described
and compared with for three different conditions:
the pitch-tilt-only, roll-tilt-only, and pitch-and-
roll-tilt condition. Simulations based on the Ray-
leigh sky model indicated that the error characteris-
tics of the four approaches were completely consis-
tent, and the error curves almost coincided when
it was only affected by the sensor tilt. With an in-
crease in the tilt and solar altitude, the orientation
errors in the four approaches tended to increase.
The orientation errors were also affected by the
yaw angle. Field experiments suggested that the
errors in the four approaches exhibited the same
variation trend. These results provide an impor-
tant reference for the practical application of polar-
ization orientation determination, particularly for
the installation error of the sensor, the tilt of the
application platform, and the change in the three-
dimensional attitude of the carrier.

The results of this study can also mitigate ori-
entation-determination errors caused by sensor
tilts and estimate the allowable ranges of the pitch

and roll angles when given the allowable error of
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orientation determination.
The impact of the sensor tilt was investigated
in detail using simulations and experiments. The re-

sults indicate that polarization orientation determina-
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