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Abstract

Transport resources are limited, so they have to be spatially distributed according to certain criteria
among the population. When economic efficiency is the key to transport design and planning,
the spatial distribution of transport supply may be prioritized to those who can afford it. Given
the example of bike-sharing systems (BSS) with a user profile and infrastructure oriented to the
privileged population, is it fair that this transport service benefits the most privileged if we all pay
taxes, and all own the public space.

Therefore, in this study, | developed a decision-making tool to implement or expand BSS con-
sidering spatial fairness as input. This tool might contribute to the development of active transport
modes and mitigate the negative social, environmental, and economic effects of private motorized
transport. The main objective of this research is to develop a method for planning the "first draft"
of the location of BSS stations and their service area based on spatial fairness. The planning of
BSS would prioritize their supply based on spatial equity (giving priority to those most in need), or
spatial efficiency (giving priority to those who contribute most), or a combination of both, as the
rule for the spatial distribution of resources.

The core of this research is to first comprehend BSS. Therefore, | looked into the public discus-
sion about their benefits, limitations, and future using a qualitative and quantitative topic clustering
of postings on the social network Twitter. The results show that BSSs achieve a high level of accep-
tance as electrically powered, free-floating systems, and integrated with public transport in terms
of infrastructure and price. It was recommended that infrastructure allocation should be based on
public participation and people’s needs.

Due to the perceived inequity in the design of BSS and their unequal use, | developed and ap-
plied a method to explore qualitatively and quantitatively which spatial fairness criterion or criteria
are present in the distribution of the BSS supply. | used for the assessment: a) data from previ-
ously conducted interviews with people in households without motorized vehicles who felt socially
excluded in Strasbourg (France), and b) quantitative methods to spatially compare the access to
the BSS supply among "milieus" (categorization of people based on social status and values) in
Munich (Germany). The interviewees perceived BSS as not being oriented to the underprivileged
population and that the service was not provided in disadvantaged neighborhoods. Finally, the
quantitative approach showed that distribution of supply of the Munich scheme was economically
efficient, mostly oriented to progressive people, however, not to those with traditional values.

Furthermore, if BSS infrastructure allocation is prioritized for economic efficiency, the spatial
factors associated with their utilization may indicate where stations and service area allocation
should be prioritized. Therefore, linear and non-linear regressions were performed in six German
cities and three international cities to find built-environment variables associated to BSS usage



across geographic boundaries. The city population, distance to the city center, recreational facili-
ties, and transportation-related infrastructure were the most common spatial factor associated with
BSS usage.

Finally, | developed a spatial fairness approach to planning BSS, in which fairness is an input for
the location of stations and service areas. Thus, the supply of BSS could be prioritized according
to the desired justice focus, where there is greater deprivation (spatial equity), greater potential
demand (spatial efficiency), or a mix of both. The potential demand was estimated on the basis of
structural equation models that include variables of the built and social environment, which were
identified in this research. The structure of the interrelationships between spatial factors follows
a combination of theoretical models of land use and transport interactions and urban mobility
cultures.

In conclusion, planners now have a deeper understanding of BSS, including their public dis-
cussion, the spatial factors associated with the usage, a method for assessing how fair systems
are, and a decision-making tool for infrastructure allocation considering spatial fairness as an in-
put. This research could improve the socio-economic efficiency of BSS and transparency in the
design. Consequently, the approach could achieve a greater acceptance and usage of BSS, and
be an alternative for distributing transport benefits to the most needed. Further research could
focus on the application and adaptation of the methodologies developed in this research in other
BSS around the world, and also in other transport systems.



Zusammenfassung

Die Transportressourcen sind begrenzt, so dass sie nach bestimmten Kriterien verteilt sein missen.
Wenn wirtschaftliche Effizienz der Schlissel zur Verkehrsgestaltung und -planung ist, kdnnte bei
der raumlichen Verteilung des Verkehrsangebots denjenigen Vorrang eingerdumt werden, die es
sich leisten kénnen. Ist es angesichts des Beispiels von Bike-Sharing-Systemen (BSS) mit einem
Nutzerprofil und einer Infrastruktur, die sich an der privilegierten Bevdlkerung orientiert, gerecht,
dass dieses Verkehrsangebot den Privilegiertesten zugutekommt, wenn wir alle Steuern zahlen
und der 6ffentliche Raum uns allen gehért?

Um zur Entwicklung aktiver Verkehrstrager beizutragen und die negativen sozialen, ékologis-
chen und wirtschaftlichen Auswirkungen des motorisierten Individualverkehrs abzuschwachen,
habe ich ein Entscheidungsinstrument entwickelt, um BSS so zu implementieren oder zu erweit-
ern, dass ihre Barrieren flr Infrastruktur und Gerechtigkeit verringert werden. Das Hauptziel dieser
Forschung ist die Entwicklung einer Methode zur Planung des "ersten Entwurfs" der Lage von
BSS-Stationen und ihres Versorgungsgebiets auf der Grundlage raumlicher Fairness. Bei der Pla-
nung von BSS-Stationen wiirde deren Versorgung auf der Grundlage der raumlichen Gerechtigkeit
(mit Vorrang fur die Bedurftigsten) oder der raumlichen Effizienz (mit Vorrang fir die Bedurftigsten)
oder einer Kombination aus beidem als Regel fir die rdumliche Verteilung der Ressourcen prior-
isiert werden.

Der Kern dieser Studie besteht darin, zunachst die BSS zu verstehen. Daher untersuchte
ich die 6ffentliche Debatte Uber Vorteile, Grenzen und Zukunft der BSS anhand einer qualitativen
und quantitativen thematischen Bindelung der Beitrdge im sozialen Netzwerk Twitter. Die Ergeb-
nisse zeigen, dass BSS als 6ffentliche elektrische Systeme mit der Option des Free-Floating mehr
akzeptiert sind und in Zukunft akzeptiert werden kénnten und dass sie in Bezug auf Infrastruktur
und Preis in andere gemeinsame Verkehrsmittel und den 6ffentlichen Verkehr integriert werden
kénnten. Es wurde empfohlen, dass die Zuweisung der Infrastruktur auf der Grundlage der Beteili-
gung der Offentlichkeit und der Bediirfnisse der Menschen erfolgen sollte (Gleichheit).

Aufgrund der wahrgenommenen Ungerechtigkeit bei der Gestaltung von BSS und ihrer ungle-
ichen Nutzung entwickelte und wandte ich eine Methode an, um quantitativ und qualitativ zu unter-
suchen, welche Kriterien der Raumgerechtigkeit bei der Verteilung des BSS-Angebots vorhanden
sind. Ich verwendete: a) Daten aus zuvor durchgefiihrten Interviews mit Personen in Haushalten
ohne motorisierte Fahrzeuge, die sich in StraBburg (Frankreich) sozial ausgegrenzt fihlten, und
b) quantitative Methoden, die in Minchen (Deutschland) den Zugang zur BSS-Versorgung unter
"Milieus" (Kategorisierung von Personen auf der Grundlage von sozialem Status und Werten)
raumlich verglichen. In den Interviews wurde festgestellt, dass die BSS nicht auf die weniger
privilegierte BevlOlkerung ausgerichtet sind und dass die Dienstleistung nicht in benachteiligten



Stadtvierteln angeboten wird. Darliber hinaus ist die Verteilung der Dienstleistungen im Munchner
System wirtschaftlich effizient und richtet sich vor allem an progressive Menschen, nicht aber an
solche mit traditionellen Werten.

Wenn die wirtschaftliche Effizienz bei der Zuweisung der BSS-Infrastruktur berlicksichtigt wird,
kdnnen die mit ihrer Nutzung verbundenen rdumlichen Faktoren dartber hinaus eine Vorstellung
davon vermitteln, wo bei der Zuweisung der Stationen und des Versorgungsgebietes Prioritaten
gesetzt werden sollten. Daher habe ich lineare und nichtlineare Regressionen in sechs Stadten in
Deutschland und drei in internationalen Stadten durchgefihrt, um Faktoren der bebauten Umge-
bung zu identifizieren, die mit der Nutzung der BSS in mehreren Stédten verbunden sind. Die am
haufigsten mit der Nutzung verbundenen raumlichen Faktoren waren die stadtische Bevdlkerung,
die Entfernung zum Stadtzentrum, Freizeiteinrichtungen und die Verkehrsinfrastruktur.

SchlieBlich entwickelte ich einen Ansatz fir raumliche Fairness bei der Planung von BSS, bei
der raumliche Fairness ein Input fir die Standortwahl von Stationen und Versorgungsgebieten ist.
So kann das BSS-Angebot entsprechend dem gewtlinschten Gerechtigkeitsansatz priorisiert wer-
den, wenn eine gré3ere Benachteiligung (rdumliche Gerechtigkeit), eine gréB3ere potenzielle Nach-
frage (rdumliche Effizienz) oder eine Mischung aus beidem vorliegt. Die potentielle Nachfrage
wird auf der Grundlage von Strukturgleichungsmodellen geschatzt, die Variablen des gebauten
und sozialen Umfelds einbeziehen, die in den bisherigen Ansatzen dieser Forschung identifiziert
wurden. Die Struktur der Wechselbeziehungen zwischen rdumlichen Faktoren folgt einer Kom-
bination theoretischer Modelle der Flachennutzungs- und Verkehrsinteraktionen und stadtischer
Mobilitatskulturen.

Zusammenfassend lasst sich sagen, dass die Planer nun Uber ein tieferes Verstandnis von BSS
verflgen, einschlieBlich ihrer &ffentlichen Diskussion, der mit der Nutzung verbundenen raum-
lichen Faktoren, einer Methode zur Beurteilung der Fairness von Systemen und eines Entschei-
dungsinstruments fir die Infrastrukturzuweisung unter Berlcksichtigung der rdumlichen Fairness
als Input. Diese Forschung kénnte die sozio6konomische Effizienz von BSS und die Transparenz
des Entwurfs verbessern. Folglich kdnnte der Ansatz zu einer gréBeren Akzeptanz und Nutzung
von BSS flihren und eine Alternative fiir die Verteilung der Verkehrsvorteile an die Bedurftigsten
darstellen. Weitere Forschungsarbeiten kdnnten sich auf die Anwendung und Anpassung der in
dieser Forschung entwickelten Methoden in anderen BSS auf der ganzen Welt und auch in an-
deren gemeinsam genutzten Verkehrstragern oder 6ffentlichen Verkehrssystemen konzentrieren.
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Preface

“If | chose to be an eagle it was for love of the worm" — Facundo Cabral

| am a privileged person. Life allowed me to be born and grow up in a family with economic
privileges that made it easy for me to enter college and achieve a high level of education. In
addition to these privileges, | am a heterosexual man with Western physical characteristics in the
context of Latin America. For these reasons, | have not felt injustice or discrimination, however, |
have seen them throughout my life. Injustice invoked in me a feeling of sadness, frustration, and at
the same time guilt for only seeing it and not doing anything against it. | feel like an eagle because
| can have the opportunity to participate in decisions making and be heard because of my social
advantages. This study, though, is my new beginning.

| focused my undergraduate studies in civil engineering on designing roads to defend rights
and mitigate impacts when roads affect society and nature. Then, my interests changed after
working on the assessment of the first mobility station in Munich (Germany) (Miramontes, 2018)
and seeing the benefits of shared mobility. | thought that Latin America should give priority to new
forms of mobility, before focusing only on road infrastructure.

During the assessment of the mobility station, | noticed that car-sharing rentals were increasing
near the tram stops. | formulated my first hypothesis: car-sharing rentals could be associated with
spatial factors (Schmdller et al., 2015). The analysis of spatial factors and their association with
car-sharing rentals could help to efficiently implement stations or establish their service area. With
this hypothesis and the literature review, | applied for a Ph.D. with the topic ’Influential factors on
the demand for shared mobility’ in the multidisciplinary doctoral research group mobil.LAB.

When | started with the in-depth literary review, | realized that car-sharing has a nice last name:
"sharing", but in the end they are cars. They may have their benefits, but do we really need them?
| think what we need is to move actively in a fun and safe way and have livable cities without
pollution or machines occupying our public space.

Furthermore, during this literature review process, | would like to share a personal experience
that influenced the focus of my study when my father-in-law came to visit Munich. While walking
through the city center, my father-in-law saw some bikes with the same design in the middle of the
sidewalk. Oddly enough, he asked why those bikes are there. | answered that the bikes belong to
a bike-sharing system, and they can be rented. | offered to use one of them to continue the city
tour. This system of renting bikes in the public space gave him the opportunity to use a bike after
thirty years. His happy face while using a bike after so long was part of my motivation to focus on

IX



the development of public bike-sharing systems.

“Sometimes | think that if | had studied geotechnics it would have been easier. Soil
is simpler to understand than people.”

Now, if you allow me, | want to tell you about the mobil.LAB, my research group. The mobil.LAB
is a group of friends, all a little crazy, with different backgrounds from political science to engineer-
ing. We focus on understanding and contributing to the development of more sustainable mobility.
Working in an interdisciplinary group opened my perspective to include people in my study of
mobility research (Villeneuve et al., 2020). Without people, there is no mobility, and without in-
frastructure people cannot move. We need to understand people to understand their needs and
behavior, and we need to build models to generalize behavior in order to plan mobility.

Imagine that you have to build an ant farm. For it, you have to observe the behavior of an
anthill to build an efficient farm. For example, you have to explore how much distance the ants
travel, when and for which purpose they leave the anthill, what products they bring, how they be-
have among themselves, etc. Then, based on this historical data, you analyze the most favorable
and efficient conditions for an ant farm to last over time. When providing them similar favorable
conditions to the observed, it is expected that in the farm the ants behave similarly as in the anthill.

The disadvantage of my approach was to pretend to study people like ants. Unlike ants, we
have communication, beliefs, political, social, and cultural components that allow us to behave
differently among us. The rich, the poor, the men, the women, the traditional, the liberal, the
tall, the short; each one behaves differently and responds to a different mobility culture. Mobility
culture is the essence that explains why, when, how, and where people move. Therefore, to learn
and replicate a mobility system like bike-sharing in other areas with a similar culture, | should study
and understand mobility cultures.

Therefore, | combined traditional transport models with the concepts of mobility cultures by
including social factors such as values and lifestyles in the planning of BSS. In addition, if | wanted
to implement bike-sharing systems in other regions, | had to study what factors are associated
with the use of public bicycles without depending on geographical boundaries. So | did an analysis
in several cities across continents to get the common factors associated with the usage of bike-
sharing.

| don’t study ants, so | talked to people from my social environment. By talking to people, |
could validate and falsify what | was reading in literature. Thus, people have been the real experts.
But | didn’t want to know the opinion of just a few friends. | wanted to know the opinion of many
people. This reflection led me to collect posts and study the public debate concerning bike-sharing
on social media.

“What is fair to me may not be fair to others.”

A topic of debate in social media that caught my attention was that bike-sharing is commonly
used by the most privileged people and their service area is oriented to where these people live.
In addition, people perceived that bike-sharing benefitted the most privileged people. From this



analysis, | asked myself: if my research focuses on learning from historical behavior and if the
bike-sharing system is unfair; am | therefore developing unfair systems?

Consequently, | considered assessing how fair a bike-sharing system is. Which social groups
have access to them and which groups are favored by their service and which are not? In addition,
people have the right to know who is favored and not in access to systems that use our public
resources and public space. | never imagined that | would read and understand the theories of
"justice". It was difficult, | wasn’'t used to so many theories. So, | summarized them in a flow
chart, like the engineer that | am. Thanks to the influence of the interdisciplinary research group, |
assessed how fair a system is in a qualitative and quantitative way. The qualitative analysis helped
me understand what people think and feel, and the quantitative analysis helped me to generalize
it. The two methods complemented each other.

However, | could not conclude my study with just an assessment of how fair a system is and
what factors are associated with its use. | also wanted to apply what | had learned in the planning
and designing of them. | wanted to open a door for transport planners to design efficient systems
that are also available to the less privileged. | concluded this study with a heuristic method based
on spatial data and spatial fairness. This method was developed and inspired by historical data,
talking to people, social media, interviews, and also, concepts including statistics, machine learn-
ing, text analysis, social justice, transportation and land-use interactions, and mobility cultures.
This approach provides planners and decision-makers with a method to choose the degree of spa-
tial justice with which they want a transportation system to be implemented, to make it transparent
to the public, and to give them the option of balancing economic efficiency with equity.

When | started my doctoral studies, | was told that my study would not change the world, and
naturally, that is true. But with my study, | hope to open a door for people who make policy and
design mobility systems to consider the social factor, to the people who need them most, and those
who are excluded from society. Bike-sharing was an application of how we can plan transportation
systems by talking to and understanding people and their culture, and what factors can make a
system more efficient and equitable at the same time.

| hope that my study and motivation will serve as inspiration for future projects where the
neediest people are involved. | invite my Latin American colleagues who have the privilege of
doing research to focus on our region. My only non-conformity of the study is that my project was
based on industrially and economically developed regions but not on Latin America where more of
these projects are need.

Xl






Contents

Contents

Introduction, State of the art and Research design 1
Introduction 3
1.1 Background . . . . . . .. e e 3
1.2 Motivation . . . . . . . e e 4
1.3 Research Objectives . . . . . . . . . . . e 6
1.4 Thesis Structure . . . . . . . . . . 7
Bike-sharing: Overview and Planning 11
2.1 Bike-sharingoverview . . . . . . . . . . .. e e 11
2.1.1 Bike-sharingbenets. . . . . . . . .. ... ... . 14
2.1.2 Bike-sharingchallenges . . . . . . . . . . ... ... 16
2.2 Bike-sharingplanning . . . .. . . . . . .. ... e 18
2.2.1 Estimation of the potentialdemand . . . . . ... .. ... ... ........ 19
2.2.2 Methods to search the potential location of stations . . . . . .. .. ...... 19
Research questions 23
3.1 RQ1. What is the public debate about BSS concerning their bene ts, drawbacks,
and future on an international level? . . . . . . .. . ... ... . 25
3.2 RQ2. How the allocation of BSS infrastructure can be assessed based on spatial
fairness? . . . . L 26
3.3 RQ3. Which spatial factors are associated with BSSusage? . ... ...... ... 27
3.4 RQ4. How can BSS be expanded or implemented based on spatial fairness? . . .. 29
3.5 Linkage: Research question, research contributions and scienti c papers . . . . . . 30
Scienti ¢ papers 33
Bike-sharing: the good, the bad, and the future 35
4.1 Introduction . . . . . . . . L e 35
4.2 Literature revieW . . . . . . . . e e e e e e e 37
4.2.1 Bike-sharingsystems . . . . . . . . . . . ... 37
422 TWItter . . . . . e 37
4.2.3 Twitter data and transportation systems . . . . . . .. ... ... ... 38
4.3 Methodology . . . . . . . . . e e e 39



4.3.1 Datacollection . . . . . . . . . . e 39

4.3.2 Datacleaningandclassication . .. .. ....... ... .. .. ...... 40
4.3.3 Mixed-methods approach dataanalysis . . .. ... .............. 41
4.4 ResuUlts . . . . e e e 42
4.4.1 Public discussionon BSSdilemma . . . . ... .. .. ... ... ... 42
4.4.2 Public discussiononthe futureof BSS . . . . . . ... ... ... ... .. .. 45
45 DISCUSSION . . . . . . . e 46
4.6 Conclusions . . . . . . . . e 51
How fair is the allocation of bike-sharing infrastructure? 53
5.1 Introduction . . . . . . . . . 54
5.2 Conceptual framework on spatial fairness assessment . . . . .. ... ... .. ... 56
5.2.1 Conceptual framework on spatial fairness assessment applied on BSS's in-
frastructure . . . . . . .. 57
5.3 Qualitative assessment . . . . ... e 58
531 Methods. . . . . . . . . e 59
5.3.2 Results . . . . . e 60
5.4 Quantitative assessment . . . . . . ... e e e 62
5.4.1 Previous work on quantitative spatial fairness assessmenton BSS . . . . . . 62
542 Methods. . . . . . . . e 65
5.4.3 Applicationofthemethod . . .. .. .. .. .. .. ... .. ... ... ... 67
544 Results . . . . . . e 70
5.5 DISCUSSION . . . . . . 75
5.6 Conclusions . . . . . . . .. 79
Built environment factors associated to bike-sharing ridership 81
6.1 Introduction . . . . . . . . . 81
6.2 Related Work . . . . . . . . 83
6.3 Method . . . . . . . . . e 83
6.3.1 Data collection, analysis, and processing . . . . . . ... ... .. ...... 84
6.3.2 Model building and selection . . . . ... ... ... L 85
6.4 Application . . . . . .. e 87
6.4.1 Multiple National Citiesapproach . . . . . . . . .. .. ... ... ....... 87
6.4.2 Multiple international citiesapproach . . . . . . .. .. ... ... ... .... 92
6.5 DISCUSSION . . . . . o 93
6.6 ConcClusions . . . . . . . .. e 95
Demand And/oR Equity (DARE) Method to Plan Bike-sharing Systems 97
7.1 INtroduction . . . . . . L e 97
7.2 Literature revView . . . . . . . e e 99
7.2.1 Bike-sharing: overview . . . . . . . . .. 99
7.2.2 Bike-sharing: planning process . . . . . . . . . ... 99

7.2.3 Bike-sharing: estimation of potentialdemand . . . . . ... ... ....... 100



Contents

7.2.4 Bike-sharing: methods for searching the potential location of stations . . . . . 102
7.2.5 Bike-sharing: Overcoming inequalities . . . . . . ... ... ... ... .... 103
7.3 Demand And/oR Equity (DARE) method for planning bike-sharing systems . . . . . 104
7.3.1 Choosing a study area and de ning zones of analysis. . .. ... ... ... 105
7.3.2 Spatial data collection, feature generation & dimensionality reduction. . . . . 105
7.3.3 Estimating the neediest population in terms of opportunities and social status 106
7.3.4 Estimating the potentialdemand . . . . .. ... .. ... ... ........ 106
7.3.5 Ranking the zonesofanalysis . .. .. ... ... .. ... .. .. .. ..., 107
7.3.6 Setting different scenarios for the potential location of stations and bound-
ariesoftheservicearea . . . . . . . . .. ... e 107
7.4 Neighboralgorithm . . . . . . . . . . . . . e 108
7.4.1 Assessmentofscenarios . ... ... ... ... .. 109
7.5 Application . ... 109
7.5.1 Choosing an area of study and setting zones of analysis. . . . ... ... .. 109
7.5.2 Spatialdatacollection . . ... ... ... .. .. ... o 110
7.5.3 Feature generation & dimensionality reduction . . .. .. ... ... ... .. 111
7.5.4 Estimating people's need with regard to opportunities and social status . . . 111
7.5.5 Estimating the potentialdemand . . . . .. ... ... ... .......... 112
7.5.6 Setting different scenarios for the potential location of stations and bound-
ariesoftheservicearea . . . . . . . . . . . ... 114
7.6 DISCUSSION . . . . . . e 116
7.6.1 Application of DARE in Munich, Germany . . . .. .. ... ... ....... 118
7.6.2 SEMs for estimating potential ridership and understanding causal relation-
ships between the social and built environment . . . . . .. ... ... .... 119
7.7 Conclusions . . . . . . .. 120
7.8 Author Contribution Statement . . . . . . . ... . 120
Discussion and Conclusions 121
Key ndings and discussion across the papers 123
8.1 Connection of results and discussion acrossthe papers . . . .. ... ... .. ... 123
8.1.1 Tweets as part of the literature review aboutBSS . . . . . ... ... ... .. 123
8.1.2 Spatial fairness assessmentinBSS . . .. ... ... ... ... ... ... 124
8.1.3 Spatial Equity for planningBSS . . . . . .. ... oo 125
8.1.4 Spatial Efciency forplanningBSS . . . . . .. .. ... ... .. .. .. ... 126
8.1.5 Demand And/oR Equity (DARE) method for planningBSS . . . . ... .. .. 127
8.2 RQL. What is the public discussion on BSS concerning their bene ts, drawbacks,
and future? . . . . . L e 128
8.2.1 Mixed methods approach: Social media analysis is only complete when con-
sidering both quantitative and qualitative perspectives . . . . . . . ... ... 128
8.2.2 Public discussion on Twitter regarding BSS dilemma and their future . . . . . 129



8.2.3 English terms referring to BSS. Use the term: "Public bike share service" to

postabout BSS . . . . ... 131

8.3 RQ2. How the allocation of BSS infrastructure can be assessed based on spatial
fairness? . . . . L e 132

8.3.1 Conceptual framework and BSS classi cation according to spatial fairness
criteria. . . . .. e 132

8.3.2 Quantitative and quantitative spatial fairness assessment framework: equity,
equality or efciency? . . . . . . . . . . 133

8.3.3 Awvailability of bicycles and Deprivation index: indicators for the quantitative
ASSESSMENT . . . . . . o o 133
8.3.4 Application of quantitative and qualitative spatial fairness assessment . . . . 135
8.4 RQ3. Which spatial factors are associated with BSSusage? .. ........ ... 137

8.4.1 Are the factors studied in one city associated with usage in another city or
FEION? . . . o e e e e e e e e e e 137

8.4.2 Are there factors from the social environment associated with the usage of
BSS? .. e 138

8.4.3 Are the previously associated factors causal or indirectly associated with the
usage of BSS? . . . . . .. 139
8.5 RQ4. How can BSS be expanded or implemented based on spatial fairness? . . . . 140
8.6 Thesiscontributions . . . . . . ... 143
Conclusions 145
9.1 Recommendations for implementation or expansionof BSS . . . . . ... ... ... 145
9.1.1 SettingBSSgoals . . ... ... . . ... e 145

9.1.2 DARE: Demand And/Or Equity method for allocating BSS stations and limit-
ingthe servicearea. . . . . . . . . . . . e 146
9.1.3 Spatial fairnessassessment. . . . . . . . . ... . 0o 148
9.2 Mainreectionsontheresearch . . .. ... . . ... .. ... ... . 148
9.2.1 Should private or public BSS consider spatial fairness in their planning? . . . 149
9.2.2 Advantages of exploring causal relationships . . . .. ... ... ....... 149
9.2.3 Planning with mobility engineeringglasses . . . . . . ... ... ... .... 149

9.3 Furtherresearch . . . . . . . . . . e e 150



List of Figures

List of Figures

1.1 ThesisSStructure . . . . . . . . . e 7
2.1 Bike-sharing systems worldwide. Source: Meddin and DeMaio (2020); DeMaio (2009) 12
2.2 PlanningcycleforBSS . . . . . .. 18
3.1 Problem de nition, needs and research questions framework . . . . ... ... ... 24
4.1 Terms combinations referring to BSS in the literature . . . . . . .. ... ... .... 40
4.2 Relative frequencies of BSS-related terms in the collected tweets . . . . . ... ... 42
4.3 Polarity scores for tweets including BSS-relatedterms . . . .. .. .. ... ... .. 43
4.4 Words' roots relative frequencies of positive and negative tweets . . . . . . .. ... 44
4.5 Quantitative topic clustering on strongly positive tweets . . . . . ... ... ... .. 45
4.6 Qualitative topic clustering on strongly positive tweets . . . . . .. ... ... .. .. 46
4.7 Quantitative topic clustering on strongly negative tweets . . . . .. .. .. ... ... 49
4.8 Qualitative topic clusters according to the strongly negative tweets (n=150) . . . .. 49
4.9 Quantitative topic clustering on tweets including the terms "future or "will" . . . . . . 50
4.10 Qualitative topic clustering on tweets including the terms "future or "will* (n=142) . . 50
5.1 Conceptual framework on spatial fairness assessment. Inspired in: (Leventhal,
1980; Goldman and Cropanzano, 2015; Talen, 1998; Lucy, 1981; Cropanzano et al.,
2015; Geurs and Van Wee, 2004; Hirschetal.,2019) . ... .. ... ... ... .. 57
5.2 Hypothetical cases of BSS infrastructure following different distribution rules . . . . . 58
5.3 Composition of the sample for interviews . . . . . ... .. ... ... .. ...... 59
5.4 Qualitative dataanalysis . . . . . . . . ... ... 61
5.5 Quantitative spatial fairness assessment framework . . . . ... ... ... ... .. 64
5.6 The Sinus-Milieus R in Germany 2018. Source: Sociovision (2018) . . . . . . . . .. 68
5.7 The average and standard deviation of critical parameters . . . . . ... ... ... 72
5.8 LOrenz CUrVeS . . . . . . . o e e e e e e 73
5.9 Correlation matrix of the studies variables . . . . . . ... ... ... ... ...... 73
6.1 Methodological framework . . . . . . . . ... 84
6.2 Hourly distribution and de nition of timesintervals . . . . . .. ... ... ...... 88
6.3 Spatial rentals distribution in cities of thestudy . . . . .. ... ... ... ...... 89
6.4 Comparison of the R? adjusted from the t values of different models . . . . . . . .. 90
6.5 R? from validation by testing other cities (GBM with log transformation) . . .. . . . 91



6.6

Repetitive outcome variables in uencing the arrivals using the modeling techniques

after logarithmic and Box-Cox transformations . . . . . . ... ... ... ... .... 91
6.7 Distribution of rentals per day interval in Chicago, Hamburg and Montreal . . . . . . 93
6.8 Spatial distribution of rentals per day interval in Chicago, Hamburg and Montreal . . 94
6.9 Model tting and validation scores for Hamburg, Chicago and Montreal (70% of the

total stations for training) . . . . . . . . . ... 95
6.10 Example of t-scores for the international approach (Workdays) . . ... .. .. ... 96
7.1 Typical planningcycleforBSS . . . . . . . ... . 100
7.2 DARE method procedure . . . . . . . . . .. 104
7.3 Hypothetical example of application of the four algorithms. (ns =6;nigg =3) . . . . . 108
7.4 Sinus-milieus de nition of categories. (Markt, 2017) . . ... ... ... ... .... 111
7.5 Map of the density of bike drop-offs vs the deprivationindex . . . . . ... .... .. 112
7.6 Theoretical links of the spatial factors associated to BSSridership . . . .. ... .. 113
7.7 Application of DARE in Munich, Germany . . . .. ... ... ... ... . ...... 117
8.1 Planning cycle for BSS including spatial fairness assessment and Demand and or

equity (DARE) method . . . . . . . . . . . . . . e 125
8.2 SEM results of factors associatedto BSSusage . . . . . ... ... ... ... ... 140
8.3 Adaptation of the land-use and transport interactions scheme and urban mobility

cultures. Inspired and adapted from Wulfhorst (2003) . . . . ... .. ... ... .. 141



List of Tables

11
1.2

21
2.2
2.3
2.4

3.1

4.1
4.2
4.3

51
5.2
5.3
5.4

6.1

7.1
7.2
7.3
7.4

8.1

8.2

Socioeconomic characteristics associatedto BSSwusers . . . . . ... ... ... .. 5
Socio-spatial inequalities of BSS . . . . . . . . .. . o 5
Classi cation of bike-sharing systems . . . . . . .. .. .. ... ... ........ 13
Bike-sharing key metrics in different design guidelines . . . . . .. .. ... ... .. 19
Factors associated with bike-sharing usage in the literature . . . . ... ... .. .. 20
Related work concerning factors in uencing Station—Based bike-sharing. Source:(Duran-

Rodas etal.,,2019a) . . . . . . . . . . . . e 21
Linkage: Thesis contributions + research questions + scientic papers . . . . . . .. 32
Examples of strongly positive tweets percluster . . . . . . ... ... ... ...... a7
Examples of strongly negative tweets per cluster . . . . . . . ... ... ... .... 48
Examples of tweets referring to the future of BSS . . . . . ... .. ... ... .... 48
Representative studies related to spatial equity assessmentinBSS . . ... .. .. 63
Descriptive statistiCs . . . . . . . . . . . 71
Feature selection and OLS regression Results . . . . . ... ... ... ....... 74

Comparison of the prevalence of milieus in blocks Type IV with blocks Type I, Il and 1l 74

Most in uencing built environment factors based on historicaldata . . . . .. .. .. 84
In uential factors on bike-sharing ridership: literature review . . . . . . . . ... . .. 101
Theoretical links between spatial factors associated to BSSridership . . . . . . . .. 114
Descriptive statistics from the selected spatial factors . . . . . . .. .. ... ... .. 114
SEMresults . . . . . . 115
Bike sharing dilemma: good vs bad for environment, society, economy and mobility

(including interviews data) . . . . . . . . . . . .. 130
Areas classi cation: observed demand vs availability. . . ... ... ... ...... 134



Part |

Introduction, State of the art and
Research design






Chapter 1. Introduction

Chapter 1

Introduction

1.1 Background

Although CO, emissions have decreased 21% from 1990 to 2017, CO, emissions in Europe from
road transport have not been reduced (Kinigadner et al., 2020; Commission et al., 2019). Private
motorized transportation is responsible for about 14.5% of CO, emissions in Europe (Commission
et al., 2019). Additionally, to direct impacts such as noise and emissions, the increase in private
motorized transport has indirectly contributed to climate change, habitat loss, depletion of non-
renewable resources, and water and soil pollution (Rodrigue et al., 2016; Litman and Burwell,
2006).

In addition to environmental issues, private motorized transport has shown potential negative
impacts on the economy and society, such as increasing inequalities, acting as barriers to com-
munity interactions and cities livability, increasing fatal accidents, wasting time and money due to
traf ¢ congestion, increasing cardiovascular illnesses, consuming space, among others (Litman
and Burwell, 2006; Rodrigue et al., 2016; Larsen et al., 2006). Moreover, traf ¢ congestion in Eu-
rope costs about 1% of the gross domestic product (EC, 2016). In many cities around the world,
roads and parking lots occupy between 30% and 60% of the total built-up area (Roca-Riu et al.,
2020).

Despite efforts by researchers and transportation experts to improve road safety, road traf ¢
crashes are a major social problem worldwide, with more than 1.35 million deaths per year (WHO,
2018). More than half of those killed in road crashes are pedestrians, bicyclists, or users of two-
wheeled motor vehicles (WHO, 2018). Between 2010 and 2018, collisions with motor vehicles
were responsible for 99% of pedestrian fatalities and 83% of cyclist fatalities in Europe (Adminaité-
Fodor and Jost, 2020).

To mitigate the negative impacts of private motorized transport, planners face the challenge of
developing and promoting more environmentally friendly, and space-ef cient modes of transport
(Banister, 2008; Shaheen et al., 2012; Koning et al., 2020; Litman and Burwell, 2006). Therefore,
new forms of mobility have emerged that promote and facilitate active mobility, such as Bike-
Sharing Systems (BSS). BSS provide short-term rentals of bicycles that are made available in the
public space (Buttner and Petersen, 2011). They have emerged in major cities around the world,
with signi cant growth from a few systems in the 2000s to about two thousand systems worldwide
in 2020 (Shaheen et al., 2020; Meddin and DeMaio, 2020).



BSS can potentially improve access to cycling and its bene ts as an active and convenient
transport mode, enhance last-mile connections to transit, increase transport resilience, help build
support for future cycling initiatives, and change attitudes towards cyclists (Cohen and Shaheen,
2018; Shaheen et al., 2014; Teixeira and Lopes, 2020; Manca et al., 2019; de Chardon, 2019; Bau-
man et al., 2017). BSS may also contribute towards reducing CO2 emissions in a city, depending
on the balancing system of bicycles and their ability to replace trips that would otherwise be made
by private motorized vehicles (Ricci, 2015).

These potential bene ts and continued growth leads to the further implementation or expansion
of BSS in additional regions.

1.2 Motivation

For implementing or expanding BSS, expected ridership has been generally the basis for station
allocation, service area boundaries, and bikes balance (Shaheen and Cohen, 2019). “Most bike
share schemes were never designed with equity or social justice in mind . .. [but] designed around
environmental and economic goals intended to stimulate urban renewal" (de Chardon, 2019; Hoff-
mann, 2016, p.410). Planning for monetary ef ciency can lead to a concentration of transport
opportunities on the already privileged populations. It can also lead to the exclusion of people with
limited economic resources, technological af nity, and living in areas where the systems would not
be pro table being (e.g. low dense populated or remote areas) (Lucas, 2019).

Particularly in the global North, this planning approach has contributed to BSS' unequal use
and location of infrastructure. The common users' pro le in the Global North tends to be male,
young, Caucasian with high income and education, and already engaged with cycling (Table 1.1).
In addition, the distribution of stations and service areas are mostly focused on central and densely
populated regions (Fishman et al., 2015; Duran-Rodas et al., 2019b; Chen et al., 2019) with a
predominance of young Caucasians, and highly educated residents (Chen et al., 2019; Ursaki and
Aultman-Hall, 2015; Mooney et al., 2019). Consequently, deprived and low-income areas have
reported less access to BSS infrastructure (Ursaki and Aultman-Hall, 2015; Mooney et al., 2019;
Ogilvie and Goodman, 2012; Smith et al., 2015) (Table 1.2). For example, in London in particular,
"women and those living in deprived areas are less likely to register to use the scheme" (Ogilvie
and Goodman, 2012).

Using BSS as an example, which has a user pro le and infrastructure tailored to the privileged;
is it fair that the infrastructure should bene t the most privileged if we all pay taxes and the public
space belongs to all of us? Distribution of resources is judged as fair if it adheres to certain
criteria that individuals believe is fair (Leventhal, 1980). The most common criteria for determining
whether a spatial allocation of resources is fair are: a) spatial equity (prioritizing resources to
the neediest population), b) spatial equality (equal distribution of resources, no prioritization), c)
spatial ef ciency (prioritization of resources according to people's ability to contribute or access
resources) (Leventhal, 1980; Talen, 1998; Duran-Rodas et al., 2020a).

If spatial ef ciency is considered, systems may be more pro table, but disadvantaged areas
may be excluded. In contrast, when spatial equity is considered, resource allocation in disadvan-
taged areas would be prioritized. Spatial equity has a broader justice focus that can lead to a
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Table 1.1: Socioeconomic characteristics associated to BSS users

References
Characteristic I mm v v v vl vi IX X Xl
Male X X X X X X X X X
Young X X X X X X X X
High income X X X X X X X X
High educated X X X X
Caucasian X X X X X
Already engaged X X
with cycling

I=Shaheen et al. (2012), II=McNeil et al. (2017), lll=Fishman (2016), IV=Howland, V=Winters
et al. (2019), VI=Buck (2013), VII=Murphy and Usher (2011), VIlI=Vogel et al. (2014), IX=Wang
et al. (2018), X=Goodman and Cheshire (2014), IX=Steinbach et al. (2011)

Table 1.2: Socio-spatial inequalities of BSS

References
Type of areas | I 11l v v vI vl vl IX X Xl
Areas with Low income X X X X X X X X
low BSS ac- Households with- X
cess out cars
Areas with Higher educated X X
high BSS Central & denser X X
access populated
Caucasian people X X X X X
Native  language X
speakers
Younger people X X
Higher access to X

opportunities
I=Ogilvie and Goodman (2012) ll=Goodman and Cheshire (2014) lll=Fishman et al. (2015) IV=Ursaki and

Aultman-Hall (2015) V=Hosford and Winters (2018) VI=Smith et al. (2015) VII=Barajas and Drive (2018) VIlI=(Mooney
et al., 2019) IX=Chen et al. (2019) X=Smith et al. (2015) XI=Couch and Smalley (2019)




reduction in social disparities and social exclusion (Fainstein, 2009), resulting in less social con ict
and more social peace (Tomlinson, 2016). Even lower-income neighborhoods with BSS supply
have shown low usage (Caspi and Noland, 2019), a high level of justice perceived by the popula-
tion can reduce resistance towards implementation, increase project consent, or generate greater
political acceptance (Ariely and Uslaner, 2017; Wistenhagen et al., 2007). However, there is a
possibility that systems may become less pro table.

1.3 Research Objectives

The implementation and expansion of BSS are increasing. In addition, BSS planning with a focus
on spatial ef ciency or spatial equity has strengths and limitations. Therefore, the main contribution
of this study is to develop a method to 1) create scenarios for allocating BSS stations and service
area boundaries, and 2) base planning on a user-preferred fairness criterion: spatial ef ciency,
spatial equity, or a balance of them. Therefore, the main objective of this study is to:

Develop a heuristic-based method for planning the allocation of BSS stations and their ser-
vice area based on spatial equity, spatial ef ciency, or a balance of both.

In order to achieve the main goal, the speci ¢ objectives of this study are:

1. To understand bike-sharing systems based on:

(a) Patterns and topics of the public discussion regarding BSS on an international level
based on interviews, and qualitative and quantitative analysis of social media.
(b) Spatial factors from the built and social environment associated with BSS usage.

2. To build a conceptual framework regarding spatial fairness that synthesizes the concepts of
justice, social and spatial fairness, and distributive rules.
3. To develop methods to:

(a) Assess whether the distribution of BSS supply follows the criteria of spatial equity, spa-
tial ef ciency, or a mixture of these.

(b) Build scenarios for allocating stations and limiting service areas of bike-share systems
based on spatial ef ciency, spatial equity, or a balance of both.

To achieve the research objectives, a combination of qualitative (e.g. qualitative data analysis)
and quantitative (e.g. descriptive statistics, regressions, structural equation models) methods was
applied. Moreover, concepts of urban mobility cultures and traditional transport planning were
combined with the theory of transport justice.

The core of this study is to rst understand BSS. BSS were explored based on three ap-
proaches. First, the public discussion on the advantages, shortcomings, and future of BSS was in-
vestigated to explore what people like and dislike about them. This knowledge can help determine
what to do and what not to do in the design and planning of social security systems for economic
ef ciency and social bene ts. Second, existing BSS were assessed based on the followed spatial
fairness criterion. Third, spatial associations were identi ed from the built environment and the
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social environment with BSS ridership to plan BSS in an economically ef cient manner. Finally, |
developed a spatial fairness approach to planning BSS, in which fairness is an input for the loca-
tion of stations and service areas. Thus, the supply of BSS could be prioritized according to the
desired justice focus, where there is greater deprivation (spatial equity), greater potential demand
(spatial ef ciency), or a mix of both.

1.4 Thesis Structure

This thesis follows a paper-based approach consisting of three parts (see Figure 1.1) with a total
of nine chapters as follows:

Figure 1.1: Thesis structure

PART I: Introduction The rst part is the introduction. It includes the background, motivation,
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and research objectives. Chapter 2 summarizes a literature review regarding BSS and their
common planning process. Chapter 3 describes the research questions, their signi cance,
and the proposed methodology.

Chapter 2: Bike-sharing: overview and planning In this chapter, bene ts, drawbacks, and the
traditional planning process for BSS are summarized. Previous research on the spatial fac-
tors associated with the usage and methods for allocating stations are reviewed.

Chapter 3: Research questions  The third chapter explains the four main research questions,
how they are connected to each other, their signi cance and proposed methodology.

PART II: Scienti c papers  The second part of this book includes four chapters: two exploratory
(Chapter 4 & Chapter 6) and two methodological (Chapter 5 & Chapter 7) studies that con-
tribute to the achievement of the research objectives. These chapters are scienti ¢ papers
peer-reviewed in scienti ¢ journals. Chapter 4 explores the public discussion in the social
media Twitter about the bene ts, drawbacks, and future of BSS. In Chapter 5, a method-
ology was developed to assess how spatially fair are BSS planned and which population
groups benet from them. To understand where BSS can be more pro table, Chapter 6
examines the built environment factors associated with BSS usage in multiple cities. The
last three Chapters merge in Chapter 7, in which a method was developed to allocate BSS
stations and the service area according to spatial ef ciency, equity, or a balance of both.

Chapter 4. Bike-sharing: the good, the bad, and the future Due to the dilemma of bike-sharing
in terms of its bene ts and drawbacks, and its unclear future, this chapter focuses on a mixed-
methods approach to analyze this public discussion in the social media channel Twitter. For
about six months, about 12,000 tweets in English were collected, including bike-sharing-
related terms. Topic clustering and sentiment analysis were conducted in a) bike-sharing-
related terms, and b) “future” and bike-sharing-related terms.

This chapter has been published in Duran-Rodas, D., Villeneuve D., & Wulfhorst, G. Bike-
sharing: The good, the bad, and the future. Twitter's mixed-methods approach for public
discussion. European Journal of Transport and Infrastructure Research. doi.org/10.18757/
ejtir.2020.20.4.5307 (Duran-Rodas et al., 2020Db).

Chapter 5: How fair is the allocation of bike-sharing infrastructure? Based on the concept of
spatial fairness and its subjectivity, this chapter includes a framework to help decision-makers
and the public to evaluate how spatially fair the allocation of BSS infrastructure is.

An own de nition and a qualitative and quantitative assessment of spatial fairness was de-
veloped based on who is privileged in the spatial distribution of resources. The qualitative
assessment aims at understanding how underprivileged people perceived the spatial fair-
ness of BSS using as a case study non-motorized households that felt socially excluded in
Strasbourg (France). The quantitative assessment helps to numerically determine which dis-
tribution rule (equity, equality, ef ciency, or mix of them) the infrastructure of a bike-sharing
scheme follows. This assessment was applied to residential blocks within the service area of
the hybrid BSS in Munich (Germany). The concept of availability was de ned as an accessi-
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bility indicator. As social indicators, social milieus, access to other opportunities (e.g. health,
education) were quanti ed to develop a deprivation index that is a combination of these two.

This chapter was published in Duran-Rodas, D., Villeneuve, D., Pereira, F. C., & Wulfhorst, G.
(2020). How fair is the allocation of bike-sharing infrastructure? Framework for a qualitative
and quantitative spatial fairness assessment. Transportation Research Part A: Policy and
Practice, 140, 299-319. doi.org/10.1016/j.tra.2020.08.007 (Duran-Rodas et al., 2020a).

Chapter 6: Built environment factors associated with bike-sharing ridership In this chapter,
a data-driven method is formulated to correlate the arrivals and departures of station-based
bike-sharing systems with built environment factors in multiple cities. Ridership data from
stations of multiple cities are pooled in one data-set, regardless of their geographic bound-
aries. The method bundles the collection, analysis, and processing of data, as well as, the
models' estimation using statistical and machine learning techniques. The method was ap-
plied on a national level in six cities in Germany, and also, on an international level, in three
cities in Europe and North America.

This chapter was published in Duran-Rodas, D., Chaniotakis, E., & Antoniou, C. (2019).
Built environment factors affecting bike sharing ridership: a data-driven approach for multiple
cities. Transportation research record, 2673(12), 55-68. doi.org/10.1177/0361198119849908
(Duran-Rodas et al., 2019b)

Chapter 7: Demand And/oR Equity (DARE) Method for planning BSS A data mining and heuristic-

based method was developed to weight ef ciency and equity in the planning process of BSS.
The primary inputs are the predicted potential demand (ef ciency) and a spatial deprivation
index (equity). Potential demand is predicted using structural equation models (SEM) to un-
derstand the relationship between predictors and to test and validate the theoretical links.
The theoretical links were taken from the models of urban mobility culture (Deffner et al.,
2006) and interactions of land-use and transport (Wegener and First, 1999). DARE was
applied to a hybrid bike-sharing system in Munich (Germany) to evaluate the distribution of
stations according to criteria of spatial ef ciency and/or equity.

This chapter was published in Duran-Rodas, D., Wright, B., Pereira, F. C., & Wulfhorst, G.
(2021). Demand And/oR Equity (DARE) method for planning bike-sharing. Transportation
Research Part D: Transport and Environment, 97, 102914. https://doi.org/10.1016/].
trd.2021.102914 (Duran-Rodas et al., 2021)

PART Il Finally, the third part includes two chapters summarizing the main ndings, the signi -
cance and limitations of the research (Chapter 8), and the conclusions and further research
(Chapter 9).

Chapter 8: Key ndings and discussion across the papers Chapter 8 discussed the results of
the study across the papers. Moreover, it included the discussion of each research question
including the key nding, strengths, and also limitations.

Chapter 9: Conclusions  Chapter 9 summarizes the recommendations for the implementation or
expansion of BSS that bring together the ndings of the study. Finally, an outlook on possible
future research is given concerning each research question.
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Chapter 2

Bike-sharing: Overview and Planning

This chapter includes an overview of BSS and the state-of-the-art of their traditional planning pro-
cess. Additionally, previous approaches for nding the potential location of stations and estimating
potential demand were described.

2.1 Bike-sharing overview

Shared economy is a socio-economic phenomenon that prioritizes use over ownership. People
can share their underutilized belongings, and products can become cheaper than buying or rent-
ing from traditional suppliers. It has become a practical business model in recent years, as well
as raising environmental awareness (Cheng, 2016; Béckmann, 2013). Shared mobility is a com-
ponent of the shared economy, and it is de ned as the "shared use of a vehicle". It provides
users with short-term access to a mode of transportation on an "as-needed basis" (Shaheen et al.,
2015, pg. 4). Bike-sharing is the shared mobility component when the shared vehicle is a bicycle.
It allows users to rent or borrow bicycles without owning them. When bike-sharing is not a peer-
to-peer service, it is a self-service short-term rental of a bicycle offered in the public space within
a coverage (business, catchment, or service) area (Buttner and Petersen, 2011).

The concept of bike-sharing originated with the rst bicycles. It started when an individual or
a group of people bought a bicycle and shared it with another person such as family members,
neighbors, or friends. With the Witte Fietsenplan (the "white bicycle plan®), introduced by Luud
Schimmelpennink in Amsterdam in 1965, this concept expanded beyond the personal network to
a neighborhood level (Zee, 2016). The Witte Fietsenplan consisted of painting an old bicycle white
and leaving it on the street for someone else to use for free. The color white was selected to re ect
cleanliness and simplicity. This strategy was part of the Provo group of anarchists, who were
against the city's increasing number of cars and wanted to provoke a social reform. According to
the literature, the system collapsed after a few days because the bicycles were stolen and thrown
into the canals (DeMaio, 2009). However, Schimmelpennink stated in an interview that the bikes
were removed by the police, who were against the anarchist movement (Zee, 2016).

In the mid-1990s, Schimmelpennink was invited to set up Bycykle, Copenhaguen's rst large-
scale system free of charge, and thus the second generation of BSS. Unlike the previous genera-
tion, it included a coin deposit to ensure the return of bicycles in racks. These racks were located
mainly in the city center, in commercial areas, and near transit stations (DeMaio, 2009).
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Figure 2.1: Bike-sharing systems worldwide. Source: Meddin and DeMaio (2020); DeMaio (2009)

Bicycle theft was a challenge for the second generation due to users' anonymity. As a result of
technological advances, the third generation of bike-sharing was born, and bikes could be tracked
using GPS or Radio Frequency Identi cation (RFID). Other technologies were also incorporated
such as smart cards, electronic docking stations, on-board computers, and telecommunications
facilities (DeMaio, 2009). The rst third-generation system was at the University of Portsmouth
in England in 1996, where students could use smart cards to access bicycles. The rst city-level
system to use smart cards was “Velo a la Carte” in Rennes, France, in 1998. "Call-a-bike" was
launched in Munich (Germany) in 2000 with a rental option based on cell phone calls (DeMaio,
2009).

In 2005, Lyon built the biggest system at the time, with 1,500 bikes. BSS were implemented in
other cities in Europe, America, Oceania, and Asia from 2008 onwards, following the successful
introduction of the "Velib" system in Paris with 7,000 bikes. At the end of 2008, there were about
92 bike-sharing programs worldwide (Figure 2.1) (DeMaio, 2009).
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Finally, a fourth-generation was born in 2010 with demand-responsive multimodal systems
(Shaheen et al., 2010). Thanks to new IT technologies, real-time bike tracking and rebalancing
were possible, and systems were integrated with other modes of transportation. Today, BSS are
wide-spreading in more than 2,000 operating schemes around the world (Figure 2.1) with around
18 million bicycles (Meddin and DeMaio, 2020). Europe and Asia are the continents with the most
systems, with China having the world's largest eet with 6.1 million shared bikes in 2018 (Shaheen
et al., 2020). Nowadays, there are mainly six forms of BSS classi cations that are summarized in

Table 2.1.

Classi cation

Table 2.1: Classi cation of bike-sharing systems

Subclass cation

Description

1. Type of Service
(Cohen and Shaheen,
2016)

2. "Shared

economy" concept
(Shaheen et al., 2020;
Cohen and Shaheen,
2016)

3. Presence or not of
stations
(Shaheen et al., 2020)

4. Type of bicycles
(Shaheen et al., 2020)

(Cohen and Shaheen,
2016)

5. Access
technology

(Buttner and Petersen,
2011; Chen et al.,
2018)

6. Business model
(Shaheen et al., 2014)

1.1.
1.2.

2.1.

2.2.

2.3.

2.4,

3.1

3.2.

3.3.

3.4.

4.1.
4.2.

4.3.

4.4,

5.1.

5.2.

5.3.

5.4.

6.1.
6.2.
6.3.
6.4.

Roundtrip
One way

Platform-economy
Closed-campus
Access-economy

Community economy
Station-based (SBBSS)
Virtually station-based (VSBBS)
Free- oating (FFBSS)

Hybrid (HBSS)

Mechanical
Electric or e-bikes

Cargo
Tandem
Card-based

Code-based

Key-based
Smartphone-based

Non-pro t

Privately owned and system operated

Publicly owned and operated

Publicly owned and contractor operated

Trip starts and ends at the origin.
Origin and destination may vary.

Digital platforms are used to rent or return bikes in
the public space.
BSS available exclusively university campuses.

Bike owners offer a short-term bike rental.

Bikes are owned and managed by a community.
Non-contractual, -monetized, or -hierarchical in-
teraction.

Bikes are rented or returned in xed stations.

Bikes are rented or returned in virtual stations,
which are areas de ned by the operator.

Bikes are rented and returned in the public space
inside a service area.

Bikes are rented or returned either in the public
space or at (virtual) stations.

Regular mechanical shifting bicycles

Bikes have an electric motor to reduce physical ef-
fort.

Bicycles adapted to carry loads.

Bicycles adapted for two people.

Renting bikes with card readers. Cards can be
"magnet cards, chip cards, credit cards or RFID
cards."

The user can rent a bicycle by inserting a code
provided via a call, an SMS, or smartphone appli-
cations.

The user gets a key to open the lock of a bike from
a device or a kiosk.

Scanning QR codes or using the Bluetooth system
with smartphones are used to unlock the bikes.
Categorization according to pro t orientation

and if the system is public or private operated
and/or owned
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2.1.1 Bike-sharing bene ts

BSS have experienced exponential growth from a few schemes in the 2000s, to hundreds in 2010,
and now thousands in 2020 (Shaheen et al., 2020; Meddin and DeMaio, 2020). This widespread
and growing trend of BSS can be associated with their positive impacts. BSS share the advan-
tages of both access economy and bicycling, including their additional bene ts of mobility and
sustainability. Therefore, the potential bene ts of BSS were classi ed into four main categories:

1. Cycling benets. Bike-sharing is cycling, therefore the bene ts associated with cycling are
linked to BSS.

Cycling is convenient. Cycling can save travel time by avoiding congestion, or detours,
or low frequencies in public transportation. Large cities have reported a shift from public
transportation to bike-sharing due to cost and travel time savings (Shaheen et al., 2012).
Around 73% of study participants agreed that BSS can save travel time in Washington
D.C., USA (Buehler et al., 2014). In Beijing, using a shared bike can save about eight
minutes of travel time on average per day (Qiu and He, 2018). Moreover, Manca et al.
(2019) identi ed that the strongest motivation of students in London to use BSS is to
avoid congestion.

Cycling is an alternative for motorized transport. In a survey conducted in multiple cities
across North America, about half of BSS users reported reduced usage of their private
cars, and 5.5% have sold or avoided purchasing a new car (Shaheen et al., 2014). In
a similar study in the Netherlands, Ma et al. (2020) identi ed that around 30% of BSS
users decreased the usage of private car/passenger and taxi.

Cycling is healthy. Cycling has shown to improve cardiorespiratory tness, enhance
psychological well-being, and reduce risks of heart disease, cancer, overweightness,
obesity, and diabetes (Oja et al., 2011; Cavill and Davis, 2007). However, when bike-
sharing trips replace walking or private cycling trips that have similar health bene ts,
estimated health bene ts can be overstated (Ricci, 2015; de Chardon, 2019; Bauman
et al., 2017).

Cycling is fun. Cyclists have described that riding a bike is "an adventure, an excite-
ment, and an escape" (Daley and Rissel, 2011). In a survey in Washington, 42% of
participants stated that “enjoyment” was the main reason for using BSS (Buehler et al.,
2014).

Cycling is the way to discover cities and people. Cycling allows interaction with the sur-
rounding environment and with other cyclists and pedestrians. "The opportunity to stop
at any given moment and the freedom to navigate the narrowest of streets challenges a
cyclist to interact with their spatial surroundings at an exploratory level." (Brommelstroet
et al., 2017, pg. 8).

2. Access-economy benets.  Sharing can be de ned as a social exchange of goods without
any prot, if sharing is market-mediated and a company acts as an intermediary, it is no
longer sharing (Eckhardt and Bardhi, 2015). The sharing economy has been losing the
sharing concept and has been developed as an access-economy, which allows short-term
access to resources for a charge or fee (Eckhardt and Bardhi, 2016; Acquier et al., 2017).
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Access on an as-needed basis. BSS enables cycling when a person does not own a
bike, does not have a bike with them, or when their bike is damaged.

"l got a Velo Go membership because my regular bike was breaking down and
needed constant maintenance. The main bene t of bike share for me is that
| never needed to worry about my bike. Also, my parents came to visit and |
threw them on Velo Gos to get around and it was easy." @ ordobicycles posted
on Twitter on the 4th Sept. 2018.

Access to the underprivileged. Access-economy has a social contribution, which con-
sists of providing the opportunity to consume goods and services regardless of the
person's purchasing power. "People who are currently not able to own or drive their own
vehicles to have new access to the bene ts they derive” (Lucas, 2019, pg. 3).
Monetary savings. Beyond cycling, BSS allows access to goods excluding purchase,
maintenance, parking, and theft costs (Cohen and Shaheen, 2018). Savings in travel
costs because of BSS has been perceived, for instance, in Washington, USA (Buehler
et al., 2014) and Valencia, Spain (Molina-Garcia et al., 2015).

3. Mobility bene ts.

Greater transit usage. BSS serve as a "bridge between rst and last-mile gaps in trans-
portation networks, encouraging multimodal trips” Cohen and Shaheen (2018). In small
North American cities, higher use of public transport has been observed, as BSS pro-
vide greater access/egress on the rst-last mile connection (Shaheen et al., 2014).
Greater cycling population. BSS can support cycling initiatives, and change attitudes
towards cyclists (Bauman et al., 2017). For example, about 60% of Mexican-BSS-users
have been cycling more after joining a bike-sharing system. (Shaheen et al., 2014).
Promote tourism. BSS offers tourists the opportunity to cycle and thus experience cities
at a slower pace and get to know the local life and activities (Chen and Huang, 2020;
Oh et al., 2016).

Transport resilience. BSS have shown to improve the resilience of urban transport sys-
tems during cancellation of transit services in the event of service failure, e.g. strikes
or lockouts during the COVID-19 pandemic (Teixeira and Lopes, 2020; Manca et al.,
2019). In New York, an increase in bikes-sharing usage was reported during the rst
lockdown in the COVID-19 pandemic (Teixeira and Lopes, 2020).

4. Sustainability bene ts.

Economic development. In many cities, bike-sharing is an economic activity that can
improve employment opportunities (Schoner et al., 2012). Buehler et al. (2014) showed
that implementing BSS stations encouraged new riders in areas where new spending
and new businesses were opened.

Sustainable and modern image of the city. Bakogiannis et al. (2018) showed that the in-
crement of bicycle and public transport usage caused by BSS leads to an improvement
in the image of the city of Piraeus as modern and sustainable.
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Greater environmental awareness. Together with the deployment of BSS, campaigns
have been carried out to promote environmental awareness (Bakogiannis et al., 2018).
Potential reduction of emissions and energy consumption. In 2016, BSS saved 8,358
tonnes of gasoline and 25,240 tonnes of CO» in Shanghai (Zhang and Mi, 2018). In
2012, around 60 tons of CO, would have been emitted daily if BSS users in Paris
had rather traveled by car (Pucher and Buehler, 2017). However, the environmental
effect could also vary according to the strategies for balancing and maintenance of the
bicycles (Ricci, 2015).

2.1.2 Bike-sharing challenges

Despite the potential bene ts, not all BSS have been deploying successfully. Historical reasons for
system failures are: 1) cycling barriers; 2) administrative barriers when stakeholders and policy-
makers do not support BSS development; 3) infrastructure barriers, when the design and planning
of BSS are not optimal; 4) equity barriers when BSS are not planned to be accessible for all; and
5) environmental barriers when BSS have shown to be inconsistent to the environmental bene ts.
These barriers are explained as follows:

1. Cycling barriers . As BSS is part of the cycling system of a city, a lack of cycling infrastruc-
ture can make it less attractive, direct, comfortable, safe, and convenient than other transport
modes (Fishman et al., 2012). Other factors against ridership include weather conditions
and the physical effort required, especially over long distances and hilly terrain (McNeil et al.,
2017; Cantelmo et al., 2020).

One of the most common cycling barriers is safety concerns (Stockle et al., 2020; Fishman
et al., 2014b; McNeil et al., 2017; Fishman et al., 2012). For example, about 69.2 deaths
per million users per year have been reported in Barcelona, while between 3.3 and 10.9 in
London(Ricci, 2015).

Furthermore, there are also cultural barriers against cycling. For instance, in some regions
in the global South, cycling is seen as something for disadvantaged populations or only for
villagers (Pochet and Cusset, 1999). Furthermore, sexism and concerns about traf c safety
can create social/cultural barriers to cycling for women. Since women are traditionally in
charge of running the home, their main safety issues are not about getting wounded or killed
in an accident, but rather about the consequences for everyday family life. (Van der Kloof,
2015).

2. Administrative barriers . Administrative reasons which have made BSS less attractive are:
lack of funding and support, overnight closure, mandatory helmet usage, lack of integration
into the public transport system, lack of information, and lack of regulations (Small, 2017;
Fishman et al., 2014b, 2012; McNeil et al., 2017).

The lack of regulations allowed start-ups to maximize private utility through over-investment,
over-competition, and over-supply of bicycles to meet the (potential) market demand (Ma
et al., 2018). For instance, 1.7 million bikes ooded Shanghai from January to August 2017,
without any notice in advance. Due to the massive number of bikes in the public space,
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many bicycles crowded the streets, blocking parking spaces and sidewalks (Ma et al., 2018;
Sun, 2018; Haas, 2017). Oversupply, blocking public space, and lack of maintenance and
contact to the operators caused some FFBSS to be perceived as a public nuisance and
bicycles started getting stolen, and vandalized (Sun, 2018). Examples of companies that
went bankrupt for these reasons are Bluegogo in China in 2017, Gobee in France in 2018,
and Obike in Munich in 2018 (Berger, 2018).

3. Infrastructure barriers . Previously identi ed barriers of BSS related to the infrastructure are
delayed expansion, poor access to infrastructure (Stdckle et al., 2020; Fishman et al., 2014b;
McNeil et al., 2017), poor quality and maintenance of bicycles (McNeil et al., 2017; Sun,
2018). Systems have suffered from saturated markets, which have caused con icts because
of the lack of docking stations (Li et al., 2019). For instance, around 28% of respondents in
Portland (USA) stated that they do not use BSS because there are no stations where they
want to travel (McNeil et al., 2017).

4. Equity (access-economy) barriers.  BSS image of sustainability have led it to be used to
support political parties, and the implemented infrastructure a visualization of their invest-
ments in cities, apart from the usability or social bene ts (de Chardon, 2019).

Some BSS have been criticized for being too costly. Around 17% of non-users of BSS in a
survey in Munich (Germany) and 10% in a survey in Portland (USA) said they do not use
BSS because it is too costly (Stéckle et al., 2020; McNeil et al., 2017). In addition, people
expressed dissatisfaction with their inability to use BSS due to the technology's complexity.
(Stockle et al., 2020; McNeil et al., 2017).

BSS have shown to mainly bene t the privileged population and have contributed to the pri-
vatization of public space (de Chardon, 2019). The common user's pro le of BSS in the
Global North tends to be a young white af uent male, highly educated, already engaged with
cycling, and with access to bank accounts and credit cards (Fishman et al., 2015; Ogilvie
and Goodman, 2012; McNeil et al., 2017; Stockle et al., 2020). Historically, the distribu-
tion of stations and the service areas have been focused on central (Fishman et al., 2015;
Duran-Rodas et al., 2019b; Chen et al., 2019) and densely populated regions with a pre-
dominance of young Caucasians, as well as, areas with highly educated people (Chen et al.,
2019; Ursaki and Aultman-Hall, 2015; Mooney et al., 2019). Moreover, deprived and low-
income areas have reported less access to BSS infrastructure (Ursaki and Aultman-Hall,
2015; Mooney et al., 2019; Ogilvie and Goodman, 2012; Smith et al., 2015), even though
some schemes promote themselves as being equitable (Duran-Rodas et al., 2020b).

5. Environmental barriers . The sustainability of BSS is questioned when unused bicycles
generate massive amounts of waste, and polluting modes of transportation take care of the
balancing and maintenance of the bicycles (de Chardon, 2019; Ricci, 2015; Sun, 2018). In
China, for example, shared bicycles were piled in areas the size of football elds that caused
an estimated 300 tonnes of waste in 2017 (Haas, 2017; Shi et al., 2018).

Moreover, unwanted shared bikes have been destroyed, placed on trees, thrown into water
bodies, or even burned (Sun, 2018).
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2.2 Bike-sharing planning

According to guidelines in North America and Europe, four "macro” steps are commonly used for
planning BSS (Yanocha et al., 2018; Gauthier et al., 2014; Anaya Boig and para la Diversi cacién y
Ahorro de la Energia, 2007; Buttner and Petersen, 2011; Toole Design Group, 2012): I) set goals,
II) estimate the potential demand and potential bike-sharing users, Ill) de ne the potential location
of stations and service area, and 1V) x the locations (Figure 2.2).

Figure 2.2: Planning cycle for BSS

Commonly, the implementation or expansion of BSS starts by de ning the goals of the system.
The goals relate to the aimed bene ts of the system, such as cycling, access-economy, mobility,
or sustainability. Once the goals are de ned, the potential demand is estimated based on the his-
torical behavior of comparable existing systems, and design inputs are de ned. The design inputs
include the available budget, rebalancing method and strategies, and key performance metrics
shown in Table 2.2, among others.

Based on the designed inputs and potential demand, the potential location of stations and
service areas are determined. BSS guidelines usually recommend that a " rst draft" of the al-
location should be prepared and con rmed by site visits and stakeholder involvement (Gauthier
et al., 2014). If potential sites are not accepted or able to allocate BSS supply, new sites should
be sought that are consistent with the existing infrastructure and people involved. Finally, the cycle
continues if a system changes its goals or if implementation in a new area, relocation, or expansion
is required.

However, if systems are designed based on experience and if past implementation did not focus
on the most vulnerable populations, the planning cycle would continue and "reinforce inequity." In
other words, Unfair systems could be further shaped by learning from existing unfair systems.
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Table 2.2: Bike-sharing key metrics in different design guidelines

Parameter A B C
Bicycles per 10.000 residents 100 - 300 0.1 - 105.8 (14.8)

Docks per bike 2-2.5 1.0-3.2(1.7) 1.8-1.9
Stations density (bikes/km?2) 10-16 9-18
Stations per 10.000 residents 0.1-6.7(1.5)

Distance between stations (m) 500 300 800

A= Gauthier et al. (2014), B= Bittner and Petersen (2011), C= Toole Design Group (2012)

2.2.1 Estimation of the potential demand

Estimation of the potential demand is typically conducted by the analysis of spatial factors asso-
ciated with the historical ridership (Noland et al., 2016). Thus, a high number of studies have
examined the spatial factors associated with the ridership of BSS at the origin and destination of
the trips. They have focused generally on the built environment, sociodemographic characteris-
tics, and system settings. The most in uencing spatial factors found in related work and design
guidelines are shown in Table 2.3 and can mainly be classi ed into six categories: 1) social envi-
ronment, 2) mobility behavior, 3) regulations, 4) built environment, 5) attitudes and 6) BSS settings.
It is worth highlighting that these spatial factors have been associated with BSS usage, however,
there is a lack in studying causal relationships among them.

Most studies have analyzed the in uencing factors in two scales a) multiple cities, with each city
considered as one observation, or b) a single city where one city is analyzed, and the observations
are based on areas of inuence (Table 2.4). Regarding potential demand prediction, ordinary
least squares models are one of the most implemented techniques to build potential demand
models and identify the most in uencing factors on BSS usage (Duran-Rodas et al., 2019a; Faghih-
Imani et al., 2014; El-Assi et al., 2017; Wang et al., 2015; Faghih-Imani et al., 2017; Mattson and
Godavarthy, 2017; Zhao et al., 2014). Other approaches have considered robust linear regression
(Chardon et al., 2017; Tran et al., 2015) and negative binomial regression (Noland et al., 2016),
among others. The logarithm of the number of historical rentals is usually considered as the
dependent variable (Wang et al., 2015; El-Assi et al., 2017; Faghih-lmani and Eluru, 2016). Finally,
log-likelihood (LL), R?, and Akaike information criterion (AIC), and Bayesian information criterion
(BIC) are mostly used for assessing the t of models.

If implementing or expanding BSS in new areas is desired, the factors analyzed in only one
region may not be suf cient. There is a need to analyze multiple cities, but on a local scale, to
identify factors associated with the usage of BSS beyond the geographic boundaries. Moreover, in
the literature, there is not a clear comparison of different linear and nonlinear modeling techniques
to de ne which technique ts better BSS usage and their associated spatial factors in multiple
cities.

2.2.2 Methods to search the potential location of stations

In terms of nding the potential location of stations, ve types of algorithm approaches have been
identi ed in the literature, the rst four by Gavalas et al. (2016) and the fth, which is the equity-
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Table 2.3: Factors associated with bike-sharing usage in the literature

' Guideline Noq-spatial Spqtial
Variables studies studies
a b c¢c d A B ooV
Population City population X X X X
Population density X X X X X
Social Employment density X X X
environment Age X X
Socio- Gender X X
Demography Household income X X
Household size X X
Education level X
Mode to commute (work/school) X X X
Time / distance to commute X
Mobility Bicycle ownership X
Behaivor Cycling propose X
Driver license ownership X
Already combine cycling and PT X
Political Trans. Reg. Traf ¢ calm zones X
regulations Safety Bicycle thefts X
Topography Slope (max 4%) X X
Altitude X X
Distance to city center X X X X
Accessibility X X X
Urban Mixed use land use X X X
Structure Industrial land use X
Single land use X
Residential land use X
Commercial activity X
Built PT stops X X X X
environment Metro X X
Railway station X
Transport Major roads X
infrastructure  Streets X
Embankment road X
Transport POls X
Cycling infrastructure X X X X X
Student residence X
Cinema X
Worship POls X
Hotel X
Restaurant X X X
POls Universities X X X
Parks X
Sports Centers X
Recreation POls X
Tourist attractions X
Attitudes Environmental consciousness X
BSS set-  Capacity X X X X X X X X
tings
Density X X X X X X X

a=Ferrando et al. (2007) b=Gauthier et al. (2014) c=Blttner and Petersen (2011) d=Toole Design Group (2012) A=Efthymiou et al.
(2013) B=Bachand-Marleau et al. (2012) I=Tran et al. (2015) lI= Faghih-Imani et al. (2017) lll=Faghih-Imani et al. (2014) IV= (Noland
et al., 2016)
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Table 2.4: Related work concerning factors
Source:(Duran-Rodas et al., 2019a)

in uencing Station—-Based bike-sharing.

Reference City Name Spatial Dependent Vari-  Model Type Model As-
Scale ables sessment
Chardon et al. 75 cities City Log trip/day per bicy- Robust linear AIC, BIC, R?,
(2017) worldwide cle regression LL
Zhao et al. 69 cities in City Log Daily use + OLSandpartial R?
(2014) China turnover rate least squares
Faghih-Imani New York Station Log arrivals and de- Pooled linear AIC, BIC, #
and Eluru partures rates regression parameters,
(2016) & spatial LL
and temporal
lagged
Noland et al. New York Station Number of trips Negative bino- AIC, LL, R?
(2016) mial regression
Wang et al. Minneapolis Station Log number of trips OLS R?
(2015) + St. Paul
El-Assi et al. Toronto Station Log number of trips oLSs R?
(2017)
Faghih-Imani Montreal Station Hourly arrivels and OLS LL, BIC
et al. (2014) departures
Tran et al. Lyon Station Arrivals or departures  Robust linear R?
(2015) per hour regression
Faghih-Imani Barcelona + Subcity Log arrivals and de- OLS + Auto LL
etal. (2017) Seville district partures rates regressive
moving  aver-
age
Mattson and Fargo Station Log (rides per day+1) OLS R?
Godavarthy
(2017)
Cauleld et al. Cork Station Probability trip travel Logistic regres- R?
(2017) time falls in a cate- sion

gory

based approach:

1. Integer programming-based approaches take into account BSS' historical trips to optimize
the level of service and costs (travel, operation, infrastructure) to identify the optimal location
of stations (Lin and Yang, 2011; Sun et al., 2019; Caggiani et al., 2018; Reiss and Bogen-
berger, 2015).

2. Heuristic approaches use (meta)heuristic techniques, in which they search for the near-
optimal solution. Cintrano et al. (2020) used ve meta-heuristic techniques to solve the
p-median problem (minimize the distance to stations to all points). Also, Lin et al. (2013) de-
veloped a heuristic method for station location based on costs from users and stakeholders.

3. GIS-based approaches are developed using geographic information systems tools. For ex-
ample, Garcia-Palomares et al. (2012) used GIS tools to apply heuristic methods to located
stations by minimizing impedance (p-median) and maximizing coverage based on the high
density of spatial features associated with BSS usage.

4. Data mining-based approaches use data to discover knowledge to plan BSS. Gehrke and
Welch (2019) clustered existing stations based on built environment factors. Every candidate
station was classi ed into ve different groups being suitable or not to place a station. In a
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similar approach, Vogel et al. (2011) proposed to plan BSS by clustering stations based
on the temporal pick-ups and drop-offs, and then, correlate them to their most common
geographical information.

. Equity-based approaches

Commonly, when BSS include a goal of equity, access is improved in these two ways: a)
reducing barriers to entry into the system, and b) improving physical access to the infras-
tructure in underprivileged areas. Yanocha et al. (2018) recommended reducing barriers to
entry into the system for ensuring equity in BSS, such as higher accessibility for people with
different abilities, affordable pricing, or renting mechanisms that do not require smartphones
or credit cards. For example, in Philadelphia, fees can be paid with cash at local convenience
stores, or in Boston, residents classi ed as “low-income” only pay an annual fee of 5 U.S.
dollars Yanocha et al. (2018). Moreover, system eets have included adaptive bicycles such
as electric bikes and standard trikes for people with less physical abilities (MacArthur et al.,
2020). Regarding the access to infrastructure, in Philadelphia, extra stations were placed
after considering the income levels and public participation in the planning (Hoe, 2015). In
New York, one system has concentrated shared bicycles in low-income communities that
have low access to transit (Kodransky and Lewenstein, 2014).

Only a few studies have incorporated equity-based concepts in the planning process of BSS
(Caggiani et al., 2020). Conrow et al. (2018) optimized the distribution of stations based on
the minimum distance to access the system in the service area and maximized the potential
demand. They called it an equitable approach, however, it does not prioritize the neediest
population. Therefore, this study would be in line with the concept of spatial equality. In a
similar approach, Caggiani et al. (2020) optimized the location of stations, minimizing walking
distances to access the system and distributing a similar number of bicycles in all the districts
of a city. To the best of the authors' knowledge, the only study which considers the need-
iest population for systematically planning BSS is Caggiani et al. (2017). They suggested
using the money from cars' toll payments to implement dockless BSS in deprived areas as a
compensation measure.
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Chapter 3

Research guestions

After reviewing the literature, we aim to develop a heuristic fairness-based method for planning
BSS that would incorporate spatial fairness criteria as part of the design inputs. Thus, the method
employs a mixed approach of heuristics, data-mining, and equity criteria to develop scenarios for
the “ rst draft” of station locations and service area boundaries.

The objectives of this study are achieved by answering the following research questions:

1. What is the public debate about BSS in terms of their bene ts, drawbacks, and future on an
international level?

2. How the allocation of BSS infrastructure can be assessed based on spatial fairness?

3. Which spatial factors are associated with BSS usage?

4. How can BSS be expanded or implemented based on spatial ef ciency, spatial equity, or a
balance of both?

The research questions emerged from the problems and needs identi ed in the research gaps
presented in the previous chapter. Figure 3.1 summarizes the links between the research needs
and gaps and the research questions in this study. In summary, the urban impacts (social, en-
vironmental, economic) of private motorized transport may potentially be mitigated through the
development (implementation and expansion) of active transport modes such as BSS. To further
develop BSS, their ef ciency and design quality should be improved. To improve design, BSS
should rst be understood in terms of their advantages, disadvantages, unclear future, and social
and built environment factors associated with their use (RQ1 & RQ3).

In addition, it has been shown that the planning of BSS is focused on economic ef ciency by
building infrastructure mainly in privileged areas, which results in unequal use by social groups.
Therefore, it is suggested that spatial fairness should be considered in the planning of BSS. Spatial
fairness in this study refers to the assessment of whether the distribution of resources follows
spatial equity, ef ciency, or a balance of both. RQ2 focuses on assessing whether the actual
distribution of FVS infrastructure follows equity, and nally RQ4 supports the search for potential
sites for BSS based on equity and/or ef ciency.

In the following sections, each research question is explained in more detail.
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Figure 3.1: Problem de nition, needs and research questions framework



Chapter 3. Research questions

3.1 RQ1. What is the public debate about BSS concerning their ben-
e ts, drawbacks, and future on an international level?

Based on the bene ts and challenges of BSS presented in the previous chapter, there is a dilemma
about whether BSS are "good or bad", and also whether BSS will be part of the future of mobility.
Since the main goal of this study is to develop a method for designing BSS, an analysis of the
public discussion regarding BSS advantages and disadvantages can help to incorporate perceived
positives into the design and eliminate or mitigate their drawbacks. Furthermore, the perceived
future of the systems can help explore whether it is worthwhile to further develop BSS and how.
Finally, an international approach should be considered to have a wider picture of BSS beyond
geographical boundaries.

Social media has the potential to reach a wide audience to analyze this public debate at the
international level and to explore the relationships between the different actors involved (Shi et al.,
2018). Previous studies performed quantitative (Pereira et al., 2013; Das et al., 2019; Rahim Tale-
gani et al., 2019) and qualitative (Marwick, 2014; Gibbs, 2007; Papacharissi, 2012) methods for
transport-related text analysis. Combining both methods is aimed at an approach where quantita-
tive analysis is a starting point for qualitative assessment and helps to generalize its results. On the
other hand, the qualitative analysis helps to con rm and understand deeper the topics identi ed in
the quantitative one. One approach informs the other.

Andreotta et al. (2019) proposed a four-step mixed methodological approach that combines
the advantages of qualitative and quantitative methods to understand the public debate on climate
change in the social media: 1) textual data is collected, 2) contributions are clustered based on
guantitative methods, 3) a sample of the most relevant contributions is extracted or the sample is
randomly selected, and 4) a qualitative analysis is performed. This methodology can be used for
any public discussion, e.g. for the BSS dilemma between bene ts, disadvantages, and unclear
future. However, to the best of the author's knowledge, this methodology has not been used in
public discussions about any transport system.

BSS public opinion has been studied through social media Das et al. (2019); Rahim Talegani
et al. (2019) or interviews (Sun, 2018). For example, Rahim Talegani et al. (2019) gathered English
posts on Twitter worldwide for two and a half months to understand public sentiment and topic
clustering regarding FFBSS. However, there is a gap in the literature to a) understand the various
issues that are discussed for all types of BSS at the international level and not only FFBSS, b)
to identify the positive and negative aspects and future of BSS, and c) to combine qualitative and
quantitative social media analysis with interviews for exploring the public discussion on BSS.

The expected outcomes are list of the perceived disadvantages and advantages of bike-sharing.
The main expected disadvantage is the conicts of BSS with other modes of transport, as de-
scribed in Sun (2018), while the main expected advantages are that BSS are sustainable and
should and will remain so in the future because of their economical, environmental, and social
bene ts (Chapter 2).

Finally, bike-sharing is a relatively new concept that has been called in different ways in informal
conversation, social media, conventional media, and scienti ¢ language. For example, BSS are re-
ferred from "bike-share" to "shared public cycling schemes". To the best of the author's knowledge,
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there is no previous research that has collected different ways to express BSS in English.

3.2 RQ2. How the allocation of BSS infrastructure can be assessed
based on spatial fairness?

To identify the potential location of stations, guidelines suggest estimating the potential demand
by learning from historical trips (Yanocha et al., 2018; Toole Design Group, 2012). Unfair systems
could be further shaped by learning from existing unfair systems. Hence, before planning BSS and
using the aimed method in this study, an assessment is recommended of how fair a system is. Ad-
ditionally, this assessment can reveal the need for optimization or extension of the infrastructure to
build fairer systems. Therefore, a method is required to assess how fair the allocation of the supply
of a bike-sharing system is. This method should identify the focus of spatial fairness followed in
the distribution of resources, i.e. whether the infrastructure is distributed equally, oriented towards
to neediest, or oriented towards those who have the nancial means to access the system.

Firstly, to assess how fair the spatial distribution of resources is, the concepts of justice, fair-
ness, and equity are explored. Given the complexity of the concepts and their connections, there
is a need to develop a conceptual framework that simpli es them all together so that they can be
more easily understood, measured, and applied.

In addition to the existing classi cation of BSS presented previously, BSS should be also clas-
si ed according to their infrastructure distribution and who they serve and do not serve. In this
study, a quantitative approach is aimed to be elaborated that numerically classi es whether a
system follows spatial equity, equality, ef ciency, or a mix of them. A quantitative assessment
can communicate the fairness criteria adopted in the distribution of people's public resources to
achieve greater acceptance and trust in the implementation of a system. Furthermore, data from
interviews can complement the results of the quantitative part and determine the perceived focus
of spatial fairness on BSS and gain a deeper understatement of the quantitative results.

Moreover, answering this research questions aims to cover what similar previous approaches
have not considered: a) assessing spatial equity and equality in hybrid BSS, b) identifying an
availability indicator for hybrid BSS, c) estimating an indicator of the underprivileged population
considering the social status and accessibility to basic opportunities, and d) categorizing social
groups beyond sociodemographic characteristics.

To the best of the author's knowledge, the study by Chen et al. (2019) is one of the few studies
that contains an analysis of the spatial equity and equality of hybrid BSS. Therefore, there is a need
to study different hybrid BSS in other locations to compare and con rm their results. Moreover,
the availability of bicycles in an area is a common indicator of the accessibility of the infrastruc-
ture. It has been calculated in different ways, e.g. as the reciprocal of idle time (Mooney et al.,
2019) for FFBSS or as the ratio of available bicycles corresponding to station capacity for SBBSS
(Reynaud et al., 2018). The inverse of the idle time depends on the time scale that is calculated,
e.g. number of bicycles per day in an area. However, multiple bicycles may be only available in a
certain period of the day, and they may be missing at other times on the same day. It is therefore
necessary to redesign the de nition of the availability of bicycles as an indicator of accessibility to
BSS infrastructure, especially in free- oating systems.
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Furthermore, previous studies have a gap in terms of an index that identi es deprived areas
according to access to transportation, land use, and the people's individual components of the
concept of accessibility de ned in Geurs and Van Wee (2004). In other words, a deprivation index
is needed that classi es areas based on the amount of underprivileged population and accessibility
to basic opportunities (e.g. education, food, transport).

Finally, sociodemographic characteristics such as income, education, or occupation have often
been used as indicators to identify who bene ts from a particular service or resource distribution
(see Table 1.1). However, there is a research gap in the complimentary usage of values in this
analysis. Resources are hypothesized to be distributed according to sociodemographic charac-
teristics and also according to values. Values, lifestyles, and psychographics have been used
in market segmentation to prioritize sales for a certain population because of the high predictive
ability of consumer behavior (Lesser and Hughes, 1986). Therefore, if monetary ef ciency is the
goal for resource distribution of BSS and if social status and values are not in line with the market
segment, the distribution of transport resources might not serve those with different social status,
values, and lifestyles. In sum, there is a gap in research analyzing whether values are parameters
that cause unequal distribution of resources.

3.3 RQ3. Which spatial factors are associated with BSS usage?

If ef ciency is to be considered in the allocation of BSS infrastructure, estimating potential ridership
can provide an idea of where station and coverage area allocations should be prioritized. Identi-
fying spatial factors from the built and social environment that are directly or inversely associated
with the usage can help estimate a higher or lower ridership of BSS in an expanded or new area.
This research question aims to identify these spatial factors.

Typically, factors associated with the usage of BSS are identi ed by learning from historical
ridership. Furthermore, they can impulse an increase of the performance and ridership of the
systems in a region and mitigate possible over-saturation or under-supply issues. As shown in
the previous chapter in Table 2.3, multiple studies have focused on searching for these factors.
The main spatial factors associated with BSS usage are demography and the built environment
represented by the transport infrastructure, points of interest, and land use.

Three sub-questions related to spatial factors associated with BSS use were identi ed in the
literature:

I. What factors studied in one city are associated with usage of BSS in another city or re-
gion? The spatial factors associated with the use of BSS in one city, which are also associated
with use in other cities, can help transfer knowledge from one region to another. Several methods
have been used to estimate usage based on spatial variables in individual cities (Table 2.4). In
this study, multiple systems in different cities are modeled as one system to validate the associ-
ated spatial factors across geographic boundaries. However, for several cities, which regression
method, linear or non-linear, is the most parsimonious and at the same time better ts the dataset?
Therefore, this study builds models in different systems in different cities, countries, and con-
tinents (Montreal, Chicago, Hamburg) using linear and non-linear techniques to determine 1) the
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associated spatial factors across borders, and 2) the regression technique that is most parsimo-
nious while better tting the dataset.

Il. What factors from the social environment are associated with the usage of BSS? A
guestion arises whether an area has the associated built environment factors with the usage of
BSS but no ridership. The social environment can help answer these questions, as the lack of
ridership can be associated with behavioral or cultural aspects (Deffner et al., 2006). To develop
BSS with greater ef ciency, it is necessary to know the market sector and the values of potential
customers, where they live and work, and the characteristics of their neighborhood.

The transport market is heterogeneous, in which one of the most dominant products is fossil-
fueled automobiles (Mégele and Rau, 2020). Heterogeneous markets are usually composed of ho-
mogeneous sub-markets, in which customers share the same interest and characteristics (Stockle
et al., 2020; Smith, 1995). The so-called market segmentation helps to identify these homoge-
neous sub-markets and helps to offer products that meet customers' needs, develop strategies
to attract new customers, position branded offers, and identify market gaps (Tynan and Drayton,
1987). Segmentation is typically based on customer attributes, with geographic, demographic,
psychographic, behavioral, and attitudinal characteristics being the most common (Stockle et al.,
2020).

Psychographic segmentation is based on lifestyles, values, and social behavior (Topfer and
Bug, 2015). This segmentation helps classify people in terms of interests, attitudes, and behavior
patterns beyond demographics (Topfer and Bug, 2015). Social milieus are a type of psychographic
segmentation in which groups of people are clustered based on similar values and life orientations
de ned by everyday practices and lifestyles and have tended to have similar tastes, communication
structures, and living environments (Barth et al., 2017).

The Sinus Milieus R example (Sociovision, 2018) illustrates the bene ts of using milieus in-
stead of social characteristics. In this example, two women are 36 years old, married, with two
children, and working part-time in marketing. These two women are therefore considered sociode-
mographic twins. These women were asked to show their "heart of your house" in an interview in
their homes. One woman showed a piece of furniture against the wall, under a shelf of liquor bot-
tles. The other woman, on the other hand, showed a wall where the skull of a bull was displayed.
Although the two women shared sociodemographic attributes, the differences in their "heart of
your house" exhibit that the two women have different lifestyles, values, live orientations, i.e., they
belong to a different milieu.

This study considered milieus as an indicator of the social environment for planning BSS be-
cause they have advantages over demographics. Therefore, a part of this study aims to search for
a spatial association of milieus, as a social categorization based on values and social status (So-
ciovision, 2018), with BSS usage. They can be used for the spatial market segmentation of BSS.
Then, the locations where people of a particular milieu live and travel are identi ed to prioritize the
implementation of a bike-sharing station for planning more ef cient systems.

lll. Are the previously associated factors causal or indirectly associated with the usage of
BSS? Usually, spatial factors associated with the usage are identi ed without considering the
possible relationships that these factors can have among them (Faghih-Imani et al., 2017; Tran
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et al., 2015; Noland et al., 2016). The exploration of these relations can provide an understanding
of which factors are directly or indirectly connected to the usage of BSS. For example, it was
found that the use of BSS is higher in densely populated areas (Chardon et al., 2017; Faghih-
Imani et al., 2017, 2014). However, people do not travel because an area is densely populated,
but because population density attracts more activities that can be performed in the area. There
are two methods to explore these relations a) validation of theoretical interactions, b) numerical
inferring relationships (e.g. Bayesian networks) (Thakkar, 2020). The rst approach was chosen
because the interactions of the associated factors have already been validated.

The relationships of the associated factors have been theoretically conceptualized in two dif-
ferent theoretical models: a) interactions of land-use and transport (built environment & transport
demand) (Wegener and Furst, 1999) and b) urban mobility cultures (social environment & trans-
port demand) (Deffner et al., 2006). However, there is the need to combine these two structures to
guantify the interactions between the built and social environment, thus understand the ridership
of BSS. This combination of theoretical structures can be the basis to build Structural Equation
Models (SEM) to a) predict ridership, b) understand the linkages of the predictors, c) validate the
theoretical structure, and d) use unobserved variables as predictors (e.g. urban structure, attrac-
tiveness). Bringing together these two theoretical structures into one framework is hypothesized
to provide a more comprehensive understanding and transferability of the factors associated with
BSS use.

3.4 RQ4. How can BSS be expanded or implemented based on spa-
tial fairness?

There is a need for a method for planning BSS that incorporates the concept of spatial fairness,
based on what the public, planners, stakeholders, and policymakers believe is fair. In other words,
a method that provides the opportunity to design a system ef ciently, equitably, or with a balance
of them both. Therefore, the goal of this question is to make available a decision-making method
that shows different scenarios and what a system would look like if the distribution of resources
would not only be prioritized for the most privileged groups of the population without jeopardizing
the monetary ef ciency of the system.

As shown in the previous chapter, previous planning methods for BSS have not prioritized
people's needs in terms of social status or opportunities. There is a lack of a spatial equity criterion
in the distribution of BSS infrastructure. Therefore, the development of a spatial fairness-based
method is aimed in this study to plan BSS. This method would include the fairness criteria on
the distribution of stations and service areas depending on the justice focus desired: deprivation
(spatial equity), potential demand (spatial ef ciency), or a balance of them. The method will rank
zones of analysis based on four heuristic algorithms.

Existing algorithms for the localization of BSS stations are not based on how hybrid BSS work.
The stations must be distributed as spread as possible to reach more people, and also as densely
as possible for better service and lower compensation costs. Algorithms in the literature do not
mix up these two concepts. For example, Garcia-Palomares et al. (2012) considers p-median
which is the median of the distance to the facilities, however, the density of them is not considered.
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Therefore, different scenarios resulting from the planning method will be assessed based on the
coverage area and the density of stations to reduce balancing costs.

Finally, the building of different scenarios is aimed to be as automated as possible to multiple
options for decision-making. An automated creation of scenarios could help to collect, process,
and analyze large databases, reduce time, human and economic resources, increase reliability,
weigh the in uencing factors, test multiple systems, spatial levels, and reduce human error (Bonilla
et al., 2018).

3.5 Linkage: Research question, research contributions and scien-
ti c papers

As stated previously, this study aims to answer four main research questions to develop a method
to allocate stations and limit the service area for BSS based on spatial ef ciency, equity, or a
balance of them. The three rst research questions (RQ1, RQ2, RQ3) are about understanding
BSS, and they merge to make it possible to answer the nal research question (RQ4). Since the
goal of the study is developing a method to plan the implementation of BSS, the rst step should
be to understand them: what people think about them (RQ1), who they serve (RQ1 and RQ2), and
what spatial factors are associated with their use (RQ3).

Firstly, we aim to explore people's opinion on the bene ts, drawbacks, and future of BSS (RQ1)
as part of the literature review to understand the dilemma of BSS between their advantages and
disadvantages to incorporate perceived bene ts into the design and eliminate or mitigate their
drawbacks, and the perceived future of the systems can help explore whether it is worthwhile
to further develop BSS. This exploration will be conducted as a mixed-methods approach to un-
derstand the public discussion about BSS through qualitative and qualitative analysis on English
posts on Twitter and interviews with underprivileged populations, and people in Strasbourg feeling
socially excluded in relation to their mobility.

The difference between the method of Andreotta et al. (2019) and this approach is that data is
not randomly selected for qualitative analysis but through sentiment analysis and the integration
of data from interviews. The expected outcome is a list of the most frequently discussed topics
related to the advantages, disadvantages, and future of BSS. As an additional contribution, the
most common English terms related to BSS will be collected to Il the research gap and use in the
future the term that most users of Twitter relate to BSS.

The next step is to develop a theoretical classi cation and assessment of BSS based on spatial
fairness using quantitative and qualitative techniques (RQ2). Firstly, a conceptual framework will
be developed to simplify related fairness concepts. Then, based on a spatial analysis, a system
can be classi ed as spatial ef cient, equitable, equal, or a balance of both. This classi cation
can be further understood by interviews about perceptions of how fair BSS are. This assessment
will be applied in the hybrid BSS in Munich, Germany, where a new indicator of availability and
deprivation will be developed with a social classi cation based on values and social status. It
should be emphasized that the developed deprivation index will serve as an indicator of equity in
this study's intended method for planning BSS.

Since the main goal is to locate BSS stations based on spatial ef ciency, equity, or a balance
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of both, and spatial equity can be estimated through the developed deprivation index, spatial ef-
ciency needs to be determined. Potential demand estimation via spatial factors associated with
BSS usage will be modeled. Built and social environment factors associated with BSS usage will
be identi ed (RQ3). Built environment factors will be explored at an international level to iden-
tify the transferability of the factors and also the regression technique which ts better the data
and has the least number of variables. The social environment associated with BSS usage will
be identi ed with regard to milieus which categorize social groups in terms of social status and
values. Finally, a theoretical structure will be developed based on urban mobility cultures and the
interaction of transport and land use. This structure will include the linkages of the built and social
environment with BSS usage to explore the relationships between the factors and those who have
a direct connection with BSS usage.

Two approaches were used to answer RQ3: a) multiple cities in Germany (Frankfurt am Main,
Stuttgart, Hamburg, Kassel, Darmstadt, Marburg) and multiple cities on an international level
(Hamburg, Montreal, Chicago) with observations at the local level to identify factors of the built en-
vironment associated with BSS use, and b) a single city (Munich, Germany) that includes factors
from the built and social environment as well as relationships from theoretical models of land-use
and transport interactions and urban mobility cultures.

Now that the potential demand will be estimated representing spatial ef ciency and the depri-
vation index representing spatial equity, a heuristic method is developed (RQ4) to place stations
and limit the service area of BSS. First, areas are ranked according to estimated potential need,
deprivation index, or a mixture of both. Heuristic algorithms are developed to place stations in the
ranked areas. These algorithms allow different scenarios to be created in the most automated way
possible, and nally, the scenarios are assessed based on station coverage and density.

In summary, this research project is based on four scienti c papers linked to the four research
guestions of the study. For each research question, there are theoretical, methodological, and
practical contributions. Table 3.1 summarizes the links to the scienti ¢ papers and the level of the
contributions of the research questions. The following four chapters belong to each of the four
scienti ¢ papers. Each paper contains a literature review, methodology, application, discussion,
and conclusions.
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Table 3.1: Linkage: Thesis contributions + research questions + scienti ¢ papers

Paperl Paperll Paperlll  PaperlV
Research ques- Research contribution Type Ch.4 Ch.5 Ché6 Ch.7
tion
RQ1. What is — English terms referring to BSS. T X
the public de- — Mixed methods approach for understanding M X
bate on BSS  apublic discussion for transportation systems
concerning in social media and interviews
their bene ts,
drawbacks and — Topics related to the public discussion on P X X
future? BSS bene ts, drawbacks and future in social
media and interviews
RQ2. How to - Conceptual framework and BSS classica- T X
assess how tion according to spatial fairness.
— Availability of bicycles and Deprivation in- T X
dex: indicators for the quantitative assess-
ment
— Method to asses qualitatively and quantita- M X
tively spatial fairness in BSS
— Application of the quantitative and qualita- P X
tive spatial fairness assessment.
— Using values and social status as a social P X
categorizations to assess spatial fairness.
RQ3. Which ~ — Theoretical framework of the interactions T X
spatial factors between actors associated to BSS usage
are associated combining the theories of land-use and trans-
to BSS usage? port interactions and urban mobility cultures.
— Potential usage estimation of BSS using M X
Structural Equation Models and actors from
the theories of land-use and transport inter-
actions and urban mobility cultures.
— ldenti cation of spatial factors associatedto M X
BSS usage beyond geographical boundaries.
— Social and built environment factors associ- P X X
ated to BSS usage in Munich, Germany
— Built environment factors associated to BSS P X
usage beyond geographic boundaries
— Regression method to associate BSS us- P X
age with built environment factors beyond ge-
ographic boundaries.
RQ4. How - Heuristic Method to Plan BSS based on M X
can BSS be spatial ef ciency, spatial equity or a balance
expanded of them
or imple-  — Algorithms for positioning stations basedon M X
mented based the ranking of the analysis zones.
on spatial
fairness? — Method to assess different allocation sce- M X
narios.
— Application of the method in a city and its P X

periphery

T= Theoretical, M=Methodological, P=Practical/Applied
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Chapter 4. Bike-sharing: the good, the bad, and the future

Chapter 4

Bike-sharing: the good, the bad, and
the future

This chapter has been published in Duran-Rodas, D., Villenueve D., Wulfhorst, G. Bike-sharing:
The good, the bad, and the future. Twitter's mixed-methods approach for public discussion. Eu-
ropean Journal of Transport and Infrastructure Research. https:// doi. org/ 10. 18757/ ejtir.
2020.20.4.5307

Due to the dilemma of bike-sharing concerning its bene ts and drawbacks, and its unclear fu-
ture, we focused on a mixed-methods approach to analyze this public discussion through posts
or “tweets” from the social media channel Twitter. We collected around 12,000 tweets in English
around the world related to bike-sharing for a period of about six months. We considered two
approaches, including topic clustering and sentiment analysis in tweets including: a) bike-sharing
related terms and b) “future” and bike-sharing related terms. Strongly positive tweets promote
bike-sharing and its bene ts such as being convenient, well-performing, and sustainable. Ad-
ditionally, there is a tendency to write that public, electric, and dockless are better, together with
scooters. In contrast, the complaints on bike-sharing focused on inequity, rentals and safety issues,
critique on authorities and laws, and poor performance especially of dockless Asian bike-sharing
start-ups with low-quality bikes. Around 50% of the tweets that included the terms “future” and
“bike—sharing” stated that bike-sharing is going to be part of the future of mobility as an electric
dockless version together with other shared modes. The hesitant statements towards bike-sharing
being part of the future referred mainly to the systems with poor bikes' quality. Politicians and
stakeholders can use this information to enhance bike-sharing or consider the implementation of
certain types of bike-sharing in their cities. To the best of the authors' knowledge, this study would
be one of the rst that analysis the public discussion on social media about a transportation sys-
tem and its future using a mixed-methods approach. Future studies should aim at identifying and
comparing the public opinion of different emerging transportation technologies.

4.1 Introduction

Bike-sharing systems (BSS) have experienced exponential worldwide growth from one hundred
programs in 2010 (Shaheen et al., 2010) to around two thousand schemes in 2019 (Meddin and
DeMaio, 2020). This growth can be explained because BSS, beyond the bene ts of cycling, offer
the advantages of the sharing economy, and also, they have a relatively low purchasing and oper-
ating cost (Buckley et al., 2014) giving “sustainable” image to a city and supporting tourism (Ricci,
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2015).

As part of the cycling bene ts, BSS can help to increase public health, environmental aware-
ness, and it can lessen the negative environmental effects of the usage of polluting transport
means (Shaheen et al., 2012; Shaheen and Chan, 2015; DeMaio, 2009; Fishman, 2016). More-
over, cycling can increase the leisure time of riders while commuting (Qiu and He, 2018) and allow
riders to interact with others and the surrounding environment (Brémmelstroet et al., 2017). Some
systems have adapted electric bicycles which help riders to avoid perspiring, to extend traveling
distance, to cycle in heterogeneous topography, and to enable cycling for riders with physical dif -
culties (Shaheen and Chan, 2015).

Beyond cycling bene ts, BSS foster cycling access to those who might not use bikes otherwise
(Shaheen and Cohen, 2019). BSS, as enlargers of the cycling population (DeMaio, 2009; Fishman,
2016), allow riders to have access to a bicycle if they do not own one of their bicycles are not
available, or even if users want to cycle for a one-way trip. Users do not have to worry about bike
theft or maintenance (Bachand-Marleau et al., 2012), storage, and parking in the case of docked-
systems (Shaheen and Cohen, 2019). Moreover, BSS have shown to bridge the rst mile-last mile
connection to public transport stations (DeMaio, 2009; Shaheen and Cohen, 2019). BSS's trips
have been reported to reduce mobility costs in comparison with other payment-based transport
modes. For example, in Beijing, users of BSS reported a 58% reduction in travel budget (Sun,
2018).

Even with their potential bene ts, some BSS have been misused, vandalized, and perceived
as a public nuisance (Hamann et al., 2019). Vandals brake bicycles, setting them on re, or place
them in unreachable places such as trees (Sun, 2018). Moreover, when private companies exit
the market, they leave their bikes in the public space causing signi cant waste (Sun, 2018). Over-
supply, low support of authorities and law, saturated markets and low-quality bicycles, disorderly
parking, and safety of BSS are some historical reasons for these system failures (Hamann et al.,
2019; Sun, 2018). “Oversupply has led to graveyards of bikes, and deep concerns about quality
control, maintenance, and management of these systems” (Sun, 2018). In a survey in Beijing,
35% of respondents complained about the bikes' poor quality. Therefore, Sun (2018) states that
dockless systems start-ups are worried about increasing territory and not providing a good service.
In contrast, other systems suffer saturated markets, which have caused con icts because of the
lack of docking stations (Li et al., 2019).

Furthermore, bicycles are bought and stations are placed based on demand usually, then, the
sharing concept is lost (Shaheen and Cohen, 2019). These systems have reported, especially
in the global north, an unequal degree of infrastructure location and usage. The common user's
pro le is male, young, white, high income, high education, already engaged with cycling and with
access to credit card and bank account (Buck, 2013; Fishman et al., 2015; Murphy and Usher,
2011; Ogilvie and Goodman, 2012; Shaheen and Cohen, 2019; Ursaki and Aultman-Hall, 2015).
Traditionally less privileged people have also less access to BSS (Ursaki and Aultman-Hall, 2015).
In London speci cally, “women and those living in deprived areas are less likely to register to use
the scheme” (Ogilvie and Goodman, 2012).

Because of the dilemma of BSS being “good or bad”, i.e. the con ict between bene ts and
drawbacks, we aim to explore the public discussion about this dilemma and BSS being part of the
future of mobility. Our goals are 1) to identify and interpret patterns and themes in the narrative
about this public discussion, and 2) to describe and categorize common words, and phrases. For
this research, public discussion means the themes, ideas, opinions, facts, debates, complaints,
advertising from institutions, news, researchers, riders, individuals, the general public, etc.

To get a sample of the “public” concerning this topic, we explored the public discussion from
posts on social media, speci cally on Twitter. This approach helps to explore the BSS dilemma
across multiple cities in a cost-ef cient, and anonymous way, and also, the posts came from a
context from the real world, in a naturalistic way. Even though Twitter might not represent society
as a whole, the results of this study can support understanding the public discussion of a sample
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of society. Politicians and stakeholders can use this information to enhance BSS or consider the
implementation of certain types of BSS in their cities.

The remainder of this paper includes a literature review about bike-sharing, twitter, and transport-
related studies using Twitter data. Then, a three-step methodology is presented including data col-
lection, data cleaning and classi cation, and a mixed-methods approach for the data analysis. The
results are presented in two parts: public discussion of a) the BSS dilemma and b) BSS's future.
After discussing the methodology and the results, we conclude the paper with recommendations
to politicians and stakeholders.

4.2 Literature review

4.2.1 Bike-sharing systems

BSS allow users to rent a bicycle offered in the public space for a short period and on an “as-
needed basis” (Buttner and Petersen, 2011; Shaheen et al., 2015). According to the availability
of stations, BSS are classi ed mainly into three categories: a) docked-based, in which bikes are
picked-up and dropped-off at xed stations, b) dockless, where bikes are picked-up and dropped-
off in the public space within a service area, and ¢) hybrid, in which bike can either be picked-up
and dropped-off at stations or in the public space (Shaheen et al., 2019).

BSS are not a new form of mobility. They started as a free service in Amsterdam in 1965
(DeMaio, 2009). After the system collapsed mainly because of vandalism and appropriation of the
bicycles, the next generation, born in 1993 in Denmark, allowed a coin deposit and bike pick-up
and drop-off in speci c locations. Within the evolution of technology, BSS developed ICT based
systems, starting in 1996 in England and 1998 in France. Users could rent bikes in stations with
identi cation cards (DeMaio, 2009) and bikes could be tracked (Shaheen et al., 2012). After the
success in Paris with 23,600 bikes in the city, BSS started being implemented around the world,
arising to 120 programs in 2010 (Shaheen et al., 2010).

Finally, a fourth-generation emerged allowing a demand-responsive system, renting bikes with
mobile devices, real-time integration with other transport modes, GPS tracking, and dockless sys-
tems (Shaheen et al., 2012). Nowadays, electric BSS are rapidly emerging in China and Northern
Europe (Pucher and Buehler, 2017), in which e-bikes (electric bikes) reduce the physical effort of
the rider (Shaheen et al., 2016).

4.2.2 Twitter

Twitter (http://www.twitter.com) is a social media platform with a stronger emphasis on conversa-
tions based on microblogging (Chaniotakis et al., 2016). It does not require a reciprocate access
permission -as is the case of Facebook - between the user who posts and their follower (a person
who checks posts from another user). These posts are called “tweets”, which can have a maximum
size of 280 characters. Additionally, on Twitter, there is a retweet mechanism that allows followers
to spread another person's original tweet (Kwak et al., 2010).

According to (STATISTA, 2020), Twitter registered 386 million active users around the globe in
April 2020. It occupied the 14th position on social networks with the most number of users. Around
a third of the users enter Twitter several times a day. The United States, Japan, Russia, and the
United Kingdom are the countries with the most users. In the world, around 85% of users are
younger than 50 years old and 60% are male. Twitter was the fourth most popular social media
app in the United States by reach and also by monthly users in September 2019.

Tweets are publically available to software developers and users throughout the Application
programming interfaces (APIs). Users can access tweets by registering in the application and
they will be provided an API access key, a token, and a consumer. Tweets can be collected after
searching for speci c keywords or posts from speci ¢ accounts (Roesler et al., 2020). There is a
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limit of 100,000 requests per day and 75 requests per 15-min window in a 7-day limit for standard
users (developer.twitter.com).

4.2.3 Twitter data and transportation systems

public engagement and b) real-time or historical data collection and mining (Chaniotakis et al.,
2016). Regarding data, the most common types used in transport are geotagged information of
tweets and the text used in the posts. Twitter allows public transport agencies to interact directly
with users by retweeting, and also, to communicate different news as delays, events, or disasters
(Casas and Delmelle, 2017). After a survey of public transport agencies in the U.S.A., Bregman
(2012) identi ed that Twitter is the most preferred social network used by transit authorities, fol-
lowed by Facebook and YouTube. Twitter is preferred for agency news, service alerts (real-time),
and press releases and statements. However, agencies reported that social media was not useful
for increasing ridership, save money, and recruit and keep staff. However, transit agencies reported
that social media is not a good way to reach the elderly and minorities.

— Quantitative data analysis on Twitter — Real-time data has been used to estimate predictions,
disruptions, and events (Chaniotakis et al., 2016). Transit agencies use real-time data from Twitter
as a traf c sensor. However, it has been reported not to be reliable because people perceive
congestion in different ways and the combination of the words to express “congestion” is enormous
(Wojtowicz and Wallace, 2016). Another way of taking advantage of real-time tweets is to locate
traf ¢ incidents (Gu et al., 2016; Li et al., 2012; Schulz et al., 2013; Zhang et al., 2018). For
example, Gu et al. (2016) developed a methodology for real-time incidents' detection and they
validated them with of cial data.

Regarding historical geotagged data, Steiger et al. (2015) correlated tweets' locations with
census data in the United Kingdon. Chaniotakis and Antoniou (2015) identi ed in Athens, Greece
a signi cant correlation between tweets' density with high-income areas and leisure or transport-
related areas. Another transport-related application is the estimation of origins and destinations of
trips (Yang et al., 2014). Moreover, Chaniotakis et al. (2016) correlated geolocated tweets with the
conventional travel survey in Thessaloniki, Greece.

Historical text data has been used to identify points of view of transport projects, implementa-
tions, or policies. Text relevant to the policy have been categorized in a) need to travel b) transport
network state or event, and ¢) opinion about a transport service (Gal-Tzur et al., 2014). To collect
transport-relevant information and understand the public opinion of transport systems, Gal-Tzur
et al. (2014) ltered messages from authorities and individuals. Around 45% of the messages in
the dataset were labelled as originating from individuals. They identi ed that individual messages
are around 45% of the times and they include mostly terms as “I” or “we” and informal terms as
“lol”. Also, Twitter has helped to identify numerous trips and socio-demographics in a cost-ef cient
manner (Grant-Muller et al., 2014, Liu et al., 2012) built a method using Twitter data to identify “the
gender breakdown of different types of commuter populations”

Schweitzer (2014) used text mining, sentiment analysis, and machine learning techniques to
examine the content related to public transport and compared it with other public services on
Twitter. Public agencies were shown to in uence the comments with their engagement in social
media. Those agencies who chatted with their users have more signi cantly positive sentiments
in their posts. Collins et al. (2013) evaluated rider satisfaction in transit usage in Chicago, U.S.A.,
using sentiment analysis on Twitter. In different situations, transit riders showed a prevalence of
negative sentiments rather than positive.

Most studies concerning BSS and social media have dealt with text analysis or sentiment-
based analysis. For instance, Das et al. (2019) collected tweets including the term “bikeshare”
in Washington DC for nine months to show a methodological approach for sentiment analysis.
Rahim Taleqani et al. (2019) collected English worldwide posts on Twitter for two and a half months
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to understand public sentiment and topic clustering regarding dockless BSS. The posts included
the hashtags “dockless”, “bike sharing”, and “bike share”. They carried out a word clustering
approach using latent Dirichlet allocation (LDA) method and discovered seven clusters of words
association. They highlighted the high relationship of BSS with the word “scooter” and negative

sentiment towards the shared bicycles blocking sidewalks.

— Qualitative data analysis on Twitter — Qualitative methods allow analyzing text data beyond
their literal description (Marwick, 2014). Because of Twitter's great amount of data and users,
gualitative methods can be labor-intensive. Nevertheless, they might overcome the disadvantage
of quantitative methods of not describing messages between the lines, or not identifying typos,
sarcasm, or abbreviations (Gu et al., 2016; Marwick, 2014). Then, qualitative methods can reveal
social norms, concerns, practices, and also complement the exploration and arguments of the
guantitative methods (Marwick, 2014).

Qualitative research on Twitter has been focused on interviews, ethnography research, and
textual interpretation (Marwick, 2014). Interviews can be carried about by asking users quick
guestions. Marwick and Boyd (2011) carried out a snowball method in which they posted ques-
tions to their followers about their experiences, opinions and feeling about using Twitter. Then, their
followers retweeted the question or questioned their followers. Ethnography research includes ob-
serving or participating in a particular online group to understand the interactions between people
(Marwick, 2014). For instance, Chretien et al. (2015) used digital ethnography to investigate IT
professionals and their usage of Twitter in shaping communities.

Textual analysis and discourse analysis of individual tweets are typically collected in an au-
tomated way using keywords, and then, the individual analysis of each tweet is carried out from
a selected subset (Marwick, 2014). In this approach, each tweet is assigned to one or multiple
“codes”. “Coding is a way of indexing or categorizing the text to establish a framework of thematic
ideas about it” (Gibbs, 2007). For instance, Papacharissi (2012) coded 1,798 tweets manually
for content and discourse analysis to investigate the presentations of the self. The sample was
selected based according to a different conversation of trending topics.

Andreotta et al. (2019) proposed a four-steps mixed-methods approach combining the ad-
vantages of qualitative and quantitative methods to understand the public discussion on climate
change. The four steps are: 1) text data are collected, 2) posts are clustered based on quantitative
methods 3) extract a sample of most relevant posts or select the sample randomly, and 4) perform
gualitative analysis. To the best of the authors' knowledge, this study would be one of the rst that
analyzes the public discussion in social media about a transportation system and its future using
a mixed-methods approach.

4.3 Methodology

We performed a three-step methodology to explore the language usage and to identify patterns
and themes about the public discussion on the BSS dilemma and their future. The main three
steps are 1) data collection, 2) data cleaning and classi cation, and 3) mixed-methods approach
for data analysis

4.3.1 Data collection

We collected tweets in English related to “bike—sharing” and related terms for all the possible com-
binations that represent BSS on Twitter over a determined period by using the package “twitteR”
(Gentry, 2015) from the “R” programming language. The rst challenge was to identify the dif-
ferent terms that people use to refer to BSS in social media, conventional media, and scienti c
articles. Si et al. (2019) searched for different terms used in scienti ¢ papers referring to BSS
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including “bike sharing”, “bicycle sharing”, “bike share”, “shared bicycle”, “bikesharing”, “shared
bike”, “public bicycle”, “public bike.

For this research, three different types of combinations of the term “bike-sharing” were identi ed
in newspapers and scienti ¢ papers. They are composed of root terms (i.e. mandatory words) and
complimentary terms (i.e. optional words to complement the root). Four common complements
were identi ed concerning bike-sharing: “system”, “service”, “scheme”, and “program”. Figure 4.1
shows the three different types of BSS-related terms and their potential combinations. As an
example, Type | includes: “public bike”, “public bicycle service”; Type Il terms are, for instance:
“bike-share”, “shared bike”, “public bicycle sharing system”; and nally, Type Ill can present the
composition of the words: “bikesharing”, “bikeshare program”.

Figure 4.1: Terms combinations referring to BSS in the literature

4.3.2 Data cleaning and classi cation

We wanted to focus on the collection of only original ideas, based on original tweets. Original
tweets represent the opinion of individual users and not the chain of an idea through retweets.
Retweets are a fast way to spread opinions and they can give an idea of the post's signi cance.
However, their frequency is correlated to the number of followers that a poster has. Therefore,
neither retweets, as in Rahim Talegani et al. (2019), nor very similar tweets are included in the
study. Thus, a cleaning process is carried out to discard all the tweets that have more than 70%
of identical words. A sensitivity analysis was carried out considering 90%, 80%, 70%, and 60%.
Tweets with a similar idea but not original were discarded after considering 70% as a threshold.
Finally, only one tweet per user and category was selected, to avoid the bias opinion of only highly
active people on Twitter.

We carried out two analyses of tweets to understand the public discussion on BSS: a) Highly
positive and highly negative tweets including “bike—sharing” and its related terms to understand
the current situation of BSS, and b) tweets including the terms “future” and “will” to understand the
discussion regarding the future of BSS.

a) Strongly positive and Strongly negative posts. To identify the dilemma of BSS being good
or bad, we classi ed the tweets into “strongly negative” and “strongly positive”. We assumed that
tweets with negative words will contain the BSS disadvantages and tweets with positive words the
advantages. We did not include neutral tweets assuming that they are not part of the discussion
of the BSS dilemma.

Therefore, rst, we classi ed the tweets on “positive”, “neutral” or “negative” by sentiment anal-
ysis. Sentiment analysis is a text mining technique that evaluates sentiments from written language
(Liu, 2012). We used a polarity lexicon-based method, which assigns a combination of words of a
text to a respective sentiment, such as positive, neutral, and negative. We implemented lexicon-
based methods because we aim to have a score of the frequency of either positive or negative
terms, which we expect are related to bene ts and drawbacks respectively. We preferred lexicon-
based methods over supervised machine learning techniques because they required labeled data
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to train the models (Ribeiro et al., 2016).

In lexicon-based methods, every word is compared to a dictionary to be classi ed as positive
or negative. Then, a polarity score is calculated per tweet, which is de ned as the algebraic sum of
terms classi ed as positive or negative, divided by the total number of words of the tweet (Hu and
Liu, 2004). If a word in a tweet is included in the dictionary, it is classi ed as negative, positive, or
neutral. Tweets are classi ed as “positive” (score > 0), “neutral” (score = 0) or “negative” (score <
0). Shifter words such as negators (e.g. not), ampli ers (e.g. very), and deampli ers (e.g. barely)
were also considered in the estimation.

In this study, we used the “vader” package in R for polarity analysis (Gilbert and Hutto, 2014).
This package uses the vader dictionary with 7515 words. Vader dictionary was developed using
tweets, movie reviews, among others. It includes 5 heuristics: 1) punctuation (e.g. !!!), 2) capital-
ization (e.g. We LOVE it), 3) shifters, 4) ampli ers, and 5) trigramms identi cation (Ribeiro et al.,
2016). We chose vader dictionary because it is one of the newest dictionaries based on tweets,
and also, after the comparison between several dictionaries, Ribeiro et al. (2016) showed that
vader is one of the dictionaries that perform better sentiment analysis with tweets.

After assigning a polarity score to each tweet, we wanted to be on the “safe side” and have a
high probability of choosing real positive or negative tweets including “bike—sharing” and its related
terms. Therefore, we selected tweets between a range of 0.5 and -0.5, i.e. tweets were subset
into strongly positive (e.g. > 0.5) and strongly negative (e.g. > -0.5). We considered this threshold
appropriate after testing by reading part of the tweets and verifying the content.

b) Post including the term “future”. We create a subset of tweets including the terms “future”
and “will” in the intent of exploring the public discussion on the future of BSS.

4.3.3 Mixed-methods approach data analysis

After the tweets were classi ed into the three categories (strongly positive, strongly negative, and
future-related), we carried out a mixed-methods approach for text analysis, in which, we take the
advantages of quantitative and qualitative methods. Both methods should not substitute each
other but complement. Quantitative methods help to describe the big dataset at a macro-level,
while the qualitative approach provides detailed information and explanation of the macro-level
(Kelle, 2006).

First, we counted the most repetitive terms in each category for evaluation and comparison.
The frequencies helped us to have an idea of the language used and gave us an idea of the
possible themes for each category. Then, we performed topic clustering, i.e. we assigned a
category, theme, or topic to every tweet. We followed one quantitative and one qualitative method
for topic clustering. In this research, we used the information about the results of the quantitative
approach as a starting point for the qualitative one. As the qualitative analysis can be subjective
to the authors, the quantitative approach helped to corroborate the impartiality of the results.

Quantitative clustering method. Clustering is carried out quantitatively by Reinert textual clus-
tering method (Reinert, 1987, 1983) based on descending hierarchical classi cation with the open-
source software IRAMUTEQ (Camargo and Justo, 2013). The selected tweets are treated as a
single corpus, whereby each tweet is considered to be one paragraph. The process has mainly four
steps: 1) reduction of the sparse corpus, 2) lemmatization (extracting root form words), 3) creation
of units of context by classifying the words into active terms (verbs, adjectives, substantives, ad-
verbs), and supplementary terms (prepositions, pronouns, and frequent adverbs, adjectives, etc.),
4) descending hierarchical clustering based on the frequency of the root of the words, the maxi-
mum number of clusters to be computed, and the minimum number of forms in each (Ruiz Bueno,
2017; Villeneuve, 2020). The number of clusters was set by 1) minimizing the number of tweets
that do not belong to any category, 2) logical topic separation between clusters, and 3) considering
a minimum distance between clusters.

Qualitative clustering method. Tweets were clustered manually (qualitatively). After reading
and analyzing every tweet, each one is assigned one or more categories or “codes” based on the
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literal text or the meaning “between lines”. For instance: the tweet “They're the best bikesharing
around because you can actually move around town fast and are affordable” had the following
codes:

They're the best bike-sharing around: BSS perform well

you can actually move around town: BSS good for mobility

fast: BSS are convenient

affordable: BSS are sustainable: Socioeconomic
We used the results of the quantitative clustering approach and terms frequency as a starting point
of possible codes in our dataset. Then, those with similar codes were aggregated. If a code was
identi ed only one time, the tweet was not included in the clustering.

4.4 Results

Tweets including all the possible combinations of the term “bike-sharing” were collected from
18.08.18 to 12.02.19. In total, 12,498 tweets in English were collected and cleaned with a mean
of 109.6 tweets per day. A peak of around 500 tweets per day was identi ed on 4-7 September
during the conference of the North American Bike Sharing association. Usually, there were around
half of the number of tweets on the weekends than on working days. The most common terms
associated with bike-sharing were “bike share”, “bike sharing”, “bike-sharing”, and “bikesharing”
(Figure 4.2). Together, these four terms served to collect around 70% of the total tweets. After
deleting very similar tweets, the sample included 5.403 tweets.

Figure 4.2: Relative frequencies of BSS-related terms in the collected tweets

4.4.1 Public discussion on BSS dilemma

The polarity evaluation showed a mean score of 0.36, where 73% of the tweets were classi ed as
positive, 13% as neutral, and 14% as negative (Figure 4.3). For the analysis, strongly positive
tweets were selected as those having a polarity score greater than 0.5 (n=3070) and strongly
negative tweets with a score of less than -0.5 (n=682). After estimating the relative frequencies
of the words' roots used in tweets in both sentiments (Figure 4.4), positive tweets presented a
higher association with, for example, the stems terms “public”, “city”, “ride”, “electric”, “station”,
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and “e-bike”, while the negative tweets were associated with “Manchester”, “mobike”, “Chinese”,

“start-up”, “million”, “lot”, “space” and others. In the middle line of being used in either positive or
negative tweets, we found the words “dockless”, “uber”, “lime”, “new”, “launch”, “city”, and others.

Figure 4.3: Polarity scores for tweets including BSS-related terms

— Bike-sharing: The good — On the other hand, 91.04% of the strongly positive tweets were
clustered into four clusters following a decreasing hierarchical clustering technique using Reinert's
method (Reinert, 1987, 1983). From the clustered tweets, the majority, 63.8%, were in the category
“BSS are good” and the remaining in “BSS marketing” (Figure 4.5). Around half of the tweets in
the category of “BSS is good” are related to BSS being good for mobility. We can corroborate
this after the most associated words in this cluster are “transport”, “public transport”, “mobility”,
“solution”. The remaining tweets talked about other reasons why BSS are good, e.g. when they
are “dockless”, “electric” and they complement with “scooter” sharing systems.

For the qualitative topic clustering, we subset the 150 tweets with the highest positive score.
We identi ed mainly 7 categories (Figure 4.6, Table 4.1) in 89% of the selected tweets. Three of
these categories were identi ed in the quantitative approach. The categories were as follows:

1. BSS are sustainable (25%). BSS are claimed to be good for the environment (6%) and
the socioeconomy (19%). The environmental part is justi ed after stating that BSS help to
reduce car usage, and replace cars and therefore, fewer emissions. The socioeconomic part
is highlighted in statements that BSS are affordable and cheap, support the local economy
and community empowerment, increase mobility inclusivity and equity, and also they are
good for health.

2. BSS are good for mobility (17%). BSS are promoted to be good when a person does not
own a bike, good for the lat-mile connection with public transport, and good to explore the
city. Finally, some stated that BSS are better than car or scooter sharing.

3. BSS expansion and opening (11%). Positive tweets about a system's expansion or a system

that is going to be implemented.

BSS marketing (11%). Posts mainly from entities promoting the usage of BSS

. BSS perform well (10%). Tweets explaining how well a system performs. Also, this theme
includes satis ed people with the service and people supporting BSS.

6. BSS are convenient (10%). This category includes the reasons why BSS are convenient:

BSS are fast, fun, easy to use, riders dot not have to worry about bike thefts.

ok
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Figure 4.4: Words' roots relative frequencies of positive and negative tweets

7. When better? Dockless and electric (5%). The opinion of people and entities stating that
they like BSS with an electric and dockless scheme.

Finally, around 2% of the tweets were classi ed as sarcasm, for example:

“More free median parking, less bike share, zerp eScooter = more freedom for me

and my mostly empty car! Thanks @EdReiskin @stma_muni !” [@Bob_Gunderson
30.08.2018]

— Bike-sharing: The bad — Four main topics were identi ed quantitatively from 95% of the tweets
classi ed as strongly negative (Figure 4.7). Around half of the strongly negative tweets were
classi ed as bad performances of BSS. The other topics were related to BSS oversupply especially
of bikes' graveyards in China, vandalism of bikes, and cycling being not safe. According to the
gualitative topic clustering, 150 strongly negative tweets were clustered into 8 categories (Figure
4.8). The categories determined in the quantitative part (Figure 4.7) were a subset of these 8
categories. Moreover, 23 tweets did not belong to any category or they were wrongly classi ed
due to sarcasm (around 2%). An example of a wrongly classi ed tweet due to sarcasm is:

“E-bikes represent a real danger" says NYC mayor. Look at the picture. Who's more
dangerous: The e-cyclist who goes 30 km/h or the two-ton metal boxes that move
around the city at 60 km/h?” [@LiorSteinberg, 12.03.2018]

Around 24% of the negative tweets were related to Asian start-ups of dockless systems, and
speci cally to the companies “ofo” and “mobike”. The predominant cluster (28.9%) was related to
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Figure 4.5: Quantitative topic clustering on strongly positive tweets

tweets describing BSS that have experienced poor performance or that have been pulled out from
a city. The other main categories are related to vandalism issues to the bike-sharing infrastructure,
mainly bicycles, and also complaints about the oversupply of some systems and the bicycle grave-
yards. Another cluster included the unsatisfactory deployment of the system, even approaching
equity issues, issues by using or renting bicycles, and safety issues. Finally, the least frequent
clusters dealt with complaints to public authorities and the lack of BSS in their cities. Table 4.2
shows examples of the strongly negative tweets per cluster.

4.4.2 Public discussion on the future of BSS

The word “future” or “will” and “bike-sharing” related terms were included in 426 tweets. After the
guantitative topic clustering, 81% of the selected tweets were classi ed into 3 categories ( Figure
4.9). Around two-thirds were categorized that the future of BSS is electric, dockless and together
with scooter. The other third is related to BSS marketing offering futuristic expansions, rides, and
the bene ts of BSS.

For the qualitative approach, we selected the tweets including the word future (n=149) to avoid
tweets associated with marketing, in which 123 tweets were clustered in 9 topics ( Figure 4.10).
Because of the language used and the availability of the tweet poster's username, while performing
the qualitative clustering, we realized that several tweets selected belonged to scientists, activists,
politicians, municipalities, BSS companies, and media. Table 4.3 shows examples of the different
topics of tweets including “future” and BSS-related terms.

Around 50% of the tweets stated that BSS are included in the future of mobility. Highlights are
towards the future of BSS being electric and the future of mobility including other shared modes
e.g. scooters and cars. On the other hand, 11.9% of the tweets stated that BSS is probably going
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Figure 4.6: Qualitative topic clustering on strongly positive tweets

to collapse. It is worth mentioning, that around 50% of these statements speci cally refer to Asian
dockless BSS start-ups.

4.5 Discussion

Tweets including BSS-related terms were 3.7 times more often classi ed as positive than negative.
These results are comparable to Rahim Talegani et al. (2019), who collected 2.8 times more posi-
tive than negative tweets regarding dockless BSS. The number of tweets collected over a relatively
long period of time helped us to understand that the public discussion of BSS-related terms tends
to be more positive than negative.

Strongly positive tweets presented a higher frequency of the word “e-bike” and “city”, which
showed the high acceptance of BSS using electric bikes. There was a debate between terms
“new” and “dockless”, in which some talk positively about them and others negatively. There-
fore, we assumed that the debate or dilemma is towards new BSS entering a city and dockless
systems. On the other hand, there was a tendency among negative tweets to include the words
“Manchester”, due to the vandalism problem in this city of bicycles with the company “mobike”.
This negative tendency also included terms such as “ofo” or “China”, which show higher negativity
towards dockless Asian BSS start-ups with low-quality bikes. Furthermore, “space” and “million”
gave us an idea of complaint about the oversupply and their space consumption. Also, we could
see that “start-up” was associated with negative and “public” to positive. This result gives us the
idea that public systems are preferred than private start-ups.

Strongly positive tweets promoted BSS and their bene ts such as convenience, good perfor-



Chapter 4. Bike-sharing: the good, the bad, and the future

Table 4.1. Examples of strongly positive tweets per cluster

Cluster Example Poster & Date
BSS are sustain-  “Bike share in Africa; good for the economy , good for @GilboCarly
able health , good for the environment , Good for air quality 14.10.2018
, good for job access ... what are we waiting for ?”
BSS are good for  Last year | was the only one in my apt that biked, now @CodyPajic
mobility all four of us do. Very cool. Thanks @RideBluebikes! 13.09.2018
Bike share rocks.
BSS expansion Good news for cyclists in New Orleans: 485 new @CurbedNOLA
& opening bike racks are coming, and bike-share rentals are now 12.10.2018
cheaper
BSS marketing “Did someone say FREE?! Yup! FREE Metro Bike @JenMaradiagaMPH
Share monthly pass!!” 16.10.2018
BSS perform “Rode a Lime bike from the ferry to @factionbrewing @rich_roberts
well with @AttemptedChem and let me tell you something 01.09.2018

BSS are conve-
nient

about bike sharing... folks, it's good. It's very good.”
“Just tried Metro Bike Share for the rst time in DTLA.
Great experience! | actually like the feel of the bike

@sean_baba
08.10.2018

better than @BreezeBikeShare! Both are great; Metro
bikes are lighter, smoother, faster, less clunky. Breeze
has better connectivity and better docks/system loca-
tions.”

“There are de nite bene ts to going dockless, particu-

Dockless is bet- @ReginaRyan_NYC

ter larly in New York, where NIMBY-led ghts over docking  14.09.2018
stations can hold up the placement of new bikes.”

Electric is better “Marlon Boarnet on Twitter: "How e-bikes are game @SteveAuterman
changers, and why we should welcome them. ... Light 05.12.2018

duty e-mobility has great prospects for sustainability
and equity...”

mance, and sustainability. Additionally, there is a tendency to write that electric and dockless are
better, together with scooters. On the other hand, most of the strongly negative tweets were related
to poor performance, vandalism, and oversupply, in which most of the complaints were related to
dockless Asian BSS start-ups with low-quality bikes. We also discovered complaints related to
safety and cycling, which were identi ed as a barrier with regard to taking out a BSS membership
in Melbourne and Brisbane (Fishman et al., 2015).

Strongly negative tweets were posted more frequently from private individuals rather than in-
stitutions or media. In contrast to strongly negative tweets and based on topic clustering around
a third of the strongly positive tweets were related to marketing and promoting BSS by media and
companies which provide the service rather than private individual sharing experiences or opin-
ions. Some posters commented on the inequitable usage and distribution of the allocation of the
infrastructure of BSS, and also they complained about the high usage costs. This means that
not only in scienti ¢ studies (Lucas, 2019; Ogilvie and Goodman, 2012) but also, BSS users and
citizens are perceiving BSS as inequitable (see Table 4.2), even though BSS are promoted to be
equitable, affordable and accessible.

Regarding the future of BSS, such tweets were posted by users who were mainly scientists,
practitioners, and media more than common people, commenting on their thoughts. However,
these posts gave us the impression that BSS are part of the future of mobility, especially as an
electric version, and developed together with other shared modes such as scooters. On the other
hand, it is doubtful that Asian dockless systems are seen as being part of the future of mobility,
mainly due to oversupply and low acceptance among the public, which was shown in their posts
commenting theft and vandalism.

The quantitative clustering approach helped us for automatic analysis of a big number of
tweets, while the qualitative approach provided more help in understanding the problem better,
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Table 4.2: Examples of strongly negative tweets per cluster

Cluster

Example

Poster & Date

BSS poor per-
formance
Vandalism
issues

BSS oversup-

ply

BSS are unsat-
isfactory
Renting issues

Safety issues

Authority/laws
complaints
Lack of a BSS

“Bike-sharing rm Ofo's dramatic fall from grace a warning to
China's tech investors”

“Dockless bike-sharing company pulls out of Manchester due
to "theft and vandalism”

“Huge piles of impounded and broken bicycles lie in a rubbish
dump after dozens of bike-sharing companies went bankrupt
last year in Nanjing, China on January 10, 2019.”

“The bike share touted as being “for poor people” was too
expensive. Shocking.”

“So | lost more than 30 minutes and 5% for nothing, no replies
at all. #Useless #bikesharing #app #bikers #danger #mobike
#scam”

An 18-year-old went to the hospital last night after the
brakes reportedly failed on the bike share bike he was rid-
ing. @komonews says they found a Lime bike with its brakes
slashed at the scene of the crash.

Lack of infrastructure, regulations killing bike-sharing ser-
vices

“It never stops being mind blowing that Aberdeen has no air
pollution plan. The most toxic air of a city this size in the
UK, has little cycle ways, no public bike hire, our local suttle
buses are the most expensive in scotland, no car pool lanes
1 person per car is just sel sh.”

@rothwell_scott
27.12.2018
@snebq
07.09.2018
@Joopjadieja
19.01.2019

@ineedja_kadeeja
03.10.2018
@braisontour
29.01.2019

@davidlgutman
11.09.2018

@TMReserve
22.11.2018
@soozstewart
11.02.2019

Table 4.3: Examples of tweets referring to the future of BSS

Cluster

Example

Poster & Date

The future of mobil- “The future of #bikeshare programs is bright, To @mobycy
ity includes BSS counter congestion and pollution worldwide, bike share  17.10.2018

will surely go in high gear. #Cycle2work #future #green

#Mobility #made #easy”
The future of mobil- “Google "bicycle graveyards China" to see a glimpse @JosephHsuMD
ity does not include of the future of bikeshare and scootershare strategies. 08.09.2018
BSS Should the pro t makers bear responsibility?”
The future of BSS is  “As mayor of one giant hill, electric bike sharing is the =~ @JeromeMayaud
electric future.” 07.01.0218
BSS future is un- The @CDPHPCycle bike-share program has provided @gazettesteve
clear 15,000 rides this year, with three months leftin the sea- 08.09.2018

son. But future is uncertain...
Shared and inter- “The future of #transportation is #multimodal. The @Lucky_Sandhu,
modal mobility are shift is rapidly happening from vehicle ownership to 19.11.2018
the future #ridesharing, #bikesharing, #scootersharing, and #Au-

tonomousVehicles. Urban cities are seeing lower de-

mand for #parkinglots. ..”
Literature about the  “From my colleague Nicole, her Monocle article on the ~@LongBranchMike
future of BSS future of bikesharing.” 30.08.2018
The future of “Have you rode on an E-bike or scooter in your town ~@MMAMidAtlantic
mobility includes yet? These could be the future of #urbancommut- 04.02.2019.
(e)scooters and ing! Will E-Bike Sharing Platforms Revolutionize Urban
BSS Commuting?”
Uber wants to be in-  “Uber wants to drive the future of bike-sharing. #Sus- @TheFutureLab
volved the future of tainability #SharingEconomy #Auto” 30.08.2018

BSS
The future of mobil-
ity car-sharing and
BSS

“1$ to start., car sharing, just like bike share is the fu-
ture of transit in large cities. — at Ballard Farmers Mar-
ket”

@joseph_procella
27.11.2018
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Figure 4.7: Quantitative topic clustering on strongly negative tweets

Figure 4.8: Qualitative topic clusters according to the strongly negative tweets (n=150)

having ne-tuned categories, and diagnosing sarcasm and wrongly classi ed tweets. The cate-
gories from the qualitative approach were mainly the most frequent topics. Therefore, the quanti-
tative approach helped as a starting point for the qualitative analysis. Also, if a macro approach is
required the quantitative approach is a good approximation about the public discussion.
Qualitative methods are blamed to be subjective, and not generalizable. Thanks to the quanti-
tative approach and the frequency of the terms, the subjectivity in this research is reduced, how-
ever, this approach was labor-intensive. On the contrary, quantitative methods are less laborious
but their results are at a macro level and dependent on the dictionary implemented and include
sarcasm which could not be detected. Nevertheless, in the qualitative clustering approach, we
identi ed the same categories as in the quantitative approach and also, around 2% of sarcasm. In

49



Figure 4.9: Quantitative topic clustering on tweets including the terms "future or "will"

Figure 4.10: Qualitative topic clustering on tweets including the terms "future or "will" (n=142)

conclusion, the qualitative approach helped to understand the quantitative results. Furthermore,
let's not forget the frequency of the term, which collaborated not only with the language usage but
also helped to identify where are the conicts in the public discussion. This approach helped us
as a starting point of the debate of dockless systems and also start-ups vs public.

This study presented some limitations. Lexicon-based approaches alone do not have the ability
to infer the polarity of a tweet at a sentence level (Ribeiro et al., 2016). However, the dictionary used
was created and validated using tweets (Ribeiro et al., 2016; Gilbert and Hutto, 2014). Accordingto
the sentiment analysis, photos, videos, and URLs were excluded. Furthermore, strongly negative
posts might be “trolling”, i.e. posts in which their “real intention(s) is/are to cause disruption and/or
to trigger or exacerbate conict” for their amusement (Hardaker, 2010). In order to avoid the
inclusion of trolling, further research can select the users of the tweets who have an account for
more than 2 months and have more than a minimum number of followers.
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The public discussion on BSS does not re ect the ideas, comments, or complaints of people
who do not use Twitter, and neither of Twitter users who did not post in English. However, Twitter
allowed us to collect opinions, thoughts, or ideas from the news, activists, pessimists, people
from different cities and nationalities, etc. Strongly positive and strongly negative tweets might not
re ect an individual opinion. However, this study aimed to understand different components of the
public discussion, and therefore, news, marketing, ideas, comments, and opinions were included
in the analysis. Further research can explore the individual opinion with segregating methods, for
instance, those presented in Gal-Tzur et al. (2014).

Moreover, we did not search for commercial names of BSS, in which we might have missed
the collection of potential tweets related to BSS. We wanted to get the general public discussion
on BSS and by searching for speci ¢ names, the information could have been biased to a speci ¢
system. Even though, we did not search for commercial names, mainly Asian dockless companies
where included in the posts and also the BSS company “Lime” due to their high implementation in
English-speaking countries.

In summary, we were able to identify the general public discussion as expressed on Twitter and
a tendency of an emerging transportation system within a relatively short period of time while using
few resources. However, we want to highlight that this approach would not replace approaches
that involve interviewing, observing, or surveying people. Further research might be oriented on
interviews related to understanding deeper the main topic cluster and debates such as dockless
systems, and equity issues.

4.6 Conclusions

There were 3.7 times more original tweets including the term “bike—sharing” classi ed as posi-
tive than negative. The bene ts and drawbacks of BSS could be identi ed by counting the most
frequent terms and qualitative and quantitative topic clustering methods. Strongly positive tweets
promote BSS and their bene ts such as BSS being convenient, well-performing, and sustainable.
Additionally, there is a tendency to write that public, electric, and dockless are better, together with
scooters. Strongly negative tweets focused on poor performance, vandalism, theft, and oversup-
ply of BSS, especially with regard to dockless Asian BSS start-ups with low-quality bikes. Around
50% of the tweets including “future” and BSS-related terms stated that BSS are going to be part
of the future of mobility in an electric version together with other shared modes. Around half of the
statements that were hesitant towards BSS as being part of the future, refer to the dockless BSS
start-ups.

We want to conclude by highlighting some policy recommendations and how we could make
bike-sharing better for cities based on the public discussion. BSS are highly probable to be part of
the future of mobility because of the bene ts discussed above. These systems are higher accepted
when they are public, inclusive, affordable (or even free), keep communication with clients, and
their design and allocation are based on public participation and people's needs (equity). The
most accepted designs are when the systems are hybrid systems (dockless + docked), electric,
and integrated with public transport in terms of infrastructure and price. On the contrary, start-ups
are less accepted by the public, especially if they do not have communication with users and have
placed an excessive amount of low-quality bicycles in a dockless format that blocks other transport
modes.

Finally, we recommend politicians and stakeholders sponsor these active modes using terms
from posted bene ts of BSS. They can use these terms in their marketing efforts if the arguments
match their systems: convenient, healthy, fast, fun, cheap, easy to use, inclusive, environmentally
friendly, no theft worries, help to explore the city, connected to public transport.

Further research might include the comparison of tweets regarding BSS to other shared modes
such as car-sharing, scooter or ride-sharing. Also, interviews can be carried out with different
people that posted about the future of BSS to gain a deeper understanding of their opinion. Finally,
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public discussion related to equity and shared systems can be further studied.



Chapter 5. How fair is the allocation of bike-sharing infrastructure?

Chapter 5

How fair is the allocation of
bike-sharing infrastructure?

This chapter has been published in Duran-Rodas, D., Villeneuve, D., Pereira, F. C., & Wulfhorst,
G. (2020). How fair is the allocation of bike-sharing infrastructure? Framework for a qualitative and
guantitative spatial fairness assessment. Transportation Research Part A: Policy and Practice,
140, 299-319. https: //doi. org/ 10.1016/]. tra. 2020. 08. 007

How fair is the allocation of the infrastructure of a bike-sharing system (BSS)? Design guide-
lines for BSS focus on optimizing the demand but not on who is served who is not. Areas where
mainly young Caucasians, highly educated people live, and that have high access to commu-
nity resources, presented greater access to BSS. Based on the concept of spatial fairness and
its subjectivity, we developed a framework for a qualitative and quantitative assessment to help
decision-makers and the general public evaluate the allocation of BSS infrastructure. First, from
the general concept of justice, we developed our de nition of spatial fairness assessment based
on the rules of spatial equity, equality, and ef ciency. Then, we developed a qualitative and quan-
titative spatial fairness assessment of BSS. The qualitative assessment aims to understand how
underprivileged people perceived the spatial fairness of BSS taking as case study non-motorized
households in Strasbourg feeling socially excluded. The quantitative assessment helps to nu-
merically determine which distribution rule (equity, equality, ef ciency) the infrastructure of a BSS
follows. This assessment was applied in residential blocks inside the service area of the hybrid
BSS in Munich, Germany. We developed a concept of availability as an accessibility indicator. As
social indicators, we considered social milieus, access to other opportunities (e.g. health, educa-
tion), and developed an deprivation index that is a combination of those two. As a result of the
qualitative assessment, non-motorized individuals who felt socially excluded were less likely to talk
about BSS at all. Furthermore, bicycles' availability in the bike-sharing system in Munich matched
the ef ciency and equity rule, although lower availability of bikes correlates to residential blocks
where traditional-oriented social groups live. Policy makers, stakeholders, urban and transport
planners, and the general public have now available 1) the perception of a group of the under-
privileged population about BSS, and 2) a quantitative methodology to identify which distribution
rule(s) the infrastructure of a bike-sharing system follows and which social groups are spatially
advantaged or disadvantaged by it. Further research may be oriented to apply the approach in the
same city or applying them to more case studies.
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5.1 Introduction

How should resources be allocated? The allocation problem is universal and impacts all social
groups (Leventhal, 1980). If allocation follows distribution rules related to justice, this problem is
solved based on an assessment of fairness (Leventhal, 1976). Fairness in resource allocation
should be considered in decision-making because the attitude and behavioral responses of the
people affected by the decision can affect the satisfaction and effectiveness of the allocation (Lev-
enthal, 1980; Cropanzano et al., 2015). The allocation of public resources not only affects people's
economic and social opportunities but also in uences their well-being (Fainstein, 2009). Opportu-
nities can improve and bene t disadvantaged groups, but conversely, a low level of justice leads to
resistance towards the allocation, low project consent (Wistenhagen et al., 2007), and low political
acceptance due to low trust and perceived corruption (Ariely and Uslaner, 2017).

In terms of transportation infrastructure, we ask: how fair are investments allocated? For
example, do they meet the speci ¢ needs of the most vulnerable population, such as those without
access to a private car? Soja (2009) argues that these problems are related to spatial fairness,
especially when considering the spatial distribution of urban resources. A new question arises
regarding shared mobility services (e.g. car-, bike-, scooter-, ride-sharing). Speci cally, if these
services use public resources, how fair is the distribution of their supply? Who is afforded, and who
is excluded from, access to the new shared mobility options? According to Lucas (2019), there are
mainly two equally split perspectives: a) optimists, who believe that these technologies increase
access and opportunities for people who cannot afford to own a vehicle; and b) pessimists, who
state that these systems will mainly bene t the privileged population.

In this study, we focused on bike-sharing systems (BSS), which offer short-term rental of a
bike provided in the public space where riders usually have to pay a fee and have a membership
(Buttner and Petersen, 2011). BSS have emerged in the major cities around the world, most
through publicly-owned companies (Shaheen et al., 2020). They have presented a signi cant
growth of approximately 800 programs around the world with a eet of more than 900,000 bicycles
in 2015 (Fishman, 2016) to 1,600 systems and 18.7 million bicycles in 2018 (Shaheen et al., 2020).

BSS have existed in four different forms since their initial introduction in 1965 (Shaheen et al.,
2012). The rst generation of BSS were free systems for public use. Theft and vandalism plagued
these early systems and led to the implementation of dock-based systems requiring a coin de-
posit for use. This implementation did not completely reduce these issues mainly because of
user anonymity. IT developments helped to manage this problem and the third generation of BSS
tracked the location of bicycles in a docked-based system. Finally, the fourth generation of BSS
is demand-responsive and self-balancing both included dock-free options and integration with the
public transportation network. These BSS's use on-board computers, the internet, and GPS for
real-time tracking of the bicycles (Shaheen et al., 2012), in which big data enables real-time opti-
mization of the bicycle eet (Chen et al., 2018).

BSS use different types of bicycles such as, among others, mechanical, electric, or cargo
(Moon-Miklaucic et al., 2018). Furthermore, according to the presence or absence of dock-based
stations, they can be categorized into station-based (SBBSS), free- oating (FFBSS), or hybrid
(HBSS), a combination of both (Schonberg et al., 2018; Shaheen et al., 2020). FFBSS's bikes
can be locked to the bike frame anywhere in public space, without the need for xed stations.
In contrast with SBBSS, FFBSS avoid the cost of docking stations. Using GPS, bicycles can
be tracked in real-time allowing smart management and reduced probabilities of bicycles' theft.
FFBSS is more convenient for users than SBBSS because the average walking distance from the
bike to their destination is shorter and they do not have to worry about storing the bike at a docking
station (Pal and Zhang, 2017).

BSS provides cycling-related bene ts, including but not limited to improving health, reducing
congestion and creating environmental awareness (Shaheen et al., 2010; Fishman et al., 2014a;
Fishman, 2016; Ricci, 2015; Buck, 2013). In addition to these benets, BSS avoid the main-



Chapter 5. How fair is the allocation of bike-sharing infrastructure?

tenance, parking and security issues of privately owning a bike. Riders can take spontaneous
bicycle trips, which has been shown to increase the population who cycle (Shaheen et al., 2014).
These systems support a rst- or last-mile connection to public transportation, allowing the poten-
tial increase of inter-modal trips (Shaheen et al., 2012, 2010). Also, implementing BSS in a new
city seems to enhance the city's “sustainability image", where tourists can experience a new city
on bicycles without owning one (Ricci, 2015). Moreover, Shaheen and Chan (2015) reported 5.5%
of BSS users postponing buying a car or selling their cars and Shaheen et al. (2014) showed a
50% reduction on private car usage. Due to the reduction of private car usage, BSS are actually
associated with emission reduction. However, rebalancing bikes by truck can back re in terms of
emissions (Shaheen et al., 2014).

These bene ts have been unevenly distributed among different social groups. Previous work
on BSS showed that their typical user's pro le is male, young, and white, with high income, a
high education, is already engaged in cycling, and has access to a bank account, credit card,
and smart-phone (Murphy and Usher, 2015; Ogilvie and Goodman, 2012; Fishman et al., 2015;
Buck, 2013; Goodman and Cheshire, 2014; Winters et al., 2019; McNeil et al., 2018; Nickkar
et al., 2019; Shaheen et al., 2012). Spatially, relevant research showed that poorer/deprived areas
are less likely to have access to BSS infrastructure (Ogilvie and Goodman, 2012; Goodman and
Cheshire, 2014; Ursaki and Aultman-Hall, 2015; Hosford and Winters, 2018; Smith et al., 2015;
Mooney et al., 2019). In contrast, areas where mainly young Caucasians, highly educated people
live (Smith et al., 2015; Ursaki and Aultman-Hall, 2015; Chen et al., 2019), and that have high
access to community resources, presented greater access to BSS (Mooney et al., 2019).

We identi ed an ef ciency focus in terms of design and operation in BSS. Design guidelines for
BSS show a focus on the demand as an indicator for where to implement new infrastructure (Gau-
thier et al., 2014; Buttner and Petersen, 2011) and Mooney et al. (2019) found that the demand is
highly correlated with the rebalancing destinations. Some systems focus their services in central
(Fishman et al., 2015; Chen et al., 2019) and denser (Ursaki and Aultman-Hall, 2015) areas. Ur-
saki and Aultman-Hall (2015) showed that the location of stations in denser areas attracted more
users (ef ciency focus) but limited access to disadvantaged populations.

So how fair is it to plan BSS based on potential demand and not serve every area equally or
not primarily serve underprivileged people who cannot afford another type of mobility? To support
policy makers, transport planners and the general public in answering this subjective question,
this study focuses on developing a quantitative and qualitative conceptual framework and method
for assessing the spatial fairness of accessibility to the infrastructure (stations and bicycles) of
bike-sharing systems (BSS). First, our goal is to develop a conceptual framework regarding spatial
fairness, which synthesizes the concepts of justice, social and spatial fairness, and distribution
rules. Then, we aim to qualitatively understand how underprivileged people perceive the spatial
fairness of a local bike-sharing system. Due to the availability of pre-existing data, we considered
the case of non-motorized households feeling socially excluded in Strasbourg, France. Finally,
our third objective is to develop and apply a method to quantitatively identify which distribution
rule, or a combination of rules, is or are present in the supply distribution of a bike-sharing system.
Because of a lack of fairness assessment in HBSS in the literature and data availability, we applied
the methodology in the city of Munich, Germany. Thus, is the distribution of the supply of the bike-
sharing system in Munich according to the demand, to those that contribute the most, to those
who need it the most, is it equally spread, a mixture of them or none of them?

The following section discusses the conceptual framework of spatial justice assessment, which
is the theoretical core of this study, including a literature review of previous work on assessing
spatial fairness on BSS's supply. In the third and fourth sections, respectively, qualitative and
guantitative assessments of the fairness of BSS, including an explanation of the methods used in
and results yielded from these two methodological approaches. This paper then concludes with a
discussion of the results and future applications of both assessments.
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5.2 Conceptual framework on spatial fairness assessment

To introduce the terminology used in the paper, we developed a conceptual framework for de n-
ing spatial fairness assessment inspired by the justice judgment theory. Justice judgment theory
explains how individuals perform a fairness assessment based on justice rules (Leventhal, 1980).
Justice and fairness are two different concepts, although in some literature they are considered
to be the same (Goldman and Cropanzano, 2015), and in some languages (e.g. Spanish, and
French) have only one term to describe both. According to Goldman and Cropanzano (2015),
justice involves morally required rules, which tend to be shared by different groups of people, with
some considered to be universal (e.g. human rights) and others may vary depending on the cul-
tural or circumstantial context (Leventhal, 1980). Fairness is a subjective assessment of whether
or not justice rules are implemented in a morally worthy way (Goldman and Cropanzano, 2015).
What is fair for one person, however, might not be fair for others.

Cropanzano et al. (2015) classi ed justice rules into four categories: a) distribution rules; b)
procedural rules; c)interpersonal rules; and d) informational rules. In this research, we focus on
distribution rules, which are de ned as “the individual's belief that it is fair and appropriate when
rewards, punishments, or resources are distributed in accordance with certain criteria" (Leventhal,
1980). There are multiple distribution rules and this paper focuses on the three most commonly
applied in literature, which are equity, equality and ef ciency (Talen, 1998; Leventhal, 1980). These
three rules are de ned as follows:

1) Equity or vertical equity or needs rule. In this rule, resources are distributed according to
the people's needs, therefore, following a broad justice focus. It has also been de ned as
an “equal treatment for equals and unequal treatment for unequals" (Leventhal, 1980; Talen,
1998).

Two categories of needs can be assessed under the equity rule: 1) abilities and 2) social
and economic opportunities (Litman, 1999). Social and economic opportunities take into
account, for example, sociodemographic attributes (e.g. gender, age, race, migration back-
ground, language, income, education, values, social status, occupation, milieu, etc.), and
accessibility to opportunities (e.g. jobs, education, health, social and recreational facilities,
public transport, vehicle ownership, information, technology) (Geurs and Van Wee, 2004).

II) Equality or horizontal equity. This rule involves the equal distribution of resources, regardless
of the different needs or abilities of people (Leventhal, 1980; Talen, 1998). “No agent is
privileged over any other agent” (Varian, 1975), and “no agent prefers any other agent's
bundle to his own" (Varian, 1974). It follows an intermediate justice focus. Examples of
equity include human rights and laws equally applied to all people in a given area.

[II) Ef ciency or contributions rule. Resources are distributed according to people's contributions
(Leventhal, 1980). In other words, the allocation is according to the usage and therefore,
willingness and ability to pay (Leventhal, 1980; Talen, 1998). Then, this rule presents a
narrow justice focus.

Hirsch et al. (2019) classi es these rules into social or spatial categories. In this study, social
fairness assessment refers to who gets the resources and who does not, and spatial fairness is
related to whom and where the resources are being allocated. Thus, a spatial fairness assessment
determines if the spatial allocation of resources follows a rule of spatial equity, equality, ef ciency,
or a mix of the three (Figure 5.1). This concept may help to estimate the acceptance of the alloca-
tion. Additionally, distributors may have a conceptual tool to assess which rule(s) the allocation of
resources follow and whether the distributors, or the people affected by the distribution, consider it
to be fair, or not.
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Figure 5.1: Conceptual framework on spatial fairness assessment. Inspired in: (Leventhal, 1980;
Goldman and Cropanzano, 2015; Talen, 1998; Lucy, 1981; Cropanzano et al., 2015; Geurs and
Van Wee, 2004, Hirsch et al., 2019)

5.2.1 Conceptual framework on spatial fairness assessment applied on BSS's in-
frastructure

Gossling (2016) classi ed urban transportation resources to be distributed in terms of exposure,
space and time. He de nes space as having three components: area used, infrastructure, and
access. In this paper, we focus on assessing the fairness of spatial distribution in terms of infras-
tructure and accessibility.

In this section, we describe ve hypothetical cases of distribution rules on BSS infrastructure
in a service area related to two extreme conditions: 1) privileged area and 2) underprivileged area
(see Figure 5.2). For allocation, we refer to which distribution rule (spatial equity, equality, ef -
ciency, or a mix of the three) are followed in the location of infrastructure, including stations and/or
availability of bicycles. Therefore, this exempli cation can represent all types of BSS, regardless
of whether they are SBBSS, FFBSS, and HBSS.

We distinguished ve hypothetical of BSS infrastructure following the above-mentioned distri-
bution rules (see Figure 5.2). In the case of spatial equity (I), most of the infrastructure would
be allocated in underprivileged areas, while for spatial ef ciency (Ill) most of the infrastructure
would be allocated in privileged areas. Spatial equality (1) would allocate the infrastructure equally
throughout the service area. Now the question arises of whether more than one rule can occur
at the same time. The hypothetical case would be in a service area without a clear distinction
between privileged and underprivileged areas. For example, spatial ef ciency and spatial equity
rules (IV) would be present at the same time when the infrastructure is not equally spread in the
service area and there is not a clear distinction between privileged and underprivileged areas.
This case may also occur whether those who contributed the most (ef ciency) are the underprivi-
leged (equity). Finally, the three rules would be present (V) in the hypothetical case where there is
no clear distinction between privileged and underprivileged areas and the infrastructure would be
equally spread throughout the service area.

In the next sections, we use the conceptual framework to qualitatively and quantitatively identify
which distribution rules our case studies follow.
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Figure 5.2: Hypothetical cases of BSS infrastructure following different distribution rules

5.3 Qualitative assessment

The qualitative assessment aims to understand what is the spatial fairness perception of underpriv-
ileged people. We chose the city of Strasbourg in France as a case study based on data available
from interviews with individuals from non-motorized households (NMH). We included variables
linked to spatial fairness aspects in a lexicometric (content) and traditional qualitative data analy-
sis. The focus on non-car-owning households in the case of spatial justice as it relates to mobility
re ects the fact that “[. . . ] there is a disconnect between the mobility needs of low-income, non-car
owning citizens to move and act freely within compact and walkable cities and the development
trend for segregated, gated, car-friendly and gentri ed settings, which correspond with the lifestyle
preferences of middle and higher class populations (Barter, 1999; Soja, 2010)" cited by Lucas
et al. (2016).

There is also a compelling aspect related to sustainability since by not possessing a private
car, these households' lifestyle is more sustainable from a mobility perspective by relying on less
carbon-intensive transport modes (including cycling). This decrease in energy use is observed in
multiple aspects of life as Tabbone (2017) found that in France, NMH use on average 9% less en-
ergy than their motorized counterparts (calculated on the energy usage of households only when
at home, in order to exclude any mobility-related energy savings). The qualitative assessment also
integrated comparative investigation between participants feeling socially excluded as it related to
mobility and those who do not. Social exclusion is a phenomenon linked to the unequal participa-
tion of individuals in society, which we consider as the opposite of social inclusion. This part of the
work focuses on the role that mobility and transport play in social exclusion, so we refer to mobility-
related social exclusion. Schonfelder and Axhausen (2003) linked social exclusion and mobility by
claiming that transportation systems can help to perpetuate social exclusion through exorbitant
costs in time or money for vulnerable groups. According to them, adding the issue of transport
to social exclusion allows a better consideration of the spatial aspect of the exclusion related to
activity areas (Schonfelder and Axhausen, 2003). According to McCray and Brais (2007), social
exclusion occurs when portions of the population are prevented from participating in activities that
affect their quality of life. They warn that this “isolation may be created by a lack of transportation,
and/or housing policies that isolate the poor, elderly, and disabled from activities in space and time"
(McCray and Brais, 2007).
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Figure 5.3: Composition of the sample for interviews

5.3.1 Methods

This part of the research is based on empirical work consisting of 27 interviews with represen-
tatives from non-motorized households in Strasbourg, France (Villeneuve, 2017). The interviews
focused on the daily mobility behavior, accessibility and perceptions of being socially excluded ac-
cording to mobility. The participants were drawn up at random combining recruitment techniques
(social networks, interest groups, banners, and snowball method) while looking for a variety of
attributes: household types, income levels, and gender to gather different perspectives. Figure 5.3
shows attributes of the sample by gender, household types, age of participant and income level,
attesting to sample diversity.

Since in this paper we focused on issues of spatial fairness, our analysis included variables
linked to social and economic aspects of spatial equity. This included age, gender, income level,
possession of a driver's license, membership in a car-sharing system, possession of a monthly
public transit pass, household type, ownership status of the residence, residential location and
socially excluded feeling as it relates to mobility.

We combined conventional qualitative data analysis and a lexicometric analysis to understand
the position of the interviewees on BSS. Only the portion of the interview related to bike-sharing
was included in the analysis. The qualitative data analysis was performed using the RQDA soft-
ware (Huang, 2016) with inductive coding. The conventional method of qualitative data analysis
provided information directly from participants without imposing preconceived categories (Hsieh
and Shannon, 2005).

The lexicometric analysis was performed by using the software IRaMuTeQ (Ratinaud, 2009).
This open-source software uses the method known as ALCESTE (co-occurring lexemes analysis
in simple statements of a text) developed by Reinert, 1983 (Reinert, 1983). In order to perform
this analysis, we transcribed the entire contents of the 27 interviews. The content of the interviews
was structured by characterizing the speech with sociodemographic variables and the specic
guestion of the interview guide. For example, the answers to a speci ¢ question are grouped
into a single body of “statements" which is then analyzed with the software and each response is
associated with multiple variables, including the age, gender, income level, etc. of the individual
who responded. This part of the analysis took place on the entire group of participants, allowing to
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compare the statements of those feeling socially excluded about their mobility and those who do
not.

5.3.2 Results

— Lexicometric analysis —  In our empirical investigation of the perception of non-motorized par-
ticipants about BSS in Strasbourg, we used a lexicometric analysis to compare the statements
of the participants based on various socio-demographic variables. We found signi cant variance
with three variables: the feeling of being socially excluded as it relates to mobility, the income level
and gender. We found that the participants that felt socially excluded were less likely to discuss
cycling in general (-1.3 times) and bike-sharing (-2.4 times) than those who did not express that
feeling. It shows that for that group, cycling and bike-sharing, in particular, don't appear as viable
mobility alternatives. When comparing the statements of the three income levels, we noticed that
those with an intermediate income level were more likely to discuss bike-sharing (+2.1 times) and
those with modest income were the least likely to discuss it (-0.6 times). This indicates that for the
modest income group, BSS was less considered as a mobility alternative. Finally, we compared
the statements of women and men and found that women were less likely to mention bike-sharing
(-1.6 times) than men. This could imply that BSS is answering the needs of men more than those
of women.

— Qualitative Data Analysis—  Figure 5.4 shows the coding structure that resulted from our analy-
sis. The main topics discussed by the participants revealed by our inductive coding were the users
of BSS, their structural aspects of BSS, the positive and negative aspects of BSS and their usage
of BSS. We also coded the material using our deductive codes of the types of fairness criteria
discussed by the participants.

The Users of BSS  The participants often mention whom they think is the target of BSS, who is
using it. We found that they didn't think BSS was meant for them. Rather the participants said that
BSS was for rich people, tourists or students. They said it was certainly not for the poor and not
targeted at those who need it the most. For example, Sabine said:

“It's mostly for students" Woman, 28 years old - Strasbourg area (Neudorf) - Income:
af uent - Household size 2 people, car-sharing member, feels socially excluded.

Structural Aspects of BSS Participants discussed certain structural aspects of BSS. Regard-
ing funding BSS, the participants would rely on public authorities subsidies, potentially using gas
tax for this purpose. They also mentioned some aspects regarding the usefulness of combining
BSS and public transport. The analysis reveals that some NMH in Strasbourg would like to see
BSS encouraged. Finally, they mentioned that BSS have an impact on the number and usage of
privately-owned bicycles.

Positive and Negative Aspects of BSS The participants who mentioned BSS also discussed
some positive aspects. They said the system was successful, practical and simple to use. The
analysis shows that some NMH in Strasbourg think that BSS could reduce the problem of bike
theft in their city. They speci cally referred to the actual bicycles which were described to be better
than private bikes; requiring no maintenance and in the long run, being cheaper than owning a
bicycle. For example, Samuel said:

“There is no maintenance constraint" Men, 24 years old - Strasbourg area (Contade) -
Income level: Intermediate - Household type: Couple - Household size: 2 people - Car
sharing: No - Doesn't feel socially excluded.
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Figure 5.4: Qualitative data analysis
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The participants also described one negative aspect of BSS as they thought it might raise the
risk of con icts between riders and pedestrians who are sharing the same space.

Own Usage of BSS Although many participants discussed BSS, not all of them were active
users of the system, for example, Naomi said:

“So I've never used BSS, it is not bad, but | think it's for tourists, for people who visit
[...] but I personally do not use it." Women, 38 years old - Strasbourg area (Wihrel) -
Income level: Intermediate - Household type: Single-parent family - Household size: 3
persons - Car sharing: Yes - Feels socially excluded.

Fairness Aspects  Since none of the participants commented on the type of fairness assessment
associated with BSS in Strasbourg and this was not a speci ¢ topic of discussion we cannot
state their perception of the distribution rules of the BSS as implemented. However, the equity
distribution rule of spatial fairness was the only rule discussed. Some of the participants discussed
a negative opinion on fairness and equity aspects without being prompted by the interviewer. For
example, Sabine relates that:

“I don't know if there are a lot of people in the disadvantaged neighborhoods who
have a BSS subscription which is more like students and people like me so it may not
be for the right audience™ Women, 28 years old - Strasbourg area (Neudorf) Income
level: Af uent - Household type: Couple - Household size: 2 people- Car-sharing: Yes
member - Feels socially excluded.

We can summarize that even though BSS had an overall positive image, the participants felt
that the system might end up being inequitable when using a broad focus of justice as they might
not be targeting the most disadvantaged population.

5.4 Quantitative assessment

In this section, we describe the method used to identify which rule(s) (spatial equity, equality,
ef ciency) are re ected by the distribution of the bike-sharing system infrastructure (stations and
bicycles). First, we discuss how fairness in BSS has been assessed in existing research. Then,
we present a methodological framework and show how we apply this framework to assess a HBSS
in Munich, Germany.

5.4.1 Previous work on quantitative spatial fairness assessment on BSS

In the literature, spatial fairness in BSS has been quantitatively assessed primarily based on spa-
tial equality and spatial equity. Commonly, fairness in BSS is not assessed in terms of spatial ef -
ciency, but rather ef ciency as a strategy for optimizing the location of stations (Garcia-Palomares
et al., 2012; Buttner and Petersen, 2011; Frade and Ribeiro, 2015) and balancing strategies (Liu
et al., 2015; Contardo et al., 2012).

In previous research, spatial equality and spatial equity have mainly been assessed using four
accessibility indicators: a) observed demand, b) bikes availability, c) proximity to or density of the
infrastructure, and d) “walking-cycling-walking" accessibility to activity locations (Chen et al., 2019).
The concept of accessibility helps to assess access to certain mobility systems for different social
groups in terms of users' abilities as well as social and economic opportunities. There are multiple
de nitions for accessibility (Geurs and Van Wee, 2004). In this paper, we will consider accessibility
as “the extent to which land-use and transport systems enable individuals to reach activities or
destinations employing a combination of transport modes" (Geurs and Van Wee, 2004).
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Table 5.1: Representative studies related to spatial equity assessment in BSS

Reference
Il I} v Vv vi vIl vl IX X Xl Xl
BSS Type SBBSS X X X X X X X X X
FFBSS X X X
HBSS
Descriptive
statistics /
tests
Assessment Correlation X
method Regression X X X
Plot and/or X X X X X X
maps
Observed de- X X X
mand
Accessibility  Availability X
indicator Proximity  / X X X X X X X
density
Accessibility X
to location
Attributes Sociodemograg X X X X X X X X
Deprivation X X X X
index
Neighborhood X
Census block X X X
group
Spatial Census tract X X X X
unit Postal zone X
Individual X
level - Syn-
thetic pop.
USA X X X X X X X
Country Canada X X
UK X X
Brazil X

X X

I: Chen et al. (2019), Il:Mooney et al. (2019), Ill: Yan and Howe (2019), IV:Couch and Smalley (2019), V: Ogilvie and
Goodman (2012), VI: Fuller et al. (2011), VII:Ursaki and Aultman-Hall (2015), VIII: Bhuyan et al. (2019), 1X: Hosford
and Winters (2018), X: Clark and Curl (2016), XI: Smith et al. (2015), XII: Duran et al. (2018)

Studies addressing spatial equality and accessibility often use the Gini coef cient and Lorenz
curve for their assessment (Van Wee and Geurs, 2011; Chen et al., 2019). The Lorenz curve is a
cumulative line of the prevalence of the population versus the cumulative prevalence of a certain
resource or attribute. The Gini coef cient is the ratio of the area between the Lorenz curve and the
45-degree line, and the total area under the 45-degree line. A Gini coef cient of 0 means perfect
equality (everyone gets the same amount of resources) and a value of 1 means perfect inequality
(only one agent gets all resources) (Gini, 1936).

Table 5.1 presents an overview of existing research on spatial equity of BSS, including the
assessment methods, accessibility indicators, attributes, spatial units, and study areas used in
the research. Commonly, the spatial equity assessment determines which social groups living in a
spatial unit of analysis are higher correlated to a certain accessibility indicator to BSS's supply (e.g.
availability). Most of the literature studied SBBSS in English-speaking countries, especially in the
United States. The most common spatial unit is census blocks or tracts, and most assess proximity
or density of the infrastructure with sociodemographic attributes using descriptive statistics and
statistical tests.

Generally, the four most commonly used methods in existing research to assess spatial equity
include: a) descriptive statistics and statistical tests, e.g., Student t-test (Ursaki and Aultman-Hall,
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Figure 5.5: Quantitative spatial fairness assessment framework
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2015) and Analysis of Variance (ANOVA) (Chen et al., 2019), b) correlation, e.g. Spearman corre-
lation (Yan and Howe, 2019), c) regression, e.g. linear regression (Ogilvie and Goodman, 2012),
poisson regression (Couch and Smalley, 2019; Fuller et al., 2011), multivariate logistic regression
(Winters et al., 2019), and spatial regression (Smith et al., 2015)), and d) maps & plots (Chen et al.,
2019). Finally, the social attributes mainly used in existing research are sociodemographic or spa-
tial deprivation indexes, such as the subgroup in equity index (Stuart et al., 2009), Bike Equity
Index (BEI) (Prelog, 2015), economic hardship index (Montiel et al., 2004)), Pampalon Depriva-
tion Index (Pampalon et al., 2012), vulnerability index (Deboosere and El-Geneidy, 2018), among
others.

5.4.2 Methods

After selecting a bike-sharing system as a case study, the rst step in the quantitative assessment
method (see Figure 5.5) is selecting and collecting the input data: a) a spatial analysis unit, b) a
unit representing accessibility to supply, ¢) a unit representing demand, d) the social attributes rep-
resenting the privileged and underprivileged populations, and e) a unit representing the amount of
underprivileged population living within a given spatial analysis unit. We call this metric deprivation
index (DI).

The process continues by calculating the Gini coef cient of the supply accessibility unit in the
spatial analysis units. When the Gini coef cient is low, we assume that the system follows the
spatial equality rule. Otherwise, if the Gini coef cient is high, we assume that the distribution
has an unequal allocation of infrastructure. To analyze the possibility of multiple distribution rules,
we multiply the accessibility of the supply by the DI, and then we recalculate the Gini coef cient
(Gini_DI_weighted). If the Gini coef cient is similar to the Gini_DI_weighted, we assume that the
distribution follows an equity rule additionally to the equality rule. Because the Gini coef cient
remains constant after the weighting, this means that underprivileged people live equally spread in
the area of study. Similarly, we calculate Gini_D_weighted by multiplying Gini with demand and if
it remains similar to the Gini coef cient, we assume that the supply also is distributed according to
an ef ciency rule. Finally, when Gini_DI_weighted is similar to Gini_D_weighted, it can be deduced
that the distribution follows the three rules.

On the other hand, when the Gini coef cient is high, we proceed to evaluate spatial equity
and ef ciency instead of equality. We propose a high-level analysis as well as a deeper one. The
shallow analysis aims to carry out a Spearman's correlation test (Spearman, 1904) for DI and
demand with the supply accessibility. We performed a Spearman’s rank correlation test due to the
possibility of outliers, extreme values, and non-normal distribution. If the monotonic relationship
is positive between DI and the supply accessibility, we assume that the distribution rule is spatial
equity because the supply is aimed at the underprivileged, otherwise if the supply is aimed at the
privileged the distribution follows an inequality rule. Similarly, if demand is positively correlated with
supply accessibility, the system is spatially ef cient, i.e. there is greater accessibility to the supply
where people who can contribute monetarily to the system. Therefore, if accessibility to supply
does not correlate positively with demand, the system is inef cient because it cannot sustain itself
over time without external nancing.

The deeper analysis focuses on exploring which social groups live in areas where there is
greater supply accessibility. If privileged groups have greater access to the supply, we assume the
distribution follows a spatial ef ciency rule. However, if underprivileged groups live in areas with
greater supply accessibility, we assume that spatial equity is the distribution rule.

Referring to Table 5.1, we evaluated the social groups living in areas with greater supply ac-
cessibility in three ways:

1. Visual comparison between heat maps of demand, being the accessibility to the supply and
DlI.
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2. Spearman’s correlation test, It is used to analyze which social groups live in areas that posi-
tively correlate with accessibility to supply.

3. Feature selection and regression. They are performed to explore which social groups (in-
dependent variable) have a higher positive or negative association with supply accessibility
(dependent variable 1) and to the demand (dependent variable Il). This helps us to under-
stand who has access to the system and who uses it. If those who have access and use the
system are the same social groups, the distribution is oriented to the ef ciency rule. We con-
sider Ordinary Least Squares (OLS) with a transformation (e.g. logarithmic or square root)
of the dependent variable in case of heteroscedasticity issues as the regression method. We
assume that multiple social groups might be correlated with each other. Therefore, we apply
the LASSO (Least Absolute Shrinkage and Selection Operator) method (Tibshirani, 1996)
for feature selection to avoid multicollinearity issues and to explore the social groups most
associated to the supply accessibility and to the demand. The LASSO technique shrinks
the coef cients of the regression, both increasing stability and retaining the variables with
the highest association to the outcome. In other words, LASSO does variable selection and
shrinkage. The selection of the shrinkage coef cient s critical in this technique because
the number of variables considered for the model depends on this value. Therefore, we have
to calculate the cross-validation error for each value of and select the with the smallest
error (James et al., 2013).

4. Mann-Whitney U test for non-parametric data (Mann and Whitney, 1947). It is used to evalu-
ate if two groups differ in a single continuous variable. The continuous variable would be the
percentage of different social groups living in the spatial unit of analysis. These percentages
are compared according to four different groups of spatial analysis units that are divided
according to the median of the demand and accessibility to supply:

Type I. Low accessibility to supply and low demand. The rst case of these areas may
have a lack of supply because there is no (potential) demand. It can, however, be a lack
of demand due to a lack of supply.

Type Il. Low accessibility to supply and high demand. These areas are critical, where
there is demand, but where there is not enough accessibility to supply. They may be
potential places for locating stations and focusing re-balancing strategies to bring more
bikes to these areas.

Type lll. High accessibility to supply and low demand. These areas present an over-
supply, where potential bikes dropped-off in these areas are used or re-balanced after
a long time.

Type IV. High accessibility to supply and high demand. The system performs ef ciently
in these areas.

The alternative hypothesis for the test is whether the percentage of social groups living in
type |, Il and Il areas are signi cantly different from living in type IV areas. Thus, the critical
situation are social groups that live signi cantly less in type IV areas than in type | or type lll,
or primarily in type Il areas.

Finally, spatial equity and ef ciency would be present simultaneously if DI and demand are
positively correlated with accessibility to supply, meaning that privileged and disadvantaged groups
both live in areas with greater accessibility to supply. In these cases, there may be an unequal
distribution of accessibility to the supply among social groups that are not de ned by wealth (e.g.
in terms of the social milieus discussed in the next section). The same procedure would apply to
assess other levels of conict.
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5.4.3 Application of the method

We carried out a quantitative spatial fairness assessment of the HBSS introduced in the City of
Munich in 2015. In 2017, the system included around 90,000 members with access to 1,200
bicycles and 118 stations (Rube, 2018). Users can pick-up and drop-off a bicycle either at stations
or anywhere in the public realm. If a bicycle is returned to a station, the user gets a discount of 10
minutes to be applied to a future trip. The use of a bike cost 0.08 euros per minute or 0.05 euros
per min for students. Users pay a maximum of 12 euros to use a bike for the whole day. There are
also packages in which, for 48 euros per half-year, one can use a bike for up to 30 minutes every
day. This half-year subscription costs only 12 euros for students (MVG Rad, 2019).

The data available for this system include the bicycles' position every ve minutes and the
location of the stations from mid-March until mid-April 2017 (Transit.robbi5, 2019). We used the
density of bikes' drop-offs as an indicator for demand, aggregated at the residential block level in
the study period. It is assumed that the end of a trip, which we refer to as the bike drop-off, is
when a bike “appears” in a new area. Bikes used longer than 150 minutes (approx. time to cross
the whole service area) and traveling less than 100 meters (min. distance to be considered a trip)
are excluded from the study. Bike drop-off points were used in the study, rather than bike pick-up
points because the location of the drop-off is assumed to be closer to the user's nal destination
than the location of the pick-up to the trip origin. Our approach was exclusively on a residential
level to analyze who lives in the areas where the system is serving mots accessible. The spatial
unit of analysis was 2,300 residential blocks with a predominant land use categorized as residential
from the ATKIS database (Vermessungsverwaltung, 2014).

— Availability of bicycles as an indicator for accessibility to the supply — Availability of bicy-
cles as an indicator of accessibility to the supply can be calculated in different ways, such as the
inverse of the idle time (number of bikes per day in an area) (Mooney et al., 2019) for FFBSS, or
the “ratio of [the] number of bicycles available to [the] station capacity (ranging from 0 to 1 - empty
through full)" for SBSS (Reynaud et al., 2018).

In this study, we developed an innovative concept de ning the availability of bicycles as the
time rate in which there is at least one bike available in a buffer of distance “d" from a point where
a user is willing to walk to access a bike-sharing system. The algorithm for the estimation of
the availability starts with assigning every bike drop-off to a spatial unit. We intersected the time
intervals between the bikes' drop-offs and the next pick-up per spatial unit. Finally, the availability
indicator per spatial unit is the rate between the intersection of the time intervals and the complete
period of time evaluated in the study.

Previous research studies have used distances ranging from 250 to 500 meters to calculate a
buffer of distance “d" to represent access to the systems (or service areas) or as a distance in which
a user is willing to walk to access BSS (Fishman et al., 2015; Fuller et al., 2011; Clark and Curl,
2016; Smith et al., 2015; Winters et al., 2019; Ogilvie and Goodman, 2012; Ursaki and Aultman-
Hall, 2015; Hosford and Winters, 2018; Winters et al., 2019; Duran et al., 2018). Therefore, to be on
the conservative side, and taking the recommended distance of BSS design guidelines (Yanocha
et al., 2018), we considered a distance d of 300 meters.

— Social milieus as social attributes — We wanted to assess spatial fairness by crossing the
barriers of traditional sociodemographics by using social milieus as social attributes. Therefore,
we used Sinus-Geo-Milieus information, which was provided by the marketing company Microm.
This data included the dominant milieu and number of inhabitants per address in Munich for 2014.

Social milieus are groups of people with similar values and life orientations de ned by everyday
practices and lifestyles and have tended to have similar tastes, communication structures, and
living environments (Barth et al., 2017). To explain the advantages of using social milieus, rather
than sociodemographic attributes, we use the example from Sinus-Milieus R (Sociovision, 2018).
In this example, we have two women who both are 36 years old, married with two children, and
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Figure 5.6: The Sinus-Milieus R in Germany 2018. Source: Sociovision (2018)
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working part-time in the marketing sector, therefore, they are considered to be sociodemographic
twins. These women were asked to show their “domestic altar" in an interview in their homes.
One woman showed a piece of furniture against the wall, under a shelf of liquor bottles. The other
woman, however, showed a wall where the skull of a bull was displayed. Although the two women
shared sociodemographic attributes, the differences in their “domestic altar" exhibit that the two
women have different lifestyles, values, live orientations, and that they belong to a different milieu.

The marketing company Sinus Sociovision has developed the Sinus-Milieus R approach, which
is one of the leading lifestyles approaches in marketing in Europe (Sociovision, 2018). Every milieu
is differentiated in terms of social-status and basic values (Figure 5.6). They clustered the German
population into ten different milieus) by using a questionnaire based on 40 questions (Schwarz and
Ernst, 2009) and around 24.000 interviews (Kuppers, 2018). These were constructed from the so-
called “information packages", which included aspects from life orientations to sociodemographics,
and values (Barth et al., 2017).

Sinus-Milieus R have been used in research, for example, to conduct agent-based modeling
(Schwarz and Ernst, 2009; Jensen et al., 2016), multi-agent simulation (Soboll et al., 2011), mar-
keting research (Diaz-Bone, 2004), as well as for understanding social changes (Manderscheid
and Trondle, 2008) and mobility preferences (Von Jens, 2018; Sinus Markt und Sozialforschung
GmbH, 2019). Sinus-Milieus R on a spatial scale are called Sinus-Geo-Milieus and are de ned as
the probability of every address in Germany to belong to a certain milieu group (Kuppers, 2018).
Sinus-Geo-Milieus use data from the interviews from Sinus-Milieus R, of cial national survey data
and data collected from the marketing company Microm (https://www.microm.de/ ) and applied a
multinomial regression model using the addresses in Germany to calculate the probability of each
house in Germany to belong to one of the ten milieus (Kippers, 2018).

We extended the analysis by aggregating the different Sinus-Geo-Milieus groups by residen-
tial area according to low (traditionalists, precarious, hedonists), middle (modern mainstreamers,
adaptive navigators and social ecologists) and high (established, liberal intellectuals, performers,
cosmopolitan avant-gardes) social status, as well as traditional orientation (established, liberal
intellectuals, modern mainstreamers, traditionalists, precarious) and progressive orientation (per-
formers, cosmopolitan avant-gardes, adaptive navigators, social ecologist, hedonists).

— Deprivation index — The Deprivation index DI in the spatial unit j de ned as the rate of the
prevalence of low social-status milieus in spatial unit j with the average of the accessibility de ned
by Geurs and Van Wee (2004) to the opportunities to basic needs, such as healthcare, social and
recreational facilities, education, transport, and proximity to the city center.

Milieu jow status
=n N [ 2 Di
I=n ., 1 e 2

DI = (5.1)
where D; is the distance from the spatial unit to the built environment opportunity i, n is the
total number of opportunities in the study and 1 and , are parameters of the decay function of
willingness to walk. As Chen et al. (2019) did, we used 1 =1:0126and , = 0:0013 from Zhao
et al. (2003), who measured the decay function for walking to public transport in feet, therefore,
we converted distances to feet. It is worth mentioning that accessibility to opportunities can vary
depending on the units of the chosen model parameters. For a comparison between different DI,
they should have the same metric units.

The indicator for the accessibility to basic needs was calculated as the distance of the spatial
unit to the following opportunities: town hall, main train stations, universities, supermarkets, play-
grounds, schools, pharmacies, kindergartens, hospitals, sports centers, cycle-ways, and public
transport stations. Built environment data was downloaded from OpenStreeMaps (OpenStreetMap-
contributors, 2017).
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— Feature selection and regression—  We carried out two regressions, one with the availability of
bicycles as the outcome and other using density of the drop-offs as the outcome. As independent
variables, we included the percentage of each social group in every residential area. Also, after a
recommendation of Bhuyan et al. (2019) in considering “residential population density, land use,
facilities, attractions, origin-destination trips, etc" in similar research, we add population density
and the walking accessibility to basic opportunities, which help to analyze whether a residential
block does not have access to BSS, to which other opportunities would not have access too. We
calculated walking accessibility similarly to the calculation of the denominator of DI (see Equation
1). Accessibility to the city center was the exception because walking accessibility would not
make sense because of the commonly great distance. Therefore, we considered the straight-line
distance from the centroid of the residential block to the town hall. To overcome heteroscedasticity
issues, the square root was calculated for the availability and the logarithm for the bikes drop-offs.
The independent variables were the groups of milieus, access to opportunities, and population
density. The logarithm of the independent variables was taken, in case the variables were not
normally distributed, as was the case of all the variables but for the distance to the town hall. Lastly,
the independent variable was log-scale because of the prominent skewness, and the independent
variables were normalized and due to the different units.

The entire analysis has been carried out using the R programming language (R Core Team,
2014).

5.4.4 Results

The quantitative assessment was carried out in residential blocks inside the service area of a HBSS
in Munich. Table 5.2 shows the descriptive statistics of the variables used in the assessment.

Heat maps Figure 5.7a, 5.7b, and 5.7c show the spatial distribution of the availability, bikes
drop-offs and the Deprivation index in the residential blocks inside the service area. Availability is
higher in residential blocks closer to the city center, especially in the north and northwest, where
the main universities are located, and in the southeast areas close to the main river. On the
other hand, availability is lower in the west, and northeast, which are areas with better rapid transit
connections. Drop-offs were also greater in areas close to the center and north of the city, but there
is a lower demand closer to the border of the service area. Because there is greater availability of
bikes and more drop-offs in the center and north, we can assume the supply of the system follows
an ef cient rule in these areas. The DI is higher in the north and south. Therefore, the system is
partially available for the underprivileged in the southern part, and re ects that this distribution is
based on the equity rule. However, overall the system does not re ect a clearly de ned distribution
principle but rather a mix of rules (equity + ef ciency ) with a predominance of ef ciency .

GINI coef cients. Figure 5.8 shows the Lorenz curves and Gini coef cients. The Gini coef cient
for the distribution of availability is 0.525. When weighted with the DI, GINI_DI_weighted is 0.470,
and nally, when weighted with the observed demand GINI_D_weighted is 0.311. Since the Gini
coef cient is in the middle range, we cannot assume that the system is spatial equal or unequal.
In this case, the other coef cients do not give us relevant information, but a possible tendency to
equity and ef ciency since the Gini coef cient decreases after weighting it with the DI and demand.

Spearman’s correlation. Figure 5.9 shows the Spearman's correlation matrix between the vari-
ables in the study. We can see a positive correlation between availability and the bikes drop-offs
(0.54) but also a weaker correlation between availability and DI (0.19). From the shallow analysis,
we assume that the distribution follows the rules of “equity + ef ciency" . However, the tendency
is towards ef ciency because the correlation is much higher. In the deep analysis, we observe
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Table 5.2: Descriptive statistics

Statistic Mean St. Dev. Min Pctl(25) Pctl(75) Max
Availability [%6] 27.33 25.95 0.00 3.92 47.16 98.99
Drop-offs [count/ha] 16.84 56.12 0.00 1.54 17.46 1,544.49
Population density [inh./ha] 90.84 66.73 0.78 34.00 138.14 421.61
Established [%)] 0.17 0.23 0.00 0.00 0.28 1.00
Liberal Intelectuals[%)] 0.17 0.21 0.00 0.00 0.3 1.00
Performers[%)] 0.11 0.15 0.00 0.00 0.18 1.00
Cosmopolitan Avant-gardes [%] 0.12 0.16 0.00 0.00 0.18 1.00
Modern mainstreamers [%] 0.07 0.11 0.00 0.00 0.1 1.00
Adaptive navigators [%] 0.09 0.12 0.00 0.00 0.13 1.00
Social ecologicals [%] 0.05 0.08 0.00 0.00 0.07 1.00
Traditionals [%6] 0.08 0.12 0.00 0.00 0.12 1.00
Precarious [%0] 0.03 0.08 0.00 0.00 0.02 1.00
Hedonists [%)] 0.09 0.15 0.00 0.00 0.13 1.00
BSS station [acc.] 0.16 0.17 0.00 0.03 0.24 0.97
Town hall [km] 4.05 1.32 0.98 3.03 5.10 7.52
Public transport station [acc.] 0.48 0.17 0.07 0.37 0.60 0.99
Cycleway [acc.] 0.65 0.19 0.07 0.51 0.81 1.02
Supermarket [acc.] 0.31 0.23 0.00 0.11 0.47 1.01
Pharmacy [acc.] 0.31 0.22 0.0001 0.12 0.46 0.97
Playground [acc.] 0.30 0.25 0.001 0.10 0.46 1.02
Bakery [acc.] 0.36 0.24 0.0002 0.15 0.55 0.98
Organic store [acc.] 0.13 0.18 0.00 0.01 0.18 0.92
School [acc.] 0.06 0.14 0.00 0.0001 0.05 0.90
Kindergarten [acc.] 0.22 0.22 0.0001 0.04 0.34 0.98
Hospital [acc.] 0.03 0.10 0.00 0.00 0.01 0.87
Sports Centre [acc.] 0.08 0.15 0.00 0.001 0.09 0.94
Community Centre [acc.] 0.04 0.11 0.00 0.0001 0.02 0.86
Low social status [%] 0.20 0.26 0.00 0.00 0.33 1.00
High Social status [%)] 0.57 0.34 0.00 0.25 0.90 1.00
Middle social status [%0] 0.21 0.19 0.00 0.05 0.33 1.00
Traditional orientation [%] 0.51 0.28 0.00 0.28 0.75 1.00
Progressive orientation [%] 0.47 0.28 0.00 0.23 0.70 1.00
DI 0.78 1.04 0.00 0.00 1.28 8.66
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