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Introduction

In 2020, the global space economy has increased of 4.4% compared to a revised 2019 total of $428 billion with a total value of $447 billion, a number that has increased of approximately 55% compared to ten years ago, with a predominance of the commercial segment [1]; in this framework, the performance of the Earth Observation (EO) market is particularly significant.
In 2021, the global turnover of EO data and value-added services amounts to €2.8 billion [2]. In 2023, the global revenues from EO data and value-added services amounted to €3.4 billion and almost half of this total is generated by the top three segments: Climate, Environment and Biodiversity, Urban Development and Cultural Heritage and Agriculture. In a decade, the
overall revenues of the global EO data and value-added services market are projected to reach nearly €6 billion. The global EO data market is expected to see a CAGR of 5% by 2033, resulting in total revenues of almost €1 billion while in 2023 the EO value-added services market, considerably larger, In 2020, the global space economy reached $447 billion, a 4.4% increase
from 2019 and a 55% rise over the past decade, driven mainly by the commercial sector. The Earth Observation (EO) market is particularly significant, with global revenues from EO data and value-added services reaching €2.8 billion in 2021 and €3.4 billion in 2023. Nearly half of this comes from Climate, Environment and Biodiversity, Urban Development and Cultural

Heritage, and Agriculture. By 2033, total revenues are expected to reach nearly €6 billion, with a 5% CAGR for EO data and 6% for EO value-added services [3].

In the railway sector, EO services are gaining importance for improving infrastructure safety and reducing inspection costs. With major rail upgrades underway in Europe and nearly €90 billion in investments planned under the European Green Deal, EO combined with drones and in-situ sensors can enhance infrastructure monitoring. The EU-Rail program emphasizes smart
railway infrastructure management, including the use of remote observation technologies. In the past decade, around 50 European and international projects have explored Al applications in rail, with 70% focusing on maintenance and inspection technologies [4]. Within this context, the MERCURIO (an Italian acronym for an intelligent, multi-platform railway monitoring

system) project aligns perfectly with these strategic goals.

In particular, the project aims at creating a decision support system (DSS) for the Ente Autonomo Volturno (EAV) that will help in monitoring and maintenance activities for the railway network with the use of artificial intelligence and data fusion techniques applied on resulting data from several sources of interest. In particular, the project has started with the focus on two
main scenarios of interest in Campania region to implement the system elements on these testing areas: the overall system employs distributed sensors, satellite data and UAVs technology to support some use cases of interest (such as the detection of ground movement analysis (rapid and slow landslides), and soil moisture trends in the vicinity of the railway network or the
monitoring of civil works included tunnels and galleries). The preliminary feasibility studies highlighting the system requirements and architecture, along with the installation of the sensors, the use of data from satellite and drones have led to the creation of vegetation indices maps, landslide risk maps, and drones acquired data with 3D maps reconstruction of the tunnels. To
fulfill the scope of the project also a communication network and a webGIS application for the final user will be created in order to have a modular and scalable DSS, to be applied on additional scenarios and areas of interest. Furthermore, the approach used for the test case (whose preliminary results are reported below) is thought to be scalable and modular being

expansible for other use-cases as well.

Methods

As regarding the methodology used in order to constitute the overall system for the project, a preliminary analysis has been outdone to derive the technical requirements from the final users of the platform. By investigating the needs of EAV, the main criticalities and dangers for the railway infrastructure of the identified scenarios of for the testing phase have been defined, in
such a way that the related technical requirements could have been considered as the drivers for the constitution of the overall system architecture, intending with this that the main subsystems and components of the scheme have been figured out. Once the main components forming the sensors network, the UAVs fleet, the communications structure, the control center for
the data and webGIS implementation have been designed, the physical acquisition, installation and constitution of them have been implemented. As already reported, the main technologies used for the project goals are the ones related to sensors network, satellite data (SAR, optical and interferometry) and UAVs with precise payloads, suitable for the requirements of the
project. The main studies in the first phase of the project have focused on the algorithms to be used for the derivation of the vegetation and landslide risk maps, the 3D model reconstruction from UAVs’ payloads to detect defects in civil works of the railway infrastructure and the data-fusion techniques to merge all the different data from the several sources, together with

webGIS algorithms for the implementation of the platform that have been investigated. The preliminary results of all the studies are discussed in the next section.

Scenarios, Requirements and Architecture

Results

As first activity to be outdone the choice of the scenarios of interest for the testing phase has been done. Two areas have been & SHE8
outlined and they are the railways sections near Monte Verna station (Caiazzo, Caserta, Italy) and the Seiano-Scrajo station K7y

(Vico Equense, Napoli, Italy). In these two scenarios, the main phenomenologies of interest have been focused on, that are
slow and rapid landslides, infesting vegetation and also monitoring on dangerous galleries of the area of interest (the
inspections are testified by the side images). pr
Once the main phenomenologies have been identified on the scenarios, the final user has been asked some needings that ‘.,'-‘j';‘ o o
have turned into technical requirements for the system. Both the functional and non-functional requirements have been set, ¥ "._"';-;':"f‘*’-i* A
creating a table in which a description of the requirements has been pointed out together with a codification for their ;:'.*-i;‘_ff.'?-ff: '
identification. An example is reported below. i

components. The main subsystems are:

REQ MERC F S The webGIS platform subsystem shall provide the

monthly processed data provided by the CdC.

REQ MERC F S The system must be able to use various data sources
SIS 003 through the use of data fusion.

REQ MERC F § The system will have to ensure the creation of a

- ; L downloading by the end user;
SIS 004 digital twin of the railway infrastructure.

* Drones: includes the elements that are part of the aerial fleet formed by drones and everything that is suitable

Description Later, being aware of which the requirements for the project were, an overall system architecture has been figured
out. Mainly the system has been subdivided in several subsystems, every of which is made of second-level

» Platforms: refers to all the platforms that will be used in the project, such as the one of the final user to the third
parties ones. They will be able to upload and download data in shapefile or raster from and to the webGIS

_WGIS 001 user with georeferenced information and data and platform;
enable interactive visualization of the collected ¢ Satellite: includes all the elements that will come into play on the satellite side for the collection and transmission
SO0 of data deriving from Earth Observation. The collected raster or shapefile data will be sent to the central database
REQ MERC F_S The webGIS platform subsystem must allow the user or preprocessing or post-processing for subsequent entry into the webGIS;
_WGIS 002 to view and query the results of the analysis of the

* Sensors: referring to the elements that are part of the distributed sensors network that will collect in-situ data for
the preliminary testing and prototyping of the network. The various types of sensors shall be connected to external
gateways part of the system's communication infrastructure, to allow data transmission to the Control-Center for
the collection of processed data for subsequent entry into the system’s webGIS that will allow viewing and

Sensors

interest after having studied the results of the in-site inspection.
As a matter of facts both the areas, Caiazzo and Scrajo, have been
analyzed under a geological, geomorphological and stability point
of view to let the installation be successful. On the right side, both
the geological and pendency maps are displayed together with the R
representation of the landslide events map for the scenario of Caiazzo. -~ s
This last one is the result of the inventory derived from the work by — m=msmasmee: e
Fusco et al. (2023) in which the landslides by sliding and flowing s
are the most numerous and those involving the largest volumes of potential material. Furthermore, the presence of some fronts susceptible
to the triggering of landslides by rock collapse, facing the section of the railway line of interest, is noted. These fronts will be analyzed
through repeated laser scanner surveys.
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The same analysis has been conducted on the Seiano-Scrajo scenario
- which has pointed out some details on the territory which the sensors
~ shall insist on. The geomorphological maps are reported on the left
side together with the results of Fusco work which reports no
mechanisms other than landslides found. This picture of prevalence of
rapid-motion landslides is consistent with the geological setting in
terms of the predisposition of the outcropping formations/deposits to
4 support the development of such landslide phenomena.

Once the studies on the territory have been concluded, some field measurement activities have been executed: 9 scan-positions were carried
out at the Caiazzo site in order to continuously detect the development of the rock surfaces facing the via ferrata. The Riegl VZ400 scanner
was therefore located in order to avoid the vegetation present as much as possible and to represent the complex geometry of the rocks.
During the acquisition phases, 5 and 10 cm cylindrical markers were placed along the scene in order to align the different capture positions
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For what regards the satellite data acquisition, the most important ones for the project goals and requirements have been pointed out as the SAR, optical and interferometry ones.

displacement velocities and time series of displacement for the selected points during the observation period.

areas within the study region, unsupervised machine learning techniques were applied, particularly dimensionality reduction and K-Means clustering.

reduction was performed, and clustering analysis 1s ongoing to pinpoint areas with higher landslide risk.

The first analysis has been conducted on the scenario of Caiazzo, studying the vertical displacement and the scenario of Scrajo for the infesting vegetation insisting on the railway infrastructure.
Regarding algorithms capable of processing SAR images, the activities have focused on those able to monitor ground deformations with extremely high precision, allowing for the assessment of historical deformation time [&
series. Three main approaches have been identified: Permanent Scatterers Interferometry (PSInNSAR®), Small BAseline Subset (SBAS) and hybrid methods. This analysis is crucial to improve the performance of
interferometric applications, as it is known that the DInSAR technique is not capable of detecting movements occurring along the satellite's azimuth direction. As part of the activities carried out so far, the first results from &
the application of Differential SAR Interferometry at the analysis site in Caiazzo (CE) are presented. The site is affected by slow gravitational phenomena that interact with the road infrastructure. The SAR image dataset ==
used in the processing consists of COSMO-SkyMed images acquired under a memorandum of understanding signed with the Italian Space Agency (ASI). The radar images were provided within the framework of the w0 __wmo oo
Mapltaly Project, developed by ASI and the Civil Protection Department, with the support of the company E-GEOS. To reconstruct the evolution of surface deformations in the study area, two image datasets were used: B N
85 1mages acquired in ascending geometry from 01-01-2018 to 29-04-2024; 97 images acquired in descending geometry from 03-01-2018 to 17-04-2024. The algorithm used for processing the satellite radar images is
called the “Coherent Pixels Technique” (CPT), developed at the Remote Sensing Laboratory (RSLab) of the Universitat Politecnica de Catalunya (UPC). The processing workflow consists of three main phases: Generation
of the best interferograms from the available image dataset; Selection of reflectors characterized by a fixed phase value considered indicative of good electromagnetic response stability; Calculation of average

The output results obtained from the processing using the CPT approach are generally characterized by a degree of precision that indicates the degree of convergence of the measured values around their average, while
accuracy quantifies the distance between the measurements and the actual value. The image processing was carried out using the Differential SAR Interferometry technique, through an approach that works with radar S R
targets (Persistent Scatterers, PS) directly located on the ground, allowing for the assessment of their possible displacement over time. The analysis of the dataset composed of images acquired in descending geometry $ $ L
resulted in a target density of the same order of magnitude as those obtained in ascending geometry. The displacement rates recorded in descending geometry, as previously discussed for the ascending acquisitions, confirm = o - oo
the occurrence of very slow ground movements. The resulting velocity component maps are shown in side upper figures with an example of SAR elaboration for Caiazzo scenario in the bottom figure. e/ 4 RO - oo

Regarding the processing of optical imagery, algorithms for identifying areas with high moisture content and invasive vegetation were analyzed, based on the use of specific normalized difference index maps. Taking Sentinel-2 and its
bands as a reference, this analysis can be carried out using the following indices: NDVI (Normalized Difference Vegetation Index), to quantitatively highlight green vegetation density; NDMI (Normalized Difference Moisture Index), to
assess moisture levels. NDVI values can also be used to map and classify vegetation types and to detect changes in vegetation cover over time and also to identify areas under stress or damage. First side figure shows an example of an
NDVI map obtained from a Sentinel-2 acquisition in the Castellammare-Seiano area.

The NDMI is an index that uses the NIR and SWIR (Short-Wave Infrared) bands to visualize moisture. NDMI is used to monitor changes in leaf water content. Second side figures shows an example of an NDMI map obtained from a
Sentinel-2 acquisition in the Castellammare area.

Also, the NDWTI index is often used synonymously with the NDMI index, frequently employing the NIR-SWIR combination as one of the two options. However, NDMI is consistently described using the NIR-SWIR combination.
Indices with these two combinations function quite differently, with NIR-SWIR (Bands 8 and 11 in Sentinel-2) highlighting differences in leaf water content, and Green-NIR (Bands 3 and 8 in Sentinel-2) highlighting differences in
water content of water bodies. Last side figure shows an example of an NDWI map obtained from a Sentinel-2 acquisition in the Castellammare area.

The development of algorithms for the creation of landslide risk susceptibility mapping has focused on both supervised and unsupervised machine learning techniques. Supervised approaches require two datasets: records of mapped landslides and continuous s
maps of environmental variables known to trigger landslides. To address the issue of spatial resolution of climate data, the project focuses on downscaling climate variables to finer resolutions, making them compatible with more detailed topographic data. [
The project employs XGBoost, a high-performance gradient boosting algorithm, for the downscaling process. Inputs include high-resolution topographic predictors and wind speed simulations,. After preparing the environmental variables, the architecture for B
the machine learning algorithms has been developed. The chosen supervised algorithm is MaxEnt, which is suitable for modeling events where only presence data is available. MaxEnt requires environmental data from both affected and potentially affected
areas. In parallel, unsupervised machine learning techniques were used to automatically identify areas most susceptible to landslides. These techniques applied to geomorphological data from satellite sources included: Principal Component Analysis (PCA)
and K-Means Clustering. Each data point is assigned to the cluster with the nearest centroid. For the case at hand, relative validation was applied using the elbow method, which involves: Running K-means clustering with varying numbers of clusters (K), 8
Calculating the sum of squared distances (SSD) between points and centroids, Plotting SSD versus K, Identifying the "elbow" point where the curve sharply changes, indicating the optimal number of clusters. To automatically identify landslide-susceptible §

The preliminary analysis was conducted using three key geomorphological parameters: slope (local ground steepness), aspect (slope orientation relative to North), and the Topographic Wetness Index (soil moisture potential). The dataset was later expanded to e | S
include 12 geomorphological variables derived from satellite data. Due to the different value ranges of the parameters, normalization (scaling) analyses were conducted to identify the most suitable standardization approach. Following this, dimensionality AR e o s | ":'.v".ff"’w'

Before applying ML algorithms a data normalization has been executed. The analyses were performed using two different normalization procedures: Standardization and Min-Max Scaling. In this initial phase, clustering analyses were carried out using a reduced dataset consisting of three
parameters: Slope, Aspect, and Topographic Wetness Index (TWI). To identify groups with the highest landslide susceptibility, specific regions of the parameter space were selected—particularly those with slope values greater than 20°, which is considered a critical threshold in both the
Caiazzo and Pietraroja formations. For the Aspect parameter, regions between 315° and 360°, and between 0° and 45°, were selected to focus on slopes facing NW-N-NE. The evaluation showed that all values with a slope above 20° and aspect within the specified ranges fall into cluster 7
and cluster 8. The clustering solution presented corresponds to an optimal number of clusters k best = 9, determined using the Elbow Method with a 90% explained variance threshold. The solution was selected after testing up to 150 different initial centroid configurations and varying the
number of clusters up to 30. Since each point in the parameter space corresponds to a point in the real world, the identified clusters were mapped. The landslide inventory map and the risk map are shown respectively in Figures h-i. It can be observed that the approach used i1s promising, as it
already allows, using only the values of three parameters, to automatically identify many of the areas where the mapped landslide trigger points fall, which could potentially affect the railway section under examination, represented in the figures by the solid red line. Clustering analyses are
currently underway on the full dataset of 12 parameters, using the K-Means algorithm applied to data normalized with both Min-Max Scaling and Standardization. The number of clusters is varied up to 50, with 100 different initial centroid positions tested for each run.

Additionally, the analysis of optical data processing highlighted the need to implement super-resolution (SR) algorithms for more effective interpretation of the monitored phenomena. Traditional SR methods include wavelet decomposition, interpolation algorithms, frequency domain
processing, convex projection, Maximum A-Posteriori (MAP) methods, and iterative back-projection. These manipulate image data in spatial or frequency domains to enhance resolution and detail. However, traditional methods often fall short in capturing complex image patterns, limiting
Qail recovery and image quality. On the right side, the results of the application of SR algorithms on raw Sentinel-2 data of the Caiazzo (left) and Scrajo (right) scenarios are reported.

with the minimum error. The clouds were textured using images taken with the Nikon calibrated camera installed
on the rotating head of the scanner. The post-processing phases included the verification of the point cloud
alignment procedures, cloud cleaning using selection filters for deviation and reflectance indices and discretization
using point proximity filters. Subsequently, the vegetation was eliminated using manual procedures in order to
highlight the rock surfaces upstream of the track level. Models were then generated at different resolution levels
from which polygonal numerical models were obtained (the images on the right are useful to retrieve the
digitalization on site of the Caiazzo scenario).

The on-site inspections were useful also to define where to install the several sensors (reported in the table below
for every scenario) and also to program an acquisition model and data transmission process for the sensors network
(the images report the installation of the sensors on the two scenarios).

Inclinometers | Piezometers Thermo-hygro- Laser Capacitive
pluviometric stations | Scanner Probes
Caiazzo 3 2 1 - -
Monte - - - 1 -
Verna
Seiano- - - 1 - 12
Scrajo
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The reconstruction of a 3D map of the area to be inspected and acquiring georeferenced images of the inspected area with infiltrations or damages are

the main purpose of using drones. The sensors mounted on the flees includes: a high-frequency, high-resolution camera to capture images of the
inspection area, a high-resolution LiDAR with a wide field of view to obtain 3D information about the surrounding environment. Data acquired by the
sensors are georeferenced using the position and attitude of the aircraft on which they are mounted through algorithms. Specifically, during the reference
period, the flights have been done in the locations of Caiazzo (CE) and Scrajo (NA). The Scrajo scenario is mainly characterized by tunnel sections with
no GNSS coverage. To autonomously navigate such environments, a commercial drone was selected that implements an onboard localization

algorithm based on SLAM techniques. Additionally, the platform is equipped with both a LiDAR and two cameras (thermal and infrared) to generate as
much data as possible of the inspection area. The selected product for this purpose is the Elios 3 drone by Flyability. The Caiazzo scenario is mainly
characterized by outdoor inspections, where it is required to visualize and capture images of viaducts and sections of track adjacent to a steep mountain.
For this scenario, which sometimes involves small clearances under bridges and viaducts, two types of drones have been selected. Images of the
inspective flights on Caiazzo and Scrajo galleries are reported in the side images.

Together with the georeferencing algorithms also the ones for the defect identification are currently still under study in the project activities.

The study of data fusion techniques has focused on three main
approaches: level processing (to integrate data at various levels),
machine learning (enabling the real-time processing of large
volumes of data) and probabilistic models (for managing uncertainty
and variability). Also, the study of spatial indices has led to the
utilization of H3 grid system (a geospatial indexing system that
divides the Earth's surface into hexagonal cells, to uniform spatial
representation of the collected data). The WebGIS/DSS component, |
developed to provide visual and interactive data management, was
designed starting from the definition of wuser and technical

requirements. The data and results of the processing will be
@llected in the Control Center.

/ Data Fusion & WebGIS

Conclusions

In conclusion, the next steps to be followed are the physical implementation of the final system architecture on all the areas of interest of the final version of distributed sensors and communications network and the implementation of the webGIS application in the final form for the final user. By employing the methods and tools explained earlier, the MERCURIO platform
could reach some functional and research goals in order to make the platform be used to monitor some already identified use cases that nowadays represent the main criticalities in terms of safety for the railway infrastructure and lead the way in the employment of such system in a wider range of applications, possibly also in other sectors of interest.
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