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Abstract

This research aims to design a map-driven distributed emergency drone service network,
enable to localize suitable areas and propose time-effective strategies for delivering
Automatic External Defibrillators (AED) in Alpine Regions. As a contribution to the
development of a solution for first responders to plan automatic Unmanned Aircraft System

(UAS) missions in mountainous environments.

The first phase of the study concentrates on designing a map-driven distributed emergency
drone service network tailored to deploy UAS-AED missions within the Province of South Tyrol,
Italy. The research begins by identifying suitable areas in South Tyrol for positioning drone
stations, based on the unique spatial characteristics of the region. Potential locations to place
the UAS stations are selected as the base of the proposed network, considering the spatial
distribution of existing facilities in the studied area. Furthermore, the study estimates the

spatial coverage that the proposed network could reach considering current UAS regulations.

The second phase focuses on defining a workflow for programming automatic flight missions
to facilitate the efficient delivery of defibrillators using drones in Alpine environments, taking
South Tyrol as a model for its implementation and testing. After a comprehensive analysis of
the spatial variables critical for navigating demanding mountain scenarios. The study
introduces the Low-Altitude-Flight Elevation Model (LAFEM) as a modified surface model for
creating flight routes using least-cost path methods. Subsequently, a semi-automatic
workflow, based on geographic information management and geoprocessing techniques,
is developed to generate optimal flight paths for AED delivery using drones. To assess the
effectiveness of the proposed workflow, field tests are conducted to compare its performance

against other routing approaches considered by first responders in rescue missions.

The outcomes of this project show the extent that would have an emergency drone service
network in the studied region, and the promising improvements of considering a routing
workflow to plan automatic UAS-AED missions in mountain environments based on

cartographic methods.

Key Words: Emergency Drone Service Network, Alpine Regions, Automatic External
Defibrillators (AED), Unmanned Aircraft Systems (UAS), Low-Altitude-Flight Elevation Model
(LAFEM), Cartographic Workflow, Optimal Flight Paths, UAS-AED Missions

vi
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1. Introduction

1.1. Motivation and Problem Statement

Cardiovascular disorders are the main cause of emergencies with fatal outcomes related to
mountain activities in Alpine Regions (23% average) (Mitterer, 2023). Time is crucial
to respond effectively to these urgencies, which drives local rescue teams to consider novel
strategies to aid the affected and increase their odds of survival (P. Fischer et al., 2023).
Adopting methods such as drones to deliver Automatic External Defibrillators (AED) to assist

Out-of-Hospital Cardiac Arrests (OHCA) in remote scenarios (Lim et al., 2022a).

The technological development of Unmanned Aircraft Systems (UAS), also known as drones,
has extended the applications of these aircrafts in the civil sector, being relevant tools in fields
such as environmental management, land mapping, commercial delivery and healthcare
services (Sabino et al,, 2022). Recent studies have demonstrated their efficiency to carry
supplies flying over long distances, making them feasible to transport AED to assist OHCA
with chances of improving the response time of Emergency Medical Services (EMS)
(Baumgarten et al., 2022). Although this solution has shown promising time savings,
especially in rural areas (Lim et al., 2022a). Its procedures still need further development and

testing to be implemented extensively in mountain environments (Wankmdiller et al., 2020).

Some factors that require to be optimized to deliver AED using drones effectively, are the
placement of the stations to deploy the drones and routing systems to flight avoiding
obstacles (Lim et al., 2022a). Implementing this in Alpine Regions, would need to identify
suitable locations within limited facilities to perform the missions, as well as a routing
workflow capable of identifying efficient pathways in a 3D environment, considering detailed

elevation models to assure safe flights in the shortest time (Wankmiiller et al., 2020).

These requirements have an intrinsic spatial component, which can be addressed through the
use of cartographic and geostatistic methods based on suitability models and least-cost
paths (Bennett & Calkins, 2013; Hildemann & de Campolide, 2019). Generating optimal routes
for drones to flight at low-altitude, compatible with the on-going design of a secure airspace
for UAS operations as the U-Space (Xu et al., 2020), keeping a safe altitude across topographic
variations while avoiding obstacles, to support the joint efforts of emergency teams
(Wankmidiller et al., 2021). Aiming to integrate these automated drone routes into a UAS-based

mapping application for first responders to plan defibrillator missions in Alpine Regions.
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1.2. Research Objectives and Questions

According to the presented statements, the overarching objective of this research is:

To design a map-driven distributed emergency drone service network enabled to localize

suitable areas and suggest time-effective strategies to deliver AED in Alpine Regions.

The main objective of this work, is tackled by pursuing the following Research Objectives (RO)

according to the Research Questions (RQ), taking the Autonomous Province of South Tyrol in

Italy, as the model study region to implement the proposed solutions.

RO1

RO2

To propose a map-driven distributed emergency drone service network to deploy
UAS-AED missions in South Tyrol, Italy.

RQ1 Where are the suitable areas in South Tyrol to provide emergency drone
services according to its general geographic conditions and local spatial flight

restrictions?

RQ2 What is the optimal spatial configuration of an emergency drone service

network to time-effectively cover South Tyrol?

RQ3 How much is the spatial coverage of the proposed emergency drone service

network according to UAS capabilities and constraints in South Tyrol?

To define a workflow to program automatic low-altitude-flight missions for drones

to deliver medical supplies adapted to the topographic variations of South Tyrol, Italy.

RQ4 What spatial variables should be considered to program automatic
low-altitude-flight missions for emergency drone services adapted to the topographic

variations of South Tyrol?

RQ5 How can be developed a map-based workflow to program optimal automatic

missions for emergency drones to deliver medical supplies in South Tyrol?

RQ6 How effective are the missions generated with the proposed workflow against

other routing approaches implemented in mountain rescue operations in South Tyrol?
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1.3. Research Scope

This research aims to propose locations for an emergency drone service network based on
existing facilities of South Tyrol, Italy, and a map-based routing workflow capable to find
optimal paths to deliver AED following the terrain variations of the province. As a model to
foster the implementation of UAS-AED missions in Alpine Regions, supporting the labour of

local first responders to assist life-threatening emergency calls in mountain environments.

The emergency drone service network is proposed according to a tailored suitability model
based on spatial raster weighted overlay and nearest neighbour cluster point analysis
(By & Huisman, 2009; M. M. Fischer & Getis, 2010). For this is used the most recent spatial
information available in the geoportal of South Tyrol, regarding digital elevation models, land
use, protected areas, line service infrastructure and service facilities (Stidtiroler Biirgernetz,
2023). In relation to the spatial restrictions regarding drone operations, are used UAS
Geographical Zones based on areas defined by the Italian Civil Aviation Authority (ENAC)
(d-flight, 2023). The location of the facilities and complementary cartographic information of
the studied region is based on open data provided by OpenStreetMap contributors
(OpenStreetMap, 2023).

The routing workflow proposed is based on least-cost path analysis over an adapted elevation
model that integrates vertical and horizontal modifications to assure safe flights on a highly
restricted 3D environment (de Smith et al., 2021; Hildemann & de Campolide, 2019; Lifeng Liu
& Shuging Zhang, 2009). This workflow is designed using the Model Builder application in
ArcGIS Pro 3.1, creating a semi-automatic geoprocessing model that runs a set of GIS-based
processes using a visual programming language. As the outputs of this workflow can be
obtained a 3D vector line, which vertex are transformed into a table of waypoints to define the
pathway of the drone towards an emergency point. Which require to be adapted to the data

format required by the UAS provider to perform the mission.

The outcomes of this research aim to be integrated into the DRONE-AED project coordinated
by Eurac Research in South Tyrol. Supporting their endeavour to develop a UAS meant to
deliver medical supplies under extreme circumstances. The estimations related to drone-
based services, spatial coverage and mission routing in this research, were be done
considering the parameters of the aircraft in developed the frame of the DRONE-AED project.
Furthermore, the examples and tests presented in this research took place in the Autonomous
Province of South Tyrol in Italy, looking forward to its potential application in other areas of

the Alpine Regions (Van Veelen, Mendicino, et al., 2023).
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1.4. Innovation Intended

The distribution of the emergency drone service network in this research, and the routing
workflow to deliver defibrillators in mountain environments using these devices, are proposed
from a cartographic approach. Using methods that rely mainly on spatial analysis and
geostatistics, such as suitability models to filter the locations of the potential UAS-AED
facilities, least-cost paths to define the optimal aerial routes through challenging terrain, and
spatial raster filtering and modifications to generate a tailored surface model to calculate the
mentioned routes. Exploring unconventional fields for cartographic studies such as drone
automation and mountain emergency medicine, aiming to solve underlying problems with a
spatial component and propose solutions based on geographic information, thus making the

maps an essential part of the decision-making process.

The routing workflow and coverage estimation of the proposed drone network are inspired on
recent efforts that aimed to defined UAS routes in a highly restricted 3D urban airspace (He et
al., 2022; Hildemann & Verstegen, 2023) Aiming to extent this potential to mountain
environments, supporting the efforts of first responders in Alpine Regions by delivering
medical supplies (Van Veelen, Roveri, et al., 2023). The routes generated with the proposed
workflow are based on a Low-Altitude-Flight Elevation Model (LAFEM), which is presented in
this research as a solution to route drone pathways according to a predefined altitude

threshold following topographic variations, while avoiding obstacles.

These capabilities can be implemented to support the development of the U-Space project,
initiated by the European Commission, which is defining the framework to deploy drones in
low-level airspace, ensuring safe interactions with manned aviation operations (Bauranov &
Rakas, 2021). To allow automatic drone operations beyond visual line of sight (BVLOS), relying
on highly automated services to deliver medical supplies in a dense traffic airspace as in

remote scenarios (Xu et al., 2020).

Since the results of this research aim to contribute with the improvement of the capabilities
of Emergency Medical Services (EMS) in Alpine Regions, providing a workflow based on
cartographic methods that can be integrated in an automatic application to determine optimal
routes to deliver AED using drones. This project is aligned with the Sustainable Development
Goals (SDG) 3.8 and 9.3 respectively, expecting to extended the coverage of health services
for life-threatening emergencies, as sudden cardiac arrests, in sparsely populated areas or

zones with limited access in the Apls (UN, 2023). As well as supporting the development of
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UAS technologies in local companies of South Tyrol (Italy), such as Eurac Research and Mav
Tech, to incorporate these solutions as a suitable option to provide medical supplies timely
as a contribution to the DRONE-AED project (Van Veelen, Mendicino, et al., 2023).

1.5. Thesis Outline

This project is organized in six chapters that elaborate every aspect of the presented research.
The introduction gives a general background of the project, including motivation and
objectives. The literature review describes the development and methods related to UAS
delivery for medical purposes, as well as cartographic solutions used by first responders. The
methodology describes the detailed process implemented to determine the proposed drone
emergency drone network and its coverage, and the routing workflow based on a
Low-Altitude-Flight Elevation Model (LAFEM). The experimental setup describes the areas of
interest and explains how was applied the stated methodology, including the practical tests.
The results and discussion describe the findings and considerations of the experiments.

Finalizing with a summarized conclusion.
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2. Literature Review

This chapter summarizes the findings of the review of related works to the study (Table 1),
aiming to understand the current developments regarding the use of defibrillators in mountain

regions, AED-UAS delivery and routing process and map-based tools used by first responders.
2.1. Automatic External Defibrillators in the Mountains

The Automated External Defibrillators (AED) are portable medical heart monitors and
defibrillators capable of recognizing certain cardiac affections and performing defibrillation
shocks whether a victim needs it (Elsensohn et al., 2006). Improving the accessibility of these
devices might increase the positive outcomes of Out-of-Hospital Cardiac Arrests (OHCA)
(Liu et al., 2021). Especially facing life-threatening conditions such as cardiac arrhythmias,
ventricular fibrillation or pulseless ventricular tachycardia, that could be treated in an early
stage using AED with chances of increasing the survival rate with good neurological results

for the patients (Paal & Elsensohn, 2021).

According to the International Commission for Mountain Emergency Medicine (ICAR-
MEDCOM), it is crucial to introduce defibrillators for public access in popular areas, especially
those which are easily accessible by persons with high risks for sudden cardiac death
(Elsensohn et al., 2006). In urban environments over 75% of the affected by cardiac arrests do
not receive adequate care, which may be lower in mountain scenarios due to logistic reasons
and their geographical context (Elsensohn et al., 2006). Therefore, it is important to define
strategically the placement of AED aiming to extend the coverage of cardiac arrests, which

can be done based on cartographic methods (Ball et al., 2022).

In the systematic review made by Liu, were highlighted three different approaches to estimate
the optimal number of AED and their location in an area of interest (Liu et al., 2021).
The first strategy is the “guidelines-based”, where the devices are placed according to a radius
to the location of documented OHCA incidents (Liu et al., 2021). The second one refers to a
“grid-based” approach, that determine the location of the defibrillators considering regular and
mixed distances (Liu et al., 2021). The third one is the “landmark-based”, where the location
of the devices rely on the specific characteristics of the considered places, such as subway
stations, recreational areas and educational institutes, offering bystanders the chance to

access quickly to them in case of an emergency (Liu et al., 2021).

This last approach is currently been used in many countries to determine the distribution of

their public access defibrillators network (Liu et al., 2021). As well as can be applied to
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compare different candidate locations, in relation to their position and services, ranking them
according to their potential to supplement the existing OHCA coverage by placing AED
strategically (Ball et al., 2022).

Public networks of defibrillators have had excellent results in assisting primary cardiac arrests
in urban areas, however this is not a suitable solution to assure a timely response in mountains
and remote areas due to the sparce population and the conditions of the terrain (Vogele et al.,
2020). These devices should be placed in areas with high probabilities of use, such as ski
slopes, huts and restaurants in the mountains and highly visited locations (Elsensohn et al.,
2006). Even though the chain of survival in OHCA in these environments can still be
strengthened by establishing drone services to deliver the AED, to reach the population in need

and reduce the time to first defibrillation in such places (Vogele et al., 2020).

To extend the health service coverage in remote scenarios, there have been efforts to design
optimized networks to deliver AED using Unmanned Aerial Systems (UAS). In Canada, was
estimated a theoretical drone network using a mathematical model, focused in reducing the
AED arrival in comparison to historical data (Boutilier et al., 2017). With this approach was
possible to define the zones where is more likely to occur OHCA and define the placement of
drone bases where the delivery could be done in urban and rural areas, to improve the median
response time from local Emergency Medicine Services (EMS) in an integrated space unit
(Boutilier et al., 2017).

Specially for mountain environments, a similar approach was adapted considering the
geographic conditions and infrastructure available in Alpine Regions (Wankmiiller et al.,
2020). Using an Integer Linear Program (ILP) to analyse candidate places such as alpine huts
and fire stations to allocate drone bases for the region South Tyrol (ltaly), was possible to
estimate response times around 5 minutes in distant areas, which enter in a suitable threshold

to assist sudden cardiac arrests (Wankmiiller et al., 2020).

These studies provide decision makers with powerful insight to use local infrastructure and
emerging technologies to extend the coverage of OHCA to the farthest regions (Wankmiiller
et al., 2020). Even though, there are still important technical and logistic challenges to

overcome in order to exploit this potential (Boutilier et al., 2017).
2.2. Unmanned Aircraft Systems and Automatic External Defibrillators

On 2021 in Sweden, a 71-year-old man suffered a cardiac arrest, for which the local EMS sent

an ambulance and an AED-equipped drone to the scene (Schierbeck, Svensson, et al., 2022).
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The drone flew autonomously and delivered the AED safely near the victim, who received the
first shock shortly after the call and survived with a full neurologic recovery (Schierbeck,
Svensson, et al., 2022).

Success cases like this, prove that it is feasible to deliver defibrillators using Unmanned Aerial
Systems and their capability to provide early defibrillation to patients that need it with extreme

urgency (Schierbeck, Svensson, et al., 2022).

The promise of improving the response times of Emergency Medical Services during the most
time-critical medical emergencies using these devices, have been pushing the development
of this emerging technology worldwide (Lim et al., 2022b). Nowadays there is evidence that it
is safe and feasible to use them for delivering an AED to assist OHCA, starting from
Geographic Information System (GIS) models as a spatial reference to identify the deployment

areas (Ayamga et al., 2021).

UAS are small aircrafts that can be piloted remotely, what gives them a bast range of uses in
application areas such as military, humanitarian relief and healthcare (Lim et al., 2022b).
Specially for medical purposes drones have been implemented successfully to deliver
supplies to remote health facilities, in countries like Rwanda and Ghana, providing faster
response times and reducing transportation costs (Ayamga et al., 2021). As well as played an
important role in distributing medicines and food during the Covid-19 pandemic, showing a

potential that could be exploited in the delivery market (Ayamga et al., 2021).

Besides its commercial applications, drones can be considered a disruptive technology that
is changing Search and Rescue (SAR) and disaster management logistics (Wankmidiller et al.,
2021). Providing rescue organizations with powerful tools to locate victims rapidly in the most
adverse scenarios and generating situational awareness to the plan effective strategies to
reach the accident sites (Wankmiiller et al., 2021). Which have driven fire brigades,
telemedicine teams, mountain rescuers and police departments, to integrate them into their

operations (Wankmiiller et al., 2021).

The last decade these teams have growing interest in the capacity that drones have to support
their efforts for saving life by delivering AED (Lim et al., 2022b). Using these devices is
possible to provide bystanders with a defibrillator and heart monitor before the first
responders arrive to the emergency site, extending the chances of reducing the time to assist
OHCA victims (Lim et al., 2022b). Even though there is still room for further development and
research in this field (Lim et al., 2022b).
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In the scoping review made by Lim, is mentioned that recent research related to UAS-AED have
been dedicated to study the limitations that implementing this technology would have in the
real world, considering the legal framework, technical constraints, terrain variability, the effect

of weather conditions and the cost to implement this solution (Lim et al., 2022b).

Regarding the direct benefit of reducing the response time of Emergency Medical Services
using UAS to deliver AED, studies have shown that is possible to accomplish the shipment to
the emergency sites in around 5 minutes (Roberts et al., 2023). Which could also be achieved
in mountain scenarios (Wankmiller et al., 2020). Making feasible the ideal scenario of an

effective coverage for OHCA in urban areas, as in the mountains (Elsensohn et al., 2006).

The potential of the drones to support integrated efforts of local rescue and telemedicine
teams, have also been recognized by the general population (Sabino et al., 2022).
Multiple studies agreed in the large public acceptance that share these devices for rescue
purposes, where the general population perceive them as useful, instead of risky or harmful
(Sabino et al., 2022). Beside their concern for the possibility of improper recording,
the general public considers that recording or flyovers would not be a bother to them in drone

rescue operations (Sabino et al., 2022).

Beside the possibilities and acceptance of the drones in the field of medicine and rescue,
it is important to address their main limitations and considerations (Mermiri et al., 2020).
The legal framework of every country where these solutions are planned to be deployed has
to be studied separately (Mermiri et al., 2020). Because each State establishes their local UAS
operation procedures and geographical zones (EASA, 2022). Therefore special arrangements
are required to allow fly over restricted flight zones, as protected areas or near high building
(Boutilier et al., 2017).

Another factor to consider is the cost of these platforms, which is a major obstacle for their
actual implementation and a main reason to optimize effectively the distribution in the
proposed networks (Bereg et al., 2022). Based on spatial analysis methods that permit to
estimate its coverage for cardiac arrests assistance in dense and sparce population (Ball et

al., 2022). Using the existing infrastructure as a starting point (Wankmiiller et al., 2020).

A final consideration would be the optimization of the AED delivery logistics in real-life
scenarios. (Mermiri et al., 2020). Implementing automated drone routing workflows that
consider obstacles and elevation differences, as well as weather variations (Bereg et al.,
2022). Identifying barriers that are not present in mathematical models and simulations

(Mermiri et al., 2020). Aiming to achieve a full integration with the emergency services
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procedures, aiming to reduce their response time towards life-threatening emergencies
(Boutilier et al., 2017).

2.3. Drone Routing for Defibrillator Missions

In recent years the distribution of supplies via drones has been a primary interest topic in
research and business development, due to their potential to reduce traffic congestion,
connect remote areas, decrease logistic cost and optimize response time during emergencies
(He et al., 2022). Being acknowledged by governments and private firms as an alternative to

cover sparsely populated areas (Jung & Kim, 2022).

In this endeavour, research teams worldwide have developed ways to optimize delivering
procedures assisted by drones, using methods as cost-efficient drone networks or strategies
as the flying sidekick for hybrid truck-drone operations (Roca-Riu & Menendez, 2019).
Even though most of these methods has been developed with a commercial approach,
it could be possible to contemplate some of the principles they use to benefit SAR and
telemedicine logistics. However, it is important to consider for their implementation the local
regulations and safety measures, select appropriated technology to plan the operation routes,

and share experiences and evidences to support further research (Robakowska et al., 2022).

Important factors to consider routing drones are the constraints imposed by obstacles and
the distances these devices are capable to cover (Hong et al., 2018). On a recent model
proposed to configure recharging stations for commercial drone delivery services, were
included in the coverage estimations range variations depending on the interaction of the
drone with the environment, according to technological factors, weather conditions and
payload size (Hong et al., 2018). Making possible to define the shortest paths from a drone
station to the delivery points based on detailed cartography, avoiding obstacles along the

flight plan and taking into account its successful return from a round trip (Hong et al., 2018).

The use of drones to assist in urgent daily operations, opens the possibility of planning aerial
route networks (Robakowska et al., 2022). Defining low-altitude air routes have been consider
as a solution to perform UAS flights safely, ensuring their separation from manned aircraft
and land obstacles (Xu et al., 2020). This can be achieved by combining detailed geographic
data sets at different scales to model precisely the environment in which the drones will
navigate (Xu et al., 2020). This kind of networks could consider not only the path of the drone,
but the entire volume of the operation, making tube-based routes on a 3D space to flight
across constrained environments in a reasonable time, minimizing the energy consumption,

potential risk to ground and airspace occupancy (He et al., 2022).
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This approach has been studied for its implementation in Manhattan (USA), where a dense
urban environment would require to plan precise routes avoiding restricted airspace and
cause minimal negative impact on the citizens (Hildemann & de Campolide, 2019).
An optimized method based geoprocessing models and detailed cartographic information
was used in this case to identify the least cost distance connections between the bases and
delivery points (Hildemann & de Campolide, 2019). Showing GIS workflows as valuable tools

for the decision makers to manage the airspace.

However in remote scenarios drones might not be able to use effectively these pre-defined
networks, facing the problem of finding the shortest path across the land while avoiding
obstacles (Hong et al., 2018). In such cases could be considered methods that implement
spatial raster information to decompose the planning environment into a grid, to generate
optimal routes connecting the origin and destination points avoiding cells occupied by
obstacles (Xu et al., 2020). However, this would require to have a highly detailed and updated
cartography, along with UAS equipped with sensors to comply with precision regulations (Xu
et al., 2020).

Although there has been extended efforts to refine aerial routing automation, there is still
further development required, specially avoiding obstacles in a 3D environment (Hildemann &
Verstegen, 2023). UAS are currently unable to make use full geographic information at flight
time, requiring pre-constructed environments to plan optimal paths (Xu et al., 2020, p. 74184).
Therefore, is important to generate highly detailed geographic models considering the
obstacles, to ensure accurate navigation following precise plans that rely mainly in the

cartography (Mangiameli et al., 2013).

In reference to drone routing for defibrillator missions, there are relevant studies that can be
addressed. In Sweden, was tested an automatic dispatch system to deploy drones, where the
aircraft followed route plans focused on minimizing the proportion of flight time over
populated areas (Schierbeck, Hollenberg, et al., 2022). During these flights air-traffic control
granted the remote pilot permission to fly up to 150 meters in a defined airspace,
accomplishing flights of 3.1 kilometres distance as median (Schierbeck, Hollenberg, et al.,
2022). Their results showed that after 86% effective take-offs (12/14), the drones were able
to deliver the AED successfully in 92% of the cases (11/12), arriving in 64% (7/11) of them

prior to the ambulance in an urban environment (Schierbeck, Hollenberg, et al., 2022).

This technology has also been tested on mountain environments, such as the Alpine Regions.
Between Austria and Slovenia, were run 30 scenarios aiming to test the feasibility of the

drones to deliver defibrillators in rough terrain (P. Fischer et al., 2023).
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That case was supported by the Austrian Red Cross, who responded to the OHCA test
scenarios as it would be done for real emergencies (P. Fischer et al., 2023). The research used
4 emergency points, with different distances and elevation differences in relation to the drone
base, flying in a straight line towards them while keeping an altitude above the ground of 100
meters to avoid collisions (P. Fischer et al., 2023). The results of these showed response times
of 12 = 14 min, implying promising outcomes from shockable cardiac arrests, as well as a
high acceptance rate from untrained bystanders and rescuers that were also involved in the
tests (P. Fischer et al., 2023).

In the optimized drone allocation model proposed to the mountainous region of South Tyrol
(Italy), was considered a way of routing the drone across the challenging terrain. During the
design of this network, the theoretical coverage of the drone stations was calculated using a
model that connects the base to the emergency with a direct line, taking into account 5 meters
above the highest obstacle as a safety distance (Wankmidiller et al., 2020). In which the optimal
positioning of the stations would result into travel times around 5 minutes towards the
patients in the district of Val Venosta. Even though, the authors mentioned that their approach
would require identifying the shortest path through a 3D environment, considering detailed

elevation models, obstacles and atmospheric conditions.

All these enhancements require further improvement be implemented in response to actual
emergencies. Integrating a map-based tool that allows the victims of OHCA send their
locations to the first responders, for them to easily route the drones to deliver AED, according
to the aerial regulations and the aircraft capabilities (Schierbeck, Hollenberg, et al., 2022).
Capable of selecting the optimally placed hangars and deploying the drones to provide a rapid
assistance, even under adverse atmospheric conditions (Schierbeck, Hollenberg, et al., 2022).
Even though, it has not been confirm an optimal strategy to deploy them and additional

methods keep emerging (Liu et al., 2021)
2.4. Map-based Tools for First Responders

Regarding the tools used for first responder during emergencies and disasters, cartography
plays an important role to optimize their operations. This is an invaluable source of
information to predict risk and analyse damage (Zupan et al., 2022). Finding the shortest route
towards a victim over rough terrain (Danser, 2018) Providing reliable spatial context for local
officers to design strategies to manage the emergency situation and coordinate joint efforts

to response timely to the citizens that require help (Hubbard & MacLaughlin, 2006)
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Nowadays there are mobile applications that allow first responders assist OHCA, providing
them with the accurate location of the patient and the closest AED, aiming to increase their
chances of survival with good neurological outcomes before EMS arrive to the scene
(Gamberini et al., 2023). These solutions collect continuously the information about the
position of the responder, giving the dispatch centre the possibility to call for their intervention

in a suitable action radius (Gamberini et al., 2023).

Recent studies have also proposed location-based solutions capable of requesting the
assistance of ambulances nearby (Arunachalam et al., 2021). Giving to patients and
bystanders the possibility of easily send their accurate GPS location with a smartphone, for

the local EMS to process the request quickly (Arunachalam et al., 2021).

These kinds of solutions could be optimized in collaboration with UAS to support the
coordinated efforts of first responders (Caballero et al., 2021). Taking advantage the agile
performance of these devices to locate victims in large geographic areas or transporting

supplies in emergency situations (Mohd Daud et al., 2022).

A map-based tool that combine those capabilities, could use the patients GPS location
provided by a mobile phone to make a request (Yukun et al., 2023). This position would be
processed for the dispatch centre as an emergency call, sending a nearby drone and a crew
of first responders to the scene (Yukun et al., 2023). Then the route for the drone could be
followed in real time by the operators and the patient using a map interface, showing the
estimated time for the arrival of the supplies (Yukun et al., 2023). Meanwhile the patient and
bystanders would have constant communication with the EMS, who will be directing the

operation remotely (Yukun et al., 2023).

Most of these functionalities have already been implemented in mobile applications, such as
GeoResqQ in Italy, that sends the essential information required to local rescue teams in case
of an emergency, especially in the mountains (Italian Alpine Club, 2023). Even though this
would require to adapt its interface to include drone functionalities, after the placement of an
optimal the drone network in the covered area, beside a cartographic interface for first
responders to route them without further technical guidance (Caballero et al., 2021).
Therefore, ensuring a full integration with the Emergency Medical Services operations

workflows (Boutilier et al., 2017).

13



Towards an automatic UAS-based mapping tool for first responders: Defibrillator Missions in Alpine Regions.

Study Field

Table 1: Literature Review Findings Summary

Main Findings

Authors and Date

Automatic External
Defibrillators in the
Mountains

Businesses can be ranked according to their
potential to improve coverage of OHCA by placing
AED.

Spatial analysis methods are used to compare
location according to their potential to held AED.

Ball et al., 2022

AED should be available wherever a cardiac arrest
occurs, especially in areas of high probability of use.
Early defibrillation should be feasible in the
mountains, as in urban areas.

Encouraging people with medical conditions to
exercise in mountainous areas is increasing the
number of persons at risk.

Elsensohn et al.,
2006

In rural areas AED have shown significant
optimization issues due to geographical challenges.
Three main strategies have been used to locate AED,
which are: guidelines-based, grid-based and
landmark-based.

Liu et al., 2021

Mountains and remote areas are not suitable for
tight AED networks

Vogele et al.,
2020

Mountain rescue services are interested in the
implementation of drones.

Wankmiuiller et al.,

¢ Rescue organizations and EMS are integrating 2021
drones into their operations.
¢ Drones aerial delivery of medical supplies have been Ayamga et al,,
used by remote communities in Rwanda and Ghana. 2021
e An integrated drone network can achieve the same
overall performance as eight independent regional
networks with few resources. Boutilier et al.,
e Theoretical benefits of AED drone delivery using a 2017
mathematical model are to optimizing drone base
locations and fleet size.
e Governments and public firms are considering to .
. . Jung and Kim,
adopt drone delivery services to cover sparsely
2022
populated areas.
Unmanned Aircraft e Multiple simulated studies concluded overall
Systems and reduction in response times using UAS-AED in rural Lim et al.,, 2022
Automatic External areas.
Defibrillators e UAS-AED studies based on real-life scenarios are .
. . . . . Mermiri et al.,
required to identify barriers that are not present in
. 2020
mathematical models.
e Drone applications with the most acceptance are Sabino et al.,
related to SAR operations and medicine. 2022
e An autonomous drone was used to deliver an AEDin  Schierbeck et al.,
a real emergency scenario before EMS arrived. 2022
o Alpine shelters and fire rescue stations can be Wankmiiller et al.,
considered as potential drone base stations 2020

Drones over terrestrial and helicopter transportation
are cheaper, faster and more effective to provide
AED.

Wankmiuiller et al.,
2021
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Study Field

Main Findings

Authors and Date

Drone Routing for
Defibrillator
Missions

Use of a sequential route network to plan tube-based
operations of drone deliveries in large urban areas
time.

He et al,, 2022

Least-cost paths can be found using GIS models
based on weighted spatial attributes.

No method currently exists to optimize flight routes
under multiple conflicting objectives while avoiding
3D restricted areas.

Hildemann and
Verstegen, 2023

The key to achieve the best obstacle-avoiding route
with drones is finding the Euclidean Shortest Path.

Hong et al., 2018

An appropriate location model and cost breakdown
must be determined to allow maximum utility of a
UAS-AED network.

Lim et al., 2022

No optimal deployment strategy for drones has been
confirmed and additional methods are emerging.

Liu et al., 2021

Model assumes drones flying in a straight line from
the base station to the patient in mountains
environments.

Sophisticated flight routes could potentially result in
shorter flight times, requiring a full 3D model.

Wankmiuiller et al.,
2020

Exclusive low-altitude flight path of UAS ensure the
separation of civil aviation and safe drone navigation.
It is possible to create drone routes dividing the
environment into a grid and connecting adjacent
cells.

Xu et al., 2020

Map-based
Tools for First
Responders

Mobile applications can be used to request for an
ambulance sending the GPS location with one tap on
a button.

Mobile applications for first responders will require a
module for them to handle data and coordinate the
operation.

Arunachalam
et al,, 2021

Drones will need to be integrated with the EMS
response and this will determine the network scope.

Boutilier et al.,
2017

Would be required an interface to enable the end
users to perform drone routing without the guidance
of technical staff.

Caballero et al.,
2021

e Mobile applications involve volunteer citizens based

on their geo-localization and distance to the OHCA.

Gamberini et al.,
2023

e Drones are able to search and locate victims over

large areas in less time than rescuers.

Studies that rely on simulations might overestimate
the performance of the drone in comparison to
real-world scenarios.

Using drones for SAR has important drawback like
legal constraints, weather conditions and local
community capacity.

Mohd Daud et al.,
2022

An end-to-end location-based solution for delivering
AED using drones is described conceptually.

Yukun et al., 2023

The use of cartography speeds up communication
and provides indispensable information for predicting
risk.

Zupan et al.,
2022
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3. Methodology

In order to deploy timely an AED using a drone, would be required that a bystander contacts
the local Emergency Medical Services (EMS) addressing an Out-of-Hospital Cardiac Arrest
(OHCA), calling the emergency number (112 in Europe) (Brugger et al., 2021). In a situation
like this, the first responders initiate the operation getting the position of the emergency site,
confirm the position within the covered area by this service, select the nearest station and
generate the route (Schierbeck, Hollenberg, et al., 2022). The drone is deployed automatically
to the patient location and the defibrillator is received on the emergency site, to initiate the

resuscitation procedure prior the arrival of the first responders to the scene.

According to this, UAS-AED missions have an important spatial component that can be
addressed using map-driven processes. Prior establishing the coverage area for these kind of
emergency services, is required to analyse the optimal places to allocate the stations and
define a reliable network (Wankmiiller et al., 2020). Once the coverage is defined, is important
to generate an optimal route to reach the emergency site in the least possible time to increase
the odds of positive outcomes for a patient suffering an OHCA (Schierbeck, Hollenberg, et al.,
2022). This chapter explains in detail the methods considered to tackled the stated processes
(Figure 1), aiming to define the placement of the proposed network and its coverage area, as

well as the optimal routing process to plan automatic UAS-AED missions in the mountain.

OHCA Emergency
Emergency [ 2 an » Medical
call w Services
1
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| EmergencySite Coverage | _ Network 3.2 Site Selection
I Area I Placement
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*
Im:r UAS-AED Station
£
Automatic Drone = LAFE.M
Drone Route 3.5 Rout-lng
Deployment Generation 3.6 Testing

MAP-DRIVEN PROCESS

Figure 1: UAS-AED Mission Map-Driven Methodological Process
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3.1. Emergency Drone Service Network Placement Suitability

In order to propose a map-driven distributed emergency drone service network, this research
consider to study the spatial suitability as a starting point to site drone bases in the interest
region. The suitability was defined as a result of the overlay of relevant spatial variables that
would require to be considered to deploy automatic drone missions in mountain regions,

as in any other scenario.

The suitability of a place is defined by its characteristics, in relation to a set of requirements
regarding a certain objective, helping prioritize areas aiming to select the best locations
(Bennett & Calkins, 2013). This is a cartographic method that displays simultaneously
different inputs, overlaying spatial indexes as raster or vector datasets, showing their
combined distribution and patterns (Ahlqvist, 2009). Using a deductive reasoning, the sum of
the overlapped variables can be used as an inference matrix, that results into a suitability map

where the highest values correspond to the most suitable locations (Ahlqgvist, 2009).

Spatial suitability models have been considered as an insightful cartographic decision-making
approach to optimize the location of limited resources strategically, according to the
determined geographic characteristics of a region (Younes et al., 2022). This method has been
used broadly as a site-selection tool for large areas, such as locating photovoltaic cells in
Egypt (Habib et al., 2020). As well as in humanitarian logistics and disaster risk management,

to define the sites for refugee camps in Kenya (Younes et al., 2022).

The selection of the variables used to study where to place an emergency drone service
network, aimed to identify the areas in which would be feasible to deploy UAS-AED missions
in the vast possible extent of the interest region. The suitability model only considered
variables that would restraint the direct implementation of this technology in a real situation,
extending the operation range of actual Emergency Medical Services (EMS) in their endeavour
to assist emergency calls. Therefore, the variables considered are the UAS Geographical
Zones that regulate drone operations and the detailed land use of the study area, classified
according to their feasibility to stablish drone bases regarding the current legal framework
(EASA, 2022)

The UAS geographical zones are portions of airspace defined by the competent authority of a
State, which restrict or exclude operations of drones to reduce risk towards other aircraft,
people or the environment, depending on the nature of the mission and the characteristics of
the device (EASA, 2022).
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For safety reasons, these prohibit certain or all UAS operations, and might require permissions
to flight over populated or protected areas, such as national parks (EASA, 2022). These can
be permanently stablished, as in the proximity zones to airports, or exclude the use of certain
zones temporarily using AIP or NOTAM (EASA, 2022).

According to international conventions these areas have to be public, standardized,
accessible and understandable to people that are non-professional to the aeronautical field.
(EASA, 2022). Regarding to ltaly, these can be found in the d-flight web application (Figure 2),
where prohibited and dangerous zones are depicted in red, restricted areas in yellow and green
and the areas without major restrictions blank to facilitate civilian UAS operations. (Sidtiroler
Biirgernetz, 2023). Considering these, drone missions could take place without an application

for an authorization when flying up to 120 meters, with an aircraft up to 25 kg (EASA, 2022).
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Figure 2: UAS Geographical Zones of Italy, d-Flight web application
Regarding the land use information, it is considered a spatial layer provided by the Office for
Regional Planning and Cartography, in the geoportal of the province of South Tyrol (Sidtiroler
Biirgernetz, 2023). This input was published in 2005 and has the most detailed
characterization available of the interest region real usage of the land at 1:10.000 scale
(Figure 3).The land use of South Tyrol is described according to the national legislation of Italy

using pre-defined categories (Sidtiroler Biirgernetz, 2023).
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Figure 3: Real Land Use, geoportal of South Tyrol

Both geographic layers are classified and transformed from vector to raster format, according
to ranks stablished to perform a macro selection of the suitable areas in South Tyrol to place
drone bases for UAS-AED operations, using a Weighted Overlay spatial analysis tool in ArcGIS
Pro 3.1 (Esri, 2023g). During this process, the variables were weighted equally with 50%, while

the classes were assigned a value according to a 1 - 100 scale for the overlay (Table 2).

Table 2: UAS-AED Suitability Weighted Overlay Parameters

Variable Weighted Value
UAS Geographical Zone 50%
120 meters 100
60 meters 75
45 meters 50
25 meters 1
0 meters 0 (Restricted)
Land Use 50%
Feasible 100
Restricted 50
Unfeasible 1

Prohibited / Dangerous 0 (Restricted)

The result of this summary depicts the combination of the spatial characteristics of the
studied region (Figure 4), showing as highly suitable those areas that present fewer flight
restrictions in contrast to those where drone operations are restricted or prohibited. The UAS
Geographical Zones were classified according to the maximum altitude permitted for civil
drone operations in the open category (EASA, 2022). Assuming areas where flights could be
performed up to 120 meters as the less restrictive, in comparison to zones where the
operation ceiling is 25 to 45 meters, or those that prohibit the operations of these aircraft for

safety purposes in the proximity to hospitals, military facilities, power plants, etc (EASA, 2022).
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Figure 4: UAS-AED Placement Suitability Weighted Overlay (South Tyrol, Italy)

Regarding the land use, this was classified into four types, where the original categories could
be considered as feasible if there are not stated restrictions to deploy drones, like in open
areas in sparsely populated zones (EASA, 2022). Restricted if there are some limitations to be
considered according to current UAS regulations, as in the proximity to dense urban fabrics,
streets or sport facilities (EASA, 2022). Unfeasible if refer to areas that would present major
obstacles to place the drone bases, such as water bodies, debris and glacier zones or near to
cable car systems. Otherwise as prohibited, if the land use refer to military or aeronautical

facilities, such as airdromes, heliports or airports (EASA, 2022).
3.2. Emergency Drone Service Network Spatial Configuration

Once the most suitable areas in the studied region were identified, these results were used to
filter candidate locations to place the drone bases. The candidate locations in this research
refer to places with potential to place a UAS station for defibrillator mission, according to

facilities available in the studied region (Wankmdiller et al., 2020).

Recent studies have analysed the optimal distribution for drone bases to deliver defibrillators
based on cartographic information (Lim et al., 2022a). Mathematical simulations that use
historical OHCA locations, are commonly implemented to identify occurrence hotspots and

allocate UAS accordingly (Lim et al., 2022a). As well as have been considered stablished EMS
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bases in combination to other potential places, such as post offices, as alternative

deployment sites to extend the coverage of life-threatening emergencies (Lim et al., 2022a).

During this research, it was not available detailed historical data regarding location and
occurrence of OHCA for the area of interest in South Tyrol (Italy). Therefore, the potential UAS
base locations proposed for the emergency drone service network is based on actual facilities
of the region, such as stations of fire fighters and rescuers, considering also mountain
facilities, such as huts or camp sites, which are specially relevant in Alpine regions due to the

high number of visitors passing by each year (Wankmidiller et al., 2020).

The site selection started with a query of all the plausible facilities in the region, according to
geographic information provided by OpenStreetMap contributors (OpenStreetMap, 2023).
Multiple places were located in the region, which were then filtered according to their

suitability value for further analyses.

Original Sites Plausible . Yes . a4
(OSM Features) Sites? = Placed? T HaleTels "-;_.

No No

Rejected
Sites
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Sites Priority?
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Potential
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Figure 5: Potential UAS-AED Bases Selection Procedure

The filtered locations were then studied using spatial statistics, according to their relative
density, to select the tentative places for the drone bases. During this process were calculated
clusters between the points to determine spatial aggregations along them (M. M. Fischer &
Getis, 2010). This method was implemented to identify areas in which the potential locations
are bundled requiring a specific selection process to determine which of them would be part
of the network regarding the type of facility, as well those locations disperse in the area of

interest and distant from any other potential site (Figure 5).

This analysis was based on the result of the DBSCAN algorithm, implemented using the
geo-analytics tool to find point clusters in ArcGIS Pro 3.1.3 (Esri, 2023c). This algorithm
identifies groups of elements within a certain distance of a point, using a search distance
parameter (Esri, 2023c). This parameter was defined according to the current UAS regulations,

which state that unmanned aircraft operations could be held up to 1 kilometre without
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airspaces observers performing unaided visual scanning to avoid potential hazard in the air
(EASA, 2022). Therefore, the analysis showed those sites closer than 1 kilometre into clusters,

whether scattered locations were assigned to non (Cluster -1) (Figure 6).
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Figure 6: UAS-AED Stations Cluster Definition and Relative Density

The clustered points were then filtered according to the characteristics of the facilities,
keeping from the selection first responder stations as high priority sites (Wankmiiller et al.,
2020). Finally, all the preselected candidate locations were validated and selected directly as
part of the proposed emergency drone service network, considering the real distribution
of the available facilities in the region of interest. Looking forward to generate the vast
possible coverage to respond to emergencies time-effectively under the current scenario
(Wankmidiller et al., 2020).

3.3. Emergency Drone Service Network Coverage Area

The estimation of the coverage area for the proposed drone service network in the studied
region, considered the optimal distance reachable in the shortest time according to the UAS
capabilities, and the restrictions imposed by physical obstacles and the legal framework that
regulates them (EASA, 2022). During the estimation of the theoretical coverage of optimized
emergency drone networks, can be used radius as buffers that refers to the distance that
drones can reach in their maximum flight time (Boutilier et al., 2017). Even though, these could
be improved using methods that find the Euclidean Distance or shortest distance between
origin and destination points, in a continuous space that includes barriers such as buildings

or restricted areas to get an approximation closer to a real-world scenario (Hong et al., 2018).

Distance accumulation is a widely used in spatial analysis method for cost distance
estimations, that allows to define reachable areas and shortest paths relying on
network-based path planning algorithms (de Smith et al., 2021). In these workflows the cost

not necessarily imply financial cost, but a composite measure considered to determine
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distances across a region (de Smith et al., 2021). This cost might refer to the distance itself
or characteristics of the terrain, such as the land use, that increase linearly through the interest
area making a path more or less expensive or time-consuming depending on local variations
(de Smith et al., 2021).

The estimation of the lowest total distance to a target is based on accumulated cost surface
methods, which commonly take the cells of a spatial grid as nodes to connect the origin and
destination points over a surface (de Smith et al., 2021). This research takes the potential
UAS-AED of the proposed emergency network as the source points to calculate the covered
area across the studied region, using the Distance Accumulation algorithm integrated in the
Distance toolset of ArcGIS Pro 3.1 (Esri, 2023a). This method was selected because
it allows to build a continuous accumulative surface area to measure the cost distance from
the initial points in any direction while considering the slopes, not being limited to perform
path finding calculations through a network of 8 directions per node, achieving to define more

effectively the Euclidean Distance towards the target locations (Esri, 2023a).

This procedure has also shown to be useful to calculate the shortest paths around obstacles
(TenBrink, 2019). Generating a barrier-aware continuous surface from the initial points,
avoiding distance distortions that are present in calculations based on prior algorithms that
rely on 8-way connected graph to define the shortest paths, due to the use of a back direction
raster with encoded floating point azimuth values in the range of 360 degrees (TenBrink,
2019). These characteristics are important to determine the services areas and routes

for emergency drones over a highly restricted airspace (Hong et al., 2018).
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Figure 7: Coverage Area Estimation from UAS-AED Stations

Regarding this research, the spatial coverage of the proposed emergency drone service
network was calculated from the selected UAS-AED stations (Figure 7). Considering that UAS
missions could only be held up to 2 kilometres counting on airspace observers that support

the operation, according to current regulations (EASA, 2022). Which can be reduced in certain
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areas due to the proximity of protected or dangerous zones. Therefore, further calculations
refer to the surface that drones could reach effectively to deliver AED in the less possible time,
using a Low-Altitude-Flight Elevation Model (LAFEM), looking forward to increase the odds of

positive outcomes from an OHCA in the studied region (Lim et al., 2022b).
3.4. Low-Altitude-Flight Elevation Model (LAFEM)

The Low-Flight-Altitude Elevation Model (LAFEM) is a concept defined in this research,
that refers to a modified surface elevation model to calculate effective service areas and
generate optimal low-altitude-flight paths for drones, in terrains with important topographic
variations (Figure 8). Thought to be used along with accumulated cost surface methods, as a
barrier-aware surface that integrate spatial UAS restrictions, physical obstacles and a safety

threshold to ensure drone missions avoiding collisions in a three-dimensional environment.

This model was inspired by recent efforts to standardize and manage UAS operations in
low-altitude airspace, aiming to stablish levels for air traffic services based urban air mobility
solutions, as in the U-Space project (Xu et al., 2020). Addressing the need of identifying the
shortest path through a 3D space to deliver defibrillators successfully in Alpine Regions
(Wankmiiller et al., 2020). Considering methods that allow to define flight routes that follow
the terrain variations and avoid obstacles, based on the estimating low-cost paths over
modified Digital Elevation Models (DEM) (Lifeng Liu & Shuging Zhang, 2009).

Obstacles Modifier — Contingency Volume
Required altitude Up to 120 m over
adaptation the terrain
rfa Low-Altitude-Flight Elevation Model (LAFEM)
Generalized surface Modified to elevation model

elements to generate routes using
a safety threshold

Digital Terrain Model
Highly variated topography

Figure 8: Low-Altitude-Flight Elevation Model (LAFEM) Conceptual Model

The starting point to generate a LAFEM surface, is modifying a detailed Digital Surface Model
(DSM) by exaggerating its values, adding a safety threshold as minimum vertical clearance
from the ground (Lifeng Liu & Shuging Zhang, 2009). This is a simple sum to the spatial grid

values, that cause an homogenous lift of the original surface model over the area of interest
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to assure a secure constant height for the operation (Lifeng Liu & Shuqging Zhang, 2009).This
added value can be modified easily in raster calculation operations and should be defined
considering the characteristics of the area that will be flown on automatic missions. In the
following example, the DEM is modified summing 10 meters to the original elevation values
(Figure 9).

Original DEM Modified DEM
110 10 10 20 30 50 20 20 20 30 40 60
20 20 30 20 40 40 30 30 40 30 50 50
403040303030 _ . 50 40 50 40 40 40
50 40 50 2010 20 60 50 60 30 20 30
60 70 50 3010 20 70 [80/ 60 40 20 30
50 60 50 40 20 60 70 60 50 30 20

Figure 9: DEM Exaggeration Using Safety Threshold

This modification ensures initially that the routes calculated over that surface maintain a safe
altitude(Lifeng Liu & Shuging Zhang, 2009). Even though would still require further vertical
modifications to avoid high obstacles and flight in mountain environments, if the base surface
to define the paths has low resolution (Xu et al., 2020). Therefore, this model also proposes
to transform the resulting surface based on detailed vectorial information of the obstacles in
the studied region (Mangiameli et al., 2013). Considering buffers around them to adapt route
estimations over the surface grid (He et al.,, 2022). In the proximity to artificial obstacles,
regulations recommend to operate further than 30 meters horizontally, flying up to 15 meters
over them in a segregated area (EASA, 2022). Which allow to define raster buffers to make a
progressive modification to the surface model elevation accordingly, to avoid collisions while

approaching to the obstacles present in the studied region, such as cableways (Figure 10).
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Figure 10: DSM Modifications Based on Artificial Obstacles

Beside the vertical modifications, the Low-Flight-Altitude Elevation Model (LAFEM) also takes
lateral considerations to ensure that drone routes are defined distant to the slopes of a valley

or a building, applying transformations based on spatial filtering methods (Gonzalez & Woods,
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2018). Spatial filters have broad uses on image processing applications, allowing to transform
images according to specific characteristics of them (Gonzalez & Woods, 2018). These filters
can modify a spatial raster by replacing pixel values according to a function of the values of
the pixel and its neighbours, moving a kernel over the image (Gonzalez & Woods, 2018).
Theses functionalities can be used over the modified elevation model, to dilate areas relative
to high elevation points based on maximum values or generate a smoothed surface base on
the average of the elevation values (de Smith et al., 2021). The following example shows how
the modified elevation model can be transformed using spatial filter (Figure 11), based on a
3x3 kernel to dilate the areas around high points over the land and then generate a smooth

surface to route the flight plans.

Modified DEM Maximum Filter Mean Filter
20 20 20 30 40 60 30 40 40 50 60 60 45 47 52 55 58 60
30 30 40 30 50 50 50 60 60 60 60 60 50 51 54 56 57 57
50 40 50 40 40 40 60 60 60 60 50 50 65 66 64 59 53 50

60 50 60 30 20 30 60 40 20 " 7373 69 60 49 43
7080 60 40 20 30 60 50 30 73 62 47 40
60 70 60 50 30 20 60 50 30 73 63 47 40

Figure 11: Spatial Filters Applied to LAFEM

The process implemented to generate LAFEM surfaces was automatized using a
geoprocessing model, that integrates an accessible workflow to modify the elevation models
to generate barrier-aware surfaces to generate optimal drone flight paths in highly restricted
airspace (Hildemann & Verstegen, 2023). This workflow uses specific cartographic inputs to
run pre-programmed geoprocessing tools based in the ArcGIS Pro 3.1 Model Builder
application, which allow automate the management, processing and edition of spatial

information using a visual programming language (Esri, 2023f).

Vertical Modifications Spatial Filters
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Figure 12: Transformations Applied to Generate LAFEM

The geoprocessing model uses a high-resolution DSM and the safety threshold altitude value

in meters as parameters to perform a sum to exaggerate the initial elevation values.
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The resulting raster is a lifted version of the original, which could be also modified summing
the additional elevations referred to obstacle approximation zone buffers as raster,
or be let as cero (0) to not generate any additional vertical modification (Figure 12). Then are
applied spatial filters as focal statistics to enhance the maximum values of the surface model,
extending horizontally the areas around high obstacles, and finally smoothing the resulting

surface using an average to get the Low-Flight-Altitude Elevation Model (LAFEM) (Figure 13).
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Figure 13: LAFEM Geoprocessing Model

Regarding this research was defined the safety threshold for the province of South Tyrol as
30 meters, to ensure that drone operations can be planned over the high vegetation and
buildings of the region, according to the local differences between surface and terrain models
(Sato & Sekiguchi, 2014). The calculations were made using surface models of 2.5 meters
resolution from 2006, provided by the local geoportal (Sudtiroler Biirgernetz, 2023).
The spatial filters were adapted to the raster characteristics to improve the results, using a
10-pixel radius circular kernel (25 meters), to avoid sharp edges on the generated surfaces to

plan effective drone routes (Gonzalez & Woods, 2018) (Figure 14).
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Figure 14: LAFEM Inputs Interface
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3.5. UAS-AED Missions Routing Workflow

The study of optimal emergency drone service networks has estimated promising time
reductions in the response to cardiac arrests in rural scenarios by delivering AED through
automatized UAS flights (Lim et al., 2022b). However, in mountain regions this would require
to implement sophisticated routing strategies, capable to adapt the missions to local
topographic variations in a 3D environment, finding the optimal path through a challenging
terrain while considering external obstacles (Wankmiiller et al., 2020). Which could result in

to shorter response times towards emergencies in remote settings (Wankmiuiller et al., 2020).

Recent studies related to drone delivery services and urban mobility networks, have consider
the least-costs path method as a suitable approach to define effective flight plans in highly
restricted three-dimensional airspace (He et al., 2022; Hildemann & de Campolide, 2019).
This is a method that relies on a detailed cartographic models and can be used find paths for

aircraft over certain areas according to a relative cost (Hildemann & de Campolide, 2019).

This method was implemented to propose an urban air-taxi network in the city of New York
(USA), which has a dense urban fabric and a highly restricted airspace (Hildemann & de
Campolide, 2019). Using a geoprocessing workflow based in ArcGIS Model Builder, to design
paths for helicopters in a three-dimensional space considering flight regulations to find the
routes with the minimal accumulated cost. In a further research, this approach was enhanced
using evolutionary algorithms considering additional variables such as noise and energy
consumption, to improve the results of the least-cost paths around restricted areas
(Hildemann & Verstegen, 2023).

Another remarkable study implemented this method to design a drone-base delivery network
in the city of Hangzhou, China. (He et al., 2022). They used a novel space cost function to
design routes along a tube-based network finding paths in a dense urban environment
(He et al., 2022). Their approach permitted to stablish fixed delivery routes based on the
airspace utilization using a path finding algorithm, that identifies the minimum total cost

between a start and finishing nodes along a spatial matrix (He et al., 2022).

The least-cost paths are part of the accumulated cost surface methods, which are widely used
spatial analysis procedures based on Geographic Information Systems (GIS) to find the best
pathway across continuous surfaces (de Smith et al., 2021). These methods can be
particularly useful when is required to minimize the cost or risk of a route associated to its

location (Murekatete & Shirabe, 2021). There are multiple efficient methods to define the
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minimum cost route between two points, being Dijkstra’s Algorithm and its variants some of

the most notable solutions (Murekatete & Shirabe, 2021).

The least-cost path models, implicitly or explicitly relies on the aggregation of individual cost
values across a cost surface (Murekatete & Shirabe, 2021). Which values indicate a
determinate cost per cell, indicating a cost per unit length within the cells of the spatial grid
(Murekatete & Shirabe, 2021). When a path is calculated upon these surfaces, each segment
contains the product of the length of the line and the values of the underlying cells (Murekatete
& Shirabe, 2021). Therefore, it is assumed that the less costly pathways generated with these

methods are more suitable for a certain use (Murekatete & Shirabe, 2021).

Regarding a spatial raster, where the cells of a grid are assumed to be adjacent to each other
sharing an edge or vertex, paths can be represented by a sequence of adjacent cells
(Murekatete & Shirabe, 2021). Therefore, in raster-based methods it is commonly calculated
the distance of a path between adjacent cells of a cost surface, according to the straight-line
distance between their centers multiplied by their mean value (Murekatete & Shirabe, 2021).
According to Murekatete & Shirabe (2021), this process uses the following equation to
determine the length of a path P on a surface f, which is detonated by I,,,,,(P, f). Where f (i)
and I(i,j) indicate the value of a cell i on a surface f and the straight distance between the

center of the cells i and j respectively (Murekatete & Shirabe, 2021).

LamP.S) = Y [(M>x1(i,i)]

@@jer 2

According to this formula, if f refers to the cost, the equation defines the cost-length.
(Murekatete & Shirabe, 2021). Therefore, a least-cost path refers to a path that minimizes this
length over surface. (Murekatete & Shirabe, 2021).

In this research was considered a method based on the stated principles, aiming to determine
effective drone routes to deliver defibrillators in Alpine regions, using the
Low-Altitude-Flight Elevation Model (LAFEM) as the surface to calculate the pathways.
The workflow proposed to plan UAS-AED Missions, uses the Distance Accumulation algorithm
integrated in the Distance toolset of ArcGIS Pro 3.1 to determine Optimal Paths (Esri, 2023b).
This method was selected because it extends the capabilities of commonly used algorithms
that rely on differential geometry to find paths through 8-way direction networks,

reconstructing a continuous accumulative surface in all directions considering the slopes to
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calculate paths based on true costs and distances (Esri, 2023b). In a scenario where all the
edges of a grid have the same weight (Figure 15), this algorithm is able to find an optimal path
(AB) that can be shorter than a path retrained to the network directions (AB’B) (Esri, 2023b).
The sum of these differences could result into shorter flight plans, which could make a
relevant difference in the performance of automatic drone missions to deliver defibrillators

mountain environments (Wankmiiller et al., 2020).
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Figure 15: Optimal Path and Shortest Network Path (Esri, 2023b).

The mission routing workflow proposed in this research, require to define first the location of
the drone stations and the spatial restrictions in the studied area to identify possible barriers
according to local regulations (EASA, 2022). Once the location of the deployment stations is
known, is required estimate the distance accumulation from them using the Low-Altitude-
Flight Elevation Model (LAFEM). To generate the accumulated surface was considered the
Distance Allocation geoprocessing tool of ArcGIS Pro 3.1, because this implements the
mentioned Distance Accumulation algorithm to generate raster outputs of distance
accumulation, back-direction and distance allocation from source points (Esri, 2023d)
(Figure 16).

Distance Accumulation Back-Direction Distance Allocation

O

O

Figure 16: Distance Allocation Raster Outputs

This process generates an accumulated cost distance raster from a point layer using a
surface model to consider terrain variations, spatial barriers and a cost surface to weight the
values, as well as optional vertical and horizontal factors, adapting the distance calculations
around the obstacles (Esri, 2023d).
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During the calculation of the distance accumulation was only considered the LAFEM surface,
that already counts with vertical and horizontal adjustments. It was not considered an
additional cost surface or factors to weight the calculations, because this might adapt the
final routing outcomes giving priority to other variables, such as land use (Hildemann & de
Campolide, 2019). In this case, the objective was to find the shortest distance in highly a
variable terrain, calculating straight-line distances while avoiding dangerous or prohibited
zones, aiming to reduce response times towards life-threatening emergencies assuming that

permissions for the operation would be granted.

The distance accumulation raster (Figure 16), generated with this process shows a
continuous surface where the distance values increase linearly from base locations,
considering slope differences and obstacles. The back-direction raster, refers to the direction
towards the closest source point, considering a range of 360 degrees. While in the distance
allocation surface, are used the shortest distance and direction associated to a point to
segment the interest area depending on the closest location, which could be used to identify

the operation range between different stations.

Once the accumulated distance and back-direction surfaces have been calculated for each
station of the proposed drone service network, it would only require to have emergency site
locations to start the routing process. Using given positions, the map-base process initiates
calculating the optimal path towards the closest drone station estimating the shortest
straight-line distance and returning a 2D vectorial pathway. This is generated using the
Optimal Path as Line tool of ArcGIS Pro 3.1, which is capable of finding paths calculating
straight-line distances and optionally adapting the routes according to barriers or surface
slope variations (Esri, 2023a). This process was applied in a sample scenario using fictional
emergency sites at different distances (Figure 17), showing the possibility of generating

multiple optimal routes simultaneously and their allocation towards the closest drone station.
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Figure 17:Sample 2D Optimal Paths (Malles Venosta, South Tyrol, Italy)

31



Towards an automatic UAS-based mapping tool for first responders: Defibrillator Missions in Alpine Regions.

Since the 2D pathways were oriented originally from the emergency point towards the closest
station based on the accumulated distance, was also required to reverse the vector line
geometry, orienting the resulting pathways from the UAS-AED station to the emergency sites,

before initiating processing the information in a 3D environment.

During the optimal path calculation was used the Low-Altitude-Flight Elevation Model (LAFEM)
as part of the accumulated distance, in the following step this model will be considered again
to give 3D properties to the route vector. Using the geoprocessing tool Interpolate Shape, can
be performed a bilinear interpolation along the optimal path polyline, adding elevation values

to the vertices of this vector based on the surface model sampling distance (Esri, 2023e).

The bilinear interpolation is a widely used interpolation method in computer vision and image
processing, which aims to calculate the value of a point P, using the weighted average of the
values of the points Qi1, Q12, @21, and @, as corners of a rectangle (Szczepanek, 2023).
According to Szczepanek (2023), this is calculated using the following equation. Where are
first performed two linear interpolations in the x-direction (horizontal), to calculate the value

of P using another linear interpolation in the y-direction (vertical) (Szczepanek, 2023).

_ (x2 —x)(y2 —¥) (x2 —x)(y2 —¥)
P= (x2 —x1)(¥2 — y1) Qui (x2 —x1) (2 —y1) Qa1
(2 —=x)y2—y) Q1 + (2 —x)(y2—y) 02s

(2 —x1)(V2 — Y1) (X2 —x1)(¥2 — Y1)

Finishing this process will be obtained a 3D feature that contains a detailed optimal path to
define the drone route over a 3D environment. The resulting vector can already be displayed
using a 3D mapping interface to see how the modifications implemented in the Low-Altitude-
Flight Elevation Model (LAFEM) affects the route, keeping a constant altitude threshold over
the terrain while following its variations according to a detailed elevation model. This can be

seen generating drone routes towards sample emergency sites in Alpine Regions (Figure 18).
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Figure 18: Sample 3D Optimal Paths (Malles Venosta, South Tyrol, Italy)
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The trajectory of a drone route is defined by waypoints that contains a set of XYZ coordinates,
that require to be carefully planned to execute effective flights (Raivi et al., 2023). Therefore,
the continuous 3D vector of the route generated, require to be simplified into a less complex
pathway while preserving critical elevation points over the terrain, allowing the UAS to flight

through challenging environments safely based on a predefined optimal path.

To simplify the vector line preserving the critical points of the route, was considered the
Douglas—Peucker algorithm or iterative end-point fit algorithm (Meng, 2021). This method
reduces de number of points of a curve preserving a rough shape of the original line, based
on a simplification tolerance parameter (¢) that controls the degree of coarsening, defined by

the distance between the original points and the simplified curve (Meng, 2021) (Figure 19).

Original Path

Simplified Path

Figure 19: Douglas-Peucker Path Simplification (Meng, 2021).

This method was implemented using the Simplify 3D Line geoprocessing tool in ArcGIS Pro
3.1, obtaining a vector with reduced number of vertices keeping a safe altitude over the terrain.
To define an acceptable tolerance simplification parameter was require to run multiple sample
scenarios, until getting a route able to follow the terrain variations without requiring redundant
waypoints. This was important to analyze prior the field test to avoid collisions across a steep
terrain, as the mountain surrounding the Lake Braies (Figure 20), where a high simplification

tolerance applied to the optimal path might cause impacts with the slopes nearby.
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Figure 20: 3D Routes with Different Simplification Tolerance (Lake Braies, South Tyrol, Italy)
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Once the 3D optimal path has been simplified are generated points from its vertex, which have
integrated in their geometry the elevation values of the Low-Altitude-Flight Elevation Model
(LAFEM). Even though, the table associated to these points do not count by default with the
coordinate values. Therefore, the workflow requires to add numerical fields to the table
(Double, 64-bit floating point) for each of the XYZ coordinates and calculate their geometry
values using a local coordinate system, to generate a table with the position of each vertex as
waypoints. This table is finally exported to be adapted according to the specific routing format

use by the UAS provider.

This workflow was automatized using the ArcGIS Pro 3.1 Model Builder application following
three stages (Figure 21). The first starts generating the optimal path from an emergency point
based on the surface accumulation and back direction raster predefined from the UAS-AED
stations. The following procedures gives to the resulting path 3D attributes and simplify the
vector to generate the desired waypoints. Finally, are calculated the coordinates of the
waypoints that will define the drone trajectory, to export then as a table that can be adapted

according to the drone routes parameters.
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Figure 21: UAS-AED Routing Geoprocessing Model
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In order to run this model is required to perform previously the calculation of the surface
accumulation and back direction surface based on the Low-Altitude-Flight Elevation Model

(LAFEM) to get the surface to generate the optimal path towards the emergency points.

This model also relies on the location of the emergency site as a point vector input to route
the pathway towards it. As well as define an acceptable tolerance simplification value to avoid
collisions according to the terrain characteristics and the coordinate system in which the

output coordinates will be required to perform the flight (Figure 22).
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Figure 22: UAS-AED Routing Inputs Interface

Regarding this research was considered a 10 meters tolerance value, as a general measure to
simplify the emergency drone delivery routes in Alpine regions to test the workflow, even
though this still require further testing to assure its safe implementation. In this research was
used the horizontal coordinate system ETRS 1989 UTM Zone 32N and ETRS 1989 for vertical

reference respectively.
3.6. UAS-AED Missions Effectiveness Testing

The proposed workflow generates pathways that could be considered as an alternative to
route automatic drone missions over challenging terrain. However, before implementing this
method to assist cardiac arrest by delivering defibrillators, it is important to test these
preliminary results on the field, to analyse how effective are the proposed optimal paths in

reducing the flight times towards a remote location while following terrain variations.
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There are few studies that have analysed the performance of drones to deliver medical
supplies in mountain environments, which have consider mainly a straight-line approach or
manual flights simulating real emergency scenarios (P. Fischer et al., 2023; Van Veelen,
Roveri, et al., 2023; Wankmidiller et al., 2020, 2021). These tests are meaningful to demonstrate
how impactful drones can be to support Search and Rescue (SAR) Missions and delivery AED
(Wankmdiller et al., 2021).

Manual flights have shown that drones can be effective to locate a victim based on visual
contact and remote sensing, making possible the early delivery of medical supplies
(Van Veelen, Roveri, et al., 2023). Even though, mountain areas are especially challenging for
aerial rescue operations due to changing weather conditions, obstacles, vegetation and poor
GPS coverage (Van Veelen, Roveri, et al.,, 2023). Therefore, it would be feasible to reach
emergency calls in a remote location relying on automatic drone missions, to reduce the

response time prior the arrival of first responders (P. Fischer et al., 2023).

In this research the field tests are focused on comparing the time to reach hypothetical
emergency sites in mountain environments, using the proposed optimal paths that follows the
terrain variations, a straight-line approach that keeps a constant elevation using the Euclidean

distance and a manual flight (Figure 23).
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Figure 23: Routing Approaches Comparison

These tests allow to analyze the overall effectiveness of the proposed routing workflow in
different study cases. Supporting the refinement of the routing workflow itself, making
possible to adjust the parameters considered to estimate the drone routes base on empirical
knowledge gathered during the missions and the input of the crew members. Aiming to
integrate this method as part of a solution for first responders based on cartographic

information, to deliver defibrillators in Alpine Regions.
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4. Experimental Setup

To analyse the general distribution and coverage that an emergency drone service network
could have in Alpine Regions, based on the proposed methods, was selected the Autonomous
Province of South Tyrol in Italy as a regional model study case. Due to the important role that
play mountain activities in this area (Scuttari et al., 2023), and the large amount of facilities
dedicated to these (IDM Siidtirol, 2023). Using this approach, was selected the Lake Braies,
which is a location highly visited by tourists of this province (Martiny, 2023). To refine the
routing workflow prior the field tests, running multiple model scenarios in a diverse mountain

environment from a potential UAS-AED station location.

To demonstrate the effectiveness of the proposed method, contribute with the objectives of
the DRONE-AED project (Van Veelen, Mendicino, et al., 2023), and evaluate the real impact of
this research, were also selected two practical exercises, simulating two seasonal mountain
sport activities in the Province of South Tyrol (Romeo et al., 2021). Providing AED inside
recreational ski resorts and during mountain trail running races, in the areas of Corvara in

Badia and Ritten respectively (Figure 24).
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Figure 24: Study Cases
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4.1. Emergency Drone Service Network (South Tyrol)

The Alpine Regions group some of the most relevant mountain areas of Europe (Romeo et al.,
2021). Extended through eight countries according to the Alpine Convention (Austria, France,
Germany, Italy, Liechtenstein, Monaco, Slovenia and Switzerland), the Alps have outstanding
natural and cultural heritage, important urban areas and a vast service infrastructure,
sustained by an economy based mainly on agriculture and tourism (Elmi, 2018). Which is
reflected in the coverage of its Emergency Medical Services (EMS), that can reach any area of

the region within 60 minutes coordinating ground and air operations (Brugger et al., 2021).

The Autonomous Province of South Tyrol is the northernmost region of Italy, located near the
centre of the Alps. This province has an unique combination of rugged Alpine environments
and Mediterranean sceneries that attracts millions of tourists every year (IDM Siidtirol, 2023).
It has a surface of 7,400 square kilometres, in a territory composed by mountains and valleys,
and a population over 530,000 residents, located primarily in the capital city of Bolzano, and

settlements as Merano, Bressanone or Brunico (Scuttari et al., 2023).

The exceptional landscapes of South Tyrol receives over 7 million visitors per year,
which represents both an economic benefit for the local economy and pressure on its services
and inhabitants (Scuttari et al., 2023). The high number of people in mountain environments
(Figure 25) also increases the use of mountain emergency services, pushing the need to

improve the medical care offered in these areas (Brugger et al., 2021).

Figure 25: Crowded mountains of South Tyrol Figure 26:Alpine huts of South Tyrol
(Corno Bianco, 2316 m) (Schlernhaus, 2457m)

This province counts with the AVS South Tyrol Mountain Rescue team, since 1948, which has
around 1,000 volunteer rescue members and 50 dog handlers (Brugger et al., 2021). There are
3 ambulance helicopters to cover the province (Wankmiiller et al., 2020). As well as 7 public
hospitals and 2 privates (ASTAT, 2021), and multiple fire brigade stations associated with the
National Fire and Rescue Service (Vigili del Fuoco, 2023). Which could benefit from an

emergency drone network to support their historical labour (Wankmiiller et al., 2020).
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This study case considers primarily the first responder stations as potential sites for UAS-AED
deployment stations for the proposed emergency drone service network, as well as other
facilities, such as those related to mountain tourism as alternative sites (Wankmidiller et al.,
2020). Like the vast network of Alpine huts established in South Tyrol (Figure 26), which

counts more than 100 locations in the mountains (IDM Siidtirol, 2023).
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Figure 27: UAS-AED Stations Preselection, South Tyrol

As a starting point to define the emergency drone services network of South Tyrol, is first
gathered the geographic information of the relevant facilities in the province (Figure 27).
These locations were filtered from open data provided by contributors in OpenStreetMap
(OpenStreetMap, 2023). Among all the locations available in this zone, is applied a query that

extract feasible locations for potential UAS-AED stations according to their class (fclass).

This selection considers locations related to first responders to deploy Emergency Medical
Services (EMS), such as fire rescue stations(Wankmiiller et al., 2020), and facilities related to
health care as hospital and clinics. Also, alternative locations related to local tourism, as
Alpine huts, camp sites and caravan sites, which can be in some cases the only facilities
equipped with electricity and first aid equipment in a vast mountain sector (Wankmiiller et al.,
2020). This research also considers police stations as feasible locations to deploy the drones,
due police officers can also assists OHCA (Brugger et al., 2021), and vending parking lots with

electricity access, due these can be found in the starting points of important hiking trails.
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Once the initial feasible locations for the network are defined, these are filtered spatially using
the suitability model described previously Methodology). This suitability model considers the
UAS Geographical Zones and the classified land use to define roughly how suitable would be

to place a drone station according to an spatial overlay analysis (Ahlqvist, 2009).
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Figure 28: UAS Geographical Zones

The UAS Geographical Zones (Figure 28), are based on the local aerial regulations applied to
civil drone operations, according the Italian Civil Aviation Authority (ENAC) (d-flight, 2023).
In this research these are grouped using the maximum permitted altitude of permanently
defined areas, established in the approximation zone to airports or any location related to
manned aviation (EASA, 2022). As well as military, administrative or any other facility,

considered dangerous to be overflown by drones (EASA, 2022).

The altitude constraints are more restrictive while getting closer to them and impose sudden
geofences to prevent any unwanted drone operation nearby. In South Tyrol, these refer
primarily to the main civil airport in Bolzano, and multiple heliports used by air ambulances
and tourists (Wankmidiller et al., 2020). However, in the rest of the province can be carried out
civil operations up to 120 meters from the terrain level, following special considerations
depending on the aircraft (EASA, 2022).

Regarding the land use (Figure 29), is considered the most recent spatial characterization of

South Tyrol provided by the local official geoportal (Siidtiroler Blirgernetz, 2023). This spatial
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layer is classified according to how feasible would be to place a drone station along them,
using the predefined categories as a refence and the local regulations related to UAS (EASA,
2022). Dangerous zones as the mentioned before are considered as prohibited to place a
drone station. The areas that require special considerations in order to deploy a drone, such
dense urban fabrics or near the street networks, are seen as restricted and thus less feasible.
The rest of the areas that are open space or sparce urban fabrics, do not have major
restrictions to operate drones, therefore these are considered as feasible. There are some
other areas that do not have specific restrictions, but are considered as unfeasible, like water
ways, debris zones, glaciers or disposal areas, in which would be impractical to place an UAS-

AED station at first glance.
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Figure 29: Real Land Use Classified, South Tyrol

Integrating this information as spatial variables in an overlay analysis (Ahlqvist, 2009),
is possible to define and index that refers to those areas that are more or less suitable to place
a desired facility (Habib et al., 2020), such an UAS-AED station. According to the methodology
(3.1. Methodology), the different classes of these two layers are assigned a weight and sum
up to generate the spatial model of UAS-AED Placement Suitability. This model is generated
with values in the range 0 — 100, been taken as a suitability percentage index to place a drone
station according to the local regulations (ATM-09A. ENAC, 2021). Those areas without major
restrictions for drone operations area represented with the highest values, while the prohibited

have the lowest (Figure 30).
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Figure 30: UAS-AED Placement Suitability, South Tyrol

According to this model, open rural areas or those with sparse urban fabrics, away from
dangerous zones, are the most suitable to place the UAS-AED stations in South Tyrol, which
are extended primarily in mountain zones. Even though, have to be considered that 25% of the
province are protected areas, including the mountains of the Dolomites declared UNESCO
World Natural Heritage in 2009 (Scuttari et al., 2023). These areas are designed as ENV-002
Geographical Zones, which would require the authorization of the administration of the natural
parks or protected areas, to allow automatic drone missions in case of life-threatening
emergencies (ENAC, 2022). Such authorization to operate in protected areas is assumed as

granted by this research, to depict a network that can also operates across them.

Once the suitability to place the drones has been calculated, this information is used to filter
the preselected locations. In this research are considered primarily the facilities placed in
zones over 50% of suitability, assuring the possibility to launch the drones in feasible areas
(Figure 30). The filtered locations are now analysed according to its relative density and
proximity with each other. A clustering method based on the nearest neighbours is used for
this (Methodology), grouping the facilities that are within 1 km, because this is the maximum
distance drones can actually operate beyond visual line of sight (BVLOS) in the area of interest
(EASA, 2022). Using these clusters are identified areas with redundant groups of facilities, to
select directly from them specific locations according to their class, giving priority to fire

rescue stations (Figure 31).
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Figure 31: UAS-AED Stations Preselection Clustering, South Tyrol

In this selection, is also considered the location of the facilities in relation to protected areas
and barriers defined by zones that are prohibited to fly, including natural monuments such as
the biotopes of South Tyrol. It is selected at least one facility per local cluster group to assure

the coverage of that area using as few drone stations as possible (Figure 31)
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Figure 32: UAS-AED Stations Density, South Tyrol
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Using this approach was obtained a set of potential locations, that are the base of the
proposed emergency drone service network, which is determined according to the existing
facilities in the Province of South Tyrol away of dangerous or restricted zones. After the
filtering and selection process (3.2. Methodology), the distribution of the potential network
showed a relative low density across the province (Figure 32), locating most of the stations in
the valleys or near main settlements. Even though, the use of alternative deployment sites,

such Alpine huts, might extend the coverage of this potential network towards the mountains.
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Figure 33: UAS-AED Network Potential Coverage, South Tyrol

Aiming to generate the vast possible effective coverage using the smallest number of
UAS-AED stations, is estimated the spatial range the proposed network would have in the
Province of South Tyrol (Figure 33). Therefore, are used these locations as initial points to
calculate the accumulated distance over the Low-Altitude-Flight Elevation Model (LAFEM),
which integrates UAS barriers to prevent operations in dangerous or prohibited zones,
adapting to terrain variations (Low-Altitude-Flight Elevation Model (LAFEM)). The resulting
coverage is limited to the maximum extend drone operations can actually reach, which is 2
km being supported by airspace observers (EASA, 2022). Even though, this distance from the
stations could not ensure a full coverage of the province based on the existing facilities, these
areas would be reachable using drones to deliver an AED under 10 minutes, which is
acceptable to provide support to Out-of-Hospital Cardiac Arrests (OHCA) (Brugger et al.,
2021).
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4.2. UAS-AED Routing (Lake Braies)

The Lake Braies, also known as Pragser Wildsee, is one of the most captivating lakes in Italy,
located in the Fanes-Senes-Braies Nature Park to the east of South Tyrol (Figure 24).
The lake is nestled in a steep rocky valley basin, surrounded by dense forests and dominated
by the Croda del Becco (Seekofel) Peak (2810 m) (Figure 34) (Tourist Office Pragser Tal Valley,
2023). This lake is a very frequented destination by the visitors of South Tyrol, which have
pushed the local government to establish limits to the daily amount of people entering the

area, in order to keep it in a manageable level especially during Summer (Griffin, 2023).

A place with such frequency of visitors should ideally count with an accessible AED, available
for first responders and bystanders in case of OHCA (Elsensohn et al., 2006). Considering that
accessible hiking routes, as those that surrounds this lake, can be easily visited by elderly
people with pre-existing cardiovascular and respiratory diseases, which increases their
chances of suffering sudden cardiac arrests (Brugger et al., 2021). Furthermore, it could be
beneficial to have nearby a drone capable of transporting a defibrillator rapidly across the lake

or to the pathways used by numerous hikers.

Figure 34: Lake Braies and Peak Croda del Figure 35: Lake Braies Aerial Perspective

Becco (Seekofel) Peak (2810 m) (Kottersteger, Wisthaler & Auer. Tourist Office
(Kottersteger, Wisthaler & Auer. Tourist Office Pragser Tal Valley, 2023)

Pragser Tal Valley, 2023)

This study case simulates a scenario in which multiple drone routes could be planned based
on the described method (Methodology), from a potential UAS-AED station located near the
touristic facilities in the entrance of the Lake Braies. The emergency sites are located on hiking
paths at different distances and elevations from the sample station, aiming to test the
automatic routes generated by the designed workflow over diverse topographic conditions in
a realistic context (Figure 35). These tests are aligned with the objectives of the DRONE-AED
project, that is planning to evaluate the performance of drones to deliver defibrillators in this

location with the cooperation of local rescue teams (Van Veelen, Mendicino, et al., 2023).
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The UAS-AED deployment site is defined nearby the Lago di Braies Hotel (1494 m),
with relatively easy access to the lake pathways and hiking routes (Figure 36). The major
concerns routing a drone in this scenario are the steep rocky slopes of the basin, trees over
20 meters and possible restrictions to fly over the lake, assuming favorable weather
conditions. The selected emergency points are divided in two groups of four, located in the

hiking paths of the mountains nearby (H), and the pathways around the Lake Braies (L).
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Figure 36: UAS-AED Routes, Lake Braies
Running the semi-automatic workflow proposed to design the flight paths UAS-AED Missions
Routing Workflow, using the emergency sites as destination points, is possible to get the
optimal routes that adapt to the topographic variations in the shortest distance. Since the
routes are calculated over the presented Low-Altitude-Flight Elevation Model (LAFEM), these
consider a safety threshold to fly over a detailed surface model, which is defined at 30 meters
in this study case. In the routes can be appreciated how the these follow the slopes, aiming to
get to the emergency site finding the shortest possible distance (Figure 37). In some paths
without major obstacles in between (L2, L3, L4 and H4), these follow a straight line towards
the destination considering only altitude variations if needed. In cases where is not possible
to define full straight paths due to slope variations (L1 and H3), are considered automatically
minor trajectory adjustments. While in cases with notorious topographic variations (H1 and

H2), can be seen major changes aiming to optimize the generated path across the slopes.
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Figure 37: UAS-AED Routes 3D, Lake Braies

To highlight the differences between the routes generated with the proposed map-based

workflow UAS-AED Missions Routing Workflow, will be analyzed in detail three of the sample

routes. The flight path towards the emergency point L2 (1496 m), goes across the Lake Braies

following a straight line (Figure 38). Even though there are only 2 meters of elevation

difference between the station and the emergency site, the surface alterations caused by the

vegetation near the starting and finishing points, make the workflow adapt to these as

obstacles, considering several variations in the altitude of the resulting waypoints. The

estimated shortest distance between these points is actually 1,166.53 meters, even though

the altitude variations considered by the model makes the final path outcome length 1,177.30

meters, using a tolerance of 10 meters to simplify the path (Figure 39).
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Figure 38: L2 Route, Lake Braies
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Figure 39: L2 Route, Simplification Tolerance 10 m
The capacity of the proposed workflow to adapt the routes to terrain variations can be seen
clearly in the route H3 (Figure 40). This emergency site is located on a viewpoint to the lake
(1939 m), relatively close to the station, but separated by a steep slope over 400 meters higher.
To reach this place, the workflow suggests a path that goes in a rather straight line considering
major altitude adjustments in each waypoint to avoid colliding the rock wall or its vegetation.
Cases like this shows the importance of including lateral adjustments to the
Low-Altitude-Flight Elevation Model (LAFEM), ensuring the paths to be horizontally distant to

the actual surface based on a detailed elevation model (3.4. Methodology).
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Figure 40: H3 Route, Lake Braies

The horizontal distance between these points is 686.18 m, even though the vertical distance
adjustments extend the optimal path proposed to 915.89 m. In cases like these could be
considered to fly the drone directly to the required altitude over 400 meters and reach the
desired location, but surpassing the maximum permitted high of 120 meters would be
dangerous to any person or good near the operation, not to mention that if an ambulance

helicopter is involved, the drone would become an important risk factor for this and its crew.

Designing automatic drone paths based on the proposed cartographic method, also required

to test different parameters to simplify the final results. In this study case were considered
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different meters of tolerance to simplify the resulting lines based on the method Douglas-
Peucker (Meng, 2021). In steep slopes as those faced to reach the point H3, if are considered
high levels of tolerance in the line simplification to minimize the number of waypoints (Figure
41), this would result in a path that collide with the terrain underneath. Therefore, in further
practical tests is considered 10 meters as tolerance to simplify the continuous paths and

generate the trajectory waypoints.
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Figure 41: H3 Route Simplification Tolerance Difference, Lake Braies

Another example that shows the potential of the proposed workflow to find optimal paths
around high mountains, is the route towards the emergency site H2 (Figure 42). In this case a
straight path from the station to the emergency would have to fly over a steep mountain 500
meters higher than the initial point. While the path generated, finds a lower suitable way to
reach the desired location considering the slopes differences based on the accumulated
distance (Murekatete & Shirabe, 2021).

Lake Braies
1494'm

o

H2
1590 m

(%)

Figure 42: H2 Route, Lake Braies

This path keeps the altitude threshold following the terrain variations, ensuring a safe flight in
the shortest possible distance across a mountainous environment (Figure 43). Which could
be helpful to avoid unnecessary manoeuvres over high lands, causing the arrival of the AED to
take longer (Wankmiiller et al., 2020).
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Figure 43: H2 Route, Simplification Tolerance 10 m

Since the proposed method relies on the accumulated distances calculated from the UAS-AED
station UAS-AED Missions Routing Workflow, this could be adjusted using barriers as
geofences to prevent operations to fly over dangerous or restricted zones. As an example, is
used the Lake Braies as a barrier to route the operations on the pathways surrounding the lake
(L), causing the workflow to adapt the routes around this area. The effect of the barrier on the
accumulated distances can be seen graphically using the output surface, where the distances
around the lake are larger than those measured over it (Figure 44). This characteristic could

be helpful to design automatic routes in highly restricted environments (He et al., 2022).
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Figure 44: Distance Accumulation Adaptation, Lake Braies
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As the result of the surface accumulation adaptation, the routes generated considering a
barrier are calculated finding the optimal path around the obstacle (Figure 45). This could
make the flights take longer to arrive the emergency points, but also be useful to avoid at all
cost flying over security zones or densely populated areas, which might increase the risk of

the operation.
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Figure 45: Optimal Paths Adapted to Barriers, Lake Braies

Considering the potential of the resulting paths, some of them will be tested in the Lake Braies
as part of the DRONE-AED project simulations (Van Veelen, Mendicino, et al., 2023),
supporting their endeavor to develop a suitable solution to deliver defibrillators using UAS,

aiming to improve the positive outcomes of cardiac arrests in mountainous areas.
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4.3. Recreational Ski AED Delivery (Corvara)

The culture of recreational ski in Italy, can be tracked back for more than a century
(Vanat, 2021). Within the millions of tourist that receive South Tyrol, the number of ski resort
visitors in the ltalian Alps keeps increasing every year (Vanat, 2021). In average, these visitors
are predominantly men above 35 years old (Schwartz, 2013). Which considering the high

impact of this sport, increase the risks and likelihood of cardiac arrests (Brugger et al., 2021).

Corvara in Badia, was the first place to introduce dedicated ski lifts in Italy and is one of the
most visited locations to practice this activity in South Tyrol (Figure 24) (Vanat, 2021). The
Gardena Ski Resort (Figure 46), has received more than 5 million visitors during the last five
years (Vanat, 2021). For this reason, the ski slopes of this zone were selected simulate and
test the AED delivery.

Figure 46: Ski Lifts of Badia Figure 47: Capanna Nera in Alta Badia
(Dolomiti Superski, 2023) (YesAlps, 2023)

In this study case, the victim is located at the side of a slope, shortly after the ski lift, where
people start to do high intensity physical activity in Crep de Mont (1136 m). The drone station
is selected according to its coverage range (3.3. Methodology), being deployed an UAS-AED

near the Capanna Nera hut (Figure 47), which counts with electricity and first aid supplies.

Figure 48: Automatic Flight, Corvara
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The test consisted in simulating the provision of an AED with an automatic flight (Figure 48),
and a manual flight conducted by a skilled remote pilot (Figure 49). Being these the first flights
based on a flight path generated with the proposed method UAS-AED Missions Routing
Workflow, was preferred to make them in a rather controlled area without sorting major
obstacles and during Summer (Figure 50). The elevation difference between the drone base

and the emergency site was 55 meters and the horizontal distance of the operation 295.77

meters, keeping constant visual line of sight (VLOS) with the aircraft

Figure 49: Manual Flight, Corvara

The experiment took place in a field campaign during June of 2023, using an UAS platform
Soleon, model Octagon x8 flat, an octocopter adapted for mountain applications provided by
Eurac Research (Figure 51) (Appendix 1). This device is equipped with GPS and navigation

systems, capable to perform autonomous flights up to 25 minutes and drop packages.

Figure 50: Ski slopes of Corvara in Summer Figure 51: Soleon Octagon

provided by Eurac Research

In this test only a manual flight was done to the emergency site and back, to drop the AED at
the location of the patient. This mission took 02:30 minutes to deliver the package and lasted
04:10 in total. Even though the manual flight approach is usually faster and direct, finding the
location in the distance might take longer relying solely on the trained eye and the experience
of the remote pilot, resulting to be less time-effective than the automatic missions estimated

towards the same emergency point.
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4.4. Mountain Trail Running AED Delivery (Ritten)

Mountain trail running is a discipline sport that consist in running mountainous environments
characterized by abrupt terrain changes. Practicing this sport athletes encounter continuous
elevation variations and are consistently exposed to fluctuating weather conditions (Carel
Viljoen et al., 2022). Therefore, this activity demands for them to have optimal physical

conditions and mental preparation to prevent incidents (Carel Viljoen et al., 2022).

In the Italian Alps, are implemented strict regulations for those who wants to participate in
trail running competitions (e.g., physical sport examinations). Even though, it still persists the
risk of incidents due to the number of participants above mid-age (Metzler, 2022). In average,
over 45% of people enduring mountaineering activities are older than 40 years old, and

15.3 to 28% of them experience pre-existing cardiovascular diseases (Brugger et al., 2021).

In this study case was selected a location in Ritten (Figure 24), near the route of the Sidtirol
Ultra Skyrace (Figure 52), a recognized ultramarathon that takes place in the mountains of
South Tyrol and attracts more than 500 athletes annually (Sudtirol Ultra Skyrace, 2023).
The emergency site is situated in the proximity to the summit of the Rittenhorn mountain
(2261 m), shortly after a challenging ascent in the race, which requires intense physical effort

from athletes to reach (covering 22.5 km with an accumulated elevation gain of 2000 meters).

Figure 52: Sudtirol Ultra Skyrace 2023 Figure 53: Ritternhorn Alpine Hut (2261 m)
(Sudtirol Ultra Skyrace, 2023)

SUDTIROL
ULTRARACE

25 // 26 // 27
AUGUST 2023

The position of the drone is located in near the Rittnerhorn hut (2261 m), which has a
restaurant with electricity and first aid medical supplies. In close proximity to this hut, there is
a ski lift and a radio antenna, which add complexity to the operation, along with a significant
number of visitors passing by (Figure 53). Regarding the simulated emergency site,
this is located along a trail approximately 725 meters away from the drone, and at an elevation

130 meters lower than the take-off and landing place (Figure 54).
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Figure 54: Flight Plan, Ritten

This test consisted in simulating the provision of an AED with automatic flights that follow the
changes of the terrain, to demonstrate the effectivity of the proposed workflow based on
cartographic methods (UAS-AED Missions Routing Workflow). Therefore, the route was
planned to reach the emergency point navigating the drone through a rough terrain, flying over
cliffs and steep slopes covered with bushes (Figure 55), providing a rigorous scenario for
evaluating the automatic flight path in a challenging environment with substantial elevation

differences.

Figure 55: Rough terrain to run Figure 56: MavTech Q4X
the flight tests, Ritten (2257 m) provided by MavTech

The experiment took place in two field campaigns during July of 2023, using a platform Q4X
quadcopter provided by MavTech (Figure 56). This drone is currently under development,
being improved to perform flights under extreme conditions to support emergency operations
as part of the DRONE-AED project (Van Veelen, Mendicino, et al., 2023). It counts with an
endurance of 40 minutes, can carry a payload up to 5 kg and was adapted for these tests with

a dropping system to deliver an AED using a small parachute (Appendix 1: 1).

In Ritten were flown three automatic missions using a flight plan based on the proposed
method, considering manual take-off and landing procedures, to avoid possible collisions with

the radio antenna nearby (Figure 53).
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The first flight (Ritten 1) used the defined path to set the trajectory towards the emergency
point, bringing back the platform manually (Figure 57).

Figure 57: Flight Ritten 1, Ritten

The flight Ritten 1, followed the terrain variations using a safety threshold of 40 meters above
the surface, approaching the location of the patient by descending 20 meters, to drop the AED
20 meters above the desired location. To conclude the flight the platform was piloted
manually. The distance of the full flight was 1,638.50 meters, delivering the AED in 03:36

minutes, to finalize the total mission in 10:11 minutes (Figure 57).

Figure 58: Flight Ritten 2, Ritten

The second flight (Ritten 2), performed also the initial part towards the emergency site
following the predefined plan adapted to the terrain, considering a safety threshold of 40
meters above the surface and approaching to the location of the patient by descending 20
meters (Figure 58). Even though, in this case the return was set to be a direct flight keeping a
constant altitude. In an approach similar to the implemented in the simulations made by
Wankmiuiller in South Tyrol (Wankmiiller et al., 2020). The drone flew back effectively to base
point in a straight line, but required a considerable time to reach the desired altitude prior the
return. This mission total distance was 1,736.63 meters, was delivered the AED in 03:39
according to the map-driven route and finalized using the Return To Home (RTH) mode, taking

06:45 minutes in total.
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During the last flight of this study case (Ritten 3), was followed the plan generated with the
proposed method towards the emergency site and back (Figure 59). Considering the
successful performance of the previous flights adapting safely to the terrain variations,
was set the altitude threshold to 30 meters above the surface, requiring to descent only 10
meters to drop the AED in the desired position. The distance of this flight was 1.532.16 meters
and took 05:29 minutes in total, delivering the AED in 02:59 minutes.

Figure 59: Flight Ritten 3, Ritten

Each flight was performed considering a horizontal speed of 7 m/s, using a vertical climbing
rate of 3 m/s. Due to the distance of the emergency site, the drone flew beyond visual line of
sight (BVLOS) from the remote pilot. Even though, in the destination point, was also an
experienced observer tracking the operation, receiving the AED and keeping continuous

communication with the remote pilot via radio.

When comparing the flights against the original plan generated using the proposed method
(UAS-AED Missions Routing Workflow), it can be observed that the trajectories in all three
cases adapted fairly well to the terrain variations, resulting into successful AED deliveries
around 03:00 minutes. Which suggest that the proposed workflow based on cartographic
methods to generate drone routes in mountain environments, holds a promising alternative to
plan the routes to deliver AED. Even though, this would require further tests and automation,
to be fully integrated with an automatic solution that permits first responders rely on the
potential of drones to deliver medical supplies to provide early medical assistance in remote

scenarios.
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5. Results and Discussion

The summary of the findings obtained from the experimental setup study cases is presented
in this chapter, addressing the overarching objective of designing a map-driven distributed
emergency drone service network, enabling the localization of suitable areas and suggesting

time-effective strategies for delivering AED in Alpine Regions.

The results are divided in three sections referring to the milestones reached during the
research, regarding the description of the distribution and coverage of the proposed
emergency drone service network in South Tyrol, considerations for map-driven UAS-AED
mission routing in mountain environments and the analysis of UAS-AED missions

performance following terrain variations.
5.1. Emergency Drone Service Network Distribution and Coverage

The suitable areas to provide emergency services based on drones, are defined in this
research by the combined weighted analysis of the spatial regulations regarding these
aircrafts, in the form of UAS Geographical Zones and the land uses where would be feasible
to deploy them (3.1. Methodology). Based on the spatial overlay of the mentioned information
(Ahlqvist, 2009), is generated a suitability index that assign the higher values to zones, such
as open rural areas or those with sparse urban fabric, with few or non-restrictions to operate
drones according to the local regulations (ENAC, 2022). Excluding specific areas that are
restricted for drone operations for safety reasons, as happens in a small military area in the
town of Malles Venosta in South Tyrol (Italy) (Figure 60), even though being possible to

operate in its neighbouring zones.
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Figure 60: UAS-AED Placement Suitability, Malles Venosta (South Tyrol)

In South Tyrol, zones with high levels of suitability are prolonged in the vast mountainous rural
areas of the province (Figure 30), being this an opportunity to extend the coverage of

Emergency Medical Services (EMS) using drones, away from highly restricted flight zones.
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However, this would require to work in direct cooperation with the administration of the
multiple protected areas in the province, to make possible flying the drones across them using

automatic missions in case of life-threatening emergencies (ENAC, 2022).

The suitability model index to determine where to would be possible to operate the drones,
was used to filter spatially a set of potential facilities, in which could be placed the drone
stations to deliver AED. The selection of these facilities aimed to select primarily fire rescue
stations and Alpine huts in highly suitable areas, considering these as the first options to
locate the drones in South Tyrol (Wankmidller et al., 2020). Even though, were also selected
alternative sites in remote locations, to extend the coverage range of the proposed network,

due to the limited number of facilities available in mountainous regions.
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Figure 61: Potential UAS-AED Stations, South Tyrol

In the final selection of potential locations for UAS-AED stations in South Tyrol (Figure 61),
are suggested 542 places, which could be established a vast network of emergency drone
services. This network could be deployed extensively from the fire rescue stations (289),
backed up by numerous Alpine huts (211), located in the farthest places of mountain sectors.
Whitin the proposed locations, were also selected 42 facilities that correspond to alternative

locations that could be considered too (Figure 62).
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Figure 62: Potential UAS-AED Station Classes

In the selection of proposed locations, it is assumed the good will of the first responders and
owners respectively, to allocate a drone station inside or nearby their facilities. Aiming to
generate the vast possible coverage, using the smallest number of drones. However, this
would require an important investment to adapt the different sites in order to deploy UAS-AED
missions and make this a feasible solution to assist cardiac arrests in remote locations.
During recognition visits to some Alpine huts in South Tyrol (Figure 26), the personnel
mentioned that they count with first aid kits, but do not have Automatic External Defibrillators
(AED) or training to use these devices, which is a need that also require to be addressed.
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Figure 63: UAS-AED Distance Coverage, Malles Venosta (South Tyrol)

Using these locations as a starting point, was estimated the coverage that the proposed
network could have in the Autonomous Province of South Tyrol, Italy. This was calculated
based on the accumulated distance from the stations (Murekatete & Shirabe, 2021), using the
Low-Altitude-Flight Elevation Model (LAFEM) proposed to generate a closer approximation to
the real extent of the coverage, considering geofences as barriers for the missions. These
barriers not only prevent the drones from flying over prohibited or dangerous zones, but could
also be used to exclude the operations over populated areas or zones ecologically vulnerable
as the biotopes of the province. Following the stated example in Malles Venosta (South Tyrol),
can be seen how the coverage areas extend from the proposed stations, adapting their range

according to predefined barriers, such as biotopes or military zones (Figure 63).
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Even though drones has the potential to fly over long distances at a high speed carrying
medical supplies (Cheskes et al., 2020), local regulations constraint their operation range in
order to control the activities that take place in low-altitude airspace (EASA, 2022). In recent
years, there have been important developments towards the design of a manageable airspace
in which drones and manned aviation can interact safely, as is the U-Space project (Xu et al,,
2020). However, the current legal framework to operate UAS in Europe, do not recommend
drone missions beyond visual line of sight (BVLOS) over 1 km or maximum 2 km in case of
counting with the support of an airspace observer (EASA, 2022). Therefore, the coverage
estimation of the service area regarding the proposed network, is calculated up to 2 kilometres

from the potential position of the UAS-AED stations (Figure 33).

Table 3: Surface Covered by the Proposed UAS-AED Network, South Tyrol

District Surface UAS-AED Coverage UAS Barriers
Bolzano 52 km? 28% 58%
Burgraviato 1,100 km? 52% 03%
Valle Isarco 624 km? 68% 07%
Val Pusteria 2,071 km? 42% 12%
Salto-Sciliar 1,037 km? 54% 11%
Oltradige-Bassa Atesina 423 km? 68% 10%
Val Venosta 1,441 km? 41% 03%
Alta Valle Isarco 650 km? 48% 07%
South Tyrol 7,399 km? 49% 08%

The proposed emergency drone service network could cover the total extent of 49% of the
Autonomous Province of South Tyrol (Table 3). Making possible to reach 7,399 km? within
10 minutes using drones to deliver AED in case of Out-of-Hospital Cardiac Arrests (OHCA),
flying at 3 to 10 s/m. Even though, has to be addressed that this coverage is not uniform for
the entire province, being more extended in districts such as Valle Isarco or Oltradige-Bassa
Atesina (68% each), because of the higher number of suitable facilities located in their
territory. Furthermore, there are important barriers for the operations, limiting a full coverage
of the province due to the UAS Geographical Zones, as in Bolzano that 58% of its surface has

prohibitions to operate drones, addressing the close proximity to the local airport.

To prioritize in which of the selected areas would be feasible to start the implementation of
these solutions, further research could study the spatial distribution of the historical data
regarding OHCA occurrence in the Province of South Tyrol (Ball et al., 2022). Defining hotspots
to these time-critical events, in order to optimize the allocation of the drone stations,
supporting the historical labor of the first responders in this mountainous region, with chances

of improving the odds of positive outcomes to victims of cardiac arrests.
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5.2. Map-Driven UAS-AED Mission Routing in Mountain Environments

Addressing the need of a suitable routing method for drones to deliver defibrillators across
the Alpine mountain environments (Wankmiiller et al., 2020). This research proposes a
workflow based on geographic information management and geoprocessing techniques,

to generate optimal flight paths capable to overcome effectively terrain variations (Figure 64).
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Figure 64: H1 Route, Braies

Relying on a detailed surface reconstruction, this workflow creates a modified elevation model
that integrate obstacles, barriers and a vertical safety threshold to route optimal paths based
on least-cost path and distance accumulation methods (Murekatete & Shirabe, 2021).
This was integrated as a semi-automatic geoprocessing tool using the Model Builder
application of ArcGIS Pro 3.1, which runs a preset of cartographic methods from the location

of a determined drone station towards an emergency point (3.5. Methodology).

This workflow was designed to be used flying over the steep slopes of the Alpine mountains.
Demonstrating versatility to adapt its results over different kinds of terrains, aiming to find the
shortest way at a determined altitude above the surface level. Creating a vectorial pathway
that is transformed into trajectory waypoints, being simplified according to a tolerance
parameter. The simplification used is based on the Douglas—Peucker algorithm (Meng, 2021),
which reduces the number of points along the line. Therefore, this has to be carefully

implemented to avoid collisions with the vegetation or the slopes of a mountain (Figure 65).
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Figure 65: Simplification Tolerance Comparison, H3 Route (Braies)
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To generate the routes the proposed method requires to start from a predefined starting point,
from which was created previously the accumulated distance surface to determine the paths.
Therefore, this workflow constraints the operation to initiate from a set of known points.
Limiting the easy adaptation of the process in cases where the starting point of the mission
changes in the last minute, requiring additional spatial data management processes to

generate the routes from the new locations.

The final product of the routing workflow is a table of coordinate points, calculated from a
detailed cartographic model. Which require of additional data transformation processes in
order to get the desired format readable by the UAS, according to the requirements of the
manufacturer. Therefore, this still require to be improved, being fully automatized to generate

timely the desired routes and incorporate this into a feasible solution to deliver AED.

The proposed workflow presents an alternative to generate routes in remote areas, where
there are not available predefined aerial routes for drones (He et al., 2022). Being capable to
generate a map-driven solution to assist effectively emergencies, such as cardiac arrest.
Furthermore, the possibility of incorporating geofences in the workflow or adapting the inner
parameters to determine least-cost paths according a different set of spatial variables.
Could make this a feasible routing option for carrying other kind of goods effectively in

different scenarios, such as commercial delivery.

The possibility to plan drone routes at a defined altitude level based on detailed cartographic
models, could also make possible incorporating this workflow to the current efforts of
designing the U- Space (Xu et al., 2020). Aiming to establish a manageable low-altitude
airspace, where UAS and manned aviation could interact safely, exploiting the potential of

these platforms to provide services in remote settings as in urban environments.
5.3. UAS-AED Flight Performance Following Terrain Variations

To demonstrate the effectiveness of the proposed method and evaluate the real impact of
this research in Alpine environments, two practical scenarios were conducted. These field
campaigns focused on testing the overall performance of the drones following flight paths
adapted to terrain variations and measuring the time to deliver effectively AED in remote

emergency sites, comparing different routing approaches implemented in mountain rescue.

During a study case that simulated the delivery of an AED in a ski resort of Corvara in Badia
(South Tyrol, Italy) (4.3. Experimental Setup), was evaluated the actual performance of a

trained remote pilot flying manually the UAS towards the emergency point (Figure 66).
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Optimal Path ~ === Fuclidean Distance Manual Flight

Figure 66: Corvara Flights Comparison

The resulting times and distances of the manual flight, were compared against estimations
(E) made based on an optimal route planned with the proposed method (Table 4), and the
approach that considers a direct straight-line flight keeping the same elevation, taking

advantage of the Euclidean distance (Wankmidiller et al., 2020).

Table 4: Corvara Flight Tests Results

Flight Total Distance  Delivery Time  Return Time  Total Time  Max. Speed
Optimal (E) 602.00 m 00:01:19 00:01:19 00:02:38 42 m/s
Euclidean (E) 763.89 m 00:01:32 00:01:32 00:03:04 42 m/s
Manual 718.72 m 00:02:30 00:01:40 00:04:10 10.2 m/s

In this test, are observed the common challenges that rescuers face when manually flying to
reach an emergency site. During a manual flight uphill, the perception of the remote pilot over
the aircraft was distorted by the distance, requiring multiple trajectory adjustments and
resulting in a longer time to effectively deliver the AED (Figure 66). In this flight, the defibrillator
was dropped after 02:30 minutes of flight, while the estimated delivery using the optimal path,
with a safety altitude threshold of 20 meters, was 01:19 minutes. In case of a flight that
requires to adjust the altitude prior moving in a straight-line, the estimated delivery was 01:32

minutes, due to the time this needs to perform a gradual altitude climb.

Regarding the second practical case, was simulated the delivery of an AED during a mountain
trail running competition in Ritten (South Tyrol, Italy) (4.4. Experimental Setup). In this was
evaluated the performance of the drone following a route generated with the proposed
method, over a challenging mountain terrain. During this test were considered different
settings to return the drone back to the initial point, helping compare the three different
approaches mentioned before, and were also implemented different altitude thresholds to
follow the slopes variations in an Alpine scenario. Using the predefined waypoints as an
altitude reference, was also possible to analyse the overall accuracy that the drone had while

arriving to these locations, following the elevation differences of the surface underneath.
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Figure 67: Ritten Flights Comparison

In this test were achieved three successful flights, following the predefined optimal path
generated with the map-driven proposed workflow (Figure 67). The initial safety threshold was
set to 40 meters above the surface level, but this was reduced to 30 meters after the positive
outcomes of the first two missions. In the three flights the delivery time of the AED was

perform in the desired location in around 3 minutes (Table 5).

Table 5: Ritten Flight Tests Results

Flight Total Distance  Delivery Time  Return Time  Total Time  Max Speed
Optimal (E) 1,582.88 m 00:03:11 00:03:11 00:06:21 42 m/s
Ritten 1 1,638.50 m 00:03:36 00:06:35 00:10:11 6.2 m/s
Ritten 2 1,736.63 m 00:03:06 00:03:39 00:06:45 7.3m/s
Ritten 3 1,532.17 m 00:02:59 00:02:30 00:05:29 7.2m/s

Considerable differences between the flights, can be seen while comparing the three different
approaches used to return to the base point. In the flight Ritten 1 was used a manual return,
which considered multiple adjustments in the trajectory concluding the entire missionin 10:11
minutes (Table 5). The return of the Ritten 2 follows the Euclidean distance at a fixed elevation,
using the Return To Home (RTH) function, to conclude the entire mission in 06:45 minutes.
The flight Ritten 3 followed the optimal path in both directions, making a full flight adapted to
the surface variations, this flight concluded the entire mission in 05:29 minutes, improving the
estimated time that was 06:21 minutes. Based on these tests, it can be concluded that a drone
following the optimal path calculated with the proposed workflow could perform automatic

AED missions more efficiently than using other approaches implemented by first responders.

However, has to be consider that during these flights, was required to perform the take-off
and landing manoeuvres manually, due to the close proximity with a ski lift and a radio
antenna. Which would require to validate the overall improvement showed by the proposed
workflow, by running fully automatic tests scenarios, prior implementing this as a feasible

solution to deliver AED to assist cardiac arrest in mountain environments.
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Figure 68: Ritten 3 Route, Waypoints Altitude Comparison

Comparing the estimated altitude of the optimal path waypoints, with the results of the flight
Ritten 3, which followed these points towards the emergency and back to the initial point

(Figure 68), overall altitude differences below 0.5 meters were observed (Table 6).

Table 6: Ritten 3 Route, Waypoints Altitude Accuracy

Route Waypoint 1 Waypoint 2 Waypoint 3 Waypoint 4
Planned 2,264.68 m 2,235.61m 2201.24m 2,165.50 m
Forward 2,264.97 m 2,235.82m 2,201.44m 2,165.98 m

Backward 2,264.92 m 2,235.72m 2,201.15m 2,165.67 m
Difference 0.29m 0.21m 0.29m 0.49m

This demonstrates the feasibility of planning complex drone routes in mountain environments
based on detailed elevation models, which can then be successfully followed by drones

equipped with highly precise location capabilities.
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6. Conclusions

To summarize the key findings of this research that aim designing a map-driven distributed
emergency drone service network, enabled to localize suitable areas and suggesting

time-effective strategies for delivering AED in Alpine Regions.

During the study of the emergency drone service network distribution and coverage, were
successfully identified the suitable areas for providing emergency drone services in South
Tyrol (Italy), based on the weighted spatial analysis of the UAS regulations and the land use.
Zones with high levels of suitability were found in vast mountainous rural areas, offering an
opportunity to optimize the coverage of Emergency Medical Services (EMS) using drones
towards them. As the base of the emergency drone service network, were proposed 542
potential locations for UAS-AED stations in South Tyrol, conformed mainly by fire rescue
stations and Alpine huts. Even though, to exploit the full potential this would require to obtain
the authorization to operate over protected areas and invest in adapting those facilities to

deploy the drones.

Regarding the map-driven UAS-AED mission routing in mountain environments, is proposed a
workflow to generate optimal flight paths for drones to navigate over challenging terrain in
Alpine environments. This workflow is based entirely in cartographic methods, using
geographic information management and geoprocessing techniques, designed to adapt to
different types of terrains and altitudes, providing versatility for route planning. However, this
would require further automation for real-time route generation and integration with rescue

operations.

In relation to the performance of the UAS-AED missions following terrain variations, were
conducted field test to evaluate the delivery of AED in Alpine environments. The flight paths
generated based on the proposed workflow, showed significant improvements for the delivery
of medical supplies, in comparison to other approaches commonly used by first responders
in rescue operations. Demonstrating the potential of considering detailed geographic
information and cartographic methods to generate strategic solutions to support first

responders towards life-threatening emergencies.
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Appendices

Appendix 1: Tested UAS

Figure 70: MAvTech Q4X of MavTech in Ritten

Table 7: Tested UAS Characteristics

Provider Eurac Reseach MavTech
Brand Soleon MavTech
Model Octagon Q4x
Configuration Octacopter Quadcopter
Battery 2 x 6s1p - Li-Po LiPo 6s
Length 1260 mm 1200 mm
Weight without Payload 4300g 4250¢g
Maximum Take-off Mass 7500 g 9000 g

Autonomy 25 min 32 min


https://www.soleon.it/en/uav-solutions/searching-missing-persons
https://www.mavtech.eu/it/prodotti/q4x-drone/
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