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ABSTRACT:

As one of the most well-known forms of active mobility, cycling is an environmentally friendly way to explore a destination, be-
coming increasingly prevalent worldwide. However, safety is the most severe issue facing cyclists and the essential factor for people
who are hesitant to use bikes. In this context, we propose a safety assessment method for cycling routes in urban environments.
This work presents how to automatically generate a safe cycling map integrating volunteered geographic information with GIS
analysis. We start by extracting the indicators that can possibly contribute to cycling safety from OpenStreetMap. Then, we set
up a multivariate linear regression equation to solve the importance of indicators. Afterward, we generate a weighted graph model
that represents cycling safety. Taking the City of Bonn, Germany, as an example, we implement our approach for this region. The
experiment results show that Bonn is a city for safe cycling, confirming the claim that Bonn is a bike-friendly city. Our findings can
also be used to plan the safest route for cycling, thereby enhancing the overall biking experience in Bonn.

1. INTRODUCTION

With the pressure of urbanization and population boom, cycling
provides an eco-friendly and affordable alternative to cars or
public transportation and has the benefits of decarbonizing road
transport, reducing air and noise pollution, and easing traffic
congestion (Pucher and Buehler, 2017; Sun et al., 2020; Ding
et al., 2021; Meng and Zheng, 2023). However, cyclists are
often required to switch between different lanes, and safety is
deemed critical as it can directly impact the well-being of cyc-
lists who share the road with other vehicles, which is also one
of the essential factors in converting car drivers or public trans-
portation users to bike users in commuting (Daraei et al., 2021a;
Panagiotaki et al., 2024).

Generally, city planners and policy makers can use the safety
assessment of cycling routes to identify areas that need im-
provement regarding cycling infrastructure and safety meas-
ures (Schepers et al., 2014). In general, there are three ways
of assessing the cycling route’s safety: actual, perceived, and
inferred safety. Actual safety directly estimates the risk of
cycling through data on accidents, fatalities and bicycle trip
counts. Perceived safety assesses the risk through user surveys
and provides a subjective view. Inferred safety infers the risk
through indirect measures, for example, the relative position
or speed of motor vehicles to bicycles when there is no direct
measure available (Daraei et al., 2021a). Subsequently, some
open data, e.g., OpenStreetMap (OSM), and new techniques,
e.g., GIS analysis, have been used for safety or bikeability as-
sessment (Ito and Biljecki, 2021; Wysling and Purves, 2022).

To our best knowledge, there is much research on bikebility
assessment, but no composite index exists to assess the cycling
route’s safety. From the authors’ point of view, the study for
the safety assessment of cycling routes in urban environments
should answer the following questions:
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1. How to extract the indicators that can possibly contribute
to cycling safety?

2. How to quantify the importance of considered indicators?

3. How to establish the weighted graph model that represents
cycling safety?

In this context, we propose a safety assessment method for cyc-
ling routes in urban environments. The aim is to provide safe
routes for cyclists and also improve their internal drive for act-
ive mobility. Figure 1 shows exemplarily the resulting map as-
sessing the safety of cycling routes for the city of Bonn in Ger-
many. A higher score indicates a lower grade of safety.

The remainder of this paper is structured as follows: Section 2
introduces the related work. Section 3 gives insights into the
introduced approach. Section 4 discusses the experimental res-
ults. Section 5 summarizes the paper and gives an outlook for
future research.

2. RELATED WORK

Worldwide, cities play a key role in social and economic as-
pects, while having a crucial impact on the environment (Mori
and Christodoulou, 2012). As of 2021, more than half of the
global population (approx. 56%) lived in cities, with this num-
ber expected to increase to roughly two-thirds (approx. 68%)
by the year 2050 (UN, 2022). However, as of today most en-
ergy worldwide is consumed in cities, with the largest amount
being consumed for electricity and transportation, contributing
to a poor environmental performance of cities (Mori and Chris-
todoulou, 2012). Regarding Europe, urban mobility generates
more than 40% of total CO2 emissions (Riccardo Mangiara-
cina and Tumino, 2017). In this context, cycling, besides pub-
lic transportation, is a sustainable form of urban mobility and
transportation without impacting the environment as much as
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Figure 1. Safe cycling routes of Bonn, Germany. Higher scores mean less safety.

motorized individual transport (Behrendt, 2019). However, be-
sides cars, other road users commonly found in urban areas,
e.g., trucks used for freight transport and cargo or buses and
trams used for public transportation, add negative effects on
the cyclist’s safety (Riccardo Mangiaracina and Tumino, 2017;
Daraei et al., 2021a).

Smart cities are urban areas that utilize digital technology, e.g.,
the Internet of Things (IoT), to provide real-time information
on traffic conditions (Vito Albino and Dangelico, 2015) or to
enhance urban services, e.g., public transportation by devel-
oping algorithms for individually tailored routing algorithms
(de Oliveira e Silva et al., 2022) and visualization techniques
(Arzoumanidis et al., 2023; Forsch et al., 2021). Furthermore,
to promote sustainable and environmentally friendly develop-
ment, new governance tools, e.g., for engaging citizens through
digital platforms or provide transparency in decision-making
are desired (Vito Albino and Dangelico, 2015). Emerging top-
ics are in this context Mobility Digital Twin (MDTs) (Wang et
al., 2022) and Driver Digital Twin (DDT) (Schwarz and Wang,
2022). A DDT represents a virtual environment to model hu-
man drivers by digital counterparts. This allows for reflecting
driver behaviors and driving patterns and, hence, making de-
cisions and predictions building upon (Fan et al., 2022; Schwarz
and Wang, 2022).

Accommodating the needs of active mobility, e.g., cycling, is
essential for the transition towards a sustainable urban mobil-
ity. In this context, safety is a key factor influencing cyclist be-
havior. Thus, investigating how safety is perceived can support
urban planning that in return will attract more cyclists (Gossling
and McRae, 2022a). Regarding the assessment of safe cycling,
different methods have been proposed. Recently, Panagiotaki
et al. (2024) investigated how the road infrastructure influences
cyclist safety by collecting data about different traffic scenes
captured using a custom-designed helmet of sensors. In con-
trary, Daraei et al. (2021b) utilized cycling accident data to
model cycling safety based on geographical and infrastructural
features. However, their approach is not able to assess the
safety for individual cycling routes, potentially hindering the

application for cyclists city-wide. A more related approach has
been recently published by Beil et al. (2023). The authors per-
formed an automatic evaluation of the service quality of bicycle
paths. In this context, they extracted features like the width of
the cycle lane from a semantic 3D city model in CityGML ex-
change format.

3. METHODOLOGY

The first step is to select a set of indicators contributing to cyc-
ling safety, as shown in Table 1. Some of the indicators were se-
lected with reference to the Level of Traffic Stress (LTS), which
classifies the components of a road network according to the
stress experienced by cyclists (Szyszkowicz, 2018; Huertas et
al., 2020). Obviously, the traffic stress of cyclists is highly re-
lated to the number of lanes, speed limits, the types of lanes, etc.
Figure 2 shows the relationship between different lane types
and the degree of protection afforded to cyclists (Roughton et
al., 2012).

In addition, our methodology requires a road network model in
the form of graph G = (V, E) as input, the ultimate goal is
to determine an edge weighting w : £ — R > 0 that assigns
to each edge e € E a weight w(e). An edge e represents an
abstraction of a road segment in the underlying real network.
Specifically, this work involves selecting indicators and com-
puting weights of edges to assess the cycling route’s safety at
the city level.

The overview of the work process is shown in Figure 3. First,
we derived the indicator values + € X from OSM (Open-
StreetMap, 2024) data and subsequently normalized them to
lie between 0 and 1. Following this, a subset of samples was
labeled with a-priori scores g determined by cycling expertise.
Second, we set up a multivariate linear regression equation, the
above equation is solved using the least squares to obtain an es-
timate of ;, which represents the contribution of each indicator
to cycling route’s safety as can be shown in equation 1:
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Table 1. List of the considered indicators in our study.

Number indicators Description Values

1 Max speed Maximum speed allowed on a road segment Traax

2 Number of lanes Number of lanes on a road segment n,::ﬁ’::,-

3 Parking allowed Whether parking is allowed on a road segment lor0

4 Incident to crossing Whether a road segment is incident to a crossing lorQ
Safety lane A dashed lane on a motorway with priority for cyclists lor0

5 Lane type Cycle lane A lane for cyclists only on a motorway lor0
Separated lane A lane is separated from motorway lorQ
Shared lane A lane is shared with motorway lor0

CONTINUUM OF ON-STREET MARKED BIKEWAYS

most protected

‘ least protected

Shared Lane Shoulder Bike Buffered Bike Cycle Track: One- Cycle Track: One- Cycle Track: One-
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Figure 2. The lane types and its protection to cyclists (Roughton et al., 2012).

Y = O1x1 + 0222 + -+ Opxn (1

Where, x; indicates the samples of indicator values, ; repres-
ents the weight of each indicator to be obtained, ¢ denotes the
ground truth score of each segment. Finally, we compute the
scores for each segment to generate a weighted graph model
that represents cycling safety.

4. EXPERIMENT RESULTS
4.1 Study area

In our study, we selected the city of Bonn, Germany, as a case
for experiment analysis. Bonn is a bike-enjoyable city, making
it a great place to explore by cycling (Oehrlein et al., 2018). Ac-
cording to a report published in April 2023 on the official web-
site of Bundesstadt Bonn, Bonn is expanding its bicycle road
network by setting up 44 additional lanes covering a distance of
21 km in 2023 and 2024. Once completed, the city will have a
51 km-long bicycle road network. The goal is to improve cyc-
ling comfort and safety by closing the gaps in the urban cycling
network. Figure 4 shows the location of Bonn.

4.2 Data description

Our main data sources are based on OSM, wherein for the spa-
tial data part, we obtained 127,267 edges and 233,882 nodes

using OSMnx!, which is a Python package to easily download,
model, analyze, and visualize street networks and other geospa-
tial features from OSM. We further generated a network graph
of the same area, as shown in Figure 5. The indicator data part
(e.g., number of lanes, max speed) is mainly extracted from
the OSM non-spatial data, stored as key-value pairs, commonly
known as tags, associated with spatial objects. These attribute
data were normalized and used in the subsequent multi-linear
regression analysis.

4.3 Results analysis

As mentioned, Figure 1 shows the safe cycling routes of Bonn,
which shows five categories of cycling safety scores, where
lower scores indicate safer routes and higher scores indicate
less safe routes. In particular, independent lanes indicate leg-
ally unrideable routes, but in reality, they are separated from
the care lane and are relatively safe in terms of cycling safety.
In summary, Most edges have low scores, suggesting Bonn is
a city for safe cycling. To support this qualitative analysis, the
incorporation of accident statistics will be investigated in order
to retrieve possible correlations between our safety score val-
ues and the frequency of accidents. Up to now, our safety index
includes factors, for instance type lane, issued from OSM data.
In order to reflect safety constraints in a more accurate man-
ner, higher resoluted models could be beneficial. Beyond the

I https://osmnx.readthedocs.io/

This contribution has been peer-reviewed.

https://doi.org/10.5194/isprs-archives-XLVI1I-4-W10-2024-125-2024 | © Author(s) 2024. CC BY 4.0 License.

127


https://osmnx.readthedocs.io/

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-4/W10-2024
8th International Conference on Smart Data and Smart Cities (SDSC), 4-7 June 2024, Athens, Greece

return

<

Max
speed

derive
n_».‘

Parking
allowed

a’ 35 |
. Safety ma : .
\___ - y ______ p _____ j | Indicators
Figure 3.
Bonn

Figure 4. Overview of the research area of Bonn, Germany.
Basemap by CartoDB (2024)©.

Bonn

Figure 5. Road network data from OpenStreetMap (2024).

Weight of
indicators

. regression |

\

|
|
|
|
|
|
|
|

/

An overview of our method for the safety assessment of cycling routes.

lane type, the width of the underlying lane could be considered
based on a high resoluted 3D city model. In this context, the
integration of additional factors from a CityGML model (Kolbe
et al., 2021) as depicted in Figure 6 is subject of an ongoing
work. Vice versa, our safety analysis could be integrated in the
3D city model from Beil et al. (2023) to address more safety as-
pects such as the bilateral visibility analysis of both cyclists and
car drivers within a Driver Digital Twin (DDT). In this context,
controlled simulations using, for instance, Simulation of Urban
MObility (SUMO) will be used (Amini et al., 2022). Since our
approach is independent from the input area, we can develop
a qualitative assessment of safe cycling routes to compare dif-
ferent cities. As yet, the ground truth score § from equation 1
of each segment of the road network has been assessed from
a small sample of questioned users. A work in progress, con-
sists in designing a more elaborated user study based on, for
instance, Google Street View. Alternatively, we can retrieve
the ground truth scores based on the resulting ranking issued
from the participatory system described in Gossling and McRae
(2022b).

5. CONCLUSION AND OUTLOOK

The main contribution of our work is the computation of a
weighted graph model to identify the safety routes for cyclists
automatically. To this aim, a safety index has been proposed
taking several factors, e.g. maximal speed and lane types. A
multivariate linear regression model has been applied to solve
the importance of the considered indicators. The plausibility
and feasibility of our method has been evaluated using a qualit-
ative analysis in the city Bonn in Germany.

In the future, one of our main tasks is to perform an in-depth
qualitative assessment of our method. For instance, we will in-
tegrate the accident statistics to evaluate the correlation between
occurred accidents and the safety of the underlying road net-
work, and we will also design a Google Street View-based user
study to retrieve the coefficients of the indicators. This will
open up new opportunities to integrate the derived safety scores
with the edge lengths to address safe routing rather than only
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Figure 6. Width calculation of bicycle path (Beil et al., 2023)

shortest path finding. Another aspect to address, is the embed-
ding of our weighted safety graph within a 3D City model in-
cluding different agents such as cyclists and car drivers. This
will allow for taking additional safety factors such as visibility
in a controlled simulation environment into account.
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