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Abstract

A bicycle node network is a wayfinding system targeted at recreational cyclists, consisting of
numbered signposts placed alongside already existing infrastructure. Bicycle node networks are
becoming increasingly popular as they encourage sustainable tourism and rural cycling, while also
being flexible and cost-effective to implement. However, the lack of a formalized methodology and
data-driven tools for the planning of such networks is a hindrance to their adaptation on a larger
scale. To address this need, we present the BikeNodePlanner: A fully open-source decision support
tool, consisting of modular Python scripts to be run in the free and open-source geographic in-
formation system QGIS. The BikeNodePlanner allows the user to evaluate and compare bicycle
node network plans through a wide range of metrics, such as land use, proximity to points of
interest, and elevation across the network. The BikeNodePlanner provides data-driven decision
support for bicycle node network planning and can hence be of great use for regional planning,
cycling tourism, and the promotion of rural cycling.
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Links to GitHub repositories

® Main repository: https://www.github.com/anastassiavybornova/bike-node-planner (in the
manuscript anonymized for submission, we refer to a snapshot of this repository that has been
uploaded to Zenodo at: doi.org/10.5281/zenodo.14536130).

e Data for Denmark: https://www.github.com/anastassiavybornova/bike-node-planner-data-
denmark (in the manuscript anonymized for submission, we refer to a snapshot of this
repository that has been uploaded to Zenodo at: doi.org/10.5281/ zenodo.14536147).

Bicycle node networks: Motivation, definition, and implementation

Recreational cycling is not only an enjoyable way to explore an area but also helps to popularize
cycling among people who do not normally get around by bike, as a nudge to integrate cycling in
one’s everyday mobility (Boyer, 2018; Deenihan et al., 2013; Park et al., 2011). Cycling tourism can
also decrease mass tourism’s burden on environment and climate (Kamb et al., 2021; Kim and
Michael Hall, 2022). To promote both recreational cycling and cycling tourism, local governments
are increasingly interested in implementing bicycle node networks as a flexible and cost-effective
measure. Although bicycle node networks are usually marketed for recreational cycling, they can
also boost everyday cycling in rural areas (Deenihan et al., 2013; Schmidt et al., 2024).

A bicycle node network is a navigation system tailored to (daytrip) cyclist needs. Seen on a map,
the network consists of a set of numbered locations (network nodes) that are connected by roads and
paths (network edges) suitable for recreational cycling; and seen from a bicycle, the network
consists of signposts placed at each of the nodes (Figure 1). The signposts direct the cyclist toward
the neighboring nodes on the network. This network layout enables cyclists to plan their routes with
maximum flexibility, according to individual needs and preferences. In contrast to many traditional
long-haul cycling routes that usually only go from A to B, it allows for a variety of round trips and
adjustable trip lengths.
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Figure |. Left: Subset of a concept bicycle node network. Contrary to a route going straight from A to B, a
bicycle node network contains many loops (i.e., possible roundtrips, or “simple cycles” in graph theory) and
allows for customization of the route. Right: Example of signage for node in the network. The sign points
toward the nearest other nodes in the network.
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Table I. Overview of BikeNodePlanner features, following the bicycle node network planning guidelines by
DKNT (DKNT, 2024).

Attribute Relevance Quantification BikeNodePlanner Figure
Edge length To allow for shorter Ideal length: | — 5 km; Shows edge lengths Figure 2a
recreational cycling trips ~ maximum length: according to user-
and variation in possible 10 km, for dead- defined length
routes ends, maximum thresholds
length: 3 km
Loop length To allow for shorter Ideal length for loops Shows loop lengths Figure 2b
recreational cycling trips  (shortest possible according to user-
and variation in possible roundtrips): 8 — defined length
routes 20 km thresholds
Disconnected The network should not ~ Count Identifies and shows Figure 2c
components have any disconnected separately all
components disconnected
components
Accessibility of  Necessary facilities such as Toilets: Every 10 km; For a user-defined Figure 2d

facilities

Accessibility of
services

Variation in
points of
interest
(POls)

Variation in
landscape

Elevation

water, restrooms, and
places to buy food should
be easily accessible from
the network

The network should be
well-connected to
services such as camping
sites and hotels to ensure
easy access to overnight
accommodation for
people on multi-day trips

The network should
connect to important
POls: Tourist
destinations and
locations of high
recreational value

A guiding principle for the
network planning is to
ensure as much variation
as possible. One element
of variation is to route
the network through
many different types of
landscapes and land use

It is recommended not to
include stretches with
too steep slopes. In case
of steeper slopes, they
should be clearly marked
when advertising the
network

picnic areas: Every
5 km. Default
distance threshold
for reachable
facilities: 100 m

Default distance
threshold for
reachable services:
750 m

Default distance
threshold for
reachable POls:
1500 m

Slopes should not
exceed 6%

maximum distance,
shows all facilities that
are within vs. outside of
network reach

For a user-defined
maximum distance,
shows all services that
are within vs. outside of
network reach

For a user-defined
maximum distance,
shows all points of
interest that are within
vs. outside of network
reach

For a user-defined
maximum distance, and
for each landscape
(polygon) layer, shows
all parts of the network
that run through
vs. outside of the layer

For user-defined
elevation thresholds,
shows elevation for all
network edges,
separately highlighting
edges that exceed the
maximum slope
threshold

Figure 2d

Figure 2d

Figure 2e

Figure 2f
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Figure 2. Overview of BikeNodePlanner features; interactive QGIS legends not shown. a) Classification of
network edge length. Black: too short; green: ideal length; yellow: above ideal length; red: too long. b)
Classification of loop lengths. Black: too short; green: ideal length; red: too long. ¢) Components in the
network. Each color represents a disconnected component. d) Network accessibility, point data. Large points
represent facilities within reach, and small points represent facilities outside of reach, based on the distance
threshold). e) Landscape variation, polygon data highlights where the network goes through areas of cultural
interest. f) Network slope. Darker shades of red indicate steeper slopes.

Implementing a bicycle node network is done by installing signposts for cyclist wayfinding. It
does thus not necessarily require upgrades to the road infrastructure, which makes it potentially
much cheaper to implement than, for example, a network of protected bicycle paths. However, a
necessary condition for a good quality bicycle node network is to include only road infrastructure
that is suitable for recreational cycling. In addition, the bicycle node network should offer a variation
of recreational experiences; provide access to services and amenities along the way; and finally, be
safe and well-connected (DKNT, 2024). Hence, to plan such a network for an entire region—with
millions of potential ways to place the nodes, and numerous constraining conditions—is a
complicated logical puzzle. Solving this puzzle manually requires a large amount of human power
and can be greatly facilitated by data-driven computational methods.

Previous work on bicycle node network planning

The first bicycle node network was implemented in Belgium in the 1990s (DKNT, 2021a). The
concept has since been popularized in several other countries, such as the Netherlands, Lux-
embourg, France, and Germany (Nederland Fietsland, 2023; NodeMapp, 2024; Province De



Vybornova et al. 5

/_ I. Installation \

Install QGIS

Python setup

Fill out config files AR R
For Denmark, use
bike-node-planner-

data-denmark

Generate input data

ssssdsnEEne

Yasnen

7
e

I

/ Ill. Analysis \

0 Verify input 1 Visualize input 2 Evaluate network
data network and study access with point
area and polygon data

3 Evaluate network 4 Evaluate network 5 Evaluate network
slope structure edge lengths

8 Export map

7 Summarize

6 Evaluate network

visualizations

evaluation

loop lengths

L o

Figure 3. The BikeNodePlanner workflow.

Luxembourg, 2024), and is currently being implemented in Denmark (Caspersen and Preestholm,
2019; DKNT, 2024). However, there is very little research on bicycle node networks or recreational
cycling networks, which is in line with the fact that rural cycling, in contrast to urban cycling, in
general remains heavily understudied (Kircher et al., 2022; McAndrews et al., 2018; Scappini et al.,
2022; Viere and Szell, 2024). Most literature on cycling tourism and recreational cycling focuses on
organizational management or developing attractions and facilities, and only addresses the network
design problem through general guidelines (Aschauer et al., 2021; Caspersen and Prastholm, 2019;
DKNT, 2021b; Weston et al., 2012; Wirsenius et al., 2021). Meanwhile, most literature on data-
driven approaches to bicycle network planning is oriented toward adding protected bicycle in-
frastructure in urban environments for everyday cycling (Caggiani et al., 2019; Mauttone et al.,
2017; Olmos et al., 2020; Ospina et al., 2022; Steinacker et al., 2022; Szell et al., 2022). Therefore,
up to this date, bicycle node network planning remains a mostly manual process, which requires
substantial resources from planners and policy-makers.

Only very few studies have so far aimed to develop methods specifically for recreational cycling
or for bicycle node networks. One line of approaches uses mathematical multi-criteria optimization
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(Giovannini et al., 2017; Malucelli et al., 2015; Vansteenwegen et al., 2011; Zhu, 2022; Cernd et al.,
2014). Several other studies have documented multi-criteria planning heuristics using desktop GIS
(Derek and Sikora, 2019; Scappini et al., 2022). While these studies are an important first step
toward the popularization of bicycle node networks, they are not reproducible in their setup and
therefore not directly applicable in planning or policy-making. Moreover, the studies do not
consider network structure, which is a crucial factor for bicycle node network design. To the best of
our knowledge, no data-driven decision support tools for bicycle node network planning are
available. To address this need, we present the BikeNodePlanner.

Introducing the BikeNodePlanner

The BikeNodePlanner is a fully open-source, reproducible PyQGIS tool for decision support in bicycle
node network planning, designed for users with minimal experience using GIS software. The tool has
been developed in collaboration with Dansk Kyst- og Naturturisme' (DKNT) as part of a larger effort to
implement a nationwide bicycle node network in Denmark (DKNT, 2021a), but can be applied to any
study area in the world. The BikeNodePlanner takes as input (1) a design proposal for a bicycle node
network (a spatial data set with network edges and nodes); and (2) additional, user-curated geospatial
data on the study area (e.g., land use, location of amenities, and elevation). Based on this data, the
BikeNodePlanner evaluates the design proposal based on best-practice design criteria for bicycle node
networks, as synthesized by DKNT in their recently published handbook on bicycle node network
planning (DKNT, 2024). The design criteria and the corresponding BikeNodePlanner evaluation steps
are summarized in Table 1. Each design criterion corresponds to one customizable evaluation step in the
BikeNodePlanner. The results can be explored interactively in QGIS. The BikeNodePlanner highlights
areas where the network might need to be adjusted, allowing planners to verify whether the network
proposal fits the guidelines, and highlighting areas where adjustments might be necessary. In Figure 2,
we illustrate the main features of the BikeNodePlanner by example of results for the Fyn and Islands
(Funen) region of Denmark. Fyn and Islands is also the first location in Denmark where the node
network will be implemented at scale. An exploration of these results and their role for decision-making
support is given in the Supplementary Information (SI). A detailed user guide with feature docu-
mentation and data specifications is available in the tool’s GitHub repository: github.com/
anastassiavybornova/bike-node-planner.

Workflow overview

Here, we provide a brief overview of the BikeNodePlanner, as illustrated in Figure 3. First, the user
installs QGIS and additionally required Python libraries. Next, the evaluation is customized by
filling out the configuration files and generating input data®. All input data except the network itself
is fully optional, so the BikeNodePlanner can be run independently of evaluation data availability.
Now, the user can conduct a step-by-step evaluation of the input network by running the corre-
sponding Python scripts from the QGIS Python console:

0. Verify that input data has been correctly provided.

1. Visualize input network and study area extent.

2. Evaluate network access with point and polygon data, with user-defined
distance buffers.

Evaluate network slope, with a user-defined classification.

Evaluate network structure and display disconnected components.
Evaluate network edge lengths, with a user-defined classification.
Evaluate network loop lengths, with a user-defined classification.

SAGE
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7. Generate summary plots (incl. statistics) of all evaluation steps.
8. Export map visualizations of all evaluation steps.

All evaluation layers visualized by the BikeNodePlanner are also stored locally in .gpkg format. The
modular nature of the tool, the detailed step-by-step instructions, and the documentation enhance
accessibility for users without a programming or GIS software background, while maintaining a
high degree of customizability.

Conclusion

The BikeNodePlanner addresses the need for a decision support tool for bicycle node network
planning that is open-source, customizable, and reproducible. As the first tool of its kind, it in-
corporates best-practice design criteria for bicycle node network planning (DKNT, 2024), including
the structural characteristics of the network. Moreover, the BikeNodePlanner can help identify
missing links in existing infrastructure, and therefore can be used to prioritize local improvements to
bicycle infrastructure. Although iterative editing (live feedback with continuously updated eval-
uation results) has not yet been implemented, the tool provides a valuable source of information for
planners and policy-makers. Future work—beyond the localized application of the BikeNode-
Planner for selected use cases—could tackle the challenge of data-driven generation of design
proposals for regional bicycle node networks; and focus on increasing network accessibility by
public transport. Overall, the BikeNodePlanner is a major first step toward the consolidation of a
systematic approach to bicycle node network planning. More broadly, our work contributes to the
popularization of bicycle node networks, and to fostering sustainable cycling tourism and rural
cycling.

Reproducibility and technical specifications

The BikeNodePlanner has been developed on MacOS, and tested on both MacOS and Windows. All
code is open-source and available under https:/github.com/anastassiavybornova/bike-node-
planner. By following the instructions provided on GitHub for data set preparation, the user
can run the BikeNodePlanner workflow for any location. For Denmark, all data and code necessary
to produce and preprocess the input data is available under github.com/anastassiavybornova/bike-
node-planner-data-denmark.
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Notes

1. Danish Coast and Nature Tourism.

2. For Denmark, automated input data generation is available under github.com/anastassiavybornova/bike-
node-planner-data-denmark. For all other study areas, input data must be provided manually; detailed data
specifications are available in the BikeNodePlanner documentation (see README Step 3: Prepare your
data).
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