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Abstract

:

With the launch of the Sentinel-1 satellites, it becomes easy to obtain long time-series dual-pol (i.e., VV and VH channels) SAR images over most areas of the world. By combining the information from both VV and VH channels, the polarimetric persistent scatterer interferometry (PolPSI) techniques is supposed to achieve better ground deformation monitoring results than conventional PSI techniques (using only VV channel) with Sentinel-1 data. According to the quality metric used for polarimetric optimizations, the most commonly used PolPSI techniques can be categorized into three main categories. They are PolPSI-ADI (amplitude dispersion index as the phase quality metric), PolPSI-COH (coherence as the phase quality metric), and PolPSI-AOS (taking adaptive optimization strategies). Different categories of PolPSI techniques are suitable for different study areas and with different performances. However, the study that simultaneously applies all the three types of PolPSI techniques on Sentinel-1 PolSAR images is rare. Moreover, there has been little discussion about different characteristics of the three types of PolPSI techniques and how to use them with Sentinel-1 data. To this end, in this study, three data sets in China have been used to evaluate the three types of PolPSI techniques’ performances. Based on results obtained, the different characteristics of PolPSI techniques have been discussed. The results show that all three PolPSI techniques can improve the phase quality of interferograms. Thus, more qualified pixels can be used for ground deformation estimation by PolPSI methods with respect to the PSI technique. Specifically, this pixel density improvement is 50%, 12%, and 348% for the PolPSI-ADI, PolPSI-COH, and POlPSI-AOS, respectively. PolPSI-ADI is the most efficient method, and it is the first choice for the area with abundant deterministic scatterers (e.g., urban areas). Benefitting from its adaptive optimization strategy, PolPSI-AOS has the best performances at the price of highest computation cost, which is suitable for rural area applications. On the other hand, limited by the medium resolution of Sentinel-1 PolSAR images, PolPSI-COH’s improvement with respect to conventional PSI is relatively insignificant.
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1. Introduction


As a radar remote sensing technique, Persistent Scatterer Interferometry (PSI) [1,2,3,4,5,6,7,8] with Synthetic Aperture Radar (SAR) images can work under all-weather and all-day conditions. Traditional PSI techniques only use persistent scatterers (PSs) pixels, which are with high phase qualities, to retrieve ground deformation. Thus, they can detect and monitor displacements over ground or infrastructures at millimeter level accuracy [9,10] efficiently. Therefore, PSI has been used as a routine tool for terrain deformation monitoring related with subsidence [11,12], mining [13,14,15], earthquakes [16], Volcanoes [17], landslides [18], underground coal fires [19], etc. However, over the areas where distributed scatterers (DSs) are the majority, conventional PSI techniques may encounter the problem of lack of sufficient PS pixels for deformation monitoring. In these places, e.g. the vegetation areas, pixels are strongly affected by decorrelations and therefore have low phase quality, rendering them unsuitable for PSI applications.



As most of the geological environmental hazards occurred at rural areas, the more advanced PSI technique that can take use of distributed scatterers for ground deformation monitoring are invented. This advanced PSI technique is usually named as DS-InSAR, and the first proposed DS-InSAR algorithm is SqueeSAR [20]. After that, many variants of SqueeSAR have been proposed, such as the CAESAR [21] and PD-InSAR [22] methods. DS pixels’ phase optimization is the core of all DS-InSAR approaches, which is usually done by three steps. Firstly, the homogeneous pixels (HPs) of each SAR pixel are identified by using the Kolmogorov–Smirnov (KS) [20], Anderson–Darling (AD) [23] test, or other advanced methods [24]. Then, the number of each pixels’ HPs is employed to classify it into PS and DS pixels. Finally, PS pixels are kept without any processing, whereas DS pixels are optimized with their HPs [20]. Benefited from the adaptive filtering of DS-InSAR techniques, phase qualities of DS pixels have been improved and a part of them are qualified for PSI applications. Thus, more density of pixels can be included for deformation monitoring and more displacement details can be obtained using DS-InSAR algorithms.



On the other hand, inspired by the Polarimetric SAR interferometry (PolInSAR) technique, some researchers proposed to reduce the decorrelation effect by using polarimetric information contained in SAR images [25,26]. As it is known, a certain kind of ground target responds differently to different polarimetric channel SAR images [27]. Thus, by searching for each target’s (pixel’s) optimum scattering mechanism (SM) for InSAR applications, pixels’ interferometric phase noise caused by decorrelations can be reduced. Hence, the first PSI algorithm that employs SAR polarimetric information (named as polarimetric PSI (PolPSI)) has been proposed by Pipia at Universitat Politècnica de Catalunya (UPC), which is based on the Ground-based SAR data [25]. Due to the shortage of long time-series polarimetric SAR (PolSAR) images, the development and applications of PolPSI have been limited. As more and more sattelites with the capability of acquiring PolSAR images (e.g., Radarsat-2, ALOS-2, TerraSAR-X, and Sentinel-1) have been launched, it is possible to extend the PolPSI techniques from the Ground-based SAR images to satellite SAR images. Under this circumstance, more PolPSI algorithms have been proposed [28,29,30,31,32,33,34,35,36,37,38,39].



A phase quality metric has to be chosen for pixels polarimetric optimization in PolPSI. Generally, like the conventional PSI methods, the amplitude dispersion index (ADI, better for PS pixels’ optimization) [26,33,36] and coherence (better for DS pixel optimization) [25,28,29,36] are the two commonly used phase quality metrics. Similarly with DS-InSAR, more advanced PolPSI techniques are proposed to adaptive optimize PS and DS pixels by using the combination of ADI and coherence [31,34,37,38]. Therefore, according to the phase quality metrics used, the most commonly used PolPSI techniques can be classified into three main categories, i.e., PolPSI-ADI (PolPSI with the amplitude dispersion index as the phase quality metric) [26,33,36], PolPSI-COH (PolPSI with the coherence as the phase quality metric) [25,28,29,36], and PolPSI-AOS (PolPSI with the adaptive optimization strategies) [31,34,37,38]. Different PolPSI algorithms are with different phase optimization performances, and suitable for different scenarios [36,37]. Although it is possible to apply PolPSI techniques on satellite SAR images for ground deformation monitoring over broader areas, the free available time-series PolSAR images are far away from enough for PolPSI applications. This is due to the shortcomings of PolSAR systems, especially for the full polarization ones, relative to single polarization SAR systems.



This problem has been partially solved by the open access to the Sentinel-1 data. As the VV plus VH channel imaging mode does not reduce the swath of acquired SAR images, Sentinel-1 SAR images are mostly with dual-pol channels (i.e., with VV and VH channels). Therefore, the existing PolPSI techniques could be employed for ground deformation monitoring over most places of the world with dual-pol Sentinel-1 data. However, as PolPSI algorithms’ performances are affected by PolSAR images’ resolution [40], the suitability of PolPSI with the medium resolution Sentinel-1 PolSAR images has to be investigated. In 2018, Roghayeh Shamshiri incorporates VH channel Sentinel-1 images with commonly used VV one for Trondheim city ground deformation monitoring using the PolPSI-ADI method, demonstrating the advantages of employing sentinel-1 dual-pol SAR images for PSI applications [41]. Almost at the same time, an advanced PolPSI-COH technique [34] and the coherency matrix decomposition (CMD) method (which can be used as both PolPSI-ADI and POlPSI-COH) [36] have been proposed and evaluated on Sentinel-1 PolSAR images over San Fernando Valley and Mexico city, respectively. These studies have demonstrated the effectiveness of PolPSI with Sentinel-1 PolSAR images, and researchers have shown an increased interest in PolPSI techniques recently [39,42,43].



Although some research has been carried out on PolPSI-ADI or PolPSI-COH with Sentinel-1 data, very few PolPSI-AOS applications have been reported and the study that simultaneously applies all the three types of PolPSI techniques on these medium resolution PolSAR images is rare. Moreover, there has been little discussion about the different characteristics of the three types of PolPSI techniques and how to use them with dual-pol Sentinel-1 data. To this end, in this paper, a PolPSI-AOS method is introduced and applied on Sentinel-1 PolSAR images to verify its effectiveness. In addition, to clarify the advantages of using VV and VH Sentinel-1 data for PSI applications, the three types of commonly used PolPSI approaches have been introduced and tested in different areas over China, respectively. After that, based on the results obtained, the advantages and disadvantages of each type of PolPSI technique (with Sentinel-1 data) are discussed, leading to the suggestions for how to choose the appropriate one PolPSI to apply on dual-pol Sentinel-1 data accordingly.



This paper is organized as follows. In Section 2 the principles of PolPSI are introduced, where the three types of most commonly used PolPSI techniques are detailed. The data sets and the test sites are described in Section 3. Section 4 gives out the results obtained and some related analysis. Finally, discussions are made in Section 5 and conclusions are presented in Section 6.




2. Methodology


The Polarimetric Persistent Scatterer Interferometry (PolPSI) algorithms mainly consists of two procedures, i.e., the polarimetric optimization of interferograms and the PSI processing to obtain the deformation time-series. The PSI processing in the techniques are the same as that of conventional PSI approaches, which will be implemented by Stanford Method for Persistent Scatterers (StaMPS) [5,44] in this study. The polarimetric optimization of interferograms is the core and focus of PolPSI techniques, and it will be detailed in this section.



2.1. Polarimetric SAR Interferometry (PolInSAR)


The scattering matrix for one VV-VH Sentinel-1 PolSAR image can be expressed as


  S =     0    S  v h        S  v h      S  v v        



(1)




where   S  v v    and   S  v h    are elements that correspond to the vertical and cross-polar channel, respectively. Under the Pauli basis, the scattering vector of (1) can be expressed as


  k =   [  S  v v   ,  2  S  v h   ]  T  .  



(2)







A pair of PolSAR images of the same area that are acquired from two slightly different look angles are required for PolInSAR [29,45]. Based on these two PolSAR images, the PolInSAR vector can be defined as


  K =   [  k 1  ,   k 2  ]  T   



(3)




where   k 1   and   k 2   are respectively the primary and secondary PolSAR images’ scattering vectors that can be obtained through (2).



Two polarimetric channels could generate two different interferograms separately. To obtain a single interferogram by combining these two channels, PolInSAR introduces two corresponding normalized complex projection vectors   ω 1   and   ω 2  , which can be expressed as


   ω  1 , 2   =      cos ( α )       sin  ( α )   e  j ψ        ,       0 ≤ α ≤ π / 2       − π ≤ ψ < π       



(4)




where  α  and  ψ  determine the scattering mechanism and phase relation of the scatterer, respectively [27,45].   ω 1   and   ω 2   are usually regarded as Scattering Mechanisms (SMs), and the two original scattering vectors   k 1   and   k 2   are then projected onto their corresponding SMs with,


   μ i  =    ω i   †  ·  k i  ,   i = 1 , 2  



(5)




where † refers to the conjugate transpose. The obtained   μ 1   and   μ 2   are two complex scattering coefficients, which are analogous to single-polarization SAR images. Then, based on   μ 1   and   μ 2  , one interferogram can be generated with one PolSAR image pair [27,45]. In PolPSI applications, to avoid introducing artificial changes along time in scatterers’ phase centers that might be misinterpreted as the scatterers’ displacement,   ω 1   and   ω 2   are forced to be identical along the stack of images. In other words, for a particular dataset, a single projection vector  ω  (SM) is employed for all interferograms [29,30,45]. This constraint is usually named as Equal Scattering Mechanism (ESM) [46].



To obtain the interferogram stack with the overall lowest decorrelation (i.e., with the best phase quality) for PolPSI applications, every pixel should be polarimetric optimized via determining its best scattering mechanism  ω . According to the different phase quality metrics employed for this polarimetric optimization, the most commonly used PolPSI algorithms can be categorized into three main categories. They are Polarimetric Persistent Scatterer Interferometry algorithms with amplitude dispersion index (i.e.,   D A   in this study) optimization (PolPSI-ADI), with coherence optimization (PolPSI-COH), and with the adaptive optimization strategy (PolPSI-AOS), as introduced in Section 1.




2.2. Polarimetric Persistent Scatterer Interferometry with Amplitude Dispersion Index Optimization (PolPSI-ADI)


Amplitude dispersion index (i.e.,   D A   in this study) is the mostly used phase quality metric for PS candidates’ optimization, in polarimetric case, it can be expressed as


   D A  =   σ A   m A   =  1    |    ω  †   k |   ¯      1 N   ∑  i = 1  N     |    ω  †   k i   | −     |    ω  †   k |   ¯   2     



(6)




with


     |    ω  †   k |   ¯  =  1 N   ∑  i = 1  N   |   ω  †   k i  |   



(7)




where   σ A   and   m A   are the standard deviation and mean of the polarimetric synthesized SAR images’ amplitudes, N is the number of images, and the overline indicates the empirical mean value [29,30]. The polarimetric optimization of one pixel is to find the scattering mechanism  ω  that minimizes its   D A   (expressed by (6)), which is done through searching for the best parameters ( α ,  ψ ) as (4) indicates.



After the polarimetric optimization, for deterministic scatterers, the PolSAR image pair synthesized interferogram can be obtained through


  I =  μ 1  ·  μ 2 *   



(8)




where    *   is the complex conjugate [29,30,45].




2.3. Polarimetric Persistent Scatterer Interferometry with Coherence Optimization (PolPSI-COH)


Different from the deterministic scatterers’ cases, the PolInSAR coherency matrix   T 4   is used to characterize DS (distributed scatterer) pixels’ scatter behaviour, and for dual-pol Sentinel-1 PolSAR image it can be expressed as


   T 4  =      T 11       Ω 12        Ω  12  †       T 22        



(9)




where   T 11   and   T 22   are the PolSAR coherency matrices and   Ω 12   is the PolInSAR coherency matrix, and they are defined as


   T 11  = E  {  k 1   k  1  †  }    T 22  = E  {  k 2   k  2  †  }    Ω 12  = E  {  k 1   k  2  †  }   



(10)




where E is the expectation operator, which is usually implemented with a spatial average [27,45].



The polarimetric interferometric coherence   γ ( ω )   is usually employed as the phase quality metric for DS pixels’ optimization. One interferogram,   γ ( ω )   can be expressed as [27,45]


  γ  ( ω )  =    |    ω  †   Ω 12   ω |        ω  †   T 11  ω       ω  †   T 22  ω     .  



(11)







For PolPSI applications, a stack of interferograms need to be optimization and, thus, the polarimetric mean coherence    | γ ( ω ) |  ¯   is employed, which can be calculated by


    | γ ( ω ) |  ¯  =  1 N   ∑  k = 1  N   |  γ k   ( ω )  |   



(12)




where N is the number of interferograms. Similarly with the case of PolPSI-ADI, the optimization of a pixel is to search for the optimum scattering mechanism  ω  that maximizes its    | γ ( ω ) |  ¯   (expressed by (11) and (12)).



After the polarimetric optimization, based on the obtained optimum scattering mechanism  ω , the vector interferogram for the optimized pixel can be generated with


     I = E  {  μ 1  ·  μ 2 *  }  = E  {  (   ω  †   k 1  )    (   ω  †   k 2  )  †  }        =   ω  †  E  {  k 1   k  2  †  }  ω =   ω  †   Ω 12  ω .     



(13)








2.4. Polarimetric Persistent Scatterer Interferometry with the Adaptive Optimization Strategy (PolPSI-AOS)


The PolPSI-ADI and PolPSI-COH algorithms optimize all SAR pixels by one strategy, i.e., with   D A   or coherence optimization. However, as PS and DS pixels simultaneously exist in SAR images, more adaptive polarimetric optimization strategies are desired and have been proposed [31,37]. In this section, a PolPSI-AOS technique for the polarimetric optimization of Sentinel-1 interferograms is introduced. This PolPSI-AOS approach consists of two main procedures, i.e., the adaptive filtering of coherency matrix and polarimetric optimization. The flowchart of the introduced PolPSI-AOS is shown in Figure 1, and the details are described in the following two subsections.



2.4.1. Coherency Matrix Filtering


As Figure 1 shows, PolSAR pixels’ coherency matrix are adaptive filtered based on their polarimetric homogeneous pixels (PHPs). PHPs are those neighbouring pixels that with similar scattering mechanism. There are many techniques that can be used for each pixel’s PHPs identification, such as the PolSAR classification method in [37] and the likelihood ratio test approach in [31].



For Sentinel-1 data, considering its accuracy and efficiency, the fast statistically homogeneous pixels selection (FaSHP) technique [24] is modified to identify PHPs of each pixel. Firstly, by employing FaSHP, the homogeneous pixels (HPs) of each pixel of the VV and VH channel are separately identified (the window-size used is 15 × 15). Then, by combing pixels’ HPs of VV and VH channel, their PHPs are obtained. After that, by setting a threshold on the numbers of pixels’ PHPs, all the SAR pixels are categorized as PS and DS pixels, as Figure 1 shows. After testing a few threshold candidates over the test site, the threshold has been set to 20 for this study.



As Figure 1 shows, to avoid the misclassification of DS pixels, pixels’ best amplitude dispersion index   D A  B e s t    are used to identify those PSs that have been misclassified as DSs, which is done by two steps. Firstly,   D A  B e s t    values of all pixels are obtained by


   D A  B e s t   = min  {  D A  V V   ,  D A  V H   }   



(14)




where   D A  V V    and   D A  V H    are the ADI of VV and VH channel, which can be respectively calculated by the standard deviation and mean of the VV and VH channel SAR images’ amplitudes [2]. For those identified DSs whose   D A  B e s t    values are smaller than 0.25 [2], they are recategorized as PSs.



As the SNR (signal-to-noise ratio) of PSs are usually high, to preserve images’ resolution, no filtering has been applied on them. To better preserve structures’ details, the minimum mean square error (MMSE) filter [27,47] is employed for the filtering of DSs’ coherency matrix (see Figure 1), which is given by


   T filt  =  T mean  + b   (  T ori  −  T mean  )   



(15)




where   T filt   and   T ori   are the filtered and original coherency matrices of the processing DS pixel,   T mean   is the mean of the recognized PHPs’ coherency matrices of this DS pixel. The filtering parameter  b  is used as a weighting factor to determine the degree of filtering, which is ranging from 0 to 1. The details of how to compute the weighting factor  b  can be found in [27,47]. It has to be noted that the introduced filter can be employed for both PolSAR and PolInSAR coherency matrices. In the PolPSI-AOS case, it is directly applied on the PolInSAR coherency matrix   T 4   as (9) expressed.



After MMSE processing of   T 4   through (15), the adaptive filtered interferograms corresponding to VV channel can be extracted from   Ω 12   in the processed   T 4  . Based on these MMSE filtered VV channel interferograms, the PSI processing can be applied for the ground deformation estimation. This method is referred as the MMSE method and it will be used for the comparison with PolPSI-AOS in Section 4.




2.4.2. Polarimetric Optimization


After adaptive filtering of   T 4  , two different polarimetric optimization strategies are applied on PS and DS pixels, respectively. Specifically, PS pixels are optimized with   D A   (see (6)), which is similar with that in PolPSI-ADI, while DS pixels are optimized with    | γ ( ω ) |  ¯   (see (11) and (12)), which is based on the adaptively filtered   T 4   rather than the spatial averaged ones in PolPSI-COH, as Figure 1 demonstrated.



For all the three kinds of PolPSI algorithms (i.e., PolPSI-ADI, PolPSI-COH, and PolPSI-AOS), the polarimetric optimization finds for each pixel the  ω  that minimizes its   D A   (for PS) or maximizes its    | γ ( ω ) |  ¯   (for DS). In this research, the Exhaustive Search Polarimetric Optimization (ESPO) method [30], which is an exhaustive search of the polarimetric space, has been used as it provides the best performance in interferometric phase optimization. The search step of the ESPO method is set as   3 ∘   for both   D A   and    | γ ( ω ) |  ¯   based optimizations.



After the polarimetric optimization, for PS or DS pixels, through (8) or (13), their optimized interferograms can be obtained, respectively. Then, based on these polarimetric optimized interferograms, the PSI processing can be carried out using the same algorithms as for the single-pol case, where StaMPS is employed in this study.






3. Data Sets and Test Sites


Dual-pol Sentinel-1 data sets over three test sites in China, which are with different land covers, are used to evaluate the performances of the three PolPSI approaches, respectively. The locations and corresponding optical images of the test sites are shown in Figure 2.



The first data set (for PolPSI-ADI evaluation) consists of 46 dual-pol Sentinel-1 images acquired from June 2017 to September 2020 over Beijing. Beijing is the capital city of China and has been suffering from ground deformation that is mainly caused by underground water extraction [48,49]. The processing has been applied over   5300 × 16 , 500   pixels in this study.



To assess the effectiveness of the PolPSI-COH technique, 40 dual-pol Sentinel-1 images (i.e., single complex), which were obtained from March 2017 to November 2018, over a bare land area of Fukang in Xinjing province has been employed. This test site has been affected by underground coal fire, where the coal fire related small ground deformation can be detected by PSI techniques. A section of the images with   1100 × 4000   pixels have been processed over this area.



To evaluate the performance of PolPSI-AOS, the area over the Yellow River XiaoLangDi dam of Henan province is selected as the third test site. Over this area, 38 dual-pol Sentinel-1 images acquired from April 2017 to August 2018 are employed for the deformation monitoring. XiaoLangDi dam is one of the largest dams in the world, and controls 92.3% of the total Yellow River Basin. The height of the dam is 154 m, and the length of the dam crest is about 1667 m. The maximum width of the dam bottom and the width of the dam crest are 864 m and 15 m, respectively.



For all the three data sets, the single reference method is used to obtain the interferograms, thus, 45, 39, and 37 interferograms have been generated (or synthesized by the PolPSI technique) for each case, respectively. The temporal and perpendicular baselines of the interferogram stacks over the three test sites are shown in Figure 3. Three Shuttle Radar Topography Mission (SRTM) digital elevation models (DEMs) are employed to simulate the tomography phases in interferograms for DInSAR (differential interferometric SAR) processing. The key parameters of the three data sets are listed in Table 1.




4. Results and Analysis


4.1. Results of the PolPSI-ADI


4.1.1.   D A   Optimization Results


The histograms of   D A   values derived by the VV channel and the PolPSI-ADI approach are shown in Figure 4. It can be observed from Figure 4 that, compared with the VV channel, there are more pixels with small   D A   values after polarimetric optimization through PolPSI-ADI. There is an offset between PolPSI-ADI (VV-VH) and VV related   D A   plots, which is due to the overall reduction of pixels’   D A   values via polarization optimization of PolPSI-ADI. When   D A   is smaller than 0.4 it can be used for the approximation of pixels’ phase standard deviations [2]. Thus, it can be concluded from Figure 4b that after the polarimetric optimization the interferometric phase quality of pixels has been improved significantly.




4.1.2. Performance on Interferograms’ Optimizations


The VV and PolPSI-ADI optimized interferograms (with VV and VH channels) over two subsections of Beijing are shown in Figure 5. These two subsections are chosen for the analysis because the different scattering mechanisms over these subareas (which makes interferograms noisy) and the noise of interferograms is supposed to be reduced by the optimization. The first subsection is over a group of buildings, whose amplitude image is as Figure 5m shows. Figure 5a,b is the interferogram pair (before and after optimization) with a shorter temporal baseline, and Figure 5d,e are the counterparts with a longer temporal baseline. Due to the orientation of buildings and mixture of different scattering mechanisms, the VV channel interferograms (see Figure 5a) are more noisy and the edges of man-made structures can be hardly seen. After the optimization via the PolPSI-ADI technique, the noise of interferograms have been reduced and the edges of the building groups are more clear (see Figure 5b). In addition, this area was suffering from subsidence and there are deformation fringes in the interferograms with the longer temporal baseline. However, in the VV channel interferogram (Figure 5d) the deformation fringes are masked by the noise and they are more clear after the polarimetric optimization (see Figure 5e). In addition, the corresponding two residual phase maps (i.e., PolPSI-ADI phase minus PSI phase) are plotted in Figure 5c,f. For effective phase optimization or filtering methods, the optimized pixels’ residual phase values are supposed to be noisy [50]. In the two residual phase maps (Figure 5c,f), noisy phases are observed on pixels with significant optimization effects, such as the edges of structures and along the deformation fringes. This indicates the good performance of the employed PolPSI-ADI method on interferometric phase optimization.



The second subsection is located around the China National Olympic Sports Center (see Figure 5n red rectangle) and the National Stadium (see Figure 5n blue rectangle). Affected by layover, mixing of various scattering mechanisms, and orientation of structures, the VV channel interferograms are blurred over the edge areas (see Figure 5g,j). After optimization, the phase noise of the interferogram is significantly reduced, and the corresponding phase contours (mainly due to DEM error) and edges of the two stadiums can be more clearly observed (see Figure 5h,k). Similar observations can be obtained from the corresponding residual phase maps (Figure 5i,l) as the first subsection, where pixels with phase quality improvement tend to with noisy residual phases (see the phase contour edge areas), proving the effectiveness of the phase optimization by PolPSI-ADI.




4.1.3. Ground Deformation Estimation


The VV and PolPSI-ADI optimized interferograms are employed for ground deformation estimation using the Stanford Method for Persistent Scatterers (StaMPS) [5,44]. To make a fair comparison, the same PSI processing parameters have been set for the two interferogram stacks, and the derived two ground deformation results are shown in Figure 6.



As Figure 6 shows, the obtained ground deformation patterns by the PSI and PolPSI-ADI algorithms are consistent with each other. The maximum and minimum deformation velocities obtained by PSI are respectively −76 mm/yr and 20 mm/yr, while the counterparts for PolPSI-ADI are −74 mm/yr and 20 mm/yr, respectively. The retrieved ground deformation magnitudes for the two approaches are also in good agreement with each other. There are three large subsidence bowls over the Beijing test site. The deformation areas are surrounding the center of Beijing city which is with no significant deformation during the observation period. As PolPSI-ADI has optimized the interferograms, it can obtain more PS pixels for ground deformation monitoring. The PS pixel density improvement achieved by PolPSI technique over Beijing test site is around 50% with respect to that of PSI. The obtained ground deformation details over the two subareas that are highlighted with white rectangles A and B in Figure 6a are shown in Figure 6c–f. The pixel density improvement achieved by PolPSI-ADI can be more clearly observed by comparing Figure 6c,e with Figure 6d,f. For instance, along the highway passing through subarea B (see the red dashed line in Figure 6e,f), PolPSI-ADI has obtained more qualified PS pixels for ground deformation monitoring than PSI.



To further illustrate this PS density improvement, the ground deformation over the three subsections (limited in Figure 6c,e with white rectangles C, D, and E), i.e., China National Olympic Sports Center (Figure 7a,d), the National Stadium (Figure 7b,e), and a group of departments (Figure 7c,f), are depicted in Figure 7. More details of deformation over the structures can be observed from the PolPSI-ADI obtained results. Moreover, as the red circles in Figure 7d,e indicate, the increased PS pixels tend to appear at the left side of the buildings, where layover usually occurs. This is because that for the VV channel interferograms, as layover happens over these areas, different scattering mechanisms tend to be mixed together, leading to decorrelations, thus, few qualified pixels can be employed for ground deformation monitoring. On the other hand, through the polarimetric optimization, the PolPSI-ADI technique can find the dominant scattering mechanisms of some pixels, thus, more qualified pixels can be used for PSI applications with respect to VV channel.



The numbers of pixels with different ground deformation velocity ranges retrieved by PSI and PolPSI-ADI have been given in Table 2. It can be found from Table 2 that, for all the listed deformation velocity ranges, there are pixel density improvements achieved by PolPSI-ADI with respect to PSI. This indicates the PolPSI-ADI technique is able to improve the ground deformation monitoring ability of PSI independent of the deformation magnitude over Beijing test site. Moreover, for relatively large subsidence range (−20 to −40 mm/yr), (−40 to −60 mm/yr), and (−60 to −80 mm/yr), the pixel density improvement is 61.95%, 32.10%, and 44.84%, respectively. This means that more areas with relative large ground deformation can be detected by using PolPSI-ADI than PSI. Specifically, the size of this extra detected significant subsidence area is around 838.61 hm   2   as Table 2 indicates.



The deformation time-series of three pixels P1, P2, and P3 (see the three white circle in Figure 6a), over three deformation centers are shown in Figure 8. No obvious difference has been observed for the PSI and PolPSI-ADI obtained results. Except some variations that may be caused by the rebound of the groundwater [48,49], the three pixels had nearly linear subsidence trends during the observing period. Specifically, the maximum cumulative subsidence for the three pixels is respectively around 150 mm, 220 mm, and 180 mm, which indicates that there are some subareas surrounding the Beijing central district that are still suffering from significant subsidence.





4.2. Results of the PolPSI-COH


4.2.1. Coherence and Interferograms’ Optimization Results


The window size of   5 × 5   is used for the polarimetric optimization with coherence over the Fukang area. The temporal average coherence of VV channel interferograms (estimated with   5 × 5   boxcar approach) and the optimized one is shown in Figure 9a,b, respectively. It can be observed from the figure that after the polarimetric optimization, the coherence has been improved significantly. This indicates that the PolPSI-COH technique can improve the phase quality of interferograms.



To compare the polarimetric optimization effect on the interferograms, interferograms over a subsection of VV channel, the boxcar, and the PolPSI-COH approach are shown in Figure 10. Both the boxcar (see Figure 10b,e) and PolPSI-COH (see Figure 10c,f) method can improve the interferometric phase quality as the noise has been reduced in the processed interferograms with respect to VV channel ones (see Figure 10a,d). However, PolPSI-COH can better preserve edges of structures than the boxcar approach. For instance, there is a left to right road over the subsection (see the lines in Figure 10c,f,g), after processing by boxcar it can be hardly observed. On the other hand, this road can be distinguished from the background noisy phases in the PolPSI-COH obtained results (see Figure 10c,f,i,k). This is because after boxcar processing the neighbouring pixels are averaged, and details are lost. However, the polarimetric optimization can extract the dominant scattering mechanisms from the mixed ones within the averaged pixels, thus, more details can be retrieved than from the boxcar approach.




4.2.2. Ground Deformation Estimation


The Boxcar and PolPSI-COH method processed interferograms are used for ground deformation retrieved over the Fukang area. To make a fair comparison, for both PSI processing the StaMPS processing parameters are set as the same values. The two approaches that obtained results are shown in Figure 11.



The two retrieved ground deformation pattens are very similar (see Figure 11a,b), with the maximum and minimum deformation velocities as 9 mm/yr and −17 mm/yr for both method results. The most significant deformation areas are located over the coal fire areas, as the black rectangle in Figure 11a indicates. In this subsection, the field survey coal fire points (red filled dots) are distributed around the edge of the subsidence bowl. This is because that the geological surveyor cannot go deep into the coal fire area for safety considerations. It can be observed from Figure 11 that there are some coal fire points that have no deformation. This could be caused by the corresponding coal fires being deeper underground or at their earlier stages, thus, they could not cause significant deformation on the ground during the observation. On the other hand, there are some subsidence areas where there are no coal fire points. This is due to these subsidence being caused by human activities (e.g., mining) rather than underground coal fires.



More pixels can be obtained by PolPSI-COH for ground deformation monitoring than PSI, and this improvement on pixels’ density is 12% over the Fukang area. Figure 11c demonstrates this improvement on pixel density achieved by PolPSI-COH with respect to PSI over the whole area. It can be observed from Figure 11c that this improvement is more significant in areas with relatively high coherence, which indicates the reliability of the added deformation measurement pixels. To further demonstrate the pixel density improvement, the retrieved ground deformation results by the PSI and PolPSI-COH methods over the Laobata coal fire area is shown in Figure 11d,e. More deformation details can be observed from the Pol-COH derived result, which benefited from the extra pixels (see Figure 11f) obtained by PolPSI-COH with respect to that of PSI. These more detailed ground deformation monitoring results can be more useful to study the coal fire related ground displacement phenomena and the related coal fire extinction projects.



The numbers of pixels with different ground deformation velocity ranges obtained by PSI and PolPSI-COH over Fukang test site are given in Table 3. PolPSI-COH is able to achieve higher pixel density with respect to that of PSI for pixels with all the three detected velocity ranges. Moreover, among the three deformation velocity categories, this improvement is most significant for the large subsidence range (i.e., −10 to −15 mm/yr). This indicates that the PolPSI-COH technique has better performance than PSI in large deformation monitoring over the Fukang area, which can be an advantage for the detection of coal fire areas. If areas with the subsidence rate greater than −10 mm/yr are classified as suspected coal fire areas, as Table 3 shows, around 1.96 hm   2   extra coal fire areas (23.70% improvement) can be detected by PolPSI-COH comparing PSI.



The deformation time-series of a pixel within the Laobata coal fire area (see the white circle P1 in Figure 11d) is shown in Figure 12. As the figure shows, the selected pixel was suffering from nonlinear deformation, which is with an overall subsidence trend, and the maximum cumulative subsidence is around 25 mm. Due to the shortage of more coal fire related information, the cause of this nonlinear deformation trend could not be analyzed in this study.





4.3. Results of the PolPSI-AOS


To test the performance of PolPSI-AOS, the VV channel results and the MMSE method processed results are employed for the comparison. It should be noted that the MMSE approach is actually a DS-InSAR method. It takes use of the information contained in the dual-pol SAR data for the VV channel interferograms’ adaptive filtering. Then, the filtered VV channel interferograms and the optimized interferograms (VV+VH) are used for the PSI processing for the MMSE and PolPSI-AOS technique, respectively. To make fair comparisons, the StaMPS PSI processing parameters are the same for the three methods (i.e., PSI, MMSE, and PolPSI-AOS).



4.3.1. Performance on Interferograms’ Optimizations


The VV channel, MMSE, and PolPSI-AOS obtained interferograms of two temporal baselines over the XiaoLangDi dam are depicted in Figure 13a–f. The number of the identified PHPs for each pixel over the subsection is shown in Figure 13h. By comparing with the corresponding optical (Figure 13g) and amplitude images (Figure 13i), it can be found that large numbers of PHPs appeared at the homogeneous areas like the sea and mountain areas, whereas small values are located at the heterogeneous areas like the edges of the dam. This demonstrates the reliability of the PHPs’ identification result.



The MMSE method can reduce the interferograms’ phase noise and preserve details of structures compared with the VV channel interferograms. This is due to its adaptive filtering strategy, where PS pixels are with no processing and DS pixels are adaptive averaged together with their PHPs. The PolPSI-AOS approach firstly adapts filter interferograms the same as the MMSE method, and after that the filtered interferograms are further polarimetric optimized by using the dual-pol data. Thus, compared with the MMSE results, PolPSI-AOS processed interferograms are with better phase quality. For instance, there are less noisy pixels over the dam in PolPSI-AOS results (see Figure 13 c,f) than that of MMSE results (see Figure 13b,e).




4.3.2. Ground Deformation Estimation


The three approaches (i.e., PSI, MMSE, and PolPSI-AOS) that retrieved ground deformation velocity over the XiaoLangDi dam area are shown in Figure 14. The detected deformation patterns and the retrieved deformation magnitudes by the three techniques are very similar, where significant deformation is observed over the dam. Specifically, the minimum and maximum deformation velocities retrieved by PSI, MMSE, and PolPSI-AOS are (−20 mm/yr, 8 mm/yr), (−19 mm/yr, 13 mm/yr), and (−20 mm/yr, 11 mm/yr), respectively. Mainly affected by the vegetations (temporal decorrelations), very sparse pixels have been selected over mountainous areas, where the PolPSI-AOS has the best performance. On the other hand, all the three methods are able to obtain denser pixels around the dam area. In total, 15,456, 32,741, and 69,103 final pixels have been obtained by the PSI, MMSE, and PolPSI-AOS, respectively. Both MMSE and PolPSI-AOS are able to obtain more pixels than PSI, and their corresponding improvement with respect to PSI is 112% and 348%, respectively.



The acquired ground deformation close-up over the dam of the three methods are shown in Figure 14d,e,f. The main body of the dam shows an obvious law of large deformation in the middle and stable at both ends, which is in line with the general law of dam deformation. As more pixels have been obtained by PolPSI-AOS, more details of the dam deformation can be found in its result.



The PSI and PolPSI-AOS obtained ground deformation monitoring pixels are categorized into three ranges based on their deformation velocities, the numbers of pixels of all the categories are listed in Table 4. Similar with the Beijing and Fukang test sites cases, pixel density improvements have been achieved by PolPSI-AOS for all the deformation velocity ranges with respect to PSI. As a result, more pixels (additional areas as Table 4 last column shows) with significant deformation over the dam can be detected by using PolPSI-AOS rather than PSI.



To further demonstrate the above points, the selected pixels by PSI, MMSE, and PolPSI-AOS along with a profile (see the white line from A to A’ in Figure 15d) passing through the dam front are depicted in Figure 15a–c, respectively. As the green and blue filled rectangles highlight, the PolPSI-AOS performs best in pixel density, which means more details of the dam’s deformation can be captured by employing it than the other two techniques.



To analysis the relationship between the dam deformation and water level of the reservoir basin, deformation time-series of three pixels (i.e., P1, P2, and P3) along the profile in Figure 15d have been depicted together with the corresponding water level in Figure 16. It can be observed from Figure 16 that the three methods obtained time-series are very similar in general. In addition, the time-series deformation is negatively correlated with the water level for all the three points. As the reservoir basin water level periodically changes, the dam is supposed to with periodic deformation trend. Specifically, when the water level increases the dam move away from the satellite (i.e., the cumulative deformation decreases) and vice versa. Moreover, the local maximum values of water level are always corresponds to the local minimum values of the cumulative deformation and vice versa (see the brown and blue filled rectangles highlighted sections in Figure 16). This indicates that the deformation of the dam is mainly caused by the change of the reservoir basin water level, and it can also prove the effectiveness of the employed three deformation monitoring methods.






5. Discussion


The computation time and different characteristics of the three types of PolPSI techniques is discussed in this section. The results have demonstrated that the PolPSI techniques perform better than the corresponding PSI techniques in ground deformation monitoring over the three test areas. However, more computational cost has to be paid for the PolPSI techniques as they optimize interferograms through searching for the optimum scattering mechanism for each pixel. Pixels’ polarimetric optimization time for the three employed PolPSI techniques have been listed in Table 5.



The implementation is in Matlab R2016b, and the three processings have been carried out on a workstation equipped with an 8 core Intel (R) Xeon (R) Gold 5222 processor and 256 GB of RAM. It has to be noted that only one CPU has been used for each processing. In other words, no parallel processing strategy has been employed. The searching step of the optimum parameters (i.e.,  α  and  ψ ) in the ESPO method [30] is set as   3 ∘   for all the three PolPSI techniques.



It can be found from Table 5 that the PolPSI-AOS is with the highest computation burden for per million pixels’ optimization. This is because it filtered all the pixels by the MMSE filter before optimizations, thus, it takes around 11.3 h to optimize per million pixels. On the other hand, the PolPSI-ADI approach is much faster than the other two where only around 1.1 h is required for per million pixels’ polarimetric optimization. This is due to the calculation of   D A   (see (6)), which is much easier than that of    | γ ( ω ) |  ¯   (see (11) and (12)). Nevertheless, for the Beijing areas’ polarimetric optimization with   D A  , it takes around 100 h.



It can be observed from Table 5 that the long computation time may limit the use of PolPSI techniques for large areas’ ground deformation monitoring, especially for the PolPSI-AOS method. In general, we can address this drawback of PolPSI via two approaches. On the one hand, more powerful workstations or even servers can be used to accelerate pixels’ polarimetric optimization speed. Or, by the other way, parallel computation strategies can be employed. On the other hand, more efficient phase polarimetric optimization methods (e.g., CMD method [36]) instead of ESPO [28] can be used to reduce the computation burden. However, it worth to note that it is always a trade-off between the optimization effectiveness and efficiency.



Different PolPSI techniques should be used for the ground deformation monitoring over areas with different land covers. Specifically, for city areas, where there are abundant PS pixels, PolPSI-ADI is the first choice as it is fast and it can preserve SAR image resolutions. Thus, more details of deformation could be retrieved. However, for rural areas, where DS pixels are the majority, the PolPSI-COH or PolPSI-AOS approaches should be employed. As Table 5 indicates, the improvement achieved by PolPSI-COH is insignificant over the Fukang area. This is mainly due to the multi-look processing applied on the medium resolution Sentinel-1 SAR images, where more scattering mechanisms have been averaged within one resolution cell, resulting the failure of separating the dominant one for PSI applications. Therefore, the PolPSI-AOS method is suggested for the ground deformation monitoring in rural areas. It is able to adaptively process PS and DS pixels. Thus, details can be preserved for PS pixels, and DS pixels can be adaptively filtered without mixing many different scattering mechanisms, thus, they could be better optimized than using PolPSI-COH.




6. Conclusions


The three most commonly used PolPSI techniques with Sentinel-1 dual-pol (i.e., VV and VH) SAR images have been introduced and their effectiveness and suitability have been evaluated over three test sites within China in this study. The results obtained have allowed us to obtain the following main conclusions:




	(1)

	
All the three types of PolPSI techniques are able to improve interferograms’ phase qualities through the polarimetric optimization with VV and VH Sentinel-1 images. After the polarimetric optimizations, edges of structures become more clear and phase noises are reduced.




	(2)

	
The improvement in density of final deformation monitoring pixels with respect to conventional PSI techniques is   50 %  ,   12 %  , and   348 %   for PolPSI-ADI, PolPSI-COH, and PolPSI-AOS, respectively. The PolPSI-AOS algorithm is with the best performance among the three, which also has the longest computation time.




	(3)

	
PolPSI-ADI is the most efficient (fast) algorithm, and it is the first choice when applying to the areas with abundant PS pixels. PolPSI-COH is not suggested to be applied on Sentinel-1 PolSAR images, because it has small improvement and relatively long computation time with respect to conventional PSI method as the results indicate. PolPSI-AOS is suggested to be applied for areas where DS pixels have to be employed to retrieve ground deformation with Sentinel-1 PolSAR images.









From this study, it can be concluded that it is worth processing the two channels (i.e., VV and VH) of the Sentinel-1 data by applying the PolPSI techniques, since interferograms’ quality can be improved and more detailed and reliable deformation maps can be obtained than just using VV channel data. However, the better results achieved by PolPSI techniques are at the cost of much higher computation burdens than conventional PSI methods. This problem can be partially solved by taking parallel processing strategies or choosing existing more efficient polarimetric optimization methods like the CMD. On the other hand, to solve the bottleneck of PolPSI algorithms, more polarimetric optimization methods with shorter processing time and satisfactory optimization performance should be developed, which is also our future research focus.
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Figure 1. Flowchart of the Polarimetric Persistent Scatterer Interferometry with the Adaptive Optimization Strategy (PolPSI-AOS). The abbreviation PHPs, NPHPs, PSs, DSs, MMSE filter, and PolOPT represents the polarimetric homogeneous pixels, the number of polarimetric homogeneous pixels, persistent scatterers, distributed scatterers, the minimum mean square error filter, and the polarimetric optimization, respectively. 
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Figure 2. (a) Locations of the three test sites. (b–d) show the SAR images’ coverage (indicated by the red rectangle) and the GoogleEarth optical image over the Beijing, Fukang, and XiaoLangDi test site, respectively. 
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Figure 3. The temporal and perpendicular baseline of the generated interferogram stack over the (a) Beijing, (b) Fukang, and (c) XiaoLangDi test site, respectively. The filled diamonds and the crosses represent reference (primary) and secondary SAR images forming the interferograms, respectively. 
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Figure 4. (a) Amplitude dispersion index (  D A  ) histograms derived by the VV channel and PolPSI-ADI approach (VV+VH) over Beijing test site. (b) is the detailed zoom of (a) for   D A   values from 0 to 0.4. 
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Figure 5. Interferograms of VV channel (a,d,g,j) and the corresponding optimized ones via PolPSI-ADI approach (b,e,h,k) of two subsections over Beijing test site. (c,f,i,l) are the corresponding residual phase maps (i.e., PolPSI-ADI phase minus PSI phase). (a–f) are over the first sub-area, while (g–l) are over the other one, and (m,n) are the corresponding average amplitude images of these two subsections. The number on the left of each row indicates the interferograms and residual phase maps related temporal baselines, all the subfigures are in SAR coordinate. 
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Figure 6. Ground deformation velocity (in the line-of-sight direction) estimated by the (a) PSI and (b) PolPSI-ADI algorithms, respectively. The numbers in (a,b) represent respectively the final numbers of PS pixels obtained by the two approaches, and the improvement percentage in the bracket in (b) is calculated by taking the PSI method as a reference. (c,e) are the PSI derived results over the two subareas limited by the rectangle A and B in (a). (d,f) are the counterparts of (c,e) derived by the PolPSI-ADI algorithm. 
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Figure 7. (a–c) are the PSI derived ground deformation (in the line-of-sight direction) over the three subareas that are highlighted in Figure 6c,e with white rectangles C, D, and E, respectively. (d–f) are the counterparts of (a–c) derived by the PolPSI-ADI algorithm. 
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Figure 8. (a–c) shows the ground deformation time-series retrieved by PSI and PolPSI-ADI of the three selected pixels P1, P2, and P3 over Beijing test sites, respectively. The locations of P1, P2, and P3 are highlighted by the three white circles in Figure 6a. 
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Figure 9. (a,b) shows the temporal average coherence of VV channel and the PolPSI-COH approach, respectively. 
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Figure 10. Interferograms of VV channel (a,d), Boxcar (b,e,h,j), and PolPSI-COH (c,f,i,k) over the a subsection of Fukang area, respectively. The number on the left of the first and second row indicates the corresponding interferograms’ temporal baseline. (g) is the corresponding SAR amplitude image, (h,j) shows the close-up area (limited by the black rectangle in (b,e)) in (b,e), respectively. The PolPSI-COH counterparts over the same close-up area are shown in (i,k). All the sub-figures are in SAR coordinate. 
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Figure 11. (a,b) shows the deformation velocity (in the line-of-sight direction) derived by the PSI (VV) and PSI-COH (VV+VH) approach, respectively. The number represents the final number of selected pixels for each approach, and the improvement percentage in the brackets in (b) is with respect to those derived by the PSI approach. (c) is the additional pixels (i.e., the pixel density improvement) achieved by PolPSI-COH with respect to that of PSI. (d,e) shows the detailed ground deformation obtained by PSI and PolPSI-COH over the Laobata coal fire area (black rectangle in (a) highlighted), respectively. (f) is the additional pixels (i.e., the pixel density improvement) achieved by PolPSI-COH with respect to that of PSI over the Laobata coal fire area. The red dots indicate the locations of filed survey detected coal fire points, and the white circle in (d) highlights the location of the selected pixels for deformation time-series analysis in Figure 12. 
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Figure 12. The deformation time-series of a selected pixel P1 within the Laobata coal fire area. The location of P1 is highlighted by the white circle in Figure 11d. 
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Figure 13. Interferograms of VV channel (a,d), MMSE (b,e), and PolPSI-AOS (c,f) over the XiaoLangDi dam, respectively. The number on the left of the first and second row indicates the corresponding interferograms’ temporal baseline. (g) is the optical image over the dam, which is rotated for better visualization. (h,i) shows the number of identified PHPs of each pixel and the SAR amplitude image over this subarea, respectively. Except the optical image, which is in geographic coordinate, the other sub-figures are in SAR coordinate. 
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Figure 14. (a–c) shows the deformation velocity (in the line-of-sight direction) over XiaoLangDi area derived by PSI (VV), MMSE (VV), and PolPSI-AOS (VV+VH) approach, respectively. The number represents the final number of selected pixels for each approach, and the improvement percentage in the brackets in (b,c) is with respect to those derived by the PSI approach. (d–f) are a detailed zoom of the white rectangle indicated area (i.e., the dam) in (a–c). 
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Figure 15. The selected pixels along with a profile (from A to A’) over the XiaoLangDi obtained by the (a) PSI, (b) MMSE, and (c) PolPSI-AOS, respectively. The location of the profile is shown in (d) by the white line over the PolPSI-AOS retrieved displacements. The three filled dots in (d) indicate locations of the pixels selected for time-series deformation analysis in Figure 16. It is worth to note that (d) is in UTM (Universal Transverse Mercator) coordinate. 
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Figure 16. The three methods obtained time series deformations of the three selected pixels (i.e., P1, P2, and P3), which are along with the profile over the dam front in Figure 15d. The reservoir basin water level of the same observing duration is also depicted for the analysis of the dam deformation phenomena. 
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Table 1. Key parameters of the employed Sentinel-1 data sets.






Table 1. Key parameters of the employed Sentinel-1 data sets.





	
Acquisition Mode

	
IW






	
Polarization

	
VV + VH




	
Resolution

	
5 × 20 m




	
Wavelength

	
5.55 cm




	
Orbit

	
Ascending




	
Test Sites

	
Beijing

	
Fukang

	
XiaoLangDi




	
NO. of SAR images

	
46

	
40

	
38




	
Reference SAR images

	
20181111

	
20170922

	
20171009




	
NO. of intferograms

	
45

	
39

	
37




	
NO. of pixels

	
   5300 × 16 , 500   

	
   1100 × 4000   

	
   1100 × 4000   
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Table 2. Statistical analysis of the PSI and PolPSI-ADI retrieved ground deformation results over Beijing.






Table 2. Statistical analysis of the PSI and PolPSI-ADI retrieved ground deformation results over Beijing.





	D. V.
	PSI P. N.
	PolPSI-ADI P. N.
	P. N. Impro.
	Add. Area





	20 to 10 (mm/yr)
	65,376
	103,633
	38,257 (58.52%)
	382.57 hm   2  



	10 to 0 (mm/yr)
	646,977
	950,855
	303,878 (46.97%)
	3038.78 hm   2  



	0 to −10 (mm/yr)
	915,308
	1,371,704
	456,396 (49.86%)
	4563.96 hm   2  



	−10 to −20 (mm/yr)
	214,169
	327,669
	113,500 (53.00%)
	1135.00 hm   2  



	−20 to −40 (mm/yr)
	124,957
	202,366
	77,409 (61.95%)
	774.09 hm   2  



	−40 to −60 (mm/yr)
	15,990
	21,122
	5132 (32.10%)
	51.32 hm   2  



	−60 to −80 (mm/yr)
	2944
	4264
	1320 (44.84%)
	13.20 hm   2  







“D. V.”, “PSI P. N.”, “PolPSI-ADI P. N.”, “P. N. Impro.”, and “Add. Area” in the table header represents the ground deformation velocity, PSI obtained pixels’ number, PolPSI-ADI obtained pixels’ number, PolPSI-ADI achieved pixels’ number improvement with respect to that of PSI, and the additional area monitored by PolPSI-ADI with respect to that of PSI, respectively.
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Table 3. Statistical analysis of PSI and PolPSI-COH obtained ground deformation results over Fukang area.






Table 3. Statistical analysis of PSI and PolPSI-COH obtained ground deformation results over Fukang area.





	D. V.
	PSI P. N.
	PolPSI-COH P. N.
	P. N. Impro.
	Add. Area





	10 to 0 (mm/yr)
	344,163
	385,999
	41,836 (12.16%)
	418.36 hm   2  



	0 to −10 (mm/yr)
	323,173
	360,248
	37,075 (11.47%)
	370.75 hm   2  



	−10 to −15 (mm/yr)
	827
	1023
	196 (23.70%)
	1.96 hm   2  







“D. V.”, “PSI P. N.”, “PolPSI-COH P. N.”, “P. N. Impro.”, and “Add. Area” in the table header represents the ground deformation velocity, PSI obtained pixels’ number, PolPSI-COH obtained pixels’ number, PolPSI-COH achieved pixels’ number improvement with respect to that of PSI, and the additional area monitored by PolPSI-COH with respect to that of PSI, respectively.
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Table 4. Statistical analysis of PSI and PolPSI-AOS obtained ground deformation results over XiaoLangDi area.






Table 4. Statistical analysis of PSI and PolPSI-AOS obtained ground deformation results over XiaoLangDi area.





	D. V.
	PSI P. N.
	PolPSI-AOS P. N.
	P. N. Impro.
	Add. Area





	10 to 0 (mm/yr)
	10,124
	41,956
	31,832 (314.42%)
	318.32 hm   2  



	0 to −10 (mm/yr)
	4593
	25,491
	20,898 (455.00%)
	208.98 hm   2  



	−10 to −20 (mm/yr)
	739
	1656
	917 (124.09%)
	9.17 hm   2  







“D. V.”, “PSI P. N.”, “PolPSI-AOS P. N.”, “P. N. Impro.”, and “Add. Area” in the table header represents the ground deformation velocity, PSI obtained pixels’ number, PolPSI-AOS obtained pixels’ number, PolPSI-AOS achieved pixels’ number improvement with respect to that of PSI, and the additional area monitored by PolPSI-AOS with respect to that of PSI, respectively.
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Table 5. Polarimetric optimization computation time of PolPSI techniques.






Table 5. Polarimetric optimization computation time of PolPSI techniques.





	Method
	Time (M. T.)
	Improvement
	Test Site





	PolPSI-ADI
	100 h (1.1 h)
	50%
	Beijing (5300 × 16,500)



	PolPSI-COH
	46 h (10.5 h)
	12%
	Fukang (1100 × 4000)



	PolPSI-AOS
	45 h (11.3 h)
	348%
	XiaoLangDi (1000 × 4000)







“M. T.” and “Improvement” in the second and third column represents the computation time for one million pixels, and the improvement of qualified pixel density obtained by the PolPSI method with respect to that of PSI, respectively.
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