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Abstract

Cycling is a promising solution for making urban transport systems moe sustainable. The
planning of bicycle networks can be supported with computational concpts from network theory
applied to massive crowdsourced data sets, allowing for data-driveand potentially more e cient
decision-making. However, there is no consolidated methodology in thapplication of network
analysis to bicycle infrastructure. This study contributes to the consolidation of computational
methods for bicycle network planning by tackling the speci c task of identifying gaps in a bicycle
network. We show how the detection and prioritization of gaps in an urban hcycle network
can be automatized by topological network analysis of open source data from Op&treetMap
(OSM). To this end, we develop a four-step procedure (identify cluster, classify, and prioritize)
for nding the most important network gaps based on topological network metrics. We apply our
procedure to Copenhagen, Denmark, and report the 101 top priority gaps foud in the network.
To evaluate our results, we compare our ndings with the current Cycle Path Prioritization Plan
of the Municipality of Copenhagen, and nd considerable overlaps with dtizen survey data. Our
results show how network analysis with minimum data requiremens can serve as a powerful
and cost-e cient tool for bicycle network planning. Our procedure t akes into account the entire
urban bicycle network and can therefore meaningfully complement loalized, manual planning
processes for e ectively consolidating dense urban bicycle netwks.
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Chapter 1

Introduction

We start this chapter by outlining, in section [[.1] the overarching goal ofthis study: supporting a
mobility shift towards increased bicycle use by means of data-drive sustainable urban transport
planning. This sets the scene for the research question and researphan, described in section
[1.3. Sectior| 1.B gives an overview of previous work on the topic of gaps in bicke networks. After
that, the scope of the present study is outlined in sectiorf 1J4, wherehe spatial and temporal
limits of the case study, limitations of the input data and considered infrastructure types are
described.

1.1 Motivation: Towards a data-driven sustainable urban
transport planning

We live in an era of global change of unprecedented pace. The termnthropocene introduced
to describe the current geological epoch [1], is nhow commonly used im@ronmental research
and policy-making to illustrate the magnitude of human impact on the Earth System [2]. The
Brundtland report [3], published in 1987 by the United Nations (UN), sets the goal of achieving
sustainable development, i.e. nding a way to meet humanity's curent needs without undermin-
ing the wellbeing of future generations. Reaching this goal is one of thgreatest challenges of
the 215t century and will require substantial systemic shifts on many levés of human activity [4],
including the transport sector.

The transport sector (passengers and freight) is accountable for roughly anquarter of global
CO, emissions and currently represents the fastest-growing energynd use sector with respect to
emission quantities [5]. According to the Intergovernmental Panel onClimate Change (IPCC),
there is a high mitigation potential within the sector, with a modal shift to more sustainable
forms of transportation as one of the key mitigation options. However, it is al® clear that this
shift will not come about easily, given that both transport emissions and cemand for motorized
transport are on the rise globally [5]. In the face of an increasing trend inurbanization, with
two thirds of the global population projected to live in cities by 2050 [6], urban transportation
systems play a decisive role in the context of climate change mitigatin and sustainability. This is
re ected in the UN's Sustainable Development Goals (SDGs) assoal 11: Make cities inclusive,
safe, resilient and sustainablewhere providing a sustainable transport system for all citizens $
one of the key targets|[7].

As of today, there is not one single clear de nition of sustainable transport  { rather, the
implications of this term are still part of an ongoing debate [€]. In order to avoid terminological



complications, and in line with the sustainability concept as introduced by the Brundtland report
mentioned above|[3], our working de nition will be as follows: A sustainable urban transport
system is one that provides appropriate mobility options to all its citizens without compromising
ecosystem health|[5]. Although there is a wide range of sustainability idicators which vary from
study to study, there is some common ground within sustainable transprt research, often referred
to as the \triple bottom line" of (transport) sustainability: economy, e nvironment, and social
equity [9)]. It would be beyond the scope of the present work to furthe outline the corresponding
analytical framework. However, as will be argued below, a data-driven, amputational approach
to urban transport planning can be bene cial from all three sustainability perspectives.

Calls for a modal shift away from motorized transport towards more \green", i.e. environmen-
tally friendly, forms of urban mobility such as cycling and walking are becoming more persistent
[1Q]. Arguments brought forward in favour of such a modal shift are manifold,with many of them
simultaneously addressing environmental, economic and social eqyitdimensions. A clear-cut
advantage of shifting away from motorized transport is the subsequent eduction both in green-
house gas emissions and in material use, with a positive impact for climatchange mitigation and
air quality [11] 12]. From a transport planning perspective, cycling hasthe bene cial e ect of
reduced congestion| [13]; moreover, cycling is a highly exible and t@ble transport mode, both
in time and space, and allows to reach destinations that are not accessiblby public transport
[14,/15]. In many situations, cycling can be faster than driving|[16]. Thee is also a substantial re-
duction in land consumption, both for moving and parking vehicles, aseciated with a shift from
car to bicycle [17, 18], as has been conspicuously illustrated by Hermannri acher's \Gehzeug”
[19] shown in gure , or more recently by the online platform What the Street!? [20].

ET” 1 i To describe the unequal distribution of urban

' space amongst pedestrians, cyclists and car
users, Colville-Andersen|[22] coined the term
\arrogance of space”. The allocation of a ma-
jor part of available space to car infrastruc-
ture is prevalent in many contemporary cities
all over the world, and its mitigation would
in turn bring about an increase in urban live-
ability [23]. Socioeconomic bene ts of active
mobility modes such as cycling include physi-
cal and mental health improvements from in-
creased physical activity and car crash reduc-
tion [24, |25], as well as health bene ts from re-
duced air and noise pollution for all residents,
independently of their mobility patterns [26].

Figure 1.1: Hermann Kno acher's \Gehzeug": a

wooden construction carried by a pedestrian to vi- Bicvcl hib bei . inciol f
sualize the additional space they would require for ICycle ownership being, In principl€, more af-

themselves if driving a car instead. Image licensed fordable than car ownership, a modal shift to-
under CC BY SA 2.0 [21] wards cycling can also be bene cial from an
equity perspective [14,| 27]. This, however,
should be thoroughly scrutinized for the given
urban context [28], as e.g. not everyone can a ord to live in an area that is wihin cycling dis-
tance from their workplace. Recently emerging research also indicas potential equity bene ts
of taking up cycling from a gender perspective|[29, 30].
In short, there is enormous potential to be harnessed by \greening" thdransportation sector
through an increase of the modal share of cycling, both in terms of climatehange mitigation and
of socioeconomic (co-)bene ts. Best practice examples such as the therlands, where several



decades of policy-making and dedicated investment paved the way fa cultural turn of cycling

becoming a normalized mobility mode in a previously car-dominated uban context [31], demon-
strate that this goal is, in fact, an attainable one. However, it is also clearthat the task is far

from being trivial. The private car is, as of now, the most frequently used form of transportation
worldwide [32]. With the introduction of motorized transport, urban en vironments have under-
gone a radical transformation, sometimes referred to as \Modernist revaltion" [33], towards a

car-centric setup where cycling is marginalized|[34]. Already estaidhed infrastructure which

primarily caters to motorized transport may easily result in a so-called \carbon lock-in" [35]

and fostering of car-dependency [36] of the urban transport system. A sfemic shift towards a
sustainable urban transport system will thus require major joint e orts of citizens, policy-makers
and researchers across disciplines [37]. From a research perspeetia structured approach to
bicycle network planning along with a stronger theoretical underpiming is often called for as
necessary precondition for substantial modality shifts|[15] 34|, 38, 39]. Wh the aim of support-

ing a sustainable transition of the urban transport system, we envisin a data-driven systemic
approach to urban transport planning which favours cycling as mobility mode. This Master's
thesis aims at contributing to this goal by tackling a speci c task, namely identifying and classi-
fying gaps in urban bicycle networks, with the tools of topological netwok analysis using open
source data.

1.2 Research question and research plan

This thesis project will address the following research questin:

How can the detection of gaps in an urban bicycle network be automatized by m eans
of topological network analysis of open source data from OpenStreetMap (OSM) ?

The main goal is to set up a procedure for automatized gap
detection which uses exclusively topological data as input to

—_— ensure broad applicability and minimize data resources needed
Literature research & H i i
outining theoretical for data collection. The procedure will be app_hed to the stregt
framework network of Copenhagen as use case. Gaps will then be classi ed

according to a scheme which will be set up based on results.
The research plan, as illustrated in the ow diagram in g-

Data preprocessing < ure [L.2, consists of four main steps: outlining the theoretical

framework, data preprocessing, algorithm setup and testing,
I and evaluation of results. The process is non-linear as nd-
‘“'9"”{2;’;::‘“9& «—— ings from one step bring about needs of adapting procedures
in previous steps: testing the algorithm and evaluating the re-
,—\I sulting gaps might repeatedly reveal necessary changes in data
preprocessing and algorithm setup.

Evaluation of results ——/

Literature research and the setup of a theoretical frame-
work focuses on the application of methods from network anal-
ysis to bicycle network planning. Data preprocessing includes
all steps that are necessary to get from raw OSM data of a
city to the street network which the gap-identifying procedure
uses as input. The algorithm setup consists of several steps:
rst, a formal working de nition of a \gap" is outlined, and an algorithm for gap i denti cation
is set up. Then, a metric for ranking gaps by relevance is de ned. Tk algorithm and the
ranking metric are then tested on the use case of Copenhagen, with atisf most relevant gaps

.~ @/

Figure 1.2: Research plan

10



as preliminary result. Lastly, we visually inspect resulting gaps b evaluate and possibly adjust
gap de nition, algorithm steps and/or the chosen ranking metric. While the gap-identifying
algorithm will be applicable to other input data as well, the resulting classi cation scheme will
require context-dependent adaptation for other cities.

To make the procedure for data processing, algorithm application and analsis available and
results reproducible, the code is published on GitHub:

https://github.com/anastassiavybornova/msc-bikegaps

1.3 Previous work on gaps in bicycle networks

It is often argued that continuous bicycle infrastructure and visually well distinguishable road
categories provide higher safety and lower stress level for all usef&5]. Numerous studies have
investigated the connectivity of bicycle infrastructure elemerts; see sectiofi 2J4 for terminological
de nitions and a review of connectivity-related concepts within bicycle planning research. Nev-
ertheless, few attempts have been made so far to explicitly ideify the gaps (also often referred
to as \missing links") on an equally high level of spatial resolution as intended in the present
study. Without the claim to comprehensiveness, we list below seeral examples of studies that
the present work can be aligned with in terms of motivation, approach or scop.

llie, Oprea, et al. [40] conducted a case study in the city of Dej in Romania by applying
the Bicycle Level of Service (BLOS) concept|[41] to a bicycle networlplanned from scratch and
then de ning the street segments with the lowest BLOS score as gapsiithe planned network
[40]. The Propensity to Cycle Tool (PCT) by Lovelace, Goodman, et al. [42] identi es high
potential for bicycle infrastructure usage on a regional scale by means of igin-destination tables.
Oblein [43] recently proposed a heuristic for optimizing bicycle mfrastructure upgrading based
on cyclist ow estimated from empirical census data. Within the same local context as the
present study, Rahbek Vier [44] applied network analysis concepts tothe bicycle network of
Copenhagen, aggregating the network data, e.g. by assuming continuous infrlacture if a gap
of a length below 3m is present, and assessing connectivity parameteat neighbourhood level.
Lastly, the current Cycle Path Prioritization Plan 2017-2025, published by the Municipality of
Copenhagen|[45], contains a list of empirically identi ed missing lirks on the Gr nne Cykelruter
network, which is aimed at cyclists who prefer quiet and less busypaths (e.g. recreational cyclists,
children).

While all of the studies listed above partially overlap with the present work in terms of
motivation, methods, and/or scope, no previous study that identi es and prioritizes gaps in an
urban bicycle network based solely on topological network data could be fouhin the literature.
A broader review of literature on the application of network analysis to bicycle networks is given
in section[2.4.

1.4 Study scope

In this section, we will outline the scope of the work: spatial and temporal limits of the case
study, limitations of the input data and considered infrastructure types.

1.4.1 Case study: Copenhagen, Denmark

The municipality of Copenhagen is currently striving to become verdens beste cykelby the
\world's best cycling city” [46]. Indeed, Denmark's capital is well known for its cycling culture
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https://github.com/anastassiavybornova/msc-bikegaps

and often cited as best practice example for bicycle-friendly urbandesign [17]. The fact that
Copenhagen managed to position itself as a role model for bicycle-friehdcities is due both to

its favourable cycling policies and to its well-coordinated markeing e orts [31| 47]. The absence
of a signi cant automotive industry in Denmark [48] can be seen as main pointin favour, as

no major political hurdles need to be overcome when it comes to innment in non-motorized

transport [36]. Furthermore, in the case of Copenhagen, considerable p@r of today's bicycle

infrastructure were already in place prior to the motorization boom starting in the 1950ies. Over
the past decades, an increasing political will to promote a more sustagble urban transport

system has allowed for a continuous expansion of the bicycle network i@openhagen|[23]. Other
attributes that are often cited as contributing to the high modal share of cycling in Copenhagen
are the virtual absence of steep slopes, with hilliness possibly b# a major obstacle for cycling
in other geographic contexts|[15} 49], and the fact that commuter cycling was atady widespread
historically [50] prior to the rise of car use.

Since the 1990ies, the City of Copenhagen publishes a bienni@lykelregnskab(Bicycle Ac-
count) and a regularly updated Cykelsti-Prioriteringsplan (Cycle Path Prioritization Plan {
CPPP). The Bicycle Account contains data on cycling as a mobility mode citizen surveys, polit-
ical goals and investment plans for bicycle infrastructure in Copenhage. In line with the CPH
2025 Climate Plan [51], the latest Bicycle Account from 2018| [46] sets several miity targets to
be reached by 2025: reducing the modal share of cars for all trips to/from/in Cognhagen from
32% to 25% and increasing the modal share of cycling for trips to/from work or edcation from
49% to 50%. The current Cycle Path Prioritization Plan for the period 2017-2025 f#15] contains
an overview of foreseen infrastructure improvements and measurgs$argeted at increasing the
modal share of cycling, which are split into ve categories:

~ Adding bicycle infrastructure (paths, lanes, sharrows) on specied roads
" Improving the tra ¢ conditions for cyclists at speci ed intersec tions

" Widening of speci ed cycle paths

Improving the Supercykelstier network

Improving the Gr nne cykelruter network

The last three categories, i.e. the widening of cycle paths, the Swgrcykelstier, and the Gr nne

cykelruter networks, are outside of the scope of the present studyFor the rst two categories,

i.e. missing bicycle infrastructure and problematic intersectons, the results from a citizen survey
that has been conducted in the frame of the Cycle Path Prioritization Plan will be used to
qualitatively assess the validity of our ndings (see sectiong 2.5]3 anf8.7).

1.4.2 De ning the bicycle network

The basic spatial limits of the use case network correspond to the bouraties of the munici-
pality of Copenhagen. Frederiksberg, which is formally another munigpality, is included out of
practical considerations, given that it is enclaved within the city of Copenhagen. From a practi-
cal viewpoint, assuming city limits as network boundaries makes semsinsofar as cycle network
planning is commonly undertaken by local governments or administratve units |15,/52]. How-
ever, given that the thus de ned network boundaries are administrative rather than physical,
and many infrastructural elements do continue across administrativeboundaries, this approach
might introduce a bias towards the city center, with detrimental consequences for the periphery.

Section[2.4.3 provides a more detailed outline of this problem, whiclis known as \network edge
e ect”.
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We include only protected bicycle infrastructure in our analysis, meaning that the bicycle
network consists only of protected infrastructure and does not inclule e.g. unprotected cycle
lanes or sharrows. The rationale behind de ning only protected bicyde infrastructure as part of
the bicycle network is that a designated cycling infrastructure, including a physical separation
from motorized tra c, increases both subjective and objective safety for cyclists [15, 53]. There
is a wide agreement on the bene ts of protected bicycle infrastructire for utilitarian cycling [50,
54,55, 56]. Ultimately, the motivation is \planning for the vulnerable" [57]. F or our purposes, we
will therefore de ne protected cycling infrastructure as infrastructure that is physically separated
from motorized tra ¢, without distinguishing on-road/o -road subcategorie s (for a more detailed
account on infrastructure types and their impact on cyclist behaviou see e.g. Veillette, Grise,
and EI-Geneidy [58]). We shall call this type of infrastructure cycle path or protected bicycle
infrastructure  (the terms are to be used interchangeably).

We now give a brief overview of other commonly used terminological dishctions of bicycle
infrastructure. The CROW manual [15] describes three layers that an be distinguished within
a city from a network perspective: the basic structure, the main bcycle network, and bicycle
highways. The basic structure refers to the physical presence gbathways; the main bicycle
network is the network of bicycle infrastructure, where \coheren®" is a relevant factor (see
section[2.4 for a detailed account of terminology); and bicycle highways @ strategically placed
additional links that are meant to provide for higher cycling speed andthus do not need to
be \coherent". Next, the CROW manual [15] classi es bicycle infrastructure into \cycle lanes"”,
which are not physically separated from motorized tra c, and \cycle paths ", which are physically
separated from cars. Cycle paths are further classi ed into two subategories: \segregated cycle
path" and \solitary cycle path"; the former is related to an adjacent road whi le the latter is not.
Within OSM data, similarly to the CROW manual, two main categories for b icycle infrastructure
are used: \cycle lanes", which are not physically separated from motorizeé tra c, and \cycle
tracks", which are physically separated from cars|[59]. In line with ths, the literature review by
Dill and Buehler [60] de nes the same broad categories, calling them \cyle lane" (no physical
separation from motorized tra c), \cycle track" (physically separated on -road) and \cycle path"
(o -road, e.g. running through a park or along a water body).

Whether cycling in mixed tra ¢ (without physical separation from mot orized tra c) is ac-
ceptable from a safety perspective depends on a variety of externahétors: tra c volume of
motorized transport, tra ¢ volume of cyclists, maximum speed, street width, slope, road cate-
gorization, presence of parking facilities and many more [15]. It also depels, however, on the
cyclists themselves: for vulnerable population groups like childen, cycling in mixed trac is
not considered to be safe [§1]. The mixed tra ¢ option is therefore not included here for three
reasons: rst, to follow the rationale of planning for the vulnerable; second, because we want
to keep data requirements as simple as possible; and third, as furdr argued in the following
section, because we nd it reasonable to choose a purely topological apprdac

Lastly, although we do assess network growth options by comparing the bents of adding
bicycle infrastructure at identi ed gaps (see section), we do notestimate possible cyclist
ow changes resulting from changes in the bicycle network, and thus a working with a static
network model.

In summary, the bicycle network of Copenhagen that is analyzed in this sidy is the set of
all protected bicycle infrastructure elements as listed in the CBM database within the municipal
boundaries of Copenhagen and Frederiksberg municipalities as of Febawy 2021.
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1.4.3 Using only topological data

This study aims at developing a procedure for the identi cation and prioritization of gaps in a
bicycle network. In the section below, we brie y present the arguments and bene ts of using
only topological data for this purpose.

The topology of a network, i.e. its structure, can be seen as its most futlamental property.
This is true for any transportation network [62| 63|. The spatial structure of streets and inter-
sections of a city de nes the most basic physical limitations for any betycle network [64]. The
corresponding geographic information is nowadays widely available as opesource through plat-
forms such as OSM|[65]. Transport network analysis studies often use adainal, non-topological
data, such as origin-destination tables, census data, or tra c volumes |[66| 6768, 69]. Incorpo-
rating non-topological data into a model has the advantage of ne-tuning the representation of
a context-speci c reality. At the same time, however, it has the disadvantage of decreasing the
model's applicability to contexts other than the one it was originally created for. For example, a
model that uses origin-destination tables from a citizen survey on day trips will allow for a more
realistic estimation of urban trac ow { however, it will do so excl usively for those locations
where corresponding data is readily available.

When it comes to cycling data, there are currently not only inconsisencies in data collection
methods, but also large inequalities in data availability, both acrossEU member states |[70] and
from a global perspective([39]. Therefore, limiting the input data of this study to topological data
ensures the broad applicability of its results, both by minimizing data requirements and data
acquisition costs and by focusing on properties which can be deriveftom the network topology
independently of its speci ¢ geographic location. The limitations arising from the exclusion of
non-topological data from the analysis are discussed in sectidn 4.2.
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Chapter 2

Methods

After setting the scene for the application of network science in trarsport studies in section
[2.3, this chapter provides an introduction to the basic concepts of grap theory and network
statistics in sections[2.2 and 2.3. We then review the most recent naiork science approaches
to the analysis of bicycle networks in sectiorf 24, and conclude with a escription of the data
structure of the presented case study in sectiof 2|5.

2.1 Network science for transport studies

Network science can be understood as the application of the mathematicdtamework of graph
theory to a system of interacting entities. It is a powerful tool for (predictive) analysis in a variety
of elds { ranging from molecular genetics to social sciences { which artially owes its rising
popularity over the last few decades to the increased availability oboth computational capacities
and data [71]. Independently of the type of system that is being desdbed by a network, the
underlying methodology has its foundation in structural characteristics and algorithmic processes
of graphs, which are the study objects of graph theory [72]. Within transport studies, the
applicability of network science might appear particularly obvious, given the ubiquity of maps
as visual representations of networks in geographical space. As a matter of taavithin Euler's
solution of the Kenigsberg problem, which is often cited as the birth of network science, what is
formalized as a network is precisely the set of streets and bridges ofdfiningrad [[71].

Network science has a wide range of applications within transport studis, such as optimizing
a route or a facility location, or the prediction and analysis of travel demand [73]. Shortest
path problems, which include nding the safest or the fastest path between two points, are of
particular interest for transportation networks [74]. Applications of network analysis to street
networks for motorized transport and air transportation networks have a long-standing history.
When it comes to the bicycle as a mode of transport, however, the ptare is di erent. In spite of
recent advances [75], bicycle tra c is still often left out of the equation in transportation modeling
[32]. Network analysis applied speci cally to bicycle networks, whid we will review in section
[2.4, is a newly emerging eld that has a high potential for the application of computational tools
[76], but still su ers a lack of consolidated methodological approaches [77, 7&9].
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2.2 Graph theory: De nitions and Terminology

This section gives a condensed introduction into the basic conceptand terms of graph theory,
which will be used within our analysis.

A graph is the mathematical object that represents a network. It consists of tvo sets: a set
of nodes (also called vertices) and a set of links (also called edgesyVithin graph theory, the
more common terminology isvertices and edges while in network science, it isnodes and links
[71]; the terms are, however, interchangeable in their meaning, and wshall usenodesand links.

A link is a pair of 2 nodes and represents a connection between them. Linkart be directed,
if the link has a de ned direction from node u to node v, or undirected otherwise. Two nodesu
and v are calledadjacent (also: neighbours ) if there is a link | = (u;v) connecting them; if |
is an ordered pair, the link is said to bedirected (from u to v); if | is not an ordered pair, the
link is said to be undirected . In the former case,l is said to beincident on v; in the latter, |
is incident on both u and v.

The degree of a node is the number of links it is part of; in the case of directed etworks,
in-degreed;, and out-degreed,,; must be distinguished. Undirected networks are networks
whose links are all undirected. For undirected networks,di, = doyt for all nodes and we can
simply speak of node degrees [V, 80, [81].

Two links are called parallel if both their origin and their destination nodes coincide. A
graph that contains no parallel links is calledsimple . A link whose origin node is identical with
its destination node is called aloop . A graph that contains no loops is calledloop-free [72].

Links can be assigned aweight , which is a real number that quanti es the strength of
the connection between two nodes that this link represents|[41]. Bpending on the context,
the strength of the connection can be expressed, for example, as cost ohysical distance. A
weighted network , thus, is a network with weighted links. In an unweighted network, all links
have unit weight [72].

A walk on a network is an ordered sequence of nodes where each ordered pair; (Jj+1)
belongs to the link set of the network. If the rst and the last node of the sequence are identical,
the walk is called closed; if not, the walk is called open. If the node sequence of the walk
contains no node more than once, the walk is calledimple . A simple walk is also called apath .
A path is thus an (open) simple walk from a source node to a target node.tlcan be represented
by the sequence of nodes or by the sequence of links it contains.

Based on this de nition of a path, we can de ne the network property of connectedness : a
network is called connected if for any pair of nodesu and v, there exists a path betweenu and
v, and disconnected otherwise. A connected network consists of one single component that
contains all nodes and links of the network; a disconnected network cagists of more than one
component.

We now brie y give the formal de nition of a network component, which r equires some further
terminological clari cations. A graph H is said to be thesubgraph of a graph G if all nodes
and links of H are also elements of5. A connected subgraphH of G is called maximal if there
is no other connected subgrapi ° of G that contains all nodes fromH as well as further nodes
from G. Finally, a component of a network is a maximal connected subgraph of a network.
A disconnected network  thus consists of at least two disconnected components, where each
component is a maximal connected subgraph of the network [72]. In other woisl and referring
back to the notion of paths: for any pair of nodes belonging to the same compomg there is
always a path between them; and for any pair of nodes belonging to di erat components, there
is never a path between them and their distance is said to bén nite  [71].

The length of a path can be de ned as the number of links for an unweighted network or as
a function (usually the sum) of the weights of the links for a weightal network. The shortest
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path is de ned as the path with the smallest total weight [72]. Through the shortest path length,
a distance metric on the network can be de ned. Distance metrics on aetwork, based on the
computation of shortest paths, form the basis of manycentrality measures , which are a set
of possible metrics to quantify the importance of particular nodes or inks in the network by
assessing the underlying network statistics.

2.3 Graph theory: Network Statistics

Information on properties of individual network elements (nodes and inks) can be aggregated on
network scale by analyzing the corresponding probability distributions. This procedure, known as
network statistics , allows for a de nition of properties of the network as a whole. Thus, néwork
statistics provide a means for classi cation, comparison and algorithmé¢ analysis of networks, as
well as for the simulation of dynamic processes on networks [72]. Metricderived from network
statistics, by aggregating available information on network scale, allow foran understanding of
the network structure and function [[71]. Out of the wide range of tools wthin network statistics,
here we will describe only those that are relevant for the purpose of tb present study: degree
distribution, centrality (in particular edge betweenness centrality) and connectivity.

2.3.1 Degree distribution

One of the most basic and frequently used network statistics is the egree distribution of a
network, i.e. the distribution of its node degrees (see gur). h the case of planar networks,
particularly street networks, the degree distribution is mainly of interest for a sanity check of
the data. With intersections represented as nodes and streets asnks, the degree distribution
of a street network will in most cases peak atd = 4, and will hardly have any outliers of d > 4.
For the purposes of the present study, this measure is mainly relant within the context of

data preprocessing. Sectiofi 2.5]2 takes a closer look at the degree diistition of the case study
network.

2.3.2 Centrality measures

There are di erent approaches to the assessment of the centrality @lative importance) of a
node or link within a network, or in other words: to the quanti cation of the intuitive concept of
some nodes/links being more relevant than others for a given network72]. Depending on which
characteristics they are based on, these centrality measures can roughbe classi ed into three
groups: importance based on the number of associated links (degree ceatity); importance based
on reducing distance between other parts of the network (straightnes, closeness and betweenness
centralities); and importance stemming from dynamic processes @pecially random walks). For
the purpose of our analysis, we will focus on edge betwenness centtalas most relevant measure
(see sectior] 2.4]3 on the application of this measure to bicycle netwosk

The concept of node straightness centrality emerged in the context of network ow
e ciency computations applied to transport networks, from the closely related concept of infor-
mation ( ow) e ciency [82, 83]. It is particularly applicable for network s in geographical space
as it evaluates the length of a shortest path in relation to the Euclideandistance (\as the crow
ies") covered. For a given nodei on a graph G, with dﬁ as the length of the shortest path
betweeni andj on the network and dijE as the Euclidean distance between and j, straightness
centrality cs(i) is calculated as the inverse of shortest path length to Euclidean dignce for all
possible destination nodeg 6 i , normed to total destination node number:
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cs(i) = : (2.1)
For the de nition of node betweenness centrality cg (i) of a nodei, which quanti es the

relevance of a node for the connections between other nodes, le{j;k) be the number of all
shortest paths betweenj and k, as computed by an All-Pair Shortest Paths (APSP) algorithm.

Furthermore, let (j;k) be the number of all shortest paths betweeru and v which contain the
nodei. Then, for the nodei, we de ne its node betweenness centralitycg (i) as the sum, over
all possible node pairs, of the fraction of shortest paths that contain thenodei:

i(.j;k)
e G0

g (i) = (2.2)

Using the expressions introduced above, we analogously de ne thedge betweenness central-
ity cg(l) of a link I, which quanti es a link's relevance for the connection between otler links.
Let again (i;j ) be the number of all shortest paths between all possible node pairs;({ ) in the
network, and let (i;j ) be the number of all shortest paths that contain the link | = (u;v); then
the edge betweenness centrality of the link is de ned as the fraction of these two values,

1(00)

(;7)
The betweenness centrality of a node indicates the number of nodpairs whose distance would
increase if the node was removed from the network. Thus, nodes wita higher edge betweenness
centrality have a higher relevance for (information) ow to parts of th e network. In other words,
the network would become less connected if the node was removed, igh is particularly well
illustrated in the so-called \bottleneck" pattern (see gure 2.1]. Th e same applies to edge

betweenness centrality of a link, which can be understood as theumber of link pairs whose
distance would increase if the link was removed from the network [71, 72]

cs(l)= (2.3)

ij

2.3.3 Connectivity measures

Lastly, we want to de ne the term connectivity and several related concepts. Thurner et al. [71]
di erentiate between connectivity and connectancy. The connectivity of a network is de ned
simply as the ratio of the number of existing links, L, to the number of existing nodes,N:

_L
=5 (2.4)

Connectancy , as synonym fornetwork density , is de ned as the ratio of existing links to
possible links (which depends on the number of existing nodes e binomial factor accounts for
the number of ways to connect two out of N nodes):

- L (2.5)

N
2

This is not to be mixed up with the average degreetki = 2L=N, which di ers from network

connectivity by a factor of 2 because each link contributes to the degre of two nodes.

The edge connectivity of a network, denoted simply as \connectivity " by some authors
[74], is the smallest number of links upon the removal of which the nurber of disconnected
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components in the network increases [80]. In other words, it quanti eshe strength of connection
between nodes on a network by the number of links that have to be remved so that two nodes
that were either randomly chosen or speci ed become disconnected [72]

Figure 2.1: Example network with N =10 and L =9. The red link is a \bottleneck"; if removed, the
network gets disconnected into two components.

The example network in gure P.1] illustrates several of the concepts xplained above. It has
N = 10 nodes andL = 9 links. The red link has the highest edge betweenness centraiit and
the two nodes adjacent to it have the highest node betweenness mieality. For this network,
connectivity and connectancy are =0:9 and = 0:2, respectively. Removing just the red link
would disconnect the network into two separate components, so the e connectivity is equal
to 1. The bottleneck link is therefore crucial for walks ( ow) between the network parts.

2.4 Bicycle network analysis

This section shows how the concepts from graph theory, as introducedbove, are used to con-
ceptualize bicycle infrastructure elements as networks, and comedes with an overview of the
state of the art in the eld of network analysis applied to bicycle networks.

The formal description of geospatial data of infrastructure as a network usally represents
intersections as nodes and streets (that connect the intersections) as links. The same
approach is taken by the majority of studies on bicycle network metric that are included in the
literature review below. The so-calleddual approach , which does the opposite { representing
intersections as links and streets as nodes { has also been used withransportation studies and
urban planning [33,(84,| 85, 86] but will not be investigated further here, adts applications do
not intersect with the scope of the present study.

Although studies on the topic of bicycle network planning have ourished within academic
research in the past decade, and cities around the world are increasinginterested in promoting
cycling as mobility mode [53], there is, as of now, no consolidated mettdological approach to
guantitative network analysis and assessment of bicycle networks [T9Pecision-making support
for the development of bicycle infrastructure still lacks a solid €ienti ¢ foundation [87]. Many
studies take a so-called \ad-hoc" approach [15], looking into one speci case study and relying on
data availability which cannot be generalized (e.g. from stated prefegnce surveys), which makes
it di cult to extrapolate results to other planning contexts. Furt hermore, as will become more
evident from the review of metrics below, there is no consolidatedet of quantitative indicators
for the quality assessment of bicycle networks. Additionally, commony used concepts, such as
connectivity, have no standard de nition and are interpreted in manifold ways. For example,
according to the CROW manual [15], requirements for bicycle network @sign are comprised
by four factors: cohesion, directness, attractiveness and safety. Celsion and directness can in
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principle conceptually be linked to the graph theoretical terms of @nnectivity and straightness
centrality, respectively, as de ned in section[2.3.2, but no quanttative de nition of the terms is
given within the manual itself. There is, thus, a high potential for computational-based methods
from network analysis to contribute to the consolidation of concepts.

There is, however, also some solid common ground within bicycle netwk studies. The most
relevant concepts as identi ed from the literature, namely directness, connectivity and centrality,
are reviewed in detail below. In addition, given that connectivity is one of the key concepts for
network quality assessment, two major trends within the literature can be broadly outlined by
di erentiating how the de nition and computation of connectivity is approached (see section
). One stream of research focuses on the level of tra ¢ stress as mairariable, which is also
used for de ning network connectivity. Another stream of research asesses connectivity on the
basis of network measures such as detour and percentage of time spent orcyaile facilities.

Lastly, before moving on to the description of metrics commonly applié to bicycle networks,
it shall be acknowledged that in spite of calls for a more consolidated andtsictured network
analysis approach, some degree of context-dependence will not be avoid@b Let us give two
illustrative examples of metrics, connectedness and degree dighution, which both require a
context-speci ¢ interpretation for the case of bicycle networks. Frst, what does it mean for two
network components to be \disconnected"? In graph theory, this implies an in nite distance
between them; in the context of bicycle networks, there is, of couse, no such thing as an in nite
distance { two components that are formally disconnected in the bicy¢e network, because there
is no bicycle path between them, might in fact be very well conneatd by a car link in the physical
street network. Second, within the data structure of OSM, a curval path is represented by a
sequence of auxiliary nodes connected by straight links (see semti[2.5.2 and gure[2.§). The
degree distribution of a non-simpli ed OSM dataset will consequenty be strongly biased towards
the degree of 2 due to the auxiliary nodes and can therefore not be used derive information
about e.g. intersection density. Therefore, the choice of applicablenetrics will depend both on
the system characteristics and the purpose of the analysis.

2.4.1 Directness measures for bicycle networks

Several of the bicycle network connectivity de nitions include route directness (also associated
with the terms \route diversion" and \maximum detour") as one of the factors determining con-
nectivity. Diversion (or detour) of a path from A to B is de ned as percentage of additionally
travelled distance with respect to the shortest path from A to B. In the context of bicycle net-
works, the \shortest path" usually means the shortest possible path rgardless of road type, while
the actually chosen route might include a detour if the cyclist is wiling to travel a longer dis-
tance for a better cycling experience, e.g. on a path with less motazied tra ¢ or more protected
bicycle facilities. The concept of route directness is closely tated to the concept of straightness
centrality (see section). They di er in that straightness centrality compares the shortest
path to the connection between two points \as the a crow ies" (Euclidean distance), while route
directness compares the chosen path to the shortest path.

2.4.2 Connectivity measures for bicycle networks

In the context of urban planning and transportation networks, the term network connectivity

has been subject to a wide range of interpretations. The common denomidtor of connectivity
measures for transportation networks is the underlying question {How easy is it to get from A to
B? { or as Twaddell and Rose [[88] put it: Can | get where | want to { quickly and safely? Each
connectivity measure is yet another attempt to provide a quantitative answer. Dill [89] o ers a
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detailed account of the manifold connectivity measures found in urban fanning literature. Those
measures contain, but are not limited to, concepts de ned by graph theoy (such as \link-node
ratio”, which is the same as connectivity as de ned in section[2.3.B). It 5 noteworthy, though
certainly not surprising, that several of the connectivity measuresas applied in urban planning
include parameters that describe the topography of the physical space ithin which the network
is situated, e.g. intersection density that gives the number of inersections per square unit of
area.

In the view of the diversity of approaches, o ering an exhaustive listof connectivity measures
for bicycle networks would not be possible here. We therefore outlia several selected connectivity
measures, aiming to demonstrate methodological and terminological varigtof recent studies on
the topic.

Low tra c stress (LTS) connectivity

The concept of Level of Tra ¢ Stress (LTS) connectivity has been intr oduced by Mekuria, Furth,
and Nixon [90], re ned by Furth, Mekuria, and Nixon [67] and taken up by many subsequent
studies [78, 91, 92]. It builds upon theFour Types of Cyclists typology, as introduced by
Geller |93] and further scrutinized by Dill [94), 195], which classi estra ¢ participants into four
groups depending on their willingness to cycle in mixed tra c (seetable [2.1)).

Street segments, crossings and intersection approaches with rightitn lanes are assigned an
LTS level. The LTS ranges from 1 to 4 (see tabl2) and is a summary meageiderived from
various factors (such as speed limit, street width, vicinity to parking lane etc.), based on the
CROW manual design criteria for safe cycling facilities|[15]. The stess level of a path is de ned
as the stress level of its most stressful element (street, crosg or intersection approach). Two
points on the network are then said to be connected at stress lev¥ if there is a path of maximum
stress levelX between them that at the same time satis es empirically found maximum detour
criteria [67].

LTS connectivity of a path or an origin-destination pair, at each of the 4 di erent trac
stress levels, is a binary measure (yes/no). Furth et al. |[67] suggesthe aggregation of LTS
connectivity on network scale by computing the connectivity ratio for each of the stress levels,
which is the fraction of origin-destination pairs (u; v) that are connected at the given stress level,
weighted by the number of daily trips undertaken betweenu and v.

Type of Cyclist Description

strong and fearless | will cycle regardless of tra ¢ conditions
enthused and con dent | will share road with cars, but prefer to cycle on bicycle facilities
interested but concerned | will cycle, but will not share road with cars
no way, no how | will not cycle under any circumstances

Table 2.1: Four Types of Cyclists, adapted from Dill and McNeil [94]

The strength of the concept of LTS connectivity lies in its quanti c ation of the extent to which
heavy motorized tra ¢ hinders or even completely impedes a gradual malal shift towards utili-
tarian cycling: if it is practically life-threatening to cycle to w ork, large infrastructural changes
are a necessary precondition for any noticeable modal shift to take placeHowever, LTS con-
nectivity is particularly well applicable in the context of cities whose urban structure consists of
residential area \islands" separated by bottlenecks of transport artefals with high tra c stress.
This is the case for many North American cities, where the LTS connectiity concept was origi-
nally developed and applied. However, it will be of less relevance iarban contexts where tra c
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load is less, cycling is already more frequent and/or infrastructural éements supporting cycling
are already in place.

LTS | Description

LTS4 | highest level of tra ¢ stress; regular negotiation with moderat e-speed tra ¢ or proximity to
high-speed tra c; crossings perceived as dangerous

LTS3 | regular negotiation with low-speed di erential tra c or neart 0 moderately-high speed tra c;
crossings stressful, but perceived as safe by most adults

LTS2 | physically separated from tra c or near to well-con ned trac; cro  ssings easy for most adults

LTS1 | lowest level of tra c stress; physically separated from, or only o ccasionally dealing with
low-speed tra c; crossings safe for children who were trained to cros s intersections

Table 2.2: Four Levels of Tra ¢ Stress, adapted from Furth, Mekuria, and Nixon  [67]

Other connectivity measures

Boisjoly, Lachapelle, and El-Geneidy |[79] base their de nition of connetivity on two variables:
diversion from the shortest path, which should be minimized; and tip percentage spent on
a bicycle facility, which should be maximized. Within the routin g algorithm, a cost reduction
coe cient is applied to bicycle facilities. Two points on the net work are then said to be connected
if a path exists that complies with thresholds for both variables, and dsconnected otherwise. An
aggregated connectivity value for the whole network is then computed bagkon the percentage of
connected trips from an origin-destination table. Thresholds for maxinum detour and minimum
trip percentage on a bicycle facility, as well as the cost reduction ce cient, are derived from
empirical cycle route choice data.

In the CROW manual [15], the attribute \cohesion" is de ned as cycle infrastructure \ linking
all origins and destinations that cyclists may havé [p. 31]. The same concept is also referred to
as \coherence" [15, p. 63], and conceptually related to the term \connectiity" as used in this
section. However, no quantitative de nition of network connectivity is given within the manual.

Schoner and Levinson [96] apply Principal Component Analysis (PCA) to a sebf 21 topolog-
ical network variables and obtain 5 factors with eigenvalues larger than 1. Oa of the 5 factors
is de ned as \connectivity". The two variables and from equations[2.4 and 2.5, which we
have de ned as \connectivity" and \connectancy"”, respectively, obtain the highest loadings for
the PCA factor termed \connectivity".

To give a last and recent example, Olmos, Tadeoet al. [97] de ne \global connectivity" of a
bicycle network as the condition of all nodes of the city street netwok being connected by bicycle
infrastructure. Nodes are de ned as locations from an origin-destinatbn survey on census block
level. Percolation theory is then used to optimize the location of newbicycle infrastructure; the
giant connected component of a percolating network is said to be globally carected.

2.4.3 Centrality measures for bicycle networks

Within the context of transport network analysis, centrality measures from network theory are
often subsumed into the set of so-called \network criticality measues”. Centrality indices are
commonly used to estimate ow on transport networks, and have been reently applied to bi-
cycle networks mainly from the viewpoint of cyclist safety. Zhang, Bgham, et al. [98] set up
a statistical model to correlate metrics derived from edge betweemess centrality with observed
data of tra c crashes involving pedestrians or cyclists. Ye, Wu, and Fan [99] incorporated travel
demand data into network betweenness centrality computations to etimate trac ow. Their
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approach is similar to the one taken by McDaniel, Lowry, and Dixon [100], whoset up a method
to estimate speci cally bicycle trac ow from counting station data, using edge betweenness
centrality measures derived from trip tables. More recently, Kamé and Sayed [101] examined the
correlation of topological network measures, including node and edge be&enness centralities of
the bicycle network, with the number of tra ¢ crashes and the number of kilometers cycled, as
proxies for the overall quality of the bicycle network.

A city's physical street network is rarely limited by its munici pal boundaries. De ning the
limit of the network to be analyzed is a context-dependent and potentally ambiguous task.
The so-called \network edge e ect" [102], also known as \border e ect" [8€], refers to the non-
trivial dependence of network measures on changes in network boundase Gil [103] reviews
the implications of the network edge e ect for the analysis of transport networks, focusing on
how centrality measures are impacted. A possible way of smoothing # network edge e ect is
to introduce a cut-o radius for the set of shortest paths based on whid the edge betweenness
centralities are computed [103]. Yamaoka, Kumakoshi, and Yoshimural [104] deamstrate the
applicability of this approach, which they refer to as \local betweenness centrality”, for the use
case of 30 di erent urban street networks.

The tools of network theory might appear su cient to describe and possbly mitigate the
network edge e ect on the level of network topology. However, Ja no, Kwakkd, and Verbraeck
[105] point out that there are, in addition, some deeper implications to the concept of centrality
itself, when applied as prioritization metric for transportation netw orks. The choice of a specic
centrality measure implies a moral decision, which can be roughly sumarized as utilitarian
vs. egalitarian. Ja no [106] proposes a framework for equity-based transporhetwork analysis,
where the main idea is to introduce weight factors from equity congierations in each of the
betweenness centrality computation steps.

2.5 Data

2.5.1 OSM datasets: de nition and acquisition

The main data source for the present study is OpenStreetMap (OSM)OSM provides global map
data for free use under the OSM licence. The map data is crowdsourdei.e. built and maintained
by volunteers [65]. A review of implications of OSM data quality for the present study can be
found in section[4.3. The basic structure of the data used in this stugl is Geographic Infor-
mation System (GIS) vector data of geographic objects which together form lhe street network
of Copenhagen - mainly streets and intersections, but also bridges, raulabouts, parking lots,
paths through green areas etc. In the data, intersections are represestl as points in geographic
coordinates, and street segments are represented as sequences of{goiln our network derived
from the data, intersections are interpreted as network nodes, and seet segments are interpreted
as links.

All input data was downloaded from OSM in February 2021 in csv le format. Datasets
were acquired separately for two partially overlapping networks, wtich, when combined, form
the street network  of the municipalities of Copenhagen and Frederiksberg: the network ofar
infrastructure and the network of protected bicycle infrastructure. From now on, we will refer
to these two networks simply ascar network and bicycle network . It is important to point
out that the limits of the two networks in physical space therefore concide with the municipality
boundaries, which introduces an arguably arbitrary cut into the continuous fabric of the street
network of the Greater Copenhagen area. The consequences of this limiian for the validity of
our ndings are discussed in more detail in sectiorj 4.
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Figure 2.2:

For each of the two networks, two csv les were generated through OSMnx one for the
nodes and one for the links. Each row of the datasets contains attributeshat belong to one
speci ¢ node/link of the network: geocoordinates and OSM ID; for links additionally: length,
street name, oneway/twoway indication; furthermore, several attributes which have not been
used within the scope of this study, such as type of highway and speeinit.
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The street network of Copenhagen from OSM data. The largest connected component is
shown in grey. Disconnected components with number of nodesn > 1 and n =1 (i.e. single nodes with
no incident links) are shown in red and purple, respectively.
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Figure 2.3: The largest connected component of the street network of Copenhagen. Car links are
shown in grey, bicycle links in green, multi links (car and bicycle) in blue. The bicycle and multi links
(green and blue) together form the bikeable network of protected b icycle infrastructure.

2.5.2 Data preprocessing

For data acquisition and data processing we used Python and OSMnx. Theata on car and bicy-
cle nodes was combined into one dataset and the parameter \node type" wasdded. Nodes that
appeared only in the bicycle dataset were assigned the type \bicycleand nodes that appeared
only in the car dataset were assigned the type \car". Nodes that appeared in bth datasets
were assigned the type \multi". After this, duplicates were removed. The same procedure was
applied to the car and bicycle link datasets: they were merged into oa dataset with the \link
type" parameter set to bicycle, car, or multi. Figure P.3 illustrates the resulting distinctions in
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the network. For the sake of further simpli cation, in order to create an undirected network, the
oneway vs. twoway attribute was dropped, after which duplicated links, i.e. links with same
length and type but opposite origin/destination nodes, were removed.

The link type was used as parameter for the de nition of gaps (see sectio@). Given that
for the purposes of the present study we were only interested in mtected bicycle infrastructure
while disregarding the presence or absence of car infrastructure, envfurther simpli ed the data
by dropping the distinction between bicycle and multi links, and subsuming them under the
link type bikeable (see gure[2.3 for the illustration of the resulting network coloured by link
type). As for the node types, the distinction between bicycle, ar, and multi nodes was preserved
because it is needed for the de nition of gaps (see sectidn 3.2 and gufe 3.

A graph object was created from the resulting dataset using the Pythons networkx library.
The resulting network had 77 disconnected components, out of which oglthe largest connected
component was kept, while all other disconnected components were digssed as negligible for
the sake of simplicity (see gureg2.2 and 24). In the real street netwrk of the city, disconnected
components, i.e. street segments that are not accessible from any othstreet segment, are quite
rare. The appearance of disconnected components in our dataset is mostlyd to data quality
issues, e.g. missing street segments that should have been clasgias bicycle links (see gure[2.4).
Future analysis could take a more thorough approach and connect the disconoted components
to the largest connected component of the network by manually adding themissing links to the
dataset.

Figure 2.4: Two examples of disconnected network components, shown in red Left: Copenhagen
Business School parking lots. Right: Tra klegeplads in Fjaell edsparken. [107]

Within OSM data, prior to further processing, a curved street is represented by a sequence
of several points in geocoordinates, which are connected by straightries, as is illustrated in
gure We shall call the corresponding degree-two nodes, which aretroduced only for
the sake of preserving the physical shape of an link, \auxiliary". The presence of auxiliary
nodes in the dataset strongly biases the degree distribution of the nevork towards d = 2 (see
gure R.6). The network can be simpli ed by replacing a sequence of swight links and their
corresponding auxiliary nodes by a single polygon link, while preseing the data on length and
coordinates of the aggregated links. OSMnx has a built-in function to eport already simpli ed
datasets. For our purposes, however, the simpli cation had to be donedr the combined car
and bicycle network. This is because nodes which are auxiliary in oglone of the two networks
would otherwise disappear from the dataset, and information on connectios and partial overlaps
between the car and bicycle networks would be lost if simpli cation was carried out within
OSMnx. Therefore, a network was created from the merged dataset of car/leable links and
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car/bicycle/multi nodes. Then, a simpli cation algorithm (see box \Al gorithm 1") was created
and applied to the network to remove all auxiliary nodes.

Input:  Network H with auxiliary nodes
Output: Network H °without auxiliary nodes

while auxiliary nodes in H do
for node inH do

if node degreed(n) =2 and links incident on node have the same typ¢hen
| place node in stack

end
end
while stack is not emptydo
take random noden from stack;
if neighbours ofn are neighbours themselveghen
\ remove noden from stack;
else
remove two links incident on noden from link set of network H;
add new link connecting two neighbours ofn to the link set of network H;
set length attribute of new link to sum of lengths of removed links;
add geocoordinates of removed links to geocoordinate attribute of newrk;
remove noden from node set of networkH ;
remove noden and, if applicable, its two neighbours from stack;
end
end
end

Algorithm 1:  Removal of auxiliary nodes from the OSM dataset

At each step, all degree-two nodes of the modi ed networkH © that have two same-type links
incident on them are placed in the stack. Nodes are then taken out from tk stack one by one.
If the two neighbours of the node are neighbours themselves, resitdig in a triangular pattern
within the network, the node is not auxiliary; then the node is simply removed from the stack,
and no further action is taken. In the contrary case, i.e. if the two neghbours of the node are
not neighbours themselves, the node is an auxiliary node. Then the adliary node itself, as well
as the two links incident on it, are removed from the network and rephced by a new link that
connects the auxiliary node's neighbours. The length attribute of the new link is calculated as
the sum of lengths of the two replaced links. The information about coordéhates is preserved
in the coordinate attribute of the link. Lastly, the endpoints of the n ew link (neighbours of the
removed node) are, if present, removed from the stack as well. Thprocess is repeated until the
stack is empty. At the next run of the algorithm, the steps are repeateal to create a new stack
and empty it again, as described above. The algorithm terminates when th stack contains no
auxiliary nodes, i.e. when the only degree-two nodes with same-pe links incident on them left
in the network are nodes that form part of a triangle.

For the dataset used in the present study, the algorithm terminates afer seven runs; the
highest number of auxiliary nodes associated with a link in the nal, simpli ed network is 54.
The only degree-two nodes that appear in the dataset after simpli cation are either meeting
points of two links of di erent types or nodes that are kept to represent loops on the network
while maintaining the network simple, i.e. without parallel links (see gure). As expected, the
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degree distribution of the simpli ed network signi cantly diers from the original one, shifting
from a high to a low percentage of degree-two nodes (see gufe 2.7).
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Figure 2.5: Auxiliary nodes in OSM data: Vejlands Ale as example of a curve d street. Left: Before
simpli cation, the path between the two black nodes consist s of a sequence of 16 auxiliary nodes of
degree 2 (red), connected by 17 straight links (blue). Right: Af ter simpli cation, the path consists of
one link, whose curvature in physical space is preserved in the Ink attribute. [107]
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Figure 2.6: Node degree distributions before and after simpli cation

The nal outcome of the data preprocessing, as visualized in gure 2.3, ighe car and bicycle
network of Copenhagen, represented by a simple, loop-free, undireed graph with no auxiliary
nodes, where each link has two attributes:type (car or bikeable) and length, and each node has
the attribute type (car, bicycle, or multi). The type distinctions of nodes and links are illustrated
in gure £.8] This network will be the input for all further analysis.
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Vestvolden

Figure 2.7: Preserved nodes of degree 2 in the simpli ed
network. Car links are shown in orange, multi links in
green and bicycle links in blue. Only nodes of degree 2
(black circles) are shown. All preserved nodes of degree
2 are either meeting points of links of two di erent types
(as the three nodes in the upper left part of the gure) or

= belong to a loop (remaining nodes). [107]

o @)
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Figure 2.8: A part of the Copenhagen street network illustrating distinctio ns of node and link types.
Links of the type \car" are plotted in grey; links of the type \bik eable" are plotted in blue. Nodes
between links of the same type are either car nodes, plotted in grey, or bicycle nodes, plotted in blue.
Nodes between links of di erent types are multi nodes, plotted in orange.
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2.5.3 Citizen survey data from Copenhagen's Cycle Path Prioritizati on
Plan

For a qualitative assessment of result validity, gaps as identi ed in ®ction[3.3 are plotted together
with results from a citizen survey conducted by the Municipality of Copenhagen in September
and October 2016, as presented in the document \Cykelsti-Prioriterirgsplan 2017-2025"].
Data was provided to us by the Municipality of Copenhagen in shape le brmat and consists of
a set of geocoded locations, indicated by survey respondents througtlicking on a digital map,
for each of the following categories: \Cykelsti mangler" (cycle path mising), \Cykelsti for smal"
(cycle path too narrow) and \Kryds med stor traengsel" (busy intersection). The data on too
narrow cycle paths was discarded, given that street width was not accoued for in the present
study. The data on missing cycle paths and problematic intersectios was processed and plotted
as separate layer on all maps that show the gaps identi ed in this study. Figure [2.9 gives an
overview of the processed data from the citizen survey. The datasicompared with results from
our procedure in sectior{ 3.J. Detail maps of all gaps identi ed within the case study that showed
an overlap with citizen survey results are found in appendiX B.

Figure 2.9: Overview map of citizen survey data. The car network is shown in g rey, the bicycle network
in dark blue. Green dots show citizen input on missing cycle paths; light blue dots show citizen input
on problematic intersections.
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Chapter 3

Results

In the following chapter, we present the two main results of this tesis project: the procedure
for gap detection, and its application to the case of Copenhagen. The correspding code is
published on GitHub:

https://github.com/anastassiavybornova/msc-bikegaps

We start by presenting, at one glance, the procedure steps that lead éim the preprocessed
dataset to the list of top-ranked gaps in section[3.l. The procedure stepare then outlined
in detail, using the street network of Copenhagen as application example In section[3.3, the
concept of \gap" is de ned. Section[3.3 describes the identi cation of al gaps in the bicycle
network of Copenhagen. Sectiorj 3]4 de nes a ranking metric and descrés its application to
the list of identi ed gaps. The process of visual analysis and clusténg is described in section
[3.5. Section[3.6 gives an overview of identi ed gaps grouped by class. Lastlywe compare our
ndings to the contents of the Cycle Path Prioritization Plan (CPPP) i n section.

3.1 Procedure steps: Overview

Figure [3.1 summarizes the procedure steps, described in the folking sections, that lead from
the preprocessed dataset to the nal list of prioritized and classi ed gaps. The nal outcome
of preprocessing raw OSM data, as it has been described in sectipn Z5is a simple, loop-free,
undirected graph representing the street network, with no auxiiary nodes, with links classi ed
by type (car, bicycle, or multi) and weighted by their physical length. This preprocessed dataset
is used as input for the procedure described in this chapter.

An All-Pair Shortest Paths (APSP) algorithm with a de ned cut-o length  cgap is applied
to the network to obtain set of shortest paths. Paths that do not t the gap d e nition are
discarded, rendering a list of gaps to be clustered and ranked. Edgeebweenness centrality
values are computed for all network links, applying a cut-o radius rpna within the APSP

ranked gaps metric for gap clusters ranked gaps prioritized and

classified gaps
%ﬁ;ﬁ:‘;?‘::;; Compute ranking
medric for all gaps

centrality valuas
e

-
Discard shorlest
poly APSP algorithm) paths that da net fit
gap definition m
Cluster highest- Recompute ranking | |  Classify highest- Output: ist o
r

Figure 3.1: Procedure steps
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https://github.com/anastassiavybornova/msc-bikegaps

algorithm. The ranking metric m. is de ned and computed for all gaps, and the gap list is
sorted accordingly. Gaps are then analyzed and overlapping gaps are manualtiustered. The
value of m is recalculated for gap clusters, rendering the nal ranking of priortized gaps. A
classi cation scheme is derived from visual inspection of the priotized gaps.

3.2 Gap de nition

A cyclist on their way through the well-connected and dense bicya network of Copenhagen might
nd themselves surprised by suddenly having to share the road wth cars for a while, or by having
to cross unprotected intersections with a high tra ¢ load. To formaliz e this intuitive concept, we
start out by de ning a gap on the street network as acar segment between two protected
bicycle infrastructure elements . This is visualized in gure B.2] In network terminology, a

o

Figure 3.2: Example of a gap X on Mgevej. Car links are plotted in grey, bike able links in blue. Car
nodes are plotted in grey and multi nodes in orange. The dashed red line shows the gap, which is a
sequence of car links of total length 130m< cg4ap as shortest path between the two multi nodes A and
B.

gap in the protected bicycle infrastructure of the street network is a shortest path between
two multi nodes which consists only of car links . Not all street segments that t this
formal de nition are equally suitable for the construction of new bicycle infrastructure, nor are
they equally relevant for the overall performance of the bicycle nework. Therefore, after nding
all gaps which t the above de nition, the next step is to evaluate how bene cial it would be
for the overall performance of the bicycle network if a protected bigcle infrastructure element
was added along a gap. In other words, we need to quantify how much \closinthe gap" would
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improve the bicycle network. The evaluation of gap relevance is carrié out in section[3.4. The
most relevant gaps are then classi ed by type in sectior 3J6.

3.3 Gap identi cation

We rstde ne acuto length cgap for the maximum gap length. The number of identi ed gaps on
the network grows supralinearly with cuto length. For the purpose of t his study the parameter
was set to Cgap = 1200m. We found this parameter choice to o er a fair trade-o between
several constraining factors (see sectioh 4.1 for a sensitivity chielt We then apply the Dijkstra
all-pair-shortest-path algorithm [108, 1109, 110] to the street network, with links weighted by link
length in meters, using the cuto path length of cyap. From the set of paths obtained, we discard
all paths except those that meet the following two criteria:

" All links in the path are car links

Both start and end nodes of the path are multi nodes

We also discard all duplicates, given that the shortest path algorithm rdurns directed paths,
i.e. for each origin-destination node pair (i;v) two shortest paths are found. For the given gap
cuto length of cgap = 1200m, a total number of 8141 unique gaps was identi ed in our dataset.

A problem that the shortest path algorithm, as presented above, does noyet account for, is
the fact that in many cases, when a street does provide protected bycle infrastructure and the
cycle path runs along the car lane, the shortest path algorithm applied toa pair of car nodes
will choose the car path over the bicycle path due to its slightly snaller length (see gure ),
and therefore falsely detect a gap located on the car lane, in spite of a d&ycle path running
next to it. We shall refer to these falsely identi ed gaps asparallel paths . Out of the list
of most relevant gaps as identi ed by our algorithm, the ones that are actually parallel paths
coincide with some of the busiest bicycle corridors in the city, sah as Gyldenl vesgade. This is
an encouraging observation as a proof of concept for our use of edge betweermesntrality as a
proxy for bicycle trac ow { or, to put it simply, for the parallel pat hs on gure B.3, \indeed,
if there was no bicycle path yet, you'd better place one thete

The parallel paths problem is a consequence of applying the shortestgph algorithm to
a relatively high-resolution network layer. However, lowering the resolution is not an option,
because using map data with a high resolution of the street segments &snecessary precondition
for identifying the gaps that we are looking for. This is a well-know problem in transportation
network modeling: if a high-resolution layer is given as input, solvihg a routing problem at a
lower resolution is a non-trivial task [111, 112]. After experimenting wih a cost factor approach
for individual link length, which was then discarded (see sectio@ for a detailed account), we
applied the following mitigation strategy for parallel paths:

For all identi ed gaps of length xgap, the distance between their endpoints on the bikeable
network, Xpike , Was computed. The distance range, as expected, was found t0 Bgap < X pike 6
1, with innite distance indicating that the two points were not conn ected on the bicycle
network, as explained in sectiorj Z.2. The detour factod was then computed as ratio of distances
on bicycle vs. multi network:

d= Xew 3.1)
Xbike
We then de ned a maximum detour value, dmax , @assuming that most \gaps" of length xgap that
are connected on the street network with a maximum detour of 50% are likgl to be parallel
paths. The choice ofdnax = 1:5 was arrived at empirically through a rst manual analysis of
identi ed gaps. In the thus acquired nal list of gaps prior to cluster ing (see sectiorf 35), only 6%
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(a) Gyldenlovesgade (b) Hareskovvej

Figure 3.3: Two examples of parallel paths. The bicycle network is shown in blue. The parallel paths
along the car network are shown in red. [107]

were found to be parallel paths that had to be excluded from the analysisnanually (see section
). Gaps with a detour factor of less than 15, i.e. gaps identi ed between endpoints that
were connected on the bicycle network with a detour of up to 50%, wereansequently excluded
from the analysis. The thus assumed maximum detour of 50% might seem quét high in the
Copenhagen context, but appears reasonable given that the main purpose of éhpresent study is
to identify gaps of smaller length, rather than to investigate optimal network growth by adding
substantial amounts of longer links.

In this way, 2573 gaps were discarded and a nal list of 5568 gaps was obtained. Eagap
was labeled with a unique gap ID. The next step, ranking of gaps by releance, is outlined in
section[3.4 below.

3.4 Gap prioritization

While making their way though the street network of Copenhagen, a cydkt will quite likely

have to ride at least part of the time in mixed tra ¢ with cars and/or use u nprotected bicycle
infrastructure to some extent. The rationale behind the positive impact of \closing gaps" by
providing certain street segments with protected bicycle inflastructure is that by reducing the
number of meters that cyclists have to bike in the same space as motaed trac, we will

reduce the number of crashes and increase both objective and subjea cyclist safety. We
will moreover increase inclusiveness of the bicycle network tlmugh facilitating its use by more
vulnerable population groups, such as children, who should not under ancircumstances cycle in
mixed tra c [61], This idea, as explained below, is quantitatively ex pressed through computing
the edge betweenness centrality for each gap and further weighing eaduap by its length. We
illustrate this with a simple example before passing on to the formalde nition. Let us assume
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that gap A has a length of 10m and a tra ¢ volume of 50 cyclists in a time unit (e .g. during one
day); and gap B has a length of 20 m and a tra ¢ volume of 15 cyclists. Then, by multiplying the
numbers, we obtain a total of 500 m for gap A and 300 m for gap B, with the values indiating
how many meters less would be cycled in mixed tra c if this gap was to be provided with a
protected bicycle path. In other words, by \closing" gap A, we would avoid more meters cycled
in mixed tra c. Gap A is therefore ranked as more relevant than gap B.

As explained above, edge betweenness centrality is derived from anl-glair shortest path
algorithm. In practical terms, calculating the edge betweenness cerality of the street or bicycle
network can be interpreted as assuming that for each possible origin-d¢éination combination,
there is one cyclist making their way through the network by choosirg the shortest possible path
between origin and destination. Then, for one speci c link, the numker of cyclists that use it
on their way through the network, divided by the total number of cycli sts on the network, will
render the fraction of cyclists that we expect to nd on this link. T hus, the edge betweenness
centrality indicates how \central" or relevant a link is for the ow of { in our case { cyclists
through the network. Similar approaches based on edge betweenness ceity have previously
been used to estimate bicycle and motorized trac ow [99| 100, |113]. Note that we do not
include the temporal (e.g seasonal) variations in cycle tra ¢ volume, asuming for simplicity a
temporally uniform distribution of cyclist numbers.

To decrease the bias towards the center of the network (see sectign423), we adjust the
all-pair shortest path algorithm: for each origin node i, instead of including all other nodes on
the network as possible destinations, we only include nodeg within the Euclidean distance of
rmax = 2500m. On a side note, this reduction in considered origin-destinatn pairs also has the
bene cial e ect of reducing computation time, which was not an obstacle in our case, but can
be a limiting factor for larger datasets. From the set of shortest paths obained in this way, we
then compute the modi ed edge betweenness centralitycg-(1) for each link | from the number of
times p; this link appears in the set:

X
ez (l) = pi(izy) (3.2)
JEJ J<r max

The modi ed edge betweenness centralitycg (1) provides us with a simple proxy of trac ow,
i.e. the number of cyclists expected on a certain link of the netwdk. As expected, the distribution
of edge betweenness centrality values becomes much narrower for timeodi ed shortest path
algorithm (see gure [4.2). While this approach does not do away with the retwork edge e ect,
as it is inherent to the centrality approach, we do expect it to sped up the identi cation of
relevant gaps in outer city districts.

By multiplying the modi ed edge betweenness centrality g (1) by the length x(I) of link |, we
obtain the total number of meters cycled on this link, m¢. Since a gapg can consist of several
links, the nal value of meters cycled on a gap,m¢(g), is obtained from adding up the meters
cycled on each of the linksl.

X
me(g) = es(l) x(I) (3.3)
12g
As a last step, we want to account for cost-e ciency. We assume for simgtity, and in line with
previous studies |[68], that construction costs are proportional to facifiy length. We norm the
meters cycled on a gap to the total length of that gap and thus obtainm(g): the meters cycled
per investment unit that would be avoided if the gap was to be \closed".

P
po e () X()

R0 (3.4)

me(g) =
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Not assigning any further weights apart from the total physical length of the gap corresponds
to the assumption that for each cyclist, every meter cycled jointly with motorized tra ¢ equally
contributes to the risk of getting injured or killed.

The parameter m¢(g) will be used for gap prioritization. Summing up the above explanations
it expresses, for each gap, how many meters cycled in mixed tra ¢ coud be per investment unit.
It has to be noted that by estimating cyclist trac ow in this way, t he absolute value of the
\number" of cyclists on a certain link is not meaningful in itself, giv en that it is derived from the
number of paths, and not from the number of actual network users. The vales of the modi ed
edge betweenness centralitgg(l) of a link | and of the derived ranking parametermc(g) of a gap
g (de ned below) are therefore only meaningful either in comparison toother links/gaps, which
is carried out in the present study, or alternatively after norming to the total number of paths
considered to obtain percentages rather than absolute values.
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Figure 3.4: Distribution of the ranking parameter mc¢(g) in the nal gap list

To rank the gaps by relevance, we computem(g) for each gapg and sort the list of gaps by
descending value oim.. Figure shows the distribution of m¢(g) within the list of 5568 gaps
that were found with a cuto length of cgap = 1200 m and a maximum detour of dmax = 1:5. We
then proceed to visual analysis, clustering and classi cation of thegaps ranked as most relevant,
i.e. with the highest m. values, as described in the next sections.

3.5 Visual analysis and gap clustering

Interactive maps were created for visual analysis and manual clusterig, with separate layers
for the city map, the street network, the car and bikeable networks, the identi ed gaps and the
citizen survey results, respectively. The gaps were then eitr manually veri ed as actual gaps in
the bicycle network, or classi ed as errors (see secti.6), by mearof visual comparison with
data from the online platform Mapillary [114] and by on-site visits. Veri ed gaps were categorized
according to an empirical classi cation scheme described in detailn the next section.
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Figure 3.5: Gap 28: Cluster on C.F. Richs Vej. The street network is shown in grey, the bicycle
network in blue, the gap cluster in red. The three gaps AD, BD and CD partially overlap and have
similar m¢. Therefore, the three gaps are bundled into one cluster. [107]

Visual analysis of the maps revealed that in many cases, several unique gapsth similar m¢

values partially overlap, thus forming a structure which we shall @all gap cluster . This is

partially explained by the fact that an all pairs shortest path algorithm is applied to a network

with an inherently dense spatial clustering of nodes at street inérsections. An example to
illustrate gap clustering is shown in gure B.5: the intersection of C.F. Richs Vej and Gr ndals

Parkvej is represented by several network nodes. All shortest path to destination node D from
any of the origin nodes A, B, C will be classi ed as gaps and display similam. values. Obviously,
as further outlined in section[4.3, it would not always be meaningful to povide all street segments
constituting a gap cluster with protected bicycle infrastructur e. However, the task of identifying
the exact location for the construction of infrastructure to \close the gap” is beyond the scope
of the present study. Therefore, wherever this clustering appared, gap clusters were treated
as one single element: all gaps constituting the cluster were mergedytassigning a new gap 1D
and computing the correspondingm. value for the whole cluster for further analysis. Unless
otherwise indicated, we shall from now on use the term \gap" both for singé gaps and for gap
clusters.
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3.6 Gap classi cation

The gap classi cation scheme presented in this section was determéd empirically by means of
visual analysis. The rst 600 gaps identi ed as most relevant by our procelure according to the
ranking parameter m¢(g) were inspected and overlapping gaps were manually clustered, as out
lined in sections[3.4 and 3.p, which reduced the number of gaps to 141. Thalue for m¢(g) was
recomputed for each gap after clustering, and ranking was adjusted accondgly. Then, the top
141 gaps were grouped into categories by similarity from a transport plannig perspective, result-
ing in the following gap classes: missing link; intersection; righturn lane; bridge; roundabout;
and data issue. This classi cation scheme is meant to facilitate both he interpretation of results
from bicycle network analysis, and the decision-making within a subequent planning process.
However, given its empirical nature, the classi cation scheme is adjsted to the Copenhagen
context and might need to be adapted for other urban contexts in future research.

Acronym Gap type Color Count | Percent | See section
ML Missing link Red 67 48% 3.6.1
IS Intersection Yellow 23 16% 3.6.2
RT Right-turn lane Pink 7 0:5% 3.6.3
BR Bridge Orange 3 0:2% 3.6.4
RA Roundabout Brown 1 0:07% 3.6.5
DI Data issue Black 40 28% 3.6.6

Table 3.1: Gap class distribution within the nal list of top 141 gaps. Co lor coding refers to maps and
detail plots.

The distribution of gap classes in the top 141 gaps is shown in gurg 3]6. Corsponding numbers
are listed in table [3.]. Discarding gaps classi ed as data issues resefli in a nal list of 101

conrmed gaps. The map in gure B.7] gives an overview of all 101 gaps, with clags plotted
by color. Sections[3.6.]L td 3.6)6 provide, for each of the gap classes, a gap slae nition, an

overview map, and a summary of results together with few selected exnples. A list of all 101
con rmed gaps with detail maps and addresses can be found in appendjx]A.
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Figure 3.6: Distribution of gap classes in top 141 gaps. Red: missing links (ML), black: data issues
(D), yellow: intersections (1S), pink: right-turn lanes (RT), orange: bridges (BR), brown: roundabouts
(RA)
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3.6.1 Missing links

The gap clasamissing link is the most frequent type of gap in our dataset. Alongside an intuitive
understanding of what might be considered as \gap in the bicycle network by the general public,
i.e. a street segment without protected bicycle infrastructure we de ne as missing link all mixed-
tra ¢ street segments with a length of up to 1200 m whose both ends connecto protected bicycle
infrastructure and that do not correspond to any of the other gap classes (bdge, intersection,
roundabout, right-turn lane, or data issue).

The map in gure B.8]gives an overview of all 67 missing links within thetop 101 gaps as
identi ed by our procedure. The numbers correspond to gap ranking ly the parameter mc.
Detail maps of all gaps sorted by rank are found in appendiX A.
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Figure 3.8: Overview map of the 67 missing links. The street network is shown in grey, the bicycle
network in blue, and the missing links in red. Numbers correspond t o gap ranking. Detail maps of all
gaps by rank are found in appendix E]
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We estimate that several of the identi ed missing links might be conrmed as relevant by trans-
port planning practitioners. Four examples from the neighbourhoods ofAmager, Vesterbro,
sterbro and Islands Brygge are shown: gap 31 onAlandsgade and Frankrigshusene ( gure
[3.10), gap 43 on Kingosgade (gure[ 3.11), gap 94 on Nordre Frihavnsgade (gurg 3.12) and
gap 7 on Langebrogade (gur). Other examples are gap 8 on V rnedamsvej, gap 32 on
Rantzausgade, gap 38 on Valby Langgade, gap 60 on Thorvaldsensvej and gap 97 on Vogn-
mandsmarken (see appendi@ for detail maps). A comparison with Copenhages current Cycle
Path Prioritization Plan (see section ) shows that several of the locabns listed there as high
priority for the construction of new bicycle infrastructure coincide with gaps identi ed by our
procedure.

Some of the missing links that have been identi ed are situated on rsidential streets with
presumably low trac speed and volume, so they would probably not be prioritized from a
transport planning perspective in spite of their estimated local relevance indicated by high edge
betweenness centrality values. An example of a gap in a residential aseis shown in gure [3:13.
Further examples are gap 10 on Solvej, gap 47 on Jyllandsvej, and gap 83 on Gseb &vej (see
appendix @) These missing links illustrate the need of non-topologial data to be included in
decision-making and possibly already in the network analysis processee sectiorf 1.4]3 on the
use of only topological data, and sectiori 4]2 on a possible re nement of methed

Several missing links come to lie within a locally sparse area of theetwork and are initially
considered by the algorithm as gaps due to the presence of small, isolatditycle infrastructure
elements in their vicinity, as can be seen for gap 8 on Tschernings Adland gap 95 on Vall vej
in gure 8.14] Other examples are gap 11 on Stadfeldtsvej and Ole Borchs Vejand gap 69
on Krabbesholmvej (see appendi@). This is a direct consequence of punitial de nition of
a gap as a path between two bicycle infrastructure elements; hencén areas where no bicycle
infrastructure is present, no gap will be identied. While this de nition has the advantage
of never increasing the number of disconnected components, the nsiag links found in sparse
network areas illustrate that the procedure gives meaningful resuk particularly for locally dense
networks, and is not equally suitable for identifying optimal locations for bicycle infrastructure for
locally sparse networks. For a re nement of the procedure, a furtker distinction of subcategories
within the missing link class, both by road conditions (e.g. speed lnit) and by actual trac
ow, would be recommended, as it might help to estimate whether these links can be considered
bikeable in spite of their lack of designated infrastructure [15].

Figure 3.9: Missing link: Gap 7 on Langebrogade [107, 114]

41



ey

Akl

[Sac1iie

. Lol
ot A o ‘!‘.
- & o “L;E

7 thi

& Sl
2 &

=3 L

P &

A "
i‘q 5

] %

¥ i

vk
GUE

- L

Raaii T

Figure 3.11:

Ambgs sode i‘,‘ar:i‘rrr

Figure 3.12:  Missing link: Gap 94 on Nordre Frihavnsgade [107]
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Figure 3.13:  Missing link in residential area: gap 11 on Stadfeldtsvej and Ol e Borchs Vej [107,[114]
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Figure 3.14: Missing links connecting isolated bicycle infrastructure elem ents: gap 8 on Tschernings
Ale (left) and gap 95 on Vall vej (right). [107] |
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3.6.2 Intersections

The gap classintersection is the second most frequent type in the dataset. The map in g-
ure [3.15 gives an overview of all 23 intersections within the top 101 gaps asedti ed by our
procedure. Detail maps for all gaps are found in appendik A.
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Figure 3.15: Overview map of the 23 intersections. The street network is shown in grey, the bicycle
network in blue, and the intersections in yellow. Numbers corresp ond to gap ranking. Detail maps of
all gaps by rank are found in appendix E]

Intersection design is crucial for cyclist safety. A high proportion oftra c collisions occur there.
By the very nature of an intersection, a potential for con ict between tra ¢ participants cannot
be brought to zero; however, it can be minimized with appropriate plaming [15]. Intersection
design deserves to be considered a discipline of its own right, andi erent network analysis
methods than the one used in this study might need to be applied to xplicitly identify prob-
lematic intersections from a bicycle network planning perspectie [67]. Here, we do not model
intersections separately, but rather identify them as gap class in tle last step of the procedure.
From the perspective on network modeling, within the OSM data structure, intersections of
smaller spatial extent appear as single nodes (a node representingé crossing of two streets),
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while larger ones appear as a set of nodes and links (each node represegtthe intersect of two
or more lanes { see the example in gurd 3.5, where nodes A, B and C are all padf the same
intersection). As a rule, but not exclusively, this is the case wien at least one of the intersecting
streets is bidirectional. The fact that this representation of larger intersections was kept within
the data structure allows for the identi cation of unprotected crossings, that lie on an otherwise
protected bicycle path, as gaps in the bicycle network. However, tts method of identifying
unprotected crossings is by far not exhaustive. This has several reassnFirst, due to the data
structure, our procedure does not recognize unprotected interggions that are represented by
single nodes in the network model as gaps. Second, even with a cleaduytlined set of intersection
design criteria at hand which would enable us to discard protected itersections from the gap
list, the incoherence of intersection tagging in OSM results in nunerous false negatives and false
positives: intersections with a protected crossing for cyclistsare often tagged as unprotected
bicycle infrastructure; intersections without any bicycle infrastructure are often tagged as part
of the cycle path they are actually interrupting. Further research is recommended to determine
the magnitude of these data quality issues within OSM (see sectio.

The results presented here should be seen in the light of the ises outlined above, additionally
considering that it would go beyond the scope of the present study to otline the criteria by which
an intersection counts as su ciently well protected. The list of gaps classi ed as intersections
can therefore be understood as a non-exhaustive list of locations whe checking for appropriate
intersection design is recommended. Four examples are shown belogap 96 at the intersection
of H. C. Andersens Boulevard with Rysensteensgade (gur9), gap 2 at thenfersection
of ster Voldgade with Gr nningen (gure 3. gap 29 at the intersection wit h Peter Bangs
Vej with Lindevangs Ale, which forms part of the green cycle route Den Grnne Sti (gure
[3.17), and gap 62 at the intersection of ster S gade with sterbrogade ( gure 3[18)]. Further
noteworthy examples are gap 23 at the intersection of Rantzausgade with Aboulard, gap 26 at
the intersection of Kingosgade with Frederiksberg Ale and gap 37 at the ntersection of N rre
Ale with ster Ale (see appendix Ar detail maps).
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Figure 3.16: Intersection: gap 2 on ster Voldgade with Gr nningen [107, 11 4]
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Figure 3.19: Intersection: gap 96 on H. C. Andersens Boulevard with Rysensteensgade [107]
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3.6.3 Right-turn lanes

A common feature of Copenhagen's bicycle network is that at many locationsa right-turn car
lane merges with the adjacent bicycle path|[115]. In such cases, the lyicle path ceases to be
part of the protected bicycle network as it approaches an intersection,and cyclists are forced
to mix with motorized trac. We classify this type of gap as right-turn lane . The map in
gure B.20]gives an overview of all 7 right-turn lanes within the top 101 gaps asdenti ed by our
procedure. Detail maps for all of these gaps are found in the append|x]A.

a1
24
52
22
51
38

Figure 3.20: Overview map of the 7 right-turn lanes. The street network is shown in grey, the bicycle
network in blue, and the right-turn lanes in pink. Numbers correspo nd to gap ranking. Detail maps of
all gaps by rank are found in appendix E]

Gaps that are classi ed as right-turn lanes are less frequent in our datast, which might be in part

attributed to a potentially high number of false positives (i.e. erroneously tagged as protected
bicycle infrastructure) in the OSM tags. Although some studies citethe merging of right-turning

vehicles with a bicycle path as acceptable in case of low tra ¢ volume an low speed|[67], these
situations can imply lethal danger for cyclists, particularly when leading up to busy intersections
[15,/115]. There are several design alternatives to right-turn lane mergu that increase cycling
safety (116, 117, 118]. Much in line with what has been said about intersectiongevercoming the
data inconsistencies from OSM, identifying right-turn lane merging locations in the Copenhagen
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bicycle network and suggesting a possible design change to avoid mixjrof vehicles and cyclists
calls for a research project of its own. The results presented belv should therefore be considered
a non-exhaustive list of illustrative examples.

Figure [3:27 shows gap 9 at the right turn from Backersvej to resundsvej. The intersection
of N rre Ale with ster Ale, which has already been cited as an example of an unprotected
intersection in section[3.6.2, in addition renders two gaps classi ed asight-turn lanes: gap 41
from N rre Ale to ster Ale (see gure 3.24) and gap 24 from ster Ale to N rr e Ale (see
appendix@). The right-turn from Hiller dgade to Borups Ale also causes two gaps: one before
and one after the right turn (gaps 22 and 52 as illustrated in gures[3.22 and 3.2B, espectively).
Lastly, gure 3.25|shows gap 51 at the right turn from S Ivgade to ster Farimagsgad e.

Figure 3.22: Gap 22 before right turn from from Hiller dgade to Borups Ale [10@
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Figure 3.23: Gap 52 after right turn from Hiller dgade to Borups Ale [10@
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Figure 3.25:  Gap 51 at right turn from S lvgade to ster Farimagsgade [107, 114] |
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3.6.4 Bridges

The map on gure .26 shows the three gaps from our dataset that were classiéasbridges . In

locations where there are physical barriers such as water bodies or taiy tracks that have to be

crossed, bridges play a particularly important function for connecting parts of the network and

often constitute bottlenecks for tra ¢ ow. At the same time, there are often inherent constraints
to placing additional infrastructural elements on bridges due to limited physical space available
[119]. In the case of Copenhagen, bridges play a particularly relevant rolas the city is situated

on the two islands of Amager and Zealand, and harbours an extensive canal syste

66

Figure 3.26: Overview map of the 3 bridges. The street network is shown in grey, t he bicycle network
in blue, and the bridges in orange. Numbers correspond to gap ranking. Detail maps of all gaps by rank
are found in appendix E]

As a matter of fact, according to Copenhagen's latest Bicycle Account, 7 of he top 10 most
heavily tra cked cycling stretches in the city are bridges [46]. T he rst three stretches on
that list are Dronning Louises Bro, Langebro and Knippelsbro. While Dronning Louises Bro
is provided with protected bicycle infrastructure, Langebro and Knippelsbro are not. In this
regard, the numbers from the Bicycle Account align well with the resuts of our procedure, given
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that Knippelsbro (gap 1) and Langebro (gap 3) were ranked rst and third by relevance on our
list of 101 gaps.

Physical separation from motorized vehicles is a desirable feature fdridges [120]. As shown
in gure §:27]for gap 1 on Knippelsbro and in gure B:28 for gap 3 on Langebro, the cya lanes on
these bridges are not physically separated from the motorized tra c in gite of space availability.
The H jbro bridge, where gap 66 is located, features no bicycle infrasucture at all, as can be
seen in gure[3.29.
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Figure 3.29: Bridge: Gap 66 on H jbro [
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3.6.5 Roundabouts

Figure 3.30: Overview map of the roundabout.
The street network is shown in grey, the bicycle net-
work in blue, and the roundabout in brown. The
number corresponds to the gap ranking.

We separately de ne the gap classround-
about , although, as can be seen on gure
[3:30, only one such gap was found within the
top 101 gaps. There are several arguments for
considering roundabouts a gap class of their
own. Requirements for roundabout design are
not the same as for intersections. Round-
abouts are often considered to be the safer op-
tion for cyclists [121,[122, 128]. However, this
should not be considered a generally applica-
ble rule. According to the recommendations
of the CROW manual, whether additional bi-
cycle infrastructure is needed at a roundabout
depends on the tra ¢ volume [. A round-
about with more than one single lane puts
cyclists at danger [123]. According to a re-
cent literature review by Poudel and Single-
ton [124], data from Northern Europe suggests
that the number of bicycle crashes might actu-
ally be higher for roundabouts than for inter-
sections. There are several roundabout design
options focusing on cyclist safety|[125], such as
the Zwolle roundabout, named after the Dutch
city that rst introduced it [15, 126]

Gap 14 is the roundabout on Sankt Kjelds
Plads. As can be seen on guré 3.31, it con-

sists of only one lane where vehicles and bicycles mix. Same as in thase of intersections, future
work might consider the set of all roundabouts in the city and examine thér design from a cyclist

safety perspective (see sectioh 4.5).

Figure 3.31:
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3.6.6 Data issues

Gaps that were identi ed by the procedure but were not con rmed as auch by visual inspection are
classi ed asdata issue . There are two types of data issuesparallel paths and OSM errors .
Parallel paths are errors stemming from the routing problem in high reslution networks, while
data issues are errors stemming from incorrect information on OSM.

Parallel paths

The problem of parallel paths is explained in detail in section 3.B. Figue[3.32& shows a map of
all gaps that were identi ed as parallel paths and therefore discarded fom the list of relevant
gaps. Many of the parallel paths occur at large intersections, such as Fredikssundsvej with
Borups Ale or Lyngbyvej with Rovsingsgade, or along streets with multiple lanes and bicycle
infrastructure on both sides, such as H. C. Andersens Boulevard or Tagemsj. As can be seen
from the map, there is also a partial overlap with actual gaps, e.g. Rantzaugade (gap 32) or
Nordre Frihavnsgade (gap 94). These gaps were excluded from the correspdang gap cluster
because they contained parallel paths.

OSM errors

There are several reasons for errors in the OSM data: segments might be $sing, mistagged, or
outdated. Figure[3.32h gives an overview of all gaps that were discarded fronhe analysis as OSM
errors. Many of the wrongly identi ed gaps correspond to relatively new bicycle infrastructure
elements which have not yet been tagged as such in OSM. Several gaps tHave been discarded
from the analysis for this reason were actually just recently \closed", aspart of Copenhagen's
either current or previous Cycle Path Prioritization Plan, as can be sen from the respective lists
of high-priority locations for the construction of new bicycle infrastructure [45],(127]. This is the
case e.g. for the bicycle paths on resundsvej, Ved Langebro, Jernbane A&l Christian IV's bro
and N rre Farimagsgade, as well as the intersection of Skelb kgade with Dybblsgade. This fact,
while raising the issue of outdated tags in OSM, at the same time showcas the applicability of
our procedure, as results partially align with the city's bicycle planning strategy.
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(a) Parallel paths (b) OSM errors

Figure 3.32: Data issues: Overview map
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3.7 Comparison with Copenhagen's Cycle Path Prioritiza-
tion Plan

With the aim of showcasing the potential applicability of our results, in this section we briey
compare and contrast our top 101 prioritized gaps with Copenhagen's current gcle Path Pri-
oritization Plan (CPPP). As outlined in section the CPPP contains ve elds of action:
new bicycle infrastructure; controlled (i.e. tra c light regulate d) intersections; widening of cycle
paths; the Supercykelstier network; and the Gr nne cykelruter network [45]. A set of prioritized
locations for each of the action elds is given as list of street names and/or asnap plot in the
CPPP. Data from the citizen survey that was conducted within the framework of the CPPP was
provided to us by the Municipality of Copenhagen (see secti03). e comparison of our
results with the CPPP's priorities will be carried out in the foll owing way: we rst list all pri-
oritized gaps from the results of this study that overlap with locations prioritized in the CPPP.
Next, we qualitatively describe the overlap of our results with data from the citizen survey.
Lastly, we discuss the implications and possible pitfalls of both ovdeps and divergences found.

Before we proceed to the comparison, it shall be noted that this studys not aiming at a perfect
overlap with transportation planning outputs. Rather, one of the aims is precisely to shed some
light on potentially problematic parts of the bicycle network which have so far been overlooked.
The CPPP contents provide for some valuable insights and allow a rst qualitative assessment of
our procedure. However, they should not be considered as \ground truth This is particularly
relevant for the evaluation of the citizen survey results. While paticipatory approaches can
improve the equity impact of transportation plans [128], a failure to adequately design them might
introduce biases and undermine the applicability of the ndings. For example, (self-)selection
bias might lead to more a uent citizens being overrepresented in the survey results |[129] 130].
Therefore, while we do not have access to information on how this partiular citizen survey was
designed, we want to stress that there are several equity considerians to be accounted for,
such as survey language, used medium, distribution channels and soeiflemographic variables of
respondents.

Comparison with high priority locations in CPPP

Several items from our list of top 101 prioritized gaps coincide with locaions listed as high
priority in the CPPP [45]. Table summarizes these overlaps. Geaxded data of prioritized
locations as listed in the CPPP was not available, so no plots are provied at this point.

Comparison with citizen survey in CPPP

From the gap classmissing link , 49 out of 67 identi ed gaps had at least one mention within
the citizen survey in the category \cycle path missing". The same is tue for all gaps from the
classesbridge and roundabout . Detail plots of all gaps from the classes missing link, bridge
and roundabout which showed an overlap with citizen survey inputs an be found in appendix
Bl Figure [3.33 shows four examples of gaps with a particularly high numbepf mentions within
the citizen survey.

Apart from these encouraging overlaps, there is also a signi cant numbeof locations where
results diverge. There are several potential reasons for this; gur¢ 34 shows two examples.
From the street segments with a high number of mentions in the citizn survey, some are located
in neighbourhoods where the protected bicycle infrastructure $ very sparse, as is the case for
Husum ( gure B.34d); other street segments exceed the gap cut-o length of 120 which was
used in the present study, as is the case for Strandboulevarden in ghneighbourhood of ster-
bro (gure . Furthermore, some preferential patterns of cyclis ow which appear to be
discernible from the citizen input survey were not recognized bythe procedure. This might in
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Location Gap number Gap class | CPPP
Knippelsbro 1 BR upgrade from cycle lane to cycle path
Langebro 3 BR upgrade from cycle lane to cycle path
Dybb Isgade 12 & 63 IS & ML cycle street
Alandsgade 31 ML contra- ow cycling
Gyldenl vesgade 39 IS problematic intersection
Borgergade 55 ML contra- ow cycling
H dingsvej 67 ML Missing link on a Gr nne Cykelrute
Birkedommervej 68 ML contra- ow cycling
Guldbergsgade 92 ML Planned Gr nne Cykelrute
Mimersgade 93 ML Planned Gr nne Cykelrute
Backersvej - DI upgrade from cycle lane to cycle path
Skelb kgade - DI listed as already planned

Table 3.2: Overlap of identi ed gaps with priority locations from the CPPP [4 | 5]. In the column Gap
class. BR - bridge, DI - data issue, IS - intersection, ML - missing link . In the column CPPP, the type
of action foreseen by the CPPP for the corresponding location is indicated.

part be due to the presence of non-protected bicycle infrastructte, as is the case for the cycle

lane along Sonnerupvej and Gaun vej on gure[3.344a. Therefore, including uprotected bicycle
infrastructure in the analysis might give more nuanced results in fuure studies.

o
[ 1
K-

(@) Sonnerupvej and Gaun vej: cycle lane (b) Strandboulevarden: no bicycle infrastructure

Figure 3.34: Two examples of street segments with a high number of mentions in the citizen survey
which are not on our list of top 101 gaps. The street network is shown in grey, the bicycle network in

dark blue. Light blue dots represent citizen input on problemati c intersections. Green dots represent
citizen input on missing cycle paths. [107]

Out of the 23 gaps classi ed asintersections , 10 had at least one mention within the citizen
survey in the category \problematic intersection”. Figure B.35 shows déail maps of all gaps
classi ed as intersections that overlap with citizen input on controlled intersections with high
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Figure 3.33: Four examples of overlap of citizen survey results with missing links from the list of top
101 gaps. The street network is shown in grey, the bicycle network in dark blue. Gaps from the missing
link class are highlighted in red. Gaps from the intersection class are highlighted in yellow. Light blue
dots represent citizen input on problematic intersections. Gree n dots represent citizen input on missing
cycle paths. [107]

cyclist volumes. A visual inspection of the citizen input shows hat most of the intersections
perceived as problematic either appear as coherent pieces of bicydldrastructure in the OSM
data, or are found in places where no protected bicycle infrastructue is present at all. Such
intersections are not identi able as gaps by our procedure, which motiates a reiterated call for
a network analysis study focusing on intersection design, with a coesponding review of OSM
data quality and adaptation of methods.

All 7 gaps classi ed as right-turn lanes had at least one mention in the citzen survey in the
categories \problematic intersections” and/or \cycle path missing". Figur e[3.3¢ shows detail
maps of right-turn lane gaps overlapping with citizen survey inputs It goes beyond the scope
of the study to determine how many right-turn lanes have not been icenti ed by our procedure
but are present in the citizen survey inputs. Further researchis recommended as citizen survey
results could be used to assess to what extent right-turn lane mergg is perceived as problematic
by cyclists in Copenhagen.
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Figure 3.35: Overlap of gaps classi ed as intersections with citizen survey results on controlled inter-
sections with high cycle tra c volume. The street network is sho wn in grey, the bicycle network in dark
blue. Gaps are highlighted in yellow. Light blue dots represent citizen input. For detail maps with the
city map as background layer, see appendixm.
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Figure 3.36: Overlap of gaps classied as right-turn lanes with citizen surve y results. The street
network is shown in grey, the bicycle network in dark blue. Gaps are highlighted in pink. Light blue
dots represent citizen input on problematic intersections. Gree n dots represent citizen input on missing
cycle paths. For detail maps with the city map as background la yer, see appendixm.
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Chapter 4

Discussion

In this chapter, we discuss the results presented in chaptef]3. & rst conduct an algorithm
sensitivity check and discuss implications of applied parametersisection[4.]. Then, applicability
and limitations of our procedure are outlined and suggestions for futuremprovements are given
in section [4.2. Section[ 4.8 briey discusses data quality issues. Wenclude an overview of
discarded approaches and lessons learned from trial and error in sectigndd.and conclude with
future research needs in sectioh 415.

4.1 Validation of results and algorithm sensitivity check

Both the de nition and the identi cation of gaps in a bicycle network as r esults of this study
are di cult to validate quantitatively since there is no \ground trut h" to compare them to. A
gualitative validation of the applicability of results by means of comparison of our case study with
Copenhagen's current Cycle Path Prioritization Plan (CPPP) has been arried out in section
[3:7. Visual inspection of the identi ed top 101 gaps showed diverse restd. Some of the gaps
were also part of the CPPP and/or indicated as problematic by many citizensurvey respondents.
The overlap with CPPP contents could be interpreted as proof of concpt. Furthermore, some of
the gaps that were not mentioned in the CPPP could turn out to be of actual interest to bicycle
network planners. At the same time, the relevance of some gaps was moskely overestimated
within our procedure, as is the case for gaps on residential streets thi supposedly low tra c
volume. Suggestions on how results could be improved are found in sémn [4.2.

Similarly, a quantitative sensitivity analysis for any introduced algorithm parameter consti-
tutes a challenge within the scope of the present study due to thedck of \ground truth". At the
same time, comparability of results from applying the algorithm in other contexts is negatively
a ected by a high number of parameters. It was therefore our intention to keep the number of
algorithm parameters as low as possible. Tablg 4}1 o ers an overview of the Barameters that
were used.

Parameter Description Value Sensitivity Check
Cgap Cut-0 gap length 1200 m Figure [4.1]
I max Cut-o radius in shortest path algorithm 2500m Figure
Omax Maximum detour on bicycle network 150% none

Table 4.1: Algorithm parameters and values used in this study
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The parameter cgyp is the cut-o length for gaps. The number of found gaps will increase withan
increasingcyqp Value and plateau forcyep > D, where D is the network diameter, i.e. the longest
of all possible shortest paths. Forc; < ¢y, the set of gaps found withc; is a subset of the set of
gaps found with c,. This is illustrated in gure 4.1, Gaps for cgap = 1200 m are plotted in black.
Gaps for cgap = 500 m are plotted on top, in white and with a thinner line style, to vis ualize
the fact that they form a subset of the gaps found with a highercgs, value. This study uses a
value of cgap = 1200 m. For less dense bicycle networks than the one of Copenhagen and/or for
networks with a larger spatial extent, higher values forcga, might be appropriate.

Figure 4.1:  Gaps for cgap = 1200m are plotted in black. Gaps for cgasp = 500m are plotted on top,
in white and with a thinner line style. All white gaps (smalle r cuto ) are contained in the set of black

gaps (larger cuto ). Other map details are omitted and the back ground color is set to grey for the sake
of readability.

To compute modi ed edge betweenness centralities, a cut-o radis rmax was used within
the shortest paths algorithm (see sectio for details). Figur2 siws the distributions of
edge betweenness centrality values with and without the cut-o radius. As expected, introducing
a cut-o radius in the shortest paths algorithm leads to a much narrower distribution of edge
betweenness centralities and less extreme outliers. This pa#lly, but not entirely reduces the
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Figure 4.2: Probability distributions of edge betweenness centrality val ues with (orange) and without
(blue) cuto of 2500m for maximum path length in APSP algorithm

bias towards the center of the network. This is also visualized in tie map plots of edge between-
ness centrality values in the gures[4.3 and 4.4: the application of a cute radius results in a
more dispersed pattern of most central links, revealing locally redvant connections. Since edge
betweenness centralities were used as a proxy for cyclist ow,he need of choosing an arbitrary
parameter value forrqnax could be partially remediated if origin-destination tables are available
to be included in the analysis.

Lastly, the parameter dmax represents the maximum allowed detour on the bicycle network.
This parameter was used to exclude gaps that were potentially parallel aths (see sectio).
Given that only 20 of the top 141 gaps were discarded as false negatives, i.earpllel paths, the
chosen value of 1.5 appears to be an appropriate upper limit fodnh.x . However, no estimation
of false positives, i.e. the percentage of gaps that are not parallel paths bwere discarded as
such, was conducted due to the high number (2573) of discarded gaps whictowld have required
manual revision. A quantitative sensitivity analysis for this parameter would contribute to the
non-trivial task of route nding algorithms on high-resolution networks ( see sectio), but
goes beyond the scope of the present study.

4.2 Applicability and limitations

This section reviews the implications of our ndings for bicycle nework planning practitioners
and outlines the limitations of the chosen approach together with improxement suggestions.
We elaborated a procedure for the identi cation and prioritization of gaps in bicycle net-
works, with the advantage of minimal data requirements thanks to the puely topological ap-
proach taken. While there are still some issues to be resolved, we acautiously optimistic that
the procedure could in the future become the basis for a broadly apptable computational tool
for decision-making support in bicycle network planning. However, i absolutely does not re-
place human-steered and human-centered decision making within # planning process. Visual
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Figure 4.3: Left: edge betweenness centrality values without cuto radius ; the maximum value is in
the order of 10°. Right: edge betweenness centrality values with a cuto radiu s of r max ); the maximum
value is in the order of 10°. Values for both gures are plotted in 10 bins of equal width, wit h a darker
color indicating a higher value. The corresponding probabilit y distributions are shown in gure @

inspection and contextualization of identi ed gaps forms an integral part of the analysis. Even
more importantly, such factors as nancial constraints, political framework conditions and eg-
uity considerations [131] play a decisive role in the planning procgs but cannot be meaningfully
integrated within a computation tool.

There are several possibilities to obtain a more detailed network regesentation. Several
factors that are directly available in OSM, but have been discarded 6r the sake of simplicity,
could be integrated in the analysis, namely direction of tra c, road type , speed limit, and nhumber
of lanes. If available, data on tra ¢ volume could also be added to each of thestreet segments.
Furthermore, including di erent types of bicycle infrastruct ure in the network de nition might
be of interest for further studies. Lastly, including other transport modes (e.g. considering the
interconnection of bicycle paths with public transport) would help to account for multimodal
mobility.

There are also several ways of improving the estimation of cyclist & ¢ ow which was used
for gap prioritization. In the all-pair shortest path algorithm, the numbe r of cyclists starting
from each of the nodes could be weighted by the length of links adjacentot this node, which
would more closely approach the assumed spatially uniform population distbution in the city.
Depending on the resolution, census data and origin-destination tabke might o er an even more
realistic picture. Data collected from bicycle counting stations might be used for validating the
estimated cyclist ow numbers. However, spatial resolution of suchdata will most likely not be
su cient for a meaningful inclusion in the network model. Further more, in the case of setting up
more ne-grained bicycle tra ¢ model, the simpli ed assumption of p reference for the shortest
path could be modi ed to include variables such as hill slope and tra c stress.

Clustering and classi cation of gaps, which were both conducted manuaif in the case study,
could partially be automatized. Setting up a network of gaps and detectig all disconnected
components within this network would o er a rst estimation of gap clust ers, however manual
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Figure 4.4: The upper 10% of links ranked by edge betweenness centrality vdues without (left) and
with (right) a cuto radius of rmax = 2500m)

inspection would still be required, both because smaller gaps might genrongly discarded as
they get covered by larger clusters, and because in areas with high gap mty, clustering might
be less meaningful. In addition, OSM tags and network link attributes sich as length could be
used for an automatized estimation of gap classes, which however would ktrequire a manual
revision to con rm the results.

There is also a large potential for improving the integration of citizen input into the analysis.
In particular, allocating map points of citizen input to correspondin g network links representing
street segments would make it possible to include feedback from thgeneral public into the
ranking procedure. In addition, data on tra c crashes could also be induded in the priority
ranking.

Lastly, given that the procedure was designed to be applied to a relatiely dense network, as
is the case for Copenhagen, its applicability to sparser networks shodlbe evaluated separately
in future studies.

4.3 Data quality issues in OSM

Data quality issues within OSM present a further relevant limit ation. There are both advantages
and disadvantages to the use of crowdsourcing for mapping purposes. lhables the provision
of open source data and the integration local knowledge, however di emgt skill levels within
the mapping community and a lack of coherence in tag criteria applicatons lead to data quality
issues|[132]. Furthermore, OSM data quality varies by location [133]. Forxample, Haklay [134]
found a coverage bias of British OSM data towards wealthier areas. Howey, the quantitative
assessment of OSM data quality is still an open research question [135, 13&SM data quality
speci cally for bicycle infrastructure has been reviewed by Fester, Fischer, et al. [137] for the
case of six Canadian cities. Good concordance for most common bicycle iafitructure categories
and relatively low concordance for less common ones was found.
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In our results, many of the identi ed gaps which were discarded as dataissues were due
to outdated OSM tags, with signi cant portions of recently built bicyc le infrastructure not yet
included as such in the OSM data. While the number of tagging edits mighpotentially be used
as a workaround for estimating whether the tag is up-to-date |[138], ideallythe implementation
of new bicycle infrastructure elements would go hand in hand with tke corresponding update
in OSM. Another issue is the lack of coherence in bicycle infrastrucire tagging. For example,
right-turn lanes where the bicycle path merges with a car lane are somimes marked as protected
bicycle infrastructure; the same goes for unprotected intersedbns which separate two stretches
of protected bicycle infrastructure. Therefore, the de nitions of bicycle infrastructure categories
within OSM [59] might be scrutinized from the viewpoint of intelligi bility in order to enhance
correct and coherent identi cation of bicycle infrastructure by mappers across di ering local
contexts.

4.4 Discarded approaches and caveats

Many helpful takeaways can be derived from what has not worked well. Irthis section, we brie y
describe approaches that were discarded during the work process, agll as several caveats of
data processing.

Cost factors are commonly applied in the modelling of cyclist behaviour. It is a vay to
account for the fact that cyclists are often willing to take a certain detour in order to e.g. avoid
tra c lights, busy intersections or streets with high tra c volume, as many studies have shown
[60,|69,/139]. For example, Boisjoly, Lachapelle, and El-Geneidy [79] empiridglderived a cost
factor of 1:4 for Montreal, Canada, from survey results on the average maximum detouryxlists
were taking. However, as the Montreal study also points out, the maximumdetour a cyclist
is actually willing to take is both subjective (depending e.g. on pesonal preferences, health
condition, weather etc.) and highly context-dependent. Moreover,the empirical derivation of
such a cost factor requires survey data on revealed preferences, isth cannot be assumed to be
readily available in most of the contexts. Furthermore, in case of applyng a cost factor to the
shortest path algorithm, some actual gaps in the network might remain undigovered or ranked
as less relevant (and the more so, the larger the cost factor is chosen). Ehis especially true for
gaps of smaller length, which are of particular interest for this study.

We experimented with applying di erent cost factors f ., within the value range 1< f o < 2
to the car-only links by de ning the cost for each link as equal to either its length (for bikeable
links) or its length multiplied by the cost factor (for car links), and then computing the shortest
paths based on cost instead of length. Applying a cost factor was also consicel as possible
solution to the parallel paths problem (see sectio for a detailed description). However,
due to the considerations above, we decided to refrain from using aost factor within the shortest
path algorithm for the computation of edge betweenness centralities. His can be interpreted
as the assumption that cyclists always take the physically shortest pth, independently of the
type of bicycle infrastructure available on that path. To exclude potential parallel paths from
the analysis, the detour factordnyax was applied instead.

Another factor which we initially tried to integrate in our analysis is t he \bicycle per-
centage" factor . The bicycle percentage factor is an attribute of path on a street netwok
and describes the percentage of path length that is provided with bigcle infrastructure. This
approach is used by several studies on bicycle network planning [69, 79, 14@.g. to de ne a
minimum percentage of facility length in order for a route to be acceptalle for the \average"
cyclist, and also forms part of some de nitions of connectivity. Howeve, the computation time
imposes serious limitations on deriving the bicycle percentage faot for all paths on the net-
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work, while limiting the number of paths for which the factor is computed necessarily introduces
some arbitrariness into the results. Moreover, deriving a bicyle percentage factor as stated or
revealed preference of cyclists is both data intensive and highlgontext-dependent. We therefore
decided to discard this approach in order to reduce the number of vadbles and to ensure broader
applicability of our procedure.

One of the rst approaches for gap identi cation involved the attempt to connect discon-
nected components of the bicycle network . This approach has been used by studies on
network growth algorithms which build upon a dynamic network model [64] However, in this
way we would have not been able to identify any segments between twbicycle infrastructure
elements belonging to the same network component as gaps. We thereforeaided to consider all
bicycle network components as embedded in, and connected by, the rtunetwork, and to look
for gaps on the multi network. Our de nition of \gap" as a sequence of links which connect two
nodes on the bicycle network implies that the number of disconne@&d components after \closing
a gap" will either be decreased (if the nodes belong to disconnedebicycle network components)
or stay the same (if the nodes belong to the same component).

Another discarded approach to the \gap" de nition included putting a cut-o value on
the number of links in a gap , instead of de ning a maximum gap length. The study by
Rosvall, Trusina, et al. [85] takes a similar approach for the analysis of information handling on
transportation networks. Limiting a gap by its link number was found not t o be meaningful in
the given context, because the number of links in a gap is a feature of Q% data structure rather
than of the actual path a cyclist takes in the real world. However, including the number of links
or nodes as network topology attribute of a path might be of interest for future studies on motif
identi cation [141], as well as for studies on intersection safety or routedirectness.

A further working de nition of a \gap" on a bicycle network was based on the idea of looking
for bicycle-car-bicycle patterns in shortest paths , i.e. selecting sequences of car-only links
which are framed by bicycle links from both sides, from the set of shdest paths. In other words,
the idea was to look for car segmentdetween bicycle linksas opposed to car segmentbetween
multi nodes, as the nal de nition goes. This approach was discarded because it errogously
excluded all gaps of lengthx whose adjacent bicycle links were connected by a path shorter than
x from the analysis.

Lastly, the simpli cation algorithm described in section P.5.2] was signicantly improved by
using Phyton's geopandas package for handling network link attributes wich contained geoco-
ordinates imported from OSM data, because this allowed to preserve th order of link sequences
throughout the iteration steps of the algorithm.

45 Future research needs

We have already outlined potential improvements of the present staly's approach in section[4.2
above. This section takes a broader look at future elds of research, wére the present study
could be meaningfully embedded.

First o, better quality and availability of relevant data would be high ly bene cial for bicycle
network planning. This applies both to OSM data, where the main issueswithin the case study
were outdated and inconsistent map tags, and to data that is made publiclyavailable by local
governmental institutions. This particularly applies to countrie s in the Global South, which are
currently underrepresented in bicycle planning research [14] ahrelated data collection [39] in
spite of their pivotal role for a sustainability shift of the transport s ector [142, 143].

Next, as outlined in section[2.4, the development of a solid computational rathodology for
the analysis of bicycle networks is still in its early stage. Although there has been a signi cant
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rise in studies on bicycle network planning over the last years, @ss-study comparability is still
fairly low, due to the ad hoc approach often taken. As argued above, we bealve that rst, an
approach based on topological network characteristics is a potential way forard; and second,
forces should be joined for the development of strategies that allow a camstent integration of
non-topological data in the analysis process. This would enhance crossugy comparability and
allow to account for di erent data availability use cases.

There are several street network elements that would require the aabptation of network
analysis methods for a more thorough study. Within our case study, thes are intersections,
roundabouts, and bridges; in other local contexts, further relevant éements might emerge. We
see a particularly large potential for the further development of network analysis applications to
intersection design on bicycle networks.

Equity considerations should be an integral part of any plan for a sustainalké transport
system. The recently emerging concept of cycling equity has beeso far mostly applied in case
studies for particular cities, and predominantly in a North American context [66} (144]. Moreover,
there are substantial knowledge and methodology gaps related to the ingration of cycling equity
perspectives into policy-making [145].
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Chapter 5

Conclusion

Bicycle network planning has become an increasingly popular topic of acadeic research in recent
decades. A variety of methods and metrics for bicycle network analysi grounded in network
theory can be found in the literature. However, they are mostly based ordabour-intensive case
studies whose applicability to other contexts strongly depends on da availability. At the same
time, the overwhelming majority of cities worldwide, Copenhagen ncluded, are still far away from
displaying modal shares of cycling which would characterize a tryl sustainable urban transport
system.

In order to achieve substantial modal shifts towards cycling, a welstructured, data-driven
framework to bicycle network planning is urgently needed. For suchan approach to be applica-
ble in practice and to bene t society, we will need to bridge the gapbetween the computational
methods of network theory and the urban design practices of bicycle neork planning. In-
stead of treating those approaches as separate disciplines, we beliedat they way forward is a
cooperation that does away with disciplinary boundaries and hierarcles.

This study aimed at contributing to the consolidation of computational methods applied to
bicycle network planning by developing a broadly applicable methodfor the identi cation of
network gaps. We therefore chose an approach that relies solely on topologicaharacteristics
of the network, and requires only OSM data which is available openly formany locations. We
demonstrated the application of the developed procedure for the case @openhagen, and gave
an example of how results can be categorized and evaluated. We are cautioysiptimistic that
the method proposed in this study can be used, with some adequate reements, as a broadly
applicable tool for decision-making support in bicycle network plannng.

On an ending note, we want to point out that the object of the present study, i.e. gaps on an
already existing and relatively dense bicycle network, can be condered \low-hanging fruits": to
close those gaps, no major political or nancial hurdles have to be ovemme. A sustainability
shift of the transport sector, however, will require much more sulstantial e orts, including not
only an increase in cycling, but also { and much more importantly { a drastic global reduction
of car use.
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Appendix A

Appendix A: Detail maps of top
101 gaps

Table contains close-up maps of all 101 prioritized gaps from the Copenhagetase study,
with the city map as background layer. Gaps are sorted by ranking, from higlest to lowest
value of the ranking metric m.. The parameter m. indicates the number of meters cycled in
motorized tra ¢ that can be avoided per investment unit if a gap is \close d". The street network

is shown in grey, the bicycle network in dark blue. Gap classes are dlicated by abbreviations
and distinguished by plotting color:

" BR Bridge (orange)

IS Intersection (yellow)

" ML Missing link (red)

"~ RA Roundabout (brown)
" RT Right-turn lane (pink)

For maps showing the overlap between gaps and citizen survey ressltsee appendiX B.

Table A.1: Top 101 gaps: Details

Detail map Ranking me Class Address

1 130587 BR Knippelsbro

81



Ranking M Class Address

ster Voldgade with

2 79396 IS .
Gr nningen
3 71659 BR Langebro
4 69925 IS Enghavevej with Viger-
slev Ale
5 61961 ML Jacob Erlandsens Gade
6 60164 ML Vermundsgade

82



Detail map Ranking me Class Address
59289 ML Langebrogade
58997 ML Tschernings Ale
58208 RT from Ba(_:kersvej to re-
sundsvej
10 57585 IS Aldersrogade with Lers
Parkale
11 56540 ML Stadfeldtsvej and Ole

Borchs Vej

83



Detail map Ranking me Class Address

Dybb Isgade with

12 56067 IS S nder Boulevard

13 55883 ML Sigynsgade

14 55862 RA Sankt Kjelds Plads

15 55208 IS Rovsmgsgade with Lyn-
gbyvej

16 54114 IS Rdmandsgade with

Lers Parkale
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Detail map Ranking me Class Address
17 52462 ML Bernhard Bangs Ale
18 51910 IS Teglv rksgade with

Jagtvej

£ =2

19 50168 ML Kongebrovej
L f..-_%"'_j .
4 ~ /
senalaen + / covistionishavns

/; ‘c’ ! 7 Enveioppe
20 49729 ML Kortl b
21 48951 ML V rnedamsvej
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Detail map Ranking me Class Address

from Hiller dgade

22 48797 RT to Borups Ale (on
Hiller dgade)
Rantzausgade with

23 48713 IS Aboulevard

24 47758 RT from ster Aleto N rre
Ale

25 47 303 ML Vesterf lledvej

26 46 980 ML @seb ksvej
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Detail map Ranking me Class Address
27 45751 ML Sofus Francks V nge
28 44743 ML C. F. Richs Vej
Peter Bangs Vej with
29 44456 IS Lindevangs Al
30 44 400 ML Mgevej
31 43964 ML Alands_gade and
Frankrigshusene
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Detail map Ranking me Class Address
32 43330 ML Annexstr de
33 43086 ML Havneholmen
34 42636 ML Gamle Vashygade
35 42412 ML Kristeneberg
36 42220 IS Fensmark_gade with
Tagensvej

88



Detail map Ranking me Class Address

37 41597 ML Borgmester Fischers Vej

38 41475 RT from S ndre Fasanvej to
Smallegade

39 41229 IS Gyldenl v_esgade with
N rre Farimagsgade

40 40568 ML Drosselvej

41 40424 RT from N rre Ale to ster

Ale

89



Detail map Ranking me Class Address
42 40 407 ML Ib Sch nbergs Ale
43 40300 ML Kingosgade
44 40011 IS Koldinggade with
sterbrogade
Ny Kongensgade and
45 39525 ML Frederiksholms Kanal
46 39363 ML Thorvaldsensvej
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Detail map Ranking me Class Address
47 39305 ML Blgrdsgade
48 39203 IS AIe.klsteve.] with
Jyllingevej
49 39079 ML Vejlands Ale
50 39044 ML Christen Bergs Ale
51 38927 RT from SlIvgade to ster

Farimagsgade

91



Detail map Ranking me Class Address
from Hiller dgade to
52 38754 RT Borups Ale (on Borups
Alg)
Randersgade with
53 38590 IS Strandboulevarden
54 38199 ML Rantzausgade
55 38069 ML Borgergade
56 37827 IS Vestre Kirkegrds Ale

92



Detail map Ranking me Class Address

57 37776 ML Blegdamsvej

58 37747 ML Skibbroen

59 37708 ML Aldersrogade and
Teglv rksgade

60 37694 ML Jyllandsvej
Hammerichsgade with

61 37209 IS H. C. Andersens Boule-

vard

93



Detail map Ranking me Class Address
62 36659 IS ster Sgade with
sterbrogade
63 36598 ML Dybb Isgade
64 36539 ML Vendersgade
65 36537 ML Rdmandsgade
66 36523 BR H jbro

94



Detail map Ranking me Class Address
67 36523 ML H dingsvej
68 36502 ML Birkedommervej
69 36440 ML Gustav Johannsens Vej
70 36280 ML Solvej
7 36263 ML Koldinggade and Ran-

dersgade
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Detail map Ranking me Class Address

Tietgensgade,

72 36163 ML Halmtorvet and
Colbj rnsensgade
Nrre Ale with ster

73 35971 IS Alb

74 35895 ML Banevolden

75 35892 ML N rregade

76 35866 IS Slvgade with ster

Voldgade

96



Detail map Ranking me Class Address
77 35830 ML Valby Langgade
8 35627 ML and Nikola) Placs
79 35747 ML Tranehavevej
o wea s (e e
81 35224 ML Niels Juels Gade

97



Detail map Ranking me Class Address
82 35026 ML Krabbesholmvej
83 35001 IS Skellet with Roskildevej
84 34955 ML Gammel Jernbanevej
85 34803 ML Hamletsgade
86 34641 IS Pilesvinget _ with
Hareskovvej

98



Detail map Ranking me Class Address
87 34623 ML Julius Thomsens Gade
88 34400 ML Ernst Kapers Vej
89 34321 ML Herlufsholmvej
90 34320 ML Vodro svej
91 34283 ML Peder Lykkes Vej
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Detail map Ranking me Class Address
92 34276 ML Guldbergsgade
93 34035 ML Mimersgade
94 33053 ML Nordre Frihavnsgade
95 32743 ML Vall vej
H. C. Andersens Boule-
96 31104 IS vard with Rysensteens-

gade
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Detail map Ranking me Class Address
97 30528 ML Gri enfeldsgade
98 30160 ML Vognmandsmarken
99 283888 ML Store Kongensgade
100 28473 ML asingegade
101 22565 ML bel gade
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Appendix B

Appendix B: Detail maps of gap
overlaps with citizen survey
results

Out of the top 101 prioritized gaps (see appendix A), 71 showed at least oneverlap with the
citizen survey from the Cycle Path Prioritization Plan (CPPP). Tabl e B.1 contains close-up maps
of all 71 overlap cases. Gaps are sorted by ranking, from highest to lowestale of the ranking
metric m.. The parameter m. indicates the number of meters cycled in motorized tra c that
can be avoided per investment unit if a gap is \closed". The street netvork is shown in grey, the
bicycle network in dark blue. Gap classes are indicated by abbreviatins and distinguished by
plotting color:

~ BR Bridge (orange)

IS Intersection (yellow)

~ ML Missing link (red)

RA Roundabout (brown)

" RT Right-turn lane (pink)

Citizen survey inputs have two categories and are distinguished bylotting color:
~ \Cycle path missing" (green dot)

~ \Problematic intersection" (light blue dot)

Plots do not include the city map as background layer for better visibiity. For detail maps of
all gaps with the city map as background layer, see appendix A.
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Table B.1: Overlap of gaps with citizen survey: Details

Detail map Ranking M Class Address
1 130587 BR Knippelsbro
5 79396 IS ster _ Voldgade with
Gr nningen
3 71659 BR Langebro

Enghavevej with Viger-

) 09925 'S slev Ale
7 59289 ML Langebrogade
9 58208 RT from Backersvej to re-

sundsvej

103



Detail map Ranking me Class Address
Dybb Isgade with
12 56067 IS S nder Boulevard
13 55883 ML Sigynsgade
14 55862 RA Sankt Kjelds Plads
15 55208 IS Rovsmgsgade with Lyn-
gbyvej
Rdmandsgade with
16 54114 IS Lers Parkale
19 50168 ML Kongebrovej

104



Detail map Ranking me Class Address

21 48951 ML V rnedamsvej
from Hiller dgade

22 48797 RT to Borups Ale (on
Hiller dgade)
Rantzausgade with

23 48713 IS Aboulevard

24 47758 RT from ster Aleto N rre
Ale

25 47 303 ML Vesterf lledvej

26 46 980 ML @seb ksvej
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Detail map Ranking me Class Address
30 44 400 ML Mgevej
31 43964 ML AIand;gade and
Frankrigshusene
32 43330 ML Annexstr de
33 43086 ML Havneholmen
35 42412 ML Kristeneberg
38 41475 RT from S ndre Fasanvej to

Smallegade

106



Detail map Ranking me Class Address

39 41229 IS Gyldenl v_esgade with
N rre Farimagsgade

a1 40424 RT from N rre Ale to ster
Ale

42 40407 ML Ib Sch nbergs Ale

43 40300 ML Kingosgade
Ny Kongensgade and

45 39525 ML Frederiksholms Kanal

46 39363 ML Thorvaldsensvej
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Detail map Ranking me Class Address

47 39305 ML Bigrdsgade

49 39079 ML Vejlands Al

51 38927 RT fror_n Slvgade to ster
Farimagsgade
from Hiller dgade to

52 38754 RT Borups Ale (on Borups
Alg)

54 38199 ML Rantzausgade

55 38069 ML Borgergade

108



Detail map Ranking me Class Address

57 37776 ML Blegdamsvej

58 37747 ML Skibbroen

59 37708 ML Aldersrogade and
Teglv rksgade
Hammerichsgade with

61 37209 IS H. C. Andersens Boule-
vard

62 36659 IS ster Sgade with
sterbrogade

63 36598 ML Dybb Isgade

109



Detail map Ranking me Class Address

64 36539 ML Vendersgade

65 36537 ML Rdmandsgade

66 36523 BR H jbro

67 36523 ML H dingsvej

68 36502 ML Birkedommervej
Tietgensgade,

72 36163 ML Halmtorvet and

Colbj rnsensgade

110



Detail map Ranking me Class Address
74 35895 ML Banevolden
75 35892 ML N rregade
76 35866 IS \S/ol?agg?dee with  ster
77 35830 ML Valby Langgade
7 ser o S Semions cade
79 35747 ML Tranehavevej

111



Detail map Ranking me Class Address
81 35224 ML Niels Juels Gade
82 35026 ML Krabbesholmvej
84 34955 ML Gammel Jernbanevej
85 34803 ML Hamletsgade
87 34623 ML Julius Thomsens Gade
88 34400 ML Ernst Kapers Vej

112



Detail map Ranking me Class Address
90 34320 ML Vodro svej
91 34283 ML Peder Lykkes Vej
92 34276 ML Guldbergsgade
93 34035 ML Mimersgade
94 33053 ML Nordre Frihavnsgade
95 32743 ML Vall vej
H. C. Andersens Boule-
96 31104 IS vard with Rysensteens-

gade

113



Detail map Ranking me Class Address
97 30528 ML Gri enfeldsgade
98 30160 ML Vognmandsmarken
100 28473 ML &singegade
101 22565 ML bel gade
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