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COMPARATIVE ASSESSMENT OF MULTI-TEMPORAL
INSAR TECHNIQUES FOR GENERATION OF
DISPLACEMENT MAPS: A CASE STUDY FOR BUCHAREST
AREA

Carmen PATRASCU', Anca Andreea POPESCU?, Mihai DATCU?

This paper presents a comparative assessment of Synthetic Aperture Radar
interferometric techniques (InSAR) that allow the detection of deformation models
along the line-of-sight of the radar. Given the susceptibility of these methods to
several limitations that act as noise effects in the interferograms, known as
decorrelation phenomena, multi-temporal InSAR techniques have been used for the
exploiting of phase information acquired over long time intervals.

Keywords: Synthetic Aperture Radar (SAR), SAR Interferometry (InSAR),
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1. Introduction

Differential InSAR (DInSAR) is a special processing technique that
enables the combination of the phase information of at least two complex images
acquired over the same area at simultaneous or different times for several
applications. An important feature of DInSAR is the fact that topographic
contributions to the resulting phase have been removed from the final results, thus
allowing the extraction of linear deformations along the system’s line of sight
with millimetric accuracy [1][2]. These techniques are mainly used for extracting
earth deformation patterns, with one of the most important application being the
computation of digital elevation models (DEM) corresponding to the imaged
scene [3]. Other applications include measuring the effects of a large series of
ground deformation phenomena, such as: deformation induced by volcanic
activity [4], co-seismic and post-seismic motions [5], mining and groundwater
induced deformation [6][1], or measurement of the soil moisture [2]. However,
the number of usable interferometric pairs, which has to range in the tens domain,
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is limited by noise like effects noticeable in the computed interferograms, known
as decorrelation phenomena [7]. Apart from these, other limitations are mainly
due to cycle ambiguity problems caused by the necessity of both SBAS and PS
techniques for phase unwrapping [8] and extraction of atmospheric induced
artifacts.

Multi-temporal InSAR techniques are extensions of conventional InSAR
methods that aim at addressing problems caused by decorrelation effects and
atmospheric delay. These techniques involve the simultaneous processing of
multiple SAR acquisitions of the same area extended over large periods of time to
allow for the correction of the uncorrelated phase noise terms, reducing errors
associated with deformation elements. At this moment, these techniques fall into
two main categories: permanent scatterer techniques (PSInSAR) [11-13] and
small baseline subset algorithms (SBAS) [14][15]. These methods try to
overcome limitations induced by large baseline values by using points
characterized by long-term phase coherence, known as persistent (PS) or
distributed (DS) scatterers.

In non-urban areas the incidence of such points is low, due to the reduced
number of scatterers with sufficiently high coherence levels. For this reason, a
method to improve the coherence estimates must be found. A straightforward
solution is given by multi-looking techniques, which perform filtering of the
interferometric phase by computing a weighted average of pixels located in a
neighborhood [9]. An adaptive approach is proposed, which selects statistically
homogeneous pixels by analyzing the temporal distribution of the amplitude
levels in a goodness-of-fit approach. The resulting phase estimates are filtered for
non-uniform contributions (APS), allowing for the extraction of deformation
profiles for the analyzed area.

This article aims at performing a complete analysis of the millimetric
deformations which affect the area of Bucharest using both PSInSAR and SBAS
techniques. A comparison of the results will be performed. The proposed
methodology has been applied on a set of 32 TerraSAR-X images, acquired over
the South-Eastern area of Romania. The image stack covers a period of 16
months, from July 2011, to December 2012.

The remainder of this paper is organized as follows. Section 2 presents the
methods used by the authors to extract point-wise deformation histories using the
PSInSAR and SBAS approaches. The adaptive phase filtering algorithm will be
described. Experimental results (Section 3) and the conclusions (Section 4) will
contribute to the assessment of both methods’ performances.
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2. Methodology for extraction of deformation maps

In order to obtain an estimate of the displacement rates in the test area, we
employ a processing workflow based on the functionality of the GAMMA
interferometric processor [10]. Starting from a set of N available SLC images, M
differential interferograms are generated using either a single reference
(PSInSAR) or a SB constraint (SBAS). The results of this step are adaptively
filtered and used to extract deformation histories for targets located in the
analyzed area. The main processing steps are detailed in the following sections.

2.1. Persistent Scatterer Interferometry (PSINSAR)

In the case of differential interferometry, the resulting phase represents the
phase difference between two considered acquisitions, from which the influence
of the topography has been removed. However, if multiple acquisitions are
considered, the phase of each pixel does not only change to the difference in the
relative position between the target and the satellite, but also due to a temporal
evolution of the target, as well as influence in the atmospheric term, especially for
long observation intervals. Hence, the final estimate of the phase (¢;) will
comprise information about the acquisition geometry (¢gj;), terrain motion
(Pmotioni)> Scattering properties of the imaged target (¢, ;) and the atmospheric
influence ($paps;), as seen in Eq. (1).

di(0) = dri(®) + Pmotion,i (@) + Pai(®) + Gapsi(P) (H

The persistent scatterer technique was first described in [11], [12]. The
main goal of this approach is to overcome limitations imposed by the de-
correlation phenomena and atmospheric induced limitations affecting
conventional DInSAR systems, to compute deformation time series in the form of
displacement maps [13]. The motivation behind this approach is that, in the case
of methods based on the identification of stable targets, it is considered that only
one scatterer in the resolution cell dominates the backscattered signal. Hence, a
network of such scatterer-dominant pixels may be used to extract information
signatures from interferograms that have been severely compromised by de-
correlation effects.

Despite several terms influencing the phase of the final phase value
corresponding to each interferometric acquisition, the amplitude values of the
complex data are virtually insensitive to those variations, rendering amplitude
statistics analysis a robust method for the extraction of stable targets. In the case
of PS, we are interested in finding pixels characterized by high values of the SNR.
Hence, the phase dispersion can be analyzed based on the dispersion of the
amplitude values, as seen in Eq. (2).

o, =4 =D, )
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where my, and o, are the first and second moments of the amplitude computed in
a neighborhood. The amplitude dispersion index offers information with respect
to phase stability, and PS candidates are selected by thresholding (D4 < 0.25).

Important advantages of this processing method are the short time required
for the analysis, as well as no resolution loss. However, its accuracy depends on
the size of the image stack, used to estimate the statistical properties of the
amplitude.

2.2. Small BAseline Subset Algorithm (SBAS)

If all scatterers have comparable strengths, then the interferometric phase
is randomly distributed in the [—m; +] interval and the interferometric signal can
be improved by averaging the signal from adjacent resolution cells. Under this
assumption, the random contribution due to the movement of the scatterers cancel
out and the results only account for the average motion of the resolution elements.
This was originally the basis of the SBAS method [14].

Considering a series of N + 1 images acquired over the same area at
consecutive times (tg, ..., ty), a number of M unwrapped interferograms can be
computed. Moreover, we assume that each image can interfere with at least
another image under the baseline restriction considered, which implies that each
small baseline (SB) subset has a minimum of two acquisitions.

If we assume that the images are chronologically ordered (i.e. the master
image was acquired before the slave), the deformation values associated with the
considered pixel can be obtained using the matrix representation in Eq. (3).

8¢; = b(tis,) — p(tis) = Ap = 8¢, fori = 1,1 3)
where A is an incidence-like matrix directly related to the interferograms
generated from the available data and ¢ is the interferometric phase of the master
(IE) and slave (IS) images .

In order to invert the system in Eq. (3), the Singular Value Decomposition
(SVD) algorithm is employed [15]. This algorithm links the independent SAR
acquisition data sets generated under the SB constraint. A direct advantage of this
approach is the ability to include in the processing interferometric pairs which
would otherwise be separated by large baselines and therefore not suitable for
other processing methodologies.

Following this step, the phase estimate associated with the unknown
deformation values can be extracted in an LS sense, as seen in Eq. (4).

~ _ 5¢Tu.

§ =yl iy, ©
where we define L as the number of generated subsets, and U; and v; are the
column vectors of the U and V matrices resulting from the SVD decomposition.

At this point, we can manipulate Eq. (4) and replace the unknowns with the mean
velocity between time acquisitions, generating a physically sound solution.
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The main purpose of the SBAS algorithm is to minimize the effects of
spatial de-correlation and DEM errors. An important advantage of this method is
the increase in the temporal sampling rate, due to the usage of all acquisitions in
the subsets.

2.3. Adaptive Phase Improvement based on Amplitude Statistics

Long term monitoring of critical infrastructure is usually performed using
coherent multi-temporal InSAR techniques, such as PSInSAR and SBAS. These
methods use points that exhibit long term phase coherence, known as persistent
and distributed scatterers, to overcome limitations induced by long time intervals
between acquisitions. Given the relatively low incidence of such elements,
especially in non-urban areas, a good estimation of the phase values and,
consequently, complex correlation, is mandatory to achieve accurate results [16].
Authors in [10] have proved that using the backscattered amplitude statistics
represents an efficient method to adaptively extract regions of homogeneous
pixels, leading to the preservation of phase signatures in the analyzed region.

Traditional multi-looking methods use sliding windows with rectangular
form and perform a weighted averaging of the neighboring complex pixels, under
the hypothesis of statistical homogeneity [17]. However, in the case of high
resolution data, this hypothesis is extremely short lived when increasing the size
of the neighborhood given the different scattering phenomenology of the analyzed
targets.

Due to different shapes and properties of objects in high resolution images,
elements with similar statistical properties can be several pixels away. The
concept behind the proposed approach is to average each considered element only
with such pixels that are adaptively selected based on the similarities of their
scattering properties.

We employ the Anderson-Darling (AD) test to perform a statistical
analysis of the complex data in a goodness-of-fit approach, by temporally
sampling the image stack using stationary time intervals. The AD method gives
more weight to the tail of the distribution [18], leading to a better performance in
the case of radar applications, where the information in the tail plays an important
rose due to the influence it has on higher statistic order moments. The test
statistic is defined in Eq. (5).

(ﬁp(x)_ﬁq(x))z

2 M —prasl
AM,M - 2 ZXEXP,Xq ﬁpq(x)(l_ﬁpq(x)) (4)
where Fy x—p,(x) represents the empirical cumulative distribution function
(ECDF) of the analyzed pixel and all neighboring pixels from the patch (p), while

ﬁpq (x) is the ECDF of the new population obtained by merging and ordering

independent data sets corresponding to the current and tested pixels (Q) into one
set. The threshold used for processing was selecting empirically. Processing was
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carried out with a number of L=200 looks. An example of statistically
homogeneous pixels selected based on the AD approach is presented in Fig. 1.

o 0, e s

(a) (b) (c)

Fig.1. (a) Google Earth (© Google Inc.) image of the Palace of Parliament; (b) Amplitude image
of a TerraSAR-X acquisition corresponding to the same area; (¢) Goodness-of-fit for
homogeneous area identification: the statistically homogeneous pixels selected based on the AD
test are shown in green for the analyzed pixel (marked in red).

The influence of the image stack size is minimized by the dynamic
expansion of the population associated to each identified homogeneous area. This
way, the statistical test will be performed between the temporal PDF of each
considered pixel and the PDF of the entire population included in one region,
leading to increased confidence levels in the analysis, given the size of the
population. Furthermore, the optimal size of the sliding windows included in the
processing has been computed by employing the rate distortion theory and
analyzing the level of variability in the neighborhood.
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Fig.2. Coherence histograms for the initial (left) and adaptively filtered (right) differential
interferograms. The result corresponds to the (07.04.2012 — 18.07.2011) image pair. The
histogram before the adaptive filtering is superimposed in red. An increase of 3.53% in the total

number of pixels selected for further processing (Y > 0.4) is observed.
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The effects of the adaptive filtering method are presented using the
estimated coherence of the interferometric phase. Figure 2 shows the histogram of
coherence estimates before and after the ML operation. The results correspond to
the (07.04.2012 — 18.07.2011) image pair. To measure the improvement effected
by the usage of this algorithm, we compute the number of pixels included in the
following processing steps (y > 0.4). An increase of 3.6% in the overall number
of unwrapped pixels has been observed.

3. Experimental Setup and Results

The proposed methodology has been tested on a dataset consisting of 32
SLC StripMap TerraSAR-X images, acquired over the area of Bucharest,
Romania. The data spans a 16 months’ temporal interval, between July 2011 and
December 2012. All acquisitions are characterized by a descending orbit and HH
polarization.

In the case of the PSInSAR technique, the image stack was processed
based on a single acquisition, namely the image on 07.04.2012. Two criteria were
employed in this selection: minimization of the perpendicular baseline values and
acquisition date near the center of the studied temporal interval. For the SBAS
method, a number of M=134 differential interferograms are generated under the
imposed SB constraint (Byer, < 200m).

Radar Image Acquisitions Radar Image Acquisitions
reference SLC: RSLC/20120407 . rslc.par reference SLC: RSLC/20120407 . rslc.par
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Fig.3. Distribution of the spatial and temporal baselines computed using the PSInSAR (a) and
SBAS (b) methods. As can be observed, the values of the perpendicular baselines are kept small,
the absolute maximal value being of 250m for PSInSAR and 89.5m for the SBAS algorithm

The baseline distributions’ graphs are presented in Fig. 3. As can be
observed, both methods lead to the generation of small baseline values. In the case
of PSInSAR method, the absolute maximal value is of 250m, with a medium
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value of 46.7m. For the SBAS algorithm, the average value of the perpendicular
component is 89.5m, while the temporal value is 99 days.

Following this step, the PSInSAR method is used to extract an initial set of
persistent scatterer candidates, using the intensity variation of image targets.
Following this process, a mask corresponding to the PSC locations is created and
used to generate the differential interferograms. At this point, a multi-looking
algorithm with L=200 looks is applied for the adaptive filtering of the
interferometric phase computed for both algorithms.

In the case of PSInSAR method, the final displacement rates are computed
after an iterative process which improves the baseline estimates and extracts the
influence of the APS. For the SBAS method, an SVD inversion is applied to
information extracted from the data itself, to link the independent image subsets
generated under the SB subsets. Following an additional integration step,
displacement histories can be extracted for all points included in the processing.

Fig.4. Average displacement rates [meters/year] for the TerraSAR-X image stack, corresponding
to the Bucharest area.

A preliminary analysis of the average displacement rates [meters/year]| for
the TerraSAR-X image stack, allows us to identify three interest regions
characterized by significant deformation phenomena (A1-A3 in Fig.4), with
respect to a reference point (marked “Ref” in Fig.4). We present for comparison
deformation histories for the A2 and A4 areas. The following conclusions were
drawn with respect to the presented points:

e Al: historical building (built in 1906) corresponding to the former Bucharest
City Hall premises (until 2010). It can be observed that an accentuated
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deformation phenomenon is present in the results. Currently, the building is
closed for consolidation work;

A2: office building with 19 floors, completed in 2006. This building is located
in the proximity of a historic monument. It is important to note that at the
moment of the construction there was a strong controversy about its stability;
A3: small area in the Northern part of the Morii Lake. A constant small
deformation rate corresponding to the subsidence motion has been observed in
the area in two more datasets (ASAR, ERS). The area consist of apartment
buildings and is located in the vicinity of the Granmetal Industrial platform;
A4: Esplanada Commercial Center. Strong subsidence was observed in the area
following the processing of the TerraSAR-X dataset. This region is situated in
the Eastern part of Bucharest and houses a new retail space comprising of a
supermarket and shopping center.
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Fig.5. Deformation histories for points in the Al and A4 interest regions extracted with the
PSInSAR (a,b) and SBAS (c,d) methods; (a) Al region, (Gphase = 0.8 rad); (b) A4 region,

(Ophase = 0.76rad); (c) Al region, (Gese = 0.0023 m); (d) A4 region, (Ges¢ = 0.0027 m).
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Displacement rates for the points extracted using the PS approach from the
interest region are presented in Fig.5. Using the small baseline technique, we have
extracted several areas affected by this phenomenon. The upper graphs show the
displacement rate measured using the PSInSAR method, and the linear regression
model superimposed in red. The second line depicts the results from the SBAS
method, with the graphics representing deformation profiles.

In the absence of an external validation method in the form of ground truth
measurements (GPS, leveling), the quality of the displacement estimates was
assessed by means of the estimate variance, computed using equally sized sets
defined by the coordinates of the identified PS. In this case, a significant
narrowing of 3% is observed. Moreover, average displacement rates computed by
the PSInSAR and SBAS algorithms show a very high correlation coefficient (p =
0.9438). This result proves similar displacement trends and values in both
methods.

4. Conclusions

This paper presents a complete multi-temporal analysis methodology for
the monitoring of small coherent displacements in the area of Bucharest,
Romania, based on TerraSAR-X data acquired over a period of 16 months. We
extract point-wise displacement trends using a persistent scatterer methodology
and imposing a SB constraint on the perpendicular values of the baselines.

The processing workflow incorporates an improvement of the coherence
estimates performed by employing an adaptive phase filtering algorithm which
selects statistically homogeneous areas based on the amplitude temporal statistics
of the SLC data, leading to the conservation of interferometric phase information
of the analyzed targets.

In general, the quality of multi-temporal InSAR techniques is very
difficult to assess without the existence of a priori knowledge about the
deformation in the area. Given the absence of ground truth information, we
propose the assessment of the displacement estimates by means of the estimate
variance. This result shows a significant narrowing for equally sized sample sets.
The estimated displacement rates for both methods are highly correlated, proving
the similarity of displacement trends and values.

A small deformation trend in the W-E direction was detected and
extracted. The displacement histories are in accordance with results published
following independent studies on ENVISAT and TerraSAR-X data for the area
[19].
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