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Coal resources are the principal energy in China, and the surface subsidence caused by
coal mining has a serious impact on the safe production and life of human beings. The
traditional observation method of rockmovement is slow and laborious, while the accuracy
of airborne LiDAR, InSAR and other methods is relatively low. In this paper, aiming at the
problem of the low accuracy of deformation monitoring of airborne LiDAR, the data
registration of LiDAR point cloud is analyzed by combining theoretical analysis with field
experiment. An advanced distribution mode of control points is discussed, and a current
method of multi-period point cloud registration using seven-parameter transformation is
proposed to obtain a surface subsidence model for mining area with high precision. The
results show that the RMSE of airborne LiDAR is decreased from 0.013m to 0.008m by
using the new method for data registration, and the maximum error value is reduced from
0.022 m to 0.014 m, which effectively enhances the deformation monitoring capability of
airborne LiDAR.

Keywords: rock movement observation, UAV lidar, point cloud registration, subsidence model, parameter
transformation, mining subsidence

1 INTRODUCTION

Coal resources have been playing a significant role in China’s energy sector for a long time.
Meanwhile, the status of coal as the principal energy in China will not change for a considerable
period of time in the future (Xie et al., 2021). With a large amount of coal resources extracted from
underground, a series of negative problems caused by mining, such as surface subsidence and
deformation, are becoming increasingly prominent, and if these problems are not solved, they are
bound to affect the safety of coal production in China, and even the healthy development of coal
industry (Wang et al., 2010; Song et al., 2018; Hu, 2019; Hu and Xiao, 2020).

At present, the main means of studying surface subsidence in coal mines is to set up stations in the
field and implement monitoring by laying the observation line of strike and tendency. Under
conditions of complex geological mining, continuous mining with multiple working faces, “three
down” mining, etc., it is necessary to grasp the characteristics of three-dimensional deformation of
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the entire subsidence basin, which is obviously difficult to achieve
by conventional means (Wang, 2017). The traditional studies of
surface subsidence laws in mining areas are mainly achieved by
deploying mobile monitoring stations to collect surface
subsidence data, which are subsequently processed to
anticipate surface subsidence trends and analyze their
subsidence laws (Chi et al., 2021). Although many classical
monitoring methods such as leveling and GPS observation can
obtain a certain amount of surface subsidence data, their accuracy
also meets the needs of engineering practice. However, these
methods are costly for the huge human and material resources
required. In addition, it is difficult to protect the monitoring sites,
and the economics of long-termmonitoring is also poor (Wallace
et al., 2016; Sankey et al., 2017). Although InSAR technology has
the outstanding advantages of all-weather, strong penetration and
high accuracy in acquiring continuous coverage of ground
elevation and information in surface deformation monitoring,
it still cannot overcome many problems. For example, D-InSAR
technology is vulnerable to spatial-temporal decorrelation and
atmospheric effects, and its monitoring results are affected by
DEM accuracy; the data processing accuracy of PS-InSAR
technology depends on the spatial density of the PS points,
which is not suitable for areas with very few PS points, such
as non-urban areas; SBAS is applicable to all images that show
enough high coherence in the coverage, but is less appropriate for
areas with complex terrain factors such as river-land interlocking.
However, airborne LiDAR technology effectively solves the
problem that surface data cannot be quickly obtained in the
above method, which can providelandform images with high
resolution and high precisions; At the same time, it could dampen
the effect of surface vegetation and obtain the real ground
elevation data informationthrough multiple echo technology.

To solve the above problems, 3D laser scanning has gradually
become the main technical means for surface deformation
observation by acquiring 3D dense point clouds on the surface
of objects in a high-temporal, non-contact active manner, which
saves a lot of human and material costs (Meng et al., 2010; Gu
et al., 2017). At this stage, ground-based 3D laser scanning
technology has been used to monitor mining subsidence with
some success (Dai et al., 2011). Firstly, in the application of
mining subsidence in mining area, Li and Zeng et al. applied the
3D laser scanning technology to the monitoring of mining
subsidence, and processed the point cloud data by human-
computer interaction, indicating that the continuous
improvement of the scanner accuracy and effective scanning
distance, which provided conditions for the practical
application of this technology in mining area (Li et al., 2015;
Zeng and Jiang, 2015). According to the experiment of Yu et al.,
the information extraction of mining subsidence based on the
uncertainty analysis of DEM of LiDAR is suitable for large area
mining subsidence monitoring, which can quickly determine the
location of subsidence area and extract more accurate geospatial
information of subsidence area (Yu et al., 2017). Lian et al.
combined the advantages of fine scanning of the terrestrial 3D
laser with the absolute displacement monitoring of total station
and GPS to achieve effective monitoring of landslides, steps,
cracks and tilting of high voltage towers in the mining process,

and to demonstrate the broad prospect of the combination of the
two applied in mining monitorings (Lian and Hu, 2017). In terms
of improving the monitoring accuracy, Hu et al. showed that the
accuracy of terrestrial 3D laser scanning for subsidence
monitoring in mining areas can reach the centimeter level
throughGround station scanning experiments (Hu et al.,
2013). Liang et al. applied terrestrial 3D laser scanning to
areas with maximum deformation at the centimeter level
(Liang et al., 2017). Experiments show the effectiveness of the
direct comparison method of point cloud to point cloud based on
Hausdorff distance to extract surface deformation information.
Bai et al. utilized the three-dimensional laser scanning technology
to construct the subsidence model. The error between the
monitoring results and the measured values at several
representative monitoring points can reach the millimeter level
(Bai, 2017). This technology can be used for rapid and high-
precision monitoring of mining subsidence by 3D laser scanning.
With the rapid development of UAV technology, there are new
attempts in research on UAV platforms equipped with LiDAR
scanning and monitoring technology. However, there are few
researches on mining subsidence measurement with high-
precision by airborne LiDAR technology.

This paper focuses on three aspects of airborne LiDAR system,
point cloud filtering and DEM construction. Firstly, we studies the
causes of large errors in airborne LiDAR technology and discusses
the reasons for the achievements precision of airborne LiDAR.
Secondly, we explores the mechanism to weaken the errors of
airborne LiDAR settlement monitoring. The point cloud data is
processed by KD-tree filtering method, and the point cloud data
reflecting the real surface situation is obtained. Finally, in order to
gain surface deformation data with high-precision and the ability of
airborne LiDAR to identify small ground deformation, this paper
innovatively proposes a method to align multi-period point cloud
data by using seven-parameter transformation.When this method is
applied to Tingnan Coal Mine, the maximum error value of
representative point is 0.014 m, which can meet the monitoring
precision requirement of mining subsidence.

This paper is organized as follows. Section 2 describes the
experimental sites and data used. Section 3 starts by describing
the framework of the proposed method, followed by illustrations
of each component of the proposedmethod and baseline methods
used for comparison. The new point cloud registration method
and experimental results are presented in Section 4, followed by a
discussion in Section 5 and the conclusions of this study in
Section 6.

2 STUDY AREA

The designed mining length of 1,102 working face is about 600 m
and the inclined length is about 100 m. According to the Design
of Mining Scheme for Mining Pressed Coal under Structures in
Tingbei Village, the working face adopts gangue filling coal
mining technology. The working face of 1,102 is nearly
horizontal with a mean thickness of 3.8 m, at a depth of
400 m, which located in the north of a panel and surrounded
by solid carbon area. The 1,102 transportation trough is
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connected with the central filling transportation roadway, and
then intersects with the grand lane interchange of the belt
conveyor, with a total length of about 1,000 m. The 1,102
track gateway is connected with the concentrated filling return
air lane, with a total length of is about 700 m.

The working face is arranged along the azimuth angle of
325°, and it crosses Tingbei Village along the direction of the
working face. Above it is the plain terrain, mainly including
buildings (structures) such as Tingbei Village, the old site of Xi
Zhongxun’s revolutionary activities, Heihe Bridge, the new
residence of immigrants in Anhua Village, Tingkou Junior
Middle School, Tingkou Primary School, Central Hospital,
People’s Court, town government, Hualong Hotel, and
ecological park. Heihe River flows through the south of the
working face, as shown in Figure 1.

In order to constantly monitor surface deformation, rock
movement observation was carried out before mining, and the
observation route is shown in Figure 2. After the monitoring
stakes were ambushed, the first two comprehensive
observations were completed before being affected by
mining to obtain the original data of the monitoring
station, and monitoring was conducted every month after
the first observation. The daily observation is reasonably
arranged according to the advance progress of the working
face, and the observation density should be appropriately
increased in the active period. When the subsidence value
does not exceed 30 mm for three consecutive months, it is
considered that the monitoring station has reached stability,
and the last comprehensive observation can be carried out
(Luan et al., 2020).

FIGURE 1 | Surficial construction.

FIGURE 2 | Observation route distribution.
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3 DATA

Anew light and small airborne LiDAR system launched by Supersurs is
used in this paper, which integrates a variety of sensors such as light and
small laser scanners (optional Velodyne VLP16 or Riegl mini VUX-1),
MEMS integrated navigation and industrial cameras, and carries a
variety of UAV carrier platforms such as multirotor, fixed wing and
hybrid wing, as shown in Figure 3. It can provide accurate three-
dimensional data for transmission line, accident investigation and
agricultural census forestry census, and has high operating efficiency.

The main sensors and their performance indicators are shown
in Table 1: the technical indicators and the environmental
parameters of laser scanner, and industrial cameras are
introduced in detail (Yuan, 2020).

3.1 Data Capture
3.1.1 Site Survey
The actual terrain and high-rise buildings in the field acquisition area
are investigated to determine the appropriate flight altitude. The
fitting flight spectrum is selected as the scanning area. Considering
the safety of UAV, scanners and personnel, the proper weather and
temperature conditions are selected for field acquisition.

3.1.2 Erection of GPS Reference Station
The base station is set up on the known control points that are
relatively empty in the industrial square. The covering radius of
the base station is about 15 km, ensuring that the plane accuracy
is within 5 mm and the elevation accuracy is within. The GPS
reference stations should not be lower than the E-level
requirements specified in GB/T 18,314. The GPS receiver with
dual-frequency survey is adopted, whose observed sampling
interval should not be less than 1 Hz, typically 5 Hz. The site
is selected to be the No. 1 site with wide vision in the mining area
which is far away from the ground features with multipath effect.

3.1.3 Route Planning
There are few high-rise buildings in the surveyed area, and the
terrain is flat. The flight height is set to 100 m, and the flight time
is not more than 20 min. The derrick measurement method is
used to avoid the fastigium of human and vehicle, reduce the
occlusion factor, and conduct a full coverage measurement. After
the completion of the route planning, the operator operates the
UAV in a wide field of vision for data capture, and the instrument
and data inspection are performed after the data acquisition.

3.2 Data Pre-Processing
3.2.1 Integrated Navigation Data Processing
Inertial Explorer post-processing software is used to decompose IMU
data and reference station data, and high-precision coordinate
information and attitude information are obtained, as Table 2 shows.

3.2.2 Data Analysis of Point Cloud and Image
VSursPROCESS software is used to automatically parse point
cloud data and image data and generate true-color point cloud by
fusion of point cloud and image. Figure 4 shows the true-color
point cloud after registration of point cloud data and image date.
The data of point cloud obtained after pre-processing are 1.425
million points in December 2019, covering 0.17445 km2,
and1.426 million points in November 2020, covering 0.1746 km2.

3.3 Point Cloud Filtering
A majority of filtering principles of LiDAR data are considered from
elevation mutation. It is generally believed that the reason for the

FIGURE 3 | UAV 3D laser scanning system.

TABLE 1 | Technical criteria of main sensors.

Sensors Technical indicator Enviromental parameter

Laser scanner (Riegl mini VUX-1UAV) Distance(m) ≥3, ≤250 Operating temperature −10°–40°C
Latitude (°) 360 Storage temperature −20°–50°C
Precision(m) ≤0.015 IP rating IP64
Angular resolution (°) 0.001 — —

Line frequency (Hz) 100 — —

Dot frequency (ten thousand points/second) 10 — —

Integrated navigation system (SPAN-IGM-S1) Positioning accuracy plane/Elevation(m) 0.01/0.02 (postprocessing) Operating temperature −40–65°C
Pitching angle/Rolling angle (°) 0.006 (postprocessing) Storage temperature −50–85°C
Heading angle (°) 0.019 IP Rating IP67
Frequency (Hz) 125

Industrial cameras (GE120-09C) Resolution 4,096 × 3,000 Operating temperature 0°C~+50°C
Frame rate 5 fps Storage temperatur −30°C~+70°C
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elevation mutation of adjacent laser dots is that the probability caused
by the point located on the ground feature with a high elevation is
larger, and the probability caused by terrain changes is smaller (Zeybek
and Şanlıoğlu, 2019). Usually, the closer the two adjacent points are, the
smaller the elevation difference between the two points should be. If the
difference of height between the two points is larger, the probability that
the point with large height difference is the ground point is smaller
(Bayram et al., 2018). Therefore, it is necessary to consider the distance
from the point to the reference point on the ground and the distance
between the two points when judging whether the point is on the
ground. When the distance between the two points increases, the
threshold to determine whether it is a ground point should also be
relaxed. Even if an elevation mutation occurs, it is not difficult to
determine whether it is caused by terrain changes or by the ground
feature. The manifestation is different because of the changes in terrain
or ground features cause a high difference. For instance, due to the
elevation mutation caused by the slope, it will only produce dramatic
changes in one direction, while the elevation mutation caused by the
house is different, and it will form enormous changes in each boundary
of the building, as shown in Figure 5 (Li et al., 2021).

3.3.1 Filtration of Noise Points
In order to detect an isolated noise point, the data structure of the
KD-tree is utilized in this paper to search for surrounding laser dots.

The number of laser dots around each point cloud is automatically
searched within a certain radius. When the number of laser dots is
less than a number of threshold, the radius will continue to expand.
After increasing the radius several times, if the number of point
clouds in this radius is still less than the number of threshold, the
point is an isolated noise point.

To find the isolated noisy point cloud, the unclassified LiDAR
point cloud is first constructed as a KD-tree (Lu et al., 2021).
Second, the search range is defined as 2 times the average pitch.
Take all the unclassified points and use them as the search center.
If the number of points in the search range is less than 3, the

TABLE 2 | Coordinate information and attitude information.

Number X Y Z Roll Pitch Heading

1 3***310.418 4***40.9553 *24.321 −0.1252° −1.6946° 30.8148°

2 3***310.448 4***40.9644 *24.321 −0.1326° −1.6876° 30.8123°

3 3***310.477 4***40.9736 *24.321 −0.14° −1.6802° 30.809°

4 3***310.507 4***40.9827 *24.321 −0.1448° −1.6719° 30.8041°

5 3***310.536 4***40.9918 *24.32 −0.1474° −1.6642° 30.8014°

6 3***310.566 4***41.001 *24.32 −0.1491° −1.6566° 30.7999°

. . . . . . . . . . . . . . . . . . . . .

201161 3***249.376 4***70.0607 *22.989 −2.0857° −12.5441° −121.2429°

201162 3***249.367 4***70.0334 *22.989 −2.0954° −12.4567° −121.2489°

FIGURE 4 | True-color point cloud.

FIGURE 5 | Judgement of elevation mutation.
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program automatically expands the radius R by 20% and continues
to search for points in the range; when the number of points is still
less than 3, the radius is expanded by 20% again and the search
continues. The above search process is run six times consecutively.
If the number of points in each search radius is less than 3, then the
center point is considered as an isolated noise point (Hu et al., 2019;
Li et al., 2020; Yang and Xue, 2020; Lee et al., 2021).

After filtration of noise points, the denoising effect is shown in
Figure 6:

3.3.2 Extraction of the Ground Point
The principle of extracting the ground points in the point cloud by
using the improved incremental triangulation encryption algorithm is

that the initial triangulated irregular network is constructed by using
the initial ground seed points, and the pointsp that are not classified in
the point cloud data are judged. The triangle that falls into the
horizontal projection of each point is recorded as the point p. It is
calculated that the distanced fromp to the corresponding triangle face
and the angle α1, α2, α3 formed by p to the plane where the three
vertices and the triangle on it and the size of α1, α2, α3 and the set
threshold are determined, as shown in Figure 7. If it less than the
corresponding threshold, this point is determined as a ground point
and added to the TIN. Repeat this process until no new ground points
occur (Axelsson, 2000; Polat et al., 2015).

In order to detect an isolated noise point, the data structure of the
KD-tree is utilized in this paper to search for surrounding laser dots.

FIGURE 6 | Comparison before and after denoising. (A) Original point clouds with noise points; (B) Point clouds after denoising.
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The number of laser dots around each point cloud is automatically
searched within a certain radius.When the number of laser dots is less
than a number of threshold, the radius will continue to expand. After
increasing the radius several times, if the number of point clouds in
this radius is still less than the number of threshold, the point is an
isolated noise point.Where d and α1, α2, α3 are solved as follows:

Define p coordinate (xp, yp, zp), V1 coordinates (x1, y1, z1),
V2 coordinates (x2, y2, z2), and V3 coordinates (x3, y3, z3).

From the mathematical distance formula:

⎛⎜⎝A
B
C

⎞⎟⎠ � ⎛⎜⎜⎝ (y2 − y1)(z3 − z1) − (y3 − y1)(z2 − z1)
(z2 − z1)(x3 − x1) − (z3 − z1)(x2 − x1)
(x2 − x1)(y3 − y1) − (x3 − x1)(y2 − y1)⎞⎟⎟⎠ (1)

D � Ax0 + By0 + Cz0 (2)
d �

∣∣∣∣∣∣∣∣Axp + Byp + Czp +D�����������
A2 + B2 + C2

√
∣∣∣∣∣∣∣∣ (3)

Lip �
�������������������������������(xvi − xp)2 + (yvi − yp)2 + (zvi − zp)2√

(4)

αi � sin−1 d
Lip

(5)

Where i � 1, 2, 3, and (x0, y0, z0) is the known point.
First, the initial TIN is constructed by using the initial seed

point. Then iterative encryption is carried out. All the points to be
classified are traversed, and the triangles projected onto the
horizontal plane of each point are searched. The distance d
from the point to the triangle and the maximum value of the
angle between the three vertices of the point to the triangle and
the plane where the triangle is located are calculated as calculated.
They are compared with the iterative distance and the iterative
angle, respectively. If it is less than the corresponding threshold,
this point is determined as a ground point and added to the TIN
(Liu et al., 2019; Meng et al., 2019). Repeat this process until all
ground points are classified. The extraction result of the ground
point is shown in Figure 8.

3.4 DEM Construction
An algorithm of inverse distance weighted interpolation is used to
generate a DEMmodel of the filtered ground points in this paper,
based on the principle that two objects that are closer together are
more similar than two objects that are farther apart as a general
rule. In practical applications, each sampling point has more or
less certain influence on the corresponding interpolation points,

which can be regarded as the weight, and the weight is inversely
proportional to the distance between the sampling point and the
interpolation point. The larger the distance is, the smaller the
weight is (Shepard, 1968; van Mierlo et al., 2021). When the
distance between the two exceeds a certain range, the weight can
almost be regarded as 0. The sum of the weights of each sampling
point is the value at the corresponding interpolation point, which
expressed as (Zhang et al., 2012; De Mulder et al., 2018):

zp �
∑n
i�1
(d−μ

i × zi)
∑n
i�1
d−μ
i

(6)

In the formula, zp is the elevation value of the interpolation
point, μ is the Weighted power index, di is the distance from the
ith sampling point to the interpolation point, and d−μi is the
distance decay function.

For the attribute z � (x, y) of any point (x, y) in space, the
estimator of the IDW formula is defined as:

ẑ � ∑n
i�1

1
dα

zi (7)

α usually takes 1 or 2.
That is, using the weighted sum of all known points in space to

estimate the value of the unknown point, the weight depends on
the reciprocal of the distance (or the square of the reciprocal).
Then, the closer the distance is, the greater the weight is. The
farther the distance, the smaller the weight. In the data
processing, α took 1 for data interpolation, and the final
results of the DEM obtained are shown in Figure 9.

3.5 Initial Results
The surface subsidence results were obtained by overlay analysis of
the two DEMs using the software stack directly, and the accuracy
analysis of the data results was performed using the
contemporaneous level measurement data. It is found that the
error of surface subsidence value obtained by DEM overlay
analysis is large, with the maximum error of 0.022 m, the
minimum error of 0 m, the maximum error rate of 130.77%, the
minimum error rate of 0, and the RMSE of 0.013 m as shown in
Table 3. The accuracy of data results is poor, and it is difficult to
reflect the real situation of surface slight deformation. Therefore,
when using airborne LiDAR for mining subsidence measurement
with high-precision, point cloud data need to be processed.

4 METHOD

This paper proposes a method to improve the relative accuracy
by sacrificing the absolute elevation accuracy of point cloud.
Firstly, the probability integral method is used to predict the
mining subsidence and determine the maximum influence of
mining subsidence. Secondly, six points are selected as the
datum point outside the mining subsidence and taken as the
center of 0.5 m*0.5 m square respectively. The average elevation
of the point cloud data of two phases in the square is regarded as

FIGURE 7 | Schematic diagram of the judgement algorithm for the
ground point.
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the elevation of datum point, and the three-dimensional coordinates
of the two phases’ point cloud data at six points are obtained
respectively. Next, the seven-parameter solution for the
conversion from the point cloud data in the second phrase to
that in the first phrase is obtained by using six pairs of datum
point coordinates. Finally, the converted second-phase point cloud
data were regenerated into DEM data and superposed with the first-
phase DEM data to obtain the subsidence curve.

4.1 Mining Subsidence Prediction
The predicted mining subsidence was estimated using the
calculation software of probability integration, and the
comprehensive parameters of rock moving provided by the

mine for this workface, and the anticipated results are shown
in Figure 10 (Gu and Gao, 2011; Wang et al., 2011; Yao et al.,
2012; Zheng et al., 2019; Zhu et al., 2019).

4.2 Datum Point Selection
In the flat area outside the mining images of the working face,
feature points are selected as datum points, and the distribution of
points is shown in Figure 10. As shown in Figure 11, the average
elevation of the point cloud data in a square frame of 0.5 m*0.5 m
centered on the datum point is the elevation of the datum point,
thus obtaining the elevation data of six pairs of datum points for
the two phases of point cloud data, and the data are shown in
Table 4.

FIGURE 8 | Extraction of the Ground Point. (A) Original point clouds; (B) Point clouds on the ground.

FIGURE 9 | DEM data results. (A) DEM of Phase I; (B) DEM of Phase II.
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4.3 Bursa Seven-Parameter Solution
Since the origin of coordinates of the two coordinate systems are
different, three translation parameters ΔX, ΔY and ΔZ are generated.
The coordinate axes corresponding to each coordinate system are not
parallel, three rotation angle parameters W(x), W(y), and W(z) are
produced, and another scale parameter K is generated by taking into
account the inconsistency scales of the two coordinate systems.
Therefore, in view of the translation parameters, the rotation
parameters and the scale parameters, formula is obtained. There
are seven parameters in the formula, known as the Boerza seven
parameter formula.

ẑ � ∑n
i�1

1
dα

zi
⎡⎢⎢⎢⎢⎢⎣XY
Z

⎤⎥⎥⎥⎥⎥⎦ � (1 +m)⎡⎢⎢⎢⎢⎢⎢⎣X′

Y′

Z′

⎤⎥⎥⎥⎥⎥⎥⎦ + ⎡⎢⎢⎢⎢⎢⎣ 0 εz −εy
εz 0 εx
εy −εx 0

⎤⎥⎥⎥⎥⎥⎦ + ⎡⎢⎢⎢⎢⎢⎣ΔXΔY
ΔZ

⎤⎥⎥⎥⎥⎥⎦
(8)

The solution is performed using the common point coordinates
and EPS software, where the main parameters are set as follows: the
central meridian is 108°, the Y coordinate constant is 50,000, the
source ellipsoidal reference and the targeted ellipsoidal reference are
both involved in CGCS-2000 coordinate system, and the seven
parameters of Bursa are shown below:

TABLE 3 | The specific point accuracy of initial results.

Monitoring point Levelling alttude difference (m) DEM comparison altitude difference (m) Absolute deviation value (m) Error Ratio

A8 −0.016 −0.017 −0.001 6.25%
A12 −0.013 −0.030 −0.017 130.77%
A15 −0.019 −0.041 −0.022 115.79%
A16 −0.01 −0.019 −0.009 90.00%
A17 −0.023 −0.024 −0.001 4.35%
A18 −0.022 −0.016 0.006 −27.27%
A19 −0.018 0.002 0.02 −111.11%
A20 −0.009 −0.009 0 0.00%
A21 −0.013 0.004 0.017 −130.77%
B4 −0.018 −0.027 −0.009 50.00%
B5 −0.017 −0.008 0.009 −52.94%
B6 −0.015 −0.027 −0.012 80.00%
B7 −0.024 −0.027 −0.003 12.50%
B8 −0.023 −0.010 0.013 −56.52%
B9 −0.023 −0.001 0.022 −95.65%
B10 −0.016 −0.009 0.007 −43.75%
Root mean square error 0.013m

FIGURE 10 | Influence range of surface subsidence.
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ΔX = 381.4994
ΔY = 294.0328
ΔZ = −597.6798
W(x) = −16.070929
W(y) = −11.627451
W(z) = −22.172061
K = 0.0000328145

4.4 Data Conversion
The point cloud data of the second filtering and classification were
converted by using the obtained Bursa seven parameters, and the
point clouds of the converted period were superimposed with the
point clouds of the first period. Then, theM3C2 algorithm is utilized
to process the point clouds of the two periods to obtain subsidence
values of surface, and the surface subsidence quantities of four

FIGURE 11 | Sketch map of datum point. (A), (B), (C), (D), (E), and (F) are schematic locations of datum points 1,2,3,4,5, and 6, respectively.
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randomly selected points are 0.028, 0.0123, 0.034, and 0.025
respectively, of which the distribution of the four points is shown
in the following Figure 12. The quantity of surface subsidence
produced by this method is close to the level monitoring results,
but individual voids appear in the point cloud data after filtering and
classification, which cannot completely cover all the ground surface in
the survey area. In order to analyze the changes of surface subsidence
more comprehensively, the inverse distance interpolation algorithm is
used to interpolate the point cloud to construct the DEM and form a
ground elevation model covering all the ground surface.

4.5 DEM Overlay Analysis
TheDEMs formed by the point clouds of the two phases are shown in
Figure 13. Due to the small quantity of surface subsidence in this
measurement area, the maximum subsidence is 0.05m, and there is
no obvious area of subsidence change and subsidence basin
morphology after DEM overlay. In order to better display the
settlement changes, the surface road settlement values are extracted
along the strike and tendency of the two survey lines respectively.

5 RESULTS

5.1 Subsidence Curve
The specific extraction line of settlement value both in tendency
direction and strike direction is shown in Figure 13, and the
surface road subsidence value in the strike direction and tendency
direction is shown in Figure 14.

5.2 Accuracy Evaluation
Taking the leveling data as the criteria, the accuracy analysis of
the subsidence curve obtained by LiDAR data is analyzed. It is
found that the accuracy of subsidence value obtained by airborne
radar is high, and the error rate is significantly reduced. The
maximum error is only 0.014 m, and the minimum error is 0 m,
while the error rate is also significantly reduced, the maximum
error rate is 92.31%, and the minimum error rate is 0. The RMSE
is 0.008 m indicating that the data observation accuracy is high.
The specific point accuracy is shown in Table 5.

6 DISCUSSION

As one of the main geological hazards in mining areas, surface
subsidence caused by coal mining seriously affects prevention and

control of ecological environment and regional sustainable
development in mining areas, and the study of mining
subsidence has been a significant topic in academia (Ammirati
et al., 2020; Dong et al., 2021). The airborne LiDAR is an
important technical means for collecting large-scale and
continuously distributed three-dimensional geospatial
information. The characteristics of surface subsidence in the
mining area can be quickly obtained by superimposing multi-
period data. This is a new and reliable method of surface
subsidence measurement, which has the advantages of high
efficiency, low cost, high accuracy, etc., especially it can provide
an effective solution for subsidence measurement in complex areas
such as compound influence of multiple working surfaces, large
topographic undulations, swamps and deserts (Rose et al., 2013;
Peng et al., 2017). At the same time, the abundant laser wave can
more comprehensively and accurately express the shape of the
surface subsidence basin, and improve the authenticity of the
monitoring data (Ao et al., 2016); combined with its simple
operation mode that is easy to integrate with traditional aerial
photography, it shows the incomparable advantages of the
original surveying and mapping methods.

Previous studies have investigated measurement methods for
the observation of surface movement and deformation in coal
mines using airborne LiDAR (Ren et al., 2019). Many studies on
LiDAR for surface rock movement observation in coal mine can
be found in the literature, especially in Lu’s paper, where first
proposed the application of airborne LiDAR for movement
observation in coal mine (Lu, 2020). In the application, the
DEM model is mainly generated by using the point cloud, and
then the DEM model is utilized to and make a comparison to
derive the surface subsidence basin. The method proposed in this
paper is different from the existing ones. Firstly, the point cloud
data were filtered to obtain the ground point cloud data; Secondly,
the method of seven-parameter transformation was used for the
first time to align the point cloud data of the two phases, and the
second phase point cloud data were obtained after data
conversion, which reduced the relative error of the point cloud
data of the two phases and thus realized the data alignment of the
point cloud data of the two phases; Then, the inverse distance
weighted interpolation algorithm is used to process the point
cloud data and obtain the DEM models of the two phases (Chen
et al., 2020); Next, the DEM data of the two phases are
superimposed to obtain the morphology of the subsidence
basin. Finally, a detailed experimental evaluation of the

TABLE 4 | Datum point coordinates.

Point numbe Point cloud coordinates in the first phrase Point cloud coordinates in the second phrase

X Y h X Y h

K1 3***387.439 4***59.4719 *72.4523 3***387.441 4***59.525 *72.4797
K2 3***263.939 4***00.9203 *95.6625 3***263.956 4***00.967 *95.6666
K3 3***167.632 4***76.0046 *76.5446 3***167.656 4***76.045 *76.5387
K4 3***748.012 4***56.9606 *52.2572 3***748.028 4***56.957 *52.2337
K5 3***791.658 4***53.2065 *51.6157 3***791.656 4***53.200 *51.6101
K6 3***827.025 4***22.9814 *52.9905 3***827.015 4***22.976 *52.9931
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obtained subsidence basins was carried out by using the levelling
results.

The results of this study show that the method achieves high
accuracy through processing point cloud, indicating that this reduces
the absolute elevation accuracy of the point cloud data and thus
improves the reliability of the relative elevation accuracy. This research
proposes a method of point cloud data alignment utilizing the

probability integration for the first time. Firstly, the probability
integral method was used to calculate the expected extent of
subsidence in accordance with the parameters of rock movement
provided by the mine, and it was concluded that mining on the coal
seamwould affect the extent boundary. Secondly, outside the scope of
mining influence, six datum points were selected, the datum point
coordinate data of the two-period point cloud were obtained

FIGURE 12 | Subsidence values of surface.

FIGURE 13 | DEM fromed by the processed point cloud. (A) DEM of Phase I; (B) DEM of Phase II.
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respectively, and the seven parameters for the transformation of the
two periods of point cloud data were further calculated. Next, the
seven parameters are used to transform the coordinates of the point
cloud data in the second phase, so that the height difference between

the two phases of point cloud data in the zero-deformation region
tends to zero, which reduces the errors in data acquisition and
processing, and enables the point cloud data in two phases to
achieve high-precision alignment. After alignment, the height

FIGURE 14 | Surface road subsidence value. (A) Subsidence value in the tendency direction (B) Subsidence value in the strike direction.

TABLE 5 | The specific point accuracy of results.

Monitoring point Levelling altitude difference(m) DEM comparison altitude difference(m) Absolute deviation value (m) Error Ratio

A8 −0.016 −0.003 0.013 −81.25%
A12 −0.013 −0.003 0.010 −76.92%
A15 −0.019 −0.025 −0.006 31.58%
A16 −0.01 −0.009 0.001 −10.00%
A17 −0.023 −0.022 0.001 −4.35%
A18 −0.022 −0.012 0.01 −45.45%
A19 −0.018 −0.009 0.009 −50.00%
A20 −0.009 −0.009 0 0.00%
A21 −0.013 −0.025 −0.012 92.31%
B4 −0.018 −0.015 0.003 −16.67%
B5 −0.017 −0.02 −0.003 17.65%
B6 −0.015 −0.017 −0.002 13.33%
B7 −0.024 −0.026 −0.002 8.33%
B8 −0.023 −0.014 0.009 −39.13%
B9 −0.023 −0.009 0.014 −60.87%
B10 −0.016 −0.003 0.013 −81.25%
Root mean square error 0.008 m
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difference between the two-phases point cloud data in the non-
deformed area is about 0.0034m.

In this paper, 16 leveling observation points are selected to evaluate
the accuracy of the results. The results show that the accuracy of the
data obtained by the proposed data registration method has been
significantly improved, and themaximum error value is reduced from
0.022m to 0.014m; the maximum error rate is decreased from
130.77% to 92.31%; the RMSE is increased from 0.013m to
0.008m. Besides, the surface subsidence model obtained by
airborne LiDAR restores the state of surface buildings more
accurately and obtains the surface subsidence more accurately.
Therefore, this method effectively improves the robustness of
LiDAR data and improves the recognition ability of airborne Lidar
for small deformation regions.

Nevertheless, there are technical and operational limitations of
UAV in urban area in particular. The achieved resolution of the
orthomosaic depends on the flight height. The flight height is
restricted by the type of UAV (i.e., helicopter or fixed wing), the
aviation regulations and air traffic control considerations, and the
target land surface geometry and surface cover. A further issue related
to topographical change and features blockage: Firstly, the occurrence
of point cloud density inhomogeneities subject to the variation of the
advancing speed and the altitude at which the LiDAR system is
located, and the image of the undulations of the ground surface.
Secondly, although electromagnetic waves have a certain penetration
for specific surface features, most features have absorption and
blocking effects on laser pulses, and when there are more surface
features, the phenomenon of missing surface points will occur.
Moreover, the topographic undulations and complex structure of
the features to a certain extent lead to the filtering algorithm being
sensitive to changes in parameter thresholds, resulting in serious
misclassification and reduced achievements precision (Lee and
Park, 2019). Finally, the presence of scattered clouds and airborne
particles can cause refraction of laser pulses, generating in point cloud
noise or data loss, which increases the difficulty of point cloud data
processing (Dalla Corte et al., 2020).

7 CONCLUSION

In this paper, data registration of multi-period point cloud based on
seven-parameter model is proposed for mining subsidence using
airborne LiDAR, and a ground level monitoring network is
constructed to verify the feasibility of the scheme. The probability
integral method is used to predict the mining subsidence, and then

the seven parameters of themodel conversion are calculated by using
the datumpoints of the non-affected area of the working facemining
to convert the multi-phase point cloud. Finally, the DEM model
generated by the point cloud data is superimposed to do the
difference to obtain the surface subsidence model. This method
has been proved effective in different data sets and under different
conditions. This method effectively weakens the errors in the process
of collecting the flight data, such as aircraft vibration caused by
airflow, atmospheric refraction during laser propagation, etc. Field
experiments show that the method availably improves the results of
airborne LiDAR data measurement, and the RMSE is increased
from 0.013 m to 0.008 m, the maximum error value is reduced to
0.014 m which realizes the breakthrough of the monitoring
ability of the airborne LiDAR deformation to millimeter level
and greatly enhances the monitoring capability of airborne
LiDAR for weak deformation. The method is also applicable
to other applications of airborne LiDAR measurement, such as
urban building deformation monitoring, foundation pit
monitoring (Wang, 2011; Kong, 2021).
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