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Cycling is an effective solution for making urban transport
more sustainable. However, bicycle networks are typically
developed in a slow, piecewise process that leaves open a
large number of gaps, even in well developed cycling cities
like Copenhagen. Here, we develop the IPDC procedure
(Identify, Prioritize, Decluster, Classify) for finding the most
important missing links in urban bicycle networks, using
data from OpenStreetMap. In this procedure we first iden-
tify all possible gaps following a multiplex network approach,
prioritize them according to a flow-based metric, decluster
emerging gap clusters, and manually classify the types of
gaps. We apply the IPDC procedure to Copenhagen and re-
port the 105 top priority gaps. For evaluation, we compare
these gaps with the city’s most recent Cycle Path Prioritiza-
tion Plan and find considerable overlaps. Our results show
how network analysis with minimal data requirements can
serve as a cost-efficient support tool for bicycle network
planning. By taking into account the whole city network for
consolidating urban bicycle infrastructure, our data-driven
framework can complement localized, manual planning pro-

cesses for more effective, city-wide decision-making.
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FIGURE 1 Depending on a city’s existing bicycle network (black), different development approaches (red) can
fit. Left: The approach of growing from scratch by Szell et al. (2021) is best applicable for underdeveloped cities,
such as Los Angeles. See also: https://growbike.net. Center: The approach of Natera Orozco et al. (2020) to
connect disconnected components can well fit cities that have developed but disconnected components, such as
Budapest. See also: http://linkbike.net. Right: Here we develop a process for finding missing links also within a
connected component. This method complements the other two approaches; also it fits well cities with a developed
and connected network such as Copenhagen. See also: https://fixbike.net.

Introduction

With transport being one of the most problematic sectors in terms of emission reductions (Lamb et al., 2021), urban
transportation systems play a decisive role in tackling the climate crisis. There is enormous potential to be harnessed
by “greening” the transportation sector through a modal shift towards active and more sustainable mobility modes
such as cycling and walking, both in terms of climate change mitigation and socioeconomic benefits (Gossling et al.,
2019; High-level Advisory Group on Sustainable Transport, 2016).

In practice, however, bicycle infrastructure development struggles with a particularly pervasive political inertia
due to the complex interdependencies of car-centrism (Mattioli et al., 2020; Feddes et al., 2020). Very few cities
have so far managed to build up relatively safe and cohesive bicycle networks (de Groot, 2016), and even the most
renowned cycling cities in the world still have a long way to go to achieve a sustainable urban transport system, and
an optimal cycling network. For instance, this is the case for Copenhagen, where despite over a century of political
struggles and coordinated efforts to develop a functioning grid of protected on-street bicycle networks (Carstensen
etal.,, 2015), its network of protected bicycle infrastructure is split into 300 disconnected components (Natera Orozco
et al., 2020) and its accessibility displays considerable local variations (Rahbek Vierg, 2020). For the assessment of
an urban bicycle network, it is therefore crucial to ask: “Where are the missing links?”, “How to fix them?”, and “How
much will this cost and benefit the city?” These are the questions we aim to answer in this paper. Our approach is
based on Vybornova (2021) to develop a generally applicable, computational procedure for finding missing links in
developed bicycle networks, and testing it on the case of Copenhagen.

From a research perspective, a structured, data-driven approach to bicycle network planning, along with a strong
theoretical and computational underpinning, is largely missing. Setting up such an approach is seen by many as nec-
essary precondition for an evidence-based modal shift towards increased bicycle use and reduced car use (Koglin and
Rye, 2014; de Groot, 2016; Buehler and Dill, 2016; Resch and Szell, 2019; Priya Uteng and Turner, 2019). From this
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viewpoint, the academic literature on network analysis approaches to bicycle network planning can be divided into
three broad categories, depending on the structure and reproducibility of the underlying approach.

The rst, largest category contains transport planning studies with a place-speci cfocus. These case studies focus
on improving the bicycle infrastructure of one particular city, for example, Seattle (Lowry and Loh, 2017), Toronto
(Mitra et al., 2017), Lisbon (Abad and Van der Meer, 2018) or London (Palominoset al., 2021). Characteristic for these
studies is the speci ¢ application to one city and its idiosyncrasies, using a variety of data sets, such as orography,
tra c ows, trip tables or citizen surveys on mobility preferences. The second, more recent approach, is based on the
physics-inspired Science of Cities (Batty, 2013) and aims to identify the generalized laws and mechanisms that govern
urban development and are independent of place This approach typically focuses on the most important rst-order
e ects following the paradigm of network science, sacri cing speci city for generality, and therefore deliberately
using maximally simpli ed data sets. Given that this second approach aims for general results, it must be tested for
multiple cities. Examples include a multiplex network study of multimodality (Natera Orozco et al., 2020), methods
to prioritize pop-up active transport infrastructure (Lovelace et al.,, 2020), linking disconnected components (Natera
Orozco et al., 2020), or growing bicycle networks from scratch (Szell et al., 2021). Finally, the third category contains
studies that develop generalizableapproaches based on the use case of one speci c city (Larsenet al., 2013; Zhang
et al,, 2014, Boisjoly et al., 2020; Olmos et al.,, 2020; Reggianiet al., 2021). There is an inherent feasibility trade-o
between developing a re ned model by working with one high resolution data set versus developing a generalizable
model by working with several lower resolution data sets. Studies from the third category therefore often imply a
call to the cycling research community to collaborate on method consolidation by further testing their respective
approach for other cities.

Our approach developed here corresponds to the third category: we rst develop a generalizable method for
the detection of gaps in bicycle networks, and then carry out a detailed evaluation procedure for the use case of
Copenhagen in order to demonstrate the applicability of our method. Our procedure should be applicable to other
cities without major adjustments. Further, this new procedure could also be applied to less developed networks, for
example to complement previous approaches (Fig. 1) or to nd missing links in sub-networks below the scale of the
city.

Lastly, there are also numerous approaches to bicycle network planning that focus on (actual or estimated) travel
demand, often rooted in transport modeling (Dill and Gliebe, 2008; Lovelace et al., 2017; Cooper, 2018; Skov-Petersen
et al, 2018; van Eldijk et al., 2020). The approaches divided in three categories above, in contrast, are all rooted in
network analysis and focus on improvements of existing infrastructure, which our study is also in line with.

Our method complements Natera Orozco et al. (2020) and Szellet al. (2021), see Fig. 1: Instead of providing
optimized improvements to cities with minimal existing networks (Szell etal., 2021), or to cities with developed but still
quite disconnected networks (Natera Orozco et al., 2020), here we focus on repairing networks. This new approach is
particularly suited for well developed networks in which the largest connected components already cover the majority
of nodes. These networks do not bene t from an approach that starts from scratch. They can bene t from connecting
existing components (Natera Orozco et al., 2020), but since they cover already most of the city, this bene t becomes
exhausted quickly once the few biggest components have been linked up. However, there can still be many missing
links left within their connected components, for which we set up an automated xing procedure here, see Fig. 2.

The IPDC procedure

A cyclist on their way through an urban bicycle network will often nd themselves suddenly having to share the road
with cars for a while, or having to cross unprotected intersections with a high tra ¢ load, even in a well-connected,
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FIGURE 2 Stepsinthe IPDC procedure. Gaps are rstidenti ed via shortest paths, discarding parallel paths
using a minimum detour factor Dp,i,. Gaps are then prioritized via a gap closure bene t metric, in the simplest case
based on betweenness centrality. Resulting gaps can overlap (cluster) and need to be declustered. Finally, gaps are
compared with existing infrastucture, validated or discarded, and classi ed.

developed bicycle network like in Copenhagen. Here we formalize this intuitive concept of a missing link in the
bicycle network and develop an automated procedure to nd the most important ones. We call our procedure |IPDC
after its four main steps: Identify, Prioritize, Decluster, Classify, which we present in this section. The IPDC procedure
is illustrated in the work ow diagram in Fig. 2, and described in detail in the sections below. See Section Scope and
limitations for details on the applicability and limitations of this approach. We start by outlining the network data
structure and our formal de nition of gap used for the rst step of the IPDC procedure, gap identi cation.

| Gap identi cation

As a starting point, the IPDC procedure takes an urban network of streets and protected bicycle tracks, as provided
by OpenStreetMap (OSM). The steps to obtain and process the data are described in detail inAppendix A The data
are structured as a multiplex network (Battiston et al., 2014) with two di erent link types and three di erent node
types, see Fig. 3. Links of type unprotected, shown in grey, denote street segments that are designed for motor
vehicles and lack protected bicycle infrastructure. Links of type protected, shown in black, denote protected bicycle
infrastructure either alongside a street segment or o -street. If a node has only one type of links adjacent to it,
we call the node either a protected node, shown in black, or an unprotected node, shown in grey. If a node has both
protected and unprotected links adjacent to it, we call it a contact node, shown in blue.

We then de ne a gap as a shortest path between two contact nodes that consists only of unprotected links. This
de nition is based on the rationale that a gap should be a continuous piece of missing protected infrastructure, and
it should be as short as possible. An example of a gap following this basic de nition is illustrated in red in Fig. 3.

For identifying gaps in our Copenhagen data set, we applied the Dijkstra all-pair shortest path algorithm to the
entire street network with links weighted by length. From the set of paths obtained, we discarded all paths that do
not meet our gap de nition, i.e. the start and end nodes must be contact nodes and all links must be unprotected. In
this way, 9924 unique gaps were identi ed in our Copenhagen data set.

| Discarding parallel paths

Before proceeding to evaluating the bene ts of closing gaps, we must ask whether our working de nition of gaps
will yield a meaningful set of potential missing links, or whether we need to re ne our approach. Indeed, applying our
de nition to Copenhagen's street network reveals the problem of parallel pathsthat needs to be accounted for. This
problem comes from the naive application of the shortest path algorithm which does not account for the common
occurrence of protected o -street bicycle tracks that run in parallel to car lanes. In these cases, the shortest path
algorithm with links weighted by length chooses the slightly shorter car path over the slightly longer bicycle path
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FIGURE 3 lllustration of node and link types, and of our de nition of gap.  We de ne a gap as a shortest path
between two contact nodes that consists only of unprotected links. An example of a gap between the two
highlighted contact nodes is illustrated in red. (Here we only illustrate one out of many possible gaps between all
pairs of contact nodes.)

(see Fig. 4), and therefore undesirably detects a gap located on the car lane despite a protected bicycle track running
next to it. The parallel paths problem is a consequence of applying the shortest path 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 is necessary 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, solving a routing problem at
a lower resolution is a non-trivial task (Zhu and Chiu, 2015; Perrine et al., 2015).

We therefore applied the following mitigation strategy for parallel paths: For each identi ed gap g, we rst com-
dprot 1g°
dan *g°
network of protected bicycle infrastructure and on the entire street network, respectively. We then set a minimum

puted the detour factor D1g° =

where dprot g° and dg 1g° are the shortest network path distances on the

detour value Din =, :T and discarded all previously identi ed gaps that had D1g°® < Dpjp, -

We arrived at the detour factor value of 1.5 by manually comparing the results of applying a cut-o value for
gap rank and the declustering heuristic (see sectionsGap prioritizationand Gap declusteringbelow) rst to the list of
gaps with D1g® Dpin and then to the list of gaps with D1g° < D , for di erent values of , < Dpyin < f. Setting
Dmin =, :Tyielded the fewest false positives and false negatives. For gaps with a detour factor of D*g°® , :1, there
were only 10% of false positives, i.e. gaps with a detour factor of over 1.5 that turned out to be parallel paths and
had to be excluded manually. For the gaps with a detour factor Dg° < , :1, we found three types of gaps: 1) an
expected high percentage of 49% of parallel edges, 2) in 43% of cases a partial overlap with gaps of a higher detour
factor and therefore no substantial loss of information when excluded, 3) only 8% of false negatives, i.e. actual gaps
on the bicycle network. The chosen detour factor therefore presents a reasonable trade-o between minimizing
false positives (roughly 10% of the gaps that had to be excluded manually) and loss of information (roughly 8% of
automatically excluded gaps that were actually relevant). It is also in line with cyclist detour behavior reported in the
literature (Reggianiet al., 2021).

Excluding gaps with a detour factor below 1.5 from our analysis reduces the number of gaps from 9924 to 6603.
This list of 6603 identi ed gaps is used as input for the next step of the IPDC procedure: gap prioritization.
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FIGURE 4 Two examples of parallel paths that a gap identi cation process must account for.  The bicycle
network is shown in black. The parallel paths along the car network are shown in red; they are only slightly longer
and should not be identi ed as gaps. Left: Parallel path along H.C. Andersens Boulevard. Right: Parallel path along
Torvegade.

| Gap prioritization

Not all street segments that were identi ed so far as gaps are equally suitable for the construction of new bicycle
infrastructure, nor are they equally relevant for the overall performance of the bicycle network. Consider and contrast
two examples of locations without protected bicycle infrastructure: a residential street in a suburban area, versus a
narrow bridge over a canal in the city center. To put a number on the priority of each of these gaps, we need to ask not
only How central is this missing link? and How much does it cost to close this gap?, but also How many citizens
will bene t from closing it? Therefore, after having found all gaps which t our topological de nition, the next step

is to evaluate the bene ts of closing a gap (by installing protected bicycle infrastructure) for the overall performance
of the bicycle network, and to prioritize the list of gaps by this bene t metric.

To quantify the benet of closing a gap, we start o with the rationale that the positive impact consists in
reducing the number of meters that cyclists have to ride in the same space as motorized tra c. This is in line with
the concept of planning for the vulnerable, i.e. aiming to provide an inclusive transportation system by protecting
the most vulnerable population groups such as children, who ideally should never have to cycle in mixed tra c
(McDonald, 2012). If this concept was taken to the extreme, no single gap should be left unclosed, which is not
a realistic goal. Therefore, we aim to approach this idealmost e ectively by prioritizing gaps that lie on the most
commonly taken bicycle routes. Using topological street network data only, the most common routes can be gauged
quantitatively by selecting gaps with the highest link betweenness centrality weighted by gap length. Let us provide
an example before the formal de nition. Assume that gap A has a length of ,» m and a tra ¢ volume of 50 cyclists in a
time unit (e.g. during one hour); and gap B has a length off+ m and a tra ¢ volume of 15 cyclists. Then, by multiplying
lengths with tra c volumes, we obtain the total number of meters cycled in mixed tra c: tee mforgap Aand,ss m
for gap B. Closing gap A would avoid more meters cycled in mixed tra c, which is why gap A is ranked more relevant
than gap B. In this case gap A is also shorter, therefore also more cost-e cient to close.

In order to apply this rationale, we estimated the number of cyclists on each link, i.e. the bicycle trac ow
through the network, based on the network topology, using betweenness centrality. Betweenness centrality, derived
from an all-pair shortest path algorithm, is the most basic proxy for tra ¢ demand. It assumes that for each possible
origin-destination combination, there is one cyclist unit making their way through the network, always choosing the
shortest possible path between origin and destination. Then the number of cyclists that use a speci c link on their






