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Ground-based synthetic aperture radar (GB-SAR) is a relatively new technique that can be used to monitor the deformation of
large-volume targets, such as dams, slopes, and bridges. In this study, the permanent scatterer (PS) technique is used to address the
issues encountered in the continuous monitoring of the external deformation of an arch-gravity dam in a hydraulic and hy-
dropower engineering structure in Hubei, China; the technique includes large image data sizes, high accuracy requirements, a
susceptibility of the monitoring data to atmospheric disturbances, complex phase unwrapping, and pronounced decoherence.
+rough an in-depth investigation of PS extraction methods, a combined PS selection (CPSS) method is proposed by fully taking
advantage of the signal amplitude and phase information in the monitored scene. +e principle and implementation of CPSS are
primarily studied. In addition, preliminarily selected PS candidates are directly used to construct and update a triangular irregular
network (TIN) to maintain the stability of the subsequent Delaunay TIN. To implement this method, a differential-phase
standard-deviation threshold method is proposed to extract PSs that are highly spatially coherent and consistent. Finally, the
proposed CPSS was applied to the safety monitoring of the dam.+e monitoring results are compared with conventional inverted
plumb line monitoring results, and the proposed CPSS is found to be effective and reliable.

1. Introduction

In the early twenty-first century, the Italian researchers
Ferreti et al. proposed a permanent scatterer (PS) technique
for satellite-borne synthetic aperture radar (SAR) systems
[1–4] that is an SAR displacement monitoring data pro-
cessing technique [5–7]. +is technique extracts targets with
a stable phase and extremely high backscattering capacity
(i.e., PSs) from long-time-series radar data using a statistical
filter, and by modelling and analysing, the PSs obtains
various estimated parameters [7]. +is technique can sig-
nificantly reduce the effects of atmospheric phase delays [5]
and provides an accurate and reliable approach to estimating
the residual phase of landforms.

In the past decade, more research has been conducted on
many aspects of the PS technique, from algorithm design to the
implementation process, resulting in the rapid development of

the PS technique for a variety of applications. A number of PS
methods for satellite-borne SAR systems have been proposed
[8–13]. With the extensive application of this technique in
satellite-borne SAR systems, the PS technique has been started
to be used to address certain key issues in ground-based SAR
(GB-SAR) systems, e.g., the effects of temporal decoherence,
atmospheric disturbances, and noise on the accurate de-
termination of deformation [5, 14–20]. At first, GB-SAR
systems were primarily used for monitoring various types of
landslide masses. For example, Tarchi et al. used a GB-SAR
system to monitor the stability of a rocky slope [21, 22]. In the
period from 2003 to 2012, a number of researchers used the
GB-SAR technique to monitor the safety of soil slopes, pro-
viding timely early warning and precautions for landslide
disasters [23–27]. In the period from 2010 to 2013, Casagli et al.,
Luzi et al., and Intrieri et al. [28–31] introduced the GB-SAR
technique to volcano monitoring and achieved excellent
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results. In addition to themonitoring of natural targets, in 1999,
Tarchi took the lead in applying the GB-SAR technique to the
monitoring of the external appearance of dams. Gradually,
Alba et al. [32], Luzi et al. [33], Qiu et al. [17], and Huang et al.
[18] used the GB-SAR technique to realize the high accuracy
(can be up to 0.1mm), noncontact monitoring of the external
appearance of various dams [19, 34]. +is technique has also
been applied to the safety monitoring and provision of disaster
warning for artificial facilities [14, 22, 25, 34–39] such as
municipal engineering structures [40, 41] and river embank-
ments [42–44]. +ere are consistent effects from atmospheric
disturbances, temporal decoherence, phase wrapping, and
noise in all the applications of the GB-SAR technique, severely
restricting the accurate retrieval of high-accuracy deformation
information and significantly limiting the advantages (high
accuracy, high resolution, and flexible operation) of the GB-
SAR technique. +us, it is necessary to make full use of the
properties of PSs to search for a sufficient number of highly
temporally and spatially coherent PS point targets and in-
vestigate PS extraction methods suitable for GB-SAR data to
compensate for the effects of the temporal and spatial deco-
herence, atmospheric disturbances, and noise on the accurate
retrieval of deformation information from GB-SAR data
[5, 14–20] to achieve all-weather, high-accuracy (theoretically
of the submillimetre order), and high-resolution displacement
monitoring over a large area. Hence, effective PS extraction has
become the key to the realization of the powerful role of PSs in
the GB-SAR technique.

In 2011, Long et al. [45], for the first time, discussed the
characteristics and shortcomings of four common PS ex-
traction methods for satellite-borne SAR systems and
designed an improved PS selection method for satellite-
borne radar data. In 2012, Liu et al. [46] studied various PS
extraction methods for satellite-borne SAR systems in more
detail; these researchers combined several single extraction
methods in either series or parallel for the extraction of PSs
and achieved satisfactory results. In 2015, Zeng et al. [47]
discussed the use of a combination of a coherence coefficient
threshold method (cT) and phase information in the ex-
traction of PSs and used this method to produce a digital
elevation model (DEM) from satellite-borne radar data. It
was not until 2016 that Hu et al. [48] studied the PS ex-
traction method in GB-SAR on the basis of a satellite-borne
SAR PS extraction method. +ese researchers improved the
accuracy of the PS technique in the retrieval of deformation
information by compensating for the repeat-pass error.
However, this method only discussed the repeat-pass error
compensation of repetitive placement equipment in the
long-period repetitive monitoring mode and is not appli-
cable to the continuous monitoring mode of a long time
series. In 2016, Michele et al. [35] summarized and evaluated
various PS extraction methods based on previous work.
+ere are three main methods, namely, the cT method, the
phase dispersion threshold (TD) method, and the amplitude
dispersion index threshold (DAT) method. All of these
methods only extract PS points by using a single feature of a
certain aspect of the target, while considering the high
coherence and radiation stability of PS points, which need to
be further improved.

In this study, a CPSS method is proposed considering
the characteristics of the safety monitoring of a type of
hydraulic and hydropower engineering structure, dams,
including large GB-SAR image data sizes, high accuracy
requirements, a susceptibility of the monitoring data to
atmospheric disturbances, complex phase unwrapping, and
pronounced decoherence. +e CPSS method is designed by
organically combining the cT method, DAT method, and
differential-phase standard-deviation threshold method.
+e CPSS method fully uses the amplitude and phase in-
formation of the targets in the monitored scene, combined
with temporal and spatial coherence and consistency, to
extract targets that have high coherence and can maintain
phase stability during the entire process of monitoring.
+us, suitable density and reliable quality PSs can be ob-
tained using this method. +is study focuses primarily on
the following areas: (1) +e principle and implementation
of the CPSS method are discussed, and the interactive
determination of the thresholds is analysed. (2) When
implementing the method, the preliminarily selected PS
candidates (PSCs) are directly used to construct and update
a triangular irregular network (TIN) to ensure the stability
of the subsequent Delaunay TIN. In addition, a differential-
phase standard-deviation threshold method is proposed to
extract highly spatially coherent and consistent PSs. (3)+e
proposed method was applied to the safety monitoring of a
dam, and the monitoring results are compared with those
the inverted plumb line monitoring method. +e com-
parison demonstrates that the CPSS method is effective and
reliable.

2. Research Methods

2.1. Analysis of the Problems in Conventional PS Selection
Methods

(1) +e cT method [38, 39] identifies and extracts PSs
with c of each pixel as the criterion.+e c of a certain
pixel is estimated based on the complex number
information of the nearby pixels within a window
range that includes the pixel (e.g., a m × m window)
using the following the equation:
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where M and S are the sets of complex numbers of
themaster and slave images, respectively, and ∗ is the
conjugate operator of the complex numbers. A
suitable cT is set. A point with c greater than cT is a
PS point.
+is method has a simple principle and involves
simple calculations. However, because c is calcu-
lated based on the size of the local moving window,
the difficulty in this method lies in striking a balance
between the window size and the effectiveness of the
PS points. +e determination of cT is also an issue
worth careful consideration. If cT is set too
high, certain true and effective PS points are not
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accurately extracted, resulting in a reduction in the
effectiveness of the method. If cT is set too low,
certain severely decoherent pixels near true and
effective PS points are misidentified as PS points,
resulting in a reduction in the reliability of ex-
traction of the PS points. +erefore, PS points
identified and extracted using the cT method alone
are extremely easily affected by the parameters,
fluctuate relatively significantly, and are not suffi-
ciently robust.

(2) In the TD method [38, 39], the D of each pixel (i, j) is
calculated:

Dφ �
std φl(i, j) 

mean φl(i, j) 
, l � 1, 2, . . . , N. (2)

+en, a suitable TD is set. Dφ(i, j) corresponding to
each pixel is compared with TD. If Dφ(i, j)≤TD, the
pixel (i, j) is selected as a PS point. +is method
involves simple calculations and is unaffected by
neighbourhood signals but selects PS points based
only on phase information. Using the phase in-
formation of the GB-SAR data that have not been
subjected to atmospheric phase correction and noise
phase removal treatments to calculate D results in a
reduction in the reliability of the selected PS points.
Additionally, the observed phase is a wrapped phase
instead of a complete phase value and has no strict
proportional relationship with the scattering co-
efficient of the target. Consequently, D cannot truly
reflect the scattering stability of the target, and the
selected PS point does not meet the stability
requirements.

(3) +e DAT method [38, 39] uses the amplitude dis-
persion of the same pixel in the time series as the
criterion for selecting the PS points and quantita-
tively represents the amplitude dispersion with DA.
According to Ferreti et al.’s concept [2], the re-
lationship between the phase standard deviation σϕ
and DA is

σϕ ≈
σA
mA

� DA, (3)

where mA and σA are the mean and standard deviation
of the amplitude, respectively. +is equation demon-
strates that DA can be used to directly represent the
stability of the coherent points and select PS points.
Equation (3) (i.e., Ferreti et al.’s concept) holds true
only if the signal-to-noise ratio (SNR) of the pixel is
relatively high. +us, this method can ensure that the
selected PS points are stable to a certain extent only
when applied to pixels with a high SNR that have been
extracted in advance.

2.2. CPSS Method. From the above analysis, a single PS
selection method can never consider both the stability and
high coherence of pixels and is extremely easily affected
by parameter selection. PSs selected using a single PS

selection method lack robustness. In addition, a single PS
selection method cannot ensure that a sufficient number
of PSs are selected. In addition, during the long-term
continuous monitoring process of GB-SAR, the sliding
track of the equipment is fixed on a stable platform to
eliminate the placement error of repetitive orbit and the
spatial baseline caused by the change in the orbit position.
+erefore, the long-term data can be processed accord-
ingly after temporal differential interference. Hence, the
CPSS method is proposed based on the characteristics of
the continuous monitoring data generated by GB-SAR
systems. +is method is an improvement over the cT
method and the DAT method in the algorithm process. A
differential-phase standard-deviation threshold method is
also proposed and combined with the cT method and the
DAT method for identifying PSs. In the identification and
extraction of the PSs, the CPSS differs from a simple
combination of the aforementioned three methods in
series or parallel. +e CPSS method considers both the
acquisition of pixels with a high SNR or even high-quality
imagery and the amplitude and phase information of each
pixel. Moreover, this method considers the temporal
stability and spatial continuity and selects a suitable
number of true PSs.

+e basic principle of the CPSS method is described
as follows. First, c is calculated using equation (1), which
is used for interference processing. cT is then set to
remove severely decoherent targets in the region (e.g.,
water and vegetation-covered areas). On this basis, the
proportion of decoherent targets in the image is ana-
lysed; if the proportion of decoherent targets reaches a
certain value, the whole image is treated as a low-quality
image. After all the low-quality images are removed, the
image preprocessing is completed. Highly coherent
targets in quality images are obtained. Under the premise
of high time coherence, according to the PS theory of
Ferretti et al. [2], when DA is low, the SNR is high, and DA
can be used to indirectly reflect the phase stability of each
pixel. Subsequently, DA of each highly coherent point is
calculated using equation (3), and DAT is set. Points with
DA smaller than DAT are extracted; these points are re-
ferred to as PSCs. +us, points with stable temporal
scattering properties are obtained. Finally, a Delaunay
TIN is constructed based on the PSCs. Based on the
standard deviation threshold of the differential phase of
each side of the TIN, spatially continuous PSs that are
relatively insignificantly affected by atmospheric dis-
turbances (i.e., PSs that are spatially consistent and
stable) are selected.

To implement this method, calculations should be
performed according to the following steps:

(1) Calculation of c: in the (K − 1) interference images,
the c time series (c1, c2, . . . , ck) for each interference
pixel is calculated based on equation (1).

(2) Extraction of highly coherent pixels: based on
the following equation, the average c (ci,j) of the
pixel (i, j) in the time series is calculated. Pixels
with ci,j greater than the given cT are determined:
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(4)

cT is freely set using a man-machine interaction
method. A suitable cT can be determined based on
the image quality; generally, cT is set to 0.6–1.0 [49].
Pixels with ci,j greater than cT are extracted as highly
coherent pixels.

(3) Calculation of the absolute deviation Δci,j of c of
each pixel: the c variation pattern of the GB-SAR
image series is studied and statistically analysed.Δci,j

of each pixel in each image is calculated:

Δci,j � c
k
i,j − ci,j



. (5)

(4) Evaluation and removal of low-quality images: the
distribution of Δci,j of the pixels in each image is
analysed. Based on the Δci,j distribution curve and
the statistical results, a threshold T is set. +e
proportion of pixels with Δci,j ≥T within all the
pixels in the image is determined and used as a
metric for evaluating the image quality. Images
with an overly high proportion of pixels with
Δci,j ≥T are removed. +us, high-quality images
with highly coherent pixels are obtained, and the
preprocessing for the identification and selection of
PSs is complete.

(5) Identification and selection of PSCs: based on
equation (3), DA of each pixel is calculated, and a
reasonable DAT is searched for and set in an in-
teractivemanner. According to Ferretti et al. [2],DAT
is generally set to 0.25–0.30. If DA of a pixel is lower
than the given DAT, the pixel is considered a PSC
point; otherwise, the pixel is a non-PSC point.

(6) Construction of a Delaunay TIN: a TIN is con-
structed by connecting adjacent PSC points that have
been obtained according to certain network con-
struction criteria to facilitate differential calculation
of the spatial stability and consistency based on the
interferometric phase.

(7) Calculation of the spatial differential interferometric
phase value of each baseline of the TIN: for a baseline
PQ with points P and Q at its two ends, the spatial
differential interferometric phase value Δφp,q is
calculated as follows:

Δφp,q � φq − φp, (6)

where φp and φq are the interferometric phase values of
the PSC points P and Q, respectively, which can be
determined based on the original interferometric values.
Δφp,q is calculated using equation (6). +e absolute

difference δp,q in the differential interferometric phase
value between each baseline and the corresponding
baseline in the adjacent time series is calculated:

δp,q � Δϕi+1
p,q − Δϕi

p,q



, i � 1, 2, . . . , K − 1. (7)

+e root-mean-square error (RMSE) of δp,q is also
calculated and used to represent the extent of the
change in the observed phase value of each baseline
in the time series and indirectly reflect the extent to
which the PSC points at the two ends of the baseline
are affected by atmospheric disturbances.

(8) Selection of PSs using the threshold method: a
threshold is set for the RMSE of the absolute dif-
ference in the spatial differential interferometric
phase value. When the RMSE of the absolute dif-
ference in the spatial differential interferometric
phase value of a baseline is lower than the threshold,
the PSC points at the ends of the baseline are treated
as the final PSs.

+e above PS selection method has the following
advantages:

(1) +e cT method can rapidly eliminate highly deco-
herent non-PS targets in images and certain low-
quality images, thereby reducing the search area for
subsequent high-accuracy detection.

(2) +e DAT method is advantageous because this
method can accurately identify single pixels and loses
no resolution cells. +e analyses of the DAT method
are based on the amplitudes of single pixels in the
time series. Consequently, adjacent noisy PS pixels
are unaffected by pixel noise in the spatial neigh-
bourhood, and the DAT method can independently
detect PSs from noise bursts.

(3) Preliminary selection using the cT method and the
DAT method before PS detection using the differ-
ential-phase RMSE threshold method results in a
considerable decrease in the computational load of
the whole process, prevents aimless global detection
caused by a lack of preliminarily selected points for
the differential-phase RMSE threshold method, re-
sults in a significant decrease in the computational
time of the whole process, and can effectively im-
prove the detection efficiency.

3. Study Area and Research Data

3.1. General Information on the Study Area. A case study is
performed on the deformation monitoring of an arch-
gravity dam in a hydropower station in Hubei, China. +e
top of the dam has an elevation of 206m and a total length of
665.45m. +e dam has a maximum height of 151m. Gravity
dam segments are constructed on the two banks of the dam.
A gravity block is placed on the foundation surface on the
left dam abutment with an elevation of 120–138m. +e dam
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is a three-centred monocurved composite arch-gravity dam
with an upper gravity segment, a lower arch segment, and an
outer arc radius of 312m that spans the riverbed. +e top of
the dam above the centre of the riverbed has an elevation of
181m that gradually decreases towards the two banks. +e
left bank is 150m away from the top of the gravity block, and
the right bank is 160m away from the top of the gravity
block. A transition section is constructed to connect the left
and right banks. +e overflow section, situated in the centre
of the dam, has seven surface outlets, four deep holes, and
two relief outlets that double as diversion bottom outlets.
+e top of each surface outlet weir has an elevation of
181.8m, and each surface outlet has dimensions of
12m× 18.2m.+e bottom of each deep hole has an elevation
of 134m, and each deep hole has dimensions of
4.5m× 6.5m. +e bottom of each bottom outlet has an
elevation of 95m, and each bottom outlet has dimensions of
4.5m× 6.5m. Each outlet/hole is controlled by an arc-
shaped sluice gate. +e powerhouse is situated on the river
terrace by the right bank. +ere is a 300 t class vertical ship
lift on the left bank, and the middle ship diversion canal is
400m in length and 30m in width.

3.2. ResearchData. In this paper, the GB-SAR IBIS-L system
developed by Italian IDS company and the University of
Florence was used for continuous monitoring of the dam.
+e step frequency continuous wave (SFCW) was adopted to
realize high-precision static displacement monitoring, and
the average sampling frequency is 110Hz; this system is
different from the GB NW-SAR system of Lukin et al.
[50, 51], but the monitoring accuracy can reach the sub-
millimeter level. A total of 1,330 images of the dam area were
collected. During the data collection process, the IBIS-L
system was placed on the left bank 1,300m downstream of
the dam, and the field of view completely of the system
covered the dam and the slopes on the two banks, the ship
lift on the left bank, and the ship diversion canal in the
downstream riverbed. Figure 1 shows the relative locations
of the IBIS-L system and the targets monitored in the field.
+e lower left corner of Figure 1 shows the corresponding
locations of the buildings and structures in a GB-SAR image
(A: dam, B: power station by the right bank and slope steps,
C: ship diversion canal in the riverbed, and D: two-level ship
lift on the left bank).

Monitoring was performed for seven days (approxi-
mately 147 h), and images of 1,330 scenes were collected.
Table 1 summarizes the basic parameter settings for data
collection.

Considering the relatively large data size, only the data
processing for the main body of the dam is presented in this
article. Figure 2 shows the main body of the dam.

3.3. Data Processing

3.3.1. Data Processing Procedure. +edata collection process
coincided with the flood season with relatively high pre-
cipitation that resulted in accumulated water on the
downstream riverbed. As a result, the observation data were

significantly affected by temporal decoherence and atmo-
spheric disturbances. To effectively eliminate these effects, a
long-time-series image postprocessing method based on the
PS technique was employed to process the images of 1,330
scenes. +e CPSS method was proposed to achieve accurate
calculation of the deformation information. First, based on
the actual temporal and spatial correlations between the
images, low-quality images (of 385 scenes) were eliminated,
and the images of the remaining scenes were analysed and
processed. +e processing procedure included original
image focusing, master image selection, interferometric
image generation, phase unwrapping, PS point selection, PS
TIN construction, PS network modelling, and least squares
adjustment. +e rate, amount, and trend of the deformation
of the dam during the monitoring period were thereby
determined. +e results were compared with the observed
values obtained using the conventional inverted plumb line
method to verify the effectiveness of the combined PS point
selection method for the monitoring of the external de-
formation of the dam. Figure 3 shows the processing
procedure.

3.3.2. Extraction of PS Points. A total of 945 interferometric
images of the dam area expressed in a rectangular plane
coordinate system were obtained after the preprocessing
process, which included interferometric image generation
and low-quality image removal. Figure 4 shows one of the
interferometric images. In the figure, the x-axis represents
the direction along the dam axis, and the y-axis represents
the distance between the IBIS-L and the dam. +e dam, a
concrete and metal structure, reflected the microwave sig-
nals extremely strongly, resulting in the formation of very
strong echo signals. +e deformation of the dam can be
effectively interpreted by taking full advantage of the radi-
ation and phase information derived from the time-series
images. In this study, PS points were extracted using the cT
method, the TD method, the DATmethod, and the proposed
CPSS method to comparatively analyse the deficiencies and
advantages of these methods.

First, the cT method was used to calculate and statisti-
cally analyse all the image data. +e window size and
threshold were set to 5× 5 and 0.8, respectively. Figure 5
shows the extracted PS points (in black). +ere were a total
of 8,623 PS points, accounting for 37.5% of all the pixels. +e
radar images were upside down, so the surface outlets of the
dam were located at the top of the images. +e metal gates
and other metal components of the surface outlets had very
high scattering capacities. However, when selecting stable
points, only the temporal correlation of the image was
considered, and the phase stability was not considered. As a
result, a large number of points on the image were mis-
takenly selected as PS points.

When using the DAT method, the amplitude dispersion
cannot accurately represent the phase stability of the pixels
when there are too few images or when the images are of
relatively low quality, and consequently, certain points with
a stable phase are omitted.DATwas set to 0.3. A total of 4,497
PS points were obtained, accounting for 19.56% of all the
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pixels, as shown in Figure 6. By interactively setting DAT,
when the givenDATwas strict, e.g., whenDATwas set to 0.25,
the number of obtained PS points significantly decreased to
3,252. Based on the physical meaning ofDA, the lowerDAT is,
the more reliable the selected PS points are. However, a small
DATcannot ensure a sufficient number of PS points. +us, to
ensure that a sufficient number of PS points could be se-
lected, DAT was set to 0.3.

Figure 7 shows the result obtained by calculation based
on the statistics of the image phase stability using the TD
method. +e average phase dispersion in the image was
73.3149, which is very high. To obtain relatively reliable PS
points, TD was set to 4. Under this condition, only 5,342 PS

points were obtained, accounting for 23.2% of all the pixels.
Despite this result, as shown in Figure 8, the extracted PS
points were not stable points in a true sense. Many of these
points had very low scattering strengths. Additionally, the
selected points were basically evenly distributed throughout
the whole image.+e effects of the scattering strengths of the
targets were not considered. Both the objects monitored and
the surrounding backgrounds were treated as stable PS
points. +e stability and high scattering capacity of the
points could not be correctly reflected at all, and the main
area of the body could not be identified. By relaxing the
threshold range, an even larger number of false PS points
distributed in a more disorderly manner would be obtained,
which would completely conceal the true characteristics of
the objects. +erefore, the reliability of the wrapping and
severely atmospherically disturbed phase information sig-
nificantly decreased when obtaining reliable PS points.

Finally, the CPSS method was employed to extract the PS
points. During the extraction process, an image quality
threshold was set by statistically analysing the deviation of c of
each pixel in the interferometric image of each scene, and low-
quality images were removed. PS points were extracted only
from images of relatively high quality. +e statistical results
show that the absolute deviations of the values of c were

Table 1: Basic information of dam deformation monitoring data collection.

Antenna type Gain 20 dBi
Polarization mode VV

Signal type
Frequency band and wavelength Ku/1.78 cm

Bandwidth 300M (17.05GHz–17.35GHz)
Step frequency 57.703 kHz

Synthetic aperture length 2m
In-orbit moving step of the sensor 5mm

Resolution Range 0.5m
Azimuth 4.4mrad

Maximum monitoring distance setting 1300m
Average duration of collection of a single-scene image 5.3833min

Figure 2: Photograph of the main body of the dam.
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Figure 1: GB-SAR monitoring equipment layout diagram. +e lower left corner shows the corresponding locations of the buildings and
structures in a GB-SAR image.
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mostly below 0.15, suggesting relatively high accuracy, as
shown in the histogram in Figure 9. +us, when determining
the low-quality image threshold, images with more than 20%
of the pixels with an absolute deviation of c greater than 0.15

were considered low-quality images and removed. Ultimately,
of all the images of the whole time series, a total of 385 low-
quality images were removed, and the remaining 945 images
were subjected to subsequent processing analysis.
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Figure 4: Interferometric image of the main body of the dam area (interferometric result of 1st and 2nd scene images, the x-axis represents
the direction along the dam axis, and the y-axis represents the distance between IBIS-L and the dam).
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Figure 3: Research roadmap for using the CPSS method to select PS points for deformation monitoring of a dam.
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PS points were preliminarily extracted from the 945 im-
ages with relatively high quality using the cT method. To
ensure that as many highly coherent points as possible could
be extracted from the images, the size of the moving calcu-
lation window was still set to 5× 5, and the average cT was 0.8.

A total of 8,623 highly coherent points were thus obtained.
Subsequently, the phase information on the preliminarily
selected highly coherent points was further considered. Be-
cause there were sufficient images, it was feasible to use the
relatively high-performance DATmethod to further select PSC
points. To facilitate comparison with the aforementioned
results obtained using the DAT method alone, DAT was again
set to 0.3, and a total of 5,817 PSC points were obtained. +e
removal of the low-quality images resulted in significant
improvement in the reliability of the DATmethod. +is result
demonstrates the characteristics of DA: an image of relatively
high quality has a relatively high SNR, and DA of the image is
approximately equal to the phase standard deviation.+us, the
phase information of the image is indirectly considered by
means of DA, and consequently, reliable PSC points can be
obtained. Subsequently, a Delaunay TIN was constructed
based on the PSC points. Figure 10 shows the preliminary TIN.

+e spatial continuity of each PSC point in the TIN was
examined. +e RMSE of the absolute difference in the
differential interferometric phase value of each baseline
of the network was calculated. Points that were spatially

0 50 100 150 200
x (m)

1220

1200

1180

1160

1140

1120

1100

1080

y (
m

)

4

3.5

3

2.5

2

1.5

1

0.5

0
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discontinuous or significantly affected by atmospheric dis-
turbances were removed. +e absolute differences in the
differential interferometric phase values were calculated and
statistically analysed.+emaximum, minimum, and average
RMSEs were 3.3035, 0.0074, and 1.2078, respectively. +e
average RMSE of 1.2078 was selected as the threshold, and
PSC points with an RMSE greater than the threshold were
removed. A total of 4,289 PS points were ultimately ob-
tained, accounting for 18.65% of all the points. Figure 11
shows the results of the CPSS method. +e PS points in each
image were subjected to temporal and spatial phase wrap-
ping, and a PS TIN was reconstructed (Figure 12). A total of
14,433 baselines and 9,617 triangles were obtained.

3.3.3. Analysis of the Amount and Rate of Deformation of the
Dam. Based on the relationship between the observed
differential phase value of each baseline in the PS network
and the amount of deformation, spatially, the observed
differential phase value of each baseline was mathematically
modelled, and the parameters were estimated. Finally,
through the indirect adjustment of the PS network, the
deformation information of the dam during the monitoring
period was obtained. Figure 13 shows the total amount of
deformation at each PS point during the whole monitoring
period obtained through direct adjustment. +e amounts of
deformation were generally approximately 5mm, and all the
PS points shifted downstream. +e monitoring process was
continuous and conducted in the height of the summer.
During this time, the meteorological conditions in the dam
area underwent complex changes. Two heavy thunderstorm
events occurred during the monitoring process. +ese en-
vironmental factors still systematically affected the PS
processing results. +erefore, two control points, GCP1 and
GCP2, were selected on the banks of the dam to correct the
changes in the environmental quantities. +e two control
points were located at (5.0, 1, 144.7) and (219.7, 1, 121.9) in
the image coordinate system. Table 2 summarizes the signal
strengths and phase stabilities at these two points.

Figure 14 shows the total amount of deformation at each
PS point during the monitoring period after the correction
of the environmental quantities. +e corrected results show
that the deformation at the majority of the PS points was
− 1.0–1.0mm. +e deformation at the arch crown was the
largest, with the cumulative deformation value of 1.61mm.
+e horizontal displacement of the dam body shows a trend
of gradual decrease from the arch crown to both sides.
Figure 15 shows the average rate of deformation at each PS
point on the dam during the monitoring period, which
ranged from − 0.1140 to 0.0980mm/d. +e dam deformed
slowly and was in a stable operating condition.

4. Analysis of Results and Discussion

To examine the reliability of the CPSS method for the visual
monitoring of the dam, the monitoring results were com-
pared with inverted plumb line monitoring results. +e five
points, P1∼P5, of the intersection between five inverted
plumb lines evenly distributed across the dam and the top of

the dam were selected as the objects of comparison. Fig-
ure 16 shows the distribution of the five points (the red
points) located in the GB-SAR monitoring images. +e
deformation information obtained using the two methods
was analysed.

+e radar images are upside down. +us, on the same
vertical plane in an image of the dam, the lower the height of
a target is, the further away the target is from the origin of the
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radar coordinate system; conversely, the greater the height of
a target is, the closer the target is to the origin of the radar
coordinate system. In Figure 17, the black curve signifies the
top of the dam, and the part above the black curve is the
image of the seven surface outlets. Due to the presence of
metal equipment in the surface outlets, the outlets strongly
reflected the signals, forming high-quality echo signals.
Figure 18 shows the corresponding locations of points
P1∼P5 in a radar image. Table 3 summarizes the coordinates
of the five points in the image. Figures 19 and 20 show the
temporal and spatial deformation distribution curves of the
five points on the top of the dam for the monitoring period
obtained based on the GB-SAR and inverted plumb line
automatic monitoring results. Table 4 shows the corre-
sponding characteristic deformation values. Figure 21 shows
the spatial distributions of the amounts of deformation of
the five points on the top of the dam.

Figures 19 and 20 and Table 4 show that from July 27 to
August 2, the amounts of deformation of the GB-SAR
measuring points were generally small; the deformation of
P3 was the largest at approximately 1.5mm downstream.
+e deformations of the inverted plumb line measuring
points P1∼P5 are relatively small, with P3 being the largest at
1mm downstream. +e trends of the two methods are
consistent, and the amounts of deformation measured differ
by approximately 0.5mm mainly due to the difference be-
tween the two monitoring methods in the starting data; that
is, the GB-SAR measurement value is the displacement
relative to the centre of the equipment, while the inverted
plumb line measurement value is the displacement relative
to the inverted steel wire. Moreover, if the line-of-sight
displacements measured by the GB-SAR system are trans-
formed into the plane coordinate system for the test area, the
displacement evaluation metrics are consistent, which leads
to higher data comparability. +is result demonstrates that
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Table 2: Information on the environmental correction control points.

Point X (m) Y (m) +ermal SNR Estimated SNR c Phase stability
GCP1 5.0 1144.7 36.2 33.9 0.97 15.86
GCP2 219.7 1121.9 31.3 23.4 0.97 4.28
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the combined PS point selectionmethod can correctly reflect
the deformation of a dam and effectively address the key
problems in GB-SAR monitoring data processing (e.g.,
decoherence, phase unwrapping, and atmospheric phase
correction), thereby allowing effective and reliable appli-
cation of the GB-SAR technique to monitoring the visual
deformation of dams.

As shown in Figure 21, the deformations of the mea-
suring points by the inverted plumb line P1∼P5 are
0.04mm∼0.84mm, and the deformations of the measuring

points by GB-SAR are 0.05mm∼0.96mm; both methods
show the largest deformation at the arch crown and
downstream deformation, which is consistent with the de-
formation characteristics of an arch dam, and the de-
formation of the dam is stable.

According to the statistical analysis of the GB-SAR
monitoring data, the errors in the deformation rates of the
five characteristic points on the dam crest (see Table 5) are all
smaller than 0.005mm/d, indicating high monitoring
accuracy.
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Figure 20: Temporal process curves at the five points at the top of the dam obtained using the inverted plumb line method.

Table 4: GB-SAR/inverted observation point deformation characteristic value statistics of dam crest.

GB-SAR (inverted plumb
points)

GB-SAR measurements (mm) Inverted plumb line measurements (mm)
Maximum

value
Minimum

value
Cumulative

value
Maximum

value
Minimum

value
Cumulative

value
P1 1.49 0.12 1.37 0.48 − 0.11 0.59
P2 1.98 0.76 1.22 0.70 0.09 0.61
P3 1.91 0.31 1.61 0.84 − 0.02 0.86
P4 1.32 − 0.19 1.51 0.45 − 0.09 0.54
P5 1.05 − 0.53 1.58 0.06 − 0.11 0.16

Table 3: Coordinates of the five points at the top of the dam in the image coordinate system.

Point P1 P2 P3 P4 P5
X (m) 169.8 150.1 125.4 84.9 49.8
Y (m) 1127.5 1131.3 1136.8 1133.6 1132.1

–1
–0.5

0
0.5

1
1.5

2
2.5

P1
P2
P3

P4
P5

D
ef

or
m

at
io

n 
(m

m
)

7/27 7/28 7/29 7/30 7/30 7/31 7/31 8/1 8/2
Time (day)

Figure 19: Temporal process curves of the five points at the top of the dam obtained using the PS method.
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5. Conclusions and Suggestions

A newmethod (i.e., CPSS) for identifying and extracting PSs
is proposed considering the characteristics of GB-SAR data
processing, including large image data sizes, high accuracy
requirements, a high susceptibility of the monitoring data to
atmospheric disturbances, complex phase unwrapping, and
pronounced decoherence. +e principle and implementa-
tion of the proposed method are investigated in detail. +is
method was applied to the safety monitoring of an arch-
gravity dam in a hydraulic and hydropower engineering
structure in Hubei, China. By comparing the results ob-
tained using the combined method with inverted plumb line
monitoring data, the effectiveness and reliability of the
combined method are analysed. +e contents and conclu-
sions of this study are summarized as follows:

(1) +e principle, implementation, and specific steps of
the CPSS method were investigated in detail.

(2) In the implementation of the method, an absolute
differential-phase difference threshold method was
proposed by constructing a PSC TIN in advance and
using the spatial coherence and consistency to ex-
tract spatially consistent and highly stable PSs from
the TIN, thereby somewhat removing PSCs that are
significantly affected by atmospheric disturbances.

(3) +e difference between the CPSS method and the
conventional single PS selection method was ana-
lysed. Additionally, the advantages of the CPSS
method were discussed based on the data measured.

(4) +e CPSS method was applied to monitoring images
of an arch-gravity dam in Hubei, China, that were
obtained continuously for seven days. A total of
1,330 images were processed and analysed, and PS
targets that were highly coherent and had a stable
phase were selected.

(5) +e PS targets were processed to prevent errors
due to temporal and spatial decoherence, phase

unwrapping, and atmospheric disturbances. +e
total amount and daily average rate of deformation
of the main body of the dam were determined. +e
results were compared with monitoring data mea-
sured using the conventional inverted plumb line
method. +e results show that the temporal and
spatial deformation trends at various points at the
top of the dam during the monitoring period agreed
relatively well with the inverted plumb line results.
+e deformation at each characteristic point at the
top of the dam was stable.

(6) +e results for the entire dam demonstrated that the
selected PS points met the requirements for ana-
lysing the deformation of the dam in terms of density
and distribution and could be effectively substituted
for the dam. In addition, the retrieval results dem-
onstrate that the dam was in a stable condition and
underwent insignificant deformation. +e effects of
changes in the water level in the upstream reservoir
on the main fluctuations in the deformation of the
dam should be considered.

+e use of the PS technique in GB-SAR data pro-
cessing ensures the application of the GB-SAR moni-
toring technique and has extensive application prospects
in the high-accuracy, noncontact, all-weather, and au-
tomated safety monitoring of large-volume objects (e.g.,
dams, slopes, bridges, and landslide masses). However,
the reliability and effectiveness of the identification and
selection of PSs directly affect the monitoring accuracy.
+e new PS selection method provides a new approach for
the high-accuracy, all-weather, and automated moni-
toring of the visual deformation of dams and slopes.
Future research can be conducted in the following areas
[52]:

(1) +e flexibility and robustness of the PS selection
method can be further improved to allow this
method to be suitable for various types of monitoring
models and data quality

(2) When the PS method is used, the examination of the
phase unwrapping quality can be enhanced to pre-
vent failures to obtain deformation results caused by
overly large phase unwrapping errors.

Table 5: GB-SAR deformation rate error statistics.

Measuring point P1 P2 P3 P4 P5
RMSE of GB-SAR (mm/d) 0.003 0.003 0.003 0.002 0.002
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Figure 21: Spatial distribution of the amount of deformation of the top of the dam.
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