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ABSTRACT:

The paper summarizes the results of an ongoing research project carried out in cooperation between CTTC (Spain) and the University
of Milan (Italy). The work aimed at investigating the role of quality indicators in the analysis of differential interferometric SAR time
series products. Small baseline multi-temporal differential interferometric techniques have been used to derive TS products from six-
year Sentinel-1 images covering railway networks in Barcelona, Spain. Redundancies of interferograms and post-phase unwrapping
phase estimation residuals were pivotal parameters in determining the reliabilities of measurements. Preliminary results have supported
the importance of quality indicators as well as the feasibility of multi-temporal differential interferometric techniques in monitoring
subsidence along railway infrastructures. The time series evolutions of measurements from coherent scatterers have also shown that

the target area is stable in the study period.
1. INTRODUCTION

Adverse natural and environmental disasters impair the
sustainability and stability of a network of transport
infrastructures. Monitoring the performance and functionality of
such infrastructures minimizes the risk of structural failures and
traffic safety. Usually, examining the safety of transport
infrastructure involves a network of ground-based in-situ sensors
that can provide real-time measurements of structural conditions.
Though measurements from such instruments are reliable,
financial constraints and environmental effects sometimes hinder
their operations (Macchiarulo et al., 2022).

Since the late—1990s, differential SAR Interferometry (DINSAR)
appears to be a potential alternative spaceborne geodetic tool
capable of reaching an accuracy comparable with ground-based
monitoring instruments. Moreover, SAR systems can operate
day and night in every weather condition over a thousand square
kilometres (Hanssen, 2001). These features are key to providing
proactive monitoring of the deformation, which can address
multiple infrastructures at once.

Multi-Temporal DInSAR (MT-DInSAR) techniques, as satellite-
based geodetic tools, work based on identifying targets showing
coherent scattering behaviour within a series of radar images.
Stable and/or coherent radar reflectors are usually associated
with buildings, exposed rocks or metallic structures—making the
approach more effective in urban areas (Ferretti et al., 2001;
Crosetto et al., 2016). The technique has also been used in the
monitoring of land subsidence along highways (Féarova et al.,
2019), dams (Di Martire et al., 2014), and railways (Poreh et al.,
2016; Qin et al., 2017; Hu et al., 2019; D'Amico et al., 2020;
Chen et al., 2021) to mention a few.
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However, an essential aspect of DInSAR products, quality
indices associated with time series (TS) outputs, are not usually
provided with the deformation products. The need to include
such quality measures has also been emphasized recently
(Macchiarulo et al., 2022). Accordingly, we came up with two
indices as quality indicators for DINSAR TS outputs. The first is
a kind of "traffic light" tag assigned to a TS. The second is a more
detailed index associated with each date (i.e., in correspondence
with each SAR acquisition date) of a given time series. These
indices were derived from a redundant set of interferograms and
residuals computed from temporal phase estimations of
unwrapped phases. This was done in the frame of the least-
squares phase adjustment. These indices reflect the occurrence
of phase unwrapping (PhU) errors related to a given
measurement point, which represent valuable input for analyzing
and exploiting final results.

The proposed technique has been implemented on a railway
network from Barcelona, Spain, where early detection plays a
key role. The processing was carried out using 270 single look
complex (SLC) images of band-C Sentinel-1 data. The paper
aimed at showing the role of quality indices in the assessment of
DInSAR products obtained from the monitoring of railway
networks. Datasets and methods used in the study are discussed
in Section 2. Following which, results and conclusions are
addressed, respectively, in sections 3 and 4.

2. PROCESSING METHODS

The study was conducted on an approximated 60-km railway
segment of Barcelona, a significant hub for the Spanish rail
network that plays a crucial role in the regional economy. The
repeat pass Sentinel-1A/B SLC images of the target area that are
freely available at the ESA's Open Access Data Hub
(https://scihub.copernicus.eu) and NASA's Alaska Satellite
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Facility (https://search.asf.alaska.edu) were the data sources used
in the analysis. More information on the Sentinel-1 SLC images
considered in this study is presented in Table 1.

Feature Description
Pass Descending
Beam mode [\
Polarization \AY

Band/ Wavelength C/5.56cm
Antenna direction Right looking
Relative orbit 95
Swath/Burst 01/05
Temporal resolution 6 or 12 days

Temporal coverage =~ 2016-03-12 to 2021-11-29
Table 1. Processed Sentinel-1 A/B SLC images

2.1 Processing chain

Suppose we have n + 1 SLC SAR images acquired over the
same area at the ordered times [to,ty,...,t,,]. In the small
baseline processing chain (Berardino et al., 2002), which is the
focus of this work, m interferograms would be selected among
possible n(n +1)/2 interferometric SAR data pairs.
Particularly, spatial and temporal baselines constraints would be
used to reduce possible decorrelation effects. We have also
applied a 2-by-10 multi-looking to mitigate the impact of noise
introduced due to the difference in acquisition times of image
pairs forming interferograms. Burst extraction, coregistration
and debursting were also among the steps implemented before
the interferogram generation. Figure 1 shows an example of the
space-time distribution of a network of 1283 interferograms
generated from 270 SLC images.

Figure 1. Space-time interferometric pairs. Nodes represent
images and edges are interferograms formed from image pairs.

Below, we describe the main steps involved in the processing
chain.

2.1.1 Point selection. This procedure is intended to select target
points that reflect back signals to the radar sensors coherently in
the study period. Coherent pixels could be chosen based on the
dispersion of amplitudes or phase stability criteria (Crosetto et
al., 2016). We used the adapted spatial coherence criteria (Pepe
etal., 2011) to select coherent pixels. In this case, the spatial low-
pass phase component A@LP (p) of the k" interferogram was
used as per Eq.(1).

m

> explitapi® - 8@ (1)

i=1
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Qp) = p

where s is the number of interferograms and j = v—1. The
value of Q is bounded between 0 and 1. A measurement point is
supposed to be more coherent as the value of Q gets closer to 1.
We found 92518 coherent points by setting the threshold value
equal to 0.7. Figure 2 indicates a map of measurement points

belonging to the set A ={p:0.7 < Q(p) <1} in the radar
geometry. Our work focused on subsets of A located within 200m
buffer zone from railways.

2.1.2 Topographic phase component estimation. At this step,
the height of target points is computed from the DEM
information. Differences in wrapped phase differences were
calculated to each edge, which is formed by connecting selected
points pairwise from each interferogram spatially. Differential
errors are computed from a vector of differential interferometric
wrapped phases by the method of a periodogram (Crosetto et al.,
2011). These values are then integrated over the whole set of
edges-— starting from a predefined reference point. Contributions
of estimated topographic phases are then subtracted from the
original interferometric phase to get a relatively clean
interferometric phase. More on the derivation of topographic
phase components and associated errors are available in the work
of Ferretti et al. (2001).

2.1.3 Phase unwrapping. Phase unwrapping techniques are used
to reconstruct the absolute phases from wrapped phases by
removing the 2 multiple ambiguities. We have used the spatial
2D phase unwrapping implemented for each interferogram using
a Minimum Cost Flow method (Costantini et al., 1999). For
unambiguous phase unwrapping, smoothness of the unwrapped
phase is the primary assumption. That is—the phase difference
between any two adjacent samples in a continuous phase signal
should not exceed r (Itoh, 1982).

A simple way to estimate the absolute phase gradient between
neighbouring pixels p and q is:

APy =
o) — (@)
o) —e(q) —2m
@) —@(q) + 21

if —t<e®—¢@<m 3)
ife@P) —e(@ =
if o) —o(q) < -1

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIII-B3-2022-361-2022 | © Author(s) 2022. CC BY 4.0 License. 362


https://search.asf.alaska.edu/

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIII-B3-2022
XXIV ISPRS Congress (2022 edition), 6-11 June 2022, Nice, France

ae2N
NeUN

1
\
NN

AN

Etup mup
. e

APIEN

20--10
0.3
dam
1o 10
19-20
.
[ | 2km

Figure.DS. Estimated topographic errors d\}erlaid on EIKE'SRI
topographic layer. Points within 200m buffer zone of the railway
segments are displayed here.

The phase value of each pixel is then integrated from a known
reference point. Unfortunately, abrupt topographic changes, high
deformation gradient or noise sometimes result in the failure of
the m assumption. The unavoidable nature of the unwrapping
errors highlights the need to incorporate more quality control
mechanisms with DINSAR products. Yu et al. (2019) have
discussed a detailed review of phase unwrapping techniques—
including residue theorems and norm minimization techniques.

2.1.4 Temporal phase estimation. Phase noise filtering
algorithms, including multi-look operations, are applied spatially
to each interferogram. This leaves no guarantee for consistency
of phases in time. The temporal phase estimation is a kind of 1D
phase consistency check intended to exploit the temporal
evolution of the phases at each pixel with respect to a pixel in a
reference image (Devanthéry et al., 2014). Residuals and
redundancy of interferograms are the main parameters involved

in this step. While the redundancy parameter relates the
observations vector to the estimated residuals (Maubant et al.,
2020), residuals are used to analyze erroneous measurement
points, interferograms and/or images. The phase estimation is
accompanied by unwrapping error correction and outlier
rejection strategies based on the predefined residual threshold.
For more details on this, readers are advised to refer to the work
of Devanthéry et al. (2014).

2.1.5 Quality indicators. To indicate the reliability of DINSAR
products, we have used quality indicators (QIs)— the point score
and the TS scores (Figure 4). The former one is assigned to each
measurement point and it defines spatially local and temporally
global characteristics of a measurement point. On the other hand,
TS scores provide detailed scores associated with each date of
SAR image acquisitions within a given TS of the point. This
score indicates temporally local as well as spatially local effects.

The indices are derived from a redundant set of interferograms
and residuals calculated from the temporal phase estimation
results. These indices reflect the concentration of phase
estimation errors related to a given measurement point. The
scores are supposed to provide supplementary information in
interpreting TS results by separating reliable points from
unreliable ones. The procedures used to assign scores for points
and TSs are briefly described in Figure 4. Notations S;, S, and
S5 in Figure 4 represents disjoint classes to contain either points
or dates of a TS of a point. The reliabilities of measurements
decrease from S; t0 S5. In the case of point scores, the cardinality
of unions of those classes equals the number of points processed.
Whereas in the TS scores case, it matches the number of images
processed. The element p,. denotes a point or measurement at a
particular date of the point. It belongs to either of the classes upon
fulfilling the conditions stated in the corresponding rows. ay, 8
and B, stands for thresholds to be determined by operators.
Detailed formulation of procedures for the quality score
assignment is presented in Wassie et al. (2022).
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Figure 4. Conditions to assign scores to measurement points (point scores) and to a measurement at a particular date in

a TS (TS scores). [.]

denotes the Iverson bracket.
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3. RESULTS

The study highlights the use of quality indicators coupled with
MT-DInSAR processing techniques in monitoring subsidence
along railways. Below, we describe the cumulative deformation
map and corresponding scores to the 14180 points extracted from
the 270 Sentinel-1 SLC images covering the buffer zone from
2016-03-12 to 2021-11-29. Figure 5(a) shows the six-year
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(a)

reliable classes S, and S5. In the latter cases, a change in the trend
of the TS has been detected from June 2020.

It is also worth noting that these scores were computed at the first
iteration of the phase estimation. On the other hand, the TSs
shown in Figure 5 correspond to the output after the phase
estimation and possible unwrapping error corrections. At times
the unwrapping error correction algorithm fails— a clear 2w phase

2°9' 2°12"

ot 41349842904 og: 211521913 P_score |

.,\-.:4 %‘;’%}: e w'

» = -

lat: 4135302117 long: 2.05051962 P1_score: 2

, J‘-.f:qm 2. )
20 . e ' .:.-. "
Mo

»° o =

1at: 413018242 bomg: 202218081 PY_soore: 3

-~-“'£:.M$f:: o

Date

Figure 5. Geocoded cumulative deformation map along the railways in Barcelona, Spain, 2016-2021. Plots (b), (c) and (d) are
sample TS information for the measurement points taken from the deformation map in (a).

cumulative deformation map of the railway segment of
Barcelona, Spain. The result has indicated that measurement
points within the buffer zone are stable. Plots (b), (c) and (d) of
Figure 5 are examples of deformation TS of the measurement
points, respectively, taken from the buffer zone around B, C and
D of the map (a) in Figure 5.

lat: 41.36700183  long: 2.18772511

jump would be detected in TSs for elements of S, and S3. Figure
6 justified such results. For instance, as can be seen from Figure
6(a)— in the year 2017, the deformation value of the point has
dropped from —16.294 mm to —45.275 mm. Similarly, for the
point in Figure 6(b), a jump approximately equal to 2m rad was
detected in 2021.

lat: 41.29895132  long: 2.06992236

mm

& o o g 2 2
(a) Date
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(b)

Figure 6. Examples of TS with an unwrapping error. Jumps due to unwrapping error observed in 2017(a) and in 2021(b).

The associated quality scores of measurement points were also
computed. In which case, the points were clustered in one of the
three classes—S;, S, or S5 as per the conditions stated in Figure
4. Elements of S; are more reliable than those in S, and in S;.
The spatial distribution of quality scores for all points is
presented in Figure 8. More than 98% of the points were assigned
to S; and less than 2% of them to S, and S5. Plot (b) of Figure 5
is an example of a reliable TS taken from S;. On the other hand,
plots (c) and (d) of Figure 5 respectively belongs to the less

Each TS of a point was also associated with TS of scores — with
each score referring to the reliability of the measurement taken
at a particular image acquisition date. Of course, it indicates the
quality of an estimated phase for a point on the target image.
Figure 7 demonstrates such TS scores plotted together with TS
of deformations of the same point. For instance, the TS of scores
in Figure 7a (orange diamonds) corresponds to the TS evolution
of measurements at each sampling date and all have got a score
of one. Interestingly, the deformation TS of the same point (black
squares in Figure 7a) has also justified the stability of the point.
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The standard deviation for the TS measurements of the point in
Figure 7a is 0.72mm and the deviation is 3.47 mm for the point
in Figure 7b.

Overall, the results have indicated that the quality indicators can
be used as a potential alternative in identifying reliable
measurements from unreliable ones. At a larger scale, the
technique can be used to reduce datasets and minimize the risks
of misinterpreting TS products. The study has also shown that
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justified the importance of model-independent quality checking
mechanisms, mainly in assessing and interpreting DINSAR
products. The need to integrate MT-DINSAR measurements with
ground-based GNSS techniques has also been sought. Such an
approach will help monitor subsidence along underground
railways and boost the validation of final products.
Comprehensive DINSAR product quality checking mechanisms
still remain as work to do for the INSAR community.
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Figure 7. Deformation TS measurements (black squares) and the corresponding TS scores (orange diamonds): for a reliable point (a)
and for a less reliable point (b). In (2) all TS scores have got one and spread on the horizontal axis unlike the case in (b).

MT-DInSAR techniques are real deals in monitoring subsidence
along railway infrastructures. However, at places on the
underground railway, we have noticed that the density of
measurement points is lower. The effect is more magnified in
areas encompassing agricultural land covers. It is thus
recommended to employ both terrestrial geodetic techniques and
MT-DInSAR subsidence monitoring methodologies in such sites
and in the monitoring of railways at large. Terrestrial techniques,
like GNSS, would also play a crucial part in validating MT-
DInSAR products.

i3 1

Figure 8. Quality scores for the deformatlon TS products along
the railway segment in Barcelona, Spain, 2016-2021. In the
legend— 1 (Green), 2 (Yellow) and 3 (Maroon) respectively refer
to elements of Sy, S,, and Ss.

4. CONCLUSIONS

The study addressed the role of MT-DInSAR product quality
indicators in  monitoring  subsidence along railways
infrastructures. Quality scores associated with a measurement
point and dates in a TS were derived from estimated phase
residuals and redundancy of the network of interferograms. The
scores indicated the reliability of measurements. The result has
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