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Abstract: The Directional Polarimetric Camera (DPC) carried by the Chinese GaoFen-5-02 (GF-5-02)
satellite has the ability for multiangle, multispectral, and polarization detection and will play an
important role in the inversion of atmospheric aerosol and cloud characteristics. To ensure the validity
of the DPC on-orbit multiangle and multispectral polarization data, high-precision image registration
and geolocation are vital. High-precision geometric model parameters are a prerequisite for on-orbit
image registration and geolocation. Therefore, on the basis of the multiangle imaging characteristics
of DPC, an on-orbit autonomous geometric calibration method without ground reference data is
proposed. The method includes three steps: (1) preprocessing the original image of the DPC and
the satellite attitude and orbit parameters; (2) scale-invariant feature transform (SIFT) algorithm
to match homologous points between multiangle images; (3) optimization of geometric model
parameters on-orbit using least square theory. To verify the effectiveness of the on-orbit autonomous
geometric calibration method, the image registration performance and relative geolocation accuracy
before and after DPC on-orbit geometric calibration were evaluated and analyzed using the SIFT
algorithm and the coastline crossing method (CCM). The results show that the on-orbit autonomous
geometric calibration effectively improves the DPC image registration and relative geolocation
accuracy. After on-orbit calibration, the multiangle image registration accuracy is better than 1.530 km,
the multispectral image registration accuracy is better than 0.650 km, and the relative geolocation
accuracy is better than 1.275 km, all reaching the subpixel level (<1.7 km).

Keywords: geometric calibration; directional polarimetric camera; geolocation accuracy; image
registration; remote sensing

1. Introduction

On 7 September 2021, China successfully launched the GaoFen-5-02 (GF-5-02) satel-
lite into a predetermined sun-synchronous orbit with a CZ-4C-Y40 carrier rocket at the
Taiyuan Satellite Launch Center, with a nominal orbit altitude of 705 km. The satellite car-
ries two Earth observation payloads and five atmospheric sounding payloads: Advanced
Hyperspectral Imager (AHSI) [1], Visual and Infrared Multispectral Imager (VIMI) [2],
Greenhouse Gas Monitoring Instrument (GMI) [3], Environment Monitoring Instrument
(EMI) [4], Directional Polarization Camera (DPC) [5-9], Particulate Observing Scanning
Polarimeter (POSP) [5], and Absorptive Aerosol Sensor (AAS) [10]. Through the coopera-
tion of various payloads, China’s hyperspectral observation capacity in the atmosphere,
water, and land will be comprehensively improved, meeting the urgent needs of China’s
comprehensive environmental monitoring and providing effective data guarantee for en-
vironmental protection operations such as atmospheric environment monitoring, water
environment monitoring, and ecological environment monitoring.

Remote Sens. 2022, 14, 4548. https:/ /doi.org/10.3390 /1514184548

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14184548
https://doi.org/10.3390/rs14184548
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-5547-7461
https://doi.org/10.3390/rs14184548
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14184548?type=check_update&version=3

Remote Sens. 2022, 14, 4548

2 of 20

Among them, the DPC developed by the Anhui Institute of Optics and Fine Mechanics
(AIOEM) of the Chinese Academy of Sciences (CAS) has multiangle, multispectral, and
polarization detection capabilities. Combined with the inversion model of atmospheric
properties based on polarization information, the DPC will play an important role in the
inversion of atmospheric aerosol and cloud parameters [11-13]. In addition to the already
launched GF-5-01, GF-5-02, and DQ-1 satellites, subsequent CM satellites are also planned
to carry DPC. As shown in Figure 1, the DPC optical system consists of an objective lens,
a filter and polarizer wheel, and an area array charge-coupled device (CCD). The design
concept is similar to the French Polarization and Directionality of the Earth Reflectances
(POLDER) [14-18] series of instruments. The objective lens has a wide field of view (FOV)
and image space telecentric characteristics. The wide FOV imaging capability based on
DPC can observe the target from multiple angles along the track. The design of the image
space telecentric ensures that there is enough space to install the filter and polarizer wheel.
The filter and polarizer wheel adopt the time-sharing detection mode, which can analyze
the multispectral and polarized radiation information of the target. The area array CCD
is used to complete the photoelectric conversion of remote sensing images, and it should
meet the design requirements of the instrument’s working band, dynamic range, and
spatial resolution. Table 1 shows the DPC parameters to be configured for each satellite.
The GF-5-02 and DQ-1 satellites use a 2 x 2 pixel combination to ensure the same nadir
resolution as the GF-5-01 satellite. The follow-up research object of this paper is the DPC
carried by the GF-5-02 satellite.

Ohjecllive lens
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Figure 1. Optical structure of DPC.

Table 1. DPC parameters.

Parameter GF-5-01 GF-5-02 DQ-1 CM
Focal length (mm) 4.83 5.54 5.54 4.83
Along-track +50 +50 +50 +50
FOV (degree) Cross-track +£50 £50 £50 +£40
Relative aperture 1:4 1:4.26 1:4.26 1:4
CCD array size 512 x 512 1024 x 1024 1024 x 1024 360 x 512
Pixel size (um) 22.5 x 22.5 13 x 13 13 x 13 22.5 x 22.5
Orbit altitude (km) 705 705 705 505
Polarized 490 (20) 670 (20) 865(40)
Band (nm) .
Nonpolarized 443 (20) 565 (20) 763 (10) 765 (40) 910(20)
Swath (km) Along-track 1850 1850 1850 1250
Cross-track 1850 1850 1850 850
Observation angle 9 17 17 9
Nadir resolution (km) 3.3 1.7 1.7 2.5

To take full advantage of the multiangle and multispectral polarization detection
advantages of DPC, not only are radiation and polarization detection accuracy required,
but high-precision image registration and geolocation are also extremely important. There-
fore, it is necessary to establish the mapping relationship between object points in 3D
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space and image points on the instrument’s 2D image plane with high-precision geomet-
ric calibration. The geometric calibration of spaceborne optical instruments is generally
divided into two stages: pre-launch laboratory geometric calibration and on-orbit geo-
metric calibration. The geometric model parameters calibrated by the laboratory cannot
effectively represent the geometric performance of the instrument on-orbit because of
the violent vibration during launch and the difference between the on-orbit environment
and the laboratory environment. Therefore, the validity of on-orbit observation data of
spaceborne optical instruments depends largely on high-precision on-orbit geometric cal-
ibration. Traditional on-orbit geometric calibration methods are usually based on the
reference data of high-precision ground calibration fields [19,20]. The ground calibration
field can provide satellites with ground control points with high-precision geographic
coordinate information as an absolute reference for on-orbit geometric calibration. This
method matches the calibration field image acquired by the on-orbit instrument with the
reference image and then realizes the on-orbit geometric calibration using dense control
point constraint. However, due to the dependence on calibration field reference data,
this method has the opportunity to calibrate only when the satellite passes through the
calibration field, and its timeliness is greatly limited. The calibration field size is usually
only tens to hundreds of kilometers, for DPC, which is a spaceborne optical instrument
with a swath width of thousands of kilometers, the ground calibration field cannot be used
for all-around on-orbit geometric calibration. To solve the limitations of the traditional
on-orbit geometric calibration method based on a ground calibration field, it is urgent
to explore an on-orbit autonomous geometric calibration method without reference data
from the ground calibration field. In the field of computer vision, camera autonomous
calibration methods have always been a hot research topic [21-24]. In the field of satellite
remote sensing, on-orbit autonomous geometric calibration methods have also attracted
more and more attention from researchers in recent years [17,25-28]. Gresloud et al. [25], on
the basis of the agile imaging capabilities of the Pleiades [29], used two imaging methods
of along-track push-broom and cross-track swing-scanning to obtain cross images with a
yaw angle difference of nearly 90° during a satellite transit. Then, the on-orbit autonomous
geometric calibration was carried out according to the geometric constraint relationship of
the homologous points between the cross images. However, the corresponding calibration
model and solution method were not described in detail in [25]. Moreover, the calibration
method requires the satellite to have agile imaging ability, which is not suitable for satellites
without agile imaging ability (such as GF-5-01 satellite, GF-5-02 satellite, DQ-1 satellite,
and CM satellite). Wang et al. [26] proposed an on-orbit geometric calibration method
based on two ground control points and homologous points evenly distributed between
the two images in their research on the on-orbit geometric calibration of the GaoFen-4
satellite. Although this method greatly reduces the need for ground control points com-
pared with the traditional on-orbit geometric calibration method based on the ground
calibration field, there is still a gap with the on-orbit autonomous geometric calibration
method (no ground control points at all) we pursue. Zhang et al. [27] proposed using at
least three images with overlapping regions to match homologous points and calculate the
internal distortion of the instrument according to the forward intersection residual between
the homologous points. However, this method only considers the calibration of the internal
distortion of the spaceborne push-broom instrument. Fougnie et al. [17] proposed that the
multiangle detection capability based on Polarization and Anisotropy of Reflectance for
Atmospheric Sciences coupled with Observations from a Lidar (PARASOL) can perform
on-orbit autonomous geometric calibration of the instrument installation angle error, but
there is no public calibration model and specific implementation method. In a word, there
are relatively few studies on the on-orbit autonomous geometric calibration methods in the
field of satellite remote sensing, especially for instruments similar to DPC with a wide FOV,
low resolution, and area array imaging. However, the DPC’s multiangle imaging capability
along the track makes it possible for its on-orbit autonomous geometric calibration.
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In this paper, a geometric model of on-orbit imaging is constructed on the basis of the
collinear equation and the imaging characteristics of DPC. Using the geometric model of
on-orbit imaging, the errors of the model are classified and analyzed, and the geometrical
parameters that require on-orbit calibration are determined. Secondly, on the basis of the
multi-angle observation characteristics of the DPC, an on-orbit autonomous geometric
calibration method that does not require a ground calibration field is proposed to perform
the on-orbit geometric calibration of the DPC. Lastly, through the comparative analysis
of the image registration and geolocation accuracy before and after the DPC on-orbit
geometric calibration, the effectiveness of the on-orbit autonomous geometric calibration
method in this paper is confirmed.

2. Geometric Model of DPC On-Orbit Imaging

The geometric model of DPC on-orbit imaging is used to describe the geometric
mapping relationship between object points in 3D space and image points on the 2D
image plane, and it is the basis for DPC on-orbit geolocation and image registration. The
geometric model of DPC on-orbit imaging is shown in Figure 2, which involves a series
of related coordinate systems, including the image coordinate system, DPC instrument
coordinate system, GF-5-02 satellite body coordinate system, orbit coordinate system, and
World Geodetic System 1984 (WGS-84). Assuming that the optical system is an ideal optical
system, according to the transformation relationship between the coordinate systems
and the basic principle of the collinear equation (namely, collinearity of image point M,
projection center C, and object point G), the geometric model of DPC on-orbit imaging can
be expressed as follows:

Xg Xaps AX . bod sin f cos @
Yo | = |Yops | + |AY | + A RVES84. Rggbdl; -Rpp | sinfsing |, 1)
ZG ZGPS AZ cos 6

where [Xg Yg ZG}T represents the coordinates of object point G in the WGS-84,
[XGPS Yaps ZGPS]T represents the coordinates of the Global Position System (GPS)
phase center in WGS-84, [AX AY AZ] ! represents the relative deviation between the

GPS phase center and DPC projection center C, [sinfcos¢ sinfsing cos Q}T repre-
sents the direction of the incident ray corresponding to the image point M in the DPC
instrument coordinate system, and 6 and ¢ represent the field angle and azimuth an-
gle of the incident ray, respectively. The corresponding relationship between the di-
rection of incident ray and the coordinates of ideal image points can be described ac-
cording to the ideal imaging formula of optical system. A is the proportionality coeffi-

cient, RZ}E?‘M represents the rotation matrix from the orbit coordinate system to WGS-84.
(Xo)1 (Yo)1 (Zoh]| _ S o oL
WGS-84 _ | o v P R — VixZ, — i
Rorbit - (Z{O)Z (I)Z (EO)Z Zo = HEtH,XO - “;txza|‘/yo = Zo X Xo, Pris

(Xo)3 (Yo)3 (Zo)s

the satellite position at the imaging time f, and V; is the satellite speed at the imaging
time t, interpolated from GPS data. Rgg%i; = Ryaw * Ryon1 - Rpitcn represents the rotation
matrix from GF-5-02 satellite body coordinate system to the orbit coordinate system,
(roll, pitch, yaw) represents the attitude parameters of the satellite at the time of imag-

ing, which can be obtained by interpolation of the Attitude Determination System (ADS)

data, le)(i,dcy =R, Rg R p represents the rotation matrix from the DPC instrument coor-

dinate system to GF-5-02 satellite body coordinate system, and (&, B, y) is the installation
angle of DPC measured in the laboratory in the GF-5-02 satellite body coordinate system.
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Figure 2. Geometric model of DPC on-orbit imaging.

Due to the influence of the distortion of the actual optical system, the actual image
point M’ does not coincide with the ideal image point M, and the ideal object-image
relationship needs to be corrected. Therefore, the laboratory established the corresponding
relation between the incident ray direction and the coordinate of the actual image point, as
shown in Figure 3.

Zppc |
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X

Nimage  Xppe  XDPC

Figure 3. Object-image geometric relationship of DPC.

The actual image point on the CCD imaged by the incident light I with the field angle
6 and the azimuth angle ¢ is M" and the imaging process can be described by the following
mathematical model:

ko ok k
Xy = ¥g — D" -cosg

Yiy = Y5 —D*-sing ’ )
D = ff -tan6 + f§ - tan® 0 + f - tan° 0 + f7 - tan” 6 + f§ - tan’ 6

where S¥ is the distortion center of band k, (x’g, y’é) denotes the coordinates of the distortion

center of band k, DX is the distance between the distortion center S¥ and the actual image
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point M', and (fF, f%, f&, ¥, f&) is the distortion coefficient of the band k. In the laboratory,
a geometric calibration method based on a separated two-dimensional turntable and the
least square optimization theory was used to calibrate the distortion center coordinates
(xlg, y’é) and distortion coefficient (ff, fX, f¥, f&, f£) of each band of DPC [30-32].

In the actual projection process, the geometric model of on-orbit imaging composed of
Equations (1) and (2) is adopted, combined with the digital elevation model (DEM) and the
reference Earth ellipsoid model, to calculate the position of each pixel detection target in
the WGS-84 at the imaging time.

According to the physical significance of the parameters of the geometric model of
DPC on-orbit imaging, the model parameters can be divided into two categories: the
external parameters (installation angle, attitude angle, and projection center position) used
to describe the position and attitude of DPC in the WGS-84, and the internal parameters
(distortion center and distortion coefficient) used to describe the imaging process of the
optical system. To improve the accuracy and efficiency of subsequent on-orbit geometric
calibration, it is necessary to further analyze the above two types of model parameters to
determine the geometric model parameters to be calibrated.

The installation angle error (Aa, AB, A7) is a systematic error, including the change
in the installation state of the DPC on the satellite platform and the rotation of the CCD.
This is due to factors such as vibration during satellite launch and the difference between
the on-orbit operating environment and the laboratory environment. The attitude angle
error (Aroll, Apitch, Ayaw) is a random error, which originates from the ADS measurement
error (the ADS measurement accuracy is better than 0.005° (3¢)) and the interpolation
error caused by the mismatch between the ADS sampling time and the DPC imaging time.
The projection center positioning error (AX¢c, AYc,AZc) includes systematic error and
random error. The systematic error is the change in the relative position of the projection
center and GPS phase center caused by vibration and environmental changes. The random
error is caused by GPS orbit measurement error (the orbit measurement accuracy is better
than 20 m) and interpolation error caused by the mismatch between GPS sampling time
and DPC imaging time. The influence of the projection center positioning error on the
geolocation accuracy is equivalent to the error magnitude. It can be ignored for low-
resolution instruments such as DPC. Moreover, it can be approximately considered that the
projection center of the DPC coincides with the GPS phase center. Equation (1) can, thus,
be simplified as follows:

Xg XaGrs ' bod sin ¢ sin 0
Yo!| = [ Yaps | +A- Rrr/gtsfm . Rgf)%l}t, . RDOPg cos @sinf | . 3)
Zg Zgps cos 0

The distortion center error (Ax’é, Ay’é) is a systematic error, representing the horizontal
offset of the area array CCD and the optical axis, caused by the vibration during the
satellite launch and changes in the space environment. The distortion coefficient error
(ff, 5, fE, #%, fF) is a systematic error caused by the change in the environment of the
optical system (such as environmental refractive index, temperature, and other factors).
The scaling of CCD pixel size caused by temperature changes can also be described by
changes in distortion coefficients. For example, using Zemax analysis, it was found that,
when the environment of the DPC optical system is changed from the standard atmosphere
to vacuum, the imaging position of the incident beam of the same FOV on the image
plane presents an error, as shown in Figure 4. However, the changes in the actual optical
system environment are more complicated, and the on-orbit geometric performance of the
instrument needs to be determined by on-orbit geometric calibration.
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Figure 4. DPC geometric performance environmental difference analysis results.

According to the above analysis, after removing the random error term and the error
term with a slight influence, the parameters to be calibrated on-orbit include the installation
angle (a, B,7) of the external parameter and the distortion center (x%, %) and distortion
coefficient (fF, £k, f&, fk, f&) of the internal parameter. However, it was found that the
accuracy of geolocation and image registration is higher when the distortion center remains
unchanged. Referring to PARASOL of the same type as DPC, the variation of the distortion
center is not considered in its on-orbit geometric calibration [17]. Therefore, the subsequent
on-orbit geometric calibration parameters in this paper only include the installation angle
(a,B,7) in the external parameter and the distortion coefficient (ff, fX, f&, f, f&) in the
internal parameter.

3. On-Orbit Autonomous Geometric Calibration Method

The DPC on-orbit autonomous geometric calibration method benefits from the multian-
gle observation characteristics of the instrument. The principle of DPC on-orbit multiangle
observation is shown in Figure 5. Due to the instrument’s wide FOV imaging capability in
the along-track direction, the same ground object can be photographed 17 times in a single
satellite transit.

Figure 5. On-orbit multiangle observation principle of DPC.

As shown in Figure 6, if the same object G is imaged twice by DPC, the image points
are M, and M,, respectively. In practice, objects are imaged up to 17 times. When the
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parameters of the geometric model of DPC on-orbit imaging are ideal and error-free,

calculating the coordinates [XG Yg ZG] T of the target G in the WGS-84 according to
the geometric model parameters of the image points M, and M, at the imaging time
should have the same results. However, the errors in the geometric model parameters
often lead to deviations in the calculation results of the target geographic location. The
difference between the geolocation result of each image point and the theoretical target
point coordinates represents the geolocation error. Differences between homologous point
pair geolocation results represent image registration errors.

Figure 6. Schematic diagram of geolocation and registration error of DPC.

On the basis of the above analysis, this paper proposes an on-orbit autonomous
geometric calibration method that does not require ground calibration field reference
data. This method optimizes the geometric model parameters only according to the
geometric constraint that homologous points between multiangle images have unique
coordinates in WGS-84. The on-orbit autonomous geometric calibration method includes
three steps: data preprocessing, multiangle image homologous points matching, and
geometric parameter optimization.

(1) Data preprocessing

The data preprocessing stage includes two aspects: preprocessing of the LO-level image
data of DPC, and preprocessing of the attitude and orbit parameters. The LO-level image
preprocessing includes CCD dark current correction, frame transfer correction, relative
response correction, optical system relative response correction, and stray light correction.
The attitude and orbit parameter preprocessing needs to analyze the attitude and orbit
data from the engineering parameters of the satellite platform, and then obtain the attitude
and orbit parameters of each frame of image imaging time according to the imaging time
interpolation of DPC.

(2) Homologous point matching

After preprocessing, the scale-invariant feature transform (SIFT) [33,34] algorithm is
used to extract feature points in multiangle images. The SIFT algorithm is an image local
feature extraction algorithm that finds extreme points as feature points in the Gaussian dif-
ference scale space. The feature points extracted by the SIFT algorithm remain invariant to
rotation, scaling, and brightness changes, while also maintaining a certain stability to view-
ing angle changes, affine transformation, and noise. The SIFT algorithm includes four steps
of scale space extreme value detection, feature point localization, orientation assignment,
and feature point description. After completing the localization and description of the fea-
ture points of each angle image, the homologous points between the multiangle images can
be matched according to the similarity of the descriptor of the feature points. When match-
ing homologous points, any two of the 17 angle images are paired, with C3, combinations,
and then homologous point matching is performed on the two images of each combination.
A cloud-free image is selected as best as possible. Because the elevation information of
the cloud is unknown, and the cloud is not fixed during multiangle image acquisition, to
ensure that there are no cloud pixels at the matched homologous points, cloud pixels need
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to be removed. In this study, a simple threshold method is adopted to remove cloud pixels.
In this method, a reflectivity threshold is set for each band. When the reflectivity of the
pixels is higher than this threshold, clouds are identified and removed. Additionally, to
eliminate the mismatched points, the random sample consensus (RANSAC) [35] algorithm
and the homologous point geographic location constraint threshold are used to eliminate
mismatched points. The RANSAC algorithm is an algorithm that removes outliers from
a set of sample datasets containing outliers and inliers. The basic principle of using the
homologous point geographic location constraint threshold to eliminate mismatched points
is that there is no huge deviation when calculating the geographic coordinates of a pair of
homologous points using the initial geometric parameters of DPC. Therefore, when the
geographic coordinate deviation exceeds a set threshold, it can be regarded as a mismatch.
Finally, the homologous point datasets DATA 4 and DATAp are formed, as shown in Equa-
tion (4). Data points in the two datasets are matched one by one. The information in a single
data point i includes the coordinates of the image point, attitude, and orbit data at the time
of imaging. The precise geographic coordinates of the ground object corresponding to the
homologous point are unknown. The on-orbit autonomous geometric calibration method
proposed in this paper does not need to know the high-precision geographic coordinate
information of these homologous points. This enables the method in this paper to complete
the on-orbit autonomous geometric calibration without relying on the reference data of the
ground calibration field.

(xlfq,z‘/ylf«x,i) ; (xlé,irl/lé,i) )
Xaps, YGps, ZGps) 4 i Xaps, Ygps, ZGps|p i
DATA 4 — [ N’ Ja ,DATAp = [ N’ i @)
Vai VB,
(rollk, ., pitch, ;, yawk, ;) (rollfy , pitchly ;, yawk ;)

(3) Geometrical parameter optimization

Combined with the geometric model of DPC on-orbit imaging and the geometric
constraints of homologous points between multiangle images, the least-squares method
can be used to optimize the geometrical parameters to be calibrated. The initial values of
the distortion coefficient (fF, fX, f5, fk, f£), and installation angle (a, B, 7); are the results
of laboratory calibration tests. The geometrical parameter optimization process can be
divided into three steps.

The first step is to use the homologous point data of each band to simultaneously opti-
mize the distortion coefficient and installation angle band by band. The objective equation
is shown in Equation (5) In the formula, (XG,A,iI YG,A,Z'/ ZG,A,i) and (XG,B,i/ YG,B,i/ ZG,B,i)
correspond to the coordinates of the ground object G; in WGS-84 calculated from the ith pair
of homologous point data in the datasets DATA 4 and DATAp, respectively. The first step
optimization results include the distortion coefficient (£, f%, f&, £k, £k ), and installation
angle (¥, B5,7%); of each band.

©)

El:min; +(YG,A,i(ff/f§rf§/f§{/fé{f“r5/’7)*YG,B,i(f{(rféfffé{/f;ffg/“/ﬁﬂ))zz
TN (ZoailfE f5 Fo F o0 B) — Zami(fE Fo fEL f5, 15,0, B,7))

In the second step, it is considered that all bands should have the same installation
angle; however, due to the influence of random errors such as attitude and orbit parameters
and the possible correlation between internal and external parameters, the installation
angles obtained from each band in the first step are slightly different. Therefore, the average
(«, B, 7v); of the installation angles of each band in the first step is taken as the optimization
result of the first step. The second step only optimizes the distortion coefficient band
by band. The installation angle («, B,y), obtained from the first step is set as the true

" ( (Xa,ai(F5, £5 5 £, £5 0, B,7) — Xa,mi(f5, 5 £, £, £ 0, B,7))° )
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value. The objective equation of this process is shown in Equation (6). The second step
optimization result includes the distortion coefficient (fF, f%, f&, f, f&) , of each band.

w (X0 (FE f 15 5, F8) — X (fE S5 £, £ fé‘)):
Er=mind |+ (Yo fA 18 15 ) = Yami O A A0 | @
TN (il £ 5 5 B 1) — Za,i (FF £ £ 15, £5))

The third step is to set the distortion coefficient (ff, fX, f&, £k, fé‘)2 of each band ob-
tained in the second step as the true value and optimize the installation angle band by
band. The objective equation of this process is shown in Equation (7). The third step
optimization result («, B, ¥), can be obtained by averaging the installation angles obtained
from all band optimizations.

w [ (X aila,B,7) — X 5i(eB,7)°
E3 = min, +(Yg,ai(e, B,7) — Yop,i(a, 7)) | )
S\ H(Zgaila, B,7) — Zopi(a, B,7))

Lastly, when the differences |(fF, fX, /&, £, f5), — (fF, £5, £5, £5, f5),| and

|(a, B,7); — (&, B,77),| of two adjacent distortion coefficient optimization results and two ad-
jacent installation angle optimization results are less than the set threshold, the cycle exits,
and the on-orbit distortion coefficient (ff, f¥, fX, %, f§), and installation angle (a, B,7); are
output; otherwise, steps 2 and 3 are repeated.

4. Experiment and Discussion
4.1. On-Orbit Geometric Calibration

In this paper, the remote sensing images of the Red Sea region taken by DPC on
21 September 2021, are selected for on-orbit geometric calibration, and the corresponding
region is shown in the red box in Figure 7. This region is basically cloud-free, and the ground
features (surface textures such as coastlines) are relatively wealthy, which is conducive
to feature matching to obtain more homologous point pairs and improve the accuracy
and stability of on-orbit geometric calibration. In addition, the acquisition time of the
calibration image was about 2 weeks after the launch of the satellite, the state of the satellite
platform and DPC had stabilized, and the conditions for on-orbit geometric calibration
were available.

Figure 7. L1-level data preview of DPC. Corresponding to orbit 202.

The DEM reference dataset was GMTED2010 [36], with a spatial resolution of 30 arc
seconds, covering most of the world from —180° W to 180° E, —90° S to 84° N, and the
global total vertical accuracy was 25-42 m (RMSE). For DPC, an instrument with a nadir
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spatial resolution of about 1.7 km, along with the resolution and accuracy of the DEM data,
could meet the application requirements.

On-orbit initial geometric parameters are provided by laboratory calibration tests. The
laboratory calibration test results are shown in Table 2. The laboratory uses a geometric
calibration method based on a separated two-dimensional turntable and the least squares
optimization theory to calibrate the distortion characteristics of the instrument in a standard
atmospheric environment. The calibration results show that the fitting residual between
the geometric model and the measured data is better than 0.1 pixel, which confirms the
rationality of the geometric model. The laboratory uses the method of prism transfer to
measure the installation angle of DPC in the GF-5-02 satellite body coordinate system.

Table 2. Results of laboratory geometric calibration.

Parameter 443 nm 490 nm 565 nm 670 nm 763 nm 765 nm 865 nm 910 nm
xlg(pixel) 512.055 512.073 512.025 512.047 512.044 511.985 512.041 512.058
y’;(pixel) 519.338 519.334 519.308 519.321 517.297 519.312 519.318 519.354
f{‘ (pixel) 434.884 433.724 432.767 432.092 431.743 431.758 431.494 431.425
fé‘(pixel) 1.776 2.869 3.995 5.139 5.838 5.768 6.415 6.533
FE(pixel) —1.646 —2.261 —2.903 —3.600 —4.026 —3.940 —4.393 —4.422
f;‘(pixel) —0.731 —0.629 —0.519 —0.378 —0.291 —0.333 —0.209 —0.228
fg(pixel) 0.246 0.242 0.238 0.230 0.224 0.231 0.217 0.223
«(degree) —0.001
B(degree) 0.022
7(degree) —0.058

On the basis of the above DEM dataset, laboratory geometric calibration results,
the geometric model of DPC on-orbit imaging, and the on-orbit autonomous geometric
calibration method proposed in this paper, the geometric parameters are calibrated on-
orbit. The on-orbit calibration results are shown in Table 3. By matching multiple groups
of images, tens of thousands of homologous point pairs are matched in each band for
on-orbit geometric calibration. Among them, the 443 nm band with the least amount of
data matched 28,929 homologous point pairs. The distribution of these homologous points
on the DPC image plane is shown in Figure 8. It can be seen from the figure that the
homologous points were basically evenly distributed on the image plane. This is beneficial
for obtaining valid on-orbit geometry parameters. The application of a large amount of
data can effectively reduce the influence of random matching error, attitude, and orbit
measurement error on the precision of geometric calibration.

Table 3. Results of on-orbit autonomous geometric calibration.

Parameter 443 nm 490 nm 565 nm 670 nm 763 nm 765 nm 865 nm 910 nm
xg(pixel) 512.055 512.073 512.025 512.047 512.044 511.985 512.041 512.058
ylg(pixel) 519.338 519.334 519.308 519.321 517.297 519.312 519.318 519.354
f{‘(pixel) 430.671 429.612 428.661 428.306 428.137 427.899 427.824 427.861
fé((pixel) 0.112 2.297 3.977 5.330 6.269 6.363 6.912 6.668
fé‘(pixel) 2.745 0.282 —0.762 —1.692 —2.146 —2.214 —2.444 —1.944
f;‘(pixel) —2.876 —1.632 —1.334 —1.082 —1.069 —1.001 —1.001 —1.285
fé‘(pixel) 0.650 0.416 0.376 0.351 0.370 0.349 0.359 0.409

«(degree) 0.047

B(degree) —0.024

y(degree) 0.219

The residual data of the on-orbit geometric calibration in the 670 nm band are shown
in Figure 9. The blue points correspond to the initial residuals (obtained using laboratory
geometric parameters), and the orange points correspond to the final residuals (obtained
using on-orbit geometric parameters). Figure 9al-a3 correspond to the residuals of the X-,
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Y-, and Z-coordinates, respectively. The mean values of X, Y, and Z in the initial residual
data were —1.459 km, 1.364 km, and 0.567 km, respectively, and the standard deviations
(STDs) were 2.054 km, 1.901 km, and 2.501 km, respectively. The mean values of X, Y, and
Z in the final residual data were 0.049 km, —0.016 km, —0.140 km, respectively, and the
STDs were 0.964 km, 0.861 km, and 1.714 km, respectively. The above results show that,
compared with the laboratory geometric parameters, the geometric parameters obtained by
the on-orbit autonomous geometric calibration method in this paper were more consistent
with the actual on-orbit data, which proves the effectiveness of the method in this paper.

Column

Figure 8. Distribution of homologous points in the 443 nm band.

(al)

20

E
< 0
=
=20
0 1 2 3 4 3 6 7
Number «10%
20 (@)

Number x10*

Figure 9. Residual comparison before and after calibration at 670 nm. The blue points correspond to
the initial residuals, and the orange points correspond to the final residuals. Subgraphs (al), (a2), and
(a3) correspond to the residuals of the X-, Y-, and Z-coordinates, respectively.
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4.2. Relative Geolocation Accuracy Evaluation

To verify the validity of the on-orbit autonomous geometric calibration method. In
this paper, the GSHHG [37] coastline data were used as a reference to evaluate the relative
geolocation accuracy before and after DPC on-orbit geometric calibration. Two sets of
geometric parameters before and after the on-orbit geometric calibration were used to
project the original image. Taking the 910 nm band as an example, the results are shown
in Figure 10. Figure 10a,b represent the matching relationship between the local area
projection results of the original image and the reference coastline before and after the
on-orbit geometric calibration, respectively. The results shown in Figure 10 correspond
to the original resolution (nadir resolution 1.7 km) of the DPC without merging pixels.
The results show that the DPC projection results after the on-orbit autonomous geometric
calibration were significantly more consistent with the reference coastline data, which can
preliminarily prove the effectiveness of the on-orbit autonomous geometric calibration
method in this paper.

30°N @) 30°N (®)
29°N 29°N
28" N 28°N
27°N 27N
26" N 26°N
25 N 25" N

32°E 33’E 34°E 35 E 36 E 32 E 33 E 34 E 35E 36 E
Figure 10. Result of coastline comparison, with no pixels merged, corresponding to the original

resolution of the image: (a) before the on-orbit geometric calibration; (b) after the on-orbit geomet-

ric calibration.

In order to further quantitatively analyze the impact of on-orbit geometric calibration
on the geolocation accuracy of DPC, the coastline crossing method (CCM) [38-40] was used
for quantitative evaluation. The CCM was originally developed for the Earth Radiation
Budget Experiment (ERBE) scanner [38]. The basic idea of this method is that there is a
significant difference in brightness temperature between the sea surface and land; hence,
there is a large gradient change at the junction of sea and land. The subpixel location of the
coastline can be achieved by fitting a cubic polynomial to the brightness temperature of
four consecutive pixels (along the row or column direction) near the coastline. The cubic
polynomial form is as follows:

Lj = ax? +bx +cxj+d,(j = 1,2,3,4), (8)
where L; represents the brightness temperature of pixel j, and x; represents the longitude or
latitude of pixel j. (a,b, ¢, d) is a polynomial coefficient with the solution shown as follows:

-1
a x{’ x% xp 1 L1
b xg x% xp 1 Lo
=43 42 . 9)
c x3 x5 x3 1 L3
d xi xﬁ xg 1 Ly
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After the polynomial coefficients are known, the inflection point position x = —b/3a
can be calculated. When x is between x; and x3, and |L; — Ly4| is greater than the set
threshold, the inflection point represents the coastline. Finally, the coastline data located by
the CCM is matched with the reference coastline data, and the outliers are eliminated. The
deviation between the two represents the relative geolocation error of the instrument.

In this paper, an improved CCM is proposed. The method first uses the Canny [41]
operator for pixel-level edge localization, and then uses the polynomial fitting method of
the original CCM for subpixel localization. After calculating the position of the subpixel
inflection point, if it is located in the pixel where the Canny operator initially locates the
edge, and |Ly — Ly4| is greater than the set threshold, then the inflection point is considered
the coastline. The method first uses the Canny operator to initially locate the pixel-level
edge, which can quickly identify the potential coastline position, eliminate a large amount
of invalid data, locate the subpixel-level coastline position more quickly, and improve the
algorithm efficiency.

The improved CCM was used to evaluate the relative geolocation accuracy of the
DPC, taking the 910 nm band as an example. To fully verify the improvement effect of the
on-orbit autonomous geometric calibration method on the relative geolocation accuracy,
three sets of completely independent DPC data were used to evaluate the relative geolo-
cation accuracy. One of the sets of data was the orbit 202 data acquired on 21 September
2021, which is the same as the data used for on-orbit geometric calibration. The additional
two datasets were acquired on 19 September 2021 and 23 September 2021, corresponding
to orbits 173 and 231. In the short term, the geometric performance of DPC could remain
stable. The relative geolocation evaluation results of the three groups of data before and
after the on-orbit geometric calibration are shown in Figures 11-13, respectively, where
(al), (a2), and (a3) represent the latitude error, longitude error, and total error between the
coastline geolocation by DPC before on-orbit geometric calibration and the reference coast-
line, respectively, while (b1), (b2), (b3) are the results after on-orbit geometric calibration.
Figures 11-13 contain 2209, 2150, and 1902 statistical data points, respectively. All three
sets of validation data show that on-orbit geometric calibration significantly improved the
on-orbit relative geolocation accuracy of DPC. The error in the longitude direction, the error
in the latitude direction, and the total error were significantly improved after geometric
calibration. The mean and STD of the data in the histogram were calculated, and the results
are shown in Table 4. The relative geolocation evaluation results of the three sets of data
were basically the same. Among the three sets of results, the maximum mean value of the
total error before the on-orbit geometric calibration was about 2.725 km, with the maximum
STD of 2.238 km. After on-orbit geometric calibration, the maximum mean value of the
total error was about 1.275 km, with the maximum STD of 1.157 km.

Table 4. On-orbit relative geolocation accuracy results for DPC.

Mean (km) STD (km)
Stage No.
Latitude Longitude Total Latitude Longitude Total
202 —0.720 —1.291 2.725 2.120 2.088 1.902
Before 173 —0.593 —0.645 2.221 2.231 2.050 2.238
231 —0.247 —0.805 2.443 2.062 2.258 2.022
202 0.386 0.175 1.131 1.050 1.076 1.076
After 173 0.461 0.019 1.192 1.015 0.971 0.966
231 0.555 0.308 1.275 1.270 1.225 1.157
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Figure 11. On-orbit relative geolocation accuracy results for DPC, corresponding to orbit 202:
(al-a3) before the on-orbit geometric calibration; (b1-b3) after the on-orbit geometric calibration.
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Figure 12. On-orbit relative geolocation accuracy results for DPC, corresponding to orbit 173:
(al-a3) before the on-orbit geometric calibration; (b1-b3) after the on-orbit geometric calibration.
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Figure 13. On-orbit relative geolocation accuracy results for DPC, corresponding to orbit 231:
(al-a3) before the on-orbit geometric calibration; (b1-b3) after the on-orbit geometric calibration.
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Additionally, the FOV correlation of the aforesaid total error data was analyzed by
taking the orbit 202 data as an example, and the relationship between the error mean
and the FOV is shown in Figure 14. The results show that the relative geolocation error
increased with the increasing FOV before the on-orbit geometric calibration, but the rela-
tive geolocation accuracy remained the same with the increase in FOV after the on-orbit
geometric calibration. This further demonstrates the effectiveness of the proposed method
in improving the relative geolocation accuracy of DPC on-orbit.

5
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Figure 14. FOV correlation analysis of DPC relative geolocation accuracy. Red represents before the
on-orbit geometric calibration, while blue represents after the on-orbit geometric calibration.

4.3. Image Registration Accuracy Evaluation

The performance of DPC on-orbit image registration was evaluated using the SIFT
algorithm, including multiangle image registration and multispectral image registration.
The data used to evaluate the image registration performance are consistent with the data
used for the relative geolocation accuracy assessment. In the evaluation of multi-angle
image registration performance, this paper took the ninth angle image of each band as
the reference image to evaluate the registration accuracy of the remaining 16 angle images
relative to the reference image. The reason is that the images of the ninth angle and
the other 16 angles have a relatively large overlap area, which is conducive to matching
more feature points and avoids the inability to accurately evaluate the multiangle image
registration performance due to insufficient feature points. The evaluation results of
each band are shown in Figure 15. Figure 15al,bl correspond to the mean and STD of
the orbit 202 evaluation results. Figure 15a2,b2 correspond to the mean and STD of the
orbit 173 evaluation results. Figure 15a3,b3 correspond to the mean and STD of the orbit
231 evaluation results. Red represents before the on-orbit geometric calibration, while
blue represents after the on-orbit geometric calibration. All three sets of results show that
the on-orbit geometric calibration could effectively improve the multiangle registration
accuracy of DPC, especially when the angle number difference is large. Furthermore, the
on-orbit geometric calibration could greatly improve the consistency of the registration
performance between each angle image and the reference image. The short-wave bands
(443 nm, 490 nm) are greatly affected by aerosols; hence, there are certain differences in
the STD of the short-wave bands in the three sets of data results. Among the three sets of
results, the maximum mean and STD of the multiangle registration error before on-orbit
geometric calibration were about 9.607 km and 1.852 km respectively. The maximum mean
and STD after on-orbit geometric calibration were 1.530 km and 1.130 km, respectively.
Considering that the ground sampling distance (GSD) corresponding to the DPC L1-level
data grid was 3.3 km, the mean and STD of the above registration errors were 2.911 GSD,
0.562 GSD, 0.464 GSD, and 0.342 GSD, respectively, when the GSD was taken as the unit.



Remote Sens. 2022, 14, 4548 17 of 20

11 @l 215 D)
ol = = 443nm e« e 490 nm ‘ « = 443nm « e 490 nm
gl " 4 a4 565nmm v v 670 nm 20 4 a4 565nm v ¥ 670 nm
gl » « <« 763nm » » 765nm » S« <« 763nm »  » 765nm .
7,3; + ¢ 865nm e -‘)IOnmlg 15 + + 85nm « e 910nm TE
E 6f 3 08 s
< 5l " ,:' =) 3!5“' l‘fa'
4 : aror car o gt
< . L] H 7 ! '- "
3l . i o} ai.. ' .4
2F . ] 05F = ‘l I'
l—l"l...: :"lil‘, *
[ S S O = I S S S 6o, . . e, . .
0 2 4 6 8§ 10 12 14 16 I8 0 2 4 6 8 10 12 14 16 18
Angle Angle
0 (a2) ”s (b2)
ok = = 443nm e e 490 nm ' = = 443nm e e 490 nm
ol 4 v 565mm v < 670nm . 20 4 4 565nm v ¥ 670 nm
glas < » 763nm » » 765 nm "% : <« <« 763nm » » 765nm
770:_0 + 365nm -9|0nm_‘ 15 e o ¢ ¢ 85nm e o 910nm
—_ . . ~1.90F < .
EST b : 8 NS il
a °[ t i v10,0‘: LI ‘t!' ¥
8 4t ‘ l E i 0!-"'-
O LTI LT
2l ' ' 05t " iii;i “;llhl
N R AT SO R AR
N S S I S S o0, , , e, . .
0 2 4 6 8§ 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Angle Angle
. (a3) 30 (b3)
ol = = 443nm ¢ e 490 nm ) = = 443nm e e 490 nm
9l = 4 4 565nm v v 670 nm - 25t 4 4 565mm v v 670nm
8-" <« < 763nm » » 765nm :‘ <« <« 763nm » » 765nm
Ly2 o «865nm e e 910 nms 3 20}, + ¢ 850m « e 910nm
= b+ H | § ~ . . .
E6r*§*, H £ e : "
< st 82 , L8 '51'5>t'55:‘- g!i"i
3 41 F 2] R [a] LY 3 v
2 3 . ¢ ZA I B Votties
3t ! ! I TR pehiti
2r ' ' 05} :nh ;'li'l‘l
It teapg,?® *oeatttd C
of tet oot .
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Angle Angle

Figure 15. On-orbit multi-angle image registration performance of DPC. Red represents before
the on-orbit geometric calibration, while blue represents after the on-orbit geometric calibration:
(al,b1) corresponding to orbit 202; (a2,b2) corresponding to orbit 173; (a3,b3) corresponding to
orbit 231.

The multispectral image registration performance evaluation took the 670 nm band
as the reference band and evaluated the registration accuracy of other bands relative
to the reference band. The 670 nm band was used as a reference mainly because the
imaging time of this band is in the middle of an imaging cycle of DPC, and there is a large
overlap area with the data of each band. The 670 nm band is less affected by aerosols,
and there is no effect of gas absorption. The results are shown in Figure 16. Figure 16a,b
respectively represent the mean and STD. After the geometric calibration, the multispectral
image registration performance was significantly improved, and the consistency of the
registration performance of all bands was also improved. The evaluation results of the
three sets of data were basically the same. Among the three sets of results, before the
on-orbit geometric calibration, the maximum mean and maximum STD of multispectral
image registration errors were about 1.859 km (0.563 GSD) and 1.033 km (0.313 GSD),
respectively. After the on-orbit geometric calibration, they were 0.650 km (0.197 GSD) and
0.555 km (0.168 GSD), respectively. However, the registration accuracy of the 443 nm band
and 490 nm band relative to the reference band was relatively low both before and after
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geometric calibration. The reason is that the signals of these two bands were relatively
weak, the signal-to-noise ratio was low, and the atmospheric radiation signal was strong,
which led to the blurring of the surface feature information. Therefore, the matching error
of the SIFT algorithm increased when the algorithm was used for matching, which led to
the registration performance declining to a certain extent compared with other bands.
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Figure 16. On-orbit multi-spectral image registration performance of DPC. Red represents before the
on-orbit geometric calibration, while blue represents after the on-orbit geometric calibration. Subgraphs
(a,b) represent the mean and STD of multi-spectral image registration performance, respectively.

5. Conclusions

In this paper, an on-orbit autonomous geometric calibration method was proposed,
which does not require reference data from the ground calibration field. The on-orbit au-
tonomous geometric calibration method is based on the multiangle imaging characteristics
of DPC, and the geometric model parameters are optimized by the geometric constraints of
the homologous points between the multiangle images. Using this method, the installation
angle (a, B,7) and the instrument distortion coefficient (ff, fX, f¥, £, f£) in the geometric
model of DPC are calibrated on-orbit. To verify the effectiveness of this method, the DPC
relative geolocation accuracy and image registration performance were compared and
verified. The evaluation method of on-orbit relative geolocation accuracy is based on the
improved CCM, and the reference coastline data are GSHHG. The SIFT algorithm was used
to evaluate the image registration performance, including multiangle image registration
performance and multispectral image registration performance. The results demonstrate
that the proposed on-orbit autonomous geometric calibration method could effectively
improve the accuracy of DPC relative geolocation and image registration. It is proven that
this method could realize the on-orbit autonomous geometric calibration of spaceborne
optical instruments without the ground calibration field. However, there were still some
errors in relative geolocation and image registration after geometric calibration on-orbit,
which may be from the following aspects: (1) the deviation between the geometric model of
DPC on-orbit imaging and the actual model; (2) measurement error and interpolation error
of attitude and orbit data; (3) error of coastline subpixel positioning algorithm; (4) image
registration algorithm error; (5) influence of the accuracy of the on-orbit autonomous geo-
metric calibration method itself. Therefore, to further improve the accuracy of DPC on-orbit
relative geolocation and image registration, it is necessary to further study the above prob-
lems. Additionally, it is necessary to further evaluate and analyze the long-term variation
characteristics of DPC geometric model parameters, image registration performance, and
relative geolocation accuracy.
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