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Abstract

This paper presents the Multitemporal Adaptive Processing (MAP3) framework for the treatment of multitemporal Synthetic
Aperture Radar (SAR) images. The framework is organized in three major activities dealing with calibration, adaptability and
representation. The processing chain has been designed looking at the simplicity, i.e. the minimization of the operations needed
to obtain the products, and at the algorithms availability in literature. Innovation has been provided in the cross-calibration step,
which is solved introducing the Variable Amplitude Levels Equalization (VALE) method, through which it is possible to establish
a common metrics for the measurement of the amplitude levels exhibited by the images of the series. Representation issues
are discussed with an application-based approach, supported by examples regarding semi-arid and temperate regions in which
amplitude maps and interferometric coherence are combined in an original way.
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I. INTRODUCTION

Remote-sensing technologies have a huge potential in environmental monitoring and constitute a powerful instrument for
large-scale investigations and planning. In particular, synthetic aperture radar (SAR) sensors play a decisive role in this context
due to their all-weather and all-time capability that, together with the actually available short revisit times, makes them very
attractive to work with multitemporal series for the study of dynamic phenomena. The analysis of such data can be set in the
frame of the image-fusion theory, introducing relevant challenges with regard to the extraction, representation, and interpretation
of information.

In this paper we present the MAP3 framework for the definition of new multitemporal products whose information content
is higher than the one of the individual grayscale images. The crucial point is the definition of a reliable processing which
should allow:

- The achievement of a set of spatially, temporally and radiometrically comparable images [1];
- The best level of interaction between the user and the machine during the decisional phase.

As for the image comparability, despeckling, calibration and quantization are faced with both state-of-art and innovative
techniques. In particular, the main innovation is introduced in the cross-calibration phase, faced with the Variable Amplitude
Levels Equalization (VALE), as detailed in Section As for the human-machine interaction, a multitemporal data series can
be considered as a three-dimensional datum in which the dimensions are space and time. Hence, its presentation is a non-trivial
issue, with non-unique solution. The choice of appropriate color image spaces is needed in order to obtain new products that
are easy to interpret for human and automatic analysis.

In the past, the RGB composition has been widely used because it provides products easily interpretable by human inspection.
A color composite image, integrating different information sources, could be a powerful instrument for a quick individuation
of the changes occurred in the study area since it makes possible a more easily interpretable result with respect to the original
grayscale images. In this paper, we propose a new criterion for RGB composition oriented to multitemporal analysis of rural
areas.

In remote-sensing data-analysis literature, the necessity to define general and analyst-driven frameworks has been highlighted
by various authors [2]-[4]. who expressed the need to focus the processing on the users’ skills, making the mathematical rigor,
though of fundamental importance, secondary to the analysis and interpretation process [3|.

Many of the modern algorithms that process SAR data “through the optimization of mathematical criteria are often sub-
optimal in the sense that the output image is cluttered/fuzzy/noisy, visually unpleasing” [3|] and difficult to be interpreted by
non-expert SAR users. Therefore, one of the aim of this work is to emphasize the human-computer interaction as a value,
provided that the respective strengths - computational efficiency for computers and interpretation capability for humans are
enhanced. This means that any image processing technique, although looking for the maximum degree of automation, should
never overlook users capability of judgment and native intuition, as explained in [3]] and [4].
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There is a strong need to develop environments allowing users data mining without “knowing the operators needed to represent
the image information content at signal level” [4]. In fact, the capacity to understand data is still rather limited, due to the
incremental value of developing sophisticated data-analysis algorithms is counterbalanced by the difficulty of disseminating
the knowledge required to use them effectively. Hence, it is critical that remotely sensed data become accessible to people
who may have the data-access and the analytical ability but not necessarily the mathematical background to understand the
physics that has generated the image [3]).

Thus, an important task is to develop new methodologies to transform the computer from a machine used for running
complicate algorithms into an interface for the communication with other people and machines. In other words, one of the
urgent priorities is to model the information either at a semantic level or at an electromagnetic/physical level, privileging
aspects that are often postposed to the development of the specific technique. The idea is to build a general framework, tracing
the guidelines for the development of new products to be added the so-called Level 1 and Level 2 products proposed by the
providers of SAR data and which should be easily managed by a large variety of users. This work is focused on the definition
of such products which we name Level Ia products, since they can be thought as an intermediate level between the already
available Level 1 (see Fig.[I) and Level 2 products. These products, unlike the generalist Level 1, are application-modeled due
to the adaptive nature of the processing that generates them.
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Fig. 1: Available Level 1 products, from 1A to 1a: SLC - Single Look Complex; DGM - Detected Ground projected Multilooked;
ORI - Orthorectified Radar Image; GEC - Geocoded Ellipsoid Corrected; GTC - Geocoded Terrain Corrected; SE - Spatially
Enhanced; RE - Radiometrically Enhanced.

The paper is organized as follows: in Section [lI] we collect the previous literature about multitemporal SAR in order to
identify its key aspects, the applications that exploited this technique, the weakness of the proposed solutions and the open
points. Section describes the general guidelines of the proposed framework and the processed datasets. Section deals
with the pre-processing chain and calibration issues. Section [V| describes a possible application of the method, adapting its
characteristics to the case of semi-arid regions. Section [VI| is devoted the RGB composition and the building of the new
multitemporal products. Section [VII] highlights the independence of the framework from both the sensor and the imaged scene.

II. PREVIOUS REPRESENTATION CONCERNING MULTITEMPORAL SAR:
CATEGORIZATION AND RATIONALE TOWARD MAP3

The design of a new SAR multitemporal framework could not overlook the past literature. A systematic bibliographic study
helped to properly collocate all the examined literature, and to identify the properties and characteristics to be taken into
account in the building of the proposed products.

Multitemporal SAR data have been widely exploited in the development of techniques oriented to change detection,
classification, segmentation and multisensor data fusion. Moreover, various authors have used multitemporal data to validate



empirical scattering models. References [S]—[7] use multitemporal SAR data to validate semi-empirical models for conifer-
dominated forests response evaluation. Reference [[8] studied the response of snow to estimate its water content and to extract
classification maps. The problem of soil moisture retrieval has been studied in [9] and [[10]. Empirical scattering models for
crops growth monitoring have been developed in [[11] and [[12]].

In the last decade, multitemporal SAR data have been often used for classification, segmentation, change detection, and
land-cover-oriented applications, even with the use of data fusion techniques. Reference [|13]] proposes a technique for the
fusion of multitemporal SAR data with a single multispectral datum for unsupervised classification purposes. Reference [14]
also developed a multitemporal and multisource technique for classification and change detection. In [15] the authors use
multitemporal SAR data for extracting segmentation maps. Classification-oriented applications have been developed in [16]]
and [17]]. A lot of literature can be found dealing with change detection issues, either in rural or in urban areas [18]-[21].
Other applications involve feature extraction [22]], with particular reference to roads, hydrological and agricultural monitoring
[23] and studies on natural disasters, especially regarding floods [24[]-[26]] and fires [27]].

Generally speaking, from the examined literature arises that a multitemporal SAR data processing technique should take
into account the six key aspects listed below:

- Reproducibility: the processing chain should be transparent in all its steps;

- Automation: the techniques should be at minimal impact by the side of the user with the minimum number of parameters
to be set up;

- Adaptability: the processing should be suitable for a large number of applications;

- Reversibility: the processing chain should preserve the electromagnetic and physics characteristics of the analyzed scene,
giving rise to invertible models [28];

- Visualization: the output maps should be comfortable with human view and displayed in such a way to ease their
interpretation [28];

- Interpretation: the obtained maps and value added products should be easily interpreted by a large variety of scientists
and researchers belonging to different disciplinary sectors.

None of the examined works present all these properties. Adaptability is the major limitation for semi-empirical models such
as [5]-[7]I, [11]] and [[12]]. Inversion issues are faced only in [8]-[|10]], while all the other works are focused on the obtainment
of vector maps, with limited attention to the retrieval of electromagnetic/physical characteristics of the scene. Actually, [25]]
proposes a more general technique, but the physical information of the data is compromised by the equalization processes.

Automation is a fundamental requirement for modern remotely sensed data processing techniques. As a matter of fact, all
the examined works share a high degree of automation, although some of them require a training phase due to the use of neural
networks [16]. Reproducibility, instead, is the weakness of many modern image processing algorithms, which are characterized
by a great mathematical insight and few attention on the user experience.

Visualization and interpretation issues are faced only in [23[], [29] and [25]. In particular, the latter performed a systematical
study on this issue and solved it with the aid of RGB composition of channels suitable for flooding analysis.

The use of RGB composition in multitemporal SAR data analysis has been already presented in [23], [27]], [29] and [30].
Reference [27] used the RGB composition to perform quantitative evaluation on the effects of fires in forests comparing
successive SAR acquisitions in order to identify the more damaged areas and classify the damage. RGB compositions have
been also exploited for the generation of land cover maps [26], [30] and for floods analysis. Reference [25] proposed a
systematic study on the radar backscattering characteristics, supporting a robust and automatic technique for the study of
flooding. In fact, as known, the backscattering coefficient is sensitive to the surface roughness, allowing efficient studies of
flooding. Other applications which involve, for example, crop and vegetation, should take into account more complex scattering
mechanisms, such as volumetric backscattering, and therefore need more refined models.

Dealing with multitemporal data, the radiometric calibration of the images involved in the processing is of central importance.
As an example, COSMO-SkyMed single look products hold a radiometric accuracy smaller than 1 dB [31]], [32] thanks to
the internal calibration. This value could be improved through external calibration procedures, involving the use of active or
passive calibrators, if available [33]], [34]], or through image-based techniques [35]. Indeed, the process of calibration of data
is very delicate and could be affected by several sources of errors. For a complete discussion on this topic the reader should
refer to [36].

III. PROCESSED DATASETS AND MAP3 WORKFLOW

The technique we propose for the elaboration of the new multitemporal products can be conveniently organized in three
major blocks of activities, as conceptually shown in the block diagram of Fig. [2] The first block of activities involves the pre-
processing chain in which data coregistration, despeckling and calibration issues are implemented. The second block concerns
the adaptive processing in which the image combination that better emphasizes the relevant characteristics of the scene is
chosen. Finally, the last block is relevant to representation and analysis. Because of the multitemporal and adaptive nature
of the proposed framework, we named it MAP3 (Multitemporal Adaptive Processing), where the number three recalls the
number of blocks. The design of the blocks was guided by the six properties listed in Section |lIl and pointed to the simplicity,



minimizing the operations necessary to obtain the products, and to the availability of the algorithms, with the exception of the

cross-calibration step, where we introduced a new technique presented in Section [[V-C|
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Fig. 2: Block diagram of the MAP3 framework.

The central block of the MAP3 framework should be application-adapted. We processed two datasets acquired by different
Sensors:

- The first dataset is composed by 15 stripmap COSMO-SkyMed balanced SLC images with 3 meters of spatial resolution
acquired on the Yatenga region, in the North of Burkina Faso. This stack has been provided by the Italian Space Agency
under the aegis of the project “Use of high resolution SAR data for water resource management in semi-arid regions”
[37]]. The application is oriented to water resource monitoring. The results of the application of MAP3 to this dataset are
presented in Sections and |VI in order to support the method presentation.

- The second dataset is composed by 35 stripmap TerraSAR-X SLC images with 3 meters of spatial resolution acquired
on Ciré Marina, Calabria, Italy. This scene is characterized by a temperate climate and the application is oriented to
agricultural monitoring. The results of the application of MAP3 to this dataset are presented in Section [VII| in order to
stress the frameworks independence from both scene and sensor characteristics.

The COSMO-SkyMed stack allows us to stress some characteristics of our framework. It refers to a prevalently rural area
(see Fig. 3) and includes a few small human settlements, mainly located close to water collection areas. Water harvesting is
usually implemented via artificial dams created with (often) rudimental techniques along the course of streams. The major
water reservoirs of Tougou, Ouahigouya, Gouinre and Lossa are, all over the year, clearly visually detectable both in optical
(e.g., Google Earth), and SAR intensity maps. Moreover, there is a huge number of small basins (whose extension is in the
order of a few thousand square meters) which are autonomously created by local population in order to satisfy their necessities
in terms of water supply. These basins are crucial for human activities, but are often not censed nor surveyed, and cannot be
easily monitored via available remote sensing techniques.

The strong variability of this scenario is evident in Fig. @ In particular, in Fig. da] and Fig. #b] two Google Earth views of
the Tougou basin acquired on 2013, May 5 (Fig. a) and 2008, October 30 (Fig. @b) are shown. The change in the response
of the scene according to the season is evident. The same consideration can be made looking at Fig. and Fig. where
two small reservoirs located in the nearby of the Aoréama settlement are shown. In this case, the water surfaces are visible
only in the acquisition of October (Fig. fd), while in May (Fig. [c)), at the end of the dry season, the water intakes are empty.
The introduction of the multitemporal Level 1o products arose from the necessity of monitoring the dynamics of these quickly
variable phenomena. The required processing blocks, shown in Fig. 2] are analyzed and discussed in detail in the following
sections.

IV. PRE-PROCESSING CHAIN
A. Coregistration and speckle reduction

Data coregistration and speckle reduction are the first two steps of the processing chain, as shown in Fig. 2] Data must
be spatially registered with sub-pixel precision (typically 1/8 or better), as required by the evaluation of the interferometric
coherence.



Fig. 3: Google Earth view of the Yatenga region, Burkina Faso, acquired on 2008, October 30. The red rectangle, representing
the data-take, covers an area of approximately 1600 km?.

Fig. 4: Google Earth views of the semi-arid dataset acquired on (a), (c) 2013, May 5 and (b), (d) 2008, October 30.

A typical SAR registration procedure involves three steps. The first step is a coarse alignment performed with the aid of
satellite orbit data which are used to solve the Range-Doppler equations coupled with an Earth ellipsoid model. This produces
an alignment in the order of few pixel.

The second step is a procedure based on the evaluation of the cross-correlation between a series of windows uniformly
distributed over the two processed images [38]|. The position of the peak of the cross-correlation matrix identifies the shift to
be applied to the slave image window in order to obtain the maximum similarity with the homologous masters one.



In case of complex data, a further step can be performed computing the interferometric coherence between a series of
uniformly distributed small windows. This is a two-dimensional optimization problem which is usually solved with Powells
method since it requires no information about the derivatives of the function to be minimized [39].

Finally, the coregistration function can be provided as a smooth polynomial that approximates the pixel-to-pixel shift with
the assumption of targets lying on the ellipsoidal Earth surface [40].

In multitemporal analysis, a despeckling phase of the available dataset assumes a key importance, since the detrimental
effects of speckle presence could significantly alter the discrimination of the features along the temporal axis [41].

The availability of a multitemporal set of SAR images offers the opportunity to develop filters that preserve the original spatial
resolution [42]]. Several studies have been proposed on this issue [43]—[47]. In this work, the speckle reduction is performed
by employing the optimal weighting multitemporal De Grandi filtering [44] because of its availability on commercial software
and excellent declared performance in terms of Equivalent Number of Looks (ENL) on simulated SAR data. An example of
the effects of the filtering process is shown in Fig. [5} where we compare the SAR image of the Laaba dam before and after
the filtering procedure. In Fig. [5b] we can observe that the significant reduction of the speckle, which is in the order of 12
looks with no loss in spatial resolution, did not deteriorate the spatial boundaries. In addition, the contrast between the open
water and the surrounding environment is increased.

(@ (b)
Fig. 5: Laaba basin, 2011, October 09, intensity map before (a) and after (b) the application of De Grandi multitemporal filter.

B. Data calibration

One of the major challenges of the processing chain is to create a series of radiometrically comparable images. As explained
in [48]], COSMO-SkyMed Single Look Complex Balanced products (described in [31]]) are corrected from the effects related
to the sensor and the acquisition geometry. The sigma naught can be evaluated applying a calibration factor calculated from
ancillary data. The list of the available product dates and the corresponding calibration factors is presented in the first two
columns of TABLE [[} Note that these coefficients refer to the SLC data, hence they should be applied to the power image
before the filtering step.

If the provided calibration coefficients are found to be not satisfactory, a further calibration can be performed using an
image-based technique. In fact, the calibration accuracy of a time series with N; images can be improved using a Permanent
Scatterer (PS)-based technique such as PSCal proposed in [35]. The goal of this technique is to identify the largest number of
stable targets in the images and, through the evaluation of their response, retrieve the set of N;_; differential gains with respect
to unity. The PSCal technique turned out to be effective in many applicative contexts and its main limitations are explained
in [49]. In this work, under the hypothesis that the PSs phases are unknown, we perform a non-coherent gain estimation,
maximizing the log likelihood of the complex observations. This nonlinear maximization problem is then solved with the
iterative method presented in [35].

In order to identify a reasonable set of PSs, we propose a method based on the fact that, if a target exhibits high coherence
through the entire time series, it is a candidate to be classified as a PS. With a threshold value of 0.5, 5042 candidate PSs are
selected. This population is tested in order to find the point targets that actually behave as PSs. The solution can be initialized
assuming for the gains the [1 x N;| unit vector a® = [1,1,...1], where the apex indicates the iteration counter.

The set of gains found at the iteration j — 1 is used to retrieve the PS amplitudes and noise variances. The detection is
performed applying a threshold of 0.8 on the Generalized Likelihood Ratio Test (GLRT) [35] which leads to 4059 PS found
after 118 iterations with a convergence criterion a/ — a’~! < 1076,



Fig. [6] shows a De Grandi-filtered intensity map for the Tougou basin site with the PSs positions in red. As expected, in this
rural area, PSs are found in correspondence with the small human settlements.

Fig. 6: Tougou basin: PSs positions.

The third column of TABLE [I| shows the PSCal calibration coefficients with respect to the reference image, (2011, April
28). This result is congruent with COSMO-SkyMed products specifications, according to which the calibration accuracy is

smaller than 1 dB [31], [32].

TABLE I: Internal calibration coefficients (second column) and PSCal estimated coefficients (third column) in dB. All the
images are acquired with HH polarization, ascending orbit and look angle of ~ 33°.

Acquisition date Internal calibration After PSCal

2010-06-12 -54.6908 -0.124
2010-06-13 -55.5859 -0.643
2010-07-14 -55.7245 -0.249
2010-08-15 -53.8149 0.899
2010-08-31 -54.3616 0.340
2010-09-16 -54.8973 0.220
2010-12-05 -56.0023 -0.192
2011-03-27 -55.3059 0.014
2011-04-28 -55.7180 1.000
2011-04-29 -55.8170 -0.349
2011-07-17 -55.2849 0.533
2011-08-02 -53.9722 -0.052
2011-10-09 -54.0330 -0.070
2011-11-10 -55.2586 -0.089

2011-12-12 -54.7326 -0.094




C. The VALE method

In order to combine the images of the time series in a color composite view it is necessary that data are expressed in a
common scale with a number of levels (usually 256) suitable with human visual perception. In [25] this problem has been
solved for flood monitoring by studying the confidence intervals using percentiles, and applying a histogram clipping in
correspondence with the percentile that best preserves the image entropy, followed by a 256 levels rescaling and equalization.

The above cited method requires that “only marginal changes (statistically speaking) have occurred from one date to the next”
[25]]. This is not the case in many applications, mainly if agricultural cycles are under observation. In addition, equalization
is a nonlinear and image-dependent process, which alters the intensity ratios between the images, especially where histograms
slopes are higher. In semi-arid regions, the distribution of the information (i.e. the shape of the histogram) is strongly variable
between the dry and the wet season due to the variability of surface water and vegetation cover. As a consequence, the histogram
clipping, although guided by the best entropy preservation criteria, could cause the association of the same amplitude level to
different bins during the byte scale operation. This would bring to errors in the evaluation of the time series.

These considerations suggest that a reliable criterion of comparability between a series of images must be the conservation
of the amplitude ratios. The processing must guarantee that the same reflectivity values are represented in the same histogram
bin for all the images of the time series.

Assuming that data are perfectly calibrated, it is possible to establish a metric for the entire time series selecting a common
threshold for the clipping of all the histograms. This allows the preservation of the amplitude ratios between the images. For
this purpose, we propose the following processing chain, which establishes the VALE method:

1. Let N; be the number of images belonging to the time series and M;,i € [1,2,..., N;| the maximum amplitude value

of the ¢ — th image; the vector M = [M7, Ms, ..., My,] is defined.

2. Let be p the position of the minimum in M, i.e. M, = min{M}. The p — th element of the series is then the image
with the minimal dynamics and is assumed as reference for establishing the amplitude threshold. This ensures that the
threshold value exists in all the images of the series;

3. All the histograms of the series are clipped at an amplitude value A= gM,, with ¢ < 1 evaluated on the p — th image.

This ensures the best compromise between the entropy preservation and the minimization of the percentage of saturated
pixels. The optimum percentile is established based on considerations on SAR image probability density function.
As known, single look SAR images pdfs are strongly asymmetric and characterized by a very long right tail. Hence, the
skewness parameter exhibits positive values much greater than zero. This means that most of the information is grouped
in a limited percentile of the cumulative histogram. The image entropy can guide in the search of this percentile. In
fact, as reported in [25]], when ¢ tends to unit, the entropy has an abrupt fall, i.e. a large number of amplitude values
are compressed in a few histogram bins. Our experiments, whose results are reported in TABLE [II} reveal that the best
clipping value is found to be the 98% of the cumulative histogram, hence for ¢ = 0.98. In fact, although the maximum
entropy is reached at a lower percentile, the choice of the 98" percentile allows us to saturate a minor percentage of
pixels with negligible loss in entropy. In this case, entropy can be a reliable guide in order to select the best clipping
value since we are considering a single image, for which the best preservation of the informative content is desirable.

4. All the histograms will be clipped at the same amplitude value g, corresponding to the same binsize value b= qM,,/255.
In this way the metrics of the time series is established.

TABLE II: Images entropy as a function of the clipping percentile. In chain A all the histograms of the time series have been
clipped at the same percentile. For chain B the percentile value refers only to the reference image of the series. Image T2
refers to March 2011, while image T1 to August 2010.

A B

Percentile T1 T2 T1 T2
90" 7.544 7454 7425 6.103
91th 7.580  7.458  7.460 6.286
92th 7.603  7.489  7.485 6.454
93th 7.615 7508  7.502 6.606
94th 7.620 7.515  7.511 6.743
95th 7.617 7511  7.507 7.076
96th 7.582  7.499  7.498 7.163
grth 7.544 7459 7452 7.364
98th 7343 7270  7.320 7.571
99th 2.840 2398  2.842 3.634

100" 98F~%* 1E3 13E3 15E3

To illustrate the validity of these claims, let consider the two SAR images depicted in Fig. [/} representing the neighborhood
of a dam in two extreme conditions. In fact, Fig. [7al and Fig. [7b| were acquired on August 2010 at the peak of the wet season



and on March 2011 at the end of the dry season, respectively. The red rectangle (subset A) is relative to an area in which the
vegetation is homogeneous and persistent all over the year; the green rectangle (subset B), instead, is a surface-water zone.
Hence, both the subsets are relative to a homogeneous area in which the electromagnetic response is expected to be almost
stable, despite of the strong variability of the surrounding scene. The effects on the amplitude ratios of the cross-calibration
based on the percentile approach with respect to VALE are evaluated by selecting ten sample subsets of type A and of type
B, randomly distributed on the two scenes. They have been processed with the following methods:

TR

(a) (b)
Fig. 7: Particular of the Tougou dam for the acquisition of 2010-08-31 (a) and of 2011-03-27 (b). The red rectangle (subset

A) is relative to a homogeneously and persistently vegetated area; the green rectangle (subset B) is taken in a surface-water
area.

- Chain A: percentile-based clipping and rescaling between [0, 255], as proposed in . The histograms have been clipped
at the same percentile of the cumulative histogram, thus resulting in a non-uniform binsize in the rescaling procedure.

- Chain B: the proposed cross-calibration method (VALE). VALE calls for: calibration through the application of the
coefficients reported in TABLE m amplitude threshold-based clipping and rescaling between [0, 255]. The histograms are
clipped at the same intensity value; hence, the corresponding percentile in the cumulative histogram should be different,
but the binsize in the rescaling procedure is the same for all the images.

Fig. [8] shows the scatterplot (mean vs. standard deviation) for the above introduced images processed with chains A and B.
We have indicated with T1 and T2 the acquisitions of August 2010 and March 2011, respectively. Fig. [§] reveals that the two
cross-calibration methods bring to conflicting results. As a matter of fact, the class vegetation for the T1 image (August, wet
season) is placed to the left of the class vegetation for the T2 image (March, dry season) in the case of chain A processing and
to the right in the case of chain B processing. The physically consistent result is obtained with the proposed method, since we
expect a higher electromagnetic response during the wet season thanks to the enhancement of the volumetric backscattering
due to the growth of the leafs. Surface-water areas, unlike vegetated ones, are only slightly affected by the choice of the
clipping method. Therefore, for flooding applications, as in [25]], both the chains are almost equally suitable.

However, our method makes possible a better separation between the classes because of the centers of mass of the population
relative to the class water and vegetation are more distant in both the images if processed with VALE (i.e. chain B).

TABLE [lI| reports the entropy analysis for the two test images. The entropy has been calculated with the following relation

[50]:
N
H=Y —P,log,P, (1)
n=1
where P, is the normalized probability of the n-th quantization level of the histogram and N the total number of bins.
The analysis reported in TABLE [II| highlights that VALE ensures high values of entropy for the processed images. It arises
that the images processed with the VALE method have an entropy value that is close to the theoretical limit (i.e. 8), which
would be assumed by an uniform distribution. This confirms VALE robustness, since it preserves the amplitude ratios between
the images and it ensures their informative content.
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Fig. 8: Scatterplot of mean vs. standard deviation for ten sample subsets representing homogenous vegetated areas and surface-
water areas, as in Fig. |Z|, processed with the chain A and the chain B (VALE).

V. CLIMATE-ADAPTED CHAIN

The guideline for building the new multitemporal Level 1 products that is discussed in this section consits in exploiting a
priori information on the climatic variability typical of semi-arid regions, which are characterized by a long dry season (from
October to May) and an intense wet season (from June to September). The activities embodied in the Adaptive Processing
block (see Fig. 2) are tailored on the particular available dataset.

In Fig. 0 the average of monthly rainfall for the three stations marked in Fig.1 [I] is reported. About 75% of the rain falls
during the months of July, August, and September, while from November to April rainfall is lower than 20 mm par month
[51]. The response of the scene to the rain forcing depends on the terrain:
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Fig. 9: Average monthly rainfall computed over the period 1974-2011.

- Cultivated areas experience a growth of vegetation correlated with the rain trend. The same behavior holds for uncultivated
areas that are not eroded; at the end of the dry season, most of the terrains are almost completely bare.
- Eroded areas have lost the capability of absorbing water, so that their dielectric characteristics are stable during all the

year;

- Reservoirs fill up rapidly during the wet season and empty almost completely during the dry season. This happens
especially for small dams located in rural areas.

The electromagnetic reflectivity of the scene depends on these phenomena. As a matter of fact, a high electromagnetic
response is expected on vegetated areas because of an enhancement of backscattering due to volumetric effects and plant-land
interaction [52], [53]]. Vice versa, a low response is expected on bare soils and ponds.

A. Interferometric coherence extraction and quantization

As known, the interferometric coherence is given by the relation:

E[LI3]
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where the operator E[-] denotes statistical expectation and the apex # the conjugate operation. This quantity is an indicator
of the phase stability of a target. Hence, dealing with multitemporal series in which the images could have very large temporal
baselines, we expect high values for v only in correspondence with fixed man-made structures. In other words, when a long
term interferometric coherence is computed, the result is an almost binary mask composed by “coherent” and “not coherent”
points. Therefore, we impose that points whose interferometric coherence is below an assigned threshold are classified as
“not coherent” and placed in the first histogram bin during the rescaling operation. For prevalently rural areas, a reasonable
threshold value turns out to be 0.45.

VI. MULTITEMPORAL LEVEL 1o« PRODUCTS

The pre-processing blocks described in Section [[V] guarantee the comparability of amplitude images. Therefore, according
to the third block of Fig. 2] it is now possible to reproduce a multitemporal set of SAR images in order to improve the image
interpretation and to facilitate the SAR image features extraction.

The key aspect for evidencing a desired feature is the identification of a reference scenario, characterized by the fact that
the physical parameters to be retrieved present extreme values. In semi-arid regions, this reference situation occurs at the end
of the dry season, usually in April, when terrains are almost completely bare and the ponds are empty. Therefore, it is possible
to detect the features of interest by comparing an image acquired in a date under test (test image) with a reference image,
acquired at the end of the dry season.

All the Level 1o products proposed in the following represent a subset of the scene depicted in Fig. [3] and cover an area of
approximately 15 km x 18 km. The used combination of bands is the following:

- Red band: Coherence map;

- Green band: Test image;

- Blue band: Dry season image (2011, April 28).

Fig. |10 provides a synthetic instrument for the interpretation of the images. The coherence introduces the third dimension,
with a high contribution of the red band for man-made structures which, as a consequence, will appear as bright targets on
the maps.

=

seasonal water
rice plantation evergreen

Dry season image intensity

= AL
eroded areas seasonal vegetation
permanent water CTops

Tested image intensity

Fig. 10: Interpretative tool.

The band-color association has been chosen in order to help the image comprehension. In Fig. [IT] and Fig. [I2] the blue band
is associated with the presence of water and the green band is related to the presence of vegetation. In particular, in Fig. [T1]
the test image was acquired in 2010, August 31, and was loaded on the green band. The growth of vegetation provokes an
enhancement of the backscattering in August such that the green band amplitude will be dominant with respect to the red
and blue bands. Areas covered by seasonal surface water appear in blue because in the wet season the ponds are filled up by
intense rainfalls, the water acts as a reflector, and the corresponding backscattering (green band) is significantly weaker with
respect to that of the reference dry situation (blue band). Permanent water appears as a black area within the basin, because of
the low electromagnetic response both in the dry and in the wet season. The adjective “permanent” specifies that this feature
is present on the scene all over the year.

The product depicted in Fig. [I2] is obtained through a composition of two images belonging to the dry season. The test
image (green band) is acquired on 2011, March 27. In this case, the cyan is the dominant color because the electromagnetic
response of the two scenes is almost unchanged, except for the areas in which the counter-season agriculture is exercised,
in the immediate neighborhood of the river streams. Therefore, those areas are characterized by green pixels. Similarly, blue
color is related with seasonal water.



Fig. 11: Tougou basin, COSMO-SkyMed Level 1a product. Blue band: 2011, April 28 (dry season); Green band: 2010, August
31 (wet season); Red band: interferometric coherence.

In Fig. [13] the Level la products for the entire analyzed time series are shown. From this representation, which covers
about one year and a half, the potentiality of the proposed products in the comprehension of the dynamics of the scene is
emphasized. The cycles of the vegetation and of inland water can be quantitatively correlated to the rainfalls. In addition, the




Fig. 12: Tougou basin, COSMO-SkyMed Level 1a product. Blue band: 2011, April 28 (dry season); Green band: 2011, March
27 (dry season); Red band: interferometric coherence.

increasing of vegetated surfaces during the wet season and the water amount in the intakes can be easily monitored.
Furthermore, in this context, the new products provide immediate information about the location of villages otherwise hardly
locatable, as shown in Fig. [T4a] As a matter of fact, human settlements appear as bright points because they are characterized
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Fig. 13: Tougou basin, multitemporal series. Reference image (blue band): 2011/04/28 (dry season). Test images from left
to right and up to down: 2010/06/12, 2010/07/14, 2010/08/15, 2010/08/31, 2010/09/16, 2010/12/05, 2011/03/27, 2011/07/17,
2011/08/02, 2011/10/09, 2011/11/10, 2011/12/12.

by high intensity of the electromagnetic response all over the year and high values of interferometric coherence, since they
are stable in phase. However, it is worthwhile to note that in these areas even buildings can be not stable in phase since they
are frequently made up of terrain and/or stones.



Note that the detection of human settlements can be evaluated by any couple of images, independently of the season, because
a man-made structure has a stable reflectivity. Therefore, the Level 1a products introduce not-straightforward representations
easy to interpret for humans and machines. In Fig. [T4a] and Fig. [T4b] it can be appreciated that trees appear in cyan, since
their response is not coherent but stable in amplitude, and man-made structures appear in white, since their response is stable
in both amplitude and phase. In general, the new products allow a simpler separation (even at visual level) between natural
targets and man-made targets with respect to traditional SAR intensity maps.

In synthesis, the key aspect of the new products is the emphasis on the dynamics of the phenomena and their cyclic nature.
The great advantage introduced by the proposed products is the immediacy of the information and the possibility to evaluate
qualitatively the evolution in time of the features of interest.

Fig. 14: Tougou basin, particular of the Level 1« product (a) and Google Earth view (b).

In order to better appreciate the quality of the proposed products, we show in Fig. [I5] (test image 2010, August 31) a close-up
which allows to highlight the level of detail achieved. As a matter of fact, in Fig. @ the dam, the road crossing it as well as
the trees are clearly distinguishable. In Fig. instead, the presence of a small settlement and of a rudimental agricultural
infrastructure in the upper right corner of the image is evident. It is also evident the enhancement provided with respect to the
SLC products of the same area (acquired on 2010, August 31) depicted in Fig. [I53b] and Fig. [T5d]

VII. APPLICATION OF MAP3 IN TEMPERATE ZONE

In order to test the generality of the proposed framework from both the sensor and the scene standpoint we processed a
stack of 35 TerraSAR-X images (for calibration issues on this sensor see ) acquired on Cir6 Marina, Calabria, Italy, an
area characterized by a temperate climate. The results presented below have been obtained with the same parameters (i.e.
histogram clipping parameter, interferometric coherence threshold, band combination and their disposition) adopted for the
previous scene. Of course, the selection of the reference situation is guided by different criteria, depending on the phenomena
to be monitored. The solution presented in Fig. [I6] has been built taking as reference image the acquisition of 2010, January
1 (blue band) and as test image the acquisition of 2008, April 25 (green band). In this representation, the behavior of the
relevant feature of the scene is the same of that previously analyzed for the Tougou basin. In particular:

- Permanent water surfaces (e.g. the sea) appear as dark areas because of the low response of all the involved channels;

- Urban areas are represented as bright areas due to the high contributions of both intensity and interferometric coherence

channels;

- Cultivated areas exhibit a color that depends on the state of the terrain in the two dates and on the type of cultivation.
Because of the high degree of anthropization, in this case the agronomic/botanic interpretation is not straightforward and
needs to be supported by specific expertise.

The representation depicted in Fig. is an exploded view of the bands composing Fig. [I6] In particular, Fig. and

Fig. represent the blue band and the green band, respectively. Fig. shows the interferometric coherence calculated
applying (2), while Fig. [T7d] depicts its quantized version. The reader should note how the shift of the first histogram bin



Fig. 15: Tougou basin, close up 400 x 400 pixels. Level 1o product (test image 2010, August 31) (a), (c) and SLC product
(b), (d). The covered area is approximately 1.5 km?.

value to 0.45 emphasizes the presence of urban areas and man-made structures, which appear as bright points on the dark
background of natural surfaces, which are typically not stable in phase.

It is worthwhile to note that in highly urbanized areas, buildings are not the only coherent targets, as shown in Fig. [I8] in
which a comparison between the geocoded Level 1o product of Fig. [I6]and a Google Earth view is depicted. Indeed, buildings
are among the detected coherent targets (see Fig. [[8a and Fig. [I8d). In fact, guardrails and street lamps also appear as bright
targets, as shown in Fig. [I8D] and Fig. [I8¢] Moreover, azimuth ambiguities present a coherent behavior since they are the
replicas of stable targets [?]. Spurious coherent points can be detected, as well as rocks. However, these objects appear in red
(see Fig. and thus they can not be confused with man-made structures, which, in turn, appear in white. This phenomenon
can be mitigated considering an appropriate tuning of the quantization parameter, i.e. rising the lower bound in the quantization
process, or considering the mean coherence of the entire time series.



Fig. 16: Cir6 Marina, TerraSAR-X Level 1o product. The imaged area is approximately 3 x 7 km?.

Fig. 17: Cir6 Marina, Calabria, Italy. January amplitude map (a), April amplitude map (c), coherence map before (b) and after
(d) the quantization procedure. The value of the first histogram bin has been set to 0.45.

In Fig. [T9] the reader should appreciate the detail achieved by the proposed representation. In particular, in Fig.[T9a a close-
up of an alley cropping is reported. In Fig. [T9b] a small river is displayed. Note that the river was dry in April (green band),
and water-filled in January (blue band). Therefore, the presence of surface water during the acquisition of January caused a
weak blue-band amplitude in the area delimited by the river. The intensity of the green component witnesses the presence of
vegetation or bare soil within the riverbed.

In synthesis, the change of sensor and scenario did not change the overall performances of the method.

VIII. CONCLUSIONS AND DISCUSSIONS

Multitemporal SAR analysis is a powerful and attractive technique for environmental monitoring and planning. It introduces
challenging issues relative to data calibration and their representation. This technique has been widely explored in the past (as
discussed in Section [[) but never coded in all its aspects. In this paper, we formalized the problem introducing the MAP3
framework, which, mixing state-of-art techniques and a novel cross-calibration method (VALE), brings to the extraction of a
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Fig. 18: Coherent targets in highly urbanized areas: buildings (a), (d), guardrails (b), () and azimuth ambiguities (c), (f).

new family of multitemporal products, the Level 1o products. These products are characterized by a context-adaptive nature,
unlike the already available and generalist Level 1 products.
The MAP3 framework has been designed pointing to the minimization of the complexity and to the exploitation of the
available algorithms. Innovation has been necessary in the cross-calibration phase, where we introduced the VALE method.
The proposed framework faced the challenges introduced in Section [[I] the following solutions:

- Reproducibility: a well-defined and transparent framework for the elaboration of the proposed Level 1« products has been
presented;

- Automation: the processing chain is highly automated with only a few parameters to set up, i.e. the coherence quantization
threshold and the clipping percentile of the reference image histogram. The first is set based on the characteristics of the
scene. In particular, for prevalently rural areas, a threshold of 0.45 is a reasonable zero-th quantization level. The second
should be determined through an entropy analysis of the reference image;

- Adaptability: the processing chain can be adapted to different climatic zones and scenarios (see Section [V and [VII);

- Reversibility: the proposed framework ensures the preservation of the electromagnetic information thanks to an accurate
calibration of the channels involved in the processing. If the inversion of the channels is needed, it should be performed
before any quantization;

- Visualization: we proposed to exploit the advantages derived from the RGB composition of suitable cross-calibrated
channels in order to provide a comfortable and immediately interpretable experience of visualization of the maps;

- Interpretation: the proposed Level 1o multitemporal products bring a significant improvement in the SAR images com-
prehension and features identification applications.

Data calibration is the key aspect in multitemporal SAR data processing. As a matter of fact, the composition and the
comparability of the elements of the series are possible only if the images are accurately radiometrically calibrated and, of
course, spatially registered. In Section [[V] we have shown how the internal calibration information provided by ancillary data
can be refined and supported by external calibration techniques, as the PSCal method. We applied this refinement on our datasets
in a few minutes using a machine with 12 GB RAM and an Intel Core i7 CPU 2.76 GHz clock. However, larger datasets could
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Fig. 19: Cir6 Marina, close up 400 x 400 pixels for a covered area of approximately 1.5 km?. Alley cropping (a) and urban
area near the seaside (b).

require a rather heavy computational burden. In this case, a trade-off based on the quality of the internal calibration should be
considered.

The filtering step is fundamental for the reduction of speckle and for achieving a high quality final product. We have applied
an optimal weighting multitemporal De Grandi filter achieving a speckle reduction equivalent to 12 number of looks, without
losing spatial resolution.

The adaptive processing chain makes possible to model the proposed framework on the specific available dataset. We have
experimented the method with images belonging to a semi-arid region, choosing a reference image at the peak of the dry
season. This choice allowed us to identify the changes in vegetation cover and water availability. Moreover, the use of the
interferometric coherence as the third band allows the identification of small human settlements, otherwise hardly detectable
with classic SAR techniques. The same experiment has been performed in an area characterized by a temperate climate and
the obtained results confirmed the effectiveness of the proposed framework.

The balance of the channels is ensured by the novel cross-calibration method that we called VALE. An image for each
couple of the time series provides information about the evolution of the scene. The proposed products can be compared with
thematic maps, even if at a lower level with respect to classification or land cover maps already available in literature, in
the sense that Level la products shorten the distance between the so-called Level 1 and Level 2 products proposed by the
providers of SAR data. In fact, our products can be easily managed by a large variety of users and are classification-ready, due
to the clear separation between the classes present in the scene, either with simple unsupervised techniques or with a (minimal)
interaction with the user. All these aspects, together with the interpretative immediacy given by the RGB composition, makes
the proposed framework an attractive multidisciplinary tool for remote sensing based/aided applications. As a matter of fact,
the relevant environmental phenomena, such as the growth of the vegetation and the change in the water availability determined
by seasonal rainfalls, are clearly detectable and could be monitored. In this optic, the proposed framework could be a useful
instrument for making previsions and for planning interventions on the scene.

The performed tests demonstrated that, under the hypothesis of perfectly calibrated data, the VALE processing chain ensures
the preservation of the amplitude ratios between the images. This makes the VALE cross-calibration method superior with respect
to the methods proposed in literature until now, since it allows the comparability of the histograms at low, intermediate and
high intensity regions. This allows to push towards vegetation-oriented applications, up-to-now explored only with polarimetric
data.

The proposed MAP3 framework is robust and flexible. In fact, on the one hand it can be replicated in different climatic
zones and for different sensors, as shown in Section in this case, the adaptive processing can be different but the results
in terms of the enhancement of the semantic content of the images hold whatever the climate condition. On the other hand the
techniques embodied in each block (for example filtering or calibration) can be substituted by others present in literature or
implemented ex novo. Moreover, other blocks can be inserted in the processing chain in order to adapt MAP3 to the specific



application.
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