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Abstract: At present, some mapping satellites, such as GaoFen-7 and ZiYuan3-03, are equipped
with both optical stereo cameras and laser altimeters that can synchronously obtain stereo images
and sparse ground laser altimetry points (LAPs). To effectively improve the geometric accuracy of
these satellite stereo images, this study proposed an integrated processing method for LAPs and
stereo images derived from the same satellite. This method makes full use of the advantages of
synchronously obtaining stereo images and LAPs, and designs measurement technology for accurate
pixel coordinates of LAPs in stereo images, which works toward solving a technical difficulty that
has restricted their integration to achieve higher accuracy. The method also constructs a combined
block adjustment model of LAPs and stereo images. We selected 70 GaoFen-7 stereo images and
463 GaoFen-7 LAPs from Hebei Province, China, and 12 ZiYuan3-03 stereo images and 81 ZiYuan3-03
LAPs from Heilongjiang Province, China, to conduct integrated processing experiments. The vertical
accuracy of the GaoFen-7 images in all types of terrain were improved substantially and reached the
accuracy requirements of 1:10,000 (even 1:5000) scale mapping in China. The vertical accuracy of the
ZiYuan3-03 images in various terrain areas were also improved markedly, satisfying the accuracy
requirement of 1:50,000 scale mapping. These experimental results indicate that the working mode
of synchronously obtaining LAPs and stereo images using the same satellite is advanced, and the
proposed method is correct and effective.

Keywords: stereo image; laser altimetry point; integrated processing; geometric accuracy; GaoFen-7
satellite; ZiYuan3-03 satellite

1. Introduction

Satellite laser altimetry can actively obtain high-precision elevation information of
discrete ground points. Conducting the integrated processing of stereo images and laser
altimetry points (LAPs) has become an effective approach to improve the geometric ac-
curacy of optical stereo images. It is of great significance for using satellite images to
conduct high-precision mapping in regions lacking ground control data. Since the 1990s,
the satellites or spacecraft launched by some countries for the exploration of extraterrestrial
planets such as Mars and the moon have contained laser altimetry altimeters [1–4], which
are used to measure the three-dimensional topography of the surface of celestial bodies.
Some satellites or spacecraft are also equipped with laser altimeters and optical cameras,
such as the Mars Global Surveyor (MGS) spacecraft of the United States [3] and Chang’e-1
and Chang’e-2 of China [4]. In the field of Earth observation, the United States launched
two laser altimetry satellites in 2003 and 2018. They are the ICESat satellite equipped with
the Geoscience Laser Altimeter System (GLAS) and the ICESat-02 satellite equipped with
the Advanced Topographical Laser Altimeter System (ATLAS) [5,6], which are mainly used
for the monitoring of polar glaciers, sea ice, and forests. In the flat and smooth surface area,
the vertical accuracy of GLAS data can reach 0.15 m [5], and the vertical accuracy of ATLAS
data can reach 0.1 m [6].
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Using LAPs as control data and conducting combined block adjustment with stereo
images is one of the main methods of integrated processing of stereo images and LAPs. On
the premise that the LAPs themselves have high and reliable precision, the main technical
difficulties of this method include the accurate measurement of pixel coordinates of LAPs
in stereo images and the construction of a reasonable and effective block adjustment model.
However, the low measurement accuracy of the pixel coordinates of the LAPs in the stereo
image has been the main technical bottleneck restricting the integration of LAPs and stereo
images to achieve higher accuracy.

In order to solve this problem and to make the integrated processing of LAPs and
stereo images more efficient, convenient, and accurate, in November 2019 and July 2020,
China launched the GaoFen-7 satellite (GF7) [7] and the ZiYuan3-03 satellite (ZY3-03) [8],
which were equipped with both a stereo optical camera and a laser altimeter. In the process
of developing the hardware payload of the two satellites, many targeted designs conducive
to the integrated processing of LAPs and stereo images were proposed. In addition, the
laser altimeter and the optical camera were designed to work synchronously to obtain stereo
images and sparse LAPs in the same geographical area and at the same time. Compared
with the LAPs and stereo images obtained by different satellites, the concurrent optical
images and LAPs obtained by GF7 and ZY3-03 have more unique advantages, such as
minimal relative plane error, the same data acquisition time, and overlapping geographical
distribution range. In addition, GF7 is equipped with a footprint camera to assist in
determining the plane position relationship between LAPs and optical images. Based on
these advantages, this study proposed an integrated processing method of LAPs and stereo
images obtained by the same satellite, effectively solving the technical problem of limited
pixel coordinate measurement accuracy of LAPs in stereo images. It should be noted that
the ZiYuan3-02 satellite (ZY3-02) launched by China in May 2016 is also equipped with both
a stereo optical camera and a laser altimeter. However, the laser altimeter of ZY3-02 is an
experimental payload, and it has an imperfect design. Only 44 orbits of laser altimetry data
have been obtained, and the laser altimeter and optical camera did not work synchronously,
with most of the LAPs and optical images being obtained in different orbits at separate
times [9], resulting in the ZY3-02 data not having the same advantages as GF7 and ZY3-03
data obtained from the same platform. Therefore, ZY3-02 data are not included in the scope
of this study.

The article is organized as follows: In Section 1, we briefly describe the research
background and significance. Section 2 describes the existing literature. Section 3 outlines
the design of the integrated processing method. In Section 3.1, the feasibility of using
LAPs to improve the geometric accuracy of stereo images is analyzed. In Section 3.2, the
main steps of the proposed method are introduced. In Sections 3.3 and 3.4, the design
of the method to accurately measure LAPs in stereo images with and without footprints
is provided. In Section 3.5, a simple and effective combined block adjustment model of
the LAPs and stereo images is constructed. Section 4 describes several sets of integration
experiments conducted on various terrains and the analysis of the results. Finally, in
Section 5, we draw the conclusions.

2. Related Works

Many scholars have carried out research on the integration of the LAPs and optical
images from satellites for extraterrestrial planet exploration. Spiegel et al. used the LAPs
of the MGS spacecraft as the control points and performed bundle block adjustment with
the optical images obtained by the stereo camera on the European Mars Express, so as to
improve the orientation accuracy of the stereo images [10]. Yoon and Shan improved the
orientation accuracy of stereo images through combined block adjustment of the LAPs
and stereo images, both from the MGS spacecraft [11]. Lin et al. used the digital elevation
model (DEM) generated by the LAPs of the MGS as the control data and improved the
orientation accuracy of the optical images by registering the DEM generated by the MGS
optical stereo images and that generated by the MGS LAPs [12]. Di et al. used the DEM
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generated by the Chang’e-1 satellite laser altimeter as control data to improve the geometric
accuracy of the DEM generated by stereo images from the same satellite [13,14]. Because
the observation environment of an extraterrestrial planet is simpler than that of Earth, most
extraterrestrial planet observation satellites adopt low-orbit and high-repetition observation
modes. This produces higher density LAPs with a large number of redundant observed
values when integrated processing of LAPs and optical images is performed. Additionally,
the relative accuracy of the DEM generated by the LAPs is higher. Furthermore, the
accuracy requirements for the integrated processing of extraterrestrial LAPs and images are
far lower than the requirements for Earth observation, which typically require a dozen or
even tens of meters. Therefore, the aforementioned research results cannot directly meet the
requirements for the integrated processing of LAPs and stereo images for Earth observation
and do not have much reference value for this study.

In the field of Earth observation, using LAPs, such as GLAS and ATLAS, as control
data to improve the geometric accuracy of stereo images or the geometric accuracy of the
Digital Surface Model (DSM) generated by stereo images has become a research hotspot
in recent years. The technical methods used in studies can be divided into two categories.
The first type of method is to use stereo images to generate a DSM and then perform
high-precision registration between the generated DSM and the dense LAP cloud so as
to obtain the accurate plane position of the LAPs on the DSM, effectively improving the
vertical accuracy of the DSM generated by stereo image. Ye et al. used ATLAS LAPs to
improve the vertical accuracy of the DSM generated by GF7 stereo images and WorldView-2
stereo images to 1.8 m and 0.71 m, respectively [15]. Some scholars used ATLAS LAPs
and Worldview images to generate a DSM in Antarctica with a vertical accuracy better
than 1 m [16]. Using a similar method, Magruder et al. corrected the vertical error of the
Shuttle Radar Topography Mission DSM using ATLAS LAPs [17]. In research that uses
the first type of method, the core link is to realize the high-precision registration between
the laser point cloud and the DSM. To achieve the ideal registration accuracy, the laser
altimeter is required to have a high sampling frequency and be able to obtain enough dense
LAPs. For example, the sampling frequency of ATLAS reaches 10,000 Hz. However, the
sampling frequencies of the GF7 and ZY3-03 laser altimeters are 3 Hz and 2 Hz, respectively,
so their data cannot be well applied to this type of method. The second type of method
is to use LAPs as control points to perform combined block adjustment between LAPs
and stereo images to improve the geometric accuracy of stereo images. Dongchen et al.
used GLAS LAPs and ASTER stereo images to conduct integrated processing to generate a
1:50,000-scale DEM in coverage of the expedition route of the Antarctic [18]. Takaku et al.
used GLAS LAPs as a vertical control and produced a global high-precision DSM using
ALOS PRISIM stereo images [19]. Li et al., Zhou et al., and Cao et al., conducted combined
block adjustment between GLAS LAPs and ZY3 stereo images, which can improve the
vertical accuracy of ZY3 stereo image to the 1:50,000-scale requirements in China [20–22].
Li et al. and Zhang et al. used the ZY3-02 LAPs and ZY3-02 stereo images to conduct
combined block adjustment, which can improve the vertical accuracy of the stereo images
in flat terrain areas to about 3 m [23,24]. Zhang et al. used spaceborne SAR and GLAS LAPs
as horizontal and vertical control, respectively, and conducted block adjustment for ZY3
stereo images, which can improve the horizontal and vertical accuracy of stereo images
to 7 m and 3 m, respectively [25]. In research that uses the second type of method, the
rough estimate value of the pixel coordinates of the LAP in the stereo images is generally
calculated according to the longitude and latitude parameters of the LAP. Because the
relative plane error between the LAP and stereo image cannot be accurately known and
effectively eliminated, there may be a large error in the pixel coordinates obtained using
the aforementioned method, which will seriously affect the accuracy of the combined
block adjustment. This phenomenon is particularly evident in areas with widely variable
topography. Therefore, in research that uses this method, the experimental area is mainly
distributed in areas with flat terrain, and the final accuracy of the integrated processing of
LAPs and optical images generally cannot meet the accuracy requirements of 1:10,000-scale
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mapping. To solve these technical difficulties, the present study used the advantages of the
LAPs and stereo images obtained by the same satellite to design an accurate measurement
method for pixel coordinates of LAPs in stereo images, which not only ensures that the
LAPs can be effectively used in various terrain areas but also provides a guarantee for
integrated processing to achieve higher geometric accuracy.

Some scholars have also carried out research on the integrated processing of LAPs
and stereo images obtained by the same satellite. Zhou et al. used ZY3-03 LAPs and stereo
images obtained concurrently on the same satellite to design a combined block adjustment
method using them that can effectively improve the vertical accuracy [8]. However, Zhou
et al.’s research is only relevant to the ZY3-03 satellite and is not applicable to other satellites,
such as GF7, that can obtain both LAPs and stereo images, and the use of laser footprint
images was not considered. The research presented herein is aimed at all satellites that
can obtain both LAPs and stereo images. Chen et al. carried out research on the combined
adjustment of laser altimetry data and optical stereo images from the GF7 satellite [26] and
designed a matching method between laser footprint images and stereo images. However,
this method does not analyze and utilize the unique advantages of acquiring LAPs and
optical images from the same satellite. For example, in areas with large topographic relief
(mainly mountainous terrain types), the occlusion and shadow caused by the undulation
of the ground can easily lead to the failure of the match between the footprint image
and the stereo image. However, Chen et al. failed to study the corresponding remedial
methods, resulting in a low utilization rate of the LAPs. This is also the main reason why
the experimental area in their study can only be selected in flat terrain areas. However, the
method proposed in our study is more comprehensive and advanced and fully considers
the problem of footprint images and stereo images not being successfully matched due to
the fluctuation of the ground. Therefore, the novel method in our study can be applied to
all kinds of terrain areas.

3. Materials and Methods
3.1. Working Mechanism for Obtaining LAPs and Images from the Same Satellite
3.1.1. Data Acquisition from the GF7 and ZY3-03 Satellites

The GF7 stereo camera is composed of a forward camera tilting 26◦ and a backward
camera tilting -5◦ in the direction of satellite flight. Both cameras are time delay and integra-
tion (TDI) charge coupled devices (CCD) linear-array pushing broom optical cameras that
can obtain panchromatic images with spatial resolutions of 0.8 m and 0.65 m, respectively
(referred to as forward and backward images, respectively). The forward and backward
images construct a stereo image with a base-height ratio of ~0.67, and all images had
swath widths of ~20 km. Moreover, the GF7 laser altimeter includes two laser beams, with
a laser pointing angle almost perpendicular to the ground and a working frequency of
3 Hz that yields discrete laser altimetry data with an along-track interval of 2.4 km and an
across-track interval of 12.25 km. The ground diameter of the laser spot (also known as the
ground footprint) is ~20 m, and each laser beam is also equipped with a footprint camera
to collect an optical image of the laser spot on the ground. The length and width of this
footprint image are 1.6 km, and the spatial resolution is 3.2 m.

The ZY3-03 stereo camera is composed of a forward camera tilting 22◦, a nadir camera
almost perpendicular to the ground, and a backward camera tilting −22◦ along the satellite
flight direction. The three cameras are TDI CCD linear-array pushing broom optical cameras
that can obtain panchromatic images with spatial resolutions of 2.5 m, 2.1 m, and 2.5 m,
respectively (called the forward, nadir, and backward images). A three linear-array stereo
image with a base-height ratio of ~0.89 can be constructed using these images, and the
swath width of all images is ~51 km. In addition, the ZY3-03 laser altimeter includes a laser
beam that is pointed almost perpendicular to the ground and has a working frequency of
2 Hz. Discrete laser altimetry data with an along-track interval of 3.5 km can be obtained
using this system. The ground diameter of the laser spot is approximately 45 m, and the
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laser altimeter is not equipped with a footprint camera. The data acquisition methods of
the GF7 and ZY3-03 satellites are shown in Figure 1.
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3.1.2. GF7 and ZY3-03 Data Processing

The raw images from the GF7 and ZY3-03 satellites require processing to generate
sensor calibration (SC) images [27,28] before they can be distributed to users for mapping
applications. The SC images are a basic image product similar to the level 1A product of the
SPOT5 satellite, the basic product of the Worldview satellite, and the primary product of
the Pleiades satellite and are primarily composed of image, rational function model (RFM),
and metadata files.

The raw laser altimetry data from the GF7 and ZY3-03 satellites require processing
to generate LAPs [29,30]. As topographic relief and a rough ground surface will seriously
reduce the geometric accuracy of the LAPs [31], the LAP production system performs
quality analysis of all generated LAPs to eliminate those with topographic relief and a
rough ground surface within the footprint area. The judgment criteria for LAP elimination
include whether the echo wave pulse width is significantly larger, the number of echo
wave crests is greater than 1, the quality of the footprint image is poor, and the terrain
slope of the footprint area is greater than 5◦ [30,32]. The GF7 and ZY3-03 LAPs include
accurate elevation values and the approximate longitude and latitude coordinates of the
center point of the ground footprint. In addition, the GF7 LAPs include the footprint image
and accurate pixel coordinates of the LAP on the footprint image.

3.1.3. Feasibility of using LAPs to Improve Image Geometric Accuracy

According to the technical parameters of the GF-7 and ZY3-03 satellites and the
production and application of images and LAPs, the root-mean square error (RMSE) in
the vertical direction of the GF-7 image is about 3 m [33] and that of the LAPs is about
0.1 m [34]. The vertical accuracy of the GF-7 LAPs far exceeds the requirements of 1:10,000
scale mapping in China and is ~30 times higher than that of stereo images obtained
simultaneously from the same platform. The RMSE in the vertical direction of the ZY3-03
image is about 6 m and that of the LAPs is about 0.5 m [8]. The vertical accuracy of ZY3-03
LAPs far exceeds the requirements of 1:50,000-scale mapping in China and is more than
~10 times higher than that of stereo images obtained simultaneously from the same platform.
Therefore, the vertical accuracy of the GF7 stereo images can theoretically be improved
to meet the accuracy requirements for 1:10,000 scale mapping using the GF7 LAPs. In
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addition, the vertical accuracy of the ZY3-03 stereo images can theoretically be improved
using the ZY3-03 LAPs to meet the accuracy requirements for 1:50,000 scale mapping.

Previous studies have shown that the geometric accuracy of push-broom optical
images is primarily affected by errors in attitude measurement, orbital measurement,
calibration parameters of on-board equipment, and interior orientation elements of the cam-
era [35–37]. During the generation of SC images, on-orbit geometric calibration is carried
out, so the errors in calibration parameters of on-board equipment and interior orientation
elements of the camera can be ignored. The geometric accuracy of LAPs is primarily
affected by attitude measurement errors, orbital measurement errors, laser pointing angle
errors, atmospheric delay, the Earth tide, ranging hardware errors, topographic relief, and
ground surface roughness [31]. During the generation of LAP products, on-orbit geometric
calibration with a reasonable frequency is carried out [34,38]; thus, ranging hardware and
laser pointing angle errors can be ignored. The atmospheric delay correction [39] and tidal
correction [40] models are also used to correct the errors in the laser ranging value, and
any LAPs with topographic relief and a rough ground surface within the footprint area are
eliminated. Therefore, the geometric accuracy of SC images and LAPs is primarily affected
by attitude measurement and orbital measurement errors.

The laser pointing angle of the ZY3-03 laser altimeter is designed to be completely
consistent with the tilt angle of the nadir camera, while the laser pointing angle of the
GF-7 laser altimeter is basically consistent with the tilt angle of the backward camera, and
the laser altimeter and optical camera work synchronously, so the type and magnitude of
satellite platform errors (such as satellite attitude and orbit measurement errors) that affect
the laser altimeter and stereo images are basically the same. The horizontal accuracy of the
GF7 LAPs and backward images obtained at the same time is almost the same at about
5 m [33]. The horizontal accuracy of the ZY3-03 LAPs and nadir images obtained at the
same time is almost the same at about 20 m [8,41]. This is an important feature of LAPs and
optical images obtained from the same satellite platform. The main purpose of this design
is to facilitate the accurate measurement of LAPs on the stereo images. Therefore, the
horizontal accuracy of the images cannot theoretically be improved using synchronously
obtained LAPs.

3.2. Integrated Processing Steps

The integrated processing procedure for the LAPs and stereo images is shown in
Figure 2.

The process proceeds as follows:

1. Stereo images from continuous multi-scenes or large areas were selected. The dense
tie points within each stereo image were automatically matched, after which an
appropriate number of common tie points in the overlapping region among the
adjacent stereo images were automatically matched. Thereafter, the free network
adjustment of the stereo images was performed. Stereo images resulting from the
high-precision relative orientation were then used for the subsequent steps.

2. For LAPs with footprint images, high-precision matching was performed between the
laser footprint image and the stereo images using the method described in Section 3.3.1
to obtain the correct pixel coordinates of the LAPs in the stereo images. The LAPs
were also used as vertical or horizontal control points for block adjustment. For LAPs
that could not use the above method, the method described in Section 3.3.2 was used
to obtain tie points within the range of the laser footprint on the stereo images, and a
tie point closest to the footprint center was used as the vertical control point.

3. For LAPs without footprint images, the method described in Section 3.4 was used to
calculate the pixel coordinates of the LAPs in the image with the smallest imaging
tilt angle in the synchronously obtained stereo image. Image matching was then
performed between the image with the smallest imaging tilt angle and the other
constituent images of the stereo image to obtain the correct pixel coordinates of the
LAPs in the stereo images. The LAPs were then used as the vertical control points.
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4. The block adjustment model described in Section 3.5 was used to conduct a combined
block adjustment of the stereo images and LAPs to effectively improve the vertical
accuracy of the stereo images. Finally, the RFM of the stereo image was updated
according to the block adjustment results.
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3.3. Pixel Coordinate Measurement of LAPs with Footprint Images in Stereo Images
3.3.1. Measurement of LAPs when Successfully Using Footprint Image

When the LAPs have footprint images (such as the GF7 LAPs), the corresponding
image point of the LAP on the footprint image must be known (for the convenience of
discussion, the corresponding image point is called the ‘laser image point on the footprint
image’). The homonymy image point on the stereo image that corresponds to the laser
image point on the footprint image can be obtained using high-precision image matching
between the footprint and stereo images. The homonymy image point on the stereo image
is the corresponding pixel coordinates of the LAP in the stereo image. The specific method
is shown in Figure 3.

The specific steps are as follows:

1. According to the spatial resolution and imaging tilt angle of the laser footprint camera,
the image with the smallest imaging tilt angle in the stereo image was down-sampled
and re-projected to generate a re-projected image with a similar spatial resolution and
imaging tilt angle as the footprint image. This improves the image matching success
rate between the footprint and the stereo images.

2. Using a combination of scale-invariant feature transform (SIFT) matching [42] and
least squares matching [43], image matching was performed between the re-projected
image and the laser footprint image to obtain the homonymy image point on the
re-projected image that corresponds to the laser image point on the footprint image.
According to the corresponding relationship between the re-projected image and
the original image before projection, the homonymy image point on the image with
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smallest imaging tilt angle that corresponds to the laser image point on the footprint
image was calculated.

3. Using a combination of SIFT matching and least squares matching, image matching
was performed between the image with the smallest imaging tilt angle and the other
images constituting the stereo image to obtain the homonymy image points on the
other images comprising the stereo image, corresponding to the image point of the
LAP on the image with the smallest imaging tilt angle. The pixel coordinates of the
homonymy image points in the stereo images are actually the pixel coordinates of the
LAPs in the stereo images.
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3.3.2. Measurement of LAPs when Footprint Image Cannot Be Used Successfully

Owing to the influence of terrain, clouds, and other factors, the accurate pixel coordi-
nates in the stereo images of some LAPs cannot be successfully obtained using the method
described above. For convenience, in the following description, these LAPs are abbreviated
as ‘processing LAPs,’ whereas the LAPs that successfully yielded correct pixel coordinates
in stereo images using the above method are abbreviated as ‘processed LAPs.’ As described
in Section 3.1.2, when generating and distributing the LAPs, those with topographic relief
and a rough ground surface within the footprint range were eliminated; therefore, the
ground elevation within the footprint range of the LAPs is similar. Therefore, one tie point
can be obtained within the footprint of the processing LAP on the stereo image and is then
used as the pixel coordinates of the processing LAPs. The specific method is shown in
Figure 4.
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The specific steps are as follows:

1. Equation (1) is used to obtain the horizontal relative error corrections ∆lon and ∆lat
in the longitude and latitude directions between the processing LAP and the image
with smallest imaging tilt angle.

∆lon = ∆lonpro +
n
N · (∆lonnext − ∆lonpro)

∆lat = ∆latpro +
n
N · (∆latnext − ∆latpro)

, (1)

where ∆lonpro and ∆latpro are the horizontal relative errors in the longitude and
latitude directions, respectively, between the previous processed LAP acquired on the
same orbit and the image with the smallest imaging tilt angle. ∆lonnext and ∆latnext
are the horizontal relative errors in the longitude and latitude directions between
the latter processed LAP acquired on the same orbit and the image with the smallest
imaging tilt angle. These are obtained by subtracting the longitude and latitude
coordinates of the processed LAP from the ground longitude and latitude coordinates
that were calculated using the pixel coordinates of the processed LAP in the image
with the smallest imaging tilt angle to perform the spatial forward intersection. N is
the theoretical number of LAPs between the previous and the latter processed LAPs
acquired on the same orbit and by the same beam. n is the theoretical number of
LAPs between the processing LAP and the previous processed LAP acquired on the
same orbit and by the same beam. If the previous processed LAP does not exist, then
n/N = 1. If the latter processed LAP does not exist, then n/N= 0.

2. Using the longitude and latitude coordinates and the elevation values of the processing
LAPs, the pixel coordinates of the processing LAPs in the image with the smallest
imaging tilt angle are calculated using the imaging geometric model of the image. The
pixel coordinates are also corrected using the ∆lon and ∆lat obtained in the previous
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step. According to the laser footprint radius, the pixel range of the ground footprint of
the processing LAP on the image with the smallest imaging tilt angle can be obtained.

3. The image matching between the image with the smallest imaging tilt angle and other
constituent images of the stereo image is used to obtain multiple tie points. After
eliminating the incorrect tie points, the tie point that is closest to the center point of
the laser footprint and distributed within the range of the laser footprint on the image
with the smallest imaging tilt angle is selected as the vertical control point, and its
elevation is used as the elevation of the LAP.

3.4. Pixel Coordinate Measurement of LAPs without Footprint Image on Stereo Images

When the LAPs do not have corresponding footprint images (such as the ZY3-03 LAPs),
the pixel coordinates of the LAP in the image can only be calculated using the longitude
and latitude coordinates of the LAP. Currently, in satellite design, the laser pointing angle
is generally consistent with the angle of the main optical axis of an optical camera, and
the laser altimeter works simultaneously with the optical camera (for convenience, the
images obtained by the optical camera are called ‘synchronously obtained images’). This
design allows the laser altimeter and optical camera to work under the influence of the
same external error (such as attitude measurement error) and ensures that the LAPs and the
synchronously obtained image have a higher relative horizontal accuracy. For example, the
horizontal RMSEs of the ZY3-03 LAPs are almost the same as those of the synchronously
obtained ZY3-03 nadir images [41], whereas the relative horizontal error is approximately
0. The specific method is shown in Figure 5.
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Figure 5. Measurement of LAPs without footprint image.

The specific steps are as follows:

1. According to the longitude and latitude coordinates and the elevations of the LAPs, the
pixel coordinates of the LAP on the synchronously obtained image can be calculated
directly using the RFM of the image.

2. A combination of SIFT feature matching and least squares matching is used to perform
high-precision image matching of the stereo images. On the other constituent images
of the stereo image, the homonymy points of the pixel coordinates of the LAPs in the
synchronously obtained image were obtained, i.e., the accurate pixel coordinates of
the LAPs in the stereo image were obtained.
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It should be noted that the control points obtained using the above method can only
be used as vertical control points.

3.5. Combined Block Adjustment Model

The geometric model of the SC images is the RFM; thus, the combined block adjust-
ment is based on the RFM. The RFM is a mathematical transformation relationship between
the image pixel coordinates (r, c) and their corresponding geodetic coordinates on the
ground (X, Y, Z) established by rational polynomials. The basic equation of the RFM is
defined as follows [44]: r = P1(X,Y,Z)

P2(X,Y,Z)

c = P3(X,Y,Z)
P4(X,Y,Z)

, (2)

where, to avoid rounding errors caused by large order of magnitude differences between
the different parameters in the calculation process, (r, c) and (X, Y, Z) need to be normalized
to −1–1 to enhance the stability of the parameter solution. Pi(i = 1, 2, 3, 4) represents a
general polynomial in which the power of each variable does not exceed 3, and the sum of
the powers of all variables does not exceed 3. Its form is as follows:

Pi = ai0 + ai1Z + ai2Y + ai3X + ai4ZY + ai5ZX
+ai6YX + ai7Z2 + ai8Y2 + ai9X2 + ai10ZYX
+ ai11Z2Y + ai12Z2X + ai13Y2Z + ai14Y2X
+ai15ZX2 + ai16YX2 + ai17Z3 + ai18Y3 + ai19X3

, (3)

where aij(i = 1, 2, 3, 4; j = 0, 1, · · · , 19) is the rational polynomial coefficient.
The error compensation of the RFM adopts the image affine transformation

model [44,45], and the relationship between the image pixel coordinates and the cor-
responding geodetic coordinates described in Equation (2) can be corrected as follows:r + a0 + a1 · r + a2 · c = P1(X,Y,Z)

P2(X,Y,Z)

c + b0 + b1 · r + b2 · c = P3(X,Y,Z)
P4(X,Y,Z)

, (4)

where (a0, a1, a2, b0, b1, b2) represent affine transformation parameters.
The error equations are constructed for each of the tie points and LAPs to form the

combined block adjustment model:

V1 = At + B1x1 − L1 P1, (5)

V2 = At + B2x2 − L2 P2, (6)

Equation (5) is an error equation constructed for the tie point that uses the affine
transformation parameters of the RFM and the ground geodetic coordinates corresponding
to the tie points as unknowns. Equation (6) is an error equation constructed for the
LAPs. When the LAPs are used as the horizontal and vertical control points, the affine
transformation parameters of the RFM are used as the unknowns. When the LAPs are only
used as the vertical control points, the affine transformation parameters of the RFM and
the ground longitude and latitude coordinates of the LAPs were used as unknowns.

In Equations (5) and (6), V1 = [vR1 vC1]
T and V2 = [vR2 vC2]

T are the residual vectors
of the image point coordinate observations of the tie points and in the image, respec-
tively. t = [∆a0 ∆a1 ∆a2 ∆b0 ∆b1 ∆b2 ]T is the corrected vector of the affine transformation

parameters. A =

[
1 r c 0 0 0
0 0 0 1 r c

]
is the partial derivative coefficient matrix corre-

sponding to t. x1 = [∆Xtie ∆Ytie ∆Ztie]
T is the corrected vector of the ground geodetic

coordinates corresponding to the tie point. B1 =

[
∂r

∂Xtie
∂r

∂Ytie
∂r

∂Ztie
∂c

∂Xtie
∂c

∂Ytie
∂c

∂Ztie

]
is the partial deriva-



Remote Sens. 2023, 15, 869 12 of 26

tive coefficient matrix corresponding to x1. When LAPs are used as the horizontal and
vertical control points, x2 = 0. When a LAP is only used as the vertical control point,
x2 = [∆Xlaser ∆Ylaser]

T is the corrected vector of the ground latitude and longitude of the

LAP and B2 =

[
∂r

∂Xlaser
∂r

∂Ylaser
∂c

∂Xlaser
∂c

∂Ylaser

]
is the partial derivative coefficient matrix corresponding

to x2. Li(i = 1, 2) is the constant term calculated by substituting the initial value into the
error equation. Pi(i = 1, 2) is the weight matrix of each observation, and the weights of
each observation are determined by their priori information. Generally, 10 times the a
priori standard deviation of each observation was used to determine the initial value of
the corresponding observation weight, and each observation weight was recalculated after
each adjustment iteration.

4. Results and Discussion
4.1. Experimental Regions and Data

The GF7 SC stereo images and LAPs covering the northern region of Hebei Province,
China, and ZY3-03 SC stereo images and LAPs covering the central region of Heilongjiang
Province were selected as the experimental data in this study. According to the requirements
of the proposed integrated processing method, the ZY3-03 LAPs do not have footprint
images; thus, integrated processing must be performed using synchronously obtained
LAPs and stereo images. In contrast, the GF7 LAPs have footprint images; thus, integrated
processing can be performed using LAPs and stereo images obtained at different times.
The Global Positioning System (GPS) points measured by continuously operating reference
stations in the study regions were collected as check points for geometric accuracy verifica-
tion. The horizontal and vertical accuracies of the GPS points were better than 0.1 m. To
ensure that the GPS points could be identified accurately and measured in the experimental
images, the collected GPS points were distributed mainly at the intersections of fine linear
features with suitable intersection angles (30◦–150◦) and at the corners of obvious feature,
such as road intersections and corners of artificial surface features. The details of the data
used in the study are shown in Table 1.

Table 1. Characteristics of the experimental data used in this study.

Data Type Covering Terrain
Stereo Images LAPs

Number of
GPS PointsCovering

Area (km2) Number Image Orbit Number Data Orbit

GF7 Satellite
data

Flat 3500

70
2449, 3267,
5806, 5880,

5962

134

3267, 6786,
6868, 7679,

8652

40

Hilly 4200 84 26

Mountainous 17,300 244 124

High mountainous 2000 1 11

All regions 27,000 463 201

ZY3-03
Satellite data

Flat 16,000

12 1552

56

1552

167

Hilly 14,000 25 103

All regions 30,000 81 270

Owing to the influence of weather, satellite side-swing, and other factors, only one set
of GF7 LAPs and GF7 stereo images in the experimental data were obtained from the same
orbit, whereas the others were obtained from different orbits.

The terrain types of the regions covered by the experimental data were determined
according to those illustrated in the 1:50,000 scale topographic maps of China. According to
the terrain type classification principles in China’s surveying and mapping standards, the
Chinese surveying and mapping department has classified each 1:50,000 scale topographic
map into four terrain types: flat, hilly, mountainous, or high mountainous. The ground
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elevations in the regions covered by the GF7 satellite experimental data ranged from 50 m to
3000 m above sea level, whereas the ground elevations in the regions covered by the ZY3-03
satellite experimental data ranged from 120 m to 510 m above sea level. The geographical
distributions of the experimental regions and data are shown in Figure 6.
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In addition, the ATLAS LAPs (obtained from January 2020 to the present in the
coverage area of the GF7 experiment image) and all available GLAS LAPs (obtained
from 2003–2009 in the coverage area of the ZY3-03 experiment image) were collected for
combined block adjustment experiments with GF7 and ZY3-03 experiment images. The
product level of GLAS LAPs is GLA14 (i.e., global land-surface altimeter data), and that
of ATLAS LAPs is ATL08. The results of this adjustment were compared to those of the
integrated processing of stereo images and LAPs obtained by the same satellite, which not
only proved the advantages of using the data obtained from the same satellite to perform
integrated processing but also verified the effectiveness of the method proposed in this
study. In order to ensure the accuracy of the selected ATLAS and GLAS LAPs, the LAPs
with low precision were eliminated by comprehensively analyzing the LAP parameter
information such as beam type, signal-to-noise ratio, terrain, and slope [46]. Then an
elevation comparison was made between the LAPs and the TanDEM-X data [47], and the
LAPs with an elevation difference greater than 2 m were eliminated. Finally, a total of
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8824 ATLAS LAPs and 8528 GLAS LAPs were retained. The geographical distribution of
ATLAS and GLAS LAPs is shown in Figure 7.
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4.2. Initial Stereo Images and LAPs Accuracy Verification
4.2.1. Initial Image Geometric Accuracy Verification

The GPS points were used as check points (the pixel coordinates of the GPS points in
the stereo images were obtained manually, with a measurement accuracy better than 1 pixel)
and the free network adjustment was performed for the GF7 and ZY3-03 images using
Equation (5). In the experiment, the evenly distributed tie points were matched using image
matching technology [48] in the interiors of the stereo images and in the overlapping regions
of adjacent stereo images. The density of the tie points was approximately 200 points within
the range of each stereo image. The experimental results are shown in Table 2, and the
check point residuals are shown in Figure 8.

Table 2 shows that the horizontal accuracy of the GF7 stereo images can meet the
accuracy requirements for 1:10,000 scale mapping in China; however, the vertical accuracy
does not meet these accuracy requirements in flat and hilly terrain. In addition, the
horizontal accuracy of the ZY3-03 stereo images can meet the accuracy requirements
for 1:50,000 scale mapping in China; however, the vertical accuracy does not meet these
accuracy requirements. The accuracy requirements for 1:50,000 and 1:10,000 scale mapping
in China are listed in Table 3 [49].
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Table 2. Experimental results of the free network adjustment.

Data Type Terrain Type Number of
Check Points

Horizontal Accuracy (m) Vertical Accuracy (m)

RMSE Max. Error RMSE Max. Error

GF7 satellite
data

Flat 40 5.00 9.26 3.07 −6.72

Hilly 26 3.81 6.40 4.68 −7.14

Mountainous 124 4.32 8.12 2.86 −7.17

High mountainous 11 6.36 8.89 2.48 6.23

All regions 201 4.93 9.26 3.19 −7.17

ZY3-03 satellite
data

Flat 167 15.20 21.61 5.38 10.29

Hilly 103 15.36 25.02 5.09 7.61

All regions 270 15.26 25.02 5.27 10.29

Note: during free network adjustment, the root mean square error (RMSE) of the pixel coordinate residuals of the
tie points were all less than 0.3 pixels, and the maximum pixel residuals were all less than 1.2 pixels.
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Table 3. Accuracy requirements for 1:50,000 and 1:10,000 scale mapping in China.

Scale
Horizontal RMSE (m) Vertical RMSE (m)

Flat and Hilly Mountainous and
High Mountainous Flat Hilly Mountainous High

Mountainous

1:50,000 25 37.5 3 5 8 14

1:10,000 5 7.5 0.5 1.2 2.5 5

4.2.2. Initial LAP Geometric Accuracy Verification

Because no GPS point distributions were available within the ground footprint ranges
of the LAPs, it was impossible to directly use the GPS points to verify the geometric
accuracy of the LAPs, so an indirect accuracy detection and evaluation method was used to
verify their geometric accuracy. The pixel coordinates of the GF7 LAPs in the GF7 stereo
images were measured using the method described in Section 3.3.1, whereas the pixel
coordinates of ZY3-03 LAPs in the ZY3-03 stereo images were measured using the method
described in Section 3.4. The LAPs that were successfully measured were used as check
points to check the vertical accuracies of the GF7 and ZY3-03 stereo images after the free
network adjustment. The results are listed in Table 4.

Table 4. Stereo image vertical accuracies obtained using the LAPs as check points.

Experimental
Region

Terrain Type Number of
Laser Points

Vertical Accuracy (m)

RMSE Max. Error

GF7
experimental

region

Flat 129 2.96 −6.33

Hilly 75 4.76 −8.06

Mountainous 216 2.95 −8.22

High mountainous 1 2.41 2.41

All regions 421 3.32 −8.22

ZY3-03
experimental

region

Flat 56 5.90 −12.08

Hilly 25 5.62 −8.97

All regions 81 5.79 −12.08

The difference between the vertical RMSEs of the GF7 images in each terrain type
region (Table 4) and the corresponding values listed in Table 2 were within ±0.13 m. It
is known that the vertical accuracy of the GPS points is better than 0.1 m. Therefore,
the vertical accuracy of the GF7 LAPs should be at least better than the absolute value
of 0.1 ± 0.13 m that exceeds the vertical accuracy requirements for 1:10,000 scale stereo
mapping and was far higher than the actual vertical accuracy of the GF7 stereo images. In
contrast, the difference between the vertical RMSEs of the ZY3-03 images in each terrain
type region (Table 4) and the corresponding values in Table 2 were within 0.5 m. Therefore,
the vertical accuracy of the ZY3-03 LAPs should be at least better than the absolute value
of 0.1 ± 0.5 m that exceeds the vertical accuracy requirements for 1:50,000 scale stereo
mapping and was far higher than the actual vertical accuracy of the ZY3-03 stereo images.

In the GF7 experimental data, only one orbit of stereo images (that included 21 contin-
uous stereo images) and one orbit of LAPs (that included 75 LAPs) were synchronously
obtained from the same photographic orbit of the GF-7 satellite (orbit no. 3267). Because
the relative horizontal error between the LAPs and the stereo images obtained from differ-
ent orbits was irregular, we did not determine the relative plane accuracy between them.
The LAPs from orbit 3267 were measured on the stereo images from orbit 3267 using the
method described in Section 3.3.1, and 66 LAPs were successfully measured and used as
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check points to verify the horizontal accuracy of the stereo images. The results are listed in
Table 5.

Table 5. Relative horizontal accuracies of GF7 LAPs and GF7 stereo images from orbit 3267.

Terrain Type Number of LAPs
Horizontal Accuracy (m)

RMSE Max. Error

Flat 30 0.40 0.46

Hilly 4 0.33 0.39

Mountainous 31 0.29 0.40

High mountainous 1 0.35 0.35

All regions 66 0.35 0.46

The horizontal RMSE of each terrain type region (Table 5) was less than 0.4 m, which
indicates that the horizontal accuracy of the GF7 LAPs was consistent with that of the stereo
images. The maximum error (Table 5) was similar to the RMSE, which indicates that the
horizontal accuracy between different LAPs was almost the same.

4.3. Integrated Processing Accuracy Verification

According to the processing steps described in Section 3.2, the following four groups
of experiments were performed on the GF7 experimental data:

1. The GF7 LAPs were measured on the GF7 stereo images using the method described
in Section 3.3 and were utilized as vertical control points. All GPS points were used as
check points, and block adjustment was performed using the block adjustment model
described in Section 3.5. This group of experiments was used to verify whether the
GF7 LAPs effectively improved the vertical accuracy of the stereo images.

2. The GF7 LAPs were measured on the GF7 stereo images using the method described
in Section 3.3.1 and were utilized as horizontal and vertical control points. All GPS
points were used as check points and block adjustment was performed using the
block adjustment model described in Section 3.5. This group of experiments was
used to verify whether the GF7 LAPs effectively improved the horizontal and vertical
accuracies of the stereo images simultaneously.

3. Fifty-seven GPS points were selected as horizontal and vertical control points, and the
remaining GPS points were used as check points to perform block adjustment of the
GF7 stereo images. This group of experiments was used to reflect the accuracy level
that can be achieved for stereo images when high-precision ground control points
are available.

4. The pixel coordinates of all ATLAS LAPs in the GF7 stereo images were measured,
and the ATLAS LAPs were used as vertical control points. All GPS points were taken
as checkpoints and the combined block adjustment model described in Section 3.5
was used to conduct block adjustment of stereo images. This group of experiments
was used to verify the accuracy level of integrated processing using LAPs and stereo
images obtained from different satellites, which reflects the actual effect of using the
traditional integration method. The measurement method of the pixel coordinates
of LAPs in this group of experiments is as follows. First, the pixel coordinates of
the ATLAS LAPs in the GF7 backward image were calculated through the longitude,
latitude, and elevation parameters of the LAPs. Then, through high-precision image
matching between the GF7 forward image and backward image, the corresponding
pixel coordinates of the ATLAS LAPs in the forward image were obtained.

The experimental results are presented in Tables 6–9, and the residuals of the check
points are presented in Figure 9.
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Table 6. Experimental results of integrated processing of GF7 experimental data (first group).

Terrain

GPS Check Points GF7 Laser Vertical Control Points

Number
Horizontal Accuracy Vertical Accuracy

Number
Vertical Residual

RMSE Max. Error RMSE Max. Error RMSE Max. Error

Flat 40 4.99 8.39 0.35 −0.72 134 0.33 −0.84

Hilly 26 3.52 6.72 0.66 −1.40 84 0.57 1.33

Mountainous 124 4.42 7.54 0.74 2.07 244 0.69 1.61

High mountainous 11 5.99 8.08 0.91 1.80 1 0.82 1.00

All regions 201 4.82 8.39 0.68 2.07 463 0.60 1.61

Table 7. Experimental results of integrated processing of GF7 experimental data (second group).

Terrain

GPS Check Points GF7 Laser Horizontal and Vertical Control Points

Number

Horizontal
Accuracy

Vertical
Accuracy Number

Horizontal
Residual

Vertical
Residual

RMSE Max.
Error RMSE Max.

Error RMSE Max.
Error RMSE Max.

Error

Flat 40 4.94 8.83 0.35 −0.77 129 4.55 8.45 0.34 −0.87

Hilly 26 3.12 6.48 0.62 −1.44 75 3.01 5.99 0.56 1.28

Mountainous 124 5.28 10.85 0.73 1.92 216 4.97 8.77 0.70 1.56

High mountainous 11 5.68 9.11 0.90 1.78 1 6.13 6.13 0.80 0.98

All regions 201 5.00 10.85 0.67 1.92 421 4.55 8.77 0.59 1.56

Table 8. Experimental results of integrated processing of GF7 experimental data (third group).

Terrain

GPS Check Points GPS Horizontal and Vertical Control Points

Number

Horizontal
Accuracy

Vertical
Accuracy Number

Horizontal
Residual

Vertical
Residual

RMSE Max.
Error RMSE Max.

Error RMSE Max.
Error RMSE Max.

Error

Flat 29 1.64 3.25 0.92 1.33 11 1.63 2.89 0.77 1.54

Hilly 17 2.40 3.60 0.95 1.86 9 2.31 3.33 0.84 −1.75

Mountainous 91 2.34 4.16 0.88 2.21 33 2.05 3.85 0.88 2.09

High
mountainous 7 2.51 3.86 0.94 −1.53 4 1.67 2.41 0.83 −1.28

All regions 144 2.23 4.16 0.90 2.21 57 1.99 3.84 0.85 2.09

According to the processing steps described in Section 3.2, the following three groups
of experiments were performed on the ZY3-03 experimental data:

1. The ZY3-03 LAPs were measured on the ZY3-03 stereo images using the method
described in Section 3.4 and were used as vertical control points. All GPS points were
used as check points, and the block adjustment model described in Section 3.5 was
applied to perform block adjustment.

2. Fourteen GPS points were selected as horizontal and vertical control points, and the
remaining GPS points were used as check points to perform block adjustment of the
ZY3-03 stereo images.
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3. The pixel coordinates of all the GLAS LAPs in the ZY3-03 stereo image were measured
and used as vertical control points. Taking all GPS points as check points, the block
adjustment of stereo images was conducted using the combined block adjustment
model described in Section 3.5. The measurement method of the pixel coordinates
of LAPs in this group of experiments is as follows. First, the pixel coordinates of
the GLAS LAPs in the ZY3-03 Nadir image were calculated through the longitude,
latitude, and elevation parameters of the LAPs. Then, through high-precision image
matching between the ZY3-03 forward image and the Nadir image, and between the
backward image and the Nadir image, the corresponding pixel coordinates of the
LAPs in the forward image and the backward image were obtained.

The experimental results are presented in Tables 10–12, and the residuals of the check
points are shown in Figure 10.

Table 9. Experimental results of integrated processing of GF7 experimental data (fourth group).

Terrain

GPS Check Points ATLAS Laser Vertical Control Points

Number
Horizontal
Accuracy

Vertical
Accuracy Number

Vertical
Residual

RMSE Max. Error RMSE Max. Error RMSE Max. Error

Flat 40 4.99 8.43 1.33 4.29 3038 1.28 −6.46

Hilly 26 3.53 6.36 1.21 −2.48 3248 1.24 9.53

Mountainous 124 4.29 7.65 2.01 5.59 2493 1.68 5.69

High mountainous 11 6.02 8.22 1.74 2.55 45 0.99 1.94

All regions 201 4.79 8.43 1.78 5.59 8824 1.39 9.53

Table 10. Experimental results of integrated processing of ZY3 experimental data (first group).

Terrain

GPS Check Points ZY3-03 Laser Vertical
Control Points

Number
Horizontal
Accuracy

Vertical
Accuracy Number

Vertical
Residual

RMSE Max. Error RMSE Max. Error RMSE Max. Error

Flat 167 15.41 25.24 2.78 −7.63 56 1.51 −3.93

Hilly 103 14.94 24.85 2.24 −7.07 25 1.77 −3.90

All regions 270 15.35 25.69 2.58 −7.63 81 1.56 −3.93

Table 11. Experimental results of integrated processing of ZY3 experimental data (second group).

Terrain

GPS Check Points GPS Horizontal and Vertical Control Points

Number

Horizontal
Accuracy

Vertical
Accuracy Number

Horizontal
Residual

Vertical
Residual

RMSE Max.
Error RMSE Max.

Error RMSE Max.
Error RMSE Max.

Error

Flat 157 4.15 10.60 2.53 −7.03 10 2.95 5.35 2.61 3.81

Hilly 99 6.12 18.54 2.41 −7.25 4 4.24 6.84 1.98 3.88

All regions 256 4.99 18.56 2.41 −7.25 14 3.37 6.84 2.45 3.88
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Table 12. Experimental results of integrated processing of ZY3 experimental data (third group).

Terrain

GPS Check Points GLAS Laser Vertical
Control Points

Number
Horizontal
Accuracy

Vertical
Accuracy Number

Vertical
Residual

RMSE Max. Error RMSE Max. Error RMSE Max. Error

Flat 167 15.53 25.32 2.43 7.05 7647 2.05 14.93

Hilly 103 14.99 24.99 2.75 7.47 881 2.26 −8.43

All regions 270 15.32 25.33 2.55 7.47 8528 2.07 14.93

The tie points used in each experimental group for the GF7 and ZY3-03 experimental
data were derived from the tie points used in the free network adjustment experiment
described in Section 4.2.1.

Compared with the corresponding values listed in Table 2, the vertical accuracies
of the check points (Tables 6 and 10) were substantially improved. The overall vertical
RMSE of the GF7 images in the entire region was reduced from 3.19 m to 0.68 m, and
the vertical RMSE of the flat, hilly, mountainous, and high-mountainous regions was
0.35 m, 0.66 m, 0.74 m, and 0.91 m, respectively, which meets the accuracy requirements
for 1:10,000 (even 1:5000) scale mapping in China. In contrast, the overall vertical RMSE of
the ZY3-03 images in the entire region was reduced from 5.27 m to 2.58 m, and the vertical
RMSE of the flat and hilly regions was 2.78 m and 2.24 m, respectively, which also meets
the accuracy requirements for 1:50,000 scale stereo mapping in China. This indicates the
effectiveness of the integrated processing method proposed in this study. As the LAPs
were not used as horizontal control points, the horizontal accuracy values of the check
points (Tables 6 and 10) did not change compared with the corresponding values in Table 2.
However, the horizontal accuracy of the GF7 and ZY3-03 images meets the horizontal
accuracy requirements for 1:10,000 and 1:50,000 scale mapping in China, respectively.

The horizontal RMSEs of the check points (Table 7) and the corresponding values
in Table 6 were similar (although the horizontal residuals of each check point differed;
Figure 9a,b). In addition, the vertical RMSEs of the check points (Table 7) were similar to
the corresponding values in Table 6 (vertical residuals of each check point were also similar;
Figure 9a,b). This indicates that using the GF7 LAPs as horizontal and vertical control
points effectively improved the vertical accuracy of the GF7 stereo images. However, this
cannot ensure improved stereo image horizontal accuracy.

The vertical accuracy of the check points (Table 8) was lower than the corresponding
values in Table 6, whereas the vertical accuracy of the check points (Table 11) was almost
equivalent to the corresponding values in Table 10. This indicates that in terms of the ability
and effect of improving the vertical accuracy of the stereo images, the integrated processing
method proposed herein becomes equal to or even better than block adjustment using an
appropriate number of high-precision ground control points.
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Comparing Tables 2 and 9 shows that after the combined block adjustment using the
ATLAS LAPs and GF7 stereo images, the overall vertical accuracy of the GF7 images was
improved from 3.19 m to 1.78 m, which is almost consistent with the vertical accuracy
of the DSM generated by integrated processing of the ATLAS LAPs and GF7 images in
the literature [15]. Although the number of ATLAS LAPs is approximately 20 times that
of GF7 LAPs, and the nominal vertical accuracy of ATLAS LAPs is almost the same as
that of GF7 LAPs (both are approximately 0.1 m), the RMSEs of the checkpoints in all
terrain areas in Table 9 are far greater than the corresponding values in Table 6. This
indicates that the accuracy of the integrated processing of the GF7 LAPs and GF7 stereo
images is much higher than that of the integrated processing of the ATLAS LAPs and GF7
stereo images. Comparing Tables 10 and 12, we can see that the number of GLAS LAPs is
nearly 100 times that of ZY3-03 LAPs, and the nominal vertical accuracy of GLAS LAPs
(approximately 0.15 m) is also higher than that of ZY3-03 LAPs. However, the overall
vertical accuracy of the checkpoints in Table 12 is almost consistent with the corresponding
values in Table 10, and the vertical accuracy of the checkpoints in hilly areas in Table 12
is slightly lower than the corresponding values in Table 10. This shows that the accuracy
of the integrated processing of the ZY3-03 LAPs and ZY3-03 stereo images is better than
that of the integrated processing of the GLAS LAPs and ZY3-03 stereo images in areas with
undulating ground. There are three main potential reasons for these results. First, although
most of the low-precision ATLAS and GLAS LAPs were eliminated using TanDEM-X data
and the LAPs parameter information when they were collected, many LAPs with geometric
accuracies far lower than the nominal accuracy were still used in the experiment. For
example, the footprint diameter of GLAS LAPs (~70 m) is larger than that of ZY3-03 LAPs
(~45 m), which greatly affects the geometric accuracies of the GLAS LAPs in regions with
considerable topographic relief. In addition, the ATLAS LAPs obtained using the photon
counting technique contain a large number of noise points, which are difficult to eliminate
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effectively using the parameter information of LAPs and external digital elevation model
data. Second, there is a problem similar to the previous research on integrated processing
of LAPs and stereo images; that is, there may be large errors in the pixel coordinates of
ATLAS or GLAS LAPs in the experiment images. Third, the acquisition time of LAPs
(including ATLAS and GLAS) and experiment images is quite different, and the ground
height of the experiment area will inevitably change in different periods. All these factors
will affect the final accuracy of the integrated processing. Except for the first factor, the
other two factors fully illustrate the superiority of integrated processing using LAPs and
stereo images obtained by the same satellite, and indicate the progressiveness of the method
proposed in this study.

5. Conclusions

In this study, we analyzed the feasibility of using LAPs to improve the geometric
accuracy of stereo images obtained from the same satellite. On this basis, an integrated
processing method for LAPs and stereo images obtained from the same satellite was
proposed. An important characteristic of this method is that it uses the advantages of
the acquisition of LAPs and stereo images obtained from the same satellite. We designed
a precise measurement method for different types of LAPs in stereo images suitable for
a variety of terrain types and solved the most difficult problem in previous integrated
processing methods. Appropriate numbers of GF7 stereo images and LAPs as well as
ZY3-03 stereo images and LAPs were then selected to perform integrated processing
experiments. The conclusions can be summarized as follows:

1. Using the LAPs as vertical control points in the integrated processing method pro-
posed herein, the vertical RMSEs of the GF7 images in flat, hilly, mountainous, and
high-mountainous terrain and throughout the region were reduced to 0.35 m, 0.66 m,
0.74 m, 0.91 m, and 0.68 m, respectively, which meet the accuracy requirements for
1:10,000 (even 1:5000) scale stereo mapping in China. The vertical accuracy was even
better than the results of block adjustment using an appropriate number of GPS points
as control points. Moreover, the vertical RMSEs of the ZY3-03 images in flat and
hilly terrain and throughout the region were reduced to 2.78 m, 2.24 m, and 2.58 m,
respectively, which meet the accuracy requirements for 1:50,000 scale stereo mapping
in China. These results indicate that the integrated processing method proposed
herein can improve the vertical accuracy of stereo images in a variety of terrain types.

2. In the integrated processing of the GF7 data, LAPs were used as both horizontal
and vertical control points. Although the vertical accuracy of experimental images
improved, the horizontal accuracy did not change substantially. This indicates that
using LAPs cannot ensure improvements in the horizontal accuracy of stereo images.

3. The ATLAS LAPs were used to replace the GF7 LAPs, and the combined block
adjustment experiment was conducted with GF7 experiment images. The GLAS
LAPs were used to replace the ZY3-03 LAPs, and the combined block adjustment
experiment was conducted with the ZY3-03 experiment images. The two groups of
experiments reflect the effect that can be achieved by using the traditional method to
conduct the integrated processing of LAPs and stereo images obtained from different
satellites. Although the number and vertical accuracy of ATLAS and GLAS LAPs in
the experiments are far better than those of GF7 and ZY3-03 LAPs, the final experiment
results are worse than those obtained using our method. This shows that the method
of acquiring stereo images and LAPs on the same platform at the same time has
great advantages, and the technical method proposed in our study based on these
advantages has been proven to be effective and advanced.

In summary, based on theoretical analysis and experiment verification, the integrated
processing method for stereo images and LAPs obtained from the same satellite proposed
in this study is effective and valid.
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