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Title: Decision support models for the fair redesign of free-
floating micromobility sharing systems

EXTENDED ABSTRACT (eng)

Sharing mobility is changing users’ behaviour in urban areas, introducing
a new way of movement. Vehicle-sharing systems are valid alternatives to the
use of private modes of transport, since they allow users to cover short to me-
dium distances with no emissions, promoting multimodality. There are two main
types of vehicle-sharing systems: station-based and free-floating. Unlike former
systems, free-floating ones are not based on stations and users can release a
rented vehicle arbitrarily within a predefined operating area as close as possible
to their destination and in an accessible place for others. Due to these character-
istics, we have focused our research on free-floating systems that have signifi-
cantly grown in the last few years, but they are also characterised by a number
of issues related to safety features and urban decorum. One aspect of the evolu-
tion of these systems is the possibility (or obligation) to release vehicles in
geofence areas, which are similar to stations, with the aim of avoiding disorderly
parking (urban decorum) that can be an obstacle to pedestrians and vehicle flows
(safety features). To this end, we proposed three decision support models for the
redesign of free-floating micromobility systems. The first model proposed the
conversion from free-floating systems into a station-based one. In this case, users
must drop off vehicles at the nearest station to their destinations. It is a bi-objec-
tive model with the aim of minimising the walking distances that users face to
reach the nearest station and minimising the inequality of the service offered.
The second model is an equity-based optimisation model for the location of



parking areas in free-floating sharing systems. In this case, it is not mandatory to
drop off vehicles in these zones, users are simply incentivised to do so. This model
takes into consideration the minimisation of demand outside parking areas and
the minimisation of inequality. The third model is based on the conversion of a
free-floating system into a mixed one with mandatory geofence areas in which
vehicles can only be dropped off at stations which are identified with painted and
geofenced spaces and/or through beacons. In particular, we propose a multi-ob-
jective model that maximises station demand, minimises user walking distances,
and minimises inequality in walking distance changes due to the conversion to a
mixed system. The proposed models aim to increase the equity of free-floating
systems, which should be equally accessible for the entire population. The solu-
tions found are a trade-off between municipal council needs (to solve the illegal
parking problem) and operator needs (to adopt systems with arbitrary parking,
maximising the use of each vehicle). Further research may involve dynamic as-
pects in the proposed methodologies, such as the dynamic location of hubs and
the dynamic relocation of vehicles and battery swap, with the aim of further im-

proving the accessibility and equity of the system

Keywords: Equity, Location Problem, Micromobility, Free-floating

shared system, Geofence areas, Multi-objective optimization, Parking areas



Titolo: Modelli di supporto alle decisioni per un’equa ripro-
gettazione dei sistemi free-floating di micromobilita condivisa

EXTENDED ABSTRACT (ita)

La mobilita condivisa sta cambiando il comportamento degli utenti nelle
aree urbane, introducendo un nuovo modo di effettuare spostamenti. | sistemi
di veicoli condivisi sono delle valide alternative all'uso di mezzi di trasporto pri-
vati, poiché consentono agli utenti di percorrere distanze medio-brevi senza
emissioni, promuovendo la multimodalita. Esistono due tipologie principali di si-
stemi di veicoli condivisi: i sistemi a stazioni fisse (station-based) e quelli a flusso
libero (free-floating). A differenza dei sistemi a stazioni fisse, i sistemi free-floa-
ting non sono basati su stazioni e gli utenti possono rilasciare arbitrariamente il
veicolo noleggiato all'interno di un'area operativa predefinita, il piu vicino possi-
bile alla loro destinazione e in un luogo accessibile ad altri. La nostra ricerca si
focalizza sui sistemi free-floating, che si sono sviluppati in modo significativo negli
ultimi anni, ma sono anche caratterizzati da problematiche legate alla sicurezza
e al decoro urbano. Una possibile evoluzione di questi sistemi € la possibilita (o
I'obbligo) di rilasciare i veicoli in aree georeferenziate, che hanno una funzione
simile alle stazioni, con I'obiettivo di evitare parcheggi disordinati che possono
essere di ostacolo ai flussi pedonali e veicolari (problematiche relative al decoro
urbano e alla sicurezza). A questo scopo abbiamo proposto tre modelli di sup-
porto alle decisioni per la riprogettazione di sistemi di micromobilita free-floa-
ting. Il primo modello propone la conversione dei sistemi free-floating in sistemi
basati su stazioni. In questo caso, |'utente deve rilasciare il veicolo alla stazione
piu vicina alla propria destinazione. Si tratta di un modello bi-obiettivo con la fi-

nalita di minimizzare le distanze che gli utenti devono percorrere per raggiungere



la stazione piu vicina e di minimizzare l'ineguaglianza del servizio offerto. Il se-
condo modello & un modello di ottimizzazione basato sull'equita per la localizza-
zione delle aree di parcheggio nei sistemi di condivisione free-floating. In questo
caso non e obbligatorio rilasciare i veicoli all'interno di queste zone, ma gli utenti
sono piu propensi a farlo in quanto localizzate in aree ad alta domanda. Questo
modello prende in considerazione la minimizzazione della domanda al di fuori
delle aree di parcheggio e la minimizzazione della disuguaglianza. Il terzo modello
si basa sulla conversione di un sistema free-floating in un sistema misto con aree
georeferenziate. All'interno di queste aree i veicoli possono essere rilasciati solo
all’interno di stazioni identificate con spazi dipinti e georeferenziati e/o tramite
beacon. In particolare, proponiamo un modello multi-obiettivo che massimizza la
domanda di stazioni, minimizza le distanze a piedi degli utenti e minimizza l'ine-
guaglianza nelle variazioni delle distanze a piedi dovute alla conversione in un
sistema misto. | modelli proposti hanno I'obiettivo di aumentare I'equita dei si-
stemi a flusso libero, che dovrebbero essere ugualmente accessibili a tutta la po-
polazione. Le soluzioni ottenute rappresentano un compromesso tra le esigenze
delle amministrazioni comunali (risolvere il problema dei parcheggi abusivi) e
quelle degli operatori (adottare sistemi con parcheggi arbitrari, massimizzando
I'uso di ogni veicolo). Ulteriori ricerche potrebbero coinvolgere aspetti dinamici
nelle metodologie proposte, come la localizzazione statica e dinamica degli hub
e laricollocazione dinamica dei veicoli e dello scambio di batterie, con I'obiettivo

di migliorare ulteriormente I'accessibilita e I'equita del sistema.

keywords: Equita, Problema di localizzazione, Micromobilita, Sistemi

condivisi a flusso libero, Aree di geofencing, Ottimizzazione Multi-obiettivo, Aree
di parcheggio
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Decision support models for the fair redesign of free-floating micromobility sharing systems

1. INTRODUCTION

Sustainable mobility has become increasingly popular in recent years, par-
ticularly with the spread of shared micromobility systems such as electric scoot-
ers (e-scooters) and bicycle sharing. These types of transport have been pro-
moted due to the fact that they might help the transition towards a cleaner and
more sustainable transportation system (Roig-Costa, Miralles-Guasch and Mar-
quet, 2024), reducing polluting emissions and traffic congestion, improving indi-
vidual health, giving flexibility and quick access from/to public transport termi-
nals (Frondel and Vance, 2017; Yanocha and Allan, 2019). They are a valid alter-
native to private modes of transport, allowing users to cover from short to me-
dium distances. It is possible to divide sharing systems into two main separate
categories: station-based (docked) and free- floating (dockless). In the former,
users can rent a vehicle from a station and then return it to another one to end
the ride. In the latter, users can pick up and drop off a vehicle anywhere in the
service area (except in zones which are private or not accessible to all users), al-
ways abiding to the highway code. Free-floating systems can appear more equi-
table and comfortable than station-based ones. Indeed, Meng and Brown (2021),
analysing 32 USA cities, shown that the geographical distribution of docked sys-
tems is extremely unequal and dockless systems minimise these differences. On
the other hand, parking freedom also poses a number of relevant issues. Unau-
thorised and irregular parking may hinder pedestrians and traffic flow in the city
as well as compromise urban decorum. In the following subsections, we will illus-
trate the studies related to unauthorised and irregular parking; the possible so-
lutions proposed include the location of stations or parking areas; the typologies
of parking areas; the parameter of the willingness to walk as an important factor

for station location and equity, and the contributions of our research.
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1.1. Unauthorised and irregular parking

There are numerous papers in which unauthorised and irregular parking
have been studied. James et al. (2019) analysed 606 parked e-scooters along
three mixed-use corridors in Rosslyn (USA) with the aim of investigating the rela-
tionship between the built environment and parking. They showed that 16% of
these e-scooters were parked incorrectly and 6% were blocking the pedestrian
right of way. Brown et al. (2020) collected data on 3,666 e-scooters, motor vehi-
cles, bicycles, and sidewalk objects in various cities, such as San Francisco, Santa
Monica and Washington. The objective was to analyse micromobility and motor
vehicle parking practices. Brown (2021) analysed scooter parking regulations
with data from 37 USA cities with the aim of highlighting the reasons for these
choices. They found that 95% of cities allow users to park in the fourniture zone,
78% of cities allow users to park at bike raks, 70% against buildings, 62% on land-
scaping and 60% against singns. For these reasons, cities should approach regua-

tions ad a fundamental piece for reclaiming streets and promoting mobility.

1.2. Proposed solution in literature

To address disorderly parking, operator-based processes and user-based
regulations with mandatory or non- mandatory parking areas may be imple-
mented. As regards the former, Carrese et al. (2020) introduce the figure of the
“beautificators”. Beautification differs from relocation which consists of redis-
tributing vehicles around the city, even at greater distances from one part to an-
other. Indeed, it aims to reposition e-scooters or bikes located in incorrect posi-
tions to optimise urban decorum. For example, Carrese et al. (2021a), with an
integer linear programming and metaheuristic solution, proposed scooter repo-
sitioning of hired e-scooters in inappropriate positions. The search for incorrectly

parked vehicles, to be implemented by the sharing company agents, could be
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facilitated, for example, using drones (Carrese et al., 2021b), through reports
from other users (Voi Technology, 2024b) or, for vehicles lying on the ground, by
vehicle gyroscopes. However, global navigation satellite systems have a bad sig-
nal in some places as garages, under bridges and tunnels. For this reason, Dawson
et al. (2022) proposed a method to estimate the vehicle position through the use
of on- board low cost inertial sensors such as accelerometers and gyroscopes. In
that way it is possible to guarantee continuous positioning estimation for unin-
terrupted navigation. Also in the work of Zhou et al. (2022), they proposed a
novel deep learning-based vehicle indoor positioning approach using
smartphone built-in sensors such as accelerometer, gyroscope, gravity sensors,
and magnetometer. They tested them in parking areas showing their good func-
tioning.

Aside from “beautificators”, alternative key solutions could be to compel
users of free-floating systems to park in designated spaces or provide them with
the possibility to do so. In mandatory parking areas, users are forced to drop off
vehicles in specific areas. Therefore, it is vital that these areas are clearly visible
both in the service app and in the places where they are implemented. In non-
mandatory parking areas, it is also helpful to implement app-based incentives to
encourage users to park vehicles in designated areas. If they park in a place indi-
cated in the app they can receive money, free rides or a discount on the app itself.
Several studies have shown that this approach can overcome parking issues. For
example, Su et al. (2020), using a randomised field experiment, showed that
warning messages and monetary incentives promoting optimal behaviour reduce
prohibited parking. Gao et al. (2021), through a logit model based on the theory
of planned behaviour, analysed a sample of 453 users who parked their vehicles.
This study showed that monetary rewards and penalties can motivate users to
properly park their vehicles. The higher the intensity of the incentive, the lower
the efficiency of financial penalty, especially when the distance to be travelled
requires more than a 10-minute walk. Some operators directly implement park-

ing incentives through their applications. In 2020, in Paris (France) Bird (Bird,
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2020) introduced a “preferred product” for parking using app-based locations,
messages, and real-time navigation to drive users to park in approved areas. An
incentive is given to the users who park in these areas, accompanied by varying

degrees of punishment for those who park irregularly.

1.3. Types of parking areas

Two main kinds of parking areas can be implemented: physical racks or
dedicated spaces with no racks, marked with paint and/or geofenced or with bea-
cons. Pilot projects, in particular with Voi logo racks (Voi Technology, 2024a) in
Oslo (Norway) and painted parking spaces in Trondheim (Norway) and Oslo, were
conducted to evaluate improvements in urban decorum. The results show that
these parking solutions have a limited effect at a distance, but a good effect
within the neighbourhood, especially if neutral and not linked to a rental com-
pany (T@I rapport, 2021).

Geofencing is one of the latest innovative solutions and it can change user
behaviour. It is a location-based service which controls entry or exit from/to a
virtual boundary, named geofence, based on a satellite navigation system, usu-
ally the USA Global Positioning System (GPS). In this way, it is possible to delimit
a parking area and know whether a shared vehicle is parked inside it or not.
Geofencing can be used for different purposes and not just to define parking ar-
eas. In transport, it can be used to delineate the service zone boundaries, to guar-
antee safety on the road with speed regulations and to deny access to certain
roads or areas (Eurocities, 2020). For example, the operator Lime (Lime, 2024)
and other companies use geofence zones. In the case of Lime, vehicles can stop,
slow down or warn riders depending on the kind of zone they are in. There are
“no locking” zones (in which a rider cannot stop or pause his ride), “low speed”
zones (in which vehicle speed changes in relation of the type of street) and “no
parking” zones (in which users can not end a ride) (Lime, 2020). Moran (2021)
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analysed bicycle and e-scooter geofences in San Francisco, USA, from 2017 to
2019. The aim was to show the importance of having regulations for defining
geofencing areas. Moran, Laa and Emberger (2020) analysed the spatial variance
in e-scooter geofences in Vienna, Austria, and how these differences are related
to existing municipal regulations. In that way, they analysed differences between
six operators highlighting geofence size, shape and placement, no-parking zone
category and frequency of geofence modification. The goal was to establish a e-
scooter sharing profile which can be used as a basis for future comparison cases
worldwide. Geofencing can also be used for scheduling. In fact, Liazos et al.
(2022), in their study, proposed a methodological framework for a geofence plan-
ning network design model with the aim of reducing cycle interaction with other
kinds of traffic.

Geofencing technology is not suitable in city zones where there is a weak
GPS signal with connection delays that lead to improper system operations. In
these particular cases, it is possible to rely on a more precise technology: bea-
cons. With this method, it is also possible to decrease irregular parking and in-
crease the accuracy of locating each vehicle in zones with low satellite signals,
i.e., zones with roads and parks surrounded by high buildings (Segway, 2022). For
a more precise positioning of a shared vehicle, Superpedestrian (LINK, 2020) pro-
pose a digital based map named Ground Truth Maps, with the aim of illustrating
urban landscapes with specific features. These maps are subsequently integrated
with details of problematic areas with the support of residents and experts. All
these data are mixed with existing digital maps. Periodic updates play a funda-
mental role because of continuous changes.

In addition, the presence of parking areas may reduce these issues, as
shown in the study of Hemphill et al. (2022) which analysed the spatial distribu-
tion of parking compliance. They demonstrated that the proportion of correct
parking is higher on blocks with designated e-scooter parking than blocks without
and highlighted a statistically significant relationship between legally parkable ar-
eas and parking compliance. Moreover, the study of Gossling (2020) investigated
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the role of e-scooters in urban transportation with problems and policies, con-

sidering the introduction of dedicated parking as a possible improvement.

1.4. Willingness to walk

The location of these parking areas becomes important for how these sys-
tem functions. The willingness of users to walk is an important factor in how
these systems function. For this reason, distance decay is conceived to evaluate
system efficiency and behaviour of users. Indeed, the shorter the distance, the
higher the probability to make the trip, while the greater the distance, the less
likely it is for travel to occur (AuX Platform, 2020). Fukushige, Fitch and Handy
(2022) examined bike-sharing user willingness to walk to pick up/drop off a vehi-
cle at various distances from their origins or destinations and underlined the fac-
tors influencing their choice. They show that 90% of users are willing to walk
about 5 minutes (around 400 m); as a result, placing bikes at 800 metre intervals
could satisfy users. The study of Kabra, Belavina and Girotra (2016) established
that almost 80% of bike-sharing system users were willing to walk a maximum of
300 metres to reach a vehicle. The study of Gao et al. (2020), however, shows
that characteristics such as population density, education facility density, branch
road density and parking density affect distance decay in dockless bike sharing
systems in a positive way. Due to these theories, as well as the fact that the free-
dom to drop off vehicles at the exact location of the user’s destination has gen-
erated disorder and obstacles on roads and pavements (Zhang et al., 2023), the
introduction of stations in free-floating systems was developed in a few studies.
For example, Zakhem and Smith- Colin (2021) proposed the introduction of dock-
less parking zones to reduce disorder as a result of the free-floating mode. Users
could be incentivised (not obliged) to release vehicle in these zones. Sandoval et
al. (2021) proposed a data-driven placement of parking facilities in free-floating

systems to incentivise users to drop off vehicles without obstructing roads and
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pavements. The location of parking facilities may benefit one part of the popula-
tion more than another. For this reason, the equity concept needs to be taken

into consideration.

1.5. Contributions

To the best of our knowledge, so far nobody has proposed station location
models considering equity aspects. Our research aims to provide municipalities
and shared system micromobility operators with a tool to address disorderly
parking, proposing three decision support models for the fair redesign of free-
floating micromobility systems. The first bi-objective model proposed the con-
version from a free-floating system into a station-based one. In particular, we
proposed a bi-objective model which, as well as minimising the total walking dis-
tances (asin p-median models), also reduces the inequality of the service offered.
The second model is an equity-based optimisation model for the location of park-
ing areas in free-floating e-scooter sharing systems. This model takes into consid-
eration the minimisation of demand outside parking areas and the minimisation
of inequality. The third model is based on the conversion of a free-floating system
into a mixed one with mandatory geofence areas in which vehicles can only be
dropped off at stations identified with painted and geofenced spaces and/or
through beacons. In particular, we propose a multi-objective model that maxim-
ises station demand, minimises user walking distances, and minimises inequality
in walking distance changes due to the conversion to a mixed system. In the fol-
lowing section, we report recent studies on location problems and equity. In the
third section, we report the mathematical notation of models. The proposed
models are presented in the fourth section with their respective case study and

discussion of results. Conclusions close the thesis.
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2. LITERATURE REVIEW

The problem of parking location has been one of the most discussed top-
ics related to vehicle sharing systems. In particular, the methodologies and mod-
els used to identify infrastructure or parking positions were taken into consider-
ation, with the aim of improving the organisation of shared systems. The litera-
ture review is organised as follows: Section 2.1 discusses studies focused on the
problem of station location; Section 2.2 examines studies proposing the conver-
sion from free-floating to station-based systems; Section 2.3 analyses the con-
cept of equity and how it is related to this research; Section 2.4 outlines the con-
tributions and future developments of the proposed study.

2.1.  Station location problem

The problem of station location has been an issue widely discussed in lit-
erature. Among the first works, we find a variety of papers focusing on this topic.
Palomares, Gutierrez and Latorre (2012) proposed a GIS-based method to calcu-
late the spatial potential demand distribution for trips with the aim of determin-
ing station capacity and the characteristics of the demand for stations. Park and
Shon (2017) analysed optimal bike-sharing station locations with the use of loca-
tion- allocation methods, concentrating on the minimum impedance model and
maximum coverage location problem. This study was based on taxi trajectory
data with the aim of localizing bike-sharing stations more efficiently to replace
short car trips. They calculated demand through records of real-scale floating
population data. Cintrano et al. (2018), using a p-median problem, analysed the
best location of bike stations with the aim of allowing users to walk the shortest
distance to reach them. The objective function is the minimisation of the average
distance from users to the nearest bike station. Chen et al. (2018) proposed a

multi-objective mixed-integer linear programming (MILP) model with the aim of
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optimally localizing e-scooter charging stations. Sun, Li and Zuo (2019) proposed
a MILP model to optimise location assignment of virtual stations and to maximise
user demand. They also proposed a clustering algorithm such as an alternative
solution to solve the problem in real time They proposed maximising the number
of bikes of virtual stations to maximise station demand. User demand was con-
sidered as the number of shared bikes from of all virtual stations. Cheng and Wei
(2020) proposed a multicriteria decision-making model including the analytic hi-
erarchy process and the weight-restricted data envelopment analysis method
with the aim of determining the optimal bike-sharing parking points. They took
into consideration the interests of users, the environment and safety issues. Fu
et al. (2020), within a spatio-temporal clustering algorithm, analysed data of
shared bicycles, flows and parking rules with the aim of identifying bicycle area
divisions more clearly. Amarilies, Kamil and Adzkia (2020), through a maximum
coverage distance problem, analysed parking positions and their capacity for
dockless bike-sharing systems. Cintrano, Chicano and Alba (2020) analysed the
best station locations for shared bicycles with the use of a p-median problem.
The objective function is to minimise the average distance from users to the near-

est bike station.

2.2. Conversion from free-floating to station-based systems

Among the most recent works we find papers related to problem location
focused on the conversion from free-floating systems to a geofenced or station-
based one. For example, Fazio et al. (2021) proposed a spatial multicriteria GIS-
based method for the prioritisation of locations of the cycle stations within urban
areas, with the design of a cycle network. They considered spatial data related to
public transport accessibility, attractiveness, presence of points of interest and
socio- economic information. Zafar, Bayram and Bayhan (2021), through a maxi-
mum coverage location problem, analysed correct electric vehicle fast charging
station locations, using QGIS software. The objective is to maximise the amount

of charging demand required within the desired driving distance by achieving
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maximal coverage. Mahmoodian, Zhang and Charkhgard (2022) proposed dy-
namic hubbing (i.e., geofencing areas varying from one day to another) and hy-
brid rebalancing by combining user-based and operator-based strategies, using a
novel multi-objective simulation optimisation approach. They proposed two
models. In the first model, the objective is to minimise the distance between the
location of the hub centre and the location of demand. The objective of the sec-
ond model is to minimise the walking distance between zone and customers and
the assignment of demand to that zone. Cai, Ong and Meng (2023) proposed a
multi-objective integer non-linear programming model with the aim of convert-
ing an existing free-floating bike sharing system into a geofence-based one. They
set out to define geofencing stations, their corresponding parking capacities, and
deployment of bikes. The objective is to minimise monetary costs, user dissatis-
faction, and the additional first/last-mile walking distance of users. Rojas et al.
(2023) proposed a decision support system to guide free-floating bike-sharing
system operators in deciding where to locate virtual bike stations in a medium-
sized city, using a geospatial data wrangling methodology and open-source soft-
ware such as GeoPandas. The objective is to minimise the sum of the distances
between all demand nodes and the stations. Fu et al. (2023) constructed a site
selection model with constrained service level through the use of a hybrid genetic
and annealing algorithm. The aim is to adjust the location of electronic fences to
balance the supply and demand of sharing bicycles, minimising the costs and en-
suring service level. Deveci et al. (2023) developed a novel hybrid fuzzy multi-
criteria decision-making model with the aim of determining optimal e-scooter
parking locations by combining the logarithmic methodology of additive weights
and the ranking of alternatives through functional mapping of criterion sub- in-
tervals into a single interval method. Colovic et al. (2024) proposed a novel multi-
objective micromobility maximal coverage parking location model with the aim
to design shared e-kick scooter parking spaces in large urban areas. The objective
functions are three and are about the maximisation of the population coverage,

the maximisation of multimodal accessibility coverage and the maximisation of
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the attraction coverage considering most relevant points of interest for each cor-
responding zone belonging to large urban areas.

More specifically, there are a number of studies focusing on the location
of stations, where users are incentivised to drop off vehicles. For example, Zak-
hem and Smith-Colin (2021) proposed two methodologies to identify areas of
high parking demand and roadway segments of high micromobility vehicle de-
mand. Their goal was to assign free-floating parking and reduce disorder across
cities, in an attempt to improve identification of locations for road infrastruc-
tures, incentivizing users to drop off vehicles in those parking areas. The studies
of Zhang, Lin and Mi (2019) and Sandoval et al. (2021) proposed an electric fence
planning for free-floating bike-sharing systems and a data-driven method based
on clustering algorithms with the aim of establishing shared e-scooter parking
locations and their usage, respectively. In both studies users could be incentivised
or obliged to drop off vehicles in those zones. In addition, Arif and Margellos
(2022) proposed painted parking areas for bikes where users are either not al-
lowed to end a journey outside of a parking hub or are penalized for parking out-
side the designed area. Conversely, in the paper of Xanthopoulos et al. (2024)
users are obliged, not incentivised, to park vehicles in predefined areas. There
are few studies involving mixed use of free-floating systems and station-based
functioning. Zhao and Ong (2021), for example, proposed a procedure to identify
potential bicycle parking facility locations and capacities, using a density-based
spatial clustering of applications with noise method and k-means clustering algo-
rithm. Shi, Liang and Seng (2022) proposed a framework for planning electric
fences based on a dynamic land parcel subdivision algorithm and a regional cov-
erage maximisation problem. Mangold et al. (2022) developed a Geographic in-
formation system based multi- criteria decision analysis framework for geofence
planning of dockless bike-sharing systems based on available data. However, in
all these studies, no models are proposed to define the boundary of the free-
floating and station-based sub- areas, but these are set a priori.

11
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2.3.  Equity concept

The location of stations or parking areas, as well as the distribution of
free-floating vehicles, may be not equitable, i.e., it does not guarantee equal ac-
cessibility to the entire population, and there may be one part of the population
which is more disadvantaged than the other. Therefore, it is important to con-
sider equity criteria when positioning parking areas. Equity can be horizontal or
vertical. Horizontal equity consists of offering the same opportunities in equal
circumstances and vertical equity consists of distributing benefits among groups
with different needs. In literature, equity was calculated through indicators; the
most widely used are the Theil index and the Gini index. Theil index (Theil, 1967)
explicitly quantifies inequality both within and between groups (e.g., for mutually
exclusive spatial regions or sociodemographic categories) and it is decomposable
into these two quantities and the overall Theil is simply the sum of the between-
and within-group inequalities (Karner et al., 2024) and it was used, for example,
in the analysis of Hamidi et al. (2019) based on inequalities of bicycle access at
major transportation nodes in a city. The Gini index (Gini, 1912) is a measure of
inequality of a distribution and it is calculated from the Lorenz curve, which is
represented on a diagram. On the horizontal axis, a chosen unit was represented
(in most cases the population), while on the vertical axis the income was shown.
If the curve is equal to a 45° straight line, the situation is equitable; if it shows a
curvilinear trend, the situation is unfair. This index was used, for example, in the
study of Giuffrida et al. (2023); an evaluation of horizontal equity was conducted
through the use of the Gini index based on Lorenz curve as a measure used to
assess the distribution of accessibility within the population. Similarly, in the
study of Berke et al. (2024), the Gini index was used to evaluate spatial equity in
access to public bike-sharing.

There are numerous studies in which equity aspects were analysed in re-
lation to the problem of problem. Caggiani, Colovic and Ottomanelli (2020) in
their study, for example, proposed a bike-sharing station location model with

12
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equality aspects, through a Theil index. The aim was to minimise inequalities in
bike-public transport mobility, maintaining high levels of accessibility and cover-
age. Iravani (2022) used an innovative methodology to identify the locations of
electric vehicle stations, improving accessibility with equity and efficiency aspects
with the aim of maximizing system usage. Beairsto et al. (2022) carried out the
ideal locations for future bike sharing stations in Glasgow, Scotland, combining
demand modelling, with an ordinary least squares regression model with acces-
sibility aspects, measured by two-step floating catchment area methodology and
GIS weighted overlay analysis. Fan and Harper (2024) carried out a bi-objective
optimisation model to show how stakeholder preferences towards equity impact
the design of docked bike shared systems. The objective function is about max-
imizing the encircled demand of bike stations and maximizing total service
weighted by disadvantaged level of census block groups. Blanco, Marin and
Puerto (2022) introduced an equity criterion based on envy, which is defined with
respect to the revealed preference of each demand point for sites of the poten-
tial serving facility. The aim was to locate facilities minimizing envy through a p-
facilities location problem. Blanco and Gazquez (2023) proposed a general math-
ematical optimisation model to capture the notion of fairness in maximal cover-
ing location problems. They carried out a new fairness measurement based on a
Gini index and other definitions. Bencekri et al. (2023) propose a single allocation
p-median hub with a fixed cost model, where the fixed cost includes equity and
coverage indices. Equity was explained through a Gini index derived using social

guantile group data.

2.4. Contributions

To eliminate irregular and unauthorized parking, municipal councils can
approve the total transition from free-floating systems to station-based. How-

ever, this solution may only be the best considering a high number of stations,
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due to the low walking distances that users have to cover on foot in a station-
based system. It is not usually possible to implement a large number of stations
to have the same distances as free-floating walking distances, due to the fact that
it would be necessary to subtract spaces from pavements or other parking cate-
gories, such as cars and mopeds. On the other hand, non-mandatory parking ar-
eas may be insufficient to address the problems related to free parking. In both
cases, stations could create advantages or disadvantages for a part of the popu-
lation with higher or lower walking distances. A trade-off solution could be the
conversion from a free-floating system to a mixed one, with geofenced sub-areas
based on stations, considering equity aspects, as proposed in this thesis.

To the best of our knowledge, in literature there are no location models
that consider equity aspects and suggest the conversion of a dockless system into
a mixed one with free-floating and station-based service sub-areas. Therefore, in
this work we propose a model that allows the definition of these sub-areas that
can be implemented using geofencing technology. In station-based sub-areas,
stations can be identified with painted and geofenced spaces and/or through
beacons. Transforming a free-floating system into a mixed one can limit irregular
parking but, at the same time, it can lead to a change (often a reduction) in the
level of service. Indeed, if the distance among stations is not sufficiently low, us-
ers will be forced to walk longer, on average, compared to a purely dockless sys-
tem. For these reasons, we suggest a multi-objective problem with the aim of
finding a compromise solution among three objectives: 1) the maximisation of
the number of users parking in stations (station demand) where vehicle parking
is mandatory, to minimise irregular parking; 2) the minimisation of users’ walking
distances; 3) the minimisation of inequality in the accessibility of the system
among service area residents to ensure that there are no population zones that
will be more affected by the walking distance changes. All the details of the pro-
posed model, including all its parameters and variables, are fully described in the

next section.
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The proposed model was applied to a case study which highlights how it
can support municipalities and operators, allowing them to find a fair compro-
mise system configuration between the entire transformation of a dockless sys-
tem into a docked one and a system with no mandatory parking spaces, creating
stations only where it is most necessary (where the vehicle drop-offs are higher)

without neglecting a possible minimisation of users’ walking distances.
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3.

NOTATION

In this subsection, all the symbols used in the thesis with the relative de-

scription have been reported in alphabetical order.

sy

By

caps,
cd_max

CK

clim,

c_min

16

number of car parking spaces belonging to paid category r that
have to be removed to satisfy maximum number of shared
vehicles simultaneously at station s, incremented with factor §
generic buffer with b € [0, 1, 2, ..., nb]

percentage of system users that are willing to walk a distance less
or equal to vb from their destinations to the nearest station to
drop off a vehicle

centroid coordinates of micro-zone i

centroid coordinates of micro-zone j;

capacity of a generic station s (maximum number of parked shared
Vehicles at station s)

maximum number of shared vehicles that can be parked in the
station sy,

maximum distance among any pair of stations belonging to the
same cluster

choice set of station clusters

maximum number of car parking spaces of the category r to be
removed

minimum number of stations belonging to a cluster of stations
weight of the destination micro-zone j; reachable from
micro-zone i

incremental factor of peaks,

vector of z elements of the total of minimum distances between

micro-zone centroids belonging to zone q and the nearest chosen
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stations
dem total number of users parking in stations during AT function
d; minimum distance between micro-zone i centroid and the nearest

station belonging to chosen stations S
dist distance function between two centroids
dlim maximum distance that a user is forced to walk to pick-up or

drop-off a vehicle in station-based sub-areas

dmax maximum distance that users are willing to cover with a shared
vehicle
dmin minimum distance for which a user chooses to pick-up a shared

vehicle instead of walking to the destination

Ag difference between inequality Gini index of the existing
free-floating micromobility sharing system and that of
the mixed one (grr — 9)

Ag number of times Ag is less than 0, calculated as a percentage,
during the time interval AT

AT total time interval in which the existing free-floating
system trips data are available

e, drop-off walking distance at destination micro-zone j;
(drop-off distance at destination)

fi, pick-up walking distance at destination micro-zone j;
(pick-up distance at destination)

g inequality Gini index of the mixed micromobility sharing

system function

grf inequality Gini index of the existing free-floating micromobility
sharing system function

s, generic micro-zone of station s, with is, € [1,2,...,mg, ]

i generic micro-zone with i € [1, 2, ..., m]

in_max maximum value of average spacing among stations of the

choice set calculated with  Delaunay triangulation

17
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Ji generic destination micro-zone reachable from origin
micro-zone i (destination centroid is at a distance between

dmin and dmax from the origin centroid) with j; € [1, 2, ..., n;]

k station cluster with k € [1, 2, ..., nsc]

K chosen set of station clusters (decision variable) with K € CK
los, level of service ratio of zone q

LOS level of service ratio vector with los, elements

m total number of micro-zones

M set of all micro-zones of service area

MF set of micro-zones of the free-floating sub-area whose

centroids are at a distance greater than dlim from at least one

station of the chosen set of station clusters with MF € M

mg total number of micro-zones belonging to a zone g
M, set of micro-zones belonging to a zone q
MS set of micro-zones of station-based sub-areas that are at a

distance shorter than dlim from at least one station of the

chosen set of station clusters with MS € M; MSUMF =M
mgp number of micro-zones around station s with centroids located

between buffer b with radius vb and buffer b — 1 with radius vb-1

mg, total number of micro-zones whose centroids fall within a
radius of dlim from station s,

mwsb average user’ walking distance in station-based sub-areas

nb total number of considered buffers around each chosen station

n; total number of destination micro-zones which can be reached
from the origin micro-zone i

n, number of car parking spaces category

ns total number of chosen stations

nsc total number of clusters belonging to K

ns, total number of chosen stations in a generic zone g

nst total number of stations in the service area

18



Decision support models for the fair redesign of free-floating micromobility sharing systems

nst, number of stations belonging to cluster k
nstop; number of drop offs in a micro-zone during the period under

consideration

nstopl-sk number of drop-offs in a micro-zone 5, during the time
interval AT
nstopj, number of drop-offs in a destination micro-zone j; during the

time interval AT

pav total number of stations on pavement

peak; maximum number of shared vehicles that could be simultaneously
located at station s in the period under consideration

peaksk maximum number of shared vehicles that could be

simultaneously at station s;

POP population vector with pop, elements
pPopg resident population in zone g
psp total number of car parking spaces that have to be removed for

the conversion from the free-floating system to the mixed one
PSPy number of r category car parking spaces that have to be
removed for the conversion from the free-floating system to
the mixed one
PSPs, » number of car parking spaces in category r that have to be
removed to satisfy the maximum number of shared vehicles
simultaneously dropped-off at station sy, incremented with §
factor
generic zone in which the population is divided
car parking spaces category withr € [1, 2, ...,n,]
generic station with s € [1, 2, ..., ns]

L w = Q

set of chosen stations
sha station-based sub-area percentage over service area

SC set of coordinates of stations belonging to K
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Sk
slim

stops,b

und

Ve,

Wli

Wzi

20

generic station within cluster k with s, € [1, 2, ..., nst]
maximum number of stations that could be realized

number of drop offs around station s between buffer b with radius
vb and buffer b - 1 with radius vb-1

update time interval of the existing free-floating micromobility
sharing system database

unsatisfied stations demand

radius of buffer b

set of coordinates of dropped-off vehicles that users may pick-up
during the time interval t

sum of round-trip user walking distances function

pick-up walking distance at origin micro-zone i

sum of weighted drop-off walking distances at destinations j;
reachable from the micro-zone i

sum of weighted pick-up distances at destinations j; reachable
from the micro-zone i

drop-off walking distance at origin micro-zone i

pick-up walking distance at origin micro-zone i for the free-floating
system

sum of weighted pick-up distances at destinations j; reachable
from the micro-zone i for the free-floating system

percentage increase in a user’s average walking distance in
station-based sub-areas compared to that of the free-floating
system in the same sub-areas

total number of zones into which the population is divided
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4. PROPOSED MODELS

In this thesis attention is focused on free-floating systems that allow users
to pick up and drop off vehicles as close as possible to their destinations at any
point within the operating area, as long as this follows the highway code. On the
other hand, these systems are characterized by a number of issues. Indeed, dis-
orderly parking affects urban decorum and parked vehicles on sidewalks are ob-
stacles to pedestrians and compromise their safety.

In this section, we propose three decision support models for the fair re-
design of free-floating micromobility systems with the aim of avoiding the issues
above. Model 1 (Section 4.1), Model 2 (Section 4.2) and Model 3 (Section 4.3) are
reported as follows.

4.1. Model 1: Free-floating system into station-based

In this section we propose a model to convert a free-floating system into
station-based. With this change, users may not drop off vehicles at the exact
point of their destinations and have to walk a certain distance to reach the near-
est station. However, the location of stations may not always allow for equitable
access to the system for all the population. To the best of our knowledge, up to
now nobody has proposed a station location model to convert a free- floating
system into station-based considering equity aspects.

In this section we proposed an equity-based bi-objective model (4.1.1)-
(4.1.7) to convert a free-floating system into a station-based one. The aim was to
locate mandatory stations in a free-floating system considering equity aspects.
We proposed locating parking areas in car parking spaces (as per the study of
Hemphill et al., 2022) and in smaller quantities on pavements.

For each micro-zone, the first objective function (4.1.1) aims at minimis-
ing the total walking distance that is the sum of the product between drop offs
of each micro-zone i, nstop;, and walking distances d; that users have to cover

from the origin centroid of the micro-zone i to the nearest station. The function
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changes with the variable §, which is the set of chosen stations. The second ob-
jective function (4.1.2) is the minimisation of Gini value, i.e. the maximisation of
horizontal equity. This value is calculated according to the Lorenz curve, where
LOS, a level of service vector with generic losq elements, is distributed in line
with the resident population POP, the population vector with generic pop, ele-
ments. In particular, los, (Eqg. (4.1.3)), is intended as the difference between total
walking distances in zone g compared to zones with the greatest total walking
distances over the area under consideration.

The zone with the highest level of service los, is the zone with the lowest
walking distance from centroids to the nearest chosen station. These distances
were calculated in Eq. (4.1.4) for each zone q considering the distances from the
centroid of each micro-zone belonging to zone g to the nearest chosen station.
Eq. (4.1.5) represents the total population in zone q.

msin dt = Y, nstop; - d; (4.1.1)
ming = GINI(LOS, POP) (4.1.2)
with

los, = [max(D)] — ¥,-% d; (4.1.3)
D=[3"d;, X2 d;, .., N d; | (4.1.4)
popg = £ pop; (4.1.5)
s.t.

ns < slim (4.1.6)
cap; = peak; Vsell,2,..,ns] 4.1.7)
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Constraint (4.1.6) establishes that the total number of stations ns have to
be fewer than the total number of stations that could be chosen (slim). Con-
straint (4.1.7) is the capacity of each station, caps, that has to be equal or greater
than the maximum number of shared vehicles that could be parked simultane-
ously at station s. To calculate this value (peak;) each micro-zone was charac-
terised by a trend of drop offs. These are associated with the nearest station and
the sum of trend of each station is the total trend, where the peak; is the highest

value. The imbalance of the los, between zones depends on the walking dis-

q
tance and the population. The minimisation of the first objective function does
not imply the minimisation of the Gini, or viceversa. The aim is to balance the
los, with pop,. Therefore, the solutions for this proposed model were a Pareto
front. Pareto optimality consists of a number of high-performing solutions which
trade off the conflicting objectives considered in the study. For further details,

see Deb (2001).

4.2. Model 2: Location of parking areas in free-floating systems

In this section, we propose a bi-objective model (4.2.1)-(4.2.8) with the
aim of defining parking areas for free-floating e-scooter sharing systems. In
these zones, it is not mandatory to drop off vehicles; users are simply incentiv-
ised to do so. We considered as possible locations the conversion from paid
and/or unpaid car parking spaces into micromobility parking areas and the pos-
sibility to locate a smaller quantity of parking areas on pavements. The first ob-
jective function (4.2.1) aims at minimising micromobility shared vehicles outside
stations. The equation is a difference between two sums. The former is the total
of drop offs nstop; for each micro-zone m, the second is the total number of
drop offs around station s between buffer b with radius v, and buffer b — 1
with radius v;,_;, which are considered as the users that would leave the vehi-

cles inside the stations, for each m. Eq. (4.2.3) represents the total number of
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drop offs around station s between buffer b with radius v, and buffer b — 1
with radius v, _;. This is equal to the product of the nstop;, and the percentage
of users who could be willing to walk a distance less than or equal to v, from
their destinations to the nearest station to drop off a vehicle, for each mg;; i.e.,
number of micro-zones around station s with centroids located between buffer
b with radius v, and buffer b — 1 with radius v,_;.

The second objective function (4.2.2) aims at minimising the Gini value.
The Gini value is calculated taking into consideration the departure and the re-
turn to origin of a circular journey. It is calculated from the Lorenz curve and de-
pends on the level of service vector LOS (y-axis) and population vector POP (x-
axis). These are composed of the level of system service in zone q equal to the
total number of drop offs outside stations in the period under consideration and
the number of stations in zone q, named los,, and total resident population in
zone g, named pop,, respectively. Eq. (4.2.4) represents the probability of find-
ing available vehicles near users and it is the difference between the nstop; for
each micro-zone m, belonging to zone g, and the sum of stop;, and the total
number of chosen stations, ns,, in a generic zone q. Eq. (4.2.5) shows the total
of the population for each micro-zone m belonging to zone q. Eq. (4.2.4) and Eq.
(4.2.5) have to be balanced to guarantee a good level of equity.

mindem = Y, nstop; — X5%, YL, stopsy, (4.2.1)

ming = GINI(LOS, POP) 42.2)

with

Stopsy = Yo (nstopi - (1%)) (4.2.3)
_ v nSq ynb

losq = X, nstop; — X _] Xp=1 Stopsp + s (4.2.4)
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pop, = Y% pop; (4.2.5)

s.t.

ns < slim (4.2.6)
2qas, < clim, vr €1,2,..,nr] 4.2.7)

cap; = peaks+6 Vs €[1,2,..,ns] (4.2.8)

Constraint (4.2.6) establishes that the total number of chosen stations ns
has to be lower than the total number of stations that could be chosen, slim.
Constraint (4.2.7) shows the number of car parking spaces belonging to paid cat-
egory r that have to be removed to satisfy maximum number of shared vehicles
simultaneously at station s, increased with factor §, a;,, have to be lower than
the maximum number of car parking spaces belonging to paid category r to be
removed to establish a shared-vehicle station, clim,. . Constraint (4.2.8) states
that the capacity of a generic station, capg, has to be greater than the maximum
number of shared vehicles that could be simultaneously located at station s in
the period under consideration, peak;,, incremented with factor §.

4.3. Model 3: From free-floating to mixed shared micromobility sys-

tems

This section is divided into two subsections. The first (4.3.a) shows the
entire procedure for defining the input data, the model and the results while the
second (4.3.b) shows the proposed optimisation multi-objective model.
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4.3.a. Framework for model and results definitions

In this subsection, through a flowchart divided in 3 parts (Figure 1), we
describe all the procedures for defining the model inputs (part 1 and part 2) and
a summary description of the model itself with possible solutions processing (part
3).

Part 1 of the entire framework, to the left of the flowchart, focuses on the
definition of the sharing system and population data. To reduce the complexity
of the problem, we divide the service area into m micro-zones, using for example
a square or a hexagonal mesh grid. Trip data, updated at a high frequency every
t minutes, of an existing free- floating micromobility sharing system, are assumed
to be available. Starting from this database containing data for a AT total time
interval, we can associate the drop-off trends and their locations to each centroid
of the micro-zones. In this way, it is possible to calculate the drop-off demand
and the distances between the centroids and all the nearest drop-off locations.

The population in each micro-zone can be found starting from the resi-
dent population database. Subsequently, micro- zones are grouped together to
create population zones among which we want to minimise disparities in the ac-
cessibility changes of the mixed vehicle sharing system.

Part 2, to the right of the flowchart, focuses on the definition of the sta-
tion choice set. To promote shared micromobility by removing parking spaces
from car drivers, where it is possible, we proposed to select station locations
among city car parking spaces, as suggested also in the study of Hemphill et al.
(2022). In addition, a (possible smaller) number of stations can even be located
on pavements exclusively where they are sufficiently wide to allow pedestrians
to walk without obstructions. The database for available parking spaces for trans-
formation into shared system stations and suitable pavements can be provided
by the municipality or can be defined according to their urban mobility techni-
cians. It is important to know the coordinates for each car parking space/pave-
ment area (named stations from here on) and their capacity, i.e., the maximum

number of micromobility vehicles that can be dropped off inside them.
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This choice set could include stations very close to each other. Therefore,

it may be appropriate to eliminate extra stations from this database by ensuring

that the average spacing between them are less than or equal to in,,,,. Spacing

is calculated using a Delaunay triangulation, which is a triangulation net where

each triangle satisfies the Delaunay condition: for each circumcircle created for a

Delaunay triangle, there are no vertices of other triangles inside (Delaunay,

1934). The goal was to generate a mesh to represent continuous surface. The

input of this triangulation is a set of points, while the result is a set of triangles

which do not overlap (Dinas and Banon, 2014).

To find a subset of stations with average spacings among them less than

or equal to in,,,,, the following step-by-step heuristic procedure is proposed:

Step 1:
Step 2:

Step 3:

Step 4:
Step 5:

Step 6:

Delaunay triangulation among station choice set.

calculation of the average spacing between each station and those
connected to it via Delaunay triangles.

if the smallest average spacing is less than or equal to in,, 4, then
the station with this average spacing is deleted from the station
choice set, thus generating a station choice subset, otherwise the
procedure ends.

Delaunay triangulation among the station choice subset.
calculation of the average spacing among each station and those
connected to it via Delaunay triangles.

if the smallest average spacing is greater than in,,,,, then the sta-
tion deleted in Step 3 is inserted again in the station choice subset
and the procedure ends; otherwise, the procedure restarts from
Step 3.
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Fig. 1- Proposed framework flowchart
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The final result of our proposal is to identify areas within which it is man-
datory to drop off shared vehicles at stations. These areas should not be too small
to make it easier for users to recognise them and so that there are not too many
discontinuities among free-floating based and station-based sub-areas. Subse-
guently, it is necessary to cluster the stations of the choice subset through that
the optimisation model can choose among clusters of stations and not among
individual stations. The choice set of station clusters, CK, could be defined using
k-means algorithm (Kaur and Kaur, 2013) with ¢;,;;, (the minimum number of sta-
tions a cluster must have) and cd,,, 4, (the maximum distance among any pair of
stations within a cluster) as constraints. The total number of clusters will be the
smallest integer that allows these two constraints to be satisfied.

Part 3, at the bottom of the flowchart, focuses on the proposed multi-
objective model and possible solutions processing. The main inputs of the model
are those deriving from the previous parts of the framework. This model presents
three objectives. The first concerns maximising station demand (dem), which is
the number of users parking in stations during AT. Assuming that the maximum
distance that a user is forced to walk to pick up or drop off a vehicle in a station-
based sub-area is equal to dlim, the dem function is the total of the number of
drop-offs for each micro-zone whose centroids fall within a radius of dlim from
the stations. In other words, all micro-zones whose centroid is within the buffer
will contribute to the total number of drop-offs for that station, and each user
leaving the vehicle in that buffer will travel a distance less or equal than dlim.

The second objective regards minimising the total of round-trip users’
walking distances (w) considering as origins and destinations the micro-zone cen-
troids.

The third objective focuses on minimising the inequalities (g) among res-
ident population zones in the changes of round-trip users’ walking distances due
to the conversion from the free-floating system to a mixed one. The inequality is
calculated using the Gini index based on the Lorenz curve.
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The constraints of the problem are related to the maximum number of
stations (slim), the maximum number of car parking spaces to change into mi-
cromobility shared system stations (clim,), and the need for station capacities
to be greater than or equal to demand. The first two limit values (slim and clim,.)
may be fixed, for example, by municipal councils, who should consider other traf-
fic categories when making these decisions.

These three objectives, which will be described in detail with the problem
constraints in the next subsection, may be incompatible with each other. If de-
mand at stations is maximised, it is not guaranteed that user walking distances
and walking distance inequalities will be minimised. This is the same for other
combinations.

The multi-objective model offered a variety of solutions, which are repre-
sented through a Pareto front. Pareto optimality is a state in which it is impossible
to make any objective function value better off without making at least one other
objective function value worse off. For further details, see Deb, 2001. These so-
lutions are shown in a three-dimensional diagram. Each solution represents cho-
sen clusters of stations. The related station-based sub-areas are defined by su-
perposition of buffers with radius dlim centred at each station. Municipal coun-
cils and experts may choose a trade-off solution from these results. To this end,
for each Pareto front solution, we can consider the trend of g during AT due to
the change in station demand over time. Therefore, it is possible to calculate the
differences Ag, during AT, between the trends of the Gini index in the case in
which the system remained free-floating (gss) and the trend of g. The desirable
solutions are those with fewer repetitions of negative Ag during AT, i.e., with
their percentage (E) as low as possible. Subsequently, the choice of station clus-
ters and the related station-base sub-areas could fall on one of the solutions with
the lowest E value, as we will see better in the case study, with the support of

figures.

30



Decision support models for the fair redesign of free-floating micromobility sharing systems

4.3.b. Proposed optimisation multi-objective model

In this subsection, the formulation of the proposed multi-objective model
is described in detail. This model presents three objective functions and three
constraints as follows, where the decision variable is a set of station clusters, K,

belonging to the choice set CK, defined in part 1 of the proposed framework.

_ ymsc ynste 'Sk
max dem = Y% Sk:lZl.Sk:lnstoplsk

(4.3.b.1)
mI}nw =Y, wl; +w2; + w3; + w4,
(4.3.b.2)
mki’ng = Gini(LOS,POP)
(4.3.b.3)
with
L = {mode{min [dist(c; ,VC,) Vt € AT} ifi € MF
W= min[dist(c;, SC)] ifi € MS
(4.3.b.4)
w2 = Xjle;, ),
(4.3.b.5)
w3; = Zﬁ:l ji Vi
(4.3.5.6)
4= { 0ifi € MF
W* = \min[dist(c;, SC)] ifi € MS
(4.3.6.7)
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0ifj, € MF
%i = \min[dist(c;,, SC)] if j; € MS
(4.3.b.8)
mode{min [dist(c;,,VC, ) Vt € AT} if j; € MF
i min[dist(c;, SC)] if j; € MS
(4.3.b.9)
. nstopj;
Vie = Yk, nstop;
(4.3.b.10)
T L Wi HwS3
losg = =g ! withi € M,
Zi=1W1i+W2i+W3i+W4-i
(4.3.b.11)
wf1; = mode{min [dist(c; VC;) Vt € AT} withi € M, (4.3.b.12)

wf3; = X, mode{min [dist(c;, VC,) Vt € AT} -y;, withi € My (4.3.b.13)

popg = ¥, pop; withi € M, (4.3.b.14)
S.t.
k=1 St < slim (4.3.b.15)
AL < cli 1,2 43b.16
k=14s,=1 pspsk,r =cC lmr Vr € [ ) &y '"ynr] ( .J.D. )

caps, = peaks, + 68 Vk € [1,2,..,nsc], Vs, € [1,2,...,nst;] (4.3.b.17)

The first objective (4.3.b.1) aims at maximising the station demand (dem),

that is the sum of nstopiskdrop—offs inside each of the mg, micro-zone i5, whose
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centroid falls within a radius of dlim from each of the nst;, stations s, belonging
to each of the nsc cluster k of the set of chosen station clusters K.

The second objective (4.3.b.2) represents the minimisation of round-trip
user walking distances (w) for each eligible pair of micro-zone centroids. Indeed,
we assume that all trips occur between centroids, but not all pairs of centroids
are suitable. The nearest micro-zone centroids from the origin centroid, within a
distance less than dmin, were not considered as possible destinations since it is
possible to reach them on foot. Additionally, destination centroids at a distance
greater than dmax from the origin were not considered reachable with micro-
mobility vehicles. Therefore, only the micro-zones whose centroids are at a dis-
tance between dmin and dmax from the origin centroid were considered. In
general, w is the sum of four distances: the walking distance w1; on the outward
journey between the origin centroid i and the nearest shared vehicle named pick-
up distance at origin (4.3.b.4), the walking distance w2; between the vehicle
drop-off location and the destination centroid named drop-off distance at desti-
nation (4.3.b.5), the walking distance w3; on the return journey between the
destination centroid and the nearest vehicle named pick-up distance at destina-
tion (4.3.b.6), and the walking distance w4; between the vehicle drop-off loca-
tion and the origin centroid i named drop-off distance at origin (4.3.b.7). Given
that the objective is to define a mixed shared system, the walking distance values
depend on whether the origin or destination centroid belongs to a free-floating
or to a station-based sub-area. Furthermore, while the origin centroid is fixed,
the destination centroid could be any, as long as it is suitable. Thus, for these
reasons it is necessary to explain the four walking distances in detail with the
equations from (4.3.b.4) to (4.3.b.10). In general, given the variability of these
walking distances over time, to reduce the complexity of the problem, their
modes (the configuration that repeats itself most often over time) are considered
as set out below.

Eq. (4.3.b.4):if a user starts the trip in a free-floating micro-zone (i € MF),
w1; is the mode of the distances between the origin centroid i, with coordinates
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¢;, and the nearest vehicle in each time interval t, whose set of coordinates VC,
is known. If the starting micro-zone is in a station-based sub-area (i € MS), wl;
is the minimum walking distance between the origin centroid i and the nearest
station belonging to the chosen station clusters K with the set of coordinates SC.

Eq. (4.3.b.5): in general, the destination micro-zone j;, reachable from i,
is not known, but, given that some micro-zones are more requested for drop-off
than others, we calculate w2; as the weighted sum of all possible drop-off dis-
tances at destination. These distances, €,
(4.3.b.8) while the weights y;, are calculated according to Eq. (4.3.b.10). A drop-

are calculated according to Eq.

off distance at destination is equal to 0 in a free-floating sub-area, because the
vehicle is dropped off exactly at the destination point. In a station-based sub-
area, it is the minimum distance between the destination centroid j;, with coor-
dinates c;,, and the nearest station belonging to the chosen station clusters K
with the set of coordinates SC. The weights are calculated as the ratio between
the number of drop-offs, nstop;,, in a micro-zone j; and the total number of
drop-offs in all the micro-zones m during the time interval AT. The higher the
ratio, the greater the weight of that destination micro-zone.

Eq. (4.3.b.6): similarly to Eqg. (4.3.b.5), w3; is calculated as the weighted
sum of all possible pick-up distances at destination. These distances, f;,, are cal-
culated according to Eq. (4.3.b.9) that is as the pick-up distances at origin
(4.3.b.4). The weights y;. are obtained according to Eq. (4.3.b.10).

Eq. (4.3.b.7): the drop-off distances at origin, w4, are calculated as the
drop-off distances at destination (4.3.b.8).
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The third objective (4.3.b.3) focuses on the minimisation of Gini index (g),
calculated as the ratio between the area between the equal distribution line and
the Lorenz curve, and the area under the Lorenz curve (Figure 2). Unlike the clas-
sical formulation of the Gini, we propose to evaluate the inequalities among res-
ident population zones in the changes of round-trip user walking distances due
to the conversion from the free-floating system to a mixed one. This definition
was applied to all models.
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Fig. 2- Lorenz curve and Gini index

The change in walking distance, los, (elements of the LOS vector), is cal-
culated according to Eq. (4.3.b.11). It is the level of service ratio of population
zone q between the sum of user walking distances of the free-floating system of
the m, micro-zones belonging to the zone q, (i € Mq), and the sum of the same
distances after the implementation of the mixed system. The walking distances
of the free-floating system (Eq. (4.3.b.12) and the Eq. (4.3.b.13)) are the pick-up
distance mode at origin wf1; and the pick-up distance mode at destination wf 3;
calculated with the same expressions of (4.3.b.4) and (4.3.b.6) for the free-float-
ing case, respectively. It is worth noting that drop-off distances at destination and
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at origin do not appear in the los, numerator since they are always equal to 0
because in a free-floating system, vehicles can be dropped off exactly at the des-
tination/origin points. Instead, in the losq denominator, all four walking dis-
tances and their total for all micro-zones i € M, are considered. Through the
los, value, it is possible to understand if the conversion to a mixed system has
improved or worsened the accessibility of the system among zone q residents of
the service area. If losq is equal to 1, the accessibility, for the zone q residents, is
not changed because the walking distances stay the same. If los, is smaller than
1, the situation has worsened. In this case, with a mixed system users have to
walk more than with a free-floating system. If los, is greater than 1, the accessi-
bility improves, although this case may be unusual as it may imply higher station
density compared to the individual scattered vehicle density of a free-floating
system. In general, it is possible that in some zones, the level of service ratio de-
creases while it increases in other zones. If the distribution of the level of service
ratio is fair compared to the zones g resident population, pop, (elements of the
POP vector), calculated according to Eq. (4.3.b.14), the Lorenz curve shows a 45°
line; on the contrary, the curve will follow a curvilinear trend. In other words, the
closer the g value is to zero, the closer horizontal equity is achieved, where hor-
izontal equity consists of offering the same opportunities to all the zone q resi-
dents.

Three constraints are taken into consideration in the proposed model.
Constraints (4.3.b.15) and (4.3.b.16) depend on the available car parking spaces
and suitable pavements but, most of all, on the municipal administrations’ will-
ingness to replace them with shared system stations. Eq. (4.3.b.15) establishes
that the total number of stations belonging to the chosen station clusters K has
to be less than slim. Eq. (4.3.b.16) ensures that Psps, -, the total number of car

parking spaces in each category r that has to be removed to satisfy the maximum
number of shared vehicles simultaneously dropped off at each s;, station, incre-

mented with § factor, has to be lower or equal to clim,.. The n, categories can
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concern, for example, the different hourly rates for parking associated with each
car parking space. Constraint (4.3.b.17) establishes that the capacity of a station,
caps,, must be greater than the maximum number of shared vehicles that could
be simultaneously dropped off in the s, station, peak, , incremented by & fac-
tor. This factor is added to compensate for any increases in station demand that
may occur, for example, following the conversion of the free-floating system to
the mixed one.

With the resolution of the problem (4.3.b.1)-(4.3.b.17), it is possible to
find a Pareto front set of station cluster configurations. The stations belonging to
the chosen clusters can be realized with painted and geofenced spaces and/or
through beacons. By setting a buffer with a radius equal to dmax for each sta-
tion, it is possible to define station-based sub-areas to be implemented through
geofencing. The proposed multi-objective model was applied to a real case study
and several sets of station cluster configurations have been found considering

different parameter values, as shown in the following section.
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5. Case Studies and discussion of results

The following case study is the same for all models. These models were applied
to an e-scooter sharing free-floating system in the city of Bari, Apulia Region (It-
aly). This city has a population of about 316,000 inhabitants with an urban area
of 116 square kilometers. The system under analysis belongs to the BIT mobility
operator. There are 640 e-scooters and the system is active in a defined operating
area of about 33 square kilometres. The data were recorded during November
2020 and represent the trend of drop offs with a 2 minute time interval. We only
took the city centre into consideration. This is the most important part of the city
due to the fact that the majority of movements are focused within this zone. Be-
cause the configuration of roads is grid-like, distances were calculated through
taxicab geometry (Krause, 1973). We divided the area under consideration into
micro-zones with a square mesh grid zoning of 25 metres. The resident popula-
tion was calculated for each micro-zone (ISTAT, 2024). These micro-zones were
grouped to obtain 30 population zones among which we verified the level of fair-
ness of the transformed station-based system.

A number of hypothetical stations was chosen by substituting car parking
spaces and, where possible, new parking areas on pavements were established

with the aim of preventing obstacles to pedestrians.
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Fig. 3 - E-scooter sharing operating area with zones and hypothetical stations.

Fig. 3 shows the city centre e-scooter sharing operating area divided into
micro-zones i and zone q. Dots represent car parking spaces while orange dots
show parking areas located on pavements, the total of dots represents 482 hy-
pothetical stations. The colour of the dots represents the paid category of car
parking spaces. Micro-zones vary from white to red, from a low population num-
ber to a high number, respectively. In the following sections, we have analysed
the case studies of Model 1 (Section 5.1), Model 2 (Section 5.2) and Model 3 (Sec-
tion 5.3) by assuming the previous information related to the common charac-

teristics of the case study and analysing each application in more detail.

5.1.  Case study and discussion of results of Model 1

We solved the bi-objective model (4.1.1)-(4.1.7) when the total number
of stations to be chosen, slim, changes. We considered the total number of 50,
100, 150, 200, 250, 300, 350, and 400 stations, respectively. The higher values

were considered to analyse how the model performs, but municipal councils are
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unlikely to have all these stations built as they would have to remove too many
car parking spaces to the detriment of people using cars or other vehicles and
residents who would have no private parking. Due to the complexity of the pro-
posed model, results were found using genetic algorithm. Values of the two ob-
jective functions, calculated through the optimization for each slim were re-
ported in the Pareto front diagram shown in Fig. 4.
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Fig. 4 - Pareto front for each slim value.

The horizontal axis shows the value of the first objective function (dt) and
the vertical axis represents the Gini value (g). The diagram shows that the greater
the number of stations, the shorter the total distance (dt) that users must cover
to drop off vehicles, i.e. the distances increase as the number of stations de-
creases. It also could be said that the greater the total walking distance, the lower
the Gini value. For this reason, it is necessary to choose a compromise solution.
In the case of 200 stations, the Gini value was the lowest, around 0.09. In the
results from 250 stations to 400, when the number of stations increase, the lower
Gini value rises. Indeed, in the diagram both the maximum and minimum Gini
value shift upwards. This is due to the fact that in increasing slim, the choice of
stations becomes limited.
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Other main results were reported in Table 1. For each slim, we took into
consideration three solution cases: the lowest value of the first objective function
belonging to Pareto front (dt), the lowest value of the second objective function
belonging to Pareto front (g), and a compromise solution, named com fixed at
half of the total walking distances of the corresponding Pareto front. Results for
each slim value and each case were reported. The last line of the table consid-
ered, as chosen, all the hypothetical stations. The columns of the table represent
the total number of chosen stations (ns), the number of car parking spaces which
have to be converted into micromobility parking areas (ppl), the number of park-
ing areas on pavements (ppv), the total number of parking spaces (eps) consid-
ering parking areas related to car parking spaces and pavements, the maximum
distance which a user has to cover to drop off the vehicle starting from a centroid
(Wd,qx), and the average walking distance throughout all the area (Wd,,cqn)-

Table 1. Main results.

case slim ns dt [km] g ppl ppv eps Wdpax [M] Wdmean [M]
dtin 50 50 1388 0.337 76 1 496 653.2 124.0
com 50 50 2313 0.201 80 0 468 803.4 170.2
Smin 50 50 2891 0.168 76 0 449 821.6 191.2
dtin 100 100 865 0.289 114 4 652 448.4 84.0
com 100 100 1048 0.181 127 1 638 465.4 93.3
Smin 100 98 1249 0.133 124 2 627 475.9 103.8
dtin 150 150 658 0.294 155 6 775 386.3 65.7
com 150 150 859 0.173 161 7 746 465.4 79.3
Smin 150 147 1029 0.127 159 6 698 465.4 87.0
dtin 200 200 525 0.284 200 10 895 337.0 54.9
com 200 200 644 0.158 204 9 862 332.1 62.4
Smin 200 190 761 0.095 196 9 815 332.1 69.1
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case slim ns dt [km] g ppl ppv eps Wdppay [M] Wdpean [M]
dtin 250 250 447 0.329 245 14 988 305.9 46.9
com 250 250 527 0.214 243 16 967 332.1 54.2
min 250 245 619 0.161 243 14 930 3321 59.7
dtin 300 300 416 0.336 289 18 1059 257.8 43.0
com 300 300 471 0.252 291 17 1051 332.1 48.9
min 300 288 535 0.204 280 17 1012 332.1 54.2
dtin 350 350 396 0.349 333 23 1145 257.8 40.2
com 350 349 441 0.277 333 23 1128 305.9 45.6
min 350 333 500 0.227 322 19 1086 332.1 50.5
dtin 400 400 388 0.358 378 28 1198 257.8 38.4
com 400 368 436 0.283 350 24 1152 305.9 44.9
min 400 339 494 0.228 327 20 1095 3321 50.4
482 459 374 0.512 432 31 1268 222.5 34.6

This table shows that the number of parking areas in car parking spaces
and on pavements increases as the slim value increases. On the other hand, the
maximum walking distances decrease as the number of stations increases, and
this is the same for the average walking distances. The average walking distance
values are between 124 and 191 metres. This is a good result because these val-
ues are less than 300 metres, which is the walking distance beyond which the
users may not consider the vehicle convenient to drop off or pick up, considering
e-scooter sharing user behaviour similar to bike-sharing (Kabra et al., 2016). On
the other hand, the maximum distances are around 800 metres to drop off a ve-
hicle in the case of 50 stations. These values improve with the maximum number
of 250 stations. There is a reduction in these values until a number of 150 chosen
stations and then they become stable with a value of 300 metres, between 200
and 400 stations. Gini values are between a maximum value of 0.358 and a min-
imum value of 0.095. Considering for the slim all the 482 hypothetical stations,
only 459 were selected since the others would have remained empty due to the
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better positioning of the other stations. In this case, the total distance is the low-
est and correspond the highest value of Gini equal to 0.512. The best solution
considering the lower Gini value and higher equity value is the one with the con-
straint of 200 stations (ppl = 196, ppv =9, eps = 815, wd ;45 = 332.1, Wd pean =
69.1). The best solution related to walking distances is the case with 400 stations
(ppl =378, ppv =28, eps = 1198, wd ;4 = 257.8, Wd 00n = 38.4). However, mu-
nicipal councils may not be willing to propose so many stations and a compromise
solution needs to be found.

It is interesting to observe the spatial distribution of chosen stations. For
example, Fig. 5 shows the e-scooter parking areas within the operating area, con-
sidering the solutions with slim equal to 100 stations. Fig.5(a) represents the
parking area location with the minimum walking distance of the Pareto front,
while Fig.5(b) shows the parking area location with the corresponding Gini value
of the Pareto front equal to 0.133.

(@) i Parto soltion (b) G Paeto solution

é @ in common with gy solution § ® in common with dtay solution
not in comman with g, solution @ not in common with dtyzy solution

population
Jo-3 [J4-7 [Js-11 [J12-15 [ 16-19 [ 20-23 [ 24-27 W 28-31 W 52-35 [ 36-39

Fig. 5 - E-scooter parking areas for slim=100.

The micro-zones in Fig.5 change from white to red to represent resident
population. Dark red shows a high value of resident population (major density)
while white represents a lower value (less density). In Fig.5(a) the highest density
of stations is located in the centre of the operating area under consideration. This
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is different from the location of stations in Fig.5(b), where the number of stations
is lower in white zones but increases in zones with higher density (red zones). To
achieve equity, the greater the population density, the shorter the walking dis-
tances need to be.

5.2.  Case study and discussion of results of Model 2

Parameter values used in the application are: nr = 3;r = 0(0 euro/hour); r =
1 (1 euro/hour); r = 2 (3 euro/hour); clim, = clim; = clim, = 100; § = 2;
nb = 5; By, =100%; B = 100%; L, = 80%; [z = 60%; B, = 40%; Bs = 20%;
Vo =0m;v; =20m; v, =40 m; v3 =60 m; v, =80 m; vs =100 m. The 5}, and
V), values were established as an example to better understand the model, but
they need to be calibrated with the aim of obtaining results that explain the be-
haviour of users in the real context. We solved the bi-objective model (4.2.1)-
(4.2.8) considering the maximum number of stations that could be chosen, slim,
equal to 50, 100, 150, 200 and 250 stations, respectively, with steps of 50. The
problem is highly complex, and due to multiples combinations, it was solved
through the use of a genetic algorithm (for further details, see Deb (2001)). The
results are shown in the Pareto front diagram in Fig. 6.
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Fig. 6- Pareto front for each maximum number of chosen stations (slim)
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The vertical axis represents the Gini value, g, and the horizontal axis shows
the percentage of demand outside the stations, d,,;, i.e. the free-floating de-
mand. The lower the number of stations, the greater the d,,;, for example
around 70% in the case of 50 stations. From 50 to 100 stations, the percentage
of free-floating outside demand decreases. With 100 stations the percentage of
dout, is between 48% and 42%. In the case of 200 stations the outside demand is
equal to 20%. The higher the number of stations and the lower the number of
scooters outside stations, the lower the minimum of Gini value, until slim=200.
The variability of the Gini index increases as the number of stations rises. Indeed,
in the case of 250 stations, the Gini value changes from 0.12 to 0.32. The main

results are shown in Table 2 with all slim considered.

Table 2. Main results.

dout din dout[%] duns [0/0] g ns psc
0 7626 0 100.00 0 0.459 0 0

dempin 4395 3231 57.63 0 0.318 50 48

50
Smin 4745 2881 62.23 0 0.259 50 48
dempin 3137 4489 41.14 0 0.254 100 97

100
Smin 3532 4094 46.32 0 0.170 100 9%
dempin 2389 5237 31.32 0 0.249 150 147

150
Smin 2780 4846 36.46 0 0.138 147 143
dempin 1936 5690 25.39 0 0.265 200 191

200
Smin 2476 5150 3247 0 0.124 193 182
dempin 1660 5966 21.77 0 0.307 250 237

250
Smin 2245 5381 29.44 0 0.130 228 212
482 1244 6382 16.32 0.20 0.370 436 409
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r=0 r=1 r=2 psp eps wWdpax Wdmean
0 0 0 0 0 0

dem 12 5 31 7 286 1129.0 195.3

50
Emin 10 6 32 7 272 1227.1 276.3
dem 26 15 56 8 462 522.5 118.9

100
Emin 25 11 60 9 443 837.4 172.8
demp;, 44 27 76 8 590 497.5 80.5

150
Emin 41 23 79 9 577 519.1 106.8
demp;, 58 42 91 14 694 336.9 63.8

200
Emin 55 35 92 16 657 444.0 88.5
dem 87 56 94 18 801 313.8 50.4

250
Emin 67 51 94 20 738 444.0 79.8
482 170 107 132 29 1049 222.5 34.6

The first line of the table represents the free-floating case without sta-
tions, while the last line shows the case of all the hypothetical stations chosen.
For each slim, two cases are shown: the lowest value of the first objective func-
tion belonging to the Pareto front, demand outside stations (dem,,;,), and the
lowest value of the second objective function belonging to the Pareto front
(gmin)- The columns of the table show the total demand outside stations (d ),
the total demand inside stations (d;;), the percentage of demand outside sta-
tions (d,,: [%]), the percentage of demand not satisfied (d,,,,s[%]), i.e. the num-
ber of users that wanted to drop off a vehicle at stations but these were full, the
Gini value (g), the total number of stations (ns), the total number of car parking
spaces (psc), free car parking spaces (r = 0), the 1 euro/hour car parking spaces
(r = 1), 2 euro/hour car parking spaces (r = 2), parking areas on pavements
(psp), the number of e-scooter parking places considering car parking spaces
converted into micromobility parking and parking on pavements (eps), the max-
imum and the average walking distance between centroids of micro-zone i and

parking areas (Wd,;,q, and wd,,.qn, respectively).
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In the case of no chosen stations (free-floating functioning) the d,,;; [%]
is 100% and the g is equal to 0.459. This shows an initial inequality, due to the
imbalance of the vehicle distribution related to population.In the case of 50 sta-
tions, the d,,; [%] is less than the starting condition (free-floating mode), and
the lowest value of g is equal to 0.259, which is lower than the free-floating case
(0.459) and higher than the lowest Gini (0.12). The greater the number of sta-
tions, the higher the variation of Gini value and the lower the d,,; [%]. Parking
areas increase in line with the number of stations. The need to use pavements
for parking increases when the number of stations rises. Starting from 200 sta-
tions, maximum walking distances become acceptable from around 300-450 m
maximum, according to the study of Kabra, Belavina and Girotra (2016). The
W ean are good starting from a number of 50 stations, with a value of around
230 m, until a number of 150 stations, with values around 90 m. Two solutions
belonging to the Pareto front with 50 stations are shown in Fig. 7.
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Fig. 7- Two Pareto solutions with 50 stations (dem i, Gmin)

The nstop are reported in shade of green with Jenks natural breaks: white
represents the absence of drop offs and dark green represents a high number of
drop offs. Fig. 7(a) represents the chosen stations (brown dots) considering the
case of dem ,,;,, While Fig. 7(b) shows the location of stations according to the
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9min (blue dots). In Fig. 7(a) the brown dots are mainly located near the dark
green micro-zones, because they absorb more demand (see, for example, the
three dots highlighted through dashed circles). Conversely, in Fig. 7(b) the sta-
tions are mostly located in the city centre where the population values are lower
(see Fig. 3). This result was obtained due to the lower imbalance of the level of
service among population. Also in this case, some blue dots are located on dark
green micro-zones; conversely to the case of Fig. 7(a), they are related to a low
population, as shown in the blue dot highlighted through a dashed circle. This
shows how the two objective functions are in contrast with each other, due to
the fact that the first objective function (4.2.1) is related to the minimisation of
the number of drop offs outside the station, while the second objective function
(4.2.2) aims to balance the level of service among population.

5.3.  Case study and discussion of results of Model 3

The service area (Figure 8) was divided into m = 3922 micro-zones, using a
square mesh grid with square side equal to 25 metres. The holes in the service
area show zones where e-scooter drop-offs/pick-ups were forbidden. Trip data
were available, updated every t = 2 minutes, for a time interval AT = 1 month
(November 2020). The month of November was divided into two sub-intervals.
Our multi-objective optimisation was applied considering only the first sub-inter-
val trip data from November 1st to 21st (named opt period). The rest of the
month data were considered as a hold-out sample (hos), to validate model re-
sults. Starting from the given database, vehicle drop-off locations and trends
were associated to each micro-zone, with the aim of defining the drop-off de-
mand and the distances among centroids and vehicles. As the centre of Bari has
a prevailing Manhattan street configuration, the distance function (dist) be-
tween points, i.e. among centroids and vehicles/stations, was considered accord-
ing to the taxi cab geometry (Krause, 1973). For example, Figure 5 shows the
drop-offs of the e-scooters in the opt period and in each micro-zone according to
a colour scale that goes from white (no drop-off) to dark green (from 48 to 78
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drop-offs) and the positions of the individual e-scooters at 12:00 pm on Novem-
ber 11th. It is worth noting that the highest demand is in the centre of the service
area i.e., the commercial area of the city full of shops and offices.

centroid

drop-offs

Lo service
O1-2 area
3-5

[[16-8 e  e-scooter
Mo-13
[ 14-19
M 20-26
...... HW27-35
W 36-47
W 48-78

micro-zane ¢/

Fig. 8- Service area with a summary of system database

The service area includes a population of about 36,940 inhabitants. Start-
ing from census population data (ISTAT, 2024), residents in each micro-zone were
calculated. Subsequently, micro-zones were grouped together to create g = 30
population zones among which we want to minimise disparities in the accessibil-

ity to the mixed vehicle sharing system (see Figure 9).

49



Simona De Bartolomeo | XXXVI cycle

residents D population
zone
[Jo-3

[14-7

Cle-1

W 12-15
] 16-19
I 20-23
W 24-27
W 28-31
Wa3z-35
W 36-39

Fig. 9- Service area with resident micro-zones and population zone

Based on the described data sets, through the g function, it is possible to
calculate the Gini index of the free-floating system in the opt period. It turned
out that the system is inherently unfair with a Gini index equal to 0.3634. As de-
scribed in Subsection 4.3.b, this value was calculated considering in the losq
equation (4.3.b.11) the mode of the minimum distances among e-scooter posi-
tions and micro-zone centroids (with w1; = w4; = 0 for the free-floating system).
If instead of the mode of the minimum distances on the opt period, we consid-
ered the minimum of the distance every t = 2 minutes, then we would obtain a
different Gini index every 2 minutes, given that drop-off demand changes over
time. The trend of the Gini index for the free-floating system from November 1st
to 21st (gry) is shown in Figure 10.
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Fig. 10- Gini index of the free-floating system every 2 minutes in the opt period

We found that g¢ values are between 0.3192 and 0.4139. As we will see
later, this trend will be useful for choosing the trade-off solution among those
found by solving problems (4.3.b.1)-(4.3.b.17).

The station choice set was defined starting from the city car parking
spaces database and the map of pavements. In the city centre there are n, =3
categories of car parking spaces with different parking hourly rates: the first (r =
1) is free of charge, the second (r = 2) is 1 €/hour, and the third (r = 3) is 2 €/hour.
We assume all car parking spaces in the service area as available. The correspond-
ing station locations were set at each road network intersection (see Figure 11)
given their greater visibility compared to the location in the middle of the road
links as stated by Nacto (2018).
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Fig. 11- Station choice sets and road network map

The capacity of each station has been calculated distributing parking spaces of
a road link equally between stations belonging to the same road link and consid-
ering two e-scooter parking places for each linear metre of an equivalent parallel
car parking place. Furthermore, we have selected stations on pavement areas
exclusively where they are sufficiently wide to allow pedestrians to walk without
obstructions. This choice set includes 488 stations very close to each other.
Therefore, it may be appropriate to eliminate extra stations from the database.
In this case study, we find a subset of stations, CK, with the heuristic procedure
based on Delaunay triangulation described in the Subsection 4.3.a, by ensuring
that there are no stations with average spacings less than or equal to in,,,;,, = 150
metres. Subsequently, the selected 222 stations were grouped together in 27
clusters (Figure 12), using k-means algorithm with c,,;;, = 2 stations and ¢;;,4,=

600 metres.
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To complete the model inputs, the following parameters were set relating
to the first objective (4.3.b.1) and to the problem constraints (4.3.b.15)-
(4.3.b.17): maximum distance that a user is forced to walk to pick up or drop off
a vehicle in station-based sub-areas, dlim = 150 m; the possible maximum num-
ber of stations that could be created, slim = 50 stations; the maximum number
of car parking spaces to be removed, clim = clim, = clim, = clim; = 100; in-
cremental factor, § = 2 e-scooters.

Since the choice set of clusters consists of 27 elements, the number of
possible cluster combinations to be selected through the proposed multi-objec-
tive optimisation is rather high. For this reason, a heuristic or meta-heuristic op-
timisation method may be the best approach to solve the problem. Specifically,
we use a Genetic Algorithm (GA) with the aim of finding near-optimal solutions.

Compared to other algorithms, we chose GA because we could effectively
parallelize the computation (Désidéri et al., 2000), speeding up the convergence
of the algorithm. Note that in this study, we suggest solving the problem using a
GA; despite the good performance of the algorithm, further methods could be
explored and compared in future works in order to understand which is the most
suitable in solving the proposed optimization.

A solution (GA chromosome) consists of a binary string with a length equal
to 27 (the number of station clusters). The unitary elements in the string corre-
spond to the near-optimal clusters that should be implemented. Fitness functions
were defined equal to station demand (dem), user walking distances (w) and the
Gini index (g). After some empirical tests, the following GA parameters were set.
The population size was set equal to 40 times the number of clusters. The maxi-
mum number of generations was set at 200 and the algorithm stops before
reaching the maximum generation number if the average relative change is less
than or equal to 10E-18 in the best fitness function value over 10 generations.
The genetic operators used to generate offspring are the Tournament selection,
the Scattered crossover, and the Gaussian mutation. The GA were implemented
using MATLAB software (for further details see The MathWorks, (2022)).
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Fig. 12- Subset of stations (CK) and the choice set of 27 clusters.

We represent the near-optimal solutions found through a Pareto front in
a three-dimensional space (Figure 13(a)). Each solution, drawn with a cross sym-
bol, represents chosen clusters of stations.

Municipal councils and experts may choose a trade-off solution from
these results. A first consideration to make is that a solution should be chosen
with a g value lower than 0.3634 (Gini index of the free-floating system), which

is a solution below the dotted red line of Figure 13(b).
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Fig. 13- Pareto front solutions in a three-dimensional (a) and two-dimensional (b) space.

However, these solutions are not all equally good because they present a
variable trend over time of the Gini index due to the change in station demand.
Therefore, for each Pareto front solution, we can consider the difference, every
2 minutes during the opt period, between the Gini index of the existing free-float-
ing system and that of the mixed one: 4g = g — g. The desirable solutions are
those with fewer repetitions of negative 4g during the opt period, i.e., with their
percentage (Ag) as low as possible. Subsequently, the choice of station clusters
and the related station-based sub-areas could be one of the solutions with the
lowest Evalue. In Figure 13, each solution has been coloured based on this per-
centage value. The lower the percentage, the closer the colour is to dark blue.
The solutions with colours closer to blue are mainly positioned below the dotted
red line and for higher station demand values (dem) but with higher values of
the sum of round-trip user walking distances (w). As an example, in order not to
excessively reduce station demand (dem), accepting higher values of walking dis-
tances, the solution to choose could be the one with the lowest E value among
the first 10 solutions below the dotted red line (called trade-off). This chosen so-
lution, with a Ag shown in Figure 14, has Ag = 8.58% during the opt period and
a near-zero value (0.23%) during the hos period.
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Fig. 14- Differences between the Gini index of a free-floating system and a mixed one of the

chosen Pareto solution.

The final aim of the proposed model is to locate the stations and to define
station-based sub-areas, in which it is mandatory to drop-off vehicles at stations.
Starting from the chosen clusters of stations, the related station-based sub-areas
are defined by superposition of buffers with radius dlim centred at each station.
In Figure 15 we show the stations and the station-based sub-areas of four signif-
icant Pareto front solutions named dem(max), i.e. the solution with the highest
demand value, w(min), i.e. the solution with the lowest total of walking dis-
tances, g(min), i.e. the solution with the lowest Gini index value, and trade-off
solution, previously defined.
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Fig. 15- Free-floating and station-based sub-areas of four Pareto front solutions with slim = 50.

In general, we can see that the overlap of the buffers generates station-
based continuous sub-areas with a jagged outline. This is due to the radius of the
buffers defined according to Manhattan distances between the stations and the
centroids of the micro-zones. The contours could be simplified by generating con-
vex areas, for example, by accepting maximum user walking distances higher
than dlim. The same applies to any sub-areas which are distinct but very close to
each other (such as those at the top centre of Figure 15(c)) that could be merged
together. Discontinuities between sub-areas can be also reduced by increasing
the input values of c_min and cd_max.

The configuration with the maximum value of station demand, dem =
5606, (Figure 15(a)) shows two station-based sub-areas, with 50 stations, approx-
imately corresponding to the service area with the greatest number of drop-offs
(see Figure 8). However, this solution implies a value of the Giniindex, g =0.3762,
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higher than the free-floating one and one of the highest walking distances, as can
be seen from Figure 13.

With a limited number of stations belonging to the choice set, to minimise
the total of walking distances, the mixed system should have as few stations as
possible, positioned where the minimum walking distances are longer in the free-
floating system. Therefore, the solution in Figure 15(b), with w = 507528 metres,
consists of a single small station-based sub-area with 2 stations located in an area
with a very low number of drop-offs. This solution is very close to the free-float-
ing system. In fact, the Gini index is equal to 0.3598 and the station demand is
very low.

The fairest mixed system among Pareto front solutions (g = 0.3364) is
made up of 6 station-based sub-areas, with 49 stations, located at the edges of
the service area (Figure 15(c)). They are in population zones with a very low num-
ber of residents (see Figure 9), except for the sub-area on the left of the figure.
This sub-area has a particular role in defining the Gini index. It mainly overlaps
with population zone 22, which is one of the most populated areas and it is the
only zone for which the mixed system level of service improves compared to that
of the free-floating system (los,, > 1), as shown in bold in Table 3.

Table 3. Residents and level of service ratio los, for each zone g of four Pareto front solutions

with slim = 50.

q 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

popg 1718 1681 3100 1351 2783 1387 1004 551 1426 2 1119 464 565 225 441

dem(max) 0.81 0.81 0.80 0.82 0.72 0.52 0.67 0.78 0.57 0.77 0.54 0.80 0.51 0.82 0.81
los;  w(min) 1.00 1.00 100 1.00 100 1.00 100 100 100 0.83 1.00 1.00 1.00 1.00 1.00
g(min) 085 080 084 085 083 066 082 075 081 0.72 0.64 0.80 0.52 0.79 0.70

trade-off 0.82 0.85 0.84 0.85 0.83 053 082 0.82 060 0.70 0.62 0.84 0.53 0.69 0.85
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q 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

popg 850 148 2501 1577 1072 139 1839 1117 2929 1308 1353 364 982 1574 1370

dem(max) 0.58 0.77 0.56 0.80 0.83 0.80 0.83 0.53 0.68 0.77 0.74 0.83 0.59 0.81 0.63
los;  w(min) 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
g(min)  0.59 0.68 0.82 0.84 0.87 0.84 1.01 0.58 084 082 0.75 0.79 0.65 0.79 0.60

trade-off 0.60 0.81 0.70 0.84 0.87 0.84 0.86 0.53 0.81 0.81 0.76 0.82 0.68 0.84 0.64

The level of service ratio is mostly lower than 1 regardless of the Pareto
front solution. There are exceptions for the w(min) solution where it is approxi-
mately equal to 1 in all zones but 10, corresponding to the only station-based
sub-area. Despite the low number of drop-offs, los;, is equal to 0.83 and is not
equal or greater than 1 because there are only 2 stations for micro-zones which
extend over a narrow and long area compared to the position of the 2 stations.
Another exception is that of zone 22 in the g(min) case, where the level of service
ratio greater than one compensates for all the other los, that are less than one,
generating the minimum value of the Gini index overall.

The trade-off solution (Figure 15(d)) has two station-based sub-areas with
50 stations, and it is much the same as the dem(max) solution. In fact, as we can
see from Figure 13(b) it has very similar dem and w function values, even if it has
g =0.3577, lower than that of the free-floating system.

To avoid confusing users, the sub-areas and their stations should remain
the same for a long period of time. Therefore, it is necessary to verify that the
solutions found can work well even after their implementation. Thus, to verify
the effectiveness of the solutions found, some key indicators were also calculated
for the hos period. In this case, the shape of the station-based sub-areas and the
station position/capacity remains the same, but the trip data change because
they relate to another period, i.e., from 22nd to 30th November. As can be seen
from Table 4, the solutions found show very similar, if not the same, indicators

both for opt and hos periods. In this table, in addition to the four solutions of the
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Pareto front, the indicators relating to the case with the entire subset of 222 sta-
tions (CK), named all stations, is shown. In this case, the system is almost entirely
station-based, so the station demand is approximately equal to 98%. The rest of
the drop-offs take place in a small free-floating sub-area where there is no possi-
bility of implementing stations. For the same case and the hos period, the total
number of stations (nst) is less than 222 because some of them are without de-
mand and have not been counted.

In the dem(max) solution, the station demand is very low compared to the
total one (dem is about 53%). This is due mainly to the maximum number of sta-
tions that could be created (slim = 50), which is relatively small compared to the
service area, and to the relatively small user maximum walking distance (dlim =
150) which does not allow station-based sub-areas to cover large zones. Indeed,
the station-based sub-area percentage over service area (sha) is equal to 27.7%.
There is no unsatisfied station demand for the opt period (due to compliance
with constraint (4.3.b.17)) and is also null in the hos period. Therefore, the as-
sumed 6 = 2 is sufficient. If any increases in station demand are expected, it is

necessary to increase §.
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Table 4. Key indicators of the four Pareto front solutions with slim = 50 and a comparison with
a station-based system.

AT dem dem|[%] und wlkm] g Ag nst

all opt 10281 98.3 0 691 037 629 222

stations hos 3533 97.8 0 691 037 584 217

opt 5606 53.6 0 719 0.38 86.6 50
dem(max)
hos 1914 53.0 0 719 0.38 90.5 50

opt 32 0.3 0 508 0.36 39.2 2
w(min)

hos 11 0.3 0 507 0.36 243 2

opt 3243 31.0 0 665 0.34 41 49
g(min)

hos 1042 28.8 0 665 034 53 47

opt 5272 50.4 0 676 036 86 50
trade-off
hos 1779 49.3 0 676 036 0.2 50

pav psp psp; psSp, bsps sba[%] mwsb[m] wsb [%]

all 12 221 80 87 54 89.0 51.68 -35.5
stations 12 209 80 80 49 89.0 51.68 -35.5
5 57 4 34 19 27.7 67.61 21.5
dem(max)
5 52 4 32 16 27.7 67.61 21.5
0 2 0 1 1 0.5 68.26 -28.0
w(min)
0 2 0 1 1 0.5 68.26 -28.0
1 57 13 25 19 24.2 69.01 -11.8
g(min)
1 52 13 23 16 24.2 69.01 -11.8
4 57 3 30 24 29.3 66.64 -0.3
trade-off
4 52 3 27 22 29.3 66.64 -0.3

The highest total of round-trip user walking distances belongs to the
dem(max) solution, with a value that is higher than all stations case due to the

limited number of stations.
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The g(min) solution has the best Gini index and the lowest E The trade-
off configuration also presents very good values. Instead, the other mixed system
solutions do not bring an improvement in equality compared to the free-floating
system since their medium-high 4g values.

The stations are implemented both on pavements and in place of parking
spaces. The total number of stations on pavements (pav) is quite low, while most
stations replace car parking places (psp) especially those with an hourly parking
rate equal to 1 €/hour (psp,).

Two other interesting indicators are the average user walking distances in
station-based sub-areas (mwsb) and the percentage increase of this distance
compared to that of the free-floating system in the same sub-areas (wsb). The
average distance is always less than the limit one (dlim = 150) and varies from a
maximum of approximately 69 meters to a minimum of 51.68 meters. In the
same sub-areas, we observe that there is always an improvement in the average
distances travelled (wsb < 0) except in the dem(max) solution. However, it is
worth noting that the improvement refers to the average distances in the station-
based sub-areas and not in the total of the round-trip walking distances (w) for
which there is always a diminishment except in population zone 22 as shown in
Table 1.

In order to better understand the potential of the proposed model, fur-
ther analyses were carried out changing some input parameters as described in

the following Section 5.3.1

5.3.1. Sensitivity analysis

In this section two sensitivity analyses were carried out. In the first (Section
5.3.1.a), all input parameters remained unchanged, excluding the maximum
number of stations that could be realized. Conversely, in the second broader and
more general analysis (Section 5.3.1.b), most of the parameters were changed.
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5.3.1a. Increase in the maximum number of stations

Model (4.3.b.1)-(4.3.b.17) was also solved for slim = 150 and slim = 222 (en-
tire CK stations subset), leaving all other input parameters unchanged. A sum-
mary of all the Pareto solutions found (chosen station clusters from 27 in the
Figure 12) is shown in Table 5. In this table, the number of times each cluster is
chosen in all Pareto front solutions (npar) and whether it belongs to the four
significant solutions, is shown. There are some station clusters that are chosen
few times regardless of the value of slim and they are, above all, clusters 9, 17
and 23. It can be noted that these clusters are adjacent to each other and are in
a zone of the service area with very low drop-offs (see Figures 8 and 12). As the
maximum number of stations increases, the number of chosen clusters for the
dem(max) and trade-off solutions increases. This does not happen so noticeably
for w(min) solutions, where the number of station clusters tends to remain very
low to minimise walking distances, and for g(min) solutions where the number
of clusters is between 7 and 11. In this case, the chosen clusters are repeated for
the three slim values. For example, clusters 4, 10,12 and 27 are always chosen.
They are located at the edges of the service area, as seen for slim = 50.

Table 5. Summary of all the Pareto solutions found

slim k 1 2 3 4 5 6 7
npar 30 51 48 239 29 0 32
dem(max) X
50 w(min) X
g(min) X X
trade-off X X
npar 128 194 139 298 147 108 220
dem(max) X X X X X
150 w(min) X
g(min) X X X
trade-off X X X X
npar 241 168 204 304 214 240 195
522 dem(max) X X X X X X X
w(min)
g(min) X X X
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trade-off X X

slim k 8 9 10

11

12

13

14

o

50 npar 12 190

108

139

170

dem(max)
w(min)
g(min) X

trade-off

150 npar 89 55 323

151

220

183

116

dem(max) X X X
w(min)
g(min) X

trade-off X X X

222 npar 87 47 367

160

238

219

240

dem(max) X X X
w(min)
g(min) X
trade-off X X X

k 15 16

17

18

19

20

npar 20 264

142

52

256

dem(max)
50 w(min)
g(min) X

trade-off

npar 112 333

21

157

98

339

dem(max)
150 w(min)
g(min) X

trade-off X

npar 243 356

98

dem(max) X X
222 w(min) X
g(min) X

trade-off X X
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k 22 23 24 25 26 27
npar 142 0 27 15 73 161
dem(max) X X
50 w(min)
g(min) X
trade-off X X
npar 275 32 203 97 168 172
dem(max) X X X X X
150 w(min)
g(min) X X X
trade-off X X X X X
npar 252 37 177 97 142 173
dem(max) X X X X X X
222 w(min) X
g(min) X X X
trade-off X X X X

Among these solutions we show the trade-offs in Figure 16. The number
of chosen stations and the station-based sub-areas increase as slim increases. In
the slim = 150 case, a part of the service area, with few drop-offs, remains un-
covered. The slim = 222 case differs from the all stations case we mentioned
previously, since some stations remain unselected.

In Table 6 and Table 7, we show the key indicators for the significant so-
lution with slim = 150 and slim = 222, respectively. Even in these cases we can
see that the indicators for the opt and hos periods are consistent with each other.
The station demand is on average higher and always satisfied. The walking dis-
tances are on average higher except for the case w(min) which, always involving
few stations, remain approximately the same regardless of slim value. The vari-
ation range of the Gini index is similar, with the g(min) solution proving to be the
best in any case. The total number of car parking spaces to be converted into
stations increases as slim increases. In particular, dem(max), the solution for
slim =222, coincides with the all station solution (see Table 2). The average walk-
ing distance mwsb is very similar in both cases to those of slim = 50 since the
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station density is quite uniform throughout the service area. In the same sub-
areas, we observe that there is always an improvement in the average distances

travelled (wsb).

(@) trade-off
slim=150
(1]
oo
e
e
oo
[ 2 :
e 3%
: ® %
S

not chosen station @ chosen station free-floating sub-area station-based sub-area

Fig. 16- Free-floating and station-based sub-areas of trade-off solutions with slim = 150 and slim
=222,

Table 6. Key indicators of the four Pareto front solutions with slim = 150.

AT dem dem[%] und w[m] g Ag nst pav

opt 9394 89.8 0 744462 0.3699 48.7 150 10

dem(max)
hos 3257 90.2 0 744462 0.3699 48.8 148 10
opt 32 0.3 0 507529 0.3598 39.2 2 0
w(min)
hos 11 0.3 0 507529 0.3598 243 2 0
opt 6170 59.0 0 733405 0.3346 8.7 86 6
g(min)
hos 2143 59.3 0 733405 0.3346 2.7 85 6
opt 9082 86.8 0 723461 0.3627 30.5 148 9
trade-off

hos 3124 86.5 0 723461 0.3627 30.5 145 9
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AT psp psp, bSp, psps sba[%] mwsb[m] wsb [%]
opt 151 44 64 43 74.4 59.27 -22.3
dem(max)
hos 144 44 61 39 74.4 59.27 -22.3
opt 2 0 1 1 0.5 68.26 -28.0
w(min)
hos 2 0 1 1 0.5 68.26 -28.0
opt 92 26 38 28 40.8 64.47 -6.8
g(min)
hos 87 26 35 26 40.8 64.47 -6.8
opt 150 38 67 45 68.9 58.12 -23.0
trade-off
hos 142 38 63 41 68.9 58.12 -23.0

Table 7. Key indicators of the four Pareto front solutions with slim = 222.

AT dem dem|[%] und w[m] g Ag nst pav

opt 10281 98.3 0 691086 0.3674 629 222 12
dem(max)

hos 3533 97.8 0 691086 0.3674 584 217 12

opt 357 3.4 0 507862 0.3637 704 12 0
w(min)

hos 97 2.7 0 507862 0.3637 77.2 9 0

opt 6170 59.0 0 733405 0.3346 8.7 86 6
g(min)

hos 2143 59.3 0 733405 0.3346 2.7 85 6

opt 9988 95.5 0 711969 0.3580 40.0 199 12
trade-off

hos 3453 95.6 0 711969 0.3580 40.3 197 12

AT psp psp, bSp, psps sba[%] mwsb[m] wsb [%]

opt 221 80 87 54 89.0 51.68 -35.5
dem(max)

hos 209 80 80 49 89.0 51.68 -35.5

opt 12 0 4 8 3.2 57.08 -44.0
w(min)

hos 9 0 3 6 3.2 57.08 -44.0

opt 92 26 38 28 40.8 64.47 -6.8
g(min)

hos 87 26 35 26 40.8 64.47 -6.8

opt 198 80 75 43 82.9 53.56 -31.1
trade-off

hos 190 80 70 40 82.9 53.56 -31.1
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5.3.1b. Variation of several input parameters

This sensitivity analysis was performed considering the simultaneous var-
iation of multiple input parameters. In addition to the three slim values (50,150
and 222), different values of d;;;, iNnax, and clim, were set. In particular, we
set djjm = iNyay in @ range from 150 to 450 metres at 50 metre intervals in order
to analyse the results when the maximum distance that a user is forced to walk
increases. Furthermore, in addition to clim = 100, the maximum number of car
parking spaces to be removed was set equal to clim = clim, = clim, = clim; =
50. All the other case study inputs remained unchanged.

Optimisations with all combinations of the above parameters were car-
ried out. The main statistics (minimum, mean, maximum and standard deviation

values) on key indicators of four Pareto front solutions are shown in Table 8.

Table 8. Main statistics on key indicators of the four Pareto front solutions for all input parame-
ter combinations.

AT dem dem[%] und w [km] g Ag nst

min 5606 53.6 0 691.09 0.3554 36.5 16

dem(max) Mmean 9071  86.7 0 1614.68 0.3950 86.6 57
opt max 10404  99.4 0 2927.50 0.4300 100 222

st.d. 1274 12.2 0 635.71 0.0213 173 45

min 1914  53.0 0 691.09 0.3554 30.3 16
dem(max) Mean 3121  86.4 0 1614.68 0.3950 85.9 57
hos max 3593 99.5 0 2927.50 0.4300 100 217

st.d. 448 12.4 0 635.71 0.0213 19.7 44

min 32 0.3 0 50753 0.3282 00 2
w(min) ~Mmean 160 1.5 0 536.63 0.3467 255 4
opt max 357 3.4 0 58550 0.3637 704 12
st.d. 70 0.7 0 2570 0.0123 279 2
min 11 0.3 0 50753 0.3282 00 2
w(min) ~Mean 50 1.4 0 536.63 0.3467 17.3 4
hos max 97 2.7 0 58550 03637 77.2 9
st.d. 22 0.6 0 2570 0.0123 221 1
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AT  dem dem|[%] und w [km] g Ag nst

min 389 3.7 0 57126 03191 0.0 3
g(min) ~mean 2397 22,9 0 77851 03270 12 22
opt max 6942  66.3 0 1363.28 0.3364 8.7 86
st.d. 2422 23.1 0 23259 0.0048 26 24

min 130 3.6 0 57126 03191 0.0 3

g(min) mean 792 21.9 0 77851 03270 05 21
hos max 2372 65.7 0 1363.28 0.3364 5.3 85

st.d. 821 22.7 0 232,59 0.0048 13 24

min 5272 50.4 0 676.46 0.3257 0.0 16

tradeoff Mean 6966  66.6 0 1329.70 0.3460 156 49

opt max 9988  95.5 0 1876.96 0.3629 40.0 199
st.d. 1224 117 0 39470 0.0104 10.2 43
min 1779  49.3 0 676.46 0.3257 0.0 16
tradeoff Mean 2383 66.0 0 1329.70 0.3460 9.6 48
hos max 3453  95.6 0 1876.96 0.3629 40.3 197
st.d. 426 11.8 0 39470 0.0104 80 42
AT  pav psp psp, bSp, psps Ssba[%] mwsb[m] wsb [%]
mn 0 43 4 0 0 27.7 35 51.7
dem(max) Mean 1 78 55 18 5 74.2 69 130.9
opt max 12 221 90 87 54  93.0 186 233.1
st.d. 3 38 21 25 13 17.6 62 50.4
mn 0 40 4 0 0 27.7 35 51.7
dem(max) Mean 1 73 52 17 4 74.2 69 130.9
hos max 12 209 85 80 49 93.0 186 233.1
st.d. 3 37 20 23 12 17.6 62 50.4
mn 0 2 0 0 0 0.5 -44 57.1
w(min) Mean 0 4 4 0 0 2.0 39 116.5
opt max 0 12 6 4 8 4.4 102 175.8
st.d. 0 2 2 1 1 1.2 53 38.1
w(min) Min 0 2 0 0 0 0.5 -44 57.1
hos mean 0 4 3 0 0 2.0 39 116.5
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max 0 9 6 3 6 4.4 102 175.8
st.d. 0 1 2 1 1 1.2 53 38.1
mn 0 6 5 0 0 4.0 -12 64.5
g(min) mean 1 28 14 10 4 17.2 102 158.9
opt max 6 92 45 38 28 502 378 334.6
st.d. 2 27 12 14 9 15.9 123 86.8
mn 0 4 4 0 0 4.0 -12 64.5
g(min) mean 1 25 13 9 3 17.2 102 158.9
hos max 6 87 38 35 26 50.2 378 334.6
st.d. 2 25 11 13 8 15.9 123 86.8
mn 0 33 3 0 0 29.3 31 53.6
tradeoff Mean 1 65 43 17 5 52.0 88 137.0
opt max 12 198 80 75 45 86.3 217 220.3
st.d. 3 38 16 23 13 15.5 82 54.8
mn 0 33 3 0 0 29.3 31 53.6
tradeoff Mean 1 60 40 16 5 52.0 88 137.0
hos max 12 190 80 70 41 86.3 217 220.3
st.d. 3 36 15 21 12 15.5 82 54.8

Analysing this table, it appears that as has already been found, the solutions of
the hos period are approximately identical to the opt period, excluding the de-
mand level which is clearly lower given that hos is shorter than opt. This shows
that the 21 days on which the optimisation is based also well represent the re-
maining 9 days of the month of November. The station demand is always satis-
fied, and it is generally quite high for the dem(max) and trade-off solutions.
Those of the trade-off solutions are very similar to the solution of the
dem(max), given the hypotheses of their choice. Only its average value appears
to be a little lower. Conversely, the station demand is on average low for g(min)
and close to zero for w(min). The smallest value of the Gini index is equal to
0.3191 which was found, for the g(min) solution, in all cases with a dlim = 300

m and clim = 100. However, its largest value (0.43) corresponds to dem(max)
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for the same dlim = 300 but with a lower value of available parking spaces
(clim = 50). In any case, the Gini index does not deviate much from its average
value. The number of stations (nst) and the station-based sub-area percentage
over service area (sbha) statistics vary in line with the station demand. The aver-
age user walking distances in station-based sub-areas (mwsb) remain on aver-
age around 70 metres and exceed 300 metres only in some cases with the low-
est values of the Gini index. To better analyse what happens as the maximum
distance that a user is forced to walk increases, we report detailed results for all

combinations and for some of the key indicators in Figure 17 and Figure 18.

dlim
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150 -
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400 - 5

300 - E

@
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50 150 222 50 150 222 50 150 222 50 150 222 50 150 222 50 150 222 50 150 222
slim

dem(max) w(min) g(min)  trade-off
clim =100
Clim =50 sssssen cossees smmsmsss ssssasss

Fig. 17- Some key indicators for different dlim and other input parameters
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Figure 18(a) shows that, for dem(max) solutions the station demand
(dem) increases, not only as slim, but also as the dlim increases. If we do not
place restrictive limits on car parking places (clim = 100) we can achieve approx-
imately 100% demand coverage starting from dlim = 300 metres. In these cases,
there is a complete conversion from free-floating to station-based systems. How-
ever, if we reduce the number of car parking places available for each hourly
parking rate, this does not happen, but the station demand still remains around
80%. The trade-off solutions follow a similar trend to that of the dem(max) up to
dlim = 250 meters and then lead to a decrease in demand as dlim increases. At
the expense of one of the highest total walking distances (w = 1,363,276 metres),
a good compromise g(min) solution between station demand level and minimi-
sation of the Gini index is found in the case dlim = 300 metres. In this case, the
station demand is above 60% and the value of the Gini index is the lowest ever
(g =0.3191). Another good compromise, but which requires a higher number of
car parking spaces to be replaced with stations, is the case of dlim = 150 metres.
For the other input combinations, dem takes on low values (around 30% for dlim
= 200 metres) or almost drops to zero, for the highest dlim, as happens in all
w(min) cases.

The number of car parking spaces to be replaced with stations (psp) in-
creases as slim increases and decreases as dlim increases (Figure 18(b)). This
consideration is valid, on average, for all combinations. The lowest values of psp
occur for w(min), given the very low number of stations necessary to keep the
total walking distances low.

In Figure 18(c) the percentage increase in a user’s average walking dis-
tance in station-based sub-areas compared to that of the free-floating system in
the same sub-areas is shown. The negative percentages are worthy of note and
belong largely to the case with dlim = 150 and to a lesser extent to those with
dlim = 200. These are the cases in which a decrease in the average distances to
be covered on foot in station-based sub-areas is evident. Indeed, for dlim equal
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to 150 or 200 metres the station density is sufficiently high (in_max is equal to
150 or 200 metres, respectively) to be, on average, higher than that of the corre-
sponding free-floating system sub-areas. For higher station density values (dlim
> 200 metres), the average walking distance in the station-based sub-areas in-
creases up to a maximum of approximately 400% of the free-floating system, for
g(min) solutions in the case of dlim = 450 metres. The effect of dlim and in_max

on station-based sub-areas and station density can also be seen in Figure 19.
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Fig. 18- Free-floating and station-based sub-areas of trade-off solutions with slim = 50 and
different dlim values.
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In this image we show the trade-off solutions for a maximum number of
stations slim = 50 and for cases with dlim = in_max = 200 metres. Given the
increasing value of in_max, we see that the subset of stations (CK) represented
by the unchosen (in grey) and the chosen stations (in blue) is increasingly less
dense, starting from Figure 18(a) up to Figure 18(f). Similarly, the station-based
sub-areas have their boundaries increasingly distant from the chosen stations,
given the increase in dlim. Furthermore, dlim and in_max also influence the
station demand for which the trade-off solutions show an increase up to dlim =
250 meters (Figures 18(a), 18(b) and 18(c)), and a decrease in demand as dlim
increases (Figures 18(d), 18(e) and 18(f)), as seen in Figure 17(a).

Other interesting considerations can be made by observing the trends of

Ag and Ag as the input parameters change (Figure 19).
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Fig. 19- Ag box plots and (4g) trends for different dlim and other input parameters
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This figure represents, for clim = 100 and for the opt period, the box plots
of Ag, that is the difference between the free-floating and mixed system Gini
index trend (every 2 minutes) and the Ag percentages for each of the slim and
dlim inputs for the four significant Pareto front solutions. It is evident that the
dem(max) solutions (Figure 19(a)) have a high Ag percentage, which even
reaches 100% for the highest dlim values. They also correspond to a greater
range of Ag values shown by the long box plot whiskers. Even the w(min) solu-
tions (Figure 19(b)) do not show good 4g for dlim between 150 and 200 metres,
even if the Ag ranges are smaller. In Figure 19(c), we observe that practically all
g(min) solutions are desirable from the equality point of view, given that the Ag
percentage is almost always zero and that all 4g values of the mixed system have
a Gini index every 2 minutes almost always lower than that of the free-floating
system. In fact, all box plots (including the whiskers) are mainly above 4g = 0.
This confirms that reducing the complexity of the problem by considering a single
g value for the opt period (through the mode of distances) almost always en-
sured a reduction in the Gini index every 2 minutes throughout the entire period.
The trade-off solutions (Figure 19(d)) are good compromises between dem(max)
and g(min) ones, as they have high Ag percentages only for dlim = 150 but which
are around 20% for all other cases.

The sensitivity analysis reported here can be of help for municipalities and
operators in choosing a solution among those of the Pareto front, based on the
importance that they place on one objective compared to the other two. If sta-
tion demand is a priority (to address disorderly parking), one of the trade-off so-
lutions could be chosen such as those with dlim =300 meters and clim = 50 with
one of the lowest g (0.3257). If they prefer to prioritise inequality minimisation
among population zones, one of the g(min) solutions with dlim = 300 could be
chosen, as seen above. However, it is important to underline that forcing a user

to walk a maximum of 300 meters to pick up or drop off a vehicle in station-based
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sub-areas may be excessive. In order not to lose users, this distance should be set
less than or equal to a user’s willingness to walk to pick up a vehicle, or to walk
to their destination from the place where the shared vehicle has been dropped
off. For example, the study of Kabra, Belavina and Girotra (2016) established that
almost 80% of bike-sharing system users were willing to walk a maximum of 300
metres to reach a vehicle. This work is not related to e-scooter sharing, but in the
absence of specific studies on these systems and in the city under consideration,
we could still refer to this distance by analogy. Therefore, with a dlim = 300 me-
ters some users could leave the system and it could still be more advisable to
choose solutions with dlim between 150 and 200 metres.
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6. CONCLUSIONS

Shared micromobility systems are an alternative to private modes of
transport to cover urban short and medium distances and has a number of eco-
nomic, environmental and social benefits. In particular, the most comfortable
system is the free-floating one that allows users to pick up and drop off a vehicle
anywhere in the service area at the nearest point to their origins/destinations,
while still in line with the highway code. However, this high degree of parking
freedom may easily generate unauthorised and irregular parking. Unauthorised
drop-offs take place, for example, on pavements or cycle paths or on car lanes,
obstructing pedestrians and other vehicle flows and so becoming a potential
cause of accidents. On the other hand, irregular parking is mainly due to the high
number of shared vehicles and the multiple user destinations, resulting in the
deterioration of urban decorum.

To address these problems, operator-based processes and user-based
regulations with mandatory or non-mandatory parking areas can be imple-
mented. As for the former, vehicles reposition located in incorrect positions is
carried out by the operators. To mitigate the problem without direct operator
intervention, which cannot be continuous and simultaneous over the entire ser-
vice area, stations can be created where vehicles can or must be released. The
boundary of these parking areas or stations can easily be identified using
geofence techniques, as well as with physical racks or dedicated spaces marked
with paint.

To solve these issues, we proposed three decision support models for the
redesign of free-floating micromobility systems, all applied to a real case study,
the city of Bari (Apulia). The first model is an equity-based optimization model
for location of stations in free-floating e-scooter sharing systems. In this case,
users are obliged to drop off and pick up vehicles only to and from stations. How-
ever, the location of stations may create disadvantaged for one part of the
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population compared to another. For this reason, this model is a bi-objective
model with the aim of defining the location of stations to convert a free-floating
system into station-based, also according to equity criteria. The first objective
function aims at minimizing the total walking distances for each micro-zone,
while the second objective function aims at maximising horizontal equity, i.e.
minimizing the Gini value. Results show that a minimisation of total walking dis-
tances does not correspond to a minimisation of the Gini value. Indeed, the Pa-
reto front shows that when the total walking distances decrease, the Gini values
increase. Municipal councils could choose a compromise solution between ex-
treme value of Pareto front.

The second model is an equity-based optimisation model for the location
of parking areas in free-floating sharing systems. In this case, it is not mandatory
to drop off vehicles in these zones, users are simply incentivised to do so. This
model takes into consideration the minimisation of demand outside parking ar-
eas and the minimisation of inequality. Results showed the contrast between the
minimisaton of drop offs outside stations and the minimisation of the Gini, due
to the fact that the equity is higher when density of vehicles outside stations be-
comes greater. Pareto front solutions offer municipal councils and operators the
possibility to find a compromise solution to better satisfy the two objective func-
tions.

In literature, various methodologies and models for station locations have
been proposed, which suggest the complete transformation of a free-floating
system into a station-based one (with mandatory parking areas) or station imple-
mentation where it is recommended to release vehicles through app-based in-
centives for users to encourage them to park vehicles in those areas. What is
innovative in our approach, differently from literature, is the concept of equity.

Municipal councils may want the entire conversion from free-floating to
station-based to eliminate unauthorised and irregular parking. However, as this
is also desirable to operators, this could be achieved with a very high number of

stations to avoid making the system less attractive, with a loss of users due to the

78



Decision support models for the fair redesign of free-floating micromobility sharing systems

increased distances to be covered on foot in a station-based system. Usually, it is
not possible to implement a very large number of stations so as to make the dis-
tances to be covered on foot similar to those of a free-floating system since it
would be necessary to subtract a large quantity of space from other types of
parking (such as that for private cars or mopeds) or from pavements. On the
other hand, non-mandatory parking areas may be insufficient to address the
problems related to free parking. In both cases, the presence of stations can
make the system unequal for residents since a part of the population can be
forced or encouraged to walk greater or shorter distances than the rest. A com-
promise solution to this problem is to convert a free-floating system into a mixed
one with free-floating and station-based geofenced service sub-areas, also con-
sidering an equality objective, as proposed in the third model. To the best of our
knowledge, such models are not proposed in literature. For these reasons, we
suggest a multi-objective problem with the aim of finding a trade-off solution
among the maximisation of drop-off station demand to minimise irregular park-
ing, the minimisation of user walking distances, and the minimisation of inequal-
ity, in the accessibility of the system, among service area residents to ensure that
there are no population zones that will be more affected by the walking distance
changes due to the system conversion.

The proposed model was applied to a free-floating e-scooter sharing system
in the city centre of Bari (Apulia, Italy). Nevertheless, the proposed model can
also be used considering more than one system at the same time by aggregating
the trip databases of all free-floating systems of the same type of micromobility
vehicles. Furthermore, two sensitivity analyses were carried out starting with dif-
ferent input parameters. The entire available trip data (one month) was divided
into two sub-intervals. The first sub-interval (three weeks) was used to solve the
proposed problem. The other was used to validate model results. First, the key
solution indicators of the first period are approximately identical to the second
ones. This shows that the sub-interval chosen to solve the proposed problem well

represents the subsequent period. Thus, it is recommended to select a time
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interval that is as representative as possible of average users’ behaviour. The
choice of a multi-objective is appropriate given that, as highlighted by the results,
the three objectives are in contrast with each other, making it necessary to
choose a compromise solution. It turned out that the free-floating system is un-
equal with inequality values, calculated with a Gini index, varying during the con-
sidered period. Therefore, it is important to choose a mixed configuration that
maintains as much as possible over time lower inequalities compared to the start-
ing ones, named trade-off solutions. In addition, three other significant Pareto
solutions were analysed i.e., the configurations with the highest demand value
(dem(max)), with the lowest total of walking distances (w(min)), and with the
lowest Gini index value (g(min)). If on the one hand, the dem(max) solutions al-
low for a significant reduction in unauthorised and irregular parking, on the other
hand they force users to cover large total distances on foot. However, there are
trade-off mixed system solutions very close to the dem(max) ones which allow a
reduction in inequity compared to the free-floating system. The w(min) Pareto
solutions have a relatively low number of stations and therefore should be dis-
carded a priori if the aim is to reduce free parking related problems significantly.
Furthermore, these do not entail an appreciable decrease in inequity, given that
they have a mixed configuration very close to the starting free-floating system.
The g(min) solutions, despite having the lowest values of inequity, do not always
represent a good compromise. In fact, they are related to a station demand that
may be very low. However, there are cases in which the lowest value of the Gini
index corresponds to a medium/high demand, such as those cases with the max-
imum distance, dlim, that a user is forced to walk to pick up or drop off a vehicle
in station-based sub-areas (equal to 300 metres). However, it is necessary to pay
attention to this value. Indeed, dlim distances which are too high may discourage
some users who might abandon the system; therefore, it could still be more ad-
visable to choose solutions with lower dlim, for example equal to 150 metres.
Investigations are underway to evaluate this distance based on e-scooter sharing

user preferences. In any case, sensitivity analyses with different input parameters
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can be of help for municipalities and operators in choosing the solution among
those of the Pareto front.

Our proposal is based on the analysis of a past trip database. The only param-
eter that takes into account any changes in future demand is the incremental
factor §. After the creation of station-based sub-areas, it is therefore necessary
to cyclically monitor the demand to increase or decrease station capacity, if nec-
essary. However, the sub-areas outline should remain the same over time to
avoid user disorientation. Future work may concern the joint use of the proposed
model with drop-off demand prediction models not only of shared micromobility
vehicles but also of private ones to guarantee orderly parking for the latter as
well.

To summarise, proposed models aim to increase the equity of free-floating
systems, which should be equally accessible for the entire population. The solu-
tions found are a trade-off between municipal council needs (to solve the illegal
parking problem) and operator needs (to adopt systems with arbitrary parking,
maximising the use of each vehicle).

Furthermore, further research may focus on the combined station location
and network design of cycle lanes to improve station accessibility, may involve
model parameters calibration (willingness to walk) through a survey for users. In
the case of the third model it is possible to expand our proposal by considering
the presence of stations also in the free-floating sub-area. In these stations, how-
ever, parking would not be mandatory, but encouraged through incentives. The
value of the incentives could be dynamic over time depending on municipal ad-
ministrations or operators’ needs; this way more substantial rewards are pro-
vided during peak hours when unauthorised parking could cause a potential

greater number of accidents.
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