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Abstract

:

In the framework of maritime surveillance, vessel detection techniques based on spaceborne synthetic aperture radar (SAR) images have promoted extensive applications for the effective understanding of unlawful activities at sea. This paper deals with this topic, presenting a novel approach that exploits a cascade application of a pre-screening algorithm and a discrimination phase. Pre-screening is based on a constant false alarm rate (CFAR) detector, whereas discrimination exploits sub-look analysis (SLA). For the first time, the method has been validated with experiments on multi-frequency (C-, X-, and L-band) SAR images, demonstrating a significant reduction of up to 40% in false alarms within highly congested scenarios, along with a notable enhancement of the receiving operating characteristic (ROC) curves. For future synergic exploitation of multiple SAR missions, the developed dataset, composed of Sentinel-1, SAOCOM, and COSMO-SkyMed images, is comprehensive, having images gathered over the same area with a short time lag (below 15 min). Finally, the diversified processing chains and the results for each mission product and scenario are discussed. Being the first dataset of single-look complex (SLC) SAR multi-frequency data, the present work intends to encourage additional investigation in this promising field of research.
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1. Introduction


SAR data possess the potential to monitor various ocean surface features, such as ocean surface turbulence [1], including the detection of ship wakes [2,3,4,5]. Therefore, there is considerable interest in automatic ship detection in SAR images [6], which can provide quantifiable measurements of physical properties such as length and shape as well as dynamic movements such as speed and bearing. Notably, the detection of vessels can be attained both with airborne [7], spaceborne [8] and in situ instrumentation [9].



Concerning the latter, the Automatic Identification System (AIS), a very high-frequency (VHF) transceiver built originally for collision avoidance, is the most massive source of information used for maritime monitoring by Vessel Traffic Services (VTS) [10]. The broadcasted messages contain useful information about a vessel’s identity, position, speed, course, destination, and other data that are critical for maritime control and navigational safety [11]. This critical information is delivered in a ship-to-ship and in a ship-to-shore fashion with transmissions to AIS stations (Figure 1).



The initial worries regarding the efficacy of an AIS-based monitoring system can emerge when examining its coverage at sea, which is up to 20 nautical miles without repeaters. However, the major issue with the AIS lies in its “cooperative” nature. The transmitter can be purposefully set off during unlawful activities. In such a circumstance, the ship becomes a “dark vessel” (i.e., a vessel that operates without an AIS transponder or with it turned off [12]). Still, the AIS legislation retains its carrying obligation only for certain classes of vessels. As stated in the SOLAS regulation [13], all passenger ships (regardless of size), international voyaging ships of a gross tonnage (GT) of 300 or more, and 500 GT and greater cargo ships not embarked on international journeys are obliged by the International Maritime Organization (IMO) to be equipped with AIS [13]. Finally, situations of corrupted or incorrect AIS messages are prone to occur [14]. Therefore, while definitely contributing to maritime domain awareness (MDA), AIS information is unable to render the entire maritime picture. To actually be helpful, the AIS messages must be used in cooperation with other sensors, specifically non-cooperative ones that also show wider coverage [15]. Mainly for these reasons, satellite technologies are currently integrated into marine surveillance services and procedures because they provide cost-effective remote monitoring, a worldwide scope, regular updates, and a large volume of data gathered [11,16,17]. Even if optical imagers started gaining attention [16], spaceborne synthetic aperture radars (SARs) remain the most preferred choice because they offer unique characteristics that make them particularly tailored to supporting AIS-based monitoring systems. The SAR imaging mechanism exploits microwave pulses interacting with a target and returning to the sensor. Ships are usually man-made targets, making their backscattered energy significantly higher than the surrounding clutter. Therefore, a vessel usually appears as a cluster of bright pixels in an SAR image with few features that are identifiable. Notably, SAR is an active sensor not facing the disadvantage of operating only during the daytime. It is worth noting that most illegal activities take place at night. Moreover, the transmitted electromagnetic wave in the typical range of utilization (1–10 GHz) is not significantly affected by cloud cover or precipitation, thus making the imaging system able to penetrate clouds and detect vessels even during nighttime [18].



For achieving effective maritime surveillance, not only the utilization of a non-cooperative approach but also the synergic exploitation of multi-frequency/multi-mission (MM/MF) data is essential. This is to take advantage of higher revisit times. This aim is approached by the present work through proposing a custom algorithm for ship detection adapted to three different SAR missions: Sentinel-1, SAOCOM, and COSMO-SkyMed. The algorithm uses the fast and efficient constant false alarm rate (CFAR) [19,20,21,22] together with the sub-look analysis (SLA) [23,24,25,26] discrimination technique. There is a wide corpus of research dealing with ship detection in SAR images, and the detection techniques in SAR imagery are influenced by several different key parameters, but the research on SAR ship detection can be divided into categories based on the physical property exploited. The backscatter-based methods [27,28] utilize the radar cross-sections (RCSs) [18] of the vessels. They are fast and easy from a design point of view but have low performance, since they are typically affected by false alarms and ambiguities [24,25,26,29]. Polarization-based [26,30,31,32,33,34] approaches leverage the polarimetric scattering mechanism to separate ships from clutter. These approaches are generally more robust but are usually time-consuming and computationally intensive. That aside, for polarimetric scattering decomposition [35], quad-pol SAR imagery is required. The geometry-based methods [36,37] search for specific geometric features, such as the length, width, aspect ratio, perimeter, area, or contour. They demand an adequate template library and high-resolution SAR imagery. Feature-based methods use local feature descriptors (e.g., histograms of oriented gradients (HOG) [38], scale-invariant feature transform (SIFT) [39], and Haar-like features [40]). The methods show maturity in feature design, but they are time-consuming and weak in migration. Very recently, thanks to the large availability of Earth observation data, deep learning methods [41,42,43,44,45,46,47] were also introduced in the ship detection community. These techniques learn the non-hand-engineered abstract features from large annotated data for extrapolating specific patterns during inference time. Promising performance has been demonstrated even near coasts and reefs without the need for land separation [48]. The disadvantage of these methods is in the supervised learning approach that demands large labeled datasets.



As a further relevant aspect, it is important to acknowledge that the presence of sea clutter can have a significant impact on the detection of vessels in SAR imagery. The radar signal reflected by the sea surface is susceptible to scattering caused by minor fluctuations on the sea’s surface, generating noise that can compromise the accuracy of statistical computations and produce false detections [49]. Various factors, including wind-generated waves, currents, and surface roughness, can trigger sea clutter, the manifestation of which is contingent on the SAR frequency and polarization, as well as the incidence angle and resolution of the sensor. To address the challenge of sea clutter in SAR imagery, the SLA approach can be employed to analyze pixel stability across the frequency spectrum. By using this approach, the effects of sea clutter can be mitigated, and the detection performance of vessels can be enhanced [23].



In the framework of the COastal Area monitoring with SAR data and multimission/multifrequency Techniques (COAST) project, funded by the Italian Space Agency (ASI), a novel dataset has been developed utilizing MM/MF imagery. The comprehensive dataset enables the testing of the effectiveness of several missions under comparable circumstances. To the knowledge of the authors, this constitutes the first single-look complex (SLC) MM/MF SAR dataset, and this is also a major novelty of this work. Another innovation lies in its specific attention to in-shore areas, which are typically characterized by perturbing phenomena affecting the detection performance. The latter can include the fast dynamics of vessels’ motion near ports, ambiguities generated by land-strong scatterers, or saturation or anomalous side lobe pattern effects.



This manuscript is structured as follows. Section 2 details the development of the MM/MF SAR dataset and its ancillary information. Section 3 details the methodology adopted in this work from the pre-processing of the data to the implementation of a novel detector. Then, Section 4 discusses the results achieved by means of a large-scale validation approach on the proposed dataset. Finally, Section 5 draws the conclusions of the present study while also pointing out new future directions.




2. Multi-Mission/Multi-Frequency SAR Dataset


As stated above, for the construction of the MM/MF dataset, three missions were considered: the Italian COSMO-SkyMed (X-Band), the Argentinian SAOCOM (L-Band), and the European Sentinel-1 (C-Band). The characteristics of the selected products are briefly described in Table 1, which demonstrates how the images differ beyond the working frequency band. Concerning the Sentinel-1 images, they were gathered in dual-pol mode (VV + VH) or interferometric wide (IW) swath mode, even if VH-only data were processed. COSMO-SkyMed and SAOCOM were instead acquired in stripmap HH and VH polarization, respectively.



2.1. Selected Scenarios


Data collection started from the selection and identification of the region of interest. For the present study, three different scenarios were selected for the purpose of maritime monitoring: Adriatic Sea, Sardinia, and the Egadi Islands (Figure 2).



It must be emphasized once more that the goal was to maximize the benefits of MM/MF SAR images for maritime surveillance. As a result, a short time gap between successive acquisitions over the same region was required. A tool that inspected the effective spatial and temporal couplings of the MM/MF products was developed specifically for this purpose. The tool provides highlights of the various acquisition availabilities, reporting useful insights about the three SAR missions under consideration. Finally, the value of the project’s supplementary AIS data was explored.



The Egadi Islands Marine Reserve, with its 53,992 hectares, is not only Europe’s largest, but it also has the peculiarity of being the initial point of arrival for several marine species whose migrations are frequently linked to the flow of the Atlantic current. In recent years, there have been several complaints about illegal activities in the Egadi Islands’ marine protected area, such as trawling in shallow waters or the use of illegal nets longer than the 2.5 km required by law for underwater fishing in prohibited areas [50]. Sardinia’s scenario concerns violations related to the “waste cycle” and polluting discharge. In recent years, there have also been several seizures of drugs and weapons in Sardinian ports and waters. Additionally, according to recent research [51,52], Sardinia has the absolute record of seized fish products. Finally, in the Adriatic Sea, in general, there has been a drastic decline in fish stocks due to intensive fishing, which has profoundly changed the marine environment. This is an area where excessive trawling has had a very strong impact, so much so that fish stocks in the Adriatic Sea have been greatly reduced [53]. Illegal fishing is not the only unlawful activity, as arms and drug trafficking and smuggling are also widespread.




2.2. Footprint Matching


The footprint matching algorithm (Algorithm 1) is a novel contribution of this paper that oversees coupling different SAR products on the same spot and proceeds in two cascaded steps. In the first stage, SAR products are filtered on a temporal basis, considering two products matched if their sensing period difference is below 15 min. This key value was determined with a heuristic rationale, whereby ships after that time difference could not be matched between the images. The algorithm serves as a pre-screening step and is followed by spatial matching to filter the product that covers the same area of interest (AOI). The spatial matching is carried out by exploiting the footprint data contained in the product metadata. The area of intersection is used to establish a correct spatial match between two footprints. Finally, to conclude the analysis, a visual inspection is performed. The footprints are plotted in interactive *.html maps, and the quality of the intersection is evaluated both in terms of area covered and area of interest, verifying that the intersections cover sea zones.



	Algorithm 1: Footprint matching MM/MF SAR products.



	  Input: MM/MF Products

  for each product   p i   do    (   

    for each product   p j   with   j > i   do

         (   if    |   t i  −  t j   | < 15    then

           (   if   p i   and   p j   cover the same area of interest then

               (     m a t c h e d P r o d u c t s ← m a t c h e d P r o d u c t s ∪  (  p i  ,  p j  )   ;

  return   m a t c h e d P r o d u c t s  ;








An example of a map realized for the scenario of Egadi Island is reported in Figure 3, with which it is possible to observe the Sentinel-1 and COSMO-SkyMed coupling.



Table 2 shows the number of couplings in each scenario selected for the COAST project, detailing separately the various SAR mission parings. Notably, in the Egadi Islands region, only the COSMO-SkyMed and Sentinel-1 products found matches. For major details regarding the coupled products, their relative geometries, orbit types, and platforms can be found in [54].




2.3. AIS Data


Ancillary AIS data are a useful resource included in the dataset to provide information on specific targets. The AIS messages can be categorized into three types: static, dynamic, and voyage-related information. Only the dynamic one was updated frequently (<10 min), with a rate changing according to the vessel speed and course variation, ranging from a few seconds for very fast ships to several minutes for slow or moored ships. When collaborative ships were available, their position, contained in the SAR products, was stored in a database. Nonetheless, the storage policy of [55] saves the messages with a temporal resolution of around 1 min. Therefore, data were pre-processed beforehand, with Hermite interpolation taking as a reference time the central time of acquisition of each SAR image. Aside from that, when an insufficient number of points made it infeasible to execute an interpolation, an extrapolation technique was used. However, in many cases, this approach resulted in wrong placement of the ship location. This misleading result was caused by wrong extrapolation, erroneous AIS messages, or sudden route changes of the ships. Hence, the actual positions of ships were collected by visually inspecting each SAR image and manually labeling each vessel.





3. Method


The targets that are not truthful vessels acting as powerful signature ghosts are labeled as ambiguities in the SAR literature [23]. The method developed in this manuscript aims at mainly filtering the latter. The causes of ambiguities may be traced back to the limited sampling of the SAR pulses, which affects the Doppler spectrum [25]. Generally, SAR ambiguities can be produced in two ways. In the first case, the ambiguities are brought on by large ships. In this scenario, the ship’s brightness creates ambiguity that may be stronger than the surrounding clutter, which might cause ghosts in the SAR picture to resemble the ship’s actual signature. In the second case, the ambiguities are caused by land targets. Due to the low backscattering from the water in this scenario, which is a characteristic of coastal zones, the ambiguities produced by land targets are shown as bright targets over the sea’s surface. In the case of high-resolution SAR images, these artifacts become more prominent. In essence, as the spatial resolution grows, so does the compression gain in SAR image formation. As a result, the improvement of the dynamic range of SAR images increases the intensity of strong point scatterers. The following sections describe in detail the pre-processing chains for each SAR product and the CFAR+SLA detector.



3.1. Pre-Processing Chains


A general understanding of the pre-processing chains implemented for the detection of visible ships in the MM/MF products is illustrated in Table 3, where each pre-processing step applied to the different SAR products is detailed with a checkmark. Sea-land segmentation is a mandatory step that can greatly minimize false alarm rates and enhance follow-up processing efficiency.



As also exhibited in Table 3, apart from land masking (LM) processing, SAOCOM products do not require any further dispensation. The multilook operator, applied only on COSMO-SkyMed products, is not mandatory but suggested to reduce the computational burden. Significant concerns regard the LM operator, which usually requires an accurate model of the coastline, whereas other researchers prefer to use specific extraction techniques [56]. In this paper, the land polygons were extracted from [57].




3.2. The CFAR+SLA Detector


The methodology developed proceeds in two steps in cascade: pre-screening and discrimination. First, the target proposals are generated with a traditional CFAR algorithm, and then these ones are discriminated with a spectrum analysis technique (i.e., sub-look analysis (SLA)). The adaptive threshold applied uses the nested windows approach, in which there are three windows around each pixel under testing: a target window (TW), a guard window (GW), and a background window (BW). The adaptive threshold is the basis of the pre-screening process. The size of the target window should be approximately equal to the size of the smallest object to detect, the size of the guard window should be approximately equal to the size of the largest object, and the size of the background window should be sufficiently large to estimate the local background statistics accurately. Indeed, the algorithm leverages the statistical modeling of the background clutter [58,59,60,61], with which a probability density function    f  p d f    ( x )    can be associated. Thus, the design parameter T can be computed by the from user-selected   P F A   as follows:


  P F A = 1 −  ∫  − ∞  T   f  p d f    ( x )  d x =  ∫ T ∞   f  p d f    ( x )  d x .  



(1)







It is worth highlighting that the T threshold is established empirically during practical implementation, with formulas solely serving as a directional guide. This is because a sufficiently accurate but also general enough model for the sea background is not typically available. Once the prompted background mean   μ b   and standard deviation   σ b   use pixels in the background ring and the mean value   μ t   of the target window, a region is a potential target candidate if


   μ t  >  μ b  +  σ b  ࢩ T .  



(2)







Based on the output of Equation (2), the algorithm first groups the contiguous detected pixels into a single cluster and then extracts the width and length information from the clusters. Finally, clusters that are too large or too small are excluded based on these measurements and user input discrimination criteria. This first level of filtering is called geometric discrimination. In conclusion, CFAR detection is designed to search for pixels that are unexpectedly bright in comparison with those in the surrounding sea, although SAR ambiguities or sea clutter may also fit this criterion. The pseudo-code of the CFAR algorithm is reported in Algorithm 2.



	Algorithm 2: CFAR algorithm.



	  Input: data, background, guard, and target window size, threshold T

  Step 0: Raster Tiling input data (1px stride);

  for each tile do    (   

    1: Using the nested windows: background, guard, and target window:          

      1.1 Calculate the average value of the background window;                

      1.2 Calculate the standard deviation of the background window;               

      1.3 Calculate the average value of the target window;        

    2: Use Equation (2):

      if True

        then   T a r g e t s ← T a r g e t s ∪ n e w T a r g e t  ;   

    3: Cluster continuous pixels marked as target;                  

      3.1 Apply Geometric Discrimination;  

  return   T a r g e t s  








To tackle the false alarm issue, the second level of discrimination employs sub-look analysis of the selected region of interest for the removal of false alarms. The physical rationale is that the Doppler spectra of ambiguities and targets are distinguished. As shown in Figure 4, subsets and metadata are fed as input to the SLA algorithm. The typical metadata information required by the sub-look processor contains parameters such as the pulse repetition frequency (PRF) or the bandwidth of processing in the azimuth [23].



Sub-looks are generated starting from the SLC regions of interests detected in the previous steps. As detailed in [23], one-dimensional sub-look generation is conceived, which is the most common approach for ship detection. Therefore, sub-looks can be generated either in the azimuth or in a range. It is worth recalling that there is no significant difference in ship detection performance between the range and azimuth sub-looks even when moving ships are imaged, but azimuth sub-looks are used in this work for ambiguity rejection. The number of sub-looks   N  S L   , the bandwidth of the sub-looks   B  S L   , and the frequency separation between the centroids of two close looks   f c   constitute the relevant parameters that must be set. In general,   B  S L    is equally configured for all sub-looks. This ensures dealing with sub-looks having the same resolution and thus allowing a fair comparison between them. Indeed, the fraction of   B  S L    covered by a sub-look is an index of the degradation of the resolution with reference to the original resolution of the SLC data. Regarding   N  S L   , for ship detection purposes, usually only two sub-looks are considered. However, for estimating the incoherent entropy (IE) [23], a minimum of three sub-looks was used. Concerning the location of each sub-look, the common approach is to consider the sub-looks as equally spaced along the available bandwidth. It is worth remembering that sub-looks are overlapped in frequency if    f c  <  B  S L    . Table 4 displays the parameters used for the sub-look analysis of Sentinel-1, COSMO-SkyMed, and SAOCOM missions.



After sub-look generation, the IE relative to each region of interest was prompted. In the end, a threshold algorithm was applied by considering stable pixels in a nested window fashion. In fact, considering a matrix of IE prompted for a subset, a statistical process analyzed the average values inside and outside the small 30 × 30 pixel region at the center of each subset (Figure 5). As for the CFAR, a buffer window of 70 × 70 pixels was considered to reduce disturbances in the computations. To summarize, the discrimination algorithm output a class for the target or ambiguity depending on the stability of the pixels of the target, with reference to the pixel stability of the background. In conclusion, the CFAR+SLA detector can be considered an extension of [23], where the IE pertained only to the pre-screened targets and the thresholds were prompted in a nested fashion.



Some demonstrative examples of IE for the COSMO-SkyMed, Sentinel-1, and SAOCOM ship targets and ambiguities are reported in Figure 6, Figure 7 and Figure 8, respectively. These samples are very useful for showing the crucial behaviors of IE under different frequency bands while still not damaging the effectiveness of the discriminator.





4. Experimental Analysis


4.1. Performance Indicators


To monitor the overall performance of the detection algorithm, the detection probability, false alarm rate, and consequently the receiver operating characteristic (ROC) curves were defined. It should be noted that in the literature, the metrics of the detection probability   P d   and false alarm probability   P f   are defined differently from author to author [62]. For example, some authors prefer to relate the false alarm rate to the area of the observation scenario [27]. In this study, such metrics were adopted as follows:


   P d  =   N  d t    N t                         P f  =    N  D e t   −  N  d t     N  D e t     



(3)




having denoted   N  d t    as the number of target-coupled detections,   N t   as the number of targets in the scene, and   N  D e t    as the total number of detection algorithm outputs. Once the metrics are defined, it is possible to measure the relative importance of the CFAR algorithm parameters for the detection performance. It is noteworthy that, having defined the metrics in such a way, the probability of detection and false alarm rate results are decoupled. However, before calculating these curves, an attempt was made to solve one of the issues of this adaptive threshold approach. While the CFAR algorithm is well-established and widely accepted in the scientific community, it is not without its faults. The multiple detections of the same target represent one of the most typical examples. To address this issue and consequently minimize the false alarm rate, a detection suppression technique was developed, combining nearby detections that are located less than 150 m apart from each other. The new location is supposed to be placed in the middle of the two. Notably, the threshold was experimentally determined.




4.2. Local Analysis


A study of the CFAR+SLA algorithm’s performance on a COSMO-SkyMed product (Figure 9) is presented here.



This scene was chosen for its unique characteristics since it represents a very difficult case with intricate coasts, azimuth ambiguities, and ships in close proximity to one another and the coast. In fact, the image includes the port of Taranto, which features many potential sources of false alarms due to its geographical configuration. The presence of docks and other metal buildings is a further source of uncertainty. Finally, there is an artifact in the image, specifically a bright stripe, which is most likely the result of a radio signal emitted by one of the ships in port and captured by the X-band satellite. The product was tested with a low threshold value, background, guard, and target window sizes as given in Table 5. In particular, the threshold value was computed by taking the value provided in Table 5 and converting it into a decimal fraction using the negative exponent of 10.



This is the default option for running the algorithm in order to increase the detection probability while decreasing the false alarm rate. In any event, this permits the discrimination algorithm’s performance to be tested across a large number of detections. The overall accuracy of the CFAR+SLA algorithm was evaluated through ship and ambiguity detection, having defined the accuracy as the ratio between the true positives and true positives plus false positives. Ultimately, pre- and post-application results of the discrimination chain were evaluated in terms of the detection probability and false alarm rate. The results were obtained and reported in Table 6.




4.3. Global Analysis


This section details the performance analysis to estimate the improvement achieved with the CFAR-SLA algorithm with respect to the application of CFAR only. For this purpose, MM/MF products coupled by spatio-temporal matching were analyzed with the CFAR-SLA algorithm in the different identified regions. In more detail, after labeling the products individually, the performance was derived via ROC curves. What follows is a brief description of the curves obtained in each reference scenario. Since the AIS data were not fully usable, it should be noted that the goodness of the curves depended on the annotator’s recognition skill. The ROC curves were calculated by varying the threshold parameters of the detection algorithm and keeping the other parameters fixed, as in the basic configuration shown in Table 5. Specifically, the threshold was linearly sampled in the interval   [ 4.5 , 19.25 ]  .



4.3.1. Egadi Islands


In the Egadi Islands region, the performance of the algorithm is highlighted in Figure 10. It should be taken into account that in this region, the land portions are far smaller than the sea portions. This made it possible to reduce the false alarm rate generated by land ambiguities. As can be seen from the results, the performances of Cosmo-SkyMed and Sentinel-1 were remarkable. Specifically, measuring the performance as the area under the curve (AUC), COSMO-SkyMed achieved a value of 0.91 with CFAR only, which increased to 0.95 after the the application of the discrimination pipeline. Concerning Sentinel-1 products, the AUC improved by more than 15% before and after application of the discrimination algorithm, going from 0.60 to 0.70.




4.3.2. Sardinia


The evidence of Figure 11 shows how the performance achieved in the region of Sardinia is noteworthy, proving the effectiveness of the discrimination algorithm.



Indeed, the COSMO-SkyMed products clearly demonstrate performance improvements. As can be seen, albeit with a marginal loss in accuracy in the early part of the graph, the COSMO-SkyMed products experienced a performance increase from the already high AUC value of 0.88 to 0.91. By observing Figure 11b, the SAOCOM products showed a small decay in the CFAR-SLA curve around the 0.7 value of Pf. However, as can be appreciated, the AUC markedly increased from a value of 0.78 to 0.82. The Sentinel-1 products (Figure 11) demonstrated good performance, which increased again using the sub-aperture algorithm. In fact, the performance enhancement increased the AUC from 0.72 to 0.77.




4.3.3. Adriatic Sea


When analyzing the products in the Adriatic Sea, it is again clear from the results obtained that there was an increase in performance after the removal of false alarms. The relevant curves can be seen in the graphs in Figure 12. In contrast to the previous case, the COSMO-SkyMed products showed a performance increase, especially in the early part of the graph. The accuracies were also remarkable in this scenario, going from a value of 0.78 to 0.87 for the AUC. The same observations can also be repeated for the SAOCOM products (Figure 12), showing an increased AUC after application of the discriminator algorithm. As can be seen from the bottom graph in Figure 12, the AUC increased from a value of 0.73 to 0.77. Finally, despite slightly lower accuracy values at the end of the graph, the Sentinel-1 products showed an improvement in detection performance, as the area under the curve improved from 0.83 to 0.88.




4.3.4. Area under the Curve


In essence, the global performance of the COSMO-SkyMed and Sentinel-1 as well as the COSMO-SkyMed and SAOCOM pairs were evaluated and reported by means of Figure 13. The latter reported the AUC before and after application of the sub-aperture analysis algorithm, divided into the three scenarios of interest. As can be seen from the graphs, the COSMO-SkyMed performance was remarkable in every scenario and condition, especially in the Egadi Islands region, where large portions of the sea overlie the few areas of land. This again testifies to the importance of the correct execution of land separation.






5. Conclusions


Within the time frame of 18 months, the present study assessed the capability of a cascade detector for ship detection purposes on multiple SAR frequency bands (L-, C-, and X-bands). The processing chains and the constructed dataset of MM/MF SLC SAR products constitute an important contribution of this work. The results attained have confirmed the effectiveness of the developed approach, showing an increase in performance in terms of improvement of the AUC and reduction of false alarms. Indeed, in a very congested scenario, such as the port of Taranto, the reduction of the false alarm rate was estimated to be about 40%.



While undoubtedly recognizing the ghost targets, it must be pointed out that SLA involves the solution of an eigenvalue problem which is computationally intensive, with an increase in processing time that grows quadratically with the dimension of the considered tile. It should be taken into account how the time demanded by the discrimination phase matches the one from pre-selection. Therefore, to reduce the time required to process a panoramic SAR product, further research will analyze the capabilities offered by a deep learning-based technique on the developed dataset. Taking full advantage of the SAR spectrum is definitely a path that must be exploited with artificial intelligence.
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Figure 1. Pictorial view of a spaceborne SAR gathering an image over a coastal area. 
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Figure 2. Selected scenarios of interest for the realization of the MM/MF dataset: (a) Adriatic Sea, (b) Sardinia, and (c) the Egadi Islands. 
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Figure 3. Sentinel-1 (Prod ID: S1B_W_SLC_1SDV_20210316T170404_20210316T170431_026043_ 031B74_81C7) and COSMO-SkyMed (Prod ID: 1762255) product pairing map in the Egadi Islands scenario. 
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Figure 4. Complete processing flow of the CFAR and SLA algorithms. 
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Figure 5. Visual representation of IE generation from three sub-looks (left) and its calculation for a Sentinel-1 product (right), in which a target and its ambiguity are highlighted. 
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Figure 6. Example of IE calculated for ship target (left) and ambiguity (right) for a CSK product. (Product ID:   C S K S 1 _ S C S _ B _ H I _ 05 _ H H _ R D _ S F _ 20201017164505 _ 20201017164512  ). 
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Figure 7. Example of IE calculated for ship target (left) and ambiguity (right) for a Sentinel-1 product. (Product ID:   S 1 B _ I W _ S L C _ _ 1 S D V _ 20200510 T 164813 _ 20200510 T 164840 _ 021522 _ 028 D C F _ 60 B 1  ). 
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Figure 8. Example of IE calculated for ship target (left) and ambiguity (right) for a SAOCOM product. (Product ID:   S 1 A _ O P E R _ S A R _ E O S S P _ _ C O R E _ L 1 A _ O L V F _ 20210122 T 210006  ). 
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Figure 9. Test case of the CFAR+SLA algorithm over the port of Taranto. Highlighted detail: a probable radio signal transmitted from a ship and captured by X-band spaceborne SAR. Product ID:   C S K S 1 _ S C S _ B H I _ 05 _ H H _ R D _ S F _ 20200323164522 _ 2020032316 _ 4529  , processed by University of Naples Federico II under the COAST license of the Italian Space Agency (ASI). Original COSMO-SkyMed Product ©ASI (2020). 
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Figure 10. ROC evaluation of Cosmo-SkyMed (89 targets labeled) (a) and Sentinel-1 (290 targets labeled) (b) products in the Egadi Islands region. 
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Figure 11. ROC evaluation of COSMO-SkyMed (121 targets labeled) (a), SAOCOM (36 targets labeled) (b), and Sentinel-1 (333 targets labeled) (c) products in the Sardinia region. 
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Figure 12. ROC evaluation of Cosmo-SkyMed (108 targets labeled) (a), SAOCOM (113 targets labeled) (b), and Sentinel-1 (331 targets labeled) (c) products in the Adriatic region. 
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Figure 13. Comparative analysis of improved performance in terms of AUC for the considered sensors and the selected scenarios. CSK = COSMO-SkyMed, SAO = SAOCOM, and SEN = Sentinel-1. 
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Table 1. MM/MF product specifications in terms of acquisition mode, pixel spacing, and polarization.
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	Mission
	Acquisition Mode
	Pixel Spacing

(range × azi) (m)
	Polarization
	Swath (km)





	COSMO-SkyMed
	StripMap
	0.5 × 0.5
	HH
	40



	Sentinel-1
	IW (Interferometric Wide Swath)
	2.3 × 13.9
	VH
	250



	SAOCOM
	StripMap
	<10 × 10
	VH
	65
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Table 2. Number of couplings for each scenario of interest of the MM/MF dataset.
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Region

	
Adriatic Sea

	
Egadi Islands

	
Sardinia




	
Pairing

	






	
COSMO-SkyMed and Sentinel-1

	
15

	
32

	
55




	
COSMO-SkyMed and SAOCOM

	
5

	
NA

	
23




	
Sentinel-1 and SAOCOM

	
12

	
NA

	
10
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Table 3. Pre-processing operators used for each SAR product.
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Product

	
COSMO-SkyMed

	
SAOCOM

	
Sentinel-1




	
Operator

	






	
Multilook

	
✓

	

	




	
Thermal noise removal

	

	

	
✓




	
TOPSAR deburst

	
✓

	

	
✓




	
Land masking

	
✓

	
✓

	
✓




	
Calibration

	
✓

	

	
✓
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Table 4. Parametersused for the sub-look analysis of Sentinel-1, COSMO-SkyMed, and SAOCOM missions.






Table 4. Parametersused for the sub-look analysis of Sentinel-1, COSMO-SkyMed, and SAOCOM missions.





	

	
Mission

	
Sentinel-1

	
COSMO-SkyMed

	
SAOCOM




	
Parameter

	






	
   B  S L    

	
102.0 Hz

	
466.6 Hz

	
372.0 Hz




	
   f c   

	
102.0 Hz

	
466.6 Hz

	
372.0 Hz




	
    W r  ,  W c    

	
7, 17

	
17, 17

	
3, 17
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Table 5. Configuration of the paramaters of the CFAR algorithm.
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	BW
	GW
	TW
	PFA (   10  − x    )
	Min Target Size
	Max Target Size





	800 m
	400 m
	30 m
	4.5
	30 m
	800 m










[image: Table] 





Table 6. Accuracy of the CFAR+SLA algorithm and performance in terms of probability of detection and false alarm rate pre- and post-application of the discrimination pipeline.
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Accuracy

	
CFAR

	
CFAR+SLA






	
Vessels

	
92.3%

	
   P d   

	
   P f   

	
   P d   

	
   P f   




	
Ambiguities

	
100%

	

	

	

	




	
Global

	
95.6%

	
100%

	
47.8%

	
100%

	
7.6%
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