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Most planning guidelines for bicycle networks define a consistent set of qualitative
criteria. All relevant destinations should be reached by bike in a safe, coherent
(i.e., continuous bicycle facilities), direct (i.e., minimal detours), comfortable and
attractive way. For transportation planners, few information exist on the degree to
which these qualitative criteria are (still) fulfilled for already existing bicycle
networks. However, these information are essential for the definition and
prioritization of appropriate bicycle infrastructure measures under limited
budget. Until now, no standardized methodology for the purely data-driven
quantitative assessment of all of these five (and potentially more) qualitative
bicycle network criteria exists. This paper develops a data-driven quality
assessment methodology for bicycle networks. Based on an extensive
literature review of existing guidelines, design manuals and literature on bicycle
network planning, a comprehensible set of relevant qualitative criteria for bicycle
networks including sub-criteria are defined in detail. For each sub-criterion,
possible measurable indicators and data sources are identified as well.
Indicators are translated into precise and transparent evaluation scales with a
strong foundation. They are based on widely used guidelines and design manuals
for bicycle traffic in European countries, especially the ones of pioneer countries
for cycling such as the Netherlands. The work differentiates between local
indicators of single bicycle facilities (edge-based, e.g., surface quality), route-
wide indicators (e.g., travel time ratio) and network-wide indicators (e.g., network
density) and integrates these into an overall framework. A methodology is
developed that combines and weights several sub-criteria to consolidated
scores for each criterion as well as one final overall score for bicycle network
quality. Finally, the applicability of the approach is shown within a case study for
the city of Munich, Germany. The key findings for Munich’s cycling network are as
follows. The cycling network has a medium level of quality, indicating clear
potential for improvement. The analysis of sub-criteria revealed that the city of
Munich should focus primarily on expanding the main cycling network, on
decreasing the number of conflict points and on decreasing the travel time of
cyclists.
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1 Introduction

Motorized individual transport, which has been the focus of urban planning since the
1970 s, leads to a variety of problems in many cities today, such as noise, exhaust fumes and
traffic congestion. In today’s car-based city, large areas are no longer accessible to residents,
but are instead reserved for cars and trucks. Thus, the quality of life and health suffers. One
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way to overcome these problems is to strengthen cycling and thus to
reduce motorized individual transport. Netherlands, for example,
recognized this several years ago and radically changed its transport
and urban planning policy, making it one of the pioneers in the field
of cycling. In addition to improving the cityscape and reducing noise
emissions, strengthening cycling reduces CO2 emissions. In order to
mitigate climate change and its drastic consequences, an increasing
number of countries like Germany are urgently seeking solutions to
promote cycling.

Whether cycling is used as an alternative to cars, however,
depends to a large extent on the quality of the service. High-
quality cycling infrastructure can motivate people to cycle
Buehler and Dill (2016), as can be seen in the Netherlands and
Denmark. Here, a generous expansion and conversion of the cycling
infrastructure has resulted in many people using the bicycle as an
everyday means of transport. So far, it is often difficult for politicians
and planners to assess the quality of existing or future cycling
infrastructure. However, this knowledge is crucial for the
evaluation of expansion and maintenance plans for cycling
infrastructure as well as for identifying infrastructure measures
with highest positive impact on cycling. Ideally, there is a simple
way of carrying out this evaluation, for which a data-based approach
is especially suitable.

In this paper, such a data-based approach for the quality
assessment of cycling infrastructure is developed and presented.
It enables the identification of weaknesses in cycling networks to
derive options for action and to support policymakers and planners.
Although a wide range of data on cycling and cycling infrastructure
is already collected today, these are not linked with each other and
are therefore difficult to understand and interpret. The aim of this
study is the development of a method for data-based quality
assessment of cycling networks and its application to a real-
world cycling network.

For this purpose, relevant criteria for cycling network quality are
identified. Criteria are understood to be universal categories that can
be applied irrespective of the location and whose fulfilment
contributes to an increase in cycling (CROW-Fietsberaad, 2016;
European Commission, 2022). Each quality criterion is assigned a
number of suitable sub-criteria. Sub-criteria are a finer gradation of
criteria and their fulfilment contributes to the fulfilment of the
criterion. Each sub-criterion is assigned a number of measurable
indicators. Indicators describe characteristics of a road or path and
are used to measure the performance of a sub-criterion. For
example: for the criterion safety, one of the sub-criteria is
collision risk, which can be described by the indicator “guidance
of bicycle traffic” or the indicator “distance to stationary traffic”.
First, the quality of the cycling network is assessed individually for
each indicator on the basis of a five-stage evaluation scale, the results
of which are transferred to the corresponding sub-criterion.
Subsequently, sub-criteria and criteria are weighted in relation to
each other based on a survey. Finally, the overall result is derived by
summing up weighted evaluation results of sub-criteria and criteria.
The developed method is applied to the city of Munich, Germany
within a case study.

Compared to existing methods, our approach has several
advantages. It is purely data-driven, exclusively uses measurable
indicators and translates these indicators into precise and
transparent evaluation scales. These evaluation scales have a

strong foundation. They are based on the most widely used
guidelines and design manuals for bicycle traffic in European
countries, especially on the ones of pioneer countries for cycling
such as the Netherlands. Our methodology covers all major criteria
for cycling networks defined in these guidelines and thus delivers a
fully comprehensive view of the cycling network’s quality. As criteria
are broken down into detailed sub-criteria, users have the
opportunity to understand more precisely the reasons for a low
overall rating. The combination of different types of indicators
(edge-based, route-based, network-based) guarantees that quality
levels can be assessed spatially as detailed as possible. All sub-criteria
and criteria are weighted in order to be able to differentiate their
actual importance for the overall quality of the bicycle network.

The outline of this paper is as follows: In Section 2.1, quality
criteria for cycling networks used in literature are identified. In
Section 2.2, existing methods for the quality assessment of cycling
networks are introduced. Here, a special focus is on the criteria
covered by the methods, on the methods’ advantages and
disadvantages and on the identification of research gaps. Based
on the extensive literature review, we define sub-criteria,
indicators, potential data sources and evaluation scales for the
data-driven quality assessment method in Section 3.1. The
different types of indicators (edge-based, route-based, network-
based) are explained in Section 3.2 and formulas for the
aggregation to network-wide results are introduced. In Section
3.3, we develop a methodology for weighting assessment results of
sub-criteria and criteria in order to derive an overall quality result
of the cycling network. The developed method is implemented in a
Python framework and finally applied to the study area, the
Munich bicycle network, in Section 4. We conclude this study
with a discussion where we focus on key findings and limitations of
this study and on future work.

2 Literature review

This chapter provides an overview of quality criteria for bicycle-
friendly cities used in literature. It also reviews existing methods for
the quality assessment of cycling facilities and cycling networks.

2.1 Quality criteria for bicycle networks

According to the Dutch design manual for bicycle traffic
(CROW-Fietsberaad, 2016), there are five criteria to be met for a
high quality cycling network: coherence, directness, attractiveness,
safety and comfort. These criteria are defined as follows.

• Safety: “The cycling infrastructure ensures the road safety of
cyclists and other road users.”

• Comfort: “The cycling infrastructure allows for a smooth and
comfortable flow of cycling traffic.”

• Directness: “The cycling infrastructure always offers the cyclist
the most direct route possible (detours are kept to a
minimum).”

• Coherence: “The cycling infrastructure represents a coherent
whole and makes accessible all origins and destinations of
cyclists.”
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• Attractiveness: “The cycling infrastructure is designed and
integrated into the environment in such a way that cycling
is attractive.”

Safety ensures a safe ride between the origin and the destination,
in terms of physical integrity. This includes not only technical safety,
which is measured quantitatively, but also social safety, which is a
subjective perception. Social safety is crucial for bicycle use (CROW-
Fietsberaad, 2016; DfT, 2020). Several scholars (Pikora et al., 2003;
Fraser and Lock, 2010; Pucher and Buehler, 2010) showed that safety
is positively associated with higher cycling levels, especially for
elderly people and even on rainy days (Hong et al., 2020).
Comfort is defined as the minimization of energy expenditure
and mental concentration. Cyclists must take into account the
physical forces of rolling and air resistance as well as the force of
gravity on inclines. In addition to constant high loads, irregular
loads such as braking and restarting can reduce comfort. Hull and
O’Holleran (2014) conclude in their study that besides safety,
comfort should be at the forefront of infrastructure design.
Directness refers to routes that are as short and direct as possible.
Gerike et al. (2022) highlight that detours and time wasted, e.g., due
to waiting times at intersections should be kept to a minimum.
Coherence, also referred to as cohesion, states that all routes should
be sufficiently connected to each other and that access to the
network is guaranteed from any point. In addition, CROW-
Fietsberaad (2016) states that “[t] he infrastructure [. . .]
represents a coherent whole and provides access to all origins
and destinations of cyclists”. The importance of coherence for
the attractiveness of cycling is supported by a literature review
on environmental correlates of cycling (Saelens et al., 2016).
Attractiveness refers to the environment while cycling, e.g., the
presence of green areas. According to Ta et al. (2021), contact
with green space during cycling positively impacts cyclists’
satisfaction. Thus, attractiveness should be considered as a
quality criterion for cycle networks. In CROW-Fietsberaad
(2016), the five criteria safety, comfort, directness, coherence and
attractiveness are always on the same level, i.e., none of the criteria is
weighted higher or lower.

The handbook for cycling-inclusive policy development
(Pettinga et al., 2009) refers to the criteria listed by CROW-
Fietsberaad (2016). As this is a policy development manual, it
mainly outlines how to develop a bicycle-friendly policy plan.

In ASTRA (2008), the Swiss manual for planning cycling routes,
only the three criteria of safety, attractiveness and cohesion are used.
The criterion attractiveness comprises the flow of traffic, which
means smooth driving without interruptions. It also contains the
attractiveness of the environment as well as the quality of the surface.
The criterion safety includes bicycle traffic guidance under
consideration of traffic volumes. Safety also comprises
homogeneity (the number of changes in road and path
categories), the number of danger spots and the perception of
safety, which is described by the number of problem spots. The
criterion cohesion is described by directness, which is evaluated
using a formula of effective distance, air distance and effective height
metres. Cohesion also incorporates accessibility, which assesses the
distance of important destinations from cycling routes.

According to the United Kingdom (UK) guide for cycling
infrastructure design (DfT, 2020), the five design principles to be

fulfilled for cycling networks are to be coherent, direct, safe,
comfortable and attractive. The assessment is based on the
Cycling Level of Service (CLoS), which will be discussed in
Section 2.2.

The London cycling design standards (Transport for London,
2016) added another design principle: adaptability. Adaptability
means that cycling infrastructure is designed to accommodate all
types of bicycles and an increasing number of cyclists.

According to a German cycling handbook (StMB, 2011), the
essential basic requirements for a cycling network are traffic safety,
freedom from detours, social safety and speedy progress. In addition,
network planning criteria are listed, some of which can be translated
into the criteria of CROW-Fietsberaad (2016): link quality
(directness), access quality (coherence), traffic safety (safety),
quality of stay (attractiveness), social safety (attractiveness),
rideability (comfort), travel time (directness), orientation
(coherence), service, and operation of bicycle facilities. Service
means service offers such as bicycle parking facilities at public
transport stations or bicycle transport options in public
transport. The operation of bicycle facilities includes the
consideration of bicycle routes for cleaning and winter services as
well as safe guidance and rerouting in case of construction sites.

The German recommendations for cycling facilities, ERA,
(FGSV, 2010), provide methods for quality assurance. Various
objectives are defined and these can be assigned to the criteria
defined in CROW-Fietsberaad (2016): traffic safety (safety),
subjectively safe routing (attractiveness), rideability at a certain
speed level (directness), minimum waiting time (directness),
detour minimization (directness), slope minimization (comfort),
no hazards to fall (safety), low rolling resistance of surfaces
(comfort), good maintenance and operating condition (comfort)
as well as equipment of main connections with signposting
(coherence).

Hull and O’Holleran (2014) developed the Bicycle Infrastructure
Score to determine which bicycle infrastructure design promotes
bicycle traffic. This score is a qualitative and subjective evaluation of
bicycle facilities in the categories of coherence, directness,
attractiveness, road safety, comfort, spatial integration,
experience, and socioeconomic value. Spatial integration includes
the integration of bicycle infrastructure into the spatial context.
Experience is the cyclist’s comprehensive impression of the route.
Socioeconomic value represents an assessment of how well routes
connect destinations. For each criteria, sub-criteria were defined.
The authors concluded that the following design principles for
bicycle-friendly infrastructure should be considered: wide bike
lanes; direct routes that connect all uses; separation, where
possible, especially on busy main roads; clear signage; no
interruption of bike lanes at dangerous locations; either bypasses
or traffic signals with priority for cyclists at intersections; use of high
quality materials for bike lanes; barriers that are visible even at night
and do not force cyclists to dismount; high-quality lighting;
attractive design (e.g., green spaces); frequent and high-quality
parking facilities; bicycle infrastructure not as an add-on, but in a
multi-modal system.

According to Furth (2021), a bicycle network must provide low-
stress connectivity. Origins and destinations should be accessible
without long detours or excessive inclines. The criteria mentioned
are separation from traffic congestion (safety), pleasant, well-lit and

Frontiers in Future Transportation frontiersin.org03

Weikl and Mayer 10.3389/ffutr.2023.1127742

https://www.frontiersin.org/journals/future-transportation
https://www.frontiersin.org
https://doi.org/10.3389/ffutr.2023.1127742


low-crime environment (attractiveness), smooth, well-maintained
pavement (comfort), avoidance of long, steep grades (comfort), and
connected and direct routes (coherence and directness). These
criteria correspond closely with the criteria of CROW-Fietsberaad
(2016).

To summarize it can be said that the most frequently mentioned
criteria in literature and planning guidelines are safety,
attractiveness, comfort, directness, and coherence. These criteria
enable a differentiated evaluation of cycling infrastructure and
networks and serve as a benchmark for bicycle-friendly
transportation planning. This is why in the following they build
the basis for this research.

2.2 Quality assessment methods for bicycle
networks

Having identified various criteria and sub-criteria for cycling
networks discussed in literature in the previous section, we will now
focus on literature that discusses quality assessment methods for
bicycle networks. The criteria covered as well as advantages and
disadvantages of these methods are highlighted in Table 1.

The Bicycle Compatibility Index (BCI) (Liu et al., 2019) indicates
the comfort of roadway segments for cyclists using a formula. This
index does not take intersections into account. To ensure
compatibility with the Highway Capacity Manual (HCM)
(National Research Council, 2010), the results are mapped into
the A through F system of the HCM (Pritchard et al., 2019). The
formula incorporates presence of a bicycle lane or a paved shoulder

> 3 feet (ft), bike lane and shoulder width, motorized traffic
volumes, vehicle speed, presence of a parking lane with greater
than 30 percent occupancy, type of roadside development, truck
volume, parking turnover, and right turn volume.

The Bicycle Level of Service (BLOS) is a method developed by
Sprinkle Consulting Inc. (2007) to determine the level of comfort in
mixed traffic. It is based on the evaluation of comfort by subjects
who biked along various bicycle paths under various traffic
situations within a study. By relating the subjective evaluation of
comfort to various characteristics of the environment, a formula for
the BLOS score was developed and mapped to six levels of service (A
to F) similar to FGSV (2015). The infrastructure characteristics
considered are traffic volume, total number of lanes, maximum
speed, percentage of heavy traffic, surface condition, and average
width of the outer lane. The BLOS method was continued in the
Highway Capacity Manual (National Research Council, 2010) and,
in addition to calculations for street segments, calculations for
intersections, links, and bicycle facilities were introduced.

Level of Traffic Stress (LTS) is a method developed by Mineta
Transportation Institute (Mekuria, 2012), in which roadway
segments are classified into four levels with respect to various
characteristics based on a stress level scale. The worse the cycling
infrastructure, the higher the stress level. Different indicators of the
road section (number of lanes, speed of motorized vehicle traffic,
existing bicycle facilities, width of the bicycle facilities, existing
stationary traffic, width of stationary traffic) as well as different
indicators of the intersection (bicycle lane, mixed traffic with
existing right-turn lane) are considered individually and the LTS
is determined in each case on the basis of a table. The decisive factor

TABLE 1 Summary of quality assessment methods for cycling networks.

Method Criteria Advantages Disadvantages

BCI Comfort Simple calculation formula; measurable indicators Few indicators; imperial measurement system; tailored to
the infrastructure prevailing in the United States; difficult
for the user to understand the reasons behind the overall
result

BLOS Comfort Simple calculation formula; measurable indicators Only for mixed traffic; tailored to the infrastructure
prevailing in the United States; no purely data-driven
method; difficult for the user to understand the reasons
behind the overall result

LTS Safety, comfort Direct statement; comprehensible Few indicators; no weighting (worst indicator is decisive);
tailored to the infrastructure prevailing in the United States

BNA Safety, comfort, connectivity Data-driven evaluation based on open data Few indicators

CLoS All of CROW-Fietsberaad (2016) plus
adaptability

All criteria; extensive number of (sub-)criteria and
indicators; weighting of indicators; assessment of routes
and junctions

Not exclusively determinable from data; requires additional
evaluation by a person

H EBRA Safety, comfort, attractiveness Objective data-driven method Not all data can be obtained from databases; additional
surveys required

HBS Comfort Can also be applied to signalized and unsignalized
intersections

No empirical foundation; not valid for all types of guidance
of bicycle traffic; not suitable for evaluating the quality of
service; few indicators

ADFC Comfort, safety Subjective assessment by cyclists Minor focus on infrastructure; no data-driven method

Fietsbalans All of CROW-Fietsberaad (2016)
except cohesion; additional criteria

Partly data-driven; uniform data collection by
measurement vehicles

Only for randomly selected routes; requires additional
surveys

CI Comfort, safety Comparability with other cities Minor focus on infrastructure
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for the evaluation of the road segment is the worst rating, i.e., the
highest stress level that occurs. The four levels of LTS are based on
the four groups of cyclists established by Dill and McNeil (2016):
“strong and fearless,” “enthused and confident,” “interested but
concerned,” and “no way, no how.” The “no way” group is being
disregarded and the group “interested but concerned” is divided into
two groups, one for children and one for adults. The thresholds for
LTS levels are based on Dutch planning guidelines like CROW-
Fietsberaad (2016), since these guidelines have encouraged a large
number of the population to cycle. Connectivity in this context
means that the connected route segments do not exceed the defined
stress level or, if the defined stress level is exceeded, that the resulting
detours are as small as possible.

The Bicycle Network Analysis (BNA) (PeopleForBikes, 2022) is
an analysis tool for assessing the stress on route segments and the
connectivity of the bicycle network, similar to and building on LTS.
In contrast to LTS, the assessment of connectivity is more
sophisticated. It includes the six categories of connectivity of
people, to educational facilities, to central services, to recreational
areas, to retail, and to transportation, which are rated on a point
scale from 0 to 100. This takes into account what stress level the
connection to the particular destination has. In contrast to the LTS,
the stress level is only differentiated into high-stress and low-stress.
The LTS concept was adjusted for Europe and supplemented by
missing types of cycling facilities. The determination of the road
segments’ stress level is based on the indicators type of cycling
facility, speed of motorized vehicle traffic, number of lanes, existing
stationary traffic, and width of the bicycle facility. The stress level at
intersections is determined using the indicators type of intersection,
number of lanes, speed of motorized vehicle traffic, and median
island. The evaluation is based on data from OpenStreetMap
(2022) (OSM).

Cycling Level of Service (CLoS) is a method developed by
Transport for London (2016) to assess cycling infrastructure and
junctions. The method focuses on rideability, i.e., the cycling
experience, as well as the performance of routes and junctions,
and does not differentiate between road types, as the choice of
appropriate infrastructure is a primary consideration. As a result,
assessment areas may need to be adjusted for road type. Cycling
infrastructure is evaluated on six criteria: safety, directness,
coherence, comfort, attractiveness, and adaptability. Adaptability
is understood to mean that cycling infrastructure is designed to
accommodate all types of bicycles and an increasing number of
cyclists (Transport for London, 2014). The criteria are subdivided
into sub-criteria, which are in turn supported by one or more
indicators, which then measure performance. For example, the
safety criterion is subdivided into the criteria of collision risk,
sense of safety, and social safety. The sub-criterion collision risk
is described by the indicators left/right turn at intersections, side or
rear collision, roadside activity, risk of collision with a car door or by
another vehicle disregarding the right of way or traffic signal. The
indicators are evaluated with the help of a three-stage point system
(0-basic, 1-good or 2-highest possible). Critical indicators are given a
higher weighting and are multiplied by three in the overall
evaluation. The overall score is obtained by summing up all
points, whereby a maximum score of 100 points can be achieved.
Finally, the points are divided into low, medium and high. The
assessment of junctions is carried out for each node arm individually

by a three-level scale (red, yellow, green), whereby here only the risk
of collision is considered.

The H EBRA (FGSV, 2021) describe a procedure to put such
evaluations on a more objective basis, and to be able to quickly
identify parts of the cycling network with a need for action. The
evaluation of the cycling facility is divided into the two parts of
guidance and facility condition. The worst value is included in the
overall evaluation. The guidance, which is similar to the criterion of
safety, comprises the guidance of motorized vehicle traffic and the
guidance of pedestrian traffic. These are evaluated on the basis of
howmuch the actual state deviates from the target state according to
the German recommendations for cycling facilities (ERA) (FGSV,
2010). The facility condition, which is similar to the comfort
criterion, is determined by deficiencies. A scale is introduced in
which deviations from the target are penalized with loss points. The
attractiveness is determined with the help of a point system and
weighted with factors. Positive experience qualities generate plus
points, while negative qualities generate minus points. The points
are also multiplied by factors that reflect the perception of
attractiveness. Perception is understood to mean whether the
cyclist can perceive his or her environment or if the cyclist needs
all his concentration for focussing on the traffic. The attractiveness
value can then be read from a five-point scale.

In the German Manual for the Design of Road Traffic Facilities
(HBS) (FGSV, 2015), the quality of traffic flow for bicycle traffic is
measured and then classified into traffic flow quality levels fromA to
F, where A is the best level and F is the worst level. The traffic quality
rating serves as evidence that on bicycle facilities, the expected traffic
demand can be handled with the desired quality. The essential
criterion is the ability of cyclists to move freely (i.e., without
interference by other cyclists) taking into account route
characteristics, traffic regulations and own abilities. According to
this definition, this method can be assigned to the criterion comfort.
The quality level results from the disturbance rate for one-way and
two-way traffic. The disturbance rate includes the notional width,
the design traffic volume, the overtaking rate, encounters and
punctual disturbances. In addition to the traffic quality on road
sections, HBS offers the possibility to measure the quality levels for
signalized and unsignalized intersections based on waiting times.

The ADFC Bicycle Climate Test is a non-representative survey of
cyclists throughout Germany conducted by the German bicylcle club
ADFC. The survey is conducted every 2 years over a 3-month period
and includes 27 questions on cycling and traffic climate, the
importance of cycling, cycling safety, cycling comfort, and the
cycling network (ADFC, 2022). On a six-point scale participants
can indicate their opinion. This is a subjective assessment of the
participants and no data-driven analysis. In addition to questions on
infrastructure, other areas such as cycling climate are also assessed,
which means that infrastructure is only one part of the method. The
main criteria evaluated are safety and comfort.

The Fietsbalans (the cycling balance) is a methodology developed
by the Dutch cycling federation Fietsersbond for the objective
evaluation of cycling networks (Borgman, 2017). The basis are
the five main criteria directness, coherence, attractiveness, safety,
and comfort defined in CROW-Fietsberaad (2016). These have been
broken down to eleven simple objective criteria to provide reliable
and plausible results: directness, obstruction (comfort), road surface
(comfort), attractiveness, competitiveness to the car, bicycle parking,
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bicycle use, road safety for cyclists, urban density, cyclists’
satisfaction, and transport policy. The criteria are described and
evaluated by one or more indicators. For example, directness
includes detour factor, delay, and average speed. To collect the
data, national data are analyzed, surveys of city and municipal
officials and opinion polls of cyclists are conducted, and parking
facilities and infrastructure are assessed. A measurement car and
measurement bicycle were specially designed to assess the
infrastructure in order to collect all relevant bicycle facility data
in a uniform manner.

The Copenhagenize Index was developed by the Copenhagenize
Design Company in 2011 in order to assess and compare the bicycle-
friendliness of cities (Copenhagenize Design Company, 2019). The
assessment is made in three categories: streetscape, culture and
ambition. A total of 13 indicators are measured and given a score
between zero and four. The streetscape indicators are bicycle
infrastructure, bicycle facilities, and traffic calming. The culture
category is measured by the indicators gender split, modal share
for bicycles, modal share increase over the last 10 years, safety
indicators, image of bicycles and cargo bikes. Ambition is
composed of the indicators advocacy, politics, bike share, and
urban planning.

In summary, there are many approaches to evaluate cycling
facilities and cycling networks. Table 1 summarizes all of the
described methods with their associated criteria, advantages and
disadvantages. It can be seen that only a few approaches use all of the
criteria identified in Section 2.1 as the basis for the assessment. The
approaches of CLoS and Fietsbalans go in that direction, but they do
not provide an exclusive data-driven assessment. In most cases, only
single criteria are used for the assessment. However, this does not
create a differentiated picture of the cycling network. As highlighted
in Section 2.1, all criteria must be met in order to develop a bicycle-
friendly city. Therefore, all criteria should be included in the
evaluation of cycling networks. Within this work, all five
identified criteria for cycling networks are incorporated and are
evaluated solely through data.

3 Methodology

The quality of the cycling network is assessed with regard to
several independent criteria. For this purpose, the major criteria
prevailing in the literature were already identified in Section 2.1.
Within this section, several sub-criteria are defined for each criterion
along with measurable indicators based on literature. Potential data
sources are elaborated for each of the indicators. Afterwards, we
develop precise and transparent evaluation scales for each indicator
based on widely used guidelines and design manuals for bicycle
traffic in European countries. Here, a special focus is on guidelines of
cycling pioneer countries such as the Netherlands. The developed
method is based on different types of indicators (edge-based, route-
based, network-based) that can be extrapolated to the whole
network. Thus, quality levels can be assessed spatially as detailed
as possible. Each indicator’s evaluation result is assigned to the
corresponding sub-criterion. In case a sub-criterion has several
indicators, the worst indicator result is assigned to the sub-
criterion. Based on a survey, sub-criteria and criteria are
weighted in relation to each other. This weighting is considered

for the aggregation of sub-criteria to criteria results as well as for the
calculation of the overall quality score.

3.1 Sub-criteria, indicators, data sources and
evaluation scales

In the literature, as shown in Section 2.1, the five assessment
criteria of safety, comfort, directness, coherence, and attractiveness
are dominant, as stated among others by CROW-Fietsberaad (2016);
Pettinga et al. (2009); Transport for London (2016). Therefore, these
criteria build the foundation of this work. Building on this,
appropriate sub-criteria for the data-driven quality assessment
are developed as well as associated indicators and possible data
sources. We also derive an evaluation scale for each indicator. Each
indicator is rated on a scale of one to five, with one representing very
poor and five representing very good.

3.1.1 Safety
Based on the literature review of criteria, sub-criteria and quality

assessment methods in Section 2.1; Section 2.2, the following sub-
criteria were defined for the safety criterion: width of the bicycle
facility, speed difference of motorized and bicycle traffic, collision
risk, conflict points, and lighting.

3.1.1.1 Width of the bicycle facility
In the literature, this sub-criterion is not explicitly mentioned for

the safety criterion. However, this sub-criterion is necessary to assess
the collision risk mentioned in Transport for London (2016). The
more space available, the lower the collision risk as typical driving
errors can be forgiven. The bike lane should provide sufficient width
for safe overtaking. If cyclists have to overtake in lanes of motorized
traffic or on the sidewalk, this compromises the cyclist’s safety, as it
can lead to conflicts between traffic participants. Cyclists also feel
safer when they are not harassed by faster cyclists. To avoid this, fast
cyclists must be offered a safe overtaking opportunity. Indicator: The
indicator for this sub-criterion is the width of the bicycle facility
itself. Data source: One possible data source is OpenStreetMap
(2022), whereby the usability strongly depends on the number of
edges for which a width is specified. Evaluation scale: The width of
the bicycle facility is assessed depending on the prevailing bicycle
traffic guidance and the corresponding minimum and standard
width according to FGSV (2010). The rating is very good if the
width is greater than the standard width, good if it is equal to the
standard width, medium if it is greater or equal to the minimum
width, poor if it is below the minimum width, and very poor if the
width is more than 30% less than the minimum width.

3.1.1.2 Speed difference of motorized and bicycle traffic
According to CROW-Fietsberaad (2016), the speed difference is

decisive in reducing the severity of accidents and in avoiding
collisions between bicycle and motorized traffic. If bicycle traffic
is routed on the road, an increase in safety can be achieved by
reducing the speed difference, as highlighted in DfT (2020). On top
of that, Transport for London (2016) includes the speed of
motorized vehicles in the evaluation of safety. The lower the
speed difference, the safer the cyclists feel according to ADFC
(2018). Indicator: The indicator is the speed difference which is
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the difference between the permitted speed of motorized traffic and
the average speed of bicycle traffic. The indicator speed difference is
considered only on bicycle lanes guided on the road. These include
mixed traffic, protective bike lane, bike lane and bicycle street. Data
source: The permitted speed of motorized traffic can be obtained
from OpenStreetMap (2022). Cyclists’ average speed is derived from
Falkenberg et al. (2003), in which an average speed of 16.9 km/h was
determined among approximately 6,900 cyclists. Evaluation scale: A
very good rating is given if the difference is less than 5 km/h. The
further grading takes place in 10 km/h steps. The rating is only
determined for on-road bike lanes, since for separated bike lanes the
speed difference is only decisive in the intersection area. The
evaluation scale is based on the speeds and maximum speeds for
mixed traffic recommended by ADFC (2018) and CROW-
Fietsberaad (2016).

3.1.1.3 Collison risk with moving traffic
For assessing the risk of collision with moving traffic, the

guidance of bicycle traffic is important. There are several ways to
guide bicycle traffic: mixed traffic, protected bike lane, bike lane, bike
path, shared sidewalk and bicycle path, and bicycle street. The
further cyclists are separated from motorized traffic, the greater
the safety on these routes, as the probability of collisions is reduced.
Cyclists feel safer when they are spatially separated from motorized
traffic, as highlighted by ADFC (2018). This is especially true for
inexperienced cyclists, who prefer structurally separated bike lanes
(Gehring, 2016). However, Meschik (2008) states that at
intersections conflicts between separately guided bicycle traffic
and right-turning motorized traffic can occur. If bicycle traffic is
led on the road, there is a risk of accidents caused by overtaking
vehicles (Transport for London, 2016). Indicator: For the risk of
collision with moving traffic, we combine the type of bicycle traffic
guidance with motorized traffic volume. Data sources: The type of
traffic guidance is indirectly available in good quality in
OpenStreetMap (2022) and motorized traffic volume can be
obtained from traffic counts. Alternatively, it is possible to use
accident data recorded by the police for assessing the collision
risk with moving traffic, for example, data from the German
accident atlas (German Federal Statistical Office, 2022).
Evaluation scales: According to FGSV (2010), the safest way to
separate motorized and bicycle traffic is through structural
separation, which can be rated as very good. A joint sidewalk
and bike path can also be rated as very good (FGSV, 2010). In
the case of bicycle traffic that is guided on the road without
structural separation from motorized traffic, such as protected
bike lanes or bike lanes, a bike lane wider than 2 m can be rated
as good, and one narrower than 2 m can be rated as medium. In
addition, guidance in mixed traffic is still good at low traffic volumes
of less than 500 vehicles per day, but medium at traffic volumes of
500–2,500 vehicles per day. The bike lane is classified as poor if it is
guided in mixed traffic with traffic volumes between 2,500 and
5,000 vehicles per day. A very poor rating is given if the cycling path
is used in mixed traffic with a traffic volume of more than
5,000 vehicles per day, because according to Bohle et al. (2015)
the risk of accidents increases above this value. The assessment levels
are based on the approaches of (FGSV, 2010, Transport for London,
2016 and CROW-Fietsberaad, 2016), among others.

3.1.1.4 Collision risk with stationary traffic
The collision risk with stationary traffic increases when bicycle

traffic is routed parallel to stationary traffic, e.g., due to the opening
of vehicle doors. Therefore, Transport for London (2016)
recommends that a sufficiently large safety distance from
stationary traffic should be maintained. Indicators: We define the
distance between bicycle traffic and stationary traffic as the indicator
for the collision risk with stationary traffic. Data sources: The
distance to stationary traffic could be derived by automatic
processing of aerial images or on-site visual inspection.
Alternatively, it is possible to use accident data recorded by the
police for assessing the collision risk with stationary traffic, for
example, data from the German accident atlas (German Federal
Statistical Office, 2022). Evaluation scales: The evaluation levels were
based on Transport for London (2016) and supplemented by the
minimum safety distance according to FGSV (2010). A very good
rating is achieved if there are no parking spaces within a distance of
more than 5 m. A good rating is achieved when the distance is more
than 2 m, amedium rating when the distance is between 1.5 and 2 m,
a poor rating when the distance is between 0.75 and 1.5 m, and a very
poor rating if the safety separation strip of 0.75 m prescribed by ERA
(FGSV, 2010) is not maintained.

3.1.1.5 Conflict points
Conflict points are addressed in ADFC (2022), FGSV (2010) and

ASTRA (2008). Conflict points can include, for example, vehicles
parked on bike lanes, public transport stops, signalized and
unsignalized intersections, and driveways. The fewer conflict
points, the less likely that collisions will occur. Indicator: The
indicator for conflict points is composed by the number of
intersections and the number of obstacles. Data source:
Intersections can be reliably obtained from OpenStreetMap
(2022), while obstacles can be determined from reporting
platforms like City of Munich (2022a). Evaluation scales: The
evaluation of the number of intersections and obstacles is based
on the conflict point rating scale of Fietsersbond (2008), and a rating
of very good is given for a value of less than 3 intersections/obstacles
per kilometer. The grading is done in increments of 1.

3.1.1.6 Lighting
Lighting plays an important role, especially in the evening and at

night and is decisive for social security during these hours (CROW-
Fietsberaad, 2016). Also Transport for London (2016), and FGSV
(2010) list lighting as sub-criterion for social security. Uttley et al.
(2019) found in a study that at low illuminance levels below six lux,
even a small increase in illuminance will result in more cyclists using
the bike lane. Indicator: Illuminance is chosen as indicator for
lighting. Data source: Illuminance levels could be measured by
measurement vehicles with light sensors. Evaluation scale:
According to CROW-Fietsberaad (2016), an illuminance of seven
lux is required. Starting from this value, which is considered to be
very good, the other evaluation levels are developed. Zero lux, i.e., no
illumination, receives a rating of very poor. This results in linear
values of five to six lux for good, three to four lux for medium, and
one to two lux for poor.

Table 2 summarizes the sub-criteria, indicators and data sources
for the safety criterion. It also contains the guidelines and design
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manuals based on which the evaluation scales for each indicator
were defined.

3.1.2 Comfort
The following sub-criteria were defined for the Comfort

criterion: width of the bicycle facility, slope, surface, braking
frequency, and bicycle parking facilities. While the first four sub-
criteria are frequently discussed in the literature (FGSV, 2010; StMB,
2011; Mekuria, 2012; Hull and O’Holleran, 2014; CROW-
Fietsberaad, 2016; Transport for London, 2016; Furth, 2021;
ADFC, 2022), bicycle parking facilities receive little attention.

3.1.2.1 Width of the bicycle facility
Sufficiently wide bicycle facilities are more comfortable because

less concentration is required for lane keeping. Children have room
to tumble and can be accompanied by their parents to the side (DfT,
2020). In addition, a sufficiently wide bike lane allows for
comfortable overtaking, as the person overtaking does not have
to slow down and accelerate again, but can overtake at their own
chosen speed in one go. The indicator, data source and evaluation
scale for width of the bicycle facility was already introduced in
Section 3.1.1.

3.1.2.2 Slope
In addition to short steep slopes, relatively flat but very long

slopes can also be unpleasant for cyclists. Therefore, climbs per se
should be kept to a minimum (CROW-Fietsberaad, 2016). Indicator:
To enable a better assessment of the slope, the severity of slope index
was developed by CROW-Fietsberaad (2016), which divides the
squared slope H by the length of the slope L:

S � H

L
( )

2

pL � H2

L
(1)

This slope index is used as an indicator for the sub-criterion slope.
Data source: To calculate the slope index, the elevation at different
locations is needed, as well as the distance between locations.
Whereas the elevation can be reliably read out with Open
Elevation (2022), OpenStreetMap (2022) reliably provides the
distances between locations. Evaluation scale: According to

CROW-Fietsberaad (2016), a slope index below 0.033 is very
good, below 0.075 is recommended, and 0.24 is given as the
maximum. Therefore, the five evaluation levels are defined
linearly as follows: S < 0.033 as very good, S < 0.075 as good,
S < 0.2 as medium, S < 0.4 as poor, and S ≥ 0.4 as very poor.

3.1.2.3 Surface
The surface of a cycling path should keep the cyclist’s energy

expenditure low. The most suitable surfaces for this purpose are fine
asphalt and concrete (ASTRA, 2008). In addition to the type of
surface, the quality of the pavement also plays a role. A surface made
of asphalt is not beneficial if it has many defects such as potholes.
Indicator: The indicator for the surface is thus the surface condition.
Data source: The surface condition is derived from the two data sets
type and quality of the pavement. Both can be fetched from
OpenStreetMap (2022). Evaluation scales: The evaluation of the
surface condition is based on all possible values that occur in
OpenStreetMap (2022). The values were divided into the
categories very bad to very good in accordance to how the
different surface types were assessed in the literature, e.g., in
CROW-Fietsberaad (2016) and ASTRA (2008). Very good can
only be achieved if, in addition to the surface type T5 = [asphalt,
concrete], the quality of the pavement is also rated better than good,
i.e., Q5 = [very good, excellent]. A good rating is assigned for T4 =
[metal] surfaces or when the quality is defined as Q4 = [good]. A
medium rating is assigned for values of T3 = [compacted soil, pavers,
wood, concrete plates] or a quality of Q3 = [medium]. A poor rating
is assigned for the types T2 = [cobblestones, fine gravel, grass pavers]
or a quality of Q2 = [poor]. A very poor rating is assigned for the
values T1 = [gravel, rock, pebbles, earth, grass, mud, unpaved] or a
quality of Q1 = [very bad, horrible, very horrible, impassable].

3.1.2.4 Braking frequency
According to CROW-Fietsberaad (2016), cyclists must apply the

same amount of energy for a stop as for 70–100 m of distance.
Cyclists attempt to avoid intersections with stop signs and traffic
signals, where braking is usually required. This was elaborated in
Buehler and Dill (2016), showing that braking is undesirable.
Indicator: As an indicator for the braking frequency, we set the

TABLE 2 Safety: sub-criteria, indicators, type of indicators (E: edge-based, R: route-based, N: network-based), data sources and sources for evaluation scales.

Sub-criterion Indicator Type Data sources Evaluation scale based on

Width of bicycle facility Width E OpenStreetMap (2022) Minimum and standard widths for different types of
bicycle traffic guidance defined in FGSV (2010)

Speed difference of
motorized and bicycle
traffic

Speed difference E OpenStreetMap (2022) Speeds and maximum speeds for mixed traffic
defined in ADFC (2018), CROW-Fietsberaad (2016)

Collision risk Combination of bicycle traffic
guidance and motorized traffic
volume

E Bicycle traffic guidance: OpenStreetMap
(2022); traffic counts; accident data

FGSV (2010), Transport for London (2016),
CROW-Fietsberaad (2016)

Collision risk Distance to stationary traffic E Derived from aerial images; on-site
visual inspection

Transport for London (2016), FGSV (2010)

Conflict points Number of intersections and
obstacles

R OpenStreetMap (2022) for intersections;
reporting platforms for obstacles

Conflict point rating scale defined in Fietsersbond
(2008)

Lighting Illuminance E Measurement vehicles CROW-Fietsberaad (2016)
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number of intersections without right-of-way for cyclists. Data
sources: The specification of traffic signs, e.g., give way, is not
reliable in OpenStreetMap (2022). Alternatively, these kind of
data can be requested from the city’s traffic department.
Evaluation scales: The evaluation of the number of intersections
without right-of-way is based on the evaluation of the braking
frequency in Fietsersbond (2008). A braking frequency of less
than 0.75 per kilometer is considered very good. The rating is
done in increments of 0.3.

3.1.2.5 Parking facilities
Parking facilities should be located as close as possible to the

destination and enable safe parking. A pure evaluation according
to quantity does not make sense, as according to Heinen and
Buehler (2019) the quality of the parking facilities also plays a
role. Covered and illuminated bicycle parking stations or bicycle
lockers offer the best protection against theft and vandalism and
are most comfortable (very good). The German
recommendations for facilities of stationary traffic (EAR)
(FGSV, 2012a) rate the different types of bike racks as follows.
Frame holders offer a good hold of the bicycles and sufficient
protection against theft (good). Two tier stands make it possible
to connect the bike to the frame but are inconvenient due to the
poor accessibility of the upper tier (medium). Handlebar holders
meet the requirements for bicycle holders only inadequately
(poor). They do not hold bicycles bikes during loading and
unloading and are not suitable, for example, for children’s
bicycles. Front wheel holders hold the bicycle only at the front
wheel. A secure stand of the bicycle and effective protection
against theft is not possible (very poor). Indicator:We define two
indicators for parking facilities. First, the average utilization of
bicycle parking facilities within a radius of 100 m from the
destination. Second, the type of the closest bicycle parking
facility to the destination. Data source: The locations of
parking facilities can be determined from OpenStreetMap
(2022). The average utilization and types of bicycle parking
facilities could be derived from regularly taken aerial photos,
regular camera recordings by measurement vehicles or on-site
visual inspections. Evaluation scale: The rating scale for the

average utilization of parking facilities was defined based on
the five rating levels for parking pressure for motorized vehicles
from the German recommendations for traffic surveys (EVE)
(FGSV, 2012b). An utilization of less than 60% results in a very
good rating, less than 70% in a good rating, less than 80% in a
medium rating, less than 90% in a poor rating and more than 90%
in a very poor rating. For the types of bicycle facilities, the
following evaluation scale is used in accordance with FGSV
(2012a): covered bicycle parking stations or bicycle lockers are
rated very good, frame holders as good, two tier stands as
medium, handlebar holders as poor and front wheel holders as
very poor.

Table 3 summarizes the sub-criteria, indicators and data sources
for the comfort criterion. It also contains the guidelines and design
manuals based on which the evaluation scales for each indicator
were defined.

3.1.3 Directness
The following sub-criteria, which have been adopted from

CROW-Fietsberaad (2016), are considered for the directness
criterion: detours, delay, and travel time ratio.

3.1.3.1 Detours
Detours are described by the detour factor. The detour factor is

the ratio of the distance between the origin and the destination to the
airline distance. According to CROW-Fietsberaad (2016), the longer
the total distance, the lower the detour factor must be kept, since the
absolute detour distance increases if the detour factor remains the
same but the route distance increases. Thus, the detour factor must
be kept as low as possible. Indicator:We set the indicator for detours
to the detour factor.Data source: The detour factor can be calculated
reliably using routing services like OpenRouteService (2022).
Evaluation scale: To evaluate the detour factor, we used the levels
of Fietsersbond (2008). A detour factor of less than 1.2 is considered
very good, and the rating is done in increments of 0.1.

3.1.3.2 Delay
Waiting times caused by stops at intersections generate delays,

which have a negative effect on directness in terms of time required.

TABLE 3 Comfort: sub-criteria, indicators, type of indicators (E: edge-based, R: route-based, N: network-based), data sources and sources for evaluation scales.

Sub-
criterion

Indicator Type Data sources Evaluation scale based on

Width of bicycle
facility

Width E OpenStreetMap (2022) Minimum and standard widths for different types of
bicycle traffic guidance defined in FGSV (2010)

Slope Severity of slope index
(CROW-Fietsberaad, 2016)

E Open Elevation (2022) for elevation;
OpenStreetMap (2022) for distances

CROW-Fietsberaad (2016)

Surface Surface condition E OpenStreetMap (2022) Personal assessment based on e.g.,
CROW-Fietsberaad (2016), ASTRA (2008)

Braking
frequency

Number of intersections without
right-of-way

R Data of the city’s traffic department Fietsersbond (2008)

Parking facilities Avg. utilization of parking facility R Locations: OpenStreetMap (2022); utilization: aerial
photos, camera recordings, on-site visual inspection

FGSV (2012b)

Parking facilities Type of closest parking facility R Locations: OpenStreetMap (2022); type: aerial
photos, camera recordings, on-site visual inspection

FGSV (2012a)
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At the same time, stops reduce the average speed. Waiting times
depend on the type of intersection. DfT (2020) highlights that by
making adjustments to intersection situations, delays for cyclists can
be reduced. Indicator: The time loss per kilometer as well as the
average speed form each an indicator of delay. The indicator with
the lowest score is decisive for the sub-criteria delay. In order to be
able to determine the waiting times at intersections in a simplified
way, FGSV (2010) provides a table in which typical intersection
types are provided with standardized loss points. One loss point
corresponds to a value of one second. Data source: In
OpenStreetMap (2022) nodes can be assigned a type, but this has
hardly been applied in Munich. Alternatively, these kind of data can
be requested from the city’s traffic department. The average speed,
on the other hand, can be calculated using routing services like
OpenRouteService (2022) or Google Maps. Alternatively, average
speeds can be inferred viameasurement vehicles, GPS tracking data,
or publicly available bikeshare data. Evaluation scale: To evaluate the
time loss, we used the levels of Fietsersbond (2008). A time loss of
less than 16 s per kilometer is considered very good, and the grading
becomes very bad at greater than 46 s per kilometer, with increments
of 10 s per kilometer in between. The evaluation of the average speed
is based on the evaluation scale of Fietsersbond (2008). A very good
rating is given to routes with an average speed of more than 16 km/h.
The grading of the evaluation scale is done in 2 km/h steps.

3.1.3.3 Travel time ratio
The travel time ratio expresses the ratio of the travel time

required by bicycle to the travel time required by car, and thus
indicates which means of transport reaches the destination faster,
i.e., more directly. People are inclined to choose the mode of
transport that allows them to reach their destination the fastest
(CROW-Fietsberaad, 2016). A ratio less than one indicates that the
destination can be reached faster by bicycle than by car and
consequently favors switching from car to bicycle. Indicator: The
indicator for the travel time ratio is the travel time ratio itself. Data
source: The travel time ratio can be calculated reliably using routing
services like OpenRouteService (2022). Evaluation scale: The
evaluation of the travel time ratio is based on Fietsersbond
(2008), and a ratio of less than 1 is considered very good. The
grading is done in increments of 0.1.

Table 4 summarizes the sub-criteria, indicators and data sources
for the directness criterion. It also contains the guidelines and design
manuals based on which the evaluation scales for each indicator
were defined.

3.1.4 Coherence
Within this work, coherence is assessed using the following sub-

criteria: density of the cycling network, share of the main cycling
network and signposting. The main cycling network is the cycling
network that has been officially defined and is maintained by the city
or municipality.

3.1.4.1 Density of the bicycle network
The density of the bicycle network indicates how far the access to

the bicycle network is from the cyclists’ starting positions. It is
frequently cited in the literature with regard to coherence, for
example, by CROW-Fietsberaad (2016); ASTRA (2008);
Transport for London (2016); Furth (2021). Density is related to
coherence because the denser the cycling network, the more origins
and destinations are accessible and therefore reachable. Indicator:
The indicator is the density of the cycling network itself. The density
is calculated by dividing the area of the city or municipality by the
length of all bike paths, resulting in the unit of meters. Data source:
The area of the city or municipality as well as the length of all bike
paths can be calculated based on data from OpenStreetMap (2022).
Evaluation scale: The rating is based on a combination of CROW-
Fietsberaad (2016); Transport for London (2016), with a very good
rating given for a value of less than 250 m, a bad rating for a value up
to 400 m, a medium rating for a value up to 500 m, a bad rating for a
value up to 1,000 m, and a very bad rating for a value over 1,000 m.

3.1.4.2 Share of the main bicycle network
This sub-criterion is used in the literature only by CROW-

Fietsberaad (2016), where it is called uniform quality standard.
However, it should be considered here because the main function
of the main cycling network is to connect origins and destinations
(CROW-Fietsberaad, 2016) and thus is closely related to coherence.
The higher the share of the main road network in the total network,
the more origins and destinations are connected. Indicator: The
indicator is the share of the main bicycle network itself. It is
calculated by dividing the length of the bike paths that are
officially defined and operated by the city by the length of the
overall cycling network. Data source: The length of the overall
cycling network can be calculated based on data from
OpenStreetMap (2022). Data on officially defined main bike
paths must be requested from the city or municipality.
Evaluation scale: According to CROW-Fietsberaad (2016), the
main bicycle network should make up 70% of the total network.
We therefore use a grading system that increments in 10% steps

TABLE 4 Directness: sub-criteria, indicators, type of indicators (E: edge-based, R: route-based, N: network-based), data sources and sources for evaluation scales.

Sub-criterion Indicator Type Data sources Evaluation scale
based on

Detours Detour factor R Routing services, e.g., OpenRouteService (2022) Fietsersbond (2008)

Delay Sum of time loss at
intersections

R Data of the city’s traffic department Fietsersbond (2008)

Delay Average bicycle speed R Routing services, e.g., OpenRouteService (2022); measurement vehicles; GPS
tracking data; publicly available bikeshare data

Fietsersbond (2008)

Travel time ratio
bicycle vs car

Travel time ratio R Routing services, e.g., OpenRouteService (2022) Fietsersbond (2008)

Frontiers in Future Transportation frontiersin.org10

Weikl and Mayer 10.3389/ffutr.2023.1127742

https://www.frontiersin.org/journals/future-transportation
https://www.frontiersin.org
https://doi.org/10.3389/ffutr.2023.1127742


starting from these 70%, resulting in a very poor rating for a value
below 40%.

3.1.4.3 Signposting
Signposting should make it easier for cyclists to find their way

and also offer the possibility to choose from different routes, as
stated in Pettinga et al. (2009). Signposting is addressed by
CROW-Fietsberaad (2016), Transport for London (2016), and
FGSV (2010), among others. Coherent signposting along the
entire route is necessary to enable cyclists to find their way. In
inner-city areas, cyclists normally ride on non-designated routes
because origins and destinations are diverse and individual, in
contrast to long-distance routes. For this reason, signposting is
especially useful for central destinations. According to FGSV
(2012a), central destinations should be indicated at all nodes with
decision-making potential by so-called full signposts, at all other
nodes by intermediate signposts. Indicator: The indicator for
signposting is the coverage of decision-making nodes with full
signposts. Data source: Signposts can theoretically be obtained
from OpenStreetMap (2022) but data availability is low.
Alternatively, these kind of data can be requested from the
city’s traffic department. Evaluation scale: We defined the
following evaluation scale for signposting: a coverage of more
than or equal 90% is rated as very good, of more than or equal
80% as good, of more than or equal 70% as medium, of more than
or equal 60% as poor and of less than 60% as very poor.

Table 5 summarizes the sub-criteria, indicators and data sources
for the coherence criterion. It also contains the guidelines and design
manuals based on which the evaluation scales for each indicator
were defined.

3.1.5 Attractiveness
Cyclists, unlike car drivers, are exposed to environmental

factors. As a result, they perceive their environment more
consciously and feel more comfortable in a pleasant and
attractive environment (CROW-Fietsberaad, 2016). Attractiveness
thus refers to psychological factors that determine the experience of
the ride (Fietsersbond, 2008). Attractiveness is composed of three
sub-criteria: share of green space, noise pollution, and air quality,
which are dominant in the literature (Transport for London (2016);
CROW-Fietsberaad, 2016; ASTRA, 2008; Hull and O’Holleran,
2014) and are explained in more detail below.

3.1.5.1 Share of green space
Cyclists find rides through parks, along rivers or lakes more

attractive than rides through gray concrete deserts. In addition to
the positive influence of nature on health (Triguero-Mas et al.,

2015), trees in particular provide shade on hot summer days.
Indicator: The indicator for this sub-criterion is the share of
green and water areas next to a street segment. Data sources: The
green and water areas are reliably stored in OpenStreetMap
(2022). Further green areas could be identified on the basis of
aerial photographs, which, however, has not been investigated in
more detail in this work. Evaluation scale: The grading is linear in
25% steps between the best (100%) and worst value (0%), starting
from 0% for very poor. Thus, a very good results from a value
of 75%.

3.1.5.2 Noise
Noise is usually perceived as annoying and unattractive by

cyclists. In urban environments, motorized vehicle traffic
represents the main source of noise. In addition, noise has an
impact on human health and quality of life (Aubrecht et al.,
2021). Indicator: The indicator for noise used in this work is the
average daily sound pressure level, which can be obtained from noise
mapping. Data source: All EU member states are required to
conduct noise mapping every 5 years and report to the European
Commission (European Commission, 2002). However,
measurements are only made on main roads. Alternatively, data
from measurement vehicles could be used. Evaluation scale: The
assessment levels are based on the levels indicated in Fietsersbond
(2008). The street segment receives a very good rating if the sound
pressure level is below 60 dB (A). The gradation of the rating levels is
done in 5 dB (A) increments. Therefore, the value very poor is
assigned when the average daily sound pressure level exceeds
75 dB (A).

3.1.5.3 Air quality
Poor air quality reduces attractiveness and is harmful to health

(Umweltbundesamt, 2019). For example, particulate matter (PM10)
is absorbed through the respiratory tract and, depending on its size,
can reach the bloodstream. Nitrogen dioxide (NO2) and ozone (O3)
are other pollutants that are relevant to human health (Aubrecht
et al., 2021). Indicators: All three types of pollutants are treated as
indicators of the sub-criterion air quality. The indicator with the
worst score is taken as the decisive one for the assessment of the air
quality. Data source: In Germany, data are for instance available
from the Federal Environment Agency (Umweltbundesamt, 2019).
However, air values in Germany are only determined at a few
locations and only in large cities. Alternatively data could be
derived from measurement vehicles. Evaluation scales: The air
quality rating results from the worst rating for the three pollutant
classes NO2, PM10 and O3. For the rating levels of the three
pollutants, the rating scale of Germany’s Federal Environment

TABLE 5 Coherence: sub-criteria, indicators, type of indicators (E: edge-based, R: route-based, N: network-based), data sources and sources for evaluation scales.

Sub-criterion Indicator Type Data sources Evaluation scale based on

Density of bicycle
network

Density N OpenStreetMap (2022) CROW-Fietsberaad (2016);
Transport for London (2016)

Share of main bicycle
network

Share N OpenStreetMap (2022) for length of overall cycling network;
data from city for officially defined cycling network

CROW-Fietsberaad (2016)

Signposting Coverage of decision-making
nodes with full signposts

R OpenStreetMap (2022); data of the city’s traffic department FGSV (2010)
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Agency (Umweltbundesamt, 2019) is used. The input value is the
mean of daytime (in Germany: 6–18 o’clock) and evening values (in
Germany: 6 p.m.–2 p.m.), since there is usually less bicycle traffic at
night.

Table 6 summarizes the sub-criteria, indicators and data sources
for the attractiveness criterion. It also contains the guidelines and
design manuals based on which the evaluation scales for each
indicator were defined.

Finally, Tables 7, 8 contain the evaluation scales of all indicators
with grades 1-very poor to 5-very good.

3.2 Types of indicators

There are three types of indicators: edge-based, route-based, and
network-based indicators. Edge-based indicators, such as width of the
bicycle facility, are evaluated for each street segment. Route-based
indicators, such as the detour factor, are evaluated using a sample of
routes. Network-based indicators are evaluated using data from the
entire bicycle network, such as the density of the cycling network.

3.2.1 Edge-based indicators
Edge-based indicators are evaluated separately for each street

segment. In order to combine edge-based values into a valid value
for the entire network, edge-based values are multiplied by the
corresponding length of the street segment, summed up and
divided by the total length of the bicycle network (see Eq. 2).
Thus, longer street segments are weighted more heavily than
shorter ones.

Indicator value � ∑all street segments indicator value of street segment × length of street segment( )
total length of bicycle network

(2)

3.2.2 Route-based indicators
Route-based indicators are indicators that can only be

determined on the basis of a route and not on the basis of street
segments, e.g., the detour factor. In order to generate a meaningful
number of routes, routes between the centers of urban districts are
determined. The centers are combined so that each center is
connected to each center by a route. In the end, only routes that

TABLE 6 Attractiveness: sub-criteria, indicators, type of indicators (E: edge-based, R: route-based, N: network-based), data sources and sources for evaluation
scales.

Sub-criterion Indicator Type Data sources Evaluation scale based on

Share of green
space

Share of green space E OpenStreetMap (2022) or aerial images Linear grading between 0%
and 100%

Noise Average daily sound pressure level E Noise mapping; measurement vehicles Fietsersbond (2008)

Air quality Mean of daytime and evening concentrations of PM10,
NO2, O3

E Environment agencies; measurement
vehicles

Umweltbundesamt (2019)

TABLE 7 Indicators: evaluation scales—part I.

Indicator 1—very poor 2—poor 3—medium 4—good 5—very good

Width of bicycle facility1 > 30% below wmin <wmin ≥wmin = wstd >wstd

Speed difference > 35 km/h 25–35 km/h 15–25 km/h 5–15 km/h < 5 km/h

Bicycle traffic guidance/
Motorized traffic volume

Mixed AND more
than 5,000 veh/day

Mixed AND
2500–5,000
veh/day

[(Protected) bike lane AND width
< 2 m] ‖ [mixed AND
500–2,500 veh/day]

[(Protected) bike lane AND
width ≥ 2 m] ‖ [mixed AND
< 500 veh/day]

Separated bike path,
cycling track on
sidewalk

Distance to stationary
traffic

< 0.75 m < 1.5 m < 2 m < 5 m ≥ 5 m

No. of intersections and
obstacles

≥ 6/km ≥ 5/km ≥ 4/km ≥ 3/km < 3/km

Illuminance 0 lx < 3 lx < 5 lx < 7 lx ≥ 7 lx

Severity of slope index S ≥ 0.4 ≥ 0.2 ≥ 0.075 ≥ 0.033 < 0.033

Surface condition2 Type in T1 ‖ quality
in Q1

Type in T2 ‖ quality
in Q2

Type in T3 ‖ quality in Q3 Type in T4 ‖ quality in Q4 Type in T5 ‖ quality
in Q5

No. of intersections
without right-of-way

> 1.65/km > 1.35/km > 1.05/km > 0.75/km < 0.75/km

1wmin: Minimum width, wstd: Standard width, according to FGSV (2010).
2:T1 = [gravel, rock, pebblestone, ground, dirt, earth, grass, mud, unpaved]; Q1 = [very bad, horrible, very horrible, impassable]; T2 = [unhewn cobblestone, sett, fine gravel, grass paver,

cobblestone flattened]; Q2 = [bad]; T3 = [compacted, paving stones, wood, paved, concrete plates]; Q3 = [intermediate, medium]; T4 = [metal]; Q4 = [good]; T5 = [asphalt, concrete]; Q5 = [very

good, excellent].
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are less than 5 km are considered because more than 80% of actual
bike distances traveled are less than 5 km (Dufour, 2010).

Analogous to edge-based indicators, route-based indicators can
be aggregated to the network level. Therefore, the rating is weighted
according to the length of the route. This results in the following
formula:

Indicator value � ∑all routes indicator value of route × length of route( )
total length of all routes

(3)

3.2.3 Network-based indicators
Network-based indicators are derived from data of the entire

network, rather than from individual street segments or routes.
An overview of all proposed criteria, sub-criteria, types of

indicators and evaluations scales can be found in Supplementary
Tables S1, S2.

3.3 Weighting of criteria and sub-criteria

The weighting of criteria was based on a survey with
30 participants. The participants were asked to indicate how
important the sub-criteria for each criterion were to them as well
as to sort the criteria according to their importance. For this
purpose, a four-point scale (unimportant—less important—rather

important—important) was to be used to rate the importance of
each sub-criterion for the main criterion.

For the safety criterion, it can be seen that the participants attach
particular importance to the width of the bicycle facility, on a
separated guidance of the cycling track and on the lowest
possible number of obstacles (about 1/4 each). Lighting and
speed difference, on the other hand, are less important. From
this distribution, the following formula for the evaluation of
safety can be derived:

asafety � 0.27awidth + 0.11aspeed + 0.23acollision + 0.26aconflict
+0.13alighting (4)

For comfort, the importance of the five sub-criteria width,
surface, slope, parking facilities and braking frequency were
asked in the survey. Here, the evaluation reveals a significant
influence of the width and the surface on the comfort. The
presence of parking facilities is less important. The formula
resulting from the distribution is:

acomfort � 0.27awidth + 0.19aslope + 0.26asurface + 0.18abraking
+0.1aparking (5)

The directness is evaluated for the sub-criteria detours, delay
and travel time ratio. The survey showed that detours are more
important than delay and travel time ratio. This results in the
following formula for calculating directness:

TABLE 8 Indicators: evaluation scales—part II.

Indicator 1—very poor 2—poor 3—medium 4—good 5—very good

Avg. utilization
of parking
facility

≥ 90% < 90% < 80% < 70% < 60%

Type of closest
parking facility

Front wheel holder Handlebar holder Two tier stand Frame holder Bicycle parking station or
bicycle locker

Detour factor > 1.5 > 1.4 > 1.3 > 1.2 ≤ 1.2

Time loss > 46 sec/km > 36 sec/km > 26 sec/km > 16 sec/km ≤ 16 sec/km

Average bicycle
speed

< 13 km/h < 14 km/h < 15 km/h < 16 km/h ≥ 16 km/h

Travel time
ratio bicycle
vs car

≥ 1.3 ≥ 1.2 ≥ 1.1 ≥ 1 < 1

Bicycle network
density

> 1000 m > 500 m > 400 m > 250 m ≤ 250 m

Share of main
bicycle network

≤ 40% m ≤ 50% m ≤ 60% m ≤ 70% m > 70%

Density of
signposts

< 60% ≥ 60% ≥ 70% ≥ 80% ≥ 90%

Share of green
space

0 ≤ 25% ≤ 50% ≤ 75% > 75%

Sound pressure
level

> 75 dB(a) > 70 dB(a) > 65 dB(a) > 60 dB(a) ≤ 60 dB(a)

Air pollutant
concentration

(PM(10) > 200 μg/m2)‖
(NO(2) > 100 μg/m2)‖
(O (3)> 240 μg/m2)

(PM(10) > 100 μg/m2)‖
(NO(2) > 50 μg/m2)‖
(O (3)> 180 μg/m2)

(PM(10) > 40 μg/m2)‖
(NO(2)> 35 μg/m2)‖
(O (3)> 120 μg/m2)

(PM(10) > 20 μg/m2)‖
(NO(2) > 20 μg/m2)‖
(O (3) > 60 μg/m2)

(PM(10)≤ 20μg/m2)‖
(NO(2) ≤ 20μg/m2)‖
(O (3)≤ 60μg/m2)
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adirectness � 0.33adelay + 0.39adetours + 0.28attratio (6)

For coherence, the density of the cycling network has been
weighted slightly more than the other two sub-criteria share of
the main cycling network and signposting. The formula for
calculating coherence based on the evaluation of the sub-
criteria is as follows:

acoherence � 0.41anetworkDensity + 0.29amainNetwork + 0.3asignposting (7)

For attractiveness, the sub-criteria share of green space, noise
and air quality are weighted. The evaluation resulted in an almost
equal weighting of the three sub-criteria. The resulting formula is:

aattractiveness � 0.35agreenSpace + 0.3anoise + 0.35aair (8)

For the participants in the survey, safety was by far the most
important criterion, followed by directness, comfort and coherence.
The attractiveness of the route is less important in everyday traffic.
Based on the importance of the individual criteria, the following
formula was derived for the overall quality assessment.

aoverall � 0.3asafety + 0.19acomfort + 0.13aattractiveness + 0.21adirectness
+0.17acoherence (9)

4 Case study

4.1 Study area

The study area is the city of Munich with its 25 boroughs. The total
area of Munich is 311 km2, of which about 1.5% are water bodies and
about 13.4% are green spaces. With its surface area, Munich ranks 19th
place in a nationwide comparison. Around 1.5 million people live in the
city of Munich, making it the third largest city in Germany. With a
population density of 4,799 inhabitants per square metre, it is the most
densely populated municipality in Germany. Cycling accounts for 18%
of all trips in the city, which has steadily increased in recent years.
However, about one in three trips in Munich are still done by car. The
total length of the official cycling network managed by the city of
Munich is about 1,130 km (City of Munich, 2022b). Per capita
investment per year for cycling infrastructure in the city of Munich
accounts for 2.30 Euros, which is low compared to other German cities
(Tiemann et al., 2018). For instance, Stuttgart spends 5 euros per capita
on cycling infrastructure. In an international comparison with
Amsterdam or Copenhagen, Munich’s investment is even further
behind. Amsterdam spends around 11 euros per capita and year,
Copenhagen even 35.60 Euros per capita and year. One can
conclude that there is great potential for improvement in the
expansion of the bicycle infrastructure in Munich. However,
investments must be made in the right places and on the right scale
so that the potential for the bicycle as a means of transport is optimally
exploited.

4.2 Results

In this chapter, the quality of Munich’s bicycle network
is assessed based on the method developed in the previous
sections.

4.2.1 Safety
When evaluating the safety of Munich’s cycling network, we

considered the width of the cycling facilities, the speed difference,
and the number of conflict points, as data on collision risk and
lighting were not available. The unweighted results of the
individual sub-criteria were as follows: the evaluation of the
width of the cycling facilities resulted in a medium value of
3.4, the evaluation of the speed differences resulted in a good
value of 3.7, and the evaluation of conflict points resulted in a very
poor value of 1. This suggests that the city of Munich should focus
primarily on reducing conflict points, i.e., the number of
intersections that cyclists must cross and the number of
obstacles such as barriers that impede cyclists.

Munich’s cycling network reaches an overall safety score asafety
of 2.5 between poor and medium.

4.2.2 Comfort
Comfort of Munich’s cycling network is calculated based on the

sub-criteria of cycling facility width, slope and surface, as data on
braking frequency and parking facilities were not available. The
evaluation of width resulted again in a medium score of 3.4. The
evaluation of the slope resulted in a score of 4.5 between good and
very good, due to the fact that Munich has a slight slope from south
to north with a height difference of approximately 100 m. The
surface quality in Munich scored with a value of 3.6 between
medium and good. Thus, in the comfort criterion, the city of
Munich should especially focus on increasing the width of
cycling lanes.

Munich’s cycling network reaches an overall comfort score
acomfort of 3.8, indicating an almost good level of comfort.

4.2.3 Directness
Directness is composed of the sub-criteria of detours, delay, and

travel time ratio. This resulted in a medium score of 3.3 for detours, a
very good score of 4.9 for delay, and a very poor to poor score of
1.5 for the travel time ratio. As a consequence, the city of Munich
should primarily focus on decreasing travel times for cyclists.

Munich’s cycling network reaches an overall score of 3.3 for
directness, indicating a medium level of directness.

4.2.4 Coherence
Coherence is composed of the sub-criteria of density of the cycling

network, share of the main cycling network, and signposting. While
evaluations are possible for density of the cycling network and share of
themain cycling network, signposting cannot be evaluated due to a lack
of data for Munich. The density of the cycling network in Munich is
calculated to be 275 m, resulting in a good score of 4. The share of the
main cycling network in the overall network is approximately 22%,
resulting in a very poor score of 1. This shows that the city of Munich
should officially define, maintain and operate more cycling routes.

Munich’s cycling network reaches an overall score of 2.8 for
coherence, indicating a medium level of coherence.

4.2.5 Attractiveness
Attractiveness is calculated based on the sub-criteria of share of

green space, noise, and air quality. Green space was calculated using
data fromOpenStreetMap (2022) according to the previously described
method, resulting in a score of 2.4, which indicates a poor to medium
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level. This result is plausible, as the majority of the city consists of
buildings and roads. Noise cannot be evaluated for Munich, as data is
only available for major roads. Air quality cannot be evaluated either, as
there are only five measurement stations for the city of Munich as a
whole. Thus, the attractiveness score for Munich is based solely on the
green space criterion and is 2.4, indicating a poor to medium level of
attractiveness.

4.2.6 Overall quality assessment
Table 9 summarizes for each criterion the sub-criteria that

were calculated for the Munich case study. It also contains the
evaluation score for each sub-criterion as well as the overall
criterion score. The evaluation of the individual criteria is also
summarized in Figure 1. Safety is poor to medium with a score of
2.5, comfort is good with a score of 3.8, directness is medium with
a score of 3.3, coherence is medium with a score of 2.8, and
attractiveness is poor to medium with a score of 2.4. It can be seen
that especially the safety and attractiveness criteria have to be
improved for Munich. Weighting the criteria based on Eq. 9, the

overall score for Munich is 2.9, indicating a medium level of
quality. This shows that there is room for improvement for the
Munich cycling network. Figure 2 presents the score of all
evaluated sub-criteria. It can be seen that especially the sub-
critera share of the main cycling network, conflict points, and
travel time ratio have to be improved. Improvements in all three
indicators can be achieved through the expansion of the cycling
infrastructure and the prioritization of cycling at intersections.

5 Discussion

5.1 Conclusion

In this study, we developed a data-driven approach to
assessing the quality of bicycle networks. After discussing
existing literature and identifying the major evaluation criteria
for cycling networks (safety, comfort, directness, coherence, and
attractiveness), a generalizable concept was developed. This

TABLE 9 Quality assessment of the Munich bicycle network - calculated sub-criteria including scores and overall scores per criteria (1-very poor, 2-poor, 3-medium,
4-good, 5-very good).

Criteria Calculated sub-criteria including score Criteria score

Safety Width of cycling facilities (3.4), speed difference (3.7), number of conflict points (1) 2.5 (poor to medium)

Comfort Width of cycling facilities (3.4), slope (4.5), surface (3.6) 3.8 (almost good)

Directness Detours (3.3), delay (4.9), travel time ratio (1.5) 3.3 (medium)

Coherence Cycling network density (4), share of main cycling network (1) 2.8 (medium)

Attractiveness Share of green space (2.4) 2.4 (poor to medium)

Overall 2.9 (medium)

That the bold values describe the overall results.

FIGURE 1
Quality assessment of the Munich bicycle network per criterion (1-very poor, 2-poor, 3-medium, 4-good, 5-very good).
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concept addresses the research gaps in existing approaches and
has several advantages.

First, our methodology covers all major criteria for cycling
networks and thus delivers a fully comprehensive view of the
cycling network’s quality. Second, as criteria are broken down
into detailed sub-criteria, users have the opportunity to
understand more precisely the reasons for a low overall rating.
Third, our work continuously defines measurable indicators for
each sub-criteria. Moreover, potential data sources were
identified for each indicator. Most indicators can be measured
based on openly available data like OpenStreetMap
(OpenStreetMap, 2022). Thus, the approach can easily be
applied to other cities for comparison. The combination of
different types of indicators (edge-based, route-based,
network-based) guarantees that quality levels can be assessed
spatially as detailed as possible. All sub-criteria and criteria are
weighted in order to be able to differentiate the actual importance
of the individual factors for the overall quality of the bicycle
network. The method is purely data-driven, exclusively uses
measurable indicators and translates these indicators into
precise and transparent evaluation scales. All evaluation scales
have a strong foundation. They are based on widely used
guidelines and design manuals for bicycle traffic in European
countries, especially the ones of pioneer countries for cycling
such as the Netherlands.

5.2 Key findings

We demonstrated the method’s applicability in a case study
for the Munich cycling network. It has been shown that the

developed approach is applicable and produces meaningful
results that can serve transportation planners and politicians
as foundation for improving cycling networks and strengthening
bicycle traffic. The developed methodology can be easily applied
to other cities for comparative analysis. The possibility to weight
criteria and sub-criteria differently allows some flexibility in
applying the model to other geographic areas. For example,
when applied to developing countries where the expansion of
the bicycle network is still in its early stages, there could be less
focus on directness and cohesion compared to, for example,
safety and comfort.

The key findings for Munich’s cycling network are as follows.
The cycling network has a medium level of quality, indicating clear
potential for improvement. The analysis of the sub-criteria revealed
that the city of Munich should focus primarily on expanding the
main cycling network, on decreasing the number of conflict points
and on decreasing the travel time of cyclists.

5.3 Limitations and future work

Nevertheless, the developed approach still faces a few
challenges that will be addressed in future work. First, it has
been found that for a few indicators publicly available data
sources such as OpenStreetMap (OpenStreetMap, 2022) are
incomplete or of insufficient quality. Examples include data on
parking areas for motorized vehicles, lighting levels, detailed
characteristics of intersections (e.g., right-of-way regulations)
or parking facilities for bicycles. This is also true for the study
area of Munich, where, despite the city’s size, we could not
integrate a few sub-criteria due to data availability. In future

FIGURE 2
Quality assessment of the Munich bicycle network per sub-criterion (1-very poor, 2-poor, 3-medium, 4-good, 5-very good).
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work, we will have a look at methods for generating or deriving
such data. This includes the automatic evaluation of aerial or
camera images, for example, to identify and categorize
infrastructure automatically or to capture the utilization and
type of bicycle parking facilities. Second, we will improve the
calculation of route-based indicators. Instead of artificial routes
between all centers of urban districts, we will use actual routes
between origin and destination locations. For the Munich case
study, we plan to take the GPS trajectories of representative
routes that were collected during a mobility study in 2022
(Adenaw et al., 2022). Third, we also plan to continue the
survey conducted for the weighting of criteria and sub-criteria
(Section 3.3) as we are currently faced with a small sample size of
30 respondents only. Finally, the focus of this work was on the
development of the methodology. As a minor focus was on the
case study, we will show the results of the case study in more
detail in future work. This includes the visualization of results on
the edge and route level. We will also apply the approach to other
European cities, compare the results and derive valuable
recommendations for improving bicycle networks and
infrastructure.
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