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Abstract: The positioning accuracy is critical for satellite-based topographic modeling in cases of
exterior orientation parameters with high uncertainty and scarce ground control data. The integration
of multi-sensor data can help to ensure precision topographical modeling in such situations. Presently,
research on the combined processing of optical camera images and laser altimeter data has focused on
planetary observations, especially on the Moon and Mars. This study presents an endeavor to establish
a combined adjustment model with one constraint in image space for integration of ZY3-02 stereo
images and laser altimeter data for improved Earth topographic modeling. The geometric models for
stereo images and laser altimeter data were built first, and then, the laser ranging information was
introduced to construct a combined adjustment model on the basis of the block adjustment model.
One constraint that minimized the back-projection discrepancies in image space was incorporated
into the combined adjustment. Datasets in several areas were collected as experimental data for
the validation work. Experimental results demonstrated that the inconsistencies between stereo
images and laser altimeter data for the ZY3-02 satellite can be reduced, and the elevation accuracy
of stereo images can be significantly improved after applying the proposed combined adjustment.
Experiments further proved that the improved height accuracy is insensitive to the number and
relative position of laser altimeter points (LAPs) in stereo images. Moreover, additional plane control
points (PCPs) were incorporated to achieve better planimetric accuracy. Experimental results in the
Dengfeng area showed that the adjustment results derived by using LAPs and additional four PCPs
were only slightly lower than those for the block adjustment with four ground control points (GCPs).
Generally, the proposed approach can effectively improve the quality of Earth topographic model.

Keywords: combined adjustment; integration; ZY3-02 satellite; stereo images; laser altimeter;
earth topographical modeling

1. Introduction

Surveying and mapping play a very important role in various socioeconomic and national defense
related construction projects. Especially, in regard to the overall issues and strategic decision making,
most of these projects rely on the geospatial information obtained by surveying and mapping. Since
space-based photogrammetry technology allows for fast updates and low-cost data acquisition that is
not hindered by regional and national boundaries, countries around the world have been eager to
develop their own surveying and mapping satellite programs. Geometric positioning accuracy is a key
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index to measure the mapping satellite performance and is a critical factor that constrains the accuracy
of satellite image mapping data.

The geometrical positioning accuracy of surveying and mapping satellite is mainly limited by the
attitude performance of the satellite platform which affects the precision of orientation parameters [1].
Therefore, it is possible to achieve high geometric positioning accuracy by acquiring high-precision
orientation parameters via the high-accuracy attitude determinations [2] or by using a large number of
ground control points to correct positioning errors [3]. However, it is particularly paramount to ensure
the positioning accuracy in cases of exterior orientation parameters with high uncertainty and scarce
ground control data.

As a high-precision ranging instrument, laser altimeters are widely used in the field of aerospace
photogrammetry to obtain high-precision vertical information because of their good directivity and
high ranging accuracy. Space-borne laser altimetry systems such as the Geoscience Laser Altimetry
System (GLAS) system [4,5], the Mars Orbiter Laser Altimeter (MOLA) system for the observation
of Mars [6,7], the NEAR Laser Rangefinder (NLR) system for the observation of space asteroids [8],
the Clementine system [9], as well as China’s ChangE-1 laser altimeter system [10,11] for lunar
observations have been found to be useful in the exploration of celestial bodies such as the Earth,
Moon, and Mars; these systems are the ones most commonly used to generate topographic models of
celestial bodies.

In previous research involving optical stereoscopic mapping, compared with the horizontal
accuracy, the vertical accuracy was found to be more difficult to achieve because of the influence of
the base-to-height ratio, platform stability, and other factors [12]. Consequently, integrating the stereo
imagery and laser altimeter data has the potential to generate better accuracy, thereby making up for
the defects such as poor attitude measurements and difficulty in obtaining ground control data.

At present, much of the work on the combined processing of optical camera images and laser
altimeter data so far has focused on planetary observations, especially on the Moon and Mars.

In applications of Mars topographic mapping, the combined processing of optical imagery and
laser altimeter data has been proposed. Anderson and Parker [13] examined the precision registration
between Mars Orbiter Camera (MOC) imagery and MOLA data at selected candidate landing sites.
The integration of MOC imagery and MOLA data was further studied by Yoon and Shan [14].
They introduced combined processing between the Mars Orbiter Camera (MOC) imagery and Mars
Orbiter Laser Altimeter (MOLA) data using an adjustment method to correct the mis-registration
and accurately determine ground positions. The results indicated that the large mis-registration
between the two datasets can be corrected to a certain extent by the combined adjustment. Spiegel [15]
and Ebner et al. [16] developed a high-resolution stereo camera (HRSC) imagery bundle adjustment
technique, in which a sparse stereo point cloud was adjusted to optimize its fit to a surface interpolated
from the MOLA data. The results showed the potential of the image matching and bundle adjustment
approaches for achieving improved exterior and interior orientations with the MOLA digital terrain
model (DTM) as control information. However, these methods failed to take into account the errors
induced by MOLA data.

The integration of optical imagery and laser altimeter data also has been investigated in the
applications of lunar topographic mapping. Rosiek et al. [17] presented an endeavor to integrate the
Clementine images with the Clementine laser altimeter data, in which the Clementine global mosaic
was used to establish horizontal control and Clementine laser altimeter points (LAPs) were used for
vertical control. Di et al. [18] presented an integration method involving a lunar digital elevation
model (DEM) derived from the Chang’E-1 stereo images and the laser altimeter data to reduce the
inconsistencies between them. In their method, a DEM was generated first from the stereo images,
and then the DEM was registered to the laser altimeter data through surface matching using an ICP
(iterative closest point) algorithm [19], after which the exterior orientation (EO) parameters of the
images were adjusted so that the inconsistency between the charged-couple device (CCD) images
and the laser altimeter data was significantly reduced by this co-registration. In order to reduce the
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inconsistencies between adjacent orbits, Di et al. [20] further improved the co-registration of Chang’E-1
stereo images and Chang’E-1 laser altimeter data by incorporating a crossover adjustment of the laser
altimeter data and refinement of the CCD image sensor model. In their method, crossover adjustment
was employed to reduce the inconsistencies of different laser altimeter profiles, and this yielded more
accurate and consistent control data; refinement of the image sensor model was realized by adding
attitude angle bias corrections through a least-squares adjustment, from which consistency between
the refined DEM from stereo imagery and LAPs is improved. However, both of the two methods were
fixed in terms of the registration process and failed to consider the errors induced by laser altimeter
data, which bring about the accuracy of the final generated topographic models; these models are
totally dependent on the accuracy of the laser altimeter data.

In addition to co-registration, Wu et al. [21] presented an endeavor to integrate the Chang’E-1
imagery and laser altimeter data for consistent and precision lunar topographic modeling through a
combined adjustment with a local surface constraint, the LAPs, image EO parameters, and tie points
collected from the stereo images were the participants, and the output included the refined image EO
parameters and laser ground points. The proposed combined adjustment approach can reduce the
mis-registrations between the imagery and the laser altimeter data by a maximum of 1-18 pixels in
image space. However, the method introduced the local surface constraint in which the stereo images
were adjusted to optimize the fit to a surface interpolated from the laser altimeter data and it failed to
consider the orientation errors of the laser altimeter data. This will bring about error when the local
surface interpolated from the laser altimeter data cannot describe the real surface accurately. Moreover,
the method works only under the condition that there are enough laser ground points.

To support Earth observation applications, in 2003, the United States launched an Earth observation
laser altimetry satellite, called the Ice, Cloud and land Elevation Satellite (ICESat), [22], which is only
equipped with GLAS and not with optical cameras. Most research uses ICESat altimeter data, as an
elevation control in the block adjustment as Teo et al. [23] and Yamanokuchi et al. [24]. In this research,
additional datasets (e.g., data from DEMs or laser altimeter data) were used as an absolute control and
the adjustments were only made to the image data to adjust the images to fit the additional datasets.
However, the accuracy of the final topographic models is dependent on the accuracy of the additional
datasets. Thus, when there are only a few laser points, the method will not work well.

With the continuous improvement of China’s earth observation technology and the demand for
large-scale stereo mapping, the idea of introducing geometric constraints provided by laser altimeter
data to improve positioning accuracy has been put into practice. The recent Chinese ZY3-02 mission
successfully produced 44 orbiter laser altimeter datasets. Subsequently, Tang et al. [25] and Xie et al. [26]
built a rigorous geometric calibration model with pointing and ranging for correcting system errors of
the laser altimeter onboard the ZY3-02 satellite, and this work realized high-precision in-orbit geometry
calibration. It has been verified by Xie et al. [26] that the laser precision is about 2-3 m in areas with a
slope less than 2°, and the absolute accuracy is better than 1 m in flat areas after calibration. Li et al. [27]
performed experimental investigations of the integration of ZY3-02 satellite laser altimetry data and
optical stereo images using combined adjustment by RFM with laser elevation constraint (RFM_EC)
or RSM with laser ranging constraint (RSM_RC) with all result better than 3 m. However, there are
two defects in their methods. On the one hand, the result obtained by REM_EC is dependent on the
laser altimeter data. On the other side, although the work also proposed the ranging constraint when
using RSM, it failed to consider there exist attitude error for the altimeter because altimeter and stereo
cameras are onboard the satellite.

This paper presents an investigation into the integration of stereo imagery and laser altimeter
data, which is achieved through combined adjustment with one constraint in image space so as to
improve Earth topographic modeling. Compared with previous work, the proposed method highlights
the following two aspects: (1) Laser ranging information is used as to improve the elevation accuracy
of stereo images; (2) a constraint to minimize the back-projection discrepancies in image space is
incorporated into the combined adjustment. Stereo images and laser altimeter data covering research
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areas in Songshan, Tianjin, Dengfeng, and Taihang were collected to conduct experiments, and a total
of seven kinds of adjustment schemes were designed.

2. Materials and Methods
2.1. Specifications and Geometric Modeling of ZY3-02 Stereo Images and Laser Altimeter Data

2.1.1. Specifications of ZY3-02

Being the first operational surveying and mapping satellite for the development of China’s civil
space infrastructure (CCSI) and the second satellite in the ZiYuan3 series [28], the ZY3-02 satellite was
launched successfully on May 30, 2016 [29]. Phased 183° from each other and operating as a true
constellation on the same orbit, the ZY3-01 and ZY3-02 constellation has enabled the revisit cycle to be
shortened from 5 days to 3 days, which has increasingly improved the country’s ability to anticipate
risks, managing crises effectively, and speed up the collection of data over large areas.

ZY3-02 is the first satellite equipped with an experimental laser altimeter for Earth observations
in China. This configuration is mainly used to test the function and performance of the laser altimeter;
it can be also used to explore the feasibility of obtaining high-precision elevation control data on Earth
surface and the potential of using laser ranging data for increasing the precision of stereo mapping
without using GCPs. In addition to the laser altimeter, other core payloads onboard the ZY3-02 include
triple linear array cameras (TLCs), a multi-spectral camera, a dual-frequency Global Positioning System
(GPS) receiver, star sensor, etc. For the ZY3-02, the orbit accuracy reaches the centimeter level and
the attitude stability is approximately 5 x 107 °/s. A schematic diagram showing the installation of
the laser altimeter and the TLCs is illustrated in Figure 1, wherein the pointing of the laser altimeter
is substantially parallel to the visual axis of the nadir camera, with both pointing to the center of
the Earth.

Multispectral
Camera

Triple Linear Laser Altimeter

Cameras \%‘

Figure 1. Schematic diagram of the installation of the laser altimeter and the triple linear array cameras
(TLCs) onboard the ZY3-02 satellite.

As illustrated in Figure 2, the TLCs onboard ZY3-02 are comprised of nadir-view (NAD),
forward-view (FWD), and backward-view (BWD) linear CCD cameras, where the viewing angles of
the FWD and BWD cameras are installed at an inclination of +22° from the NAD to allow for the
acquisition of stereo pairs along the flight direction. The number of CCDs in the FWD and BWD
cameras focal plane has been decreased from four to three and the size has been changed from 10 pm
to 7 um with respect to the ZY3-01 satellite to enable ground resolution increases from 3.5 m to 2.7 m.
The ground sample distance (GSD) for NAD imagery is still 2.1 m. For each camera among the TLCs,
there are three CCDs with 8192 pixels per CCD and approximately 30 pixels between the overlapping
areas of adjacent CCDs.
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Figure 2. Schematic diagram of the stereo imaging geometry and focal plane of TLCs onboard the ZY
3-02 satellite.

The laser altimeter onboard ZY3-02 is a test load and its main design parameters are shown in
Table 1 [26,30]. Due to the limited mounting space, its volume is small and the function is relatively
simple. Besides ranging, there is no echo waveform recording system and no laser footprint camera for
the laser altimeter. In comparisons with ICESat/GLAS [4,5], it was found that the single-pulse laser
energy emitted by the laser altimeter onboard ZY3-02 is about 200 mJ, which is higher than the 75 m]
of GLAS. Additionally, the ZY3-02 satellite is lower than GLAS in terms of the repetition frequency,
while the designed ground size of the laser footprint spot is equivalent to that of GLAS. When the
slope is less than 2°, the atmospheric transmittance is good, and when the surface reflectivity is high,
the accuracy of laser ranging can be better than 1 m based on the geometric calibration and validation
for the laser altimeter onboard ZY3-02 [26,30]. Although there is still a certain gap in comparison to
the 0.1 m ranging accuracy level of GLAS, it appears promising to use these data to achieve ZY3-02
1:50,000 mapping without ground control points.

Table 1. Design parameters for the laser altimeter onboard ZY3-02.

Parameters Designed Value
Laser pulse width 7ns
Repetitive frequency 2Hz
power consumption 45 W
Weight 40 kg
Single pulse energy 200 mJ
Effective distance 480~520 km
Laser footprint size >75m
center wavelength 1064 nm
Instantaneous emission field of view 0.1 mrad
Instantaneous receiving field of view 0.5 mrad

Detection probability

>95% (flat area @ 500 km)

False alarm probability

<5 x 107* (flat area @ 500 km)

Ranging accuracy

1m (30, slope < 2°)
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2.1.2. Geometric Model of TLCs

The construction of the laser altimeter and optical geometric imaging models formed the basis for
the geometric positioning method and establishment of combined adjustment equations. Therefore,
this section introduces the laser geometric imaging model, the optical geometric imaging model, and its
inverse transformation model, which were used to construct the basic model needed for this research.

A typical rigorous geometric model for an optical linear camera is collinear equation [31,32],
and hence, the geometric model for the TLCs hence was established as follows:

X Xcps(t) X — X
Y =1 Yers(h) m-Ry G4 ()| y = yo (1)
Z lesss Zops(t) |yygsss S
T
where [ Xgps(t) Yeps(t) Zgps(t) ]W cogy AT€ the coordinates of satellite in the World Geodetic

System 1984 (WGS84), which are determined by precise orbit determination of ZY3-02 satellite [33].

RZZdGS&L is the rotation matrix from the satellite body fixed coordinated system to WGS84.

T
[ Xeps(£) Yops(t) Zgps(t) ]WG584 and Rg\égs“( ) together form the EO elements and both vary

T
with scanning time ¢. [ x-x Yy-Yo f ] | Tepresent the direction of the light ray of a pixel in the

satellite body fixed coordinate system, where I stands for the NAD/BWD/FWD camera. [ X0 Yo ] are
the image coordinates of the principal point and f is the focal length; these form the interior orientation

T
(IO) parameters. [ XY Z ]WG584
a scale factor and an unknown.

It can be seen from the above Equation (1) above that the factors affecting the positioning
accuracy are mainly the IO and EO parameters. The errors of IO parameters belong to the static
error, and its errors can be accurately compensated after geometric calibration. In contrast, the errors
of EO parameters including the measurement errors of the attitude and trajectory, will vary with
time. To eliminate the errors caused by EO parameters, the offset matrix R, is used, in which the
deviation between the real light ray and the uncorrected light ray is corrected [34,35]. Based on
Equation (1), a corrected geometric model then can be reconstructed for the TLC of ZY3-02 as expressed

in Equation (2):

are the coordinates in WGS84 corresponding to the pixel, and m is

X Xgps(t) x—xp
Y =| Yeps(t) - RYESA(E) - Ry cama| = W0 )
Z lwesss | Zeps(t) |iygssy ol
Ry, cami s the offset matrix for corresponding camera I, and RZX‘%S&; (£) - Ry cam is defined as follows:
ay az as
RZXE;84(t) Ry camm=| b1 by b3 ®)
ci C (3

The above equation describes the calculation from image space to object space. For linear array
camera, the inverse calculation from object space to image space can also be described as shown in
Equation (4):

X = x; +fﬂl(XGPs(f)—X)+b1(YGPS(t)—Y)+C1(ZGPs(f)—Z)

chs(f) X)JFbS(YCPS(t)_Yg+C3(ZGPS(t%_Z) ()

T fﬂz(XcPs ) =X)+by(Ygps (t)=Y)+c2(Zgps (t)-Z)
y=Yo 3(Xcps (t)=X)+b3(Ygps (t)-Y)+c3(Zgps (t)-2Z)
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For convenience in the following derivations, the Equation (4) can be abbreviated as follows:

X = fcuml_x (Ru_CamIr X/ Y/ Z/ Iocumlr Eocaml) (5)
y= fcamlﬁy (Ru_CamIr XY, Z,104m1, Eocuml)
2.1.3. Geometric Model for the Laser Altimeter

A typical geometric model for laser altimeter is the range equation, which can be described
as follows:

Xiid Xeps(t) !
Yl' u —|v . RWG584 X lx

lidar - GPS (t) +p body (t) y (6)
Zlidar WGS84 ZGPS (t) WGS84 lZ

T
where [ Xgps(t)  Yeps(t) Zgps(t) ]W Gsgy A€ the coordinates of satellite in WGS84 and RII;))/deSSzi is
the rotation matrix from the satellite body fixed coordinate system to WGS84. For the laser altimeter,

T
[ Xgps(t)  Yeps(t) Zgps(t) ]WG584 and R%gyss‘i are EO parameters and both vary with time; these

T
values can be obtained by interpolation at any time ¢. [ L Iy L ] represent unit direction vector
of the laser beam in the satellite body fixed coordinate system, where I2 + li + 12 = 1. pis the range

measured by the laser altimeter. [ Xiidar  Yiidar  Ziidar ];} Gssa
point in WGS84.

After the geometric calibration of laser altimeter, the main factors affecting the positioning accuracy
are the errors of EO parameters. Similarly, the offset matrix is applied to compensate the errors of EO
parameters. Then, Equation (6) can be reconstructed as follows:

are the coordinates of the laser ground

Xiidar Xgps(t) I,
Ylid‘" - YGPS (t) + p- RZZ(?;MU) : Ru_lidar : Zy (7)
Ziidar |wesss Zeps(t) lwessa l2

Equation (7) can be furtherly abbreviated as follows:

Xlidar = FlidarX (Ruflidar/ [ Eolidar)
Yiidar = Fiigary (Ru_tidars P EOlidar) (8)
Ziidar = Fiidarz(Ryy_tidar» P EOlidar)

where Ry;;,,,. strands for the offset matrix to compensate the errors for the errors of EO parameters for
the laser altimeter. Equation (7) also can be modified as follows:

) Xiidar Xeps(t)
p =R Jidar - RZXL%SM )| Yiidar |—| Yoprs(t) )
Zlidar Zcps(t)

The Equation (9) is the constraint of laser ranging parameter. Similarly, for convenience in
following derivations, the Equation (9) is abbreviated as:

p= |flidar (Ruflidar/ Xiidars Yiidars Zlidar» Eolidar) | (10)
2.2. Integration of Stereo Images and Laser Altimeter Data for ZY3-02 Satellite

2.2.1. Overview of the Approach

A combined adjustment model with one constraint in image space is proposed for integrating the
stereo images and laser ranging data of the ZY3-02 satellite. The block adjustment is constructed based
on the principle of the intersection of corresponding light rays in the overlap region between stereo
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images. On the basis of the block adjustment model, the laser ranging information is introduced to
form a combined adjustment model.

Given that the ZY3-02 experiment dataset used in this paper was level-0 data, the rigorous
geometric positioning model for stereo cameras and laser altimeter data was built based on the
Section 2.1 equations with initial IO and EO parameters. When the combined adjustment is employed,
the initial EO parameters of the stereo images and laser altimeter data, the image coordinates, and the
ground coordinates of stereo images’ tie points represent the main adjustment observations. The initial
EO parameters can be obtained directly from the ZY3-02level-0 data. The image coordinate observations
are divided into the following two types: the tie points of stereo images and the image point coordinates
of laser ground points. The stereo image tie points are the conjugate points of stereo images obtained by
image registration. By applying the geometric model established by corresponding IO parameters and
initial EO parameters, the image coordinates of laser ground points onto stereo images can be derived
through the back-projection. There is an image space constraint when calculating the adjustment
parameters in the combined adjustment for confining the process of adjustment. With the adjustment
parameters, which mainly include the improved EO parameters, i.e., the offset matrix R,;, and with the
improved ground coordinates of laser points as final outputs, the improved geo-positioning accuracy
of Earth topographic models can be achieved. The proposed approach can be summarized as follows:

(1) Based on the initial orientation parameters, the geometric models of stereo images and laser
altimeter data are built respectively;

(2) Obtain the tie points of stereo images by image registration and their ground coordinates through
space intersection;

(3) Calculate the ground coordinates of LAPs and obtain the corresponding image coordinates
in stereo images by back-projection; by using the laser points projected on the NAD camera
image as references, obtain the LAPs on the BWD and FWD camera images by registration;
the discrepancies between these two image coordinates are defined as the constraint in the
combined adjustment;

(4) Establish the observation equations for the combined adjustment model with the constraint in
image space and solve the adjustment parameters;

(5) Iterate steps (2)—(4) until the residuals of the adjustment parameters meet the threshold;

(6) Generate the improved topographical model with the refined image orientation parameters and
laser ground points.

2.2.2. Constraints in the Combined Adjustment Model

During the process of combing observation collected by stereo cameras and laser altimeter, because
of the existence of various errors, e.g., attitude error, hardware errors, time synchronization errors,
errors caused by changes in the space thermal environment, there might be discrepancies between
the calculated and true values. In particular, the calculated laser ground points may differ from their
real locations. Also, the calculated ground coordinates of tie points through space intersection may
deviate from their true locations. Moreover, the back-projected laser ground points on stereo images
may not be conjugate points and represent the different textural feature. These deviations reflect the
inconsistency between stereo images and laser altimeter data by which we can establish the constraint
equations, thus achieving the combined adjustment for ZY3-02 stereo images and laser altimeter data.

The key of combined adjustment is to take advantage of the high precision of laser ranging data,
thereby confining the accuracy along the vertical direction in stereoscopic mapping. Figure 3 presents
a schematic diagram showing the geometric relationship before and after the combined adjustment.
In Figure 3, the light rays emitted by the FWD and BWD cameras are black dotted lines, and the
laser light is a blue solid line. With respect to the laser altimeter, FWD and BWD cameras shoot the
same ground point sequentially. It can be seen from Figure 3a that for the same ground point (black
grid point in the figure), the elevation calculated by stereo images and the elevation measured by
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the laser altimeter are obviously inconsistent. Thanks to the high precision of the orbit and laser
range, this combination provides a reliable measurement in the reference coordinate system along
the vertical direction. Subsequently, the inconsistency between stereo images and laser altimeter
data can be used to establish the range constraint of the combined adjustment, which is realized by
minimizing discrepancies in image space, and the corrected intersection point is obtained. As shown
in Figure 3b, the elevation calculated by stereo images’ space intersection is consistent to that of the
LAP after combined adjustment, which improves the elevation accuracy of the stereo mapping and
lays a foundation for high-precision stereo mapping.
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Figure 3. Schematic diagram for improving the elevation accuracy of stereo images with the laser range
constraint. Geometric relation between stereo images and laser ranging data (a) before and (b) after the
combined adjustment.

The above range constraint is from the perspective in object space. Reversely, the range constraint
can be analyzed in image space. Due to inaccurate EO parameters and inconsistencies between stereo
images and laser altimeter data, the back-projected image coordinates on stereo images for the same
laser ground point are not necessarily the true conjugate points. The issue is just to be solved in the
combined adjustment.

In the case of a laser footprint camera onboard the satellite, the image point of laser footprint
camera corresponding to the laser ground point can be directly extracted from the laser footprint image,
and then, the accurate homologous points of the stereo camera for the laser ground point can be further
obtained by matching the laser footprint image with stereo images using a high-precision matching
method; however, this is not feasible for ZY3-02 because it is not equipped with a footprint camera.
Nevertheless, according to the ZY3-02 satellite designer, the NAD camera and the laser altimeter
can simultaneously work together. Moreover, the installation angles of the them are approximately
identical with a deviation angle 0.92° [25,36]. Therefore, the image coordinates for the NAD camera
derived by back-projecting the laser ground point can be seen as the intended position of the laser
ground point to a large extent. As shown in Figure 4, the red image points on stereo images were
obtained by back-projecting the blue laser ground point, and the green image points for the FWD and
BWD cameras were obtained by high-precision matching with respect to the back-projected image
point for the NAD camera. Theoretically, the discrepancies between the back-projected image points’
coordinates and matched image points’ coordinates should be zero for the FWD and BWD cameras,
which is the basic idea of image space constraints that minimize the discrepancies in image space.
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Figure 4. Principle of constraints in image space for the combined adjustment model.
2.2.3. Combined Adjustment Model

The observation equation system for the combined adjustment of the ZY3-02 stereo images and
laser altimeter data can be described in matrix form as follows:

v1 =Ax1+Bxp-1; P
Uy = Ax1 + Bxs — lz Py
v3 =Cxz3+Dx4—1I13 P3

U4 = EX5 - l4 P4

(11)

There are four types of observation equations in the above equation. The first and second
observation equations are related to the image tie points and the back-projected image coordinates
of the laser ground point on the stereo images. The third is the laser range constraint observation
equation, and the fourth is the additional constraint equation in the image plane. Here, x; is the
vector of the stereo cameras’ offset matrixes’ corrections, x; is the vector of corrections to the ground
coordinates of the tie points, x3 is the vector of corrections to the laser ground point, x4 is the vector
of corrections to the laser altimeter’s offset matrix, and x5 actually includes x, x3, and x4. A, B, C, D,
and E are the partial derivations corresponding to the unknown parameters, and [ is the constant term
of the error equation. The weight P; (i = 1, 2, 3, 4) in Equation (11) represents the contribution of each
type of observation and can weaken the influence of the gross error in the adjustment system to a
certain extent. Normally, weight parameter P; is used with 10 times of a priori standard deviation
o; for each type of observation, and then, recalculate the weights P; of each observations after each
iterative adjustment.

The first kind of observation equation is actually the classic block adjustment model for tie points
identified from stereo images. After linearization of Equation (5), which describes the relationship
between the image point and ground point, the concrete expression for the first observation equation
is established as follows:

(9 camil_x 9 camli_x
Ox 1= ngu_camI + aJ(—Ld(X/ Y/ Z)

8RLLcamI (X/Y/Z)
+fcam17x (RufcamIOr XOr YOr ZO/ Iocumlz Eocaml) — X1 12
d f caml_y afcamlfy ( )

Oy 1 = 3R, oo WRu_cami + Wd(X, Y,Z)
‘|‘fcaml_y (Ru_camIO/ XO/ YO/ ZO/ Iocamlf Eocaml) —Yr
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where the first and second coefficients represent the partial derivative of Equation (5) with respect to the
offset matrix R;, ¢z and the ground point coordinates (X, Y, Z) corresponding to A and B in Equation
(11), respectively. dR,, camr and d(X, Y, Z) are corresponding to x; and x;, in Equation (11) respectively.
feami_x (Ru_camIOI Xo, Y0, 20, 10cqami, EOcamI) —x7 and fcaml_y(Ru_camIO/ Xo,Y0,Z0, IO0cami, Eocaml) — Yy are
the constant terms corresponding to the term ;. (Xp, Yo, Zp) represent the initial ground point
coordinates of the image tie point determined by space intersection based on the initial values of the
offset matrix Ry, zmo, initial stereo images’” 10 and EO parameters.

The second kind of observation equation is very similar with the first, but here the image points
are derived by the back-projection of laser ground points on stereo images and they are possibly not
conjugate points because of existing various errors, which can be corrected by the process of combined
adjustment. Similarly, the concrete expression of the second observation equation is established as
follows:

% chy”ml‘xz A(Xiidar, Yiidars Ziidar)
tidar,Y tidar Zlidar) aarr =

‘|‘fcamlfx(RcamIOr Xiidaros Yiidaror Ziidaro, IOcaml, Eocaml) — X1
afcaml y caml_y
v, | = 28 gR T3 Xitars Yiidars Zii
y_I IRy cqmy 1 u_caml + I Xidar: Y tidar Ziidar) ( lidars X lidars lzdur)

‘|‘fcamLy (RcamIOr Xlz'durOz YlidarOr ZlidurO/ IOcamI/ EOcamI) -V

_ afcaml_x
Ux 1 = 3Ry oy WRu_cami + 57

(13)

where the definitions of the first and second coefficients in Equation (13) are same
as those in Equation (12). ARy _comi and  d(Xiigar, Yiidars Ziidar) corresponding to x; and
x3 in Equation (11), respectively.  fum_x(Reamio, Xiidaro, Yiidaros Ziidaro, [Ocamt, EOcamt) — X1 and
feami_y(Ream10, Xiidaros Yiidaro, Ztidaro, IOcamt, EOcami) — y1 are the constant terms corresponding to the
term Ip. (Xjigar 0, Yiidar 0- Ziidar_0) Tepresent the initial coordinates of laser ground point which are
obtained based on the geometric model for the laser altimeter in Equation (10) by using the range,
initial offset matrix Ry, jiz;;0 and EO parameters.

The third kind of observation equation is a modification of Equation (10) constrained by the laser
range as follows:

Fip = p = | fidar (Ru_tidar» Xiidar, Ytidars Ziidar» EOtidar)| = 0 (14)

After linearization, the concrete expression of the second observation equation is established
as follows:

_ _0oF . oF . ) .
Vde = R, lidar dRu_lzdm’ + I XiidarY tidar-Ziidar) d(Xlzdar/ Yiidar, ledar)

(15)
+p = fridar (Ru_tidaros Xiidaros Yiidaros Ziidaro, EOlidar)

where the first and second coefficients represent the partial derivative of Equation (14) with respect to
offset matrix R, jizoy and the laser ground point coordinates (Xjigsr, Yiidars Ziidar) corresponding to C and
D in Equation (11) respectively. dR,, jizor and d(Xiigar, Yiidar Ziidar) correspond to x3 and x4 in Equation
(11) respectively.
0 — fridar Ry_tidaros Xiidaros Yiidaros Ziidaro» EOlider) are the constant terms corresponding to the term I3
and Ry, jigar0 is the initial values of the offset matrix for the laser altimeter.
The fourth kind of observation equation is the image space constraints which can be represented
as follows:
Fix = Xpackprojected FWD/BWD ~ Xmatch_FWD/BWD = 0 (16)
Fay = Ybackprojected_FWD/BWD ~ Ymatch_FwD/BwD = 0
where Xbackprojected_FWD/BWD and Ybackprojected_FWD/BWD are the image points’ coordinates of the

back-projected laser ground points on FWD and BWD cameras and are used as adjustment parameters.
Xmatch_ FWD/BWD and Vyach Fwp/Bwp are the matched image points’ coordinates with respect to the
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back-projected image point on NAD camera and are used as constants. Based on Equations (5) and (8),
the concrete expression of the fourth kind of observation equation is established as follows:

v _ 9frwp/ewp_x(Ru_rwn/BWD Xiidar,Ytidar Ztidar) AR

Fgy BRu_FWD/BWD u_FWD/BWD
+afFWD/BWD?x(RufFWD/BWDeridarrYlidareridm) ORFx R. .

aXlidar aRuJidar qud{lr
+afFWD/BWD_x(RzI_FWD/BWDrXIidarrYIidarrZIidar) IRE gy )

aYliflm' aRu_lidﬂr u_lidar
+afFWD/BWD?x(RLLFWD/BWDeridurrYlidaleidm) IREarz AR .

9Zjidar IR, ligay - u-lidar

+frwp,/Bwp_x(Ru_rwp/BwDo, Xiidaros Yiidaros Ziidaro) = Xmatch_FWD/BWD

_ 9frwp/swp_y(Ru_rwp /8w Xiidar Y tidar Ziidar) AR
dRy_FwD/BWD u_FWD/BWD

+afFWD/BWD_y(Ru_FWD/BWD/Xlidarrylidarrzlidar) IREx AR
‘9Xlidar aRu_lidw u_lidar

+afFWD/BWD?y(RufFWD/BWD/XlidarrY[idareridar) RFay AR,
N lidar IR, jigar - ulidar

fewp/Bwp_y (Ru_rwp/BwD Xiidar Yidar Ziidar)  ORFjigayz AR
aZh’dﬂr aRu_Iidar
+ frwp/Bwo_y (Ru_rwp/BwD0, Xiidaro, Yiidaro Ziidar0) = Xmatch_FWD/BWD

(17)

Ve 4y

u_lidar

where the first four coefficients correspond to x5 in Equation (11) which is the partial derivative of
Equation (5) with respect to the offset matrix and of Equation (8) with respect to the laser ground point.
It should be noted that the R, 4, is same with R, y4p in Equations (12) and (13).

2.3. Introduction to the Experimental Area and Data Sources

To sufficiently validate the proposed integration model, ZY3-02 stereo images and laser
altimeter data covering the Songshan, Taihang, Dengfeng, and Tianjin areas in China were collected.
The Songshan, Dengfeng, and Tianjing datasets consisted of only one standard scene and associated
laser altimeter data, where each standard scene included NAD, BWD, and FWD stereo images.
The Songshan and Dengfeng research areas are mountainous areas with complex topography, while the
Tianjin research area is located in the plain area. As shown in Figure 5a, the Taihang dataset consisted
of one strip of scenes (12 standard scenes) and one strip of laser altimeter data (orbit 944). This dataset
crossed the Taihang Mountains and covered a total area of around 55 km X 550 km; the height
range varied from 75 to 2,750 m. The topography of the Taihang dataset was varied and complex,
encompassing mountains, basins, hills, and plains. General information about the experimental data is
listed in Table 2, where the location stands for the location of the laser altimeter in relation to stereo
images. There were two location groups to verify the influence of the location of the laser altimeter in
relation to stereo images on the results of the combined adjustment. It should be noted that the stereo
images and laser altimeter data were not acquired simultaneously. Ideally, the acquisition time should
be the same so that the image coordinates obtained by back projecting the LAPs on NAD camera
imagery can be more consistent with the true value. However, because of the acquisition time interval
between the stereo images and laser altimeter data was relatively short and the pointing angle between
them was consistent, the error induced by the non-simultaneous acquisition could be neglected.
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Figure 5. Experimental data and reference data at the Taihang research area. (a) Spatial coverage of the
research area; (b) image showing a GCP (Ground Control Point) measured primarily by using a static

Global Positioning (GPS) receiver.

Table 2. General information for the experimental data.

Stereo Images Laser Altimeter Data

Area
Achiastietion I]{i:\:l::i((:;l) Acqgistietion Track ID * Location
Songshan 26 July 2016 (123, 1491) Center-right
Taihang 26 July 2016 (75, 2750) 31 July 2016 Orbit 944 Center-right
Dengfeng 3 October 2016 (-1,778) Left
Tianjin 30 August 2016 (=7,0) 4 September 2016 Orbit 1476 Center-right

* Location represents the relative position overlaid on the stereo images.

With the final output based on the improved EO parameters and improved ground coordinates

of laser points, improved geo-positioning accuracy of Earth topographic models can be achieved.
Therefore, the experiments were mainly used to verify the more intuitive geo-positioning accuracy
by using check points (CPs). The CPs for the Songshan, Taihang, and Dengfeng research areas
were manually extracted from a 1:5000 digital orthophoto map/digital elevation model (DOM/DEM)
of Songshan, 1:2000 DOM/DEM of Dengfeng, and 1:2000 DOM/DEM of Tianjin, for which specific
information is given in Table 3. For Taihang, there were 621 GCPs available to check the performance
of the combined processing technique. The WGS84 coordinates of the GCPs were determined by static
GPS processing and with accuracies exceeding 0.1 m; most of them were located in road intersections
and manually picked its” corresponding image point coordinates (x,y). Besides, four plane control
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points (PCPs), i.e., ground points with only known plane coordinates and unknown heights, were used.
Figure 5b presents a detailed view of a GCP in the field.

Table 3. Specific information about the reference data.

Area.  *GSDoDOMm  Acumcyoitne  HOEMAwumorof  CenerLatiude
DOM RMS (m)
Tianjin 0.5 1 1.5 38.00° N, 112.52° E
Songshan 0.5 1 1.5 34.65° N, 113.55° E
Dengfeng 0.2 0.4 0.7 34.45° N, 113.07° E

* GSD denotes the ground sample distance.

It should be noted, that invalid laser altimeter data existed because of the influence of the
atmosphere, vegetation, complex terrain, and other factors, so not all of the original laser altimeter data
were used in the combined adjustment. For the laser altimeter of the ZY3-02 satellite, because it has no
full waveform recording function, only ranging information and relatively simple ranging attributes
such as echo detection anomalies, transmission anomalies, and other basic parameters, invalid LAPs
could only be filtered out according to the basic ranging parameters. Then, ground coordinates of laser
footprint points were calculated and invalid laser points within the existing terrain reference data were
eliminated, such as those within the Shuttle Radar Topography Mission (SRTM) data. Invalid laser
points were eliminated by following steps:

1. Calculate the ground coordinates (X, Yiidar, Ziidar) in the geocentric Cartesian coordinate
system for laser footprint based on the geometric model of laser altimeter, and convert the
coordinates (Xjigar, Yiidars Ziidar) in the geocentric Cartesian coordinate system to the coordinates
(Latjigar, Lojigar, Hiigay) in the geographical coordinate system;

2. Second, extract the elevation value Hsgrrp that can be directly interpolated in SRTM data according
to the plane coordinates (Lat;;z,,, Lonyig,,) of the laser footprint. It is noted that the Hsgyy should
be converted to the same height Datum with the elevation Hjjg,,;

3.  Compare elevation of the laser footprint Hj;4,, with the elevation value of SRTM Hj;4,, to calculate
the 6, and eliminate the laser points satisfying the condition 6;, > 30, ¢ is the absolute elevation
accuracy of SRTM data.

Besides, some plane control points (PCPs) in Dengfeng area were manually extracted from YG-13
SAR image. For the PCP, its plane coordinates in object space are known while the height coordinate is
unknown. The plane accuracy of PCPs was within 1.5 m [37] and Figure 6 illustrates a detail view
of PCP.

Figure 6. Schematic diagram of a PCP extracted from YG-13 SAR image in the Dengfeng area.
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3. Results

3.1. Inconsistency between ZY3-02 Stereo Camera Images and Laser Ranging Data

Using the initial orientation parameters of ZY3-02 stereo camera images and laser altimeter, the
geometric model of them can be established. Then, the ZY3-02 LAP can be overlaid on the stereo images
by back-projecting the LAPs directly. Figure 7 shows the ZY3-02 stereo images and corresponding
laser altimeter data at the Taihang research area. Figure 7a shows the planar view of the laser altimeter
data overlaid on the stereo images, where the left image shows the NAD, the center one shows BWD
and the right shows the FWD image. The distance between adjacent laser footprints in NAD camera
image is almost 1706 pixels, whose corresponding distance of ground laser spot is about 3.4 km.
Due to the existence of invalid laser data which has been eliminated between the laser footprints,
the distance between some of the individual laser footprint is several times of 1706 pixels. For example,
the distance between laser points 1 and 2 on the NAD image is about 5118 pixels, with two invalid
data in the middle.

For the same LAPs overlaid on the NAD, BWD, FWD images, the image points on three-view
images are not the homologous points which represent the same textural feature as shown in Figure 7b.
The range calculated by stereo images’ space intersection is not conform with the laser range. Using the
laser points projected on the NAD camera image as references, the LAPs on the BWD and FWD camera
images can be obtained by registration which named matched image points. After making the statistics
of discrepancies between the back-projected image points’ coordinates and matched image points’
coordinates for BWD and FWD images respectively, it can be found that for BWD image, the Root
Mean Square Error (RMSE) are 2.7 pixels across track and 2.0 pixels along track respectively, for FWD
image, the RMSE are 3.1 pixels across track and 2.9 pixels along track respectively. This shows that
inconsistency between stereo images and laser altimeter data exists. The main error sources are the
orientation parameters. The proposed combined adjustment is to utilize the laser range with high
accuracy for correcting the orientation parameters and elimination of these inconsistencies.

()

Figure 7. Cont.
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(c)

Figure 7. ZY3-02 stereo images and laser ranging data at the Taihang research area before combined

adjustment. (a) Planar view of the LA (Laser Altimeter) data overlaid on the stereo images, (b) and (c)
are detailed views for LAPs 16 and 18 overlaid on the stereo images, where the left image shows the
nadir-view (NAD), the center one shows BWD and the right shows the FWD image.

3.2. Validation of the Proposed Combined Adjustment Model

3.2.1. Validation Using the Standard Scene

In the Songshan, Dengfeng, and Tianjin research areas, there were evenly distributed GCPs that
were manually extracted from the DOMs and DEMs. These GCPs served as CPs to validate the
accuracy of the combined adjustment. Considering that the picking accuracy was limited by the blur
effect [38], the final accuracy of CPs was approximately within 1 m. As mentioned above, not all of the
laser altimeter data were used in the combined adjustment because of the existence of invalid data.
Given that the ranging accuracy of the laser altimeter of ZY3-02 can be better than 1.0 m when the
slope is less than 2° and the laser footprint size is about 75 m, all of the laser altimeter data used in the
experiment were prescreened by using DEM data and most of the data used were located in the plain
area. Five types of adjustment experiments were carried out, and the specific plans of the experiments
were designed as follows:

1. Plan 1: the free-net block adjustment without GCPs;

2. Plan 2: block adjustment with four GCPs distributed at four corners of the research area;

3. Plan 3: proposed combined adjustment using one LAP located in the middle of the research area;

4. Plan 4: proposed combined adjustment using two LAPs located in the middle and start or end of
the research area;

5. Plan 5: proposed combined adjustment using all of the available LAPs in the research area.

In addition to the five types of adjustment experiment, another two type were designed for
attempting to improve the plane accuracy in the combined adjustment.

6. Plan 6: proposed combined adjustment using the additional PCPs in the research area;
7. Plan 7: proposed combined adjustment using all of the available LAPs and the additional PCPs
simultaneously in the research area.

Specifically, for the image tie points with known PCPs, its plane coordinates (X,Y) in object space did
not participate in the adjustment and were deemed constants (Xpcp, Ypcp). Only the height value of



Remote Sens. 2019, 11, 2453 17 of 25

the tie points with known PCPs is to be solved. This can be accomplished with the following modified
version of Equation (12):

_ afcam[_x 8fcmml_x
Ox 1= dethaml + (2) d(Z)

+ feami_x(Ru_cami0, Xpcp, Ypcp, Zo, I0camt, EOcamr) — X1
(9 a cam.

vy—I o aRH_EH;’LI dRu—CumI + '];(ZI)7y d(Z)

+fcamlfy(RufcamIO/ Xpep, Yrep, Zo,I0cami, Eocuml) Vi

(18)

Figure 8 shows the points’ (CPs, GCPs, LAPs, PCPs) distribution in the Songshan, Dengfeng,
and Tianjin area.
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Figure 8. Schematic diagram of the points’ (CPs, GCPs, LAPs) distribution in (a) Songshan, (b) Tianjin
and (c) Dengfeng.

As shown in Table 4, the height accuracy in the research areas improved significantly after
integration with the laser altimeter data by using the proposed combined adjustment. In Songshan,
for example, the height accuracy improved from 16.73 m to 3.79 m by using one LAP, which was
equivalent to that obtained from block adjustment with four GCPs, thus demonstrating the effectiveness
of the proposed combined adjustment of ZY3-02 stereo images and laser altimeter data. Besides,
the improved height accuracy was found to be insensitive to the number of LAPs and the location with
respect to stereo images. On the one hand, when different numbers of laser points were used in the
combined adjustment, the results improved almost to the same extent and even one LAP achieved
good results. However, it is worthwhile to mention that all of the available LAPs in the research area
were involved in the processing of the combined adjustment for the results with high reliability. On the
other hand, the location of laser altimeter data on the stereo images was on the left side for Tianjin and
in the center-right side for the other areas, but the final results revealed that the relative position had
little effect on the improved efficiency.

Moreover, when both PCPs and LAPs were used, it can improve the plane and elevation accuracy
at the same time, which is slightly lower than the results of block adjustment with four GCPs. This is
because the solutions of combined adjustment are constrained by the known PCPs. After PCPs were
allowed to participate in the proposed combined adjustment, the method was found to be promising
for improving the plane and elevation accuracy simultaneously, and thus, additional improvements
in topographical modeling could be achieved. However, it should be noted that the PCPs were
directly used as constants rather than as adjustment parameters, which means that the results for the
planimetric accuracy will be decided by the accuracy of the PCPs.

To further quantitatively assess the performance of the approach, two DEMs in Dengfeng were
generated based on the P6 and P7 combined adjustment results respectively. The Semi-Global Matching
(SGM) method [39] was introduced to acquire the point cloud, and then, the digital surface model
(DSM) at a 5 m sampling distance was directly generated from the point cloud. The corresponding
reference DEM in Dengfeng was used, and detailed information about Dengfeng is listed in Table 3.
The generated DEM was tested for different terrains such as mountainous, hilly and flat plain areas
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to comprehensively evaluate the DEM quality. As show in Table 5, the results indicate that the
participation of laser altimeter data can bring promising height accuracy.

Table 4. Accuracy statistics for the proposed combined adjustment under different types of points’
(CPs, GCPs, LAPs) distribution in the Songshan, Dengfeng, and Tianjin areas.

Area Plan Al\:’(;./I?Isz Ggl‘,’; /(éfps RMSE of CPs (m). * CE90 (m)  * LE90 (m)
East North Height

P1 0/0 0/40 1384 196 1393 15.80 16.73

P2 0/0 4/36 1.61 146 237 3.36 3.95

Songshan " p3 1/0 0/40 1330 202 233 15.03 3.79
P4 2/0 0/44 1331 205 235 15.31 3.76

P5 3/0 0/26 1330 202 234 15.31 3.77

P1 0/0 0/40 2635 784 1851 28.90 20.51

P2 0/0 4/36 142 124 186 291 1.64

Tianjin P3 1/0 0/4 2538 7.9 1.59 28.00 2.49
P4 2/0 0/40 2534 800 203 27.97 1.81

P5 7/0 0/40 2543 798 172 28.05 2.29

P1 0/0 0/45 1691 1201  20.99 21.89 23.01

P2 0/0 4/41 157 098 158 278 2.01

Dengfeng _ F3 1/0 0/45 1693 1204  1.60 2191 2.65
P4 2/0 0/45 1693 1205  1.66 2191 2.55

P5 5/0 0/45 1693 1204  1.63 21.92 2.60

P6 0/4 0/45 197 148 1445 347 16.42

P7 5/4 0/45 2.01 142 161 3.45 2.63

* CE90 and LE90 are the circular and linear errors at the 90th percentile respectively.

Table 5. Statistics for the digital surface model (DSM) elevation accuracy in Dengfeng area over various
terrain types.

Area Terrain Plan Minimum (m) Maximum (m) MEAN (m) RMSE (m)
Dengfelng Mountainous P6 —24.29 61.70 22.94 5.58
area P7 —54.30 40.22 3.61 442
Dengfeng Hilly P6 —-8.48 61.20 24.64 4.98
area2 P7 —-23.23 30.12 1.02 453
Dengfeng Plain P6 -0.32 51.80 22.96 3.53
area3 P7 —23.55 26.44 1.76 2.98

As it can be seen in Figure 9a, in that the DEM is generated from the P6, there obviously exists
a systematic error in the elevation difference resulted from where the terrain can even be observed.
Figure 9b shows the DEM elevation difference using P7. The elevations are generally in line with
the reference DEM. It can be noticed that there are places like black holes, which represent the larger
elevation difference whatever in Figure 9a or in Figure 9b. The reference DEM used in the experiment
were obtained in 2012 year, while the generated DEM were obtained in 2016 year. These mining areas
were exploited after 2012 year. When making statistics of the difference, the difference in mining
areas hence influence the result and cause large difference finally. Generally, the proposed combined
adjustment can effectively improve the elevation accuracy.
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(b)

Figure 9. Schematic diagram of comparison between reference DEM and generated DEMs in the
Dengfeng mountainous area. (a) Elevation difference using the P6; (b) Elevation difference using P7.

3.2.2. Validation at the TaiHang Area

Unlike in Songshan, Dengfeng and Tianjin, there were total 12 standard scenes covering Taihang.
All of the CPs in the stereo images were manually extracted based on the GCPs in the Taihang area
with distinct features and in the plain area, and the accuracy of CPs was approximately within 1 m
because of the accuracy achieved with the manual selection and the blur effect. Similarly, only some
screened LAPs were used in the processing of combined adjustment. The detail points” distribution
were illustrated in Figure 10.

39°0'0"N 40°0'0"N 41°0'0"N 42°0'0"N

38°0'0"N

o CcpP
A GCP
A LAP

114°00"E 115°00"E 116°0'0"E

Figure 10. Schematic diagram of points’ distribution (CP, GCP, LAP, PCP) in Taihang research area.

Table 6 shows the statistics for the positioning accuracy under different adjustment schemes in the
Taihang area. The plane (CE90) and elevation accuracy (LE90) were 4.13 m and 2.15 m, respectively,
when using four GCPs around four corners. When LAPs were used in the proposed combined
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adjustment, the elevation accuracy improved significantly, with the height accuracy being improved
from 10.51 m to 2.87 m when using 13 LAPs. As can be seen in Figure 11, the previous inconsistencies
were removed after the combined adjustment. The projected points on the stereo images were the
homologous points, and the discrepancies were reduced.

Table 6. Accuracy statistics for the proposed combined adjustment under different adjustment schemes
in the Taihang area.

Area Plan TZPT l\llj(é'l;;f Ggl(’); /(éfPs RMSE of CPs (m) CE90 (m)  LE90 (m)
East North Height
P1 0 0 0/245 12.28 2.21 8.29 14.69 10.51
P2 0 0 4/241 1.83 2.00 2.48 4.13 2.15
Taihang P3 1 0 0/245 12.02 2.55 2.79 14.43 2.79
P4 2 0 0/245 12.01 2.55 2.57 14.41 3.04
P5 13 0 0/245 11.98 2.55 2.01 14.39 2.87

Figure 11. ZY3-02 LA points projected on the stereo images after the combined adjustment at the
Taihang area. (a) and (b) are detailed views for LAPs 16 and 18 overlaid on the stereo images, where
the left image shows the NAD, the center one shows BWD and the right shows the FWD image.

“(b)

4. Discussion

As mentioned previously, the image coordinates for the NAD camera derived by back-projecting
the laser ground points can be treated as the intended position of laser ground points on the basis
of the NAD camera and laser altimeter onboard ZY3-02 working together simultaneously and the
installation angles of them being identical. However, the NAD camera images and corresponding
laser altimeter data used in the experiments were captured at different times because simultaneously
captured NAD images and laser altimeter data were unavailable due to satellite shooting schedule and
limited data collection. Besides, due to the impact of the satellite launch and the physical environment
changes in the orbit, the NAD camera and laser altimeter installation angles may slightly change.
Therefore, the difference in the capture dates of the two datasets and the slightly different viewing
angles could result in accuracy loss for the proposed combined adjustment, but the errors can be
analyzed quantitatively. Figure 12 shows the elevation error analysis schematic.
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Laser
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Figure 12. Schematic showing the analysis of the error induced by different capture time.

S is the projected center of the NAD camera. The thick solid line represents the focal plane, and SO
is the focal length f. The black laser altimeter represents an ideal situation, that it simultaneously
works with the NAD camera, while the blue represents the real situation due to some unfavorable
factors such as changes in the thermal environment and attitude stability, in which there exists a small
deviation angle AO between the true and real pointing angles that ultimately may change and cause
variations in the relative geometric relation of the NAD camera. To simplify the analysis, suppose there
is A0 only along the axis y. Here, only consider the factors outside the laser altimeter, so the difference
of measured range between the ideal and true is zero. Laser point A projects to the NAD image ata,
and laser point A" projects to the NAD image at a’. The view angle 2aSO of image point 4 in the image
coordinate is 4. The relative location of LAP in relation to the image can result in different view angles
a. Thus, aa’ is the projection error resulting from the capture time interval.

To calculate aa’, we draw a line over A’ parallel to aa’, which intersects LA at B, and SA at C. Then,
the projection error aa’ can be calculated by:

aw =AC-L=nC L 19)
= (H-sina@+ H-tana - (1 —cosA0)) - m

Taking the derivative of Equation (19) with respect to, the derivative of aa’ is:

daa’ ’ f
o =H-(1-cosA0)-sec T (20)

Since the value of daa’ /da is always greater than 0, aa” is a monotonically increasing function
about variable a. Thus, the maximum value of a at the end pixel of NAD camera image, aa’ is the
maximum projection error.

Taking the derivative of Equation (19) with respect to 0, the derivative of aa’ is:

g"T"{;:(H-COSAG—l—H-tana-(1+sinA9))-ﬁ 1)

+(H'sinA9+H~tana-(1—cosA6))~Ii{-secAG-tanAG

Since the value of daa’/d A 0 is also always greater than 0, aa” is a monotonically increasing
function about variable AQ.
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For the ZY3-02 satellite, f is 1.7 m, the NAD image pixel size is 7 ym, and the minimum and
maximum view angles are 0° and 2.94°, respectively. Because the interval time is 5 days, suppose the
maximum deviation A0 is 5” within such a short interval. According to the calculation results, the value
of aa’ is approximately 5.88 pixels in the image (12.35 m in ground space), whatever minimum or
maximum view angle is used, which demonstrates that the combined adjustment results are insensitive
to the location of the LAP in relation to the stereo images. Moreover, all of the LAPs engaged in the
experiment were selected at the plain area with slopes of less than 2°. The 12.35 m deviation in the
planimetric space will bring about a maximum 0.43 m error in the vertical direction when the slope is 2°.
Overall, the error is relatively small compared with the original height accuracy acquired from stereo
images of the ZY3-02 satellite. To eliminate the errors caused by capture time interval, the NAD image
and laser altimeter data that are captured simultaneously remain the best choice to use for experiments.

5. Conclusions

In this study, a combined adjustment model with one constrain in image space was proposed for
integration of ZY3-02 stereo images and laser altimeter data for improved Earth topographic modeling.
This proposed approach takes advantage of the accurate laser range to improve the positioning accuracy
of stereo images, especially the elevation accuracy. Stereo images and laser altimeter data in several
areas were collected as experiment data for validation work. Several conclusions can be drawn from
this research, and these are summarized below:

(1) Inconsistencies exist between the stereo images and laser altimeter data for the ZY3-02 satellite.
For the same LAP overlaid on the NAD, BWD, and FWD images, the image points on three-view
images are not the homologous points, and this is mainly caused by the errors of orientation
parameters. The proposed combined adjustment utilizes the laser range with high accuracy for
correcting the orientation parameters and eliminating these inconsistencies.

(2) After applying the proposed combined adjustment, a superior elevation accuracy can be achieved.
Experiments demonstrated that the height accuracy can be improved significantly to the extent of
that obtained from block adjustment with four GCPs. Validation work further proved that the
improved height accuracy is insensitive to the number of LAPs and locations of LAPs in relation
to stereo images. It is suggested that all of the available LAPs in the research area should be
involved in the processing of the combined adjustment to obtain results with high reliability.

(3) By introducing the additional PCPs engaged in the combined adjustment, the planimetric
accuracy can be improved along with the elevation accuracy. In the Dengfeng area experiment,
the adjustment results derived by using LAPs and additional four LAPs were slightly lower than
the results from the block adjustment with four GCPs.

Despite the promising results achieved for integration of stereo images and laser altimeter data
of ZY3-02, so far only the elevation accuracy can be improved. This study attempts to improve the
planimetric accuracy simultaneously by integration with PCPs, which can be obtained from the results
of other sensors. Nevertheless, the final results will be decided by the accuracy of PCPs. Thus, further
research about integration with other sensors that can acquire reliable observations in planar space is
required, rather than directly using the results. That is, integration of data from multi-sensors is an
important topic for future studies.

Author Contributions: K.X., G.Z., and D.L. conceived and designed the experiments; K.X., G.Z. performed the
experiments; K.X., PJ. and X.H. analyzed the data; K.X. wrote the paper.

Funding: This research was supported by the Key research and development program of the Ministry of
Science and Technology (2018YFB0504905, 2016 YFB0500801), Quality improvement of Chinese satellite data and
comprehensive application demonstration of Geology and mineral resources, National Natural Science Foundation
of China (Grant No. 41601490).



Remote Sens. 2019, 11, 2453 23 of 25

Acknowledgments: We give thanks to the research team at Satellite Surveying and Mapping Application
Center, National Administration of Surveying Mapping and Geo-information for freely providing ZY3-02

data.

Furthermore, the authors would like to thank the editors and the anonymous reviewers for their

constructive comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Tang, X.M,; Xie, ].F.; Wang, X.; Jiang, W.S. High-Precision Attitude Post-Processing and Initial Verification for
the ZY-3 Satellite. Remote Sens. 2015, 7, 111-134. [CrossRef]

Kubik, P; Latry, C.; Lebegue, L. PLEIADES-HR 1A&1B image quality commissioning: Innovative radiometric
calibration methods and results. In Proceedings of the SPIE 8866, Earth Observing Systems XVIII, San Diego,
CA, USA, 23 September 2013; pp. 886610-886611.

Bouillon, A.; Breton, E.; Lussy, ED.; Gachet, R. SPOT5 geometric image quality. In Proceedings of the 2003
IEEE International Geoscience and Remote Sensing Symposium, IGARSS ‘03, Toulouse, France, 21-25 July
2003; pp. 303-305.

Abshire, ].B.; Sun, X.L.; Riris, H.; Sirota, M.; McGarry, J.; Palm, S.; Ketchum, E.A.; Follas, R.B. Geoscience
laser altimeter system (GLAS) on the ICESat mission: Pre-launch and on-orbit measurement performance.
In Proceedings of the IGARSS 2003, 2003 IEEE International Geoscience and Remote Sensing Symposium
(IEEE Cat. No.03CH37477), Toulouse, France, 21-25 July 2003; pp. 1534-1536.

Schutz, B.E.; Zwally, H].; Shuman, C.A.; Hancock, D.; DiMarzio, J.P. Overview of the ICESat Mission.
Geophys. Res. Lett. 2005, 32. [CrossRef]

Abshire, ].B,; Sun, X.L.; Afzal, R.S. Mars Orbiter Laser Altimeter: Receiver model and performance analysis.
Appl. Opt. 2000, 39, 2449-2460. [CrossRef] [PubMed]

Shan, J.; Yoon, J.S,; Lee, D.S; Kirk, R.L.; Neumann, G.A.; Acton, C.H. Photogrammetric Analysis of the Mars
Global Surveyor Mapping Data. Photogramm. Eng. Remote Sens. 2005, 71, 97-108. [CrossRef]

Cheng, A.F; Cole, T.D.; Zuber, M.T.; Smith, D.E.; Guo, Y.P,; Davidson, F. In-Flight Calibration of the Near
Earth Asteroid Rendezvous Laser Rangefinder. Icarus 2000, 148, 572-586. [CrossRef]

Buratti, B.J.; Hillier, ].K.; Wang, M. The Lunar Opposition Surge: Observations by Clementine. Icarus 1996,
124, 490-499. [CrossRef]

Ouyang, 2.Y,; Jiang, ].S.; LI, C.L.; Sun, H.X.; Zou, Y.L,; Liu, ].Z.; Liu, ].J.; Zhao, B.C.; Ren, X; Yang, ].E; et al.
Preliminary Scientific Results of Chang’E-1 Lunar Orbiter: Based on Payloads Detection Data in the First
Phase. Chin. |. Space Sci. 2008, 28, 361-379. [CrossRef]

Ping, J.S.; Huang, Q.; Yan, J.G.; Cao, J.E; Tang, G.S.; Shu, R. Lunar topographic model CLTM-s01 from
Chang’E-1 laser altimeter. Sci. China Ser. G Phys. Mech. Astron. 2009, 52, 1105-1114. [CrossRef]

Li, RX.; Niu, X.T.; Liu, C.; Wu, B.; Deshpande, S. Impact of Imaging Geometry on 3D Geopositioning
Accuracy of Stereo Ikonos Imagery. Photogramm. Eng. Remote Sens. 2009, 75, 1119-1125. [CrossRef]
Anderson, S.F; Parker, T.]. Characterization of MER Landing Sites Using MOC and MOLA. In Proceedings
of the 33rd Lunar and Planetary Science Conference, League City, TX, USA, 11-15 March 2002; pp. 11-15.
Yoon, J.S.; Shan, J. Combined Adjustment of MOC Stereo Imagery and MOLA Altimetry Data. Photogramm.
Eng. Remote Sens. 2005, 71, 1179-1186. [CrossRef]

Spiegel, M. Improvement of interior and exterior orientation of the three line camera HRSC with
a simultaneous adjustment. In Proceedings of the ISPRS Technical Commission III Symposium,
Photogrammetric Image Analysis, Munich, Germany, 19-21 September 2007.

Spiegel, M.; Schmidt, R.; Stilla, U.; Neukum, G. Improvement of Exterior Orientation of Mars Express HRSC
Imagery Using a Photogrammetric Block. In Proceedings of the 38th Lunar and Planetary Science Conference,
Lunar and Planetary Science XXXVIII, League City, TX, USA, 12-16 March 2007; p. 1608.

Rosiek, M.R;; Kirk, R.L.; Howington-Kraus, E. Combining Lunar Photogrammetric Topographic Data with
Clementine LIDAR Data. In Proceedings of the ISPRS WG 1V/9: Extraterrestrial Mapping Workshop
“Planetary Mapping 2001”7, Flagstaff, AZ, USA, 14-15 October 2001.


http://dx.doi.org/10.3390/rs70100111
http://dx.doi.org/10.1029/2005GL024009
http://dx.doi.org/10.1364/AO.39.002449
http://www.ncbi.nlm.nih.gov/pubmed/18345159
http://dx.doi.org/10.14358/PERS.71.1.97
http://dx.doi.org/10.1006/icar.2000.6487
http://dx.doi.org/10.1006/icar.1996.0225
http://dx.doi.org/10.11728/cjss2008.05.361
http://dx.doi.org/10.1007/s11433-009-0144-8
http://dx.doi.org/10.14358/PERS.75.9.1119
http://dx.doi.org/10.14358/PERS.71.10.1179

Remote Sens. 2019, 11, 2453 24 of 25

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Di, K.C.; Yue, Z.Y,; Peng, M.; Liu, Z.Q. Co-registration of chang’e-1 stereo images and laser altimeter
data for 3d mapping of lunar surface. In Proceedings of the Symposium of ISPRS Technical Commission
IV & AutoCartoin Conjunction with ASPRS/CaGIS 2010 Fall Specialty Conference, Orlando, FL, USA,
15-19 November 2010; Volume 38.

Besl, PJ.; McKay, N.D. A method for registration of 3-D shapes. IEEE Trans. Pattern Anal. Mach. Intell. 1992,
14, 239-256. [CrossRef]

Di, K.C,; Hu, WM,; Liu, Y.L.; Peng, M. Co-registration of Chang’E-1 stereo images and laser altimeter
data with crossover adjustment and image sensor model refinement. Adv. Space Res. 2012, 50, 1615-1628.
[CrossRef]

Wu, B.; Guo, J.; Zhang, G.; King, B.A; Li, Z.; Chen, L. Integration of Chang’E-1 Imagery and Laser Altimeter
Data for Precision Lunar Topographic Modeling. IEEE Trans. Geosci. Remote Sens. 2011, 49, 4889-4903.
[CrossRef]

Zwally, H.].; Schutz, B.; Abdalati, W.; Abshire, J.; Bentley, C.; Brenner, A.; Bufton, J.; Dezio, J.; Hancock, D.;
Harding, D.; et al. ICESat’s laser measurements of polar ice, atmosphere, ocean, and land. J. Geodyn. 2002,
34, 405-445. [CrossRef]

Teo, T.; Chen, L.; Liu, C.; Tung, Y.; Wu, W. DEM-Aided Block Adjustment for Satellite Images with Weak
Convergence Geometry. IEEE Trans. Geosci. Remote Sens. 2010, 48, 1907-1918. [CrossRef]

Yamanokuchi, T.; Doi, K.; Shibuya, K. Combined use of INSAR and ICESat/GLAS data for high accuracy DEM
generation on antarctica. In Proceedings of the 2007 IEEE International Geoscience and Remote Sensing
Symposium, Barcelona, Spain, 23-28 July 2007; pp. 1229-1231.

Tang, X.M.; Xie, ].E; Fu, XK.; Mo, F; Li, S.N.; Dou, X.H. ZY3-02 Laser Altimeter On-orbit Geometrical
Calibration and Test. Acta Geod. Cartogr. Sin. 2017, 46, 714-723. [CrossRef]

Xie, ].F,; Tang, X.M.; Mo, E; Tang, H.Z.; Wang, Z.M.; Wang, X.; Liu, Y.X,; Tian, S.Q.; Liu, R.; Xia, X.F. In-orbit
geometric calibration and experimental verification of the ZY3-02 laser altimeter. Photogramm. Rec. 2018, 33,
341-362. [CrossRef]

Li, G.Y,; Tang, X.M.; Gao, X.M.; Wang, X.; Fan, W.E,; Chen, ].Y.; Mo, E. Integration of ZY3-02 Satellite Laser
Altimetry Data and Stereo Images for High-Accuracy Mapping. Photogramm. Eng. Remote Sens. 2018, 84,
569-578. [CrossRef]

Li, D.R. China’s First Civilian Three-line-array Stereo Mapping Satellite: ZY-3. Acta Geod. Cartogr. Sin. 2012,
41,317-322.

Xu, K,; Jiang, Y.H.; Zhang, G.; Zhang, Q.].; Wang, X. Geometric Potential Assessment for ZY3-02 Triple Linear
Array Imagery. Remote Sens. 2017, 9, 658. [CrossRef]

Zhang, G.; Li, S.; Huang, W.; Li, D. Geometric Calibration and Validation of ZY3-02 Satellite Laser Altimeter
System. Geomat. Inf. Sci. Wuhan Univ. 2017, 42, 1589-1596. [CrossRef]

Tang, X.M.; Zhang, G.; Zhu, X.Y,; Pan, H.B,; Jiang, Y.H.; Zhou, P. Triple linear-array image geometry model of
ZiYuan-3 surveying satellite and its validation. Int. J. Image Data Fusion 2012, 4, 33-51. [CrossRef]

Poli, D.; Toutin, T. Review of developments in geometric modelling for high resolution satellite pushbroom
sensors. Photogramm. Rec. 2012, 27, 58-73. [CrossRef]

Wu, Q.B.; Zhao, C.M.; Zhu, G.B.; Wei, Z.B. Rapid Precision Orbit Determination Based on Dual-Frequency
GPS Receiver for ZY3-02 Satellite. |. Geod. Geodyn. 2018, 38, 73-77. [CrossRef]

Zhang, G; Jiang, YH.; Li, D.R,; Huang, W.C; Pan, H.B.; Tang, X.M.; Zhu, X.Y. In-Orbit Geometric Calibration
and Validation Of ZY-3 Linear Array Sensors. Photogramm. Rec. 2014, 29, 68-88. [CrossRef]

Takakuy, J.; Tadono, T. PRISM On-Orbit Geometric Calibration and DSM Performance. IEEE Trans. Geosci.
Remote Sens. 2009, 47, 4060-4073. [CrossRef]

Tang, X.M,; Xie, ].F.; Gao, X.M.; Mo, F; Feng, W.; Liu, R. The In-Orbit Calibration Method Based on Terrain
Matching with Pyramid-Search for the Spaceborne Laser Altimeter. IEEE ]. Sel. Top. Appl. Earth Obs. Remote
Sens. 2019, 12, 1053-1062. [CrossRef]

Deng, M.].; Zhang, G.; Zhao, R.S.; Zhang, Q.].; Li, D.R,; Li, ].S. Assessment of the geolocation accuracy of
YG-13A high-resolution SAR data. Remote Sens. Lett. 2018, 9, 101-110. [CrossRef]


http://dx.doi.org/10.1109/34.121791
http://dx.doi.org/10.1016/j.asr.2012.06.037
http://dx.doi.org/10.1109/TGRS.2011.2153206
http://dx.doi.org/10.1016/S0264-3707(02)00042-X
http://dx.doi.org/10.1109/TGRS.2009.2033935
http://dx.doi.org/10.11947/j.AGCS.2017.20160597
http://dx.doi.org/10.1111/phor.12249
http://dx.doi.org/10.14358/PERS.84.9.569
http://dx.doi.org/10.3390/rs9070658
http://dx.doi.org/10.13203/j.whugis20160514
http://dx.doi.org/10.1080/19479832.2012.734340
http://dx.doi.org/10.1111/j.1477-9730.2011.00665.x
http://dx.doi.org/10.14075/j.igg.2018.01.016
http://dx.doi.org/10.1111/phor.12052
http://dx.doi.org/10.1109/TGRS.2009.2021649
http://dx.doi.org/10.1109/JSTARS.2018.2890552
http://dx.doi.org/10.1080/2150704X.2017.1395962

Remote Sens. 2019, 11, 2453 25 of 25

38. Dial, G.; Grodecki, J. Test ranges for metric calibration and validation of high-resolution satellite imaging
systems. In Proceedings of the International Workshop on Radiometric and Geometric Calibration, Gulfport,
MI, USA, 2-5 December 2003.

39. Hirschmuller, H. Stereo Processing by Semiglobal Matching and Mutual Information. IEEE Trans. Pattern
Anal. Mach. Intell. 2008, 30, 328-341. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1109/TPAMI.2007.1166
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Specifications and Geometric Modeling of ZY3-02 Stereo Images and Laser Altimeter Data 
	Specifications of ZY3-02 
	Geometric Model of TLCs 
	Geometric Model for the Laser Altimeter 

	Integration of Stereo Images and Laser Altimeter Data for ZY3-02 Satellite 
	Overview of the Approach 
	Constraints in the Combined Adjustment Model 
	Combined Adjustment Model 

	Introduction to the Experimental Area and Data Sources 

	Results 
	Inconsistency between ZY3-02 Stereo Camera Images and Laser Ranging Data 
	Validation of the Proposed Combined Adjustment Model 
	Validation Using the Standard Scene 
	Validation at the TaiHang Area 


	Discussion 
	Conclusions 
	References

