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The persistence scatter Interferometric Synthetic Aperture Radar (PS-InSAR) analysis
method is a technique that utilizes the persistent scatter in synthetic aperture radar images and
image analysis is used via the interference of 25 or more slave images in a master image. The
accuracy of the method is determined by the similarity between images, where the higher the
coherence, the more accurate the image. Minimum spanning tree (MST) algorithms are used
to find the optimal coherence by considering the temporal and spatial coherence of each image,
instead of using the more common star graph, which interferes with the slave images in a single
master image. When MST algorithms are employed considering the high coherence between
images, pairs with high coherence can be connected; however, a higher number of images
requires a higher processing speed. In this study, MST algorithms were therefore used by
only considering the basic information in an image such as the spatial and temporal baselines,
without the need for image processing. To verify the MST algorithms, a three-dimensional
regression analysis was conducted, considering the correlation between the spatial and
temporal baselines and the coherence. Furthermore, a novel MST algorithm was performed,
which considered the weights derived from the preceding analysis. The results showed a
high coherence of 98.5%, which was achieved rapidly, and a processing speed increase of
approximately 120% over the results attained using the star graph. This study could be of great
help in performing SAR image processing, which is part of remote sensing.

1. Introduction
One of the InSAR techniques, the persistence scatter Interferometric Synthetic Aperture

Radar (PS-InSAR), was developed by Colesanti et al. at the POLIME Institute in Italy in
the late 1990s. It is performed using a high-density persistent scatterer with the superior
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reflectivity of the surface.!> The average coherence depends on the pair of interference
graphs that are adopted in carrying out the PS-InSAR technique. Three algorithms are used
to construct the interference pairs: star graphs, baselines, and the minimum spanning tree
(MST). In the existing PS-InSAR technique, a star graph is used to select the master image of
the graph and create the link to the slave image. Star graphs ensure the temporal continuity
of the deformation measurements and thus the possibility of phase unwrapping. However, a
disadvantage is that the perpendicular baseline between the master image and the slave image
might affect the temporal and spatial decorrelation. A small baseline subset (SBAS) algorithm
was also developed to reduce geometric errors and temporal inconsistencies. However,
the SBAS algorithm may not use all the available images, and there are concerns about the
degradation of the coherence as the image graphs frequently disconnect.” Finally, an MST
graph was developed and an optimal framework was designed to select the optimal cross-pair
while considering both the spatial and temporal decorrelation.®-®)

The PS-InSAR technique was implemented using star and MST graphs such as China
Tianjin surface displacement monitoring!” and InSAR analysis with low precision.®) Examples
in which PS-InSAR has been used include the use of MST algorithms for measurements such
as surface deformation in northern Italy,®) monitoring volcanoes,'” ground deformation
monitoring,!" and building deformation monitoring.'? 1In this study, the basic information
provided in the images, such as the spatial or temporal baseline, was utilized. An MST graph
was derived without image processing to obtain coherence.

2. Materials and Methods
2.1 PS-InSAR technique

The InSAR technique is an interfering radar technique that combines two or more SAR
images to obtain three-dimensional information about a surface. It also has a high spatial
resolution over a wide area range, so global monitoring is possible.(l) The PS-InSAR technique,
one of the InSAR techniques, is used to select and analyze persistent scatter with high
reflectivity in SAR images, and increases the coherence of the images when there is scatter
that provides excellent reflectivity within one pixel of the SAR images, in a process known as
persistent scatter. As the PS-InSAR technique works by matching at least 25 images, it can
effectively eliminate various error components such as atmospheric effects and satellite orbit
error. Also, digital elevation model (DEM) errors are deleted during the convergence of several
SAR images, and no high-precision DEM adjustments are therefore required.>>%)

2.2 Coherence
Coherence is an indicator of the quality of a SAR image. A fundamental step in calculating

the coherence in the PS-InSAR process is to produce a reflective map of the master and slave
images. The coherence is then calculated for each pixel using the following equation:



Sensors and Materials, Vol. 32, No. 12 (2020) 4431

‘ Enxy, ‘,03731. (1)

EW < Elf

Coherence is affected by not only the geometric relationship between images but also the
spatial and temporal baselines between images, which is known as decorrelation. This causes

the coherence to degrade while also affecting the quality of the interferogram. Equation (2)
(10,11)

indicates the element of decorrelation.

Viotal = Vb1 X 7dop X Vvol X ¥ thermal > 7temp x 7proc (2)

2.3 MST algorithm

The spanning tree shows the minimum possible number of connections in a graph. All
nodes within a graph should be connected without containing cycles. Therefore, the spanning
tree connects n nodes with (n — 1) lines. During the performance of the above algorithm, the
MST describes a tree with the minimum weight sum of the edges used. In the MST algorithm,
when the weight of each line differs, merely using the least line does not necessarily result in
the minimum cost.!>!¥ Therefore, the MST algorithm considers the weight of each line and
selects the spanning tree with the minimum cost. The algorithm used to implement an MST
algorithm is largely divided into the Kruskal or Prim MST algorithm.(ls’”) The Kruskal MST
algorithm is executed as shown in Fig. 1.

Line CD, the line with the smallest weight is selected first, followed by line AC, the line
with the second smallest weight. The edge with the next smallest weight (edge AD) is not
selected because it would form a cycle with the previously selected edges. Therefore, edge AB
is selected, thus completing the scanning tree.

The processing of the Prim MST algorithm is as shown in Fig. 2. If starting from node
A, the minimum cost line AC between lines AB and AC is selected. After selecting line CD
for connection, line AD, which is the cycle of lines AD and BD, is removed, and line AB is
selected.

4 4

3 4 6 3 § i 6
C e D C 2 D C E D
Line CcD AC AD AB BD Line CcD AC AD AB BD Line D AC AD AB BD
Weighl 2 3 4 5 6 WEight 2 3 4 5 [ Weight 2 3 4 5 6

Fig. 1. (Color online) Kruskal MST algorithm.
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Fig. 2. (Color online) Prim MST algorithm.

3. Results and Discussion
3.1 Experimental overview

The study was conducted using 31 TerraSAR-X and TanDEM-X satellite images taken over
a total period of 28 months. From the above images, 31 nodes were obtained and 465 lines were
generated, as shown in Fig. 3.

3.2 Experimental method

In this study, we introduce an MST graph that uses new parameters to replace an MST graph
that is generated on the basis of coherence. Our purpose is to reduce the time required for
image processing and to ensure that the coherence is also maintained to at least a certain level.
In terms of verification, since our priority is to shorten the processing time, we used the fast
Prim algorithm as the MST algorithm. We compared the average coherences of four graphs, the
contents of which are as follows:

(a) an MST graph based on the coherence between images,

(b) an MST graph based on the temporal and spatial coherence baselines (no weights),

(c) an MST graph based on the temporal and spatial coherence baselines (multilinear regression
weights), and

(d) a star graph.

3.3 Multilinear regression method

The most valuable comparison group among the graphs to be analyzed in this study is the
coherence-based MST graph. Coherence has the greatest influence on PS-InSAR accuracy,
and the weight between the images is selected on the basis of this fact. In this study, the MST
graph based on the temporal and spatial baselines was selected for experiments. In this process,
the MST graph was derived using multilinear regression weights. Equation (3) shows the
multilinear regression equation when there are two fixed variables.
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Fig. 3. (Color online) All node connections.
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The temporal and spatial baselines were selected as independent variables to perform the
multilinear regression, and a graph was formed on the basis of the coherence between images.
The interaction between the independent variables should be excluded in the multilinear
regression process because there is an interaction between the coherence and the baselines.
Therefore, the temporal and spatial baselines, which do not interact, are used as independent
variables, and the coherence is used as a fixed variable. Assuming that there is no interaction
between the independent variables, Eq. (4) can be expressed as

Y=p0X+5X,+ 55, )

where Y is the dependent variable, X is the independent variable, and both X and Y are the
weights for each of the independent variables. Figure 4 illustrates the multilinear regression
performed in this study. The weights derived from the above procedure are given in Egs. (5) and (6).

0.583150% = —(0.000386.X, +0.000169.X, ) )
Y= —(6.619e“‘)(1 4 2.898e‘4X2) ©6)

As shown in Table 1, the coefficients of the temporal and spatial baselines are 0.6955 and 0.3045,
respectively. The R-square value is 0.726 and the adjusted R-square value is 0.725 if there is a
significant difference. If the difference between these coefficients is significant, the correlation
between the two variables is high. The difference between the two variables derived from
this study is 0.001, which means that these variables can be inferred to be almost completely
independent.
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Fig. 4. (Color online) Multilinear regression: (a) front image (temporal baseline), (b) front image (spatial baseline), (c)
plane image, and (d) quarter image.

Table 1
Multilinear regression values.

Coefficient ~ Adj-coefficient Std. error
Coherence 0.5832 — 0.0004
Spatial baseline 3.86e—4 0.6955 7.88e—6
Temporal baseline 1.69e—4 0.3045 1.37e—5
4. Results

In this study, 31 images were analyzed, and coherence was extracted through matching
465 images. A graph including all the images was generated, compared, and analyzed, and
the contents are plotted in Fig. 5 and described in Table 2. As shown in Fig. 5, the coherence-
based MST graph was selected as a comparative group, and a baseline-based MST graph with
no weights, a baseline-based MST graph using multilinear regression weights, and a star graph,
which is a standard graph used with PS-InSAR, were used for comparison and analyzed. The
average coherence was determined to be 0.5677 (94.91%) for the graph with no weights and
0.5966 (98.53%) for the graph with multilinear regression weights. The coherence-based MST
graph has the lowest standard deviation among the coherence-based MST graphs. Finally, the
line concordance rates were 63.33 and 60%, which correspond to MLR weights and no weights,
respectively, based on graph (a). The star graph confirmed that indicators such as the coherence
mean and standard deviation are lower than those in the MST algorithms.

Figure 6 shows the mean, maximum, and minimum coherence images of the network graphs,
with the corresponding values provided in Table 3. As indicated in Table 3, the max-min
deviations in coherence were in the order (a)<(d)<(c)<(b). In particular, the data shows a similar
deviation for the MST graph with no weights and the star graph. Also, the comparison of the
MST graphs with the multilinear regression MST graphs indicates that the max-min deviation is
lower, and thus the average is higher.

Figure 7 shows the average coherence distribution of each graph. As demonstrated in the
figure, the coherence-based MST graph has a high average coherence because of its high overall
density and small variance. The baseline-based MST graph (no weights) is less dense than the
coherence-based MST graph and has a broader dispersion. The baseline-based MST graph (MLR
weights) was found to be skewed towards larger densities with a narrow distribution and a high
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Fig. 5. (Color online) Connection graphs: (a) coherence-based MST, (b) baseline-based MST (no weights), (c)
baseline-based MST (MLR weights), and (d) star graph.

Table 2
Experimental results.

(@ () © (d
Coherence 0.6055 0.5747 0.5966 0.4988
Average (%) 100 94.91 98.53 82.38
Standard deviation 0.384 0.0554 0.0406 0.0575
Matching rate (%) 100 63.33 60 —

Fig. 6. Coherence image (average: left, maximum: center, minimum: right) (a) coherence-based MST, (b)
baseline-based MST (no weights), (c) baseline-based MST (MLR weights), and (d) star graph.

Table 3
Experimental results.

Baseline-based MST  Baseline-based MST

Coherence-based MST (no weights) (MLR weights) Star graph
Avg 0.6055 0.5747 0.5966 0.4988
Max 0.6774 0.6774 0.6774 0.6549
Min 0.5514 0.4255 0.5185 0.4054
Max — Min 0.1260 0.2519 0.1589 0.2495

Processing time 2 h 15 min 21 min 28 min 8 min
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Fig. 8. Maximum, minimum, and average coherence images: (a) coherence-based MST, (b) baseline-based MST (no
weights), (c) baseline-based MST (MLR weights), and (d) star graph.

center value as compared with the baseline-based MST graph (no weight). Finally, for the star
graph, the variance is equal to that of the baseline-based MST graph (no weights), whereas
the center value of the graph shifts towards the lower side. Figure 8 shows the maximum,
minimum, and average coherence values of each graph. As can be seen in the figure, it can
be concluded that the maximum coherence values of the remaining graphs, except for the star
graph, are the same, but the graphs differ in terms of the minimum coherence. In particular,
it can be seen in graphs (b) and (c) that the center value of the least coherent graph increases
through the MLR weights. Table 3 shows detailed information about the graphs in Fig. 8. The
processing speed of the proposed method is 6.43 times higher than that of the coherence-based
MST graph.



Sensors and Materials, Vol. 32, No. 12 (2020) 4437

5. Conclusions

We derived an MST graph using a new method to improve a coherence-based MST graph for
determining the accuracy of PS-InSAR, which is accurate but requires a significant amount of
time for image processing in coherence calculation. Multiple linear regression was performed
using basic image information and the temporal and spatial baselines. The weight of each
baseline was used to generate the MST graph. The results are as follows.

1. The MST algorithm using the first test group, with multilinear regression weights, showed a
coherence level of 98.53% as compared with the coherence-based MST graph (100%), which
is a comparative group. It can be processed faster than the existing coherence-based MST
graphs, although the accuracy is slightly lower.

2. In the case of the baseline-based MST graph with no weights, which is the second group
in the experiment, although the accuracy is lower than that of the MST algorithm using
multilinear regression weights, the image processing can be performed at a higher rate
because the weight determination step that uses multilinear regression is omitted,

3. Finally, in the process of obtaining the MST graph, the line concordance rate was found to
be 63.33%, and no correlation between the coincidence rate and the coherence was found.

4. The MST graph produced using multilinear regression weights shows that the maximum
coherence does not differ as compared with the MST graph without weights, but a significant
difference has occurred in minimum coherence. This indicates that the multilinear
regression does not increase the maximum coherence, but increases the minimum coherence,
resulting in an increase in average coherence.

5. From the analysis of the average coherence of each graph, MST techniques that use multiple
linear circuit weights show high average densities and narrow data distributions, meaning
that they are evaluated as techniques with higher utilization values than other experimental
groups.

6. Baseline-based MST graphs that use MLR weights show significantly higher processing
speeds than conventional coherence-based MSTs. Therefore, it is possible to prove the high
accuracy and processing speed of the method used in this study.

However, 465 cases were considered in this study, but image processing is required under
other conditions. This is because the multiple linear regression coefficients derived from this
study can be similar depending on the number of images, the number of lines, and the location
of satellites. However, through this study, a method of increasing the speed of SAR image
processing, a type of remote sensing, was established, and meaningful results were derived.
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