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Abstract

:

Over-exploitation of coal mines leads to surface subsidence, surface cracks, collapses, landslides, and other geological disasters. Taking a mining area in Nalintaohai Town, Ejin Horo Banner, Ordos City, Inner Mongolia Autonomous Region, as an example, Sentinel-1A data from January 2018 to October 2019 were used as the data source in this study. Based on the high interference coherence of the permanent scatterer (PS) over a long period of time, the problem of the manual selection of ground control points (GCPs) affecting the monitoring results during refinement and re-flattening is solved. A DInSAR-PS-Stacking method combining the PS three-threshold method (the coherence coefficient threshold, amplitude dispersion index threshold, and deformation velocity interval) is proposed as a means to select ground control points for refinement and re-flattening, as well as a means to obtain time-series deformation by weighted stacking processing. A SBAS-PS-InSAR method combining the PS three-threshold method to select PS points as GCPs for refinement and re-flattening is also proposed. The surface deformation results monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods are analyzed and verified. The results show that the subsidence location, range, distribution, and space–time subsidence law of surface deformation results obtained by DInSAR-PS-Stacking, SBAS-PS-InSAR, and GPS methods are basically the same. The deformation results obtained by these two InSAR methods have a good correlation with the GPS monitoring results, and the MAE and RMSE are within the acceptable range. The error showed that the edge of the subsidence basin was small and that the center was large. Both methods were found to be able to effectively monitor the coal mine, but there were also shortcomings. DInSAR-PS-Stacking has a strong ability to monitor the settlement center. SBAS-PS-InSAR performed well in monitoring slow and small deformations, but its monitoring of the settlement center was insufficient. Considering the advantages of these two InSAR methods, we proposed fusing the time-series deformation results obtained using these two InSAR methods to allow for more reliable deformation results and to carry out settlement analysis. The results showed that the automatic two-threshold (deformation threshold and average coherence threshold) fusion was effective for monitoring and analysis, and the deformation monitoring results are in good agreement with the actual situation. The deformation information obtained by the comparison, and fusion of multiple methods can allow for better monitoring and analysis of the mining area surface deformation, and can also provide a scientific reference for mining subsidence control and early disaster warning.
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1. Introduction


Coal mine resources play an important role in China’s energy resources. The large-scale exploitation of coal mine resources has promoted the development of China’s economy, but it has also caused some ecological environment and surface subsidence problems [1,2,3,4]. Land subsidence caused by coal mining is a destructive disaster that often occurs in mining areas and is one of the most severe geological disasters in China [1,5]. Large-scale underground coal mining can cause the formation of underground cavities, which can lead to the loss of support for rocks and soils, resulting in ground subsidence and sinking. During the subsidence process, substances such as groundwater, sediment, and coal seams are squeezed and displaced, causing the appearance of depressions and funnel-shaped pits on the surface, known as ground subsidence funnels [6]. Coal mining can also cause changes in geological stress, resulting in the formation of cracks and faults in rock layers, which may trigger ground fissures. These cracks may expand and lead to geological disasters such as ground collapse [7,8]. The large-scale mining of underground coal mines can lead to the occurrence of surface subsidence funnels, ground cracks, and collapses in mining areas, which cause certain safety hazards and affect the local ecological environment and the safety of the surrounding residents. Identifying the causes and risks of surface subsidence by means of monitoring and analyzing the surface deformation of mining areas is of great significance for protecting residents and the safety of their properties, as well as mining subsidence disaster warnings, control, and management [9,10].



Interferometric synthetic aperture radar technology (InSAR) is a new all-weather, all-time Earth observation method [11,12,13,14,15,16]. With the rapid development of differential interferometric synthetic aperture radar (DInSAR) technology, radar line-of-sight deformation can be obtained up to the millimeter level [17,18]. DInSAR technology has been used to monitor mining subsidence and related research [19]. Berardino et al. proposed small baseline subset InSAR (SBAS) technology, which uses small baseline combinations for measurement, and uses the singular value decomposition (SVD) method to calculate multiple small baseline combinations to effectively obtain deformation information on time series [20,21,22,23]. Stacking-InSAR technology is one of the relatively simple time-series InSAR technologies. Specifically, it refers to the linear superposition and weighted average of multiple unwrapped differential interferometry pairs during the study period, which obtains more accurate deformation information [24,25,26,27,28]. Ferretti et al. proposed persistent scatterer InSAR (PS-InSAR) technology. In the long time series of SAR images, the points with high coherence and stability are selected as PS point targets, and then the phase characteristics of these target points are analyzed, and the corresponding atmospheric phases are separated to obtain relatively accurate surface subsidence information [29,30,31,32]. Guo Shanchuan et al. used DInSAR technology to effectively monitor and verify the mining area of the Loess Plateau with complex and dangerous terrain [33]. Xia Yuanping et al. combined DInSAR and GIS technology to identify illegal underground mining in the Shanxi Yangquan mining area and provided technical support for monitoring underground mining [34]. Li Da et al. used SBAS-InSAR technology to monitor and analyze the time-series deformation of the Yulin mining area [35]. Ma Fei et al. introduced SBAS-InSAR technology to the Ningdong mining area for monitoring, and compared the subsidence value of ground monitoring points in the Shigouyi coal mine with GPS monitoring values, revealing the effectiveness of SBAS-InSAR technology for mining area subsidence monitoring [36].



The InSAR method has achieved remarkable results in monitoring mining deformation, and different methods show their own advantages. Researchers in China and abroad have carried out relevant research on comparisons between and combinations of various InSAR methods for mining area deformation monitoring and analysis [28,37,38,39]. For example, Wei Jicheng et al. [40] combined DInSAR and PS-InSAR technology to effectively monitor mining subsidence in the Ordos area in the north of the Shendong mining area, revealing the space–time evolution process of surface deformation in this area. Depin Ou et al. [41] combined DInSAR and pixel offset tracking methods to monitor coal mine deformation. The selection of ground control points (GCP) used for refinement and re-flattening in InSAR processing is crucial for deformation inversion. Some scholars have used the PS points obtained by PS-InSAR as ground control points in the SBAS-InSAR method to monitor surface deformation [42,43] and compared this with the traditional time-series InSAR method to verify its feasibility and improve the deformation accuracy. As mentioned above, combining the advantages of various InSAR methods can allow for more effective monitoring of the deformation of mining areas.



The limitations of some InSAR technologies should be considered, for example, SBAS-InSAR is insufficient in monitoring the subsidence center of large subsidence and areas with poor coherence, but it is better for monitoring small deformations. In this study, a mining area in Nalintaohai Town, Ejin Horo Banner, Ordos City, Inner Mongolia Autonomous Region, was selected as the study area, and Sentinel-1A data were used as the data source. The improved DInSAR-PS-Stacking and SBAS-PS-InSAR methods are proposed as a means to improve the inversion accuracy by combining the PS three-threshold method (coherence coefficient threshold, amplitude deviation index threshold, and deformation velocity interval) to select ground control points. The time-series deformation results obtained from the DInSAR-PS-Stacking and SBAS-PS-InSAR methods were compared, verified, and analyzed. The ground displacement time series were fused using the OTSU (Otsu 2007, named after the author) [44] automatic extraction method with two thresholds (the deformation and the average coherence threshold). The deformation analysis and subsidence rule of the mining area were studied in relation to the time-series deformation results after fusion. The fusion of multiple InSAR methods can allow us to overcome the shortcomings of individual deformation monitoring methods and obtain more complete and accurate deformation results. This study provides a scientific basis and technical support for mining subsidence prevention and sustainable development.




2. Materials and Methods


2.1. Study Area


The object of this study is a coal mine in Nalintaohai Town, Ejin Horo Banner, Ordos, Inner Mongolia Autonomous Region. Located at the north end of the Loess Plateau, the landform has been severely cut after long-term rain erosion, forming a standard beam and hilly platform, and its surface vegetation mostly consists of semi-barren areas. The coal mine is in the local village, the terrain is high in the north and low in the south, where it is relatively flat. The coal mine is close to the traffic line, and the traffic is relatively convenient. The location belongs to the temperate continental monsoon climate, and the temperature changes significantly in the four seasons of the year, with a large temperature difference. The annual average precipitation is low, and the precipitation is mostly concentrated between July and August, and the climate is dry. Its geographical location and scope are shown in Figure 1.



The geological structure of the working face is simple: the elevation of the coal seam floor is 1060~1075 m, the ground elevation is 1193.8~1260 m, the thickness of the overlying bedrock of the 4-2 coal seam is 120~140 m, and the thickness of the loose layer is 20~45 m. The mining period was from 1 January 2018 to 30 September 2019.




2.2. Data


The experimental data involved in this study are as follows: (1) Sentinel-1A provided C-band synthetic aperture radar data [45], and the satellite revisit period was 12 days/time. The data obtained in this study were 52 scenes of Sentinel-1 A satellite image data from 6 January November 2018 to 4 October 2019. Based on these data, the target area was analyzed, and these data types were SLC. The data was downloaded from the ASF Data Search (URL: https://search.asf.alaska.edu/, accessed on 8 February 2023). (2) SRTM DEM, which are released by NASA of the United States, with a ground resolution of 30 m [46]. POD precise orbit ephemerides were provided by ESA. The main parameters are shown in Table 1 and Table 2.




2.3. Methods


The deformation monitoring and analysis of the mining areas based on InSAR proposed in this study are divided into seven main steps:




	(1)

	
Data preprocessing. Select the required 52 Sentinel-1A image data, DEM data, and orbit data. Data clipping and baseline estimations are performed according to the scope of the study area.




	(2)

	
Ground control points (GCPs) screening. The obtained 52 Sentinel-1A SAR image data are processed using the PS-InSAR three-threshold method (the coherence coefficient threshold, amplitude dispersion index threshold, and deformation velocity interval) to obtain stable and qualified PS points as ground control points.




	(3)

	
DInSAR-PS-Stacking processing. The GCPs selected using the PS-InSAR three-threshold method are used for the refinement and re-flattening step of DInSAR-PS-Stacking processing, and then the cumulative time-series deformation phase information is obtained by weighted stacking; finally, the time-series cumulative deformation results are obtained.




	(4)

	
SBAS-PS-InSAR processing. The GCPs selected using the PS-InSAR three-threshold method are used for the orbit refinement and re-leveling steps of SBAS-InSAR processing, and then the time-series deformation information is obtained by deformation inversion.




	(5)

	
Comparative verification and analysis. The deformation information monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods are compared and analyzed according to comparative validation and the deformation results.




	(6)

	
DInSAR-PS-Stacking and SBAS-PS-InSAR fusion. The time-series deformation information of these two methods is fused using the two-threshold method (OTSU method sets the average coherence threshold and deformation threshold), and the time-series deformation information after fusion is obtained for complementary advantages.




	(7)

	
Deformation analysis after fusion. The settlement analysis of the fused deformation results obtained by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods provides a scientific reference for coal mining subsidence control and disaster warning.



The technical flow of the data processing is shown in Figure 2.









2.3.1. Ground Control Point Screening


The ground control points (GCPs) were used for refinement and re-flattening to estimate and remove the residual constant phase and residual phase ramp after unwrapping to improve the accuracy of deformation monitoring. The GCPs should be located in a flat terrain, with no phase jump, and far away from the deformation zone. Manual selection of the GCPs causes large errors. Therefore, we propose a method based on permanent scatterers (PS) to determine the GCPs. Firstly, the PS point targets with high coherence coefficients were identified using the coherence coefficient threshold method. Then, the amplitude deviation index threshold was set to further screen the PS points with strong, stable scattering as the target. Finally, a deformation velocity interval was set to select the final PS points [47].



	(1)

	
Coherence coefficient method







The coherence coefficient is an important index used to measure the interference quality of interference image pairs. It is mainly used to describe the similarity between the master and slave images in the same area [48]. The expression of the coherence coefficient is:


  γ =       ∑  i = 1  m     ∑  j = 1  n   M ( i , j ) ⋅  S ∗  ( i , j )             ∑  i = 1  m     ∑  j = 1  n       M ( i , j )    2      ⋅   ∑  i = 1  m     ∑  j = 1  n        S ∗  ( i , j )    2           



(1)




where  M  is the master image,  S  is the slave image, and  ∗  is the conjugate multiplication. After calculating the value of each pixel, the average value   γ ¯   of each pixel in the time series is obtained:


   γ ¯  =  1 N    ∑  i = 1  N    γ i     



(2)







In general cases, the larger the  γ  value, the more stable the pixel, the lower the noise, and the better the interference phase quality. The coherence threshold is set, and when the   γ ¯   value of a pixel point is greater than that of the threshold, it is determined to be an effective PS point [49].



	(2)

	
Amplitude dispersion index method







Ferretti et al. proposed that the stability of the interference phase can be measured by the time series of the amplitude information in the pixel [50]. R and I represent the real and imaginary parts of the image, respectively. If there is Gaussian noise with the standard deviation of    σ n   , the amplitude value A obeys the Rice distribution [51]:


   f A  ( a ) =  a   σ n 2     I 0      a g    σ n 2       e  −    a 2  +  g 2    2  σ n 2      , a > 0  



(3)







In the above formula,  g  is the target reflection, and   g > 0  ,    I 0    is a Bessel function. When the signal-to-noise ratio    g /   σ n      is small, the Rice distribution evolves into the Rayleigh distribution. In the high-SNR target (   g /   σ n    > 4  ), the distribution tends towards a Gaussian distribution [42]. Therefore, when    σ n  ≪ g  , the phase dispersion index can be estimated by the amplitude dispersion index:


   σ v  ≅    σ  n I    g  ≅    σ A     m A    ≜  D A  =    σ A     μ A     



(4)







In the above formula,    σ v    is the phase dispersion index;    σ  n I     is the standard deviation of the imaginary part;    μ A    and    σ A    are the mean and standard deviation of the time series amplitude, respectively; and    D A    is the amplitude dispersion index.



This method selects stable PS points by comprehensively considering the coherence coefficient, amplitude deviation index, and deformation velocity via PS-InSAR processing. Firstly, the pixels with high coherence were selected as PS points by the coherence coefficient method. The coherence threshold was set to 0.95, and the pixels with a coherence higher than that of the threshold were selected as PS points. Secondly, the PS points with a stable phase were further selected by the amplitude dispersion method, and the amplitude dispersion index threshold was set to 0.40. The PS points were selected if the amplitude dispersion index was lower than that of the threshold. Finally, the PS points were determined by the deformation velocity interval, and the deformation velocity interval was set to be [−1 mm/a, 1 mm/a]. Based on the three-threshold method described above, a total of 21 eligible PS points were selected as ground control points (GCPs) for refinement and re-flattening, so as to obtain more accurate surface deformation monitoring results.




2.3.2. DInSAR-PS-Stacking Processing


We selected multiple SAR images at different times in the same area from 6 January 2018 to 4 October 2019. Using the DInSAR-PS-Stacking method, we first preprocessed them by registration and multi-look processing (range/azimuth = 5:1). Then, the two–two interference processing was performed to generate the time-series interferogram, which was processed using the external DEM data to obtain the time-series differential interferogram, and then processed by filtering (Goldstein filtering), phase unwrapping (minimum cost flow method (MCF)), and other data processing steps. The GCPs obtained using the PS-InSAR three-threshold method was used for refinement and re-flattening, and then weighted stacking, phase-to-displacement conversion, and geocoding were performed [52,53] to obtain the accumulated time-series surface deformation information.



The interference phase  φ  is expressed as:


  φ =  φ  f l a t   +  φ  t o p o   +  φ  d e f   +  φ  a t m   +  φ  n o i s e   +  φ  o r b i t    



(5)







In the above formula:    φ  f l a t     is the flat phase, which can be removed by accurate calculation of the baseline length;    φ  t o p o     is the topographic phase, which can be removed by the DEM data simulation;    φ  a t m     and    φ  n o i s e     are the atmospheric delay and noise phase, respectively, which can be reduced by filtering;    φ  o r b i t     is the phase caused by the orbit error, which can be eliminated using precise orbit data of the image pair; and    φ  d e f     is the deformation phase.



The deformation variable calculated by the deformation phase is expressed as:


  Δ r = −  λ  4 π    φ  d e f    



(6)







In the above formula,   Δ r   is the deformation variable of the ground target in the direction of the radar line-of-sight (LOS);  λ  is the working wavelength of the radar sensor, 5.6 cm; and    φ  d e f     is the phase of the LOS surface deformation.



In this study, the PS points were selected using the PS-InSAR three-threshold method for conversion into GCPs for refinement and re-flattening so as to remove orbit errors and residual phases and to improve inversion accuracy. The unwrapping phases after refinement and re-flattening were stacked to reduce errors. The cumulative time-series subsidence maps of the study area were obtained by phase-to-displacement conversion, geocoding, and clipping.




2.3.3. SBAS-PS-InSAR Processing


SBAS-InSAR technology is one of the branches of time-series InSAR technology [54]. The SBAS-PS-InSAR method is an improvement of the SBAS-InSAR method. According to the spatio-temporal baseline threshold, all the SAR images from the same area are divided into several small baseline sets. The least squares method solves the deformation phase of each set. All the small baseline sets are connected, and the least squares solution, in the sense of the minimum norm of the deformation phase, is obtained by singular value decomposition (SVD) [55].



Basic principle:   N + 1   SAR images are selected according to the time sequence, and one scene is selected as the super master image, which is registered and resampled with other  N  SAR images [56]. According to the space–time baseline threshold,  M  differential interference pairs are obtained, where  M  is:


    N + 1  2  ≤ M ≤     N + 1  2    N  



(7)







Assuming that the   j − t h   j = 1 , 2 , … M     interferogram is at time    t A    and    t B      (  t B  >  t A  )  , the phase value of the pixel   (  x , y  )   can be expressed as Equation (8).


    δ  φ j  (  i , j  )   = φ (  t B  , x , y ) − φ (  t A  , x , y )      ≈   4 π  λ  [ d (  t B  , x , y ) − d (  t A  , x , y ) ] +  φ  topo   (  x , y  ) +  φ  o r b   +  φ  r e s   (  x , y  )    



(8)







In the above formula,   d (  t A  , x , y )   and   d (  t B  , x , y )   are the LOS directional variables of the pixel at time    t A    and    t B    relative to the initial time;    φ  topo   (  x , y  )   is the topographic phase error caused by elevation data;    φ  o r b     is the orbit error phase; and    φ  r e s   (  x , y  )   is the residual phase.



The topographic phase and flat phase were removed using external DEM data and geometric imaging relationships. Then, the required deformation phase information was obtained by filtering and phase unwrapping; the stable PS points obtained using the PS-InSAR three-threshold method were used as GCPs for refinement and re-flattening to further correct the deformation phase and improve the subsequent in-version accuracy. If   d (  t 0  , x , y ) = 0  , the corresponding time-series phase is:


  φ (  t i   , x , y  ) ≈   4 π  λ  d (  t i   , x , y  )  



(9)







The temporal deformation phase sequence of the pixel to be solved can be expressed as:


  φ =   [ φ (  t 1  ) , … φ (  t N  ) ]  T   



(10)






   δ φ =   [ δ φ (  t 1  ) , … δ φ (  t N  ) ]  T     



(11)







The primary image and the secondary image sequences arranged in chronological order are represented by sets   I E = [   I E  1  ⋯   I E  M  ]   and   I S = [   I S  1  ⋯   I S  M  ]  , respectively, and satisfy     I E  j  >   I S  j  ( j = 1 , 2 , … , M )  . Then, all the differential phases can be expressed as:


  δ  φ j  = φ (  t    I E  j    ) − φ (  t    I S  j    ) , ( j = 1 , 2 , … , M )  



(12)







Converting it to a matrix form, it can be expressed as:


  A φ = δ φ  



(13)







In the above formula,  A  is the coefficient matrix. When all the interference pairs belong to a subset, the rank of  A  is   N ( M ≥ N )  , which can be obtained by the least square method:


   φ ^  =  A +  δ φ ,  A +  =   (  A T  A )   − 1    A T   



(14)







In actual processing,  A  is mostly a non-full rank matrix and    A T  A   is a singular matrix, so there are numerous solutions, which are solved by SVD.


  A =   U S V  T   



(15)







Finally, the phase-change velocity  V  is solved. After the phase-change velocity is solved, the cumulative deformation can be calculated by integrating the phase-change rate in the corresponding time period [57], so as to obtain the time-series deformation.



The SBAS-PS-InSAR method selected one of the images as the super primary image, and the remaining images were secondary images. The connection graph was determined using the spatio-temporal baseline threshold, and the deformation monitoring accuracy was improved with the reduction in the spatio-temporal baseline [58]. The spatio-temporal baseline thresholds were set to 2% and 70 days of the maximum critical baseline, respectively, and the image interference pairs were generated according to the principle of a small baseline set. The interference processing included the removal of the flat phase and topographic phase, the generation of a differential interferogram, Goldstein filtering, and minimum cost flow method (MCF) phase un-wrapping. The PS-InSAR three-threshold method was used to automatically select the PS points for the GCPs for refinement and re-flattening, to estimate and remove the residual constant phase and phase ramp after unwrapping, and to reduce orbit errors and improve the inversion accuracy. Then, we estimated and removed the residual terrain phase and time low-pass phase and performed secondary phase unwrapping on the residual part. The average deformation velocity and elevation topography were inverted. Then, the phase time series was filtered by atmospheric space–time filtering to filter out the atmospheric delay phase [59]. Finally, phase-to-displacement conversion, geocoding, and clipping were used to obtain the cumulative time-series deformation sequence of the study area.




2.3.4. DInSAR-PS-Stacking and SBAS-PS-InSAR Fusion


The cumulative time-series deformations monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods were compared and analyzed, and the monitoring ability and the advantages and disadvantages of these two methods for surface deformation in the goaf of the working face were studied. The SBAS-InSAR method performs poorly in areas with large subsidence gradients and poor coherence, but it can achieve higher accuracy in subsidence edge regions. On the contrary, the DInSAR method performs well in subsidence central areas and can achieve higher accuracy, but its accuracy is relatively low in subsidence edge regions [60,61]. In this study, the DInSAR-PS-Stacking method can obtain the cumulative subsidence in the center area with a large motion gradient, and SBAS-PS-InSAR can more accurately monitor slow and small deformations. Therefore, OTSU threshold segmentation is used to automatically extract double thresholds (coherence coefficient threshold and deformation threshold) to fuse the simultaneous cumulative time-series deformations obtained by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods.



Firstly, the coherence maps were obtained using Formula (1) in the coherence coefficient method, and then the multi-temporal average coherence maps were obtained using Formula (2).



Secondly, OTSU was used to automatically obtain the threshold of the time series average coherence map. If the coherence is less than the threshold, the cumulative deformation result of DInSAR-PS-Stacking is fused, and the cumulative deformation result of fused SBAS-PS-InSAR with coherence greater than or equal to the threshold is fused.



Thirdly, on this basis, the OTSU method is used to extract the deformation threshold of the cumulative deformation results monitored by DInSAR-PS-Stacking. When the cumulative deformation is less than the threshold, it is the settlement center deformation with a large settlement gradient, and it is fused with the cumulative deformation map after the fusion in the previous step; finally, the cumulative time series deformation results after the fusion is obtained.



The problems of SBAS-PS-InSAR monitoring having an insufficient subsidence center and DInSAR-PS-Stacking monitoring having poor subsidence edge accuracy are solved, and the subsidence of the working face goaf is further studied and analyzed.






3. Results and Analysis


3.1. Analysis of Refinement and Re-Flattening Results


In this study, the above DInSAR-PS-Stacking and SBAS-PS-InSAR methods were used to process 52 scenes of SAR image data covering a coal mine in Nalintaohai Town, Yijinhuoluo Banner, Ordos City, Inner Mongolia Autonomous Region, from 6 January 2018 to 4 October 2019. Refinement and re-flattening are important steps in InSAR technology, which play an important role in improving the accuracy and reliability of measurement. It is necessary to select ground control points for refinement and re-flattening to determine the position and elevation information of satellite orbit and terrain for improving measurement accuracy and eliminating the influence of non-surface deformation factors. The ground control points are selected in areas with high coherence, flat terrain, no phase jump and deformation stripes. The stable PS points selected by the PS-InSAR three-threshold method basically meet the selection requirements of ground control points. The PS points obtained by the PS-InSAR three-threshold method are used as ground control points for refinement and re-flattening. We selected the representative results of differential interference and unwrapping. Figure 3 shows the differential interferogram after refinement and re-flattening and the phase diagram after unwrapping. It can be seen that the effect after processing is very good, and the root mean square error is within 15 or even 10. The results of other differential interference and unwrapping after refinement and re-flattening are also better, and the root mean square errors basically satisfy the requirements. The differential interferogram and phase unwrapping diagram after refinement and re-flattening are relatively smooth, with less noise, no obvious slope or step-like phase deviation, and the deformation area can be clearly seen and is more consistent. The differential interferogram and phase unwrapping diagram after data processing at different times have a more obvious deformation area, the positions are relatively close, and there is a certain repeatability and space–time continuity. Through the PS-InSAR three-threshold method, the stable PS points are selected as ground control points for refinement and re-flattening, which can correct the satellite orbit and phase offset and effectively eliminate the influence of orbit phase. This method basically meets the selection requirements of ground control points and meets the research needs of deformation monitoring.




3.2. Monitoring and Analysis of DInSAR-PS-Stacking and SBAS-PS-InSAR


In this study, the DInSAR-PS-Stacking and SBAS-PS-InSAR methods were combined and compared to monitor the surface subsidence of a mining area in Nalintaohai Town, Yijinhuoluo Banner, Ordos City, Inner Mongolia Autonomous Region, from 6 January 2018 to 4 October 2019. After that, the monitoring deformation results were verified and analyzed. The proposed method improved the inaccuracy of mining area monitoring using the single-InSAR method, improved the accuracy and integrity of deformation monitoring in the mining area, reduced the atmospheric error, improved the monitoring effect, and was conducive to the efficient identification of goaf in the mining area. Figure 4 shows the average annual displacement velocity of the coal mines monitored using SBAS-PS-InSAR. Figure 5 shows the comparison of the monitoring results of the DInSAR-PS-Stacking and SBAS-PS-InSAR methods in the same period.



Coal mining often produces large subsidence in a short time, which can lead to loss of coherence. SBAS-PS-InSAR cannot select high-coherence points in the mining subsidence center, which leads to loss of information.



It can be noticed from the surface subsidence results shown in Figure 4 and Figure 5 that from 6 January 2018 to 4 October 2019, both the DInSAR-PS-Stacking and SBAS-PS-InSAR methods monitored obvious subsidence funnels, which extended around the center of the subsidence funnel and were gradually distributed as strip. The subsidence range gradually extends from north to south along the working face, which is consistent with the advancement of mining progress. In the mining face area, there was basically no settlement at the beginning. With the advancement of mining progress, the settlement gradually increased, and then gradually stabilized. The subsidence change in the mining face is closely related to the advancement of mining progress. The position and spatio-temporal changes in the monitored mining subsidence basin were basically the same, which were highly consistent with the actual mining area. These two methods reveal that the ground subsidence in the mining area of the coal mining working face is gradually increasing, and the coal mine has been mined in large quantities, resulting in large-scale ground subsidence. As the mining intensity increased, the subsidence range spread around the center of the subsidence funnel. For the mining area, the maximum cumulative subsidence monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods was −131.4 mm and −96.2 mm, respectively. The annual average maximum subsidence velocity obtained by SBAS-PS-InSAR method was −59.3 mm/year. Overall, the two methods used to monitor coal mine surface subsidence locations, scope, distribution, and temporal and spatial subsidence laws showed a high degree of agreement. However, the specific analysis showed that: (1) in the same time period, the monitored cumulative subsidence using DInSAR-PS-Stacking is larger than that of SBAS-PS-InSAR, and that (2) in the area with a large subsidence gradient (such as the subsidence center) and poor coherence, DInSAR-PS-Stacking was able to monitor the subsidence information, while SBAS-PS-InSAR technology failed to effectively monitor the subsidence information, causing the obtained cumulative time-series subsidence map to be lacking.



Through the cumulative time-series subsidence map obtained using the DInSAR-PS-Stacking and SBAS-PS-InSAR monitoring methods, the time-series analysis and comparative verification of the selected four subsidence points were carried out. The location of the deformation monitoring point is shown in Figure 1c. Point 1 is at the starting position of the mining face and also at the edge of the settlement. Point 6, point 12, and point 22 are located in the larger settlement area. The large settlement area of the mining face in the mining area is more significant, and the settlement in most areas is larger considering the SBAS-PS-InSAR monitoring results are partially missing and the location of the GPS monitoring points. These four points can be used as a representation of the subsidence of the mining face, which can better reflect the deformation of the mining face and the surrounding ground. Choosing these points can make people better understand the subsidence near the mining face.



As shown in Figure 6, in the goaf of the coal mine’s working face, it can be seen that the four characteristic subsidence points monitored using these two methods were basically the same for the overall subsidence trend. The DInSAR-PS-Stacking and SBAS-PS-InSAR methods both accurately monitor the temporal subsidence trends of the ground surface, which are consistent with GPS measurements. The settlement curves of the three show similar trends. However, the DInSAR-PS-Stacking method detects a greater amount of subsidence compared with the SBAS-PS-InSAR method. Taking Figure 6d as an example, the time-series settlement plot of this point shows the following information: from 6 January 2018 to 29 July 2018, the settlement was relatively small and changed slowly, with a slight downward trend. A significant settlement change occurred between 29 July 2018 and 27 September 2018. After 27 September 2018, although settlement still occurred, the settlement trend became relatively flat. In summary, this point experienced two different settlement stages during the observation period, with relatively slow settlement changes in the early and late stages and a significant change in the middle stage. The time series subsidence trend of Figure 6d is related to the mining progress. In Figure 6, it can be seen that the time series change basically shows a sinking trend. The time series settlement trend is basically that the settlement in the early and late stages is small and gentle, and the settlement in the middle stage is obviously larger, but the large settlement inflection point in the middle stage of each figure is different. The time of this inflection point is related to the degree of mining advancement.



The settlement point in Figure 6a is at the edge of the settlement, and the settlement points in Figure 6b–d are close to the large settlement center. In Figure 6a, the time series subsidence monitored by the SBAS-PS-InSAR method is closer to the GPS-measured time series subsidence. The time-series subsidence monitored by the DInSAR-PS-InSAR method in Figure 6b–d is closer to the GPS-measured time-series subsidence. In contrast, the SBAS-PS-InSAR method is more suitable for monitoring the slow and small deformation of the edge of the mining area, and its monitoring settlement is closer to the GPS-measured results. The DInSAR-PS-Stacking method is more suitable for monitoring the deformation of the large subsidence area in the mining area, and its monitoring subsidence and subsidence trend are closer to the GPS-measured results. Combining or fusing the DInSAR-PS-Stacking method and the SBAS-PS-InSAR method can better monitor the surface subsidence of the mining area and improve the monitoring accuracy and ability.



This paper compares and analyzes the correlation between the monitoring results of the DInSAR-PS-Stacking and SBAS-PS-InSAR methods and GPS monitoring results at four subsidence feature points. Pearson correlation coefficient is used to measure the strength of the linear relationship between the two, with a higher coefficient (closer to 1) indicating a more consistent subsidence trend. Figure 7 shows a comparison with the correlation diagrams of settlement curves measured by DInSAR-PS-Stacking, SBAS-PS-InSAR, and GPS. The time-series subsidence results monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods were compared with GPS monitoring results, and indicators such as Pearson correlation coefficient, mean absolute error (MAE), and root-mean-square error (RMSE) were calculated, verified, and analyzed. Table 3 shows the comparison and verification of the DInSAR-PS-Stacking time series settlement results and the GPS monitoring results. Table 4 shows the comparison and verification of the SBAS-PS-InSAR time series settlement results and the GPS monitoring results.



There are differences between the monitoring results of the DInSAR-PS-Stacking and SBAS-PS-InSAR methods. Considering Figure 7 and Table 3 and Table 4, an analysis and verification were carried out. The color bands in the correlation map in Figure 7 indicate better correlation with narrower bands. Based on Figure 7 and Pearson correlation coefficients, both InSAR methods show good correlation with GPS monitoring results, indicating that the subsidence trend detected by these two InSAR methods is consistent with GPS measurements. By comparing Table 3 and Table 4, the Pearson correlation coefficient between the time-series subsidence results monitored by the DInSAR-PS-Stacking method and GPS monitoring results is higher than that of the SBAS-PS-InSAR method, approaching 1. This suggests that the monitoring results of the DInSAR-PS-Stacking method are more consistent with the GPS monitoring results, indicating higher reliability and accuracy. Combining Table 3 and Table 4 with Figure 6, at point 1, the absolute error, mean absolute error (MAE), and root mean square error (RMSE) between the time-series subsidence results monitored by the SBAS-PS-InSAR method and GPS monitoring results are smaller than those of the DInSAR-PS-Stacking method. At points 6, 12, and 22, the absolute error, MAE, and RMSE between the time-series subsidence results monitored by the DInSAR-PS-Stacking method and GPS monitoring results are smaller than those of the SBAS-PS-InSAR method. In comparison, the monitoring results of the SBAS-PS-InSAR method have smaller errors in the subsidence marginal area, while the monitoring results of the DInSAR-PS-Stacking method show smaller errors in the large subsidence area. The errors of the surface deformation monitoring results of these two InSAR methods are within an acceptable range, indicating that the monitoring results of these two InSAR methods represent the same deformation field of the mining area. These results indicate that the surface subsidence monitoring results of the DInSAR-PS-Stacking and SBAS-PS-InSAR methods are effective and reliable.



In summary:




	(1)

	
The DInSAR-PS-Stacking and SBAS-PS-InSAR methods can accurately locate and detect the change trend of mining subsidence, which is in good agreement with the mining process of the coal mining face. The surface subsidence was found to gradually increase with the mining of the working face. The location, range, distribution, and space–time subsidence laws of the surface subsidence of the coal mine monitored by the two InSAR methods had good consistency.




	(2)

	
The point subsidence results obtained by these two InSAR techniques are well correlated with GPS monitoring results. The settlement trend of each point is basically the same, and the monitoring results are effective and reliable. The time series settlement errors monitored by these two InSAR methods show that the settlement edge is small and the large settlement area is large.




	(3)

	
Underground coal mining leads to surface subsidence, which makes radar images partially incoherent. Especially in the area with large settlement, the settlement gradient was large and the decoherence was substantial. For the large subsidence area of the goaf, DInSAR-PS-Stacking was found to be more effective than SBAS-PS-InSAR according to the monitoring results. The SBAS-PS-InSAR method is more effective for monitoring slow and small deformations.










3.3. Deformation Fusion Monitoring and Analysis of DInSAR-PS-Stacking and SBAS-PS-InSAR


Comparison analysis of monitoring mining area subsidence using the DInSAR-PS-Stacking and SBAS-PS-InSAR methods. The DInSAR-PS-Stacking method performs better in areas with large subsidence, while the SBAS-PS-InSAR method is more effective in monitoring slow and small subsidence in the outer regions. Therefore, the cumulative subsidence maps obtained from the DInSAR-PS-Stacking and SBAS-PS-InSAR technologies are fused. The fused cumulative subsidence map combines the advantages of monitoring large subsidence areas using the DInSAR-PS-Stacking method and slow subsidence areas using the SBAS-PS-InSAR method. The fused cumulative subsidence map, as shown in Figure 8, is combined with the working face and goaf zone shown in Figure 1c. Overall, the fusion of these two InSAR methods is effective, especially in the subsidence area of the working face and goaf zone where the obvious subsidence trend can be observed, and the missing phenomenon is not serious. The fusion of these two InSAR methods compensates for the deformation loss of the large subsidence area in the mining area monitored by the SBAS-PS-InSAR method, and the slow subsidence edge can be effectively monitored using the SBAS-PS-InSAR method. The mining area is less affected by factors such as climate and roads, and the subsidence basin is mainly caused by underground coal mining. As the mining operation progresses, subsidence gradually occurs in the area of the working face, which spreads to the surrounding areas and deepens gradually, eventually becoming stable. This subsidence gradually forms a subsidence basin that eventually matches the actual location of the mining face. By fusing the DInSAR-PS-Stacking and SBAS-PS-InSAR methods to monitor mining area subsidence, their respective advantages can be fully utilized to complement each other, thereby improving the ability and effectiveness of monitoring mining area surface deformation.



The fusion monitoring results of DInSAR-PS-Stacking method and SBAS-PS-InSAR method are compared with GPS subsidence monitoring results. The distribution of GPS subsidence monitoring points is shown in Figure 1c, and there are 66 monitoring points from north to south. Figure 9 compares the fused cumulative subsidence results from the two InSAR methods with the GPS measurement monitoring results. In Figure 9, it is possible to observe the settlement of monitoring points oriented from north to south on the mining working face very well.



From Figure 9, it can be observed that there are obvious subsidence basins in the mining face from north to south, and the subsidence trend is basically the same. The settlement changes in the middle and front sections of Figure 9a,b are consistent. The settlement of the rear section in Figure 9b is larger than that in Figure 9a, and the position of the last inflection point in Figure 9b is later than that in Figure 9a. This indicates that most areas in the northern part of the mining working face had stabilized subsidence trends by 29 August 2019, while the southernmost part continued to subside until 4 October 2019, before stabilizing. The subsidence of the goaf area of the working face is mainly caused by large-scale coal mining. As the coal mining progresses, the subsidence basin becomes increasingly apparent, and the subsidence volume and subsidence area gradually increase, with steep and uneven subsidence edges. The average absolute errors of the cumulative subsidence at each point on the two subsidence curves in Figure 9a,b are 55.8 mm and 56.1 mm, respectively, and the root mean square errors are 60.8 mm and 59.3 mm, respectively. This method can effectively monitor subsidence and is consistent with the actual situation.



The mining of underground coal mines can cause movement in the surrounding and overlying strata of the goaf, resulting in deformation and destruction of the surface. The surface deformation information obtained by combining the two methods was analyzed, and the distribution of subsidence in the goaf of the mining face and its surroundings can be clearly seen. Combined with the above analysis, the mining face subsidence range and the coincidence level with the working face became more obvious, and the surface continued to sink; according to this trend, in the future, the area will continue to settle. The ground cracks were generally parallel to the boundary of the mined-out area. In the edge area of the subsidence funnel, the ground surface was greatly affected by tensile deformation, resulting in cracks. As shown in Figure 9, the edge of the subsidence funnel is slightly steep, and there is a high possibility of surface cracking. Therefore, preventive measures should be taken before these conditions deteriorate. During the coal mining process, more preventive measures should be taken to prevent large-scale collapse.





4. Discussion


The experimental results show that both the DInSAR-PS-Stacking and SBAS-PS-InSAR methods combine the PS-InSAR three-threshold selection method (the coherence coefficient threshold, amplitude dispersion index threshold, and deformation velocity interval) to select ground control points for orbit refinement and reinterferometric processing, solving the problem of manually selecting ground control points (GCPs) that affect monitoring results during orbit refinement and reinterferometric processing. They can effectively correct satellite orbits and phase offsets, reduce the influence of orbit errors, and improve deformation monitoring effectiveness.



Both the DInSAR-PS-Stacking and SBAS-PS-InSAR methods can be used as effective methods for real-time monitoring of subsidence caused by coal mining. Both methods can accurately monitor the location, extent, and spatio-temporal distribution of coal mining subsidence, with good correlation and consistency. The spatio-temporal subsidence trends monitored by both methods are consistent with the mining progress. It can be seen from Figure 6, Table 3 and Table 4, that the deformation error of the DInSAR-PS-Stacking and SBAS-PS-InSAR methods is smaller in the edge region of the subsidence basin and larger in the area with significant subsidence. In the edge region with less subsidence, both methods can reflect the spatio-temporal subsidence trends well, with SBAS-PS-InSAR having higher monitoring accuracy. In areas with greater subsidence, the DInSAR-PS-Stacking method can better monitor the spatio-temporal subsidence trends, with a subsidence monitoring error smaller than that of SBAS-PS-InSAR. However, the deformation results monitored by the SBAS-PS-InSAR method have some missing information, with slightly inferior monitoring capabilities in the subsidence center and the area with significant subsidence. Nevertheless, the SBAS-PS-InSAR method has higher monitoring accuracy in areas with smaller subsidence and is suitable for slow and small deformation monitoring.



In order to better monitor the surface deformation of the mining area, the above characteristics of DInSAR-PS-InSAR and SBAS-PS-InSAR for monitoring the surface deformation of the mining area are considered. The double thresholds (deformation threshold and average coherence threshold and deformation threshold) are extracted by OTSU threshold segmentation to fuse the simultaneous time-series deformation results monitored by the two InSAR methods. The fused deformation results combine the advantages of DInSAR-PS-InSAR’s effective monitoring of significant subsidence in large deformation areas and SBAS-PS-InSAR’s effective monitoring of slow and small subsidence in the subsidence edge area, thereby improving the accuracy and completeness of mining area surface deformation monitoring. By comparing and fusing the DInSAR-PS-Stacking and SBAS-PS-InSAR methods, mining area surface deformation can be monitored more effectively, and the problem of incomplete monitoring in some areas can be avoided. The comparison and fusion of these methods can quickly and effectively obtain the deformation distribution of the mining area and more accurate mining area deformation information, achieving more effective monitoring of mining area surface deformation. The results of the space–time analysis show that subsidence will continue to occur in this area, which needs to be further studied to form an integrated research system for subsidence monitoring and prediction in mining areas. This will help to provide early warnings before disasters occur and will also provide auxiliary decision support for safe production in mining areas.



The deformation results of the mining area monitored by this research method are good, but the monitoring accuracy is still affected by some error factors. In a follow-up study, DEM data with higher precision and sourced from closer to the mining period can be considered, and the atmospheric delay error can be corrected by using external meteorological data (such as GACOS data [62]) to improve the monitoring accuracy. Subsequently, the phase filtering and phase unwrapping algorithms can be optimized for the study area to improve the monitoring accuracy. This study has scientific guiding significance for rational mining planning, accident prevention and control, and disaster prediction.




5. Conclusions


Taking a mining area in the Inner Mongolia Autonomous Region of China as the research area, this study used the DInSAR-PS-Stacking and SBAS-PS-InSAR methods to monitor the surface deformation of the mining area and compared and analyzed the deformation results monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods. The deformation results monitored by the two InSAR methods were fused and the fused deformation results were analyzed. The following conclusions are drawn:




	(1)

	
Both the DInSAR-PS-Stacking and SBAS-PS-InSAR methods can monitor the surface deformation of the mining area in real time and effectively, and can accurately monitor the location, range, and spatial and temporal distribution of coal mine subsidence.




	(2)

	
There is a subsidence basin gradually expanding from north to south in the coal mining face, and the edge is steep, which can easily produce surface cracks. The change trend of the subsidence basin is obvious and consistent with the mining situation of the working face. Large-scale mining of underground coal mines is the main factor causing surface subsidence.




	(3)

	
The DInSAR-PS-Stacking and SBAS-PS-InSAR methods are compared to better monitor the surface deformation of the mining area, effectively obtain the subsidence distribution of the mining area, and analyze the deformation of the coal mine goaf. The two InSAR methods have small deformation errors at the edge of the subsidence basin and large deformation errors in the large subsidence area. In contrast, the SBAS-PS-InSAR method performs better in monitoring slow and small deformation in the edge area of the subsidence basin. The DInSAR-PS-Stacking method is more effective in monitoring large deformation in large subsidence areas.




	(4)

	
The surface deformation results monitored by the DInSAR-PS-Stacking and SBAS-PS-InSAR methods are fused, and the fused deformation monitoring results are better. The fused method improves the inaccuracy of the traditional single InSAR method used to monitor the mining area, reduces the error, and improves the accuracy and integrity of the mining area deformation monitoring. Furthermore, the fused method provides more comprehensive deformation information for the comprehensive management of mining subsidence and realizes the effective monitoring of surface deformation in mining areas.
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Figure 1. Geographical location and scope of the mining area: (a) location of the mining area, (b) regional location of mining area, (c) and location of the working face and monitoring points. 
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Figure 2. Technical flow chart. 
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Figure 3. Differential interferogram and unwrapped phase diagram after refinement and re-flattening. 
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Figure 4. The average subsidence velocity of the mining area monitored using SBAS-PS-InSAR. 
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Figure 5. Comparison of the cumulative subsidence monitored using DInSAR-PS-Stacking and SBAS-PS-InSAR in the same period. 
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Figure 6. Results and comparison of time-series subsidence points monitored using DInSAR-PS-Stacking and SBAS-PS-InSAR: (a) point 1, (b) point 6, (c) point 12, and (d) point 22. 
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Figure 7. Comparing the correlation diagrams of settlement curves measured by DInSAR-PS-Stacking, SBAS-PS-InSAR, and GPS: (a) point 1, (b) point 6, (c) point 11, and (d) point 22. 
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Figure 8. The cumulative subsidence maps after the fusion of DInSAR-PS-Stacking and SBAS-PS-InSAR. 
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Figure 9. Comparison between the fusion results of the two InSAR methods and GPS monitoring results: (a) 29 August 2019 and (b) 4 October 2019. 
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Table 1. The parameters of the Sentinel-1A images.
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	No
	Image Data
	Orbit
	No
	Image Data
	Orbit
	No
	Image Data
	Orbit





	1
	6 January 2018
	020033
	19
	22 August 2018
	023358
	37
	26 March 2019
	026508



	2
	30 January 2018
	020383
	20
	3 September 2018
	023533
	38
	7 April 2019
	026683



	3
	11 February 2018
	020558
	21
	15 September 2018
	023708
	39
	19 April 2019
	026858



	4
	23 February 2018
	020733
	22
	27 September 2018
	023883
	40
	1 May 2019
	027033



	5
	7 March 2018
	020908
	23
	9 October 2018
	024058
	41
	13 May 2019
	027208



	6
	19 March 2018
	021083
	24
	21 October 2018
	024233
	42
	6 June 2019
	027558



	7
	31 March 2018
	021258
	25
	2 November 2018
	024408
	43
	18 June 2019
	027733



	8
	12 April 2018
	021433
	26
	14 November 2018
	024583
	44
	30 June 2019
	027908



	9
	24 April 2018
	021608
	27
	26 November 2018
	024758
	45
	12 July 2019
	028083



	10
	6 May 2018
	021783
	28
	8 December 2018
	024933
	46
	24 July 2019
	028258



	11
	18 May 2018
	021958
	29
	20 December 2018
	025108
	47
	5 August 2019
	028433



	12
	30 May 2018
	022133
	30
	1 January 2019
	025283
	48
	17 August 2019
	028608



	13
	11 June 2018
	022308
	31
	13 January 2019
	025458
	49
	29 August 2019
	028783



	14
	23 June 2018
	022483
	32
	25 January 2019
	025633
	50
	10 September 2019
	028958



	15
	5 July 2018
	022658
	33
	6 February 2019
	025808
	51
	22 September 2019
	029133



	16
	17 July 2018
	022833
	34
	18 February 2019
	025983
	52
	4 October 2019
	029308



	17
	29 July 2018
	023008
	35
	2 March 2019
	026158
	
	
	



	18
	10 August 2018
	023183
	36
	14 March 2019
	026333
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Table 2. Main parameters of the Sentinel-1A data used in this study.
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	Parameter
	Value





	Pass direction
	Ascending



	Beam mode
	IW



	Polarization
	VV



	Wave band
	C



	Wavelength/cm
	5.6



	Number of images
	52



	Monitored period
	6 January 2018–4 October 2019
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Table 3. Comparison and verification of DInSAR-PS-Stacking time series settlement results and GPS monitoring results.
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	Monitoring Points
	Correlation Coefficient (Pearson)
	Mean Absolute Error (MAE)/mm
	Root Mean Square Error (RMSE)/mm





	1
	0.9735
	12.2
	13.9



	6
	0.9637
	47.2
	52.2



	12
	0.9568
	41.9
	51.0



	22
	0.9858
	32.1
	42.3
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Table 4. Comparison and verification of SBAS-PS-InSAR time-series settlement results and GPS monitoring results.
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	Monitoring Points
	Correlation Coefficient (Pearson)
	Mean Absolute Error (MAE)/mm
	Root Mean Square Error (RMSE)/mm





	1
	0.9698
	3.2
	3.8



	6
	0.8595
	74.5
	82.6



	12
	0.9120
	59.9
	72.4



	22
	0.9135
	62.0
	83.9
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