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ABSTRACT

Earthquake Early Warning (EEW) systems are modern, real-time seismic monitoring infrastructures capable
of identifying relevant earthquakes and providing warnings to population and infrastructures, possibly before
the arrival of the strongest shaking. Railway infrastructures represent a key target application for EEW
systems, due to their strategic role for public transportation of passengers and goods. Here we describe the
end-to-end system developed for the Naples-Rome high-speed railway that integrates seismic monitoring,
advanced signal processing, and railway-specific protocols to enhance the management of railway operation
in case of earthquakes in one of Italy’s most seismically active regions.

The system utilizes a dedicated network of seismic stations equipped with accelerometers to detect ground
motion and predict Peak Ground Acceleration in real-time. A probabilistic decision-making module evaluates
seismic data and dynamically updates alerts as the P-wave propagates. Alerts are issued for the Alerted
Segment of the Railway, allowing operational restrictions like train deceleration or halting to mitigate seismic
impacts. The system minimizes unnecessary disruptions by targeting specific segments, unlike traditional
approaches that shut down entire lines.

The developed EEW system integrates train traffic control system, ensuring synchronized communication
between trains, signaling infrastructure, and control centers. This enables rapid activation of emergency
braking systems when required. Performance evaluations reveal high reliability, with rapid alerts issued
within 3—10 seconds and correct predictions in over 90% of cases.

Designed with scalability in mind, the system is exportable to other railway segments and adaptable to diverse
seismic networks. Its ability to generate real-time shake maps and refine alerts during seismic events positions

it as a global benchmark for integrating seismic management into high-speed rail operations.

Keywords: Earthquake Early Warning; Seismic Risk Reduction; Earthquake Alerts; Real-time seismology
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LIST OF ABBREVIATIONS

Acronym Expanded Form Meaning / Context

PGApred Predicted Peak Ground Acceleration PGA value predicted from P-
wave amplitudes

PGAGbs Observed Peak Ground Acceleration PGA value measured at stations

PGAn Peak Ground Acceleration threshold User-defined threshold for alert
declaration

PGA hmin Minimum PGA threshold Secondary lower PGA threshold
(refined criteria)

EPL Exceedance Probability Level Probability that PGApred
exceeds PGAth

DM Decision Module Algorithm deciding whether to
issue an alert

SSB Single Station Basic alert Alert declared if one station
exceeds PGAth

SSR1/SSR2 Single Station Refined alert Alert declared if one station + 1
or 2 neighbors exceed thresholds

MS Multi-Station alert Alert requires >2 stations
meeting threshold with
time/space consistency

ASR Alerted Segment of the Railway Railway section where PGApred
> PGAth

QI Quickness Index Rapidity of first alert declaration

IPP Impact Prediction Performance Accuracy of PGA exceedance
predictions

TFD Time of First Declaration Time when PGA threshold is
first exceeded

SD Successful Declaration Correct declaration of threshold
exceedance

SND Successful No Declaration Correct non-declaration when
PGA < threshold

FD False Declaration Wrong declaration when PGA <
threshold

MD Missed Declaration Missed declaration when PGA >
threshold

ETCS European Train Control System Train control and safety system
in Europe

ERTMS European Rail Traffic Management System European standard for rail traffic
management

GSM-R Global System for Mobile Communications — Communication standard for

Railways railway signaling

RBC Radio Block Center Centralized ETCS control and
communication hub

EVC European Vital Computer Onboard computer managing

train operations
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1. INTRODUCTION

Active faults are a serious threat for several regions in the world and many high-impact earthquakes of the
recent century have caused huge casualties, dramatic economic losses, and irreparable damage to historical
buildings as well as to critical, modern infrastructures (Firmi et al., 2020; Lakusi¢ et al., 2020; W. Zhu et al.,
2020). An Earthquake Early Warning (EEW) system is a complex seismic monitoring infrastructure that has
the potential to provide warning to targets, prior to strong ground shaking, mitigating the impact of
earthquakes in terms of fatalities, injuries and economic losses. This is possible through the rapid detection
of the early P-wave signals radiated by an ongoing earthquake and the fast issuing of information on the
expected ground shaking, either within the epicentral area or at far locations (Allen & Melgar, 2019; Satriano
etal., 2011).

During the last two decades, EEW systems have been widely developed and experimented in several high
seismic hazard countries around the world, such as Japan, USA, Mexico, Taiwan, China, Italy, Romania,
Switzerland, Turkey, Greece, and the Ibero-Maghrebian region (Allen & Melgar, 2019). At European scale,
first Clinton et al. (2016) and then Cremen et al. (2022) investigated the feasibility of EEW application and
the potential effectiveness of these systems across Europe and demonstrated that some parts of Europe would
benefit from real-time alerts, with enough time to perform emergency actions (such as stopping traffic,
stopping elevators, shutting off gas supplies, among others).

In the context of EEW, railway infrastructures are of particular interest due to their strategic role for
private/public transportation of both passengers and goods (Minson et al., 2021; Nakamura & Saita, 2007;
Yamamoto & Tomori, 2013). High-speed railways are nowadays becoming one of the most popular and fast
transportation systems, with trains achieving cruise velocities of several hundred km/h that demand advanced
systems for the railway signaling and remote/onboard control, in view of the application of severe protection
measurements for travelers. Despite the rapid progress in methodological/technological developments in real-
time seismic monitoring and source modelling, the interactions of EEW systems with final end-user

applications are still complex and under development. It is required that real-time methodologies and
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technologies are not only validated and implemented at prototype level but also should satisfy high levels of
Technological Readiness (European Commission, 2014).

There are a few successful examples of application of EEW systems to normal or high-speed railway lines
in active seismic regions around the world. Among them, the Urgent Earthquake Detection and Alarm System
(UrEDAS) (Nakamura, 1988; Nakamura & Saita, 2007) in Japan, the EEW system for the Bay Area Rapid
Transit (BART) train system in California (Strauss & Allen, 2016), the EEW system on the high-speed
railways in China (Tan et al., 2024; Yu et al., 2023; Zhang et al., 2024), and the EEW system for Marmaray
Tube Tunnel in Turkey (Clinton et al., 2016; Erdik et al., 2003).

This paper presents the first end-to-end application of an EEW system in Italy, fully targeted to a public
transportation infrastructure at national scale, managed by RFI (Rete Ferroviaria Italiana, the lead company
in the Infrastructure Unit of the Ferrovie dello Stato Group) which, in its role of Infrastructure Manager, is
responsible for the management and safety of the national rail traffic. With the aim of issuing real-time
earthquake alerts and measuring the shaking along the railway line, during a period of 3 years, we designed
and implemented a prototype EEW system on the high-speed railway between the cities of Rome and Naples
(hereinafter RM-NA line). The system is designed as a support system for the management of earthquakes
in the railway environment. The RM-NA line extends for about 200 km and runs almost parallel and nearby
to the central-south Apennine Mountain chain, which constitutes one of the most seismically active areas of
the country (Stucchi et al., 2004), where significant earthquakes (M > 6.5) (Bernard & Zollo, 1989; Chiarabba
et al., 2018; Chiaraluce, 2012; Galli & Galadini, 1999) have occurred in the past (Fig. 1). The system is end-
to-end, since it is fully customized to the specific application it has been built for, adapted and optimized to
maximize its performance in terms of speediness of the alert issuance and reliability of impact prediction,
and thus, to account for the needs of the railway infrastructure manager. It implements the most advanced
scientific and technological solutions to predict the expected ground shaking along the railway, with the
purpose of adopting operational restrictions for slowing down or stopping the running trains approaching the

potentially impacted portion of the line. It concretizes the cutting-edge vision of EEW systems, in which the
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interaction with the end-user and the interface with the target action play a key role in the design and
configuration of the system itself (Cremen & Galasso, 2020). Here, we provide an overview of the system
and describe the main elements and steps of its implementation and operation. The core of our study is
devoted to the description of an innovative, quantitative performance evaluation, together with general
considerations and criteria about the impact of the EEW system on the railway traffic along the pilot RM-

NA High Speed line that should be considered in all designs of similar target applications.

2. DESIGN AND IMPLEMENTATION OF THE EARLY WARNING SYSTEM

2.1 Seismic monitoring infrastructure development

A dedicated seismic monitoring infrastructure was first developed. It is operated by RFI, with real-time data
acquisition and transmission capacity. The network consists of 20 stations installed in March 2020, within
the RFI Technological Sites located along the train line, covering the route from the northern endpoint nearby
Rome (Salone station) to the southern end-point nearby Naples (Afragola station) (Fig. 1). Each station is
equipped with a 3-component accelerometer, installed in a small buried superficial vault (volume of about 1
m?), specifically conceived to ensure the optimal coupling between sensor and ground and to protect the
sensor from high temperature variations. A triaxial accelerometer (model SARA SA-10 FBA) was employed,
providing a sensor output voltage of 20 Vpp and a full-scale range of +2 g (adjustable via the acquisition
software). A borehole installation version of the sensor (model SARA SSBHV-SA10) was also used;
although it features a different form factor, its performance specifications are equivalent. In 5 sites, an
additional accelerometer is installed at the bottom of a 20 m-deep borehole, to improve the signal-to-noise
ratio by reducing the contamination of shallow noise ground vibrations. The installation of permanent stations
was preceded by a preliminary experimentation campaign aimed at the site characterization (in terms of
quality of each recording site, periodic noise-sources identifications, optimal sensor positioning). Text S1 of
the Supplemental Material shows examples of preliminary analyses for the site characterization (see also Fig.

S1 and S2 of the Supplemental Material).
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The ground motion data is acquired at a frequency of 125 Hz (with 30 bit-dynamic range data loggers),
georeferenced and synchronized via GPS, and transmitted in real-time to a central server (located in Naples),
through a dedicated, proprietary fiber optic telecommunication infrastructure managed by RFI. The servers
for calculation, data acquisition and storage are installed at Naples Central Station. Data acquisition from the

stations is done through the SeedLink protocol (http://ds.iris.edu/ds/nodes/dmc/services/seedlink/, last

accessed January 2025), in the form of miniSeed packets with a fixed size of 512 bytes and a fixed time
duration of 0.6 seconds, to minimize the latency in data transmission (Fig. 2). The EEW method is
implemented in a modular software platform whose block diagram is shown in Fig. 2. The platform is named
AlpEW (Array lineare per Early Warning) and the main steps of the methodology are synthetically described

in the following paragraphs.

2.2.Earthquake detection and train discrimination

At the arrival of raw ground motion data from the seismic network, an automatic picking algorithm (Filter
Picker) (Lomax et al., 2012) is first used to identify the occurrence of a transient signal with respect to the
background noise. The most recurrent recorded noise signal at the station sites to be discriminated against
the earthquake signal is the ground vibration excited by the high-speed train transit that occurs hundreds of
times per day on average due to the intense daily railway traffic. Therefore, a dedicated algorithm for train
transit detection has been developed (Train Marker, TM), which analyses 1.5 sec of recorded signal (after
the transient trigger detection) at each recording station and allows discriminating the earthquake signal from
the ground vibrations caused by the train transit, through the analysis of amplitude and frequency content of
the signals (see Appendix A: Train Discrimination). The TM parameter is built in a way that signals with a
dominant low frequency energy content (<15 Hz), such as seismic events, are associated to small TM values,
while the high frequency signals, such as those produced by the train passage or other sources of noise, are
generally associated to large TM values, although a clear separation of TM values between trains and

earthquakes does not exist (Fig. S3 in the Supplemental Material).
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2.3 Peak Ground Acceleration prediction

When, at a given station, a potential P-wave pick originated by an earthquake is detected, its initial peak
acceleration (P.), velocity (Py) and displacement (P4) amplitudes are computed in consecutive 1-sec time
windows after the first P-arrival time on the vertical component of ground motion up to a maximum time
window of 5 sec (see Appendix B: Peak Ground Acceleration prediction). The observed P-motion peak
amplitudes at each site are used to predict the expected Peak Ground Acceleration (PGA,rea) at each site,
using predefined, empirical ground motion prediction equations (see Appendix B: Peak Ground Acceleration
prediction). Ground motion prediction equations are often affected by large uncertainties, reflecting the
natural variability and scatter of data, and which may result in wrong estimates of the predicted quantities.
Here, we propose a probabilistic decision scheme for the alert declaration which accounts for the probability
of exceedance of a given PGA threshold value (PGAw), considering the uncertainty associated with the
empirical scaling relationships. For each value of observed Pq4 (Py, or P,) the corresponding, predicted PGA
value (PGApreq) is first computed from the empirical scaling relationship. Then, an Exceedance Probability
Level (EPL) is set to quantify to what extent (with which confidence level) the predicted PGA will exceed
the threshold level (PGAw), accounting for the uncertainties on scaling relationships. If the predicted PGA,
considering the EPL threshold, exceeds the PGAm, the alert system is activated (Fig. S4 of the Supplemental
Material). On the contrary, if the predicted PGA, considering the EPL threshold, does not exceed the PGAm,
no action is taken by the system (Fig. S4 of the Supplemental Material). Through the definition of the EPL,
the system evaluates to what extent the predicted PGA will exceed the user-set threshold level (PGAw),

accounting for the uncertainties on predictions (see Appendix B: Peak Ground Acceleration prediction).

2.4 Decision Module and criteria for first alert declaration
The probabilistic scheme described above is used at each recording site to establish the exceedance or not of

a given threshold value (PGAw) on the predicted PGA. A Decision Module (DM) finally declares the alert at
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the nodes of the line where the PGAw 1s exceeded either by the predicted PGA, or by the recorded acceleration
on the horizontal sensor components, whichever condition comes first. The DM implements different
configurations for the issuing of the first alert, requiring from a single node to multiple nodes (max 4) to
exceed the threshold in a user-defined time window, and accounting for space and time coincidence criteria
(Le Guenan et al., 2016; Minson et al., 2019), as described below and schematically shown in Fig. S5 of the
Supplemental Material:

Single Station Basic alert (SSB): the system declares an alert as soon as PGApred > PGA at one station;

Single Station Refined alert (SSRI - SSR2): the system declares an alert when PGApred > PGAw at one station

and PGApred > PGAmmin at one or two adjacent stations, respectively, with PGAmmin being a second lower
threshold on PGA.

Multi Station alert (MS): the release of the alert occurs if PGApred > PGAw at N stations (with N going from

2 to 4) meeting specific time and space criteria, based upon the P-wave propagation. Specifically, the relative
spatial distances of the stations, Ax(N), and temporal time differences of the picks, At(N), are checked for
consistency with the propagation of seismic waves: the apparent velocities of the N picks above threshold,
calculated from the first pick, must be within a physically acceptable range.

The system is conceived to be evolutionary so that, even if the condition for the first alert release is not

satisfied at a certain time, the same condition may be fulfilled at later times.

2.5. Emergency actions on the railway

When the alert is declared by the DM, the “Alerted Segment of the Railway” (ASR) is the section of the
railway where PGApred > PGAw. During the alert, the evolutionary ASR is computed and is continually
expanded as long as new P-waveform data are available from adjacent stations for which the predicted PGA
exceeded the threshold .

Potential initial underestimations, even at the two extreme segments of the line, can therefore be

automatically corrected when longer portions of the P-wave time windows and more stations are used and
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are automatically recovered in the following seconds after the first alert declaration. Finally, it is worth
mentioning that the segment of the railway where operational restrictions are recommended, is evaluated as
the segment comprising the nodes that issued alert, extended with an additional branch at the edge nodes, for

caution. No information is communicated at the non-triggered nodes.

2.6 Integrated Earthquake Early warning and High-Speed Train Braking and Emergency Management
System

The protocol for high-speed train braking system management follows the European Train Control System
(ETCS) (Rados et al., 2010) that works as part of the broader European Rail Traffic Management System
(ERTMS) (Laroche & Guihéry, 2013) to ensure safe and efficient operation of trains, including high-speed
traffic. The European Train Control System (ETCS) manages train movements and braking through a
combination of continuous communication, onboard computing, precise monitoring, and centralized control
(Flammini, 2010). The system relies on GSM-R (Global System for Mobile Communications - Railways) for
uninterrupted communication between the train and the control center, known as the Radio Block Center
(RBC). The RBC centralizes information on train movements and headway (the safe distance between
consecutive trains) and issues movement authorizations. Each train is equipped with an onboard European
Vital Computer (EVC), which processes data such as train speed, position, and status, as well as inputs from
the RBC, to calculate train behaviour, including movement and braking strategies.

To ensure accurate positional data, Furobalise transponders placed along the tracks provide precise position
and speed information to the train. When a train passes over a Eurobalise, updated data is transmitted to the
EVC to enhance accuracy. Using this real-time information—such as train speed, headway, distance to the
next target, and safety parameters—the system calculates the optimal braking strategy.

The braking actuator (or emergency closure device) is then triggered to ensure the train stops precisely before
the designated stopping point. The RBC continuously monitors train positions and enforces movement limits

to prevent collisions, enabling trains to brake intelligently and stop safely at target points like signals or

10



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

platforms. The emergency closure devices along a railway line are designed to quickly interrupt train
operations in response to safety-critical situations, such as accidents, infrastructure failures, or hazards on the
track. They can be activated manually by authorized personnel, such as railway operators or staff at a control
center, or automatically by connected systems detecting anomalies like derailments, track obstructions, or
signalling failures.

For the Italian high-speed railways, specific emergency closure devices have been designed and built to be
interfaced and remotely controlled by the seismic Early Warning system so to automatically activate the train
stopping signal along the RM-NA railway. Once activated, the device sends an immediate signal to the
railway signalling system, indicating that operational restrictions must be applied in the affected section of
the track. This signal may also alert the centralized control center, allowing operators to coordinate further
operational measures.

The electronic communications through GSM-R in ETCS-equipped railways transmit the emergency status
directly to the onboard systems of trains, instructing them to stop. Approaching trains receive the emergency
signal and initiate braking procedures; in automatic or semi-automatic systems, the train's braking system is
triggered immediately without requiring driver intervention, ensuring all trains within or approaching the
affected section come to a stop. Once the emergency closure is activated, the section of the railway line is
marked as out of service in the control system, preventing further train movements until the issue is resolved.
This process also triggers protocols for emergency response teams to assess and address the situation and
inspect the line. After the issue is resolved, the emergency closure device must be reset manually or
electronically by authorized personnel, and normal train operations can resume once the area has been
inspected with a positive outcome. In our integrated Early Warning and train traffic system, the message of
“end of earthquake emergency” is declared by the seismic Early Warning system that pilots the automatic or

semi-automatic deactivation, of the along-line emergency closure devices.

2.7. Graphical User Interface (GUI)

11
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Finally, the EEW platform further outputs its analyses and results in a Graphical User Interface (GUI) for the
RFI’s control room, which displays the main parameters provided by the system in real-time, some statistics
over set time windows (12-hour, 7 days), and portion of the lines where operational restrictions have been
applied. In the post-event, the GUI allows an operator to evaluate the performance of the system in terms of
measured parameters and output release and to promptly identify any relevant anomalies (such as the absence
of data from a station or the presence of anomalous noise records), which is useful for prompt intervention

and maintenance.

3. PERFORMANCE EVALUATION

3.1 Offline analysis of system performance

A quantitative evaluation of the performance of the EEW system is crucial for stakeholders and end-users
(Le Guenan et al., 2016) to setup the operational system and properly configure the several configuration
parameters, including, for instance, the PGA threshold value and the minimum number of nodes at which
the predicted PGA should exceed this value to declare the warning. Due to the absence of a massive catalogue
of real earthquake waveforms recorded at the high-speed railway sites, the performance here is evaluated
through a retrospective, off-line analysis of the system outputs, for a massive number of offline playbacks of
earthquake records at the AIpEW system, as explained in the following paragraphs.

The database for performance evaluation includes both real earthquake waveforms (sorted from the
waveform database of Italian earthquakes (Luzi et al., 2008) and train transit signals (effectively recorded at
stations along the RM-NA line). We identified 2 linear arrays of stations from the Italian National
Accelerometric Network (RAN) (Gorini et al., 2010). The arrays have been specifically selected to simulate
at best the geometry, extension (total length about 200 km), orientation and spacing of the sensors, as
compared to the RFI nodes, as well as their relative position with respect to the source area. The arrays were
selected by the National Accelerometric Network (RAN) and are located in Central Italy, in the Apennine

area, in a near-parallel and near-orthogonal orientation with respect to the Apennine chain itself. Fig. S6 of
12
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the Supplemental Material shows the networks used for the experiment, the relative stations and the epicentral
positions of the earthquakes. A total of 56 seismic events and 975, 3-component records were selected (i.e.,
325 records for each component). The complete earthquake database is composed as follows:

Apennine Array: 16 stations, 28 earthquakes with magnitudes between 3.5 and 6.5;

Anti-Apennine Array: 12 stations, 28 earthquakes with magnitudes between 3.5 and 6.5;

We also evaluated the impact of the train transits on the system performance by simulating the partial and
total overlapping of their signals with the P-wave recordings. We extracted random samples of train transits
(acquired at the RFI nodes during an earlier phase of the project) and summed-up them to the earthquake
records, simulating a partial or total overlap with the P-wave. Fig. S7 illustrates an example of signal obtained
by adding the train passage record to a seismic event, before the arrival of the P-wave, in acceleration,
velocity and displacement (from top to bottom, respectively).

As for the simulation of different configuration parameters, here we explore three specific parameters which
are: the PGAw, the EPL level and the DM configuration for the first alert release. We varied these parameters
in reasonable ranges (suitable for the Italian railway applications) and, for each combination of the three
parameters, we evaluated the response of the system. The complete list of the twenty-two explored
combinations (denoted by C) is shown in Table S3 of the Supplemental Material. Considering the total
number of available records (975) and the selected noise windows (7), a total of 6825 three-component
recordings (2275 records per single component) were generated.

For each of the configurations explored, we used all the available records to evaluate the performance.
Depending on the comparison between the predicted and the observed value of PGA (PGAobs), four different
alert categories at each single node may occur:

SD (Successful Declaration of threshold exceedance):

PGAyreq = PGAy, & PGAyps = PGAy, (1)

SND (Successful No Declaration of threshold exceedance):

PGAyreq < PGAy, & PGA,ps < PGAy,  (1b)

13
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FD (False Declaration of threshold exceedance):

PGApreq = PGAw & PGAyps < PGAy,  (lc)

MD (Missed Declaration of threshold exceedance):

PGApreq < PGAg & PGAyps = PGAy,  (1d)

We then introduced a straightforward formulation for the performance assessment of the AIpEW system in
terms of two indicators: 1) the Quickness Index QI(C), computed as:

N
_ Zizallerts TFD;(C) .

QI(C) )

Nalerts

This parameter is defined as the mean value of TFD for each specific configuration C and represents the
rapidity of the system in providing first alerts. TFD is_the time of the first declaration of threshold exceedance,
measured in seconds since the first P-wave detection at the network. The QI is computed only for the events
belonging to the Ngjeqs subset;

2) the Impact Prediction Performance IPP(C,t), computed as:

Nnod
X, 104[spj(c.e)+SND;(C,b)]

IPP(C.t) = -100; (3)

Nnodes

This parameter represents the percentage of successful predictions of PGA (as the sum of Ngp + Ngyp), at a
given time t and for a specific configuration C and it is evaluated for all available nodes for which the P-
wave signal is available at the considered time. It represents the EEW system ability to correctly predict/not
predict the ground shaking level at a single node.

In the above formula:

Naierss 1s the number of earthquakes PGAops > PGAy at a variable number of nodes (depending on the

configuration C); Nuodes 1s the total number of available nodes considering all networks and performed
simulations (it is the same for each configuration C and is equal to 2275);
For each configuration of the three explored parameters (PGAw, DM, EPL), we computed the median values

of QI and IPP as obtained from the playbacks. A useful way of representing the performance is provided by

14
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the IPP vs. QI diagram of Fig. 3. The proposed scheme allows positioning each configuration in the ideal
space of the two indicators and provides an immediate and quick visualization of the system performance.
The best performing configurations are those that maximize the IPP parameter while minimizing the QI value
(top-left diagram corner). For clarity of representation, in Fig. 3, we did not associate each configuration with
a different symbol, but we highlighted the behavior of the system depending on DM, PGAw and EPL values.
The performance analysis is summarized in Fig. 3 for all events (panels a, ¢) and relevant earthquakes only
(panels b, d), where a “relevant” earthquake is defined as an event for which the observed PGA has exceeded
the user-set threshold at least in one node of the network. The performance is shown at the Time of the First
Declaration of threshold exceedance (TFD) (panels a, b), and 5 seconds later (TFD+5) (panels c, d) for all
events (panels a, ¢) and for relevant earthquakes only (panels b, d). For all the tested configurations, the first
alert declaration (TFD) is typically released within a short time after the first P-detection at the network, in a
range of 3 to 8 seconds for all earthquakes, and 3 to 10 seconds for relevant earthquakes. At these times, the
IPP parameter ranges between 85% and 97% of successes (positive and negative successful alerts) for all
events (Fig. 3a) and between 65% and 85% for relevant earthquakes (Fig. 3b). At later times, at TFD + 5s,
the performance in terms of IPP varies between 90% and 100% for all events (Fig. 3c) and between 80% and
93% for relevant earthquakes (Fig. 3d). For all configurations, the use of high EPL values (75% or 90%;
empty symbols) generally requires longer times to issue the first alert declaration and does not provide
significant performance improvements, as compared to the value EPL = 50% (filled symbols).

Whichever configuration is used, an increase of the user-set PGAw generally results into a slightly higher
impact prediction performance, when considering all the events. This is a widely understood behaviour of
EEW systems and reflects the relative larger number of SND, with respect to the SD, when increasing the
threshold level for warning declaration (Minson et al., 2019). Indeed, the same effect is less evident when
considering the relevant earthquakes only, for which the number of SD remains rather constant between
different configurations, and SND are partially reduced from the computation. The threshold-dependency of

impact prediction performance becomes less evident at later times.
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It is worth to mention that the percentages here refer to the individual node numbers that provide successful
declarations (both SD and SND) vs. unsuccessful declarations (both MD and FD). This means that, in case
of a missed/false declaration of threshold exceedance at a single node, there will be an
underestimation/overestimation of the railway segment length affected by strong shaking, but anyway the
alert for a potential damaging earthquake occurrence will be issued in most of the cases. The underestimation
of the railway segment length affected by strong shaking is mitigated by considering a buffer zone at the

beginning and at the end of the segment.

3.2 Real-time system monitoring

During the period March 2020-January 2022, the EW system has been running in real-time at the RFI railway
to test the whole operational chain from data acquisition, transmission, and analysis. The AIpEW system was
configured to run with the SSRA decision module, with PGAth set to 10% of g for the central station and to
5% of g for the two adjacent stations.

Together with the real-time software running, we carried out a daily monitoring activity during working days
(Mon-Fri), through remote connection to the servers at “Napoli Centrale” train station, with the main goal of
checking the state-of-health of the EW system, including both the physical infrastructure and the software
components. The daily monitoring procedures included a visual inspection of the system status (through
dedicated monitors) and the analysis of specific parameters, which are automatically computed and stored in
a dedicated file. On a daily basis, we essentially monitored: the number of working stations; the presence of
gaps or delays in data transmission at each station (and the potential lost minutes of signals); the quality of
recorded signals (in terms of minimum and maximum recorded PGA); the presence of noise transients and,

finally, the performance of the EW software in case of earthquake detections.
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During this period, 9 earthquakes with magnitude ranging between 2.0 and 3.4 have occurred at minimum
distances from the rail of 10-20 km. None of the recorded earthquake triggered the alert declaration at the
network sites, with all the PGApreqd being correctly smaller than the threshold value at all nodes. As an
example, Figure S8 shows the position (with respect to the network infrastructure) of the largest recorded
event with local magnitude 3.4 on 2021-06-22 at 18:37:04 (http://terremoti.ingv.it/event/27189251) and
summarizes the performance of the EEW system in terms of parameter estimates, Decision Module and Alert

Declaration.

4. DISCUSSION
We presented here the first, end-to-end EEW system operating along the high-speed railway between Naples
and Rome in Italy. The system has been conceived and developed to be fully target-oriented, incorporating

dedicated methodologies for the impact evaluation and customized strategies for alert release.

4.1 Innovation of the proposed Earthquake Early Warning system for High-Speed Railway Seismic
management

The EEW system developed for high-speed railway infrastructure in Italy represents a groundbreaking
advancement in both seismology and railway control technologies. Unlike traditional offline applications and
testing of EEW methodologies, this work pioneers the first operational system specifically designed for the
high-speed Italian railway network. High-speed trains, travelling at several hundred kilometers per hour,
require cutting-edge signaling and control systems to ensure fast interventions and operational efficiency.
Thanks to the successful results obtained during the implementation of this pilot project, RFI decided to
expand Earthquake Early Warning systems to other high-speed lines of the national network.

The innovation of this system is multifaceted: it integrates P-wave and S-wave data to assess potential
impacts, moving beyond conventional source-based early warning approaches. Additionally, it combines

network-based and on-site decision-making using probabilistic, evolutionary approaches that continuously
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refine alerts as seismic data becomes available. The robust processing capabilities leverage accelerometric,
velocimetric and displacement signals to ensure high-frequency range coverage, allowing precise and reliable
seismic analysis. A standout feature of the system is its ability to define geographically targeted alert zones,
avoiding unnecessary shutdowns and enabling operation on unaffected segments - a stark improvement over
other systems that may enforce the traffic arrest along wide-impacted railway line (Yamamoto & Tomori,
2013). Moreover, the project introduces a technological leap by automating the railway emergency closure
mechanisms, transitioning from manual to remote operations with real-time functionality. This
operationalization of EEW for railways not only exemplifies innovation but also sets a new benchmark for

integrating earthquakes management into critical transportation infrastructures.

4.2 System performance evaluation

For a distributed target such as the railway line, the traditional concept of magnitude estimation accuracy and
lead-time are, indeed, not applicable. The effectiveness of an EEW system should, therefore, be evaluated in
a broader sense. Here, we first propose a compact and powerful diagram which transforms the classical
approach to the performance evaluation and allows end-users to choose the optimal system configuration
parameters. We then evaluate the impact of the system on the railway traffic of the whole line, accounting
for the actual probability of occurrence of potentially relevant earthquakes.

The EEW system for high-speed railways in Italy is evolutionary in time, meaning that PGA predictions are
updated as the P-wave propagates across the network. However, the Decision Module (DM) is conceived in
a way that once the declaration of threshold exceedance is given at any node, the step back is no longer
possible during the seismic shock. Indeed, the definitions of SD (Successful Declaration), SND (Successful
No Declaration), FD (False Declaration) and MD (Missed Declaration) are based on the comparison between
predicted and observed PGA values. While the PGA prediction may evolve with time, as longer portions of
P-wave signals are analyzed, the a-posteriori observed value of PGA is fixed. Moreover, the expected PGA

is continuously predicted from the initial P-wave peak amplitude (P4, Py, Pa) which are computed as the
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absolute maximum amplitude in increasing P-wave time windows, in displacement, velocity and
acceleration, respectively. Therefore, the prediction can only increase or remain stable with time. In other
words, once the predicted PGA has exceeded the threshold value, the warning declaration cannot be cancelled
during the seismic shock. With this in mind, the prediction performance at any node may potentially evolve
with time from SND to FD or from MD to SD. Other transitions between alert states are indeed not possible.
Thus, a way to improve the quality of predictions and maximize the real-time performance is by reducing FD
since the first alert, with more robust P-amplitude to PGA prediction models, accounting for a more
comprehensive approach for all source, propagation, and site effects. Additionally, the experience of
operational or under testing EEW systems worldwide teaches us that: 1) the performance of a system in terms
of correct or wrong predictions of the PGA strongly depends on the threshold value for the alert declaration;
2) the declaration of correct alerts can be pushed to the limits, while the trade-off between missed and false
alerts cannot be eliminated (Minson et al., 2019). Indeed, the lower the threshold is, the higher is the
probability for the system of issuing false alerts, with a relatively small number of missed alerts. Conversely,
if a high threshold is requested to release the warning, the chance of declaring false alerts decreases, but the

incidence of missed alerts may increase.

4.3 Alerted Segment of the Railway (ASR) and Potential Benefits of the Early Warning System

Beyond the performance evaluation, a critical aspect of this study is the utilization and effectiveness of
earthquake alerts in railway applications (Minson et al., 2021). Stopping a high-speed train completely
requires a considerable amount of time, which may sometimes exceed the warning time provided by the
system. Therefore, one of the primary advantages of the EEW system is its ability to prevent high-speed
trains from entering the Alerted Segment of the Railway (ASR) while promptly initiating deceleration for

trains already within the segment. This approach helps mitigate the potential impacts of seismic shocks.
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During an earthquake alert, operational restrictions would slow down and eventually stop trains within the
ASR, while preventing entry for trains approaching the segment from either direction.

The proportion of trains inside or outside the ASR during an alert depends on train traffic density along the
railway and the extent of the ASR, which is determined by the earthquake's magnitude (M) and its distance
(R) from the railway line. We computed the expected ASR lengths for earthquakes with magnitudes between
4.5 and 7.0, occurring at distances of 10 to 100 km from the RM-NA railway line, using an empirical relation,
similar to a standard GMPE, between the length of ASR, the earthquake magnitude (M) and the distance of
the earthquake from the railway (R) (see Appendix C: Alerted Segment of the Railway computation). Figure
4 shows data used for the estimation of the ASR. Additionally, a two-month analysis of train traffic on the
high-speed railway revealed two occupancy patterns: low-density periods (6:00—10:00 and 20:00-23:00) and
high-density periods (10:00-20:00), during which rail occupancy remains relatively consistent across the line
(Fig. 5a). Based on these occupancy trends and earthquake scenarios, we estimated the distribution of trains
inside and outside the ASR, as shown in Fig. 5b. For most ASR lengths and time periods, the percentage of
trains outside the ASR exceeds those within it, except for the case where ASR = 100 km, where the
proportions are approximately equal. An ASR length of 100 km corresponds to a large earthquake occurring
close to the railway line (M > 6.5, R <20 km). This represents a rare scenario for the RM-NA railway, with
an estimated return period of approximately 2,000 years (Fig. 5¢) (Appendix C: Alerted Segment of the
Railway computation). More frequent cases, with return periods of 10-15 years, involve moderate
earthquakes (M 4-5) occurring within 10-20 km of the railway, resulting in ASRs of about 10 km. In these
instances, the vast majority of trains would likely receive sufficient warning to decelerate or stop before
entering the ASR.

Furthermore, while the current ASR estimates rely on theoretical PGA values, the ability of the EEW system
to rapidly identify non-relevant earthquakes or adjust ASR parameters based on real-time data could
significantly enhance the system's efficiency. This would enable faster resuming train operations, providing

substantial benefits to the overall railway infrastructure.
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Finally, to validate the trigger criteria, we simulated the criteria for the first alert release embedded in the
SSR2 configuration of the DM and evaluated its performance on the largest historical earthquakes occurred
nearby the railway line (see Appendix C: Alerted Segment of the Railway computation). We evaluated the
expected shaking produced by these earthquakes along the route and whether they would or would not have
triggered the activation of the EEW system. The results are shown in Fig. S9 of the Supplemental Material.
For all the selected scenarios, the earthquakes would have triggered the activation of the alert, resulting in
the interruption of the train circulation within a portion of the line (ASR), ranging from 20 to 50 km, while

keeping the circulation possible in the rest of the route.

4.4 Early Warning System Exportability

A significant aspect of this work is the scalability and adaptability of the proposed early warning system
beyond the pilot line. The platform has been designed with exportability in mind, making it readily applicable
to other segments of the national railway network. This flexibility is critical for extending the benefits of the
system to a broader range of railway infrastructures, particularly in seismically active regions.

The system can be seamlessly integrated with any existing seismic network, whether linear or spatially
distributed, provided that the network supports real-time data acquisition and transmission. Once deployed,
the platform can process incoming data from these networks to deliver precise earthquake location and
magnitude and generate accurate near real-time shake maps.

In the current implementation of the operational system, the earthquake magnitude is not computed, as this
requires an estimate of both the earthquake location and its distance from the array. Preliminary tests and
validation experiments indicated that earthquake locations derived from first P-arrival times recorded by a
linear array are highly uncertain, making this approach unsuitable for operational use. Looking ahead, when
the system is extended to additional and intersecting railway segments, the resulting sparse network geometry

is expected to enable more reliable earthquake location and magnitude estimates. Incorporating these two
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parameters into the region-specific GMPE would make it possible to expand the definition of the ASR beyond
the limits imposed by the sole use of recorded P-wave signals.

These capabilities are crucial not only for issuing timely alerts but also for coordinating rapid post-event
response actions, such as infrastructure inspections and traffic management. Furthermore, the ability to
generate reliable shake maps in near-real-time allows railway operators to assess the impact of seismic events
on specific segments of the infrastructure. This targeted approach ensures that traffic can be quickly resumed
on unaffected sections of the railway line, minimizing disruptions and reducing downtime. The system's
modular design also enables customization to meet the specific requirements of different railway networks,

accommodating variations in seismic hazard levels, infrastructure layouts, and operational priorities.

CONCLUSIONS

This study presents the development and implementation of the first fully operational Earthquake Early
Warning (EEW) system specifically designed for high-speed railway infrastructure in Italy. Implemented
along the Naples-Rome high-speed railway line, the system embodies a significant technological and
methodological leap in both seismic management and railway operations. It offers a practical and highly
effective solution for mitigating the risks posed by earthquakes in critical transportation networks:

- Unlike traditional EEW approaches that focus solely on source parameters, this system integrates P-
wave and S-wave data to evaluate potential impacts dynamically and adopts an evolutionary decision-
making approach. This ensures that alerts are continuously refined as seismic data becomes available,
improving accuracy and response times.

- Its ability to define geographically specific alert zones minimizes unnecessary disruptions by isolating
affected railway segments, a stark contrast to conservative systems that may necessitate total line
shutdowns. Furthermore, the integration of automated emergency closure mechanisms enhances
operational efficiency and reliability by enabling remote, real-time control of railway traffic during

seismic events.
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- The performance evaluation of the system demonstrates its robustness and adaptability to the unique
challenges posed by high-speed railways. The system accounts for the complexities of train
occupancy patterns, seismic event parameters, and the spatial distribution of seismic networks. By
preventing trains from entering the Alerted Segment of the Railway (ASR) and initiating controlled
deceleration for those within it, the system effectively mitigates seismic impacts.

- The platform's design is inherently scalable and exportable, making it applicable to other segments
of the national and international railway networks. Its seamless integration with existing seismic
networks enables precise earthquake location and near real-time shake map generation, essential for

coordinating post-event responses.

Appendix A:Earthquake detection and train discrimination
The TM parameter is a linear combination of the form:

T™ = alog(P,/P;) + Blog(1/t.) + ylog(RUD) (4)
where:
P. and Pgq are the absolute maximum amplitude on acceleration and displacement waveforms, respectively,
measured on the vertical components in a short time window after the P-wave arrival; Tc is the characteristic
(or dominant) period of the signal (Kanamori, 2005); RUD (Iwata et al., 2015) expresses the ratio between
the acceleration signal, filtered in the high-frequency band (15-40 Hz) and the acceleration signal, filtered in
the low-frequency band (0.075-3 Hz); a, B, y are empirical coefficients. The signals with a dominant low
frequency energy content (<15 Hz), such as seismic events, are associated to small TM values, while the high
frequency signals, such as those produced by the train passage or other sources of noise, are generally
associated to large TM values, although a clear separation of TM values between trains and earthquakes does
not exist (Fig. S3 in the Supplemental Material). The coefficients a, 3, y, are estimated for each station using
a global exploration algorithm and are chosen as the values that maximize the discrimination capability of

the TM parameter (i.e., those parameters that minimize the overlap of TM distributions, between train signals
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and earthquake records). The a, f and y values, as well as the threshold value on TM parameter for each
station are reported in Table S1 of the Supplemental Material.

The discrimination algorithm finally requires an additional constraint on the amplitude level of the recorded
signal, to discard other potential sources of noise (such as electromagnetic or lightning interferences) that
may produce ground vibrations and interfere with seismic signals. A seismic event is declared when either
TM < TMu or when P4 > P4, being TMu and Pawm prior established threshold levels on the two parameters,
respectively. The threshold value on the logarithm of P4 is set for all stations to -2.16 (cm), which corresponds
to a Mercalli-Cancani—Sieberg macro-Intensity (Imcs,) equal to III, when log Pq is scaled to the Peak Ground
Acceleration (PGA) through the empirical relationship from Faenza & Michelini (2010), as explained in the
following section.

We point out that there are currently several literature papers supporting the use of ML classification and
discrimination algorithms for seismic signals, as well as for the prediction of ground motion quantities (Choi
et al., 2024; Li et al., 2023; J. Zhu et al., 2024). While the identification of train generated signals may be
accomplished by machine learning algorithms, the challenge for an EW system is to be able to discriminate
against the earthquake from the train signals using a very short time window (of the order of 1 sec). To our
knowledge, there are no consolidated examples of machine learning algorithms specifically tailored for

detecting and picking P-wave arrivals along railway lines.

Appendix B: Peak Ground Acceleration prediction

The observed P-motion peak amplitudes at each site are used to predict the expected Peak Ground
Acceleration (PGAypred), which represents the standard parameter for seismic hazard assessments in railways
applications (Nakamura, 1988; Nakamura & Saita, 2007). The PGA is predicted from the initial peak
amplitude parameters using empirical ground motion prediction equations relating the initial amplitude of
the P-wave to the maximum acceleration level of the form:

log PGA = a + blog(P,) (5)
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where Py represents the initial peak amplitude, computed as the absolute value in a short time window after
the P-wave arrival in displacement, velocity, or acceleration (P4, Py, Pa, respectively), a and b are empirically
derived coefficients (and related uncertainties) for each specific time window from 1.5 to 5 seconds, and
PGA is the absolute maximum among the two horizontal components. Equation 5 is used in real-time
operations to predict the PGA as the weighted average between the three estimates from Pg, Py, Pa. For each
value of observed Pq4 (Py or Pa) the corresponding, predicted PGA value (PGApreq) is first associated to a log-
normal distribution, centred at the log-PGAreqd value and with a width given by the standard deviation of the
empirical scaling relationship (Fig. S4 of the Supplemental Material Then, an Exceedance Probability Level
(EPL) is set to the log-normal distribution, to quantify to what extent (with which confidence level) the
predicted PGA will exceed the threshold level (PGA™). Weights are inversely proportional to the standard
error of each scaling relationship (defined by equation 2) and the final variance (6PGApreq) is given by the
standard propagation of the errors on the three estimated quantities. The coefficients a and b are calibrated
on a database of Italian earthquakes occurred between 2009 and 2016, with magnitude between 3.5 and 6,
available from the Department of Civil Protection through the ITACA 2.0 Portal (Luzi et al., 2008). The table
containing all coefficients for each parameter and each time-window is provided in Table S2 of the
Supplemental Material.

The use of three peak-amplitude parameters has already been discussed in literature (Colombelli et al., 2015)
and has been shown to improve the PGA predictions, with respect to the use of a single amplitude parameter,
since the three quantities are related to different frequency bands of the recorded ground motion and thus
their combination allows for a more broad-band characterization of the earthquake ground motion. The
maximum time window of 5 seconds has been chosen according to the expected maximum P-displacement
half-duration for moderate to large earthquakes (M about 7) in Italy as inferred from theoretical and observed

rupture duration vs seismic moment scaling relationships (Sato & Hirasawa, 1973).
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Appendix C:Alerted Segment of the Railway computation

To predict the extension of the ASR, we derive an empirical relation, similar to a standard GMPE, between
the length of ASR, the earthquake magnitude (M) and the distance of the earthquake from the railway (R).
To this purpose, we simulated the seismicity of the area (in terms of earthquake locations and magnitudes),
through the seismogenic zones of the Italian seismic hazard model MPS04 (Stucchi et al., 2004). We
generated a massive distribution of events in a maximum distance of 200 km from the railway, for a total of
100 catalogs, each simulating 100 years of seismicity. Then, for each event, we computed the PGAeq along
the RM-NA railway, using the empirical attenuation relation from Bindi et al. (2011) and estimated ASR as
the portion of the line in which PGApreda > PGAw defines the length of the ASR. This estimated length is
finally correlated to the earthquake magnitude and distance from the line (Fig. 4b) using the following model:

logioASR = A - loggoR+B-M+Cx+ o (6)

where R is measured in km, ASR is in km and A, B, and C are empirically estimated coefficients. We found
A=-0.54+0.04, B=0.64 £ 0.02, C=-1.82 + 0.08, 6=0.24.

To estimate the impact in terms of train transit, we counted the number N of trains that exceeded a given
threshold (10 %g) in impacted length. The return period is then computed as: RP = (1000 -100 years)/N.

To further evaluate the trigger criteria, we extracted from the Italian catalogue the events with a predicted
PGA value larger than 10 %g, at least in one point on the railway and simulated the criteria for the first alert
release that is embedded in the SSR2 configuration of the Decision Module and requiring PGApred > 10 %g
at one station and PGAreda > 5 %g at the two adjacent stations. In this simulation, we did not include the
aleatory variability of the predicted PGA associated with the empirical relations between P-wave peak
velocity, acceleration, and displacement amplitudes. Since this analysis relies entirely on PGA values
predicted through empirical GMPEs (for a given location and magnitude in the catalogue), we do not make
any consideration of the other steps of the EWS—such as P-wave picking, train/earthquake discrimination,

or waveform quality control—that are normally carried out in real time.
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Figure 1. Target area and lines. Map of the seismic network along the RFI high-speed railway for the
Earthquake Early Warning application. The 20 stations are represented as dark gray triangles (with an average
distance of about 10 km). The background color shows the peak ground acceleration with an exceedance
probability of 10% in 50 years according to MPS04 (Stucchi et al., 2004). White squares show all the M>5

earthquakes that occurred since 1000 according to the CPTI15 historic database (Rovida et al., 2020).
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Figure 2. Block diagram of the AIpEW system. a) ALpEW Physical Layout: Left: installed instruments in
one of the twenty RFI Technological Sites. The seismic stations record and transmit the continuous data
streams containing the 3-component ground motion from all the accelerometers of the RFI network. Right:
The AIpEW software installed at the server level. The main output of the seismic processing module is the
Alerted Segment of the Railway (ASR) i.e., the evolutive identification of the railway segments above the
PGA threshold (kilometric ranges) where operational restrictions are applied. Still at server level, the

graphical user interfaces are used for monitoring the state and the Early Warning outputs, and for controlling
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the train operation. The light blue ring around represents the dedicated fiber optics telecommunication line
across the railway, between sites and the server room.

b) AIpEW seismic processing: the inputs are the continuous data from the seismic network. Left panel (1 to
3) shows the modules implemented at each node: the identification of the arrival times and the corresponding
predicted/measured PGAs at each station, after discriminating the potential seismic signals from the train
noise. Center panel (4-5) shows the network-level data association. Here, the decision-making module
continually analyses the available arrival times and PGAs from all stations and declares an alert when it
identifies an earthquake whose impact on the railway is above the threshold. Right panel (6) represents the
outcome of the system and the actions on the railway: during the alert, the evolutionary ASR is continually

updated and provided as output.
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Figure 3. Performance Analysis. The figure shows the IPP parameter as a function of QI at the time of the
first declaration (TFD) for all events (a) and for relevant earthquakes only (b) and the IPP vs QI at the time
of the first declaration + 5 s for all earthquakes (c) and for relevant earthquakes only (d). In all panels: the
size of the symbols increases with the increasing complexity of the Decision Module (i.e., if 1, 2 or 3 stations
are used for the first alert release); the color shows the PGA threshold value; filled circles are associated to

EPL = 50%; empty circles are associated to EPL = 90%.
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Figure 4. Alerted Segment of the Railway computation. a) Catalogue used for the simulations. Each point

represents co-located earthquakes with a maximum magnitude represented by the color. b) Length of the

ASR as a function of the minimum distance (R) from the railway and of magnitude (color). The dotted lines

represent equation (4) at different magnitude values, and they are colored according to colorbar.
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Figure S. Impact on the railway traffic. a) mean number of trains during different hours of the day, based
on a two-month track record of train transit on the RM-NA line. b) length of the Alerted Segment of the
Railway (in km), as a function of the magnitude of the event (rows) and distance from the railway line
(columns). ¢) the figure shows the average number of trains travelling within or outside the Alerted Segment
of the Railway, for specific values of the segment lengths (rows). The average number of trains is computed
for two different time slots of the day, corresponding to a low-density occupancy interval (left columns, 6h-
10h & 20h-23h) and to a high-density occupancy interval (10h — 20h). Green segments represent those
portions of the line in which the train traffic would be allowed, while gray segments are those in which the

traffic would be stopped. The estimated return period for each case is also shown.
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