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Abstract

:

Among all the forensic applications in which it has become an important exploration tool, ground penetrating radar (GPR) methodology is being increasingly adopted for buried landmine localisation, a framework in which it is expected to improve the operations efficiency, given the high resolution imaging capability and the possibility of detecting both metallic and non-metallic landmines. In this context, this study presents landmine detection equipment based on multi-polarisation: a ground coupled GPR platform, which ensures suitable penetration/resolution performance without affecting the safety of surveys, thanks to the inclusion of a flexible ballistic shielding for supporting eventual blasts. The experimental results have shown that not only can the blanket absorb blast-induced flying fragments impacts, but that it also allows for the acquisition of data with the accuracy required to generate a correct 3D reconstruction of the subsurface. The produced GPR volume is then processed through an automated learning scheme based on a Convolutional Neural Network (CNN) capable of detecting buried objects with a high degree of accuracy.
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1. Introduction


Ground Penetrating Radar (GPR) technology, a non-destructive technique based on the propagation and reflection of electromagnetic waves [1,2], has been successfully adopted as a subsurface prospection tool to assist forensic investigation in a broad range of security applications, from buried explosive threats to human remains detection, as well as locating and tracking people in disaster areas [3,4]. It is therefore evident, the wide variety of possible targets and scenarios that GPR equipment developed for security tasks has to deal with, which implies a degree of flexibility hardly achievable with other geophysical alternatives [5,6,7,8].



Humanitarian demining is a fundamental component of post-conflict land release operations, a time-consuming and dangerous process necessary to mitigate the long-term social and economic effects caused by the laying and non-removal of not only landmines, but also by improvised and abandoned explosives. Despite technological progresses, the most common tool for detecting landmines is still the metal detector [9], and the process is still primarily conducted manually, with an operator carefully checking the ground [10,11]. Considerable efforts have been made to develop a solution to the problem of landmine detection, and GPR is one of several technologies that has been extensively researched with respect to mine clearance operations [12,13].



GPR has been proposed as an alternative to classical electromagnetic induction techniques for landmine detection due to a number of advantages, the principal one being the ability to detect landmines with little or no metal content, as long as there is a difference in the electromagnetic contrast between the ground and the target [14]. In addition, advanced imaging algorithms and data post-processing has allowed not only localisation of the target but also to extract valuable features that can pave the way for target recognition and identification [15,16,17,18,19,20]. However, standalone GPR platforms for antipersonnel landmine detection are less common than their metal detector counterparts [21], a situation possibly related to the fact that GPR signal interpretation remains a complex task, and that the mentioned benefits are often balanced by its susceptibility to clutter [22,23], i.e., reflections coming from events that are unrelated to the target scattering characteristics but which occur in the same time window and have similar characteristics to the target wavelet. Being a deterministic signal, stable in time, might reduce the detection threshold of the system, resulting in an unacceptably high False Alarm Rate (FAR) [24].



As a consequence, GPR equipment have been recently been included in demining platforms as a complementary unit with a metal detector to achieve considerable improvements in detection performance, clearance rate, and a significant reduction in false alarms [25,26]. In terms of the technology readiness level, the most advanced systems are the US Army AN/PSS-14 (formerly Handheld Standoff Mine Detection System, HSTAMIDS) hand-held detector [27] developed by CyTerra (now L-3 Communications, US), the Anglo-German Vallon-Cobham VMR3 Minehound (formerly MINETECT) humanitarian detector [28], the ALIS (Advanced Land Mine Imaging System), developed by Tohoku University (Japan), and the CEIA (Italy) [29].



Applications of GPR in forensic investigations are mostly focused on searching for human remains and missing or trapped people, as well as the detection of clandestine graves and buried shelters [30,31]. The principal reasons for its successful deployment are the enhanced operations efficiency, mainly due to the possibility of rapidly highlighting suspected areas to then be thoroughly searched, and the preservation of the scene thanks to its non-destructive nature. In the framework of natural disasters or structural collapses, GPR technology has shown its effectiveness in locating victims in a very short time.



All of the described applications share the potential risk of being exposed to possible blasts and explosions, being intentional or accidental. A landmine might be accidentally triggered during a survey or can be self-activated due to weathering and ageing effects, the interiors of collapsed buildings might include flammable debris, and underground structures might have been transformed into ammunitions shelter or storage. This means that, at the same time, both the operator and the equipment should be protected. While the first aspect is of the utmost importance, the protection of the acquisition platform emerges as a relevant feature when evaluated under the perspective of system durability and hence affordability. These are critical factors to be taken into account when developing technology for humanitarian assistance.



Finally, recalling the possible scenarios and objectives of a GPR survey, there is a growing need for the automation of the processing chain, making it as much scenario-agnostic as possible. To achieve this self-sufficiency, learning-based methodologies have been increasingly explored and their performances have often shown to outperform classical methods in many fields of application. In particular, data-driven methodologies that learn features characterising buried targets directly from the GPR images, rather than imposing any preliminary model, are increasingly gaining relevance [32,33,34,35].



Developed within a research project denominated “PoliMIne: Humanitarian Demining GPR System”, the presented work covers two major challenges in the application of GPR for security operations: (1) the integration of ballistics and electronics to assemble an affordable, portable, and blast-resistant GPR-based system and (2) the development of robust GPR signal processing techniques for buried anomaly detection and identification.



In particular, the developed solution employs a high frequency, dual polarised GPR system, accurately and precisely scanning the surface over a dedicated ballistic pad. The armoured pad not only provides blast protection and shielding but also contributes to distribute the equipment weight, and eventually the operator weight, over a larger area, reducing the risk of localised high pressure. On the whole, the pressure transmitted by the antenna to the soil through the blanket is expected to be far below the triggering threshold of an antipersonnel landmine, which can be considered one of the most sensitive activation mechanisms.



The data are then processed through a learning technique, known as Convolutional Neural Networks (CNNs), to detect the presence of buried objects not coherent with the surrounding soil texture [36,37,38]. Compared to other supervised learning alternatives, CNNs, a deep learning technique particularly suited for computer vision and image classification tasks, determine the classification features in an automated way directly from the raw data, i.e., without the need for extensive manual data labelling.



The structure of the remainder of this paper is as follows. Section 2 describes the experimental test site developed for the purpose of this study, while in Section 3 and Section 4, the employed GPR platforms and the ballistic blanket are respectively characterised and tested. The achieved detection performance is presented and commented upon in Section 5. Finally, conclusions are discussed in Section 6.




2. Material and Methods


In order to validate the proposed system architecture, a dedicated test site was developed, consisting of a number of different targets which comprise inert landmines, surrogate models, and battlefield debris. In particular:




	
Three inert antipersonnel landmine models (PFM-1, SB-33 and VS-50), deactivated and filled with an explosive simulant commonly used for training purposes.



	
Ten antipersonnel surrogate models (provided by Fenix Insight Ltd), moulded in epoxy resin and with the representative metallic components.



	
Five clutter and Unexploded Ordnance (UXO) simulants.








The targets are described in Table 1 and pictured in Figure 1, while further details can be found at http://ordata.info/.



The targets were buried with their top at a depth of 15 cm below the ground surface and with an interdistance of 30 cm between each target to avoid mutual interference. Despite rarely being deeper than 10 cm on initial placement, the specified depth was adopted for several reasons. First of all, buried landmines, especially when in place for a long time, are subjected to several environmental factors that might cause an increase of their depth, such as land modifications and shifting [39,40], thus becoming deeply buried. Then, the selected depth was made accordingly to the clearance requirement for humanitarian demining defined by the United Nations Mine Action Service (UNMAS), which states that “For buried mines and UXO this depth should not normally be less than 13 cms below the original surface level and is based on the effective depth of the majority of metal detectors” [41,42]. Finally, the choice was made as a way to measure the maximum performance for target detection, to verify whether the system would be able to reach a depth below which mines cannot reasonably be present.



The utilised test bay was an indoor facility, filled with a sharp sand material exhibiting a gritty texture and a very low clay content. The measured velocity was approximately 14 cm/ns, with a consequential dielectric value of 4.5.



The GPR data were acquired using an IDS Aladdin (IDS Georadar srl) radar, an impulse system with a central frequency and a bandwidth of 2 GHz. The device carries two orthogonal bow–tie antennas spaced 6 cm geometrically located so that the reflection centres correspond for both couples and coincide with the geometrical center of the unit (Figure 2). Such geometry allows two orthogonal scans to be acquired at once.



The sensor head, which is essentially a passive component weighting approximately 2 kg and with a size of 12 cm by 12 cm, is connected to a central unit responsible for the generation, transmission, and reception of the signal.



The acquisition and system parameters are provided in Table 2.



Except for a time calibration, performed through an autocorrelation function, and frequency filtering to remove out of band noise, no additional processing steps have been applied on the data.



Due to logistical constraints, several 1 m by 1.8 m areas were acquired, resulting in 114 GPR profiles for each sector, with an average time spent on each acquisition of around 20 min.



To obtain unaliased 3D subsurface images, inline data sampling was controlled by an odometric wheel directly attached to the sensor head, while uniform profile spacing and constant antenna orientation were achieved through the use of the PSG (Pad System for Georadar, [43,44], as shown in Figure 2). The evaluated survey procedure, which differs from the most widespread approaches to GPR surveys, was mainly driven by (1) the need for a properly sampled data volume, so that there is no missing information on the subsurface, and (2) the need for collecting data which can yield as many features of the target as possible, hence the choice of a system working directly on the surface, rather than suspended over it. The practical importance of these assumptions will be demonstrated in the following section.



The main modification of the original solution has been focused on the need for a material capable of withstanding a blast and shielding the above area from eventual fragments, and at the same time maintaining a reduced weight, so that also investigations over rugged surfaces might be allowed.




3. Ground Penetrating Radar System Analysis


GPR operational effectiveness mostly depends on the following parameters: (1) adequate penetration with respect to the expected target depth, (2) sufficiently wide bandwidth with respect to the desired resolution, (3) efficient coupling of the emitted waveform into the ground, and (4) sufficient scattered signal from the buried objects. Therefore, when determining the suitability of the equipment, the soil characteristics, target properties, and the system fundamental parameters have to be carefully considered.



In this context, the following Section will justify the choice of the GPR equipment through the evaluation of its fundamental operational principles.



3.1. Frequency


There are three main parameters which influence the frequency selection:




	
Required resolution.



	
Clutter limitations.



	
Required penetration.








There is a fundamental trade-off between the spatial resolution, signal attenuation, and achievable depth. To increase the penetration performance and limit signal losses, the operating frequency can be lowered. However, this reduces the available bandwidth, which is directly proportional to the maximum achievable resolution. On the other hand, increasing the frequency could lead to richer and improved results; however, the faced absorption might be excessively high, even for near surface and shallow applications. The attenuation of a material is, to a first order, linearly related in dB/m to frequency, and, in the second instance, to the square root of the permittivity of the material, with the additional aspect that such path loss is not always a linear function of depth, therefore the detection capability can significantly vary. Depending on the soil characteristics, namely its relative dielectric constant and conductivity, the ground can be considered to be acting as a low pass filter, effectively placing a window across the antenna aperture. The severity of this tapering can be mainly attributed to the moisture and the clay content of the material, so that wetter materials, despite providing a better electromagnetic contrast, are virtually opaque.



Given the wide variability of soil characteristics, it is clear that accurately predicting the propagation behaviour and the target scattering pattern to establish the optimal frequency might be arduous, and this trade-off has been solved by choosing a central frequency, and accordingly the bandwidth, of 2 GHz, consistently with the common choice of demining equipment. To validate this choice, and in particular whether a higher frequency equipment might reach a sufficient depth for the considered application, we chose to carry out a survey burying the two inert antipersonnel landmines (VS-50 and SB-33 model) in an organic soil scenario (exhibiting a relative dielectric of 14 and a velocity of 8 cm/ns), maintaining the same acquisition parameters and target geometry previously described. This choice of an unfavourable terrain for electromagnetic investigations has been made considering also that the material included in the test bay, though indicative of several mine affected regions of the world, represents a favourable propagation environment, especially in terms of soil texture homogeneity.



In particular, the employed system has been compared to a similar GPR platform featuring a central frequency and a bandwidth of 3 GHz, and the obtained radar profiles are shown in Figure 3.



The two targets are hardly detectable in the 3 GHz equipment profile (Figure 3d), underlining the possibility that, even for shallow targets, attenuation might be more than enough to prevent higher frequency systems from penetrating down to the target.



At the same time, the improvements in the resolution performance brought by a wider bandwidth, which essentially implies a shorter temporal duration of the emitted waveform, are clearly visible, particularly when analysing the shallower layer of the radar profile. Such layers appear highly blurred in the 2 GHz profile (Figure 3c), and the very first centimetres are almost completely masked by the ground reflection. This last factor suggests also that narrowing the bandwidth for preserving penetration rather than resolution might negatively affect the capability of correctly imaging, or even detecting, superficial targets. As a figure of merit, a theoretical estimation of the minimum soil thickness allowing the ground reflection to be separated from the one generated by a very shallow target can be made considering the maximum vertical resolution of the system. In particular, the 2 GHz equipment exhibits a resolution value with respect to the minimum, central, and maximum wavelength, of respectively 2 cm, 1 cm, and 0.7 cm, while for the 3 GHz system, these are reduced to 1.3 cm, 0.7 cm, and 0.4 cm. Strictly theoretically, this means that even a landmine buried in the very first centimetres can be properly located.



Regarding instead the sandy test site, which can be considered as the upper bound regarding soil velocity and hence achievable resolution, the lower frequency GPR device is characterised by a minimum landmine–surface separation of 3.5–1.75 cm and 1.2 cm, always considering the three wavelength regions. It can be therefore stated that the choice of the frequency well meets the trade-off between penetration performance and resolution.



Finally, in the case of a target buried just below the surface or even laid on the surface, its depth cannot be estimated, due to a lack of vertical resolution. However, it can still be detected given a sufficient contrast of electromagnetic properties (thanks to the ground coupled configuration) and considering the differences in the scattering properties between the ground surface and the landmine (diffraction hyperbola tails).




3.2. Antenna Elevation


As previously discussed, the antenna height above the ground is a critical factor, affecting both the design of the GPR platform and the quality of the collected data. It is clear that a stand-off radar system might represent a reasonable choice when surveying a hazardous area, but the impact of elevating the antennas on the reflected signal strength must be evaluated [45,46].



Figure 4 describes the penetration loss experienced by elevating the GPR sensor above the ground surface. Layers of styrofoam sheets, with a thickness of 5 cm, have been progressively inserted between the platform and the ground surface to simulate an increased system height. The material was chosen due to its low reflection properties to minimise its impact on the measurements. The considered target was the inert VS-50 antipersonnel landmine.



The results show that the target response reduces as the height of the antenna is increased, with the most significant losses occurring in the first steps, i.e., just detaching the antenna from the ground. In particular, it can be seen that the return from the target when the antennas are approximately 10 cm above the surface is almost totally lost, so that its detection from the analysis of these data would be challenging. To highlight the consequential impact of such losses on the spectral content of the received signal, and hence on its effective bandwidth, the spectrum of the recorded signal for each of the previous set-ups are shown in Figure 5.



The following considerations can be pointed out:




	
Ground contact: The spectrum properly covers the entire frequency interval.



	
Ground proximity (5 cm): While a slightly maximum amplitude increase can be noticed, the peak is shifted towards lower frequencies and the overall spectrum width is reduced.



	
Stand-off configuration (10 cm): Both the width and the amplitude of the recorded spectrum are significantly reduced.








This indicates that employing a GPR system that is not in contact with the ground surface will experience increased energy losses, possibly precluding the detection in challenging soil conditions or deeper targets, and will suffer from a degraded resolution performance, thus hindering the classification and recognition tasks. The results obtained in the case of a limited antenna elevation (the red line of Figure 5) are a consequence of the fact that the system can still be considered to be operating in proximal conditions, and hence with a limited impact on the system performance. However, despite acceptable, the contraction of the width of the spectrum is not negligible, as it reduces down to almost 1.5 GHz. Consequently, the nearer to the ground the source is, the stronger the reflected signal will be.



Finally, the presented results have been acquired over an almost flat surface conditions; however, it is clear that when the surface topography variations may not be neglected, image degradation exhibited by a stand-off GPR system might be amplified [47].




3.3. Polarisation


Polarimetric information contained in the waves backscattered from a given target is highly related to its geometrical structure and orientation as well as to its physical properties and it affects how the radar system sees the object in the scenario. This implies that the visibility of a subsurface scatterer can be enhanced or reduced by taking advantage of its expected polarimetric response, and that the use of multiple polarisation can provide key additional information for target classification. The power of a wave scattered from an isotropic target is independent of the transmitter polarisation, while, for a linear target, the polarisation of the scattered field is independent of the transmitting polarisation. For a general target, instead, both the power and polarisation of the reflected wave vary with the transmitter polarisation [48,49,50].



In the context of this research, a landmine can be considered approximately geometrically regular, as shown in Figure 6, which compares the target radar cross section (RCS) for an antipersonnel landmine and a mortar shell, with varying incident polarisation.



The landmine signature shows approximately regular behaviour throughout the polarisation domain, in agreement with what is expected from a geometrically regular object, with the exception of slight variations, possibly due to the internal structure [51]. On the contrary, the mortar shell response exhibits a visible polarimetric dependent pattern, with a relevant magnitude span. In strict terms, this suggest that a single polarisation might be sufficient for landmine detection, as a change in the relative target geometry would not significantly impact the target scattering strength. However, such an approach might achieve a reduced detection performance in the case of a polarisation mismatch, or in the case of depolarising soil characteristics [52]. Another consideration, supporting the choice of dual polarisation equipment, is the possibility of stacking the acquired data, which theoretically results either in a signal to noise (SNR) improvement, for spheroidal objects like mines, or detection performance improvement, in the case of directional targets.




3.4. Data Acquisition


The possibility of developing automated GPR processing schemes is highly dependent on the level of information and the amount of features yielded by the GPR results. While typically analysed in the 2D domain, the use of 3D imaging techniques produces more realistic images of the subsurface, allowing for a more accurate location and for a 3D reconstruction not only of the buried targets, but also of the surrounding environment. The price to pay is a very high accuracy during acquisition, particularly in data density and regularity, to prevent possible artefacts resulting from the interpolation between the data samples [53]. Given the framework of application, the principal sources logistical obstacles, ground topography or poorly conducted surveys can be considered as the main sources of acquisition errors.



To highlight this aspect, Figure 7 describes the reconstruction results of a progressively wider spatial sampling, leading to a reduced horizontal resolution and spatial aliasing, as well as of a progressively degraded spatial accuracy in trace positioning. While the first aspect is defined as a function of the central wavelength, with the value of λ/4 representing the Nyquist criterion for spatial sampling, the corruption of the positioning accuracy can be defined as the distance with respect to the nominal position of the sample. Details on the approach and related data processing are given in [54].



The main consideration arising from the results is that a moderate violation of the spatial sampling requirements (Figure 7a) and a circumscribed deviation from the planned acquisition grid (Figure 7b) can be accepted, as both allow for a proper target detection and reconstruction. However, in the case of severe inaccuracy during data acquisition, there is a visible risk of either wrongly reconstructing the shape of the target or even not detecting the target. In addition, it must be considered that, in the provided example, both surface topography and soil heterogeneities are negligible. While the latter aspect is not easily predictable, the impact of uneven surfaces is minimised by the ground coupled configuration.





4. Ballistic Blanket Development


Considering the requirement of ground contact in order to reach reliable recordings, a shielding blanket placed on the ground, which is able to protect the personnel and the operating radar instrument in case of accidental blasts during the demining operations, was deemed necessary. Flexible, multilayer blankets were devised and assembled, similar to explosion containment blankets and ballistic protections employed in different situations [55,56,57].



In consideration of the expected service in the field, a lightweight, flexible, easy to handle blanket was designed with the objective of achieving a high protective efficiency from debris. In this view, a modular solution encompassing up to three multilayer blankets stacked one over the other (but even more could be assembled together) was devised, in order to have easy handling and, at the same time, achieve suitable conformability to ground morphologies and an adequate capability of adapting its weight and protection efficiency to the expected danger. Moreover, it is expected that a blanket with limited thickness and weight should provide only a negligible interference with the detection capacity of the radar system.



Aramid fabric was selected for the assembling of the shielding blankets, in consideration that such material is commonly employed as ballistic and blast protections in military and anti-terroristic uses, thanks to its remarkable mechanical strength and impact energy absorption characteristics [58]. Different configurations, including different numbers of fabric layers and variable fibre orientations, were impacted with steel balls in lab tests, with the aim to select adequate solutions in terms of protection efficiency to weight performance. A sample of blanket configurations were also checked with firearm bullets in a shooting range to test the perforation resistance.



It is to be noted that ballistics tests can provide valuable comparative and qualitative indications in relation to the specific use. While in testing activities, the projectile material, geometry, dimensions, and speed can be specifically selected; in actual situations, the nature, shape, weight, and energy of the projected debris are remarkably variable, while also dependent on the actual mine type and depth, as well as the soil characteristics. All these conditions may remarkably affect the actual debris containment efficiency of the protection systems.



4.1. Blanket Material


Aramid Style 101 Water-Repellent Ballistic Fabric, provided by SAATI SpA, Italy, was employed in all tests and for the manufacture of multilayer blankets. It is a plain-weave style made of Kevlar® 29, 3300 dtex, 460 g/m2 areal weight, 0.63 mm approximate thickness and 6.7 threads/cm, both in th warp and weft direction. The tensile behaviour of the fabric was characterized by static tests, performed following the ASTM 2261 standard, using a MTS Uniaxial Servo-hydraulic system. An extensometer was employed to measure the elongation of the material.



The specimens were obtained from the fabric by cutting rectangular strips 200 mm in length and 50 mm in width, both in the 0° (warp) and 90° (weft) direction. Although the tensile curves were sensibly similar, a limited difference in the maximum load and elongation was detected in the two testing directions, possibly due to the different thread tensioning during fabric manufacture. In Figure 8, an example of the load (referred to a unit fabric width) vs. strain curves is reported for specimens tested in the warp and weft direction.



Four distinct regions can be recognized in the fabric stretching process [59]. The first region (the crimp region) is characterized by low load values, due to the straightening of the yarns in the load direction; in the second region (the linear pre-peak region) the load linearly increases, reaching the tensile strength. After the peak, the fibres start to break, and the load radically decreases, partially in a linear way (the linear post-peak region) and partially in a non-linear way (the non-linear post peak region).



The resulting strength and stiffness data are summarised in Table 3.




4.2. Ballistics Tests


Ballistics tests were performed at the LaST laboratory of the Aerospace Science and Technology Department of Politecnico di Milano. The projectiles used were spherical steel balls with a diameter of 14 mm. These were accelerated up to 200 m/s with a compressed air device, comprising a pressurized air tank connected to a 7 m long tube, with a 40 mm inner diameter. A thin aluminium membrane separated the air reservoir from the accelerating tube, in which a cylindrical sabot carrying the projectile could be launched after breaking of the membrane by a trigger. At the end of the tube, a damper was placed to stop the sabot ride. A schematic of the test equipment is shown in Figure 9.



A high velocity Phantom v5.1 camera was used to measure the projectile’s speed before and after the impact with the target. In certain cases, the maximum allowable projectile speed could not be reached due to possible flow instabilities during the sabot acceleration; however, the actual projectile speed was recorded by the camera.



After various trials, a frame to support the specimens was designed and employed (see Figure 10), which was able to clamp the multilayer system up to eight fabric plies, while avoiding slippage in the clamping areas. The fabric free area is 100 × 100 mm.



Different numbers of plies, starting from two and up to eight, and different orientations were selected for the testing. In some tests, a layer of nitrile rubber was added between the first and the second plies and/or repeated shots were tested on the same specimens. When analysing the data from the high-speed camera, the impact velocity and the exit or rebound velocity were calculated to obtain the energy absorbed during the impact. The differences between    V  o u t     and    V  r e b     are shown in Figure 11a,b, respectively.



In Table 4, the results of the tests are shown. It can be noticed that from the point of view of the energy absorption, the ply orientation [0/22.5/45/67.5] seems to be the best configuration.



As expected, the results clearly show that an increase in the number of plies increases the capability of the specimen to hold the bullet. In all the tests with only two layers of fabric, the bullet passed through the specimen with only a small change in the impact velocity. Increasing the number of plies, the number of shots needed for full perforation increased as well.



The ply orientation remarkably affects the behaviour of the specimen and the orientation [0/22.5/45/67.5] seems to be the best four-ply configuration among those tested; this is consistent with previous ballistic tests, as in [60] The presence of rubber seems not to significantly enhance the perforation resistance; however, at the moment, no conclusive results can be drawn for this configuration and additional tests are required.



In the case of eight plies, the configuration, [0/45]4, seems to be well adequate to contain the projectiles in lab conditions. Following ballistic tests in the lab, specimens made of eight and 16 plies ([0/45]4 or 8) were tested in a shooting range using different firearms and bullets (Figure 12).



Shots at about 310 m/s with about round nose bullets (45 ACP, 11.43 mm diameter) resulted as well contained with 16 plies and in most cases, also with eight plies (Figure 13). Even when perforation was attained, usually with repeated shots, although the bullet exit speed could not be measured, a consistent loss of kinetic energy was evident in all cases and the bullets could be collected by a light expanded polystyrene plate.



As result of the ballistic testing, it was deemed that a blanket of 8+ plies should allow a consistent protection of the detecting radar sensor from an accidental blast of a small power mine. Considering that the demining personnel is already partially protected by a proper suit, the use of such a blanket may provide additional safety also to the person handling the instrumentation.




4.3. Blanket Impact on GPR Data


A final experimental activity has been performed to validate the assumption that the described ballistic blanket does not introduce any performance degradation on the radar results, compared to the ideal situation of the antenna in direct contact with the soil. The results of the test are shown in Figure 14.



No significant differences or quality degradation are produced by the ballistic material, possibly also as a result of the limited thickness, and that its influence on the landmine diffraction is negligible. The blanket indeed slightly improves the coupling performance due to a less pronounced transition between the air and soil, as noticeable from the ground reflection event in Figure 14c.





5. Detection Performance Results


Being able to detect and localise buried landmines with high precision in an automatic way is still considered a challenging task due to the many different variables that characterise the problem. The development of safe and robust techniques designed for landmine clearance should build on data, including as many details as possible and exhibiting features that are as much scenario-agnostic as possible.



To characterise the performance of the developed system, a method based on convolutional neural networks (CNNs) applied to GPR data, to detect the presence of buried objects not coherent with the surrounding ground, has been evaluated. This data classification is based on an anomaly detection scheme, in which the autoencoder is trained using only mine-free data in order to learn how to model the soil of interest. At deployment time, the autoencoder recognises the presence of anomalous objects, such as landmines, due to their textural differences with the training data. The architecture is depicted in Figure 15.



The detector is mainly composed of two components, corresponding to the encoder (E), which maps the input GPR image patch x into its so-called hidden representation (h), and the decoder (D), the component responsible for estimating the decoded signal (  x ^   ), which is an estimate of the input x. A comparison is then performed between the hidden representation of the original patch and the hidden representation of the autoencoded patch, resulting in a distance value (e) that is used as an indicator of possible anomalies.



The rationale behind this system is the following. The encoder is trained to learn a compact representation of small GPR image patches, representing 2D regions of the underground area to be analysed. At the same time, the decoder is trained to recover an estimate of the input image starting from the compact representation. As only mine-free images are used during training, the decoder will inevitably introduce errors in the reconstructed image whenever it contains evidence of mines, and such errors can be used as the anomaly indicator. For this reason, the distance value e will grow as data containing traces of mines are analysed, as more thoroughly explained in [61]. According to the specific threshold that is applied to the distance metric, and that is selected upon a set of training profiles at the system tuning time, the data will finally be classified as either including a target or not.



The proposed classification method has been evaluated by means of a receiver operating characteristic (ROC) curve, obtained by thresholding the anomaly metric e, previously defined, which represents the numerical criterion defining the false positive/alarm rate performance of the system. The curve represents the probability of correct detection against the probability of false detection, by spanning all possible values of the decision threshold [62,63].



As a measure of the test accuracy, the integral of the ROC, known as area under the curve (AUC) value, has been computed. This measure ranges between 0 (the model is reciprocating the results) and 1 (perfect result), passing through 0.5 (random guess). Data acquired over the sandy test site previously described (hereinafter referred as    Τ 1   ) have been considered as a dataset, taking only the first five scans for training, with a mine-free assumption. This allowed us to simulate a practical framework of application where the network is trained in a safe zone and then deployed over the investigated area. The processed area included three inert landmines (SB-33, PFM-1, VS-50), four surrogate models (NR409, M14, VS-50, PROM-1, DM-11), the crushed aluminium can, and the hand grenade.



Such profiles were subdivided into overlapping patches and then fed to the network for training and architecture tuning. During the testing phase, the remaining profiles were accordingly decomposed into patches and proposed to the network for the anomaly prediction process, based on the concept that the presence of a landmine is highlighted if at least one patch shows strong evidence of an anomaly. Numerically, the decomposition was characterized by a patch size of 64 samples, chosen as this could entirely include a diffraction hyperbola, and at the same time save computational resources, and a stride value, defined as the number of samples shifted per slide, of four samples [64].



To justify the previously described configurations, detection performance in the case of a different survey approach and system configuration have been mutually compared, and in particular:




	
Multi-polarisation configuration: Jointly exploiting the horizontal and vertical polarisations have shown that such an approach outperforms a single configuration one by six percentage points.



	
3D versus 2D data: Adding the third dimension allows a gain of two to five percentage points.








These results confirm the improvement provided by using volumetric data, instead of sparse 2D profiles, and by accounting for the polarimetric information, even if mostly dealing with geometrically regular objects and a homogeneous soil texture.



To characterise the performance of the proposed architecture, Figure 16 shows the obtained ROC curve and the resulting AUC score, which reaches a value of approximately 0.98.



The 3D extension on the multi-polarisation data can achieve a detection rate of almost 90% at a false alarm rate of 0%, which means, if considering buried objects rather than radar profiles, the system is able to detect threats without skipping any buried objects. These results show that it is possible to achieve very high detection rates with small false alarm probabilities.



In addition of being computationally light, the training convergence is reached after a few epochs and hence it would be possible to retrain the network for each specific kind of soil just before deployment time, as the solution does not require an excessively large training dataset. The system does not need to be trained on images depicting the specific objects of interests from real acquisitions.



The robustness of the architecture has been tested considering a cross-dataset scenario, employing an additional outdoor facility (hereinafter referred as    Τ 2   ) filled with fine sand and subjected to rainfall events preceding the survey. The measured velocity was approximately 10 cm/ns, and hence its relative dielectric is around 9. In such a case, the subsurface texture might not be strictly considered homogeneous, as the shallower layers are expected to be drier compared to the higher moisture level of the deeper layers. Therefore, the hyperbola traces are expected to be less pronounced and the surrounding soil might introduce diffraction-like events due to dielectric property variations. The set-up included three surrogate models (PROM-1, DM-11, and PMN-58), a hand grenade, an aluminium can, a plastic bottle, and a tree root.



The aim of the additional test was to verify how scenario-agnostic the model can be, as the cross-test works by training the network with a set of data different from the testing ensemble. Compared to the previous performance evaluation, the network has been accordingly trained (five mine-free profiles); however, in this case, the anomaly detection process was computed considering the entire ensemble of acquired profiles. The results are provided in Table 5.



The obtained AUC values imply that the system is not strongly conditioned by the kind of soil used during training, and that it could still work even with data on which there is no a priori information or experience. Therefore, these cross-dataset results suggest that such architecture could be pre-trained on a generic dataset and then refined and deployed on a specific soil by acquiring a few background GPR profiles in a safe area. In addition, a first hint on its robustness against a more complex subsurface texture can be extracted, as the AUC result from the test performed on the wetter test site shows good to excellent discrimination accuracy.




6. Discussion and Conclusions


The research has presented the architecture for an affordable and flexible demining equipment based on high resolution GPR technology and powered with deep learning processing techniques.



The proposed system is capable of collecting GPR data with the accuracy required to generate 3D migrated images and sufficiently rich so that an automated data processing architecture based on deep learning can be successfully triggered.



To achieve this, a multi-polarimetric, ground coupled platform has been employed, along with a surface pad for ensuring data regularity and density, so that it is possible to maximise the target contribution and features.



Considering these requirements, the solution has necessitated the development of a dedicated shielding blanket, to be placed between the ground and the surface pad, capable of protecting the surrounding area in case of accidental blasts during operations. The blanket has been assembled by stacking several plies of aramid fibre, so that a proper resistance to flying fragments has been obtained and demonstrated through several ballistic tests. Validation of the acquired data shows that the system provides excellent detection accuracy without extensive image pre-processing. In addition, the system does not need to be trained on images depicting the specific objects of interest from real acquisitions, which is of particular importance considering the wide variability of possible targets and environments. With this approach, it is possible to acquire a limited number of radargrams of controlled mine-free fields, and then deploy the system to detect objects never seen before.



Given the described promising performance, future works will be focused on discriminating anomalies due to actual landmines or different buried objects, so that a proper classification scheme can be included, as well as on the evaluation of the system robustness in the case of less cooperative soil conditions. Another considered feature will be the integration between the shielding blanket and the acquisition pad, so that compact and flexible equipment can be finally produced. The potential applications of such platforms may not be limited to demining operations, but might include a number of additional security applications, such as search and rescue, through wall imaging and safe structure inspection.
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Figure 1. Employed targets. From left to right, first row: R2M2 (surrogate), PMN (surrogate), PMA-2 (surrogate), NR409 (surrogate), M14 (surrogate), VS-50 (surrogate). Second row: PROM-1 (surrogate), P48 (surrogate), MIAPDV-59 (surrogate), DM-11 (surrogate), VS-50 (inert), SB-33 (inert). Third row: PFM-1 (inert), tree root, crushed can, hand grenade, oil sand rock, and sand-filled plastic bottle. 
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Figure 2. Ground penetrating radar (GPR) platform employed for the experimentation and internal geometry. 






Figure 2. Ground penetrating radar (GPR) platform employed for the experimentation and internal geometry.



[image: Remotesensing 12 00717 g002]







[image: Remotesensing 12 00717 g003 550] 





Figure 3. The GPR frequency evaluation results. (a) Buried VS-50 landmine. (b) Buried SB-33 landmine. (c) 2 GHz equipment profile. (d) 3 GHz equipment profile. The targets are highlighted. 
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Figure 4. The GPR profiles with varying antenna heights. (a) Height: 0 cm. (b) Height: 5 cm. (c) Height: 10 cm. 
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Figure 5. Amplitude spectrum characteristics with varying antenna elevations. 
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Figure 6. Radar cross section (RCS) diagram acquired for a mortar shell and an antipersonnel landmine. 
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Figure 7. The effects of the acquisition procedure on the data reconstruction. (a) Data sampling degradation, the sample spacing is indicated in each frame. (b) Data positioning degradation, the accuracy radius is indicated in each frame. 
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Figure 8. Tensile curves of the Aramid Style 101 fabric. 
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Figure 9. Test equipment. 
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Figure 10. Details of the employed support for the ballistics trials. (a) Top layer, rear side; (b) Bottom layer, front side; (c) Assembled frame including the specimen under test, impact side. 
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Figure 11. Screen shots from the high-speed camera. (a) Two plies (perforated), a bullet passing through; (b) Four plies (not perforated), a bullet being rebounded. 
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Figure 12. Bullets employed in the ballistic tests. (a) 357 Magnum. (b) 45 ACP. (c) 9 mm IMI. (d) 7.65 mm Parabellum. 
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Figure 13. Aramid blanket (eight plies), after a shot with 45 ACP bullet. 
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Figure 14. Comparison of the GPR profile results. (a) Ballistic blanket included. (b) Clear surface. (c) Signal analysis. 
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Figure 15. Detector pipeline: The acquired GPR image x is processed by the encoder E to obtain the hidden representation h. This is decoded by D into an estimate of the image   x ^  , which is processed again by the encoder E. The error e is used to trigger landmine detection. 
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Figure 16. The detection rate of the proposed system for different false alarm rates. The area under the curve (AUC) is close to 1. 
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Table 1. Landmine test site population details.
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Designation

	
Type

	
Diameter

	
Height

	
Material






	
R2M2

	
Surrogate

	
68 mm

	
63 mm

	
Epoxy resin




	
PMN

	
111 mm

	
56 mm




	
PMA-2

	
86 mm

	
60 mm




	
NR409

	
81 mm

	
26 mm




	
M14

	
55 mm

	
39 mm




	
VS-50

	
89 mm

	
45 mm




	
PROM-1

	
75 mm

	
255 mm




	
P4B

	
72 mm

	
46 mm




	
MIAPDV-59

	
60 mm

	
52 mm




	
DM-11

	
92 mm

	
36 mm




	
VS-50

	
Inert

	
90 mm

	
45 mm

	
Plastic




	
SB-33

	
85 mm

	
30 mm

	
Polycarbonate




	
PFM-1

	
120 mm (length)

20 mm (width)

	
61 mm

	
Plastic




	
Tree root

	
Clutter

	
30 mm

	
280 mm

	
Wood




	
Crushed can

	
58 mm

	
145 mm

	
Aluminium




	
Hand grenade

	
89 mm

(length)

	
10 mm

	
Metal




	
Rock

	
110 mm (length)

70 mm (width)

	
40 mm

	
Oil sand




	
Plastic bottle

	
63 mm

	
200 mm

	
Sand filled
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Table 2. GPR acquisition details.
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	Parameter
	Value





	Inline sampling
	0.4 cm



	Crossline sampling
	0.8 cm



	Time sampling
	0.0522 ns



	Time window
	20 ns



	Antenna separation
	6 cm



	Antenna height
	<1 cm



	Antenna frequency
	2 GHz



	System bandwidth
	2 GHz
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Table 3. The mechanical properties of the Aramid Style 101 fabric.
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	Strength

0° Warp

(N/cm)
	Strength

90° Weft

(N/cm)
	Stiffness

0° Warp

(KN/cm)
	Stiffness

90° Weft

(KN/cm)





	2920
	2770
	66
	63
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Table 4. List of the tests and results. The letter G indicates the presence of a rubber layer. The code 1st… 4th indicates the number of repeated shots in the same target area.
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	(Plies Orientation)

×

(Shot Number)
	    V  i n     

(m/s)
	    V  r e b     

(m/s)
	    V  o u t     

(m/s)
	Material Perforation





	[0/45/0/45] × 1st
	212
	33
	-
	No



	[0/45/0/45] × 2nd
	185
	45
	-
	No



	[0/45/0/45] × 3rd
	210
	-
	48
	Yes



	[0/22.5/45/67.5] × 1st
	200
	30
	-
	No



	[0/22.5/45/67.5] × 2nd
	175
	40
	-
	No



	[0/22.5/45/67.5] × 3rd
	140
	57
	-
	No



	[0/22.5/45/67.5] × 4th
	210
	46
	-
	No



	[0/45/0/45/0/45/0/45]
	210
	55
	-
	No



	[0/G/45/0/45] × 1st
	170
	27
	-
	1st ply only



	[0/G/45/0/45] × 2nd
	210
	-
	-
	Stuck in rubber ply



	[0/G/22.5/45/67.5] × 1st
	210
	16
	-
	1st ply only



	[0/G/22.5/45/67.5] × 2nd
	210
	-
	82
	Yes



	[0/G/45/0/45] × 2nd
	210
	-
	-
	Stuck in rubber ply
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Table 5. The results of the cross-tests.






Table 5. The results of the cross-tests.





	Train T1

Test T1
	Train T2

Test T2
	Train T1

Test T2
	Train T2

Test T1





	0.98
	0.93
	0.81
	0.84
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