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Abstract: The ongoing increase of bicycle traffic in urban areas forces transport authorities to recon-
sider the space allocation for different transport modes. Transport policies favor the introduction of
high-quality bicycle infrastructure along urban corridors to improve the traffic quality and safety
for bicyclists but more importantly to increase the attractiveness of bicycling and over vehicular
modes. Especially in urban areas with an already established high and steadily increasing share
of bicyclists, the introduction of bicycle highways is considered to further alleviate saturated in-
terurban public transport and motor vehicle connections and increase the average traveled distance
by non-motorized modes. Due to the expensive implementation costs and the space restrictions in
already built-up urban environments, there should be an extensive planning phase for defining the
expected changes in traffic efficiency and safety. However, the effects of urban bicycle highways
on traffic performance metrics of bicyclists as well as other road users are not thoroughly studied.
This paper aims to quantify and assess the potential effects of urban bicycle highway on road users.
The study considers a possible inner-city pilot route in the city of Munich, where the present bicycle
infrastructure is planned to be upgraded to a bicycle highway. A simulation model is designed
using traffic data from field observations and future estimates for the traffic composition. Through
microscopic traffic simulation, the potential effects of the introduced infrastructure on road users
are determined for different study scenarios. Results show that traffic quality thresholds for bicycle
highways, as defined in official guidelines, can only be fulfilled through the implementation of
special bicycle traffic control measures such as bicycle coordination or bicycle passage time extension.
Finally, unidirectional bicycle highways together with bicycle passage time extension provided the
best overall traffic performance for bicycle traffic and motor vehicle traffic.

Keywords: bicycle highways; bicycle traffic; traffic control; traffic efficiency

1. Introduction

Bicycling as a mode of transport is increasing in popularity across the world and
provides a sustainable and low-cost solution to commuting and recreational travel. Mainly
in urban areas, bicycles offer multiple advantages as they produce fewer environmental
emissions, occupy less space, reduce traffic congestion, and have positive health effects.
As authorities realize the potential of bicycling and its potential advantages in improving
the quality of life and transport in urban areas, special transport policies are designed and
introduced in urban areas around the world in an effort to improve the attractiveness of the
bicycle as a transport mode. Such transport policies often rely in the introduction of new
forms of bicycle infrastructure to improve traffic safety and traffic quality for bicyclists and
allocate more space for bicycle traffic in urban road networks. These may include bicycle
paths, bicycle boxes [1], and bicycle highways [2].
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According to the working paper of the German Highway Research Institute “Einsatz
und Gestaltung von Radschnellverbindungen” (Allocation and Design of Bicycle High-
ways) [3], bicycle highways, bicycle superhighways, or cycle freeways are connections of
the bicycle transport network of a community or a city and its surrounding area that con-
nects important origin and destination points over long distances and enable high speed,
safe, and attractive bicycle travel. As a high-quality network and infrastructure element, it
serves as the backbone of the bicycle network and makes bicycling more attractive, reduces
vehicular traffic, and promotes longer bicycle trips.

Most of the scientific research examines the user experience and evaluates the effects
from the introduction of bicycle highways [4–9]. These primarily include effects on bicycle
share, demand induction, safety, health benefits, and user satisfaction. Based on this
analysis, recommendations are provided for the planning, design, and alignment of bicycle
highways. However, with the exception of [10], effects on the traffic performance metrics
of bicyclists as well as other road users are not thoroughly studied.

Official guidelines for designing bicycle highways [3,11–16] offer recommendations to
the planning and design elements for bicycle highways; however, they provide little to no
information on the expected changes on traffic performance through the implementation
of such measures. Especially, in the case of bicycle highways in urban environments where
intersection points between the bicycle highways and the rest of the road network are
found, the quantification of such effects is extremely important for design and planning
decisions. Finally, the effect of the heterogeneous composition of bicycle traffic and the
influence of the bicyclist behavior reinforced by the different bicycle types such as pedelecs,
cargo bikes, and bicycles with trailers together with the influence of traffic control measures
along a bicycle highway have not also properly been examined.

In this paper, urban bicycle highways are evaluated, and the influence of design
elements and traffic control measures for bicyclists is investigated. The effects on traffic
performance indicators from the introduction of a bicycle highway network in an urban area
are quantified, and valuable insights from the implementation of urban bicycle highway
infrastructure are gained. For this purpose, a simulation network of the investigation
area in the city center of Munich, Germany is modeled, and different study scenarios with
varying cross-section design, bicycle traffic composition, and traffic signal control operation
are investigated. First, a review of published literature is provided (Section 2) followed by
the definition of the methodological approach (Section 2) and the simulation study results
(Section 3). Finally, the most important scientific findings are summarized and discussed
in Section 4.

2. Literature Review
2.1. Bicycle Highways

A bicycle highway is an infrastructural element that provides high-quality connections
in the cycle network of a municipality or region that connects important origin and desti-
nation points over greater distances [3]. Bicycle highways have been introduced in Tilburg
and The Hague in the Netherlands as early as 1980s to relieve congested road networks
from vehicular traffic. The Netherlands were the first to develop a bicycle highway concept
that should enable commuters within up to 15 km to get to their destination quickly and
safely by bicycle. Under the title “Less traffic jams by bicycle”, the development of bicycle
highways was promoted on a national level. By 2015, there were 27 high-speed bicycle
routes in various stages of implementation and planning (a total of 400 km). Complete
results on the effect of bicycle highways in the Netherlands on daily mobility are not
available. First results for the Leiden–The Hague connection show an increase in bicycle
use of 25% (on several urban sub-connections even by 30%) [17].

In Germany, there are several bicycle highway projects in different stages of devel-
opment. These include but are not limited to the Bicycle Highways Ruhr (RS1) [18],
Euregio [19], the bicycle highway Ostwestfalen-Lippe (OWL) [20], the bicycle highway
connecting Köln and Frechen [21], and the bicycle highway network of Munich [8].
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In contrast to most of the existing bicycle highways, which mostly serve suburban or
interurban connections, the London Cycle Superhighway Network [10,22] rebranded by
the Transport of London as “Cycleways” [16] serves as an example of a bicycle highway
network in a dense urban metropolitan area. The London Cycleway Network consists of
1.5 m wide barrier-free bicycle paths for each direction of travel with blue surfacing that
connect the outskirts of London to the London city center [10].

Most of the present scientific research on bicycle highways focuses on the quantifi-
cation of the expected changes in the mobility behavior and the modal split as a result of
the introduction of the bicycle highways and the assessment of the bicycle highways after
their construction with respect to modal split and end user perception and acceptance. The
introduction of bicycle highway infrastructure may lead to a 0.7% decrease in trips by car
and 1.3% increase in bicycle trips according to [23].

Results from a study for bicycle highways in the western suburbs of Copenhagen,
Denmark showcase the significant increase in bicycle volumes along the respective routes,
which is attributed mostly to bicyclists switching from alternative routes. Trips made by
bicycle along the routes that were previously made by another transport mode account for
only 4–5%. However, this small increase is attributed to the fact that the bicycle share is
already high [9]. Finally, another study quantifies the impacts on mode share for bicycle
highways using a discrete choice model for the planned bicycle highway network of the
Munich Metropolitan Region. The study predicts only a modest shift in trips to bicycle after
the implementation of the bicycle highway, indicating that the introduction of a bicycle
highway network alone cannot lead to a major shift in bicycle use [8].

Some scientific studies focus on the case of the London Cycleway Network and assess
the effects on modal split, traffic demand, bicycle traffic performance indicators, safety,
and user acceptance after the introduction of the bicycle highway network. The evaluation
report for the London Cycleway Network routes 3 and 7 indicates that the bicycle count
share has increased (83% increase of bicyclist counts along route 3 and 46% increase along
route 7) with a 20% increase along route 3 and 32% increase along route 7 being attributed
to new bicyclists. An average of 5-min decrease of travel times for bicyclists has been
observed for both routes. Additionally, bicyclists perceived the travel times as more reliable.
Split Cycle Offset Optimization Technique (SCOOT) has proven important for mitigating
the impact of the bicycle highway on general traffic [24]. In [22], the effects of the London
Cycleways on the London Cycle Hire Service are studied. The travel speed increased by
13.3%, and travel times were reduced by 11% for bicycle hires.

Another study assesses the causal relationship between the traffic volume increase and
collision rates across the London Cycleway Network. Despite the significant increase of
bicycle traffic by 19.6% and an increase in absolute numbers of bicyclist collisions, there is
no significant difference in bicyclist collision rates between the London Cycleway Network
and the studied control segments [6].

Finally, a statistical framework is proposed in [10] for quantifying the expected effects
from the introduction of cycle superhighways on traffic volumes and speeds. The results
indicate that bicycle highways have the potential to improve traffic flow; however, only
marginal improvements in speed are found.

2.2. Design Guidelines for Bicycle Highways

Multiple guidelines and directives published by official authorities across several
countries provide an official framework for supporting planning and design decisions
for bicycle highways, as well as defining requirements for their implementation [3,11–15].
Recommended design speeds for bicycle highways are set to 30 km/h and 40 km/h outside
built-up areas. The average speed limit that considers deceleration, acceleration processes,
and waiting times at intersections is set to 20 km/h. The maximum stop frequency is set
to 0.4–0.5 stops/km in general or 1 stop/km in urban areas [14] or is substituted with the
average travel speed limit of 20 km/h. Maximum waiting times vary among all design
standards. CROW suggests a maximum average waiting time of 15 s [14]. The German
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guidelines define 30 s per kilometer as a maximum waiting time for urban areas [3]. For
signalized intersections, the German guidelines suggest less than 25 s of average waiting
time with a minimum of 35 s average waiting time. Finally, most of the guidelines define 4.0
m as the minimum recommended width for a bidirectional bicycle path and 2.5–3.0 m for
unidirectional bicycle paths. Except for waiting time, the minimum or recommended values
proposed by multiple guidelines lie in close value ranges between each other. However, the
examined guidelines do not include recommendations for the service of different bicycle
types such as cargo bikes or e-bikes. Specific requirements as a result from the higher space
demands from the former or higher speeds for the latter are not considered in present
guidelines. No recommendations are also made for the advantages and disadvantages
of unidirectional and bidirectional cycle paths. Finally, the effects of the introduction of
bicycle highways are considered only for deciding the degree of separation from motor
vehicles across the bicycle highway segments, which is a function of the speed limit and
expected daily vehicular traffic volume. Nevertheless, no assessment is made for the effect
of bicycle highways on vehicular traffic quality as the case is at intersections with bicycle
lanes or bicycle paths [25,26].

2.3. Bicycle Traffic Control

Alongside infrastructure measures, special traffic control measures, such as bicycle
traffic signal coordination and bicycle traffic prioritization, are often proposed and intro-
duced in conjunction with other measures in order to improve bicycle traffic efficiency,
safety, and the overall attractiveness of cycling [27–34]. Such traffic control measures
for bicycle traffic have the potential to improve the bicycle traffic flow quality at bicycle
highways. A detailed description and evaluation of traffic-related measures for bicycle
traffic is given in [35]. The specific requirements of bicycle traffic are considered for the
design of traffic signal plans in the guidelines for the design of traffic facilities [1,36–38].
These includes traffic measures such as the offset of the green time, the reduction of the
cycle time to a maximum value of 90 s, and the design of signal coordination for bicycles.

Various traffic control measures, which consider the requirements of bicycle traf-
fic, have also been deployed in European cities. These measures aim at accelerating
bicycle traffic along signalized corridors through the implementation of bicycle-friendly
signal coordination measures and the prioritization of bicyclists at intersection approaches.
Examples include European cities with high traffic volumes, such as Copenhagen [28],
Amsterdam [39], Rotterdam [40], Vienna [29], Bern [27], and Munich [34].

Newly developed innovative traffic control applications either assist the bicyclists
along the coordinated route or consider the bicycle traffic state. Such a technique is used in
Rotterdam in the Netherlands to support the coordination of bicycles through structural
measures. The system named Evergreen consists of light-emitting diode (LED) lights,
starting a few hundred meters in front of the considered traffic signal system. The LEDs
show green blocks and thus signal cyclists the correct progression speed to allow a stop-
free passage [40]. Sitraffic SiBike [41] is a mobile application developed by Siemens that
prioritizes bicyclists at signalized intersection while considering the traffic controller state.
Results from an evaluation study showed that travel times significantly improved for
bicycle traffic, while the change of travel time for motor vehicle traffic was not statistically
significant [30].

2.4. Review Summary

The results of the literature review show that most of the present scientific research fo-
cuses on the quantification of the expected changes in the mobility behavior and the modal
split as a result of the introduction of the bicycle highways. Another share of the present
scientific research focuses on the assessment of the bicycle highways after implementation
with respect to modal split and end user perception and acceptance, which is usually based
on a specific study case of a recently implemented bicycle network. In most cases, results
are not easily transferable or generalized for future bicycle highway implementations.
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Moreover, there is no significant research on the effects of bicycle highways on relevant traf-
fic performance indicators for bicycle traffic and no evaluation for the special characteristics
of bicycle highway infrastructure. Design standards provide threshold values for which the
effects on traffic performance indicators of influenced road users is not fully researched. In
addition, no suggestions are made on the advantages and disadvantages of different types
and bicycle highway infrastructure layouts and dimensions. Finally, despite the abundance
of possible traffic signal control strategies proposed for bicycle highways, little research
has been performed on the quantification of their effects on bicycle traffic performance,
and the traffic efficiency of other road users such as motor vehicles and pedestrians and is
lacking. Most scientific research based on case studies of bicycle highways suggests that
along the route of the bicycle highway, a significant increase in bicycle traffic volumes is
to be expected. A decrease for bicycle travel times is also expected. In the urban context,
road users constantly compete for more road space. Practitioners planning, designing, and
dimensioning bicycle highways need to be provided with appropriate tools for assessing
different design alternatives and perform informed decision making using quantifiable
traffic performance indicators, which will ultimately lead to more efficient design balancing
the requirements of all road users.

3. Methodology

Microscopic traffic modeling is used for the study and quantification of the effects of
bicycle highways on traffic performance. Microscopic traffic modeling offers researchers
the possibility to model complex dynamic traffic systems, reproduce road user behavior
accurately, and simulate realistic traffic conditions. In this context, microscopic modeling
is the most suitable tool to assess the effects of bicycle highway infrastructure on traffic
performance in different study scenarios with varying transport infrastructure properties,
traffic composition, and traffic signal control strategies. In a first step, the study area of
the bicycle highway is defined. The study area definition is based on the case study of a
planned section of the bicycle highway network in the city of Munich, Germany. Then,
empirical studies are carried out in the study area to gather traffic data for the calibration
and validation of traffic simulation models. Through the definition of the research gaps in
the literature review section, specific study scenarios are defined. The assessment of the
traffic performance effects is based on the quantification and evaluation of relevant traffic
performance parameters. General recommendations for the design of bicycle highway
infrastructure in urban areas are derived. Figure 1 presents an overview of the defined
methodology. Details on the individual steps in the methodological approach are provided
in the subsequent sections.

3.1. Study Area

The bicycle highway study area is aligned across an important corridor of the Munich
city center: starting from the Munich city center, the Ludwigstraße that after the Siegestor
monument and to the north becomes Leopoldstraße. These streets connect the city center
of Munich to the northern suburbs. This corridor is part of the urban section of the planned
bicycle highway that will connect Munich with Garching and Unterschleißheim, two towns
north of the City of Munich [42]. Figure 2 presents the study area and Figure 3 presents the
typical cross-section of the existing road infrastructure. Each direction of travel typically is
served with three traffic lanes per direction of travel with some sections reduced locally to
two lanes per direction of travel with or without dedicated turning lanes. A unidirectional
bicycle path serves the bicycle traffic in the respective travel directions. The dimensions
of the road infrastructure elements vary locally across the entire network. The length of
the entire study network is 2.2 km and includes 8 signalized intersections (≈3.64 traffic
signals/km).
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3.2. Data Collection

Traffic data are collected at several locations across the network in order to design an
accurate microscopic traffic model. The aim of the study is to assess the effects of bicycle
highways on the traffic performance, provide insights for designing and dimensioning
bicycle highways in urban areas, and define the limitations between different alternative
solutions. As the design and dimensioning of transport infrastructure and traffic signal
control takes place for the prevailing traffic conditions and the highest traffic demand,
it is important to collect traffic data during the peak traffic periods [26,43]. Germany
has the highest average bicycle traffic volumes between May and September when the
weather conditions are considered adequate and attractive for bicyclists [44]. Therefore,
the traffic volume for the investigation area is collected in July in order to consider the
highest possible bicycle demand. Traffic data are collected by installing cameras at key
intersections. Video cameras are mounted on top of buildings with clear and unobstructed
view to the respective intersection approaches. The turning ratios and traffic flow are
extracted from video data, and the origin–destination matrices are created for different
road users as a model for route selection at the intersection level. Video data were collected
for the time period 8:00 a.m. to 7:00 p.m. at all intersections.
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After initial video data observations, the video recordings covering the peak traffic
hours in the evening (5:00 to 6:00 p.m.) are selected for further analysis as they demonstrate
the highest bicycle traffic volumes. The number of bicycles, cars, and trucks are also
derived through manual observation of the video data by three human observers. Videos
were reproduced at normal speed, and traffic at each intersection approach was counted
independently to avoid errors. Since cargo bicycles can also be identified in the video data,
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the number of cargo bicycles was separated from other bicycles. However, the number
of other types of bicycles such as electric bicycles was determined from other sources
because of the difficulties in recognizing the electric bicycles and their differentiation from
other types.
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The traffic signal control plans are also provided by the City of Munich together with
the signal controller data for all intersections for the days where the video data collection
took place. The traffic signal control is actuated, and public transport is prioritized across
the network.

3.3. Scenario Definition

The scenario definition is built on the results from the literature review. Official guide-
lines for the design of bicycle highways already provide information for the dimensioning
of the bicycle infrastructure and define minimum or recommended values for respective
traffic performance parameters. Therefore, the study scenario definition will focus on
providing pairwise comparisons of relevant design elements of bicycle highways and their
corresponding effect on traffic performance indicators that are used by the guidelines for
ensuring the infrastructure design quality. The present state of the bicycle network in the
study area will serve the base scenario for the respective comparisons. These include the
comparison between unidirectional and bidirectional bicycle highway networks and the
dimensions of the bicycle infrastructure.

Furthermore, the influence of the heterogeneous composition of bicycle traffic flow
along the bicycle highway is evaluated. Compared to motorized private transport, there
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is a much wider diversification regarding the driving behavior of different user groups,
which is reinforced by the different bicycle types such as pedelecs, cargo bikes, and bicycles
with trailers. Especially, the bicycle traffic composition is of key importance for the effect
of bicycle highway on traffic performance. Reasons for this are the different dimensions
of bicycle length and width, which fundamentally influences the traffic flow, overtaking
maneuvers, estimated speeds, or acceleration and deceleration profiles. Cargo bikes
generally occupy a larger area of space, which strongly influences the interaction with
other cyclists. At the same time, in the case of a bicycle with a trailer for child transport,
due to the increased responsibility for safety, lower speeds are also expected.

Finally, traffic signal control measures can have a significant influence on traffic per-
formance indicators for various road user groups. Although official guidelines recommend
specific minimum values such as average number of stops per km or average waiting times,
it is not specified which traffic control measures are appropriate and what the expected
effect will be for the traffic performance of the vehicular flow.

In total, 27 different scenarios are defined in this study, which differ in traffic control
strategies, infrastructures, and time horizon. In addition to the current state, the network
is modeled with two traffic control strategies for bicyclists, namely coordination and
prioritization, and in two bicycle traffic infrastructures, namely one-way and two-way
bicycle tracks. The infrastructures and traffic control strategies are described below in detail.

3.4. Model Design
3.4.1. Simulation Model

The open source microscopic traffic simulation software SUMO (Simulation of Urban
MObility) [45] is used in this study to create a microscopic simulation model. Since 2001,
the software has been gradually updated, and various application programming interfaces
(APIs) have been added to make it easier to define and implement simulation scenarios. In
the simulation model, the individual characteristics of the road users, interaction between
them, as well as predefined behavior models such as the car following model, lane change
model, and route selection model should be defined.

The network is extracted from OpenstreetMap [46] and imported into SUMO using
the NETCONVERT module. The imported version suffers from several conversion issues
and inaccuracies. These include errors in network alignment, number and type of lanes,
wrong infrastructure dimensions, missing traffic signal control, missing or inaccurate
connections inside junctions, and increasing junction complexity, where a single junction
reality is modeled with multiple smaller junction elements through the conversion process.
Therefore, extensive corrections and checks are made using data provided by the City of
Munich as well as data collected on site. Finally, the traffic signal data provided by the city
Munich is used to model the traffic signal control across the network.

3.4.2. Traffic Composition

Four different types of bicycles are defined in the study: normal bicycle, electric
bicycle, cargo bicycle, and electric cargo bicycle. Then, the share of bicycles and their
future prediction is defined by combining results from the empirical data collection and
the existing literature. In 2008, the share of electric bicycles corresponded to 8% of the total
bicycles sold in Germany [47]. In a study on electric bicycles, a share of 10% is assumed for
Germany in 2015 [48]. A study showed that by 2015, the share of electric bicycles of in the
total number of bicycles sold in Germany was 11% [49]. Another forecast estimates a long-
term growth of up to 40% for the share of electric bicycles in Germany [50]. Considering the
growth rate of sales of electric bicycles in Germany between 2013 and 2018, it is estimated
that the share of electric bicycles for the years in 2025 can be increased to around 18%.

Concerning the share of cargo bicycles, the ownership of cargo bicycles in Germany
was estimated at 8% [51]. However, by observing the recorded videos in the study area,
the share of cargo bicycles (including electric cargo bicycles and non-electric cargo bicycles)
was determined to be 5%. No data were found on the growth of cargo bicycles in Germany.
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Therefore, the same growth rate is assumed for cargo bicycles as for electric bicycles.
Respectively, no data were found for the share of cargo bikes that are equipped with electric
motors. Thus, we assume that 50% of the cargo bicycles are equipped with electric motors.
Table 1 shows the share of each type of bicycle by time horizon.

Table 1. Introduction of various types of bicycle and their proportions in time horizon from the base
scenario to 2030.

Type of Bicycle
Year

Base Scenario 2025 2030

Conventional Bicycle (B) 85 79 55
Electric Bicycle (EB) 10 1 14 2 30 3

Cargo Bicycle (CB) 2.5 3.5 7.5
Electric Cargo Bicycle (ECB) 2.5 3.5 7.5

1 [49], 2 [48,50,52], 3 [50].

The speed distribution for the different bicycle types are taken from different sources.
The maximum acceleration and deceleration of bicycles result from a study in Germany
with two types of cargo bike as well as the project. The physical and dynamic properties of
various bicycles are shown in Table 2.

Table 2. Physical and dynamic specifications of bicycles as SUMO simulation input with information 1 [45], 2 [49], 3,4

[53–55].

Specifications Conventional Bicycle Electric Bicycle Cargo Bicycle Electric Cargo Bicycle

Length (m) 1.6 1.9 2.4 2.4
Width (m) 0.7 0.7 0.85 0.85

Average speed (km/h) 1 15.3 17.4 13.6 18.97
Max speed (km/h) 1 22 31 20.7 25.7
Min speed (km/h) 1 10.1 12.2 10.7 11
Standard deviation 1 2.3 4.4 2.2 3.1

Max acceleration (m/s2) 2 1.8 1.8 1.8 1.94
Max deceleration (m/s2) 2 4.0 4.0 4.0 4.25

Lateral alignment 3 Compact Compact Compact Compact
Minimum gap [m] 4 0.5 0.5 0.5 0.5

Minimum lateral gap [m] 3 0.5 0.5 0.5 0.5

3.5. Traffic Control Strategies
3.5.1. Bicycle Traffic Signal Coordination

The coordination of neighboring intersections ensures smooth traffic movement. Due
to large differences in bicyclists speed (between 10 and 25 km/h), it is not possible that
all bicyclists benefit from a common coordination. In fact, bicycle coordination is most
effective if the distance between the intersections is less than 200 m. In this situation, a
common coordination for bicyclists and motor vehicles is possible if the green time is long
enough for both groups. By increasing the distance between the intersections to 400–750 m,
the group of bicyclists will be more dispersed. In this case, great efforts should be made to
match the travel speed and offset time. However, if the intersections are not oversaturated
by motor vehicles, an independent green wave for bicyclists is feasible. As presented in
Figure 4 the distance between intersections is 170–380 m, which offers suitable application
for bicycle traffic coordination.

The analysis of the collected video data suggests that the main direction of the bicycle
traffic flow in the peak hour is the north–south direction. Since the distances between the
intersections are different, and therefore, a coordination can only be generated effectively
in one direction, the coordination is implemented for this direction of travel. However,
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since the green phase of the bicyclists starts together in both directions, the bicyclists in the
opposing direction also benefit.

First, the average speed of bicyclists between the intersections is calculated (queue
zones are excluded) based on infrastructural type and time horizon. Then, the offsets
of traffic signal controllers are calculated and assigned to the network. The cycle time,
signal groups, and signal program of the controllers are kept same to the current situation
to ensure a comparable state. For implementation of coordination, the green time of
the intersections starts 5 s sooner to ensure that the possible queue of bicyclists from
the previous cycle time has already dissolved. This strategy is implemented across all
simulation scenarios.
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3.5.2. Bicycle Prioritization through Passage Time Extension

In traffic signal prioritization, traffic controllers may assign additional green time to
bicyclists, which may result in fewer stops, less delay, and lower travel time of bicyclists.
The prioritization direction is optimized for the north–south travel direction. Here, the
prioritization strategy is based on the extension of the green time for bicyclists by applying
the concept of passage time extension. In this strategy, although some features of controllers
such as signal groups and signal programs are kept similar to the current state, the cycle
time may change based on the present bicycle traffic demand.

In order to extend the green time efficiently and prevent bicyclists from stopping and
considering the average observed bicycle travel speeds, the position of the detectors is set
to 20 m from the stop line. Since the average speed of bicyclists is around 15 km/h, the
riding time from the detection line to the stop line is calculated to be around 5 s. Moreover,
to avoid extreme cycle times, the maximum green time extension is set to 20 s (a maximum
cycle time of 110 s). If a bicycle is recognized at any point between the detection line and
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the stop line and at the same time, the remained green time is not enough to allow the
bicycle to pass the stop line, then the current green phase will be extended by 5 s so that
the bicyclist can still cross the junction. As mentioned before, this process can be repeated
to a maximum of four times per cycle.

It is important to mention that in the current state, the green time of the bicyclists ends
at the same time as the green time of the motor vehicles (north–south direction). Therefore,
the motor vehicles benefit from the extended green times. However, due to different phases
at the Von-der-Tann-Straße intersection, bicycle green extension cannot affect the green
time of motor vehicles. Since this intersection has separated phases for bicyclists and
motor vehicles (the first phase for motor vehicles and the second one for bicyclists) and
the prioritization takes place only in the last phase, the delay of motor vehicles could be
increased due to more cycle times. Therefore, this intersection is excluded from the results
of prioritization implementation.

3.5.3. Bicycle Highway Design

In addition to the bicycle infrastructure in the current state, two further variants are
defined, namely two-sided one-way bicycle path (variant A) and one-sided two-way bicycle
path (variant B). These variants are chosen as they are the two most common variants found
in the official guidelines for bicycle highway infrastructure. However, no information is
provided for the potential advantages and disadvantages of both variants [3,11–15]. As it
is shown in Figures 5 and 6, the width of the bicycle path in both variations is increased
by 3.0 m, which is the minimum width for a bicycle path that is part of a bicycle highway
infrastructure according to [3] compared to the current state, which is between 1.6 and
2.0 m. The bidirectional bicycle highway is designed by shifting the two bicycle paths to the
north–south travel direction. As the west side of the study area has two more intersections
than the east side and the bicycles volume in the west side outweighs the east side, it
was decided to design the bidirectional bicycle highway at the east side of Leopoldstraße
and Ludwigstraße.

Figure 5. Typical cross-section and dimensioning (m) of one-way bike path (variant A) in the study area.

Figure 6. Typical cross-section and dimensioning (m) of two-way bike path (variant B) in the study area.

Regarding the quality requirements for the forms of bicycle highway infrastructure,
the width of the bicycle lanes for unidirectional and bidirectional bicycle highways should
be at least 3 m, respectively, plus the safety dividing strips next to the on-street parking.
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3.5.4. Calibration and Validation

The settings for the simulation scenarios are summarized in Table 3. Regarding the
Student’s t distribution with a 95% confidence interval and 90% as the desired confidence
interval (maximum deviation from averages from real data is 10%), 15 simulation runs are
the required number of simulation runs.

Traffic volume and travel time for bicyclists and motor vehicles are defined as param-
eters for calibration and validation. The traffic volume is determined from the video data
collected at the intersections. The travel time is derived from a field study with a conven-
tional bicycle and a passenger car. The calibration is carried out during an evening off-peak
hour (between 3:00 and 4:00 p.m.), and the parameters are calibrated in the simulation
model. The simulation results for the selected parameters were evaluated with the root
mean square error (RMSE). A good calibration provides a set of parameters that minimizes
the root mean square deviation (RMSE). Then, the validation of the network is assessed
with a different dataset for the evening peak hours (between 5:00 and 6:00 p.m.). It is crucial
that the parameter settings of the simulation model are not changed during validation.
The simulation results showed that there are less than 10% deviations between reality and
model (RMSE < 10%), which is within the limits proposed in the German guidelines [56].

Table 3. Evaluation settings and simulation horizon.

Parameters Values

Simulation period 90 min
Simulation resolution 0.5 s

Warm-up time 30 min
Evaluation horizon 60 min

4. Results

When designing a bicycle highway, it is important to determine the quality require-
ments beforehand. According to German guidelines, the most important factor for assessing
the design quality of bicycle highway infrastructure is the bicyclist delay per kilometer.
The average delay per kilometer is defined in as a quantity that should not exceed 30 s/km
in urban areas [3].

In addition, other measures of traffic efficiency are also considered, which are impor-
tant for the evaluation and design as well as to compare current state with new scenarios.
Travel time is a general parameter for evaluating the bicycle highway in which an increase
in attractiveness of bicycle highway can be demonstrated here by a reduction of at least
10% in travel time. The average number of stops, waiting time, and average travel speed
are also introduced for the evaluation and for comparing the study scenarios.

This section presents the analysis of the traffic flow simulation studies. Results are
presented for both the bicycle and vehicular traffic. The confidence intervals for the
average values of the different indicators define the size of the standard deviation for the
respective set of values. Based on the analysis of the simulation results, insights for the
implementation and design of bicycle highways are derived.

4.1. Bicycle Traffic Performance
4.1.1. Bicycle Traffic Flow

Figure 7 presents the average bicycle traffic density as a function of the average bicycle
travel speed across the network, the traffic signal control measures, and the bicycle infras-
tructure for each of the bicycle compositions in the future time horizons. The average travel
speed is calculated across the entire travel time duration and thus accounts also for delays
across the entire network (≈3.64 traffic signals/km). Results showcase that the average
travel speed for bicyclists is linearly decreasing with increasing bicycle traffic density. Three
clusters are identified as a function of the combined implementation of bicycle traffic signal
control measures and the introduction of bicycle highway infrastructure. Overall, in the
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base scenario, the average bicycle travel speed ranges between 10 and 11 km/h. Thus, the
increased width of the bicycle path from 1.6–2.0 to 3 m increases the capacity for the bicycle
traffic, as there is more space available for lane changing and overtaking. In the case of
the implementation of bicycle highway infrastructure, the average travel speed ranges
between 11 and 12 km/h. The combined implementation of bicycle highway infrastructure
with bicycle traffic control measures further increases the average travel speed range to
12–13.8 km/h.
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Figure 8 presents the average bicycle traffic volume as a function of the average
bicycle travel speed across the network, the traffic signal control measures, and the bicycle
infrastructure for each of the bicycle compositions in the future time horizons. Results
suggest that despite the increase in bicycle traffic volume, the average travel speed for
bicyclists is not significantly affected for future time horizons. This is partially explained
from the increasing share of electric bicycles in the future bicycle traffic composition. In
addition, results indicate that the bicycle traffic flow operates in free flow conditions in all
future time horizons and that the capacity of the infrastructure is not reached. Therefore,
the signal traffic control at the intersection approaches remains the bottleneck for the bicycle
traffic efficiency.

4.1.2. Delay

A change from the current bicycle infrastructure to the unidirectional bicycle highway
or the bidirectional bicycle highway has a significant impact on bicycle traffic performance.
The reason is the increased width of the bicycle path cross-section from 1.6–2.0 to 3 m,
which increases the capacity for the bicycle traffic. At the same time, there is more space
for lane changing and overtaking. As shown in Figure 9, the average delay for both
variants of bicycle highway infrastructure, compared to the current state, has decreased
the average delay for bicycles by almost 7% (T-value = 9.29; p-value = 0). Both variants,
the unidirectional and bidirectional bicycle highway alignments, exhibit almost the same
average delay.

The effects of the introduction of new infrastructure variants and of the new traffic
control strategies on the average delay are also presented in Figure 9. Results suggest
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that the change of the traffic signal control strategy from the vehicle coordination to the
bicycle coordination has the greatest effect on the reduction of the delay experienced
by bicyclists. The coordination and the bicycle passage time extension strategies have
reduced the average delay by almost 54% (T-value = 70; p-value = 0). In addition, the
bicycle coordination slightly outperforms the bicycle passage time extension strategy in
most cases.
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According to the German guidelines for the design of bicycle highways [3], a threshold
value of 30 s/km is defined as the maximum average delay for bicycle highway in the inner
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city, which is shown in Figure 9 by a dashed red line for comparison. Thus, the quality of
service criterion for the delay threshold is only fulfilled through the introduction of special
traffic signal control measures for bicycle traffic. Therefore, the upgrade of the existing
bicycle infrastructure to a bicycle highway should be accompanied with special signal
control measures for bicycle traffic. Finally, it is also important to mention that through the
introduction of bicycle infrastructure, the standard deviation of the bicyclist delay is also
reduced when compared to the present infrastructure. As a result, bicyclists experience
more reliable travel times, as expected delays will not vary greatly among bicyclist trips.
These results are consistent with the evaluation results for the bicycle superhighways in
London [24].

4.1.3. Waiting Time

Waiting time is defined as the time in which the bicyclists have a speed of less than
0.2 m/s. The results of the mean waiting time per intersection are shown in Figure 10.
All scenarios meet the Level of Service B (waiting time ≤ 25 s); however, only scenarios
equipped with the coordination or passage time extension can meet the Level of Service A
(waiting time ≤ 15 s) as defined in the German Highway Capacity Manual (HBS) [26]. For
signalized intersections, the German guidelines for bicycle highways suggest less than 25 s
of average waiting time with a minimum of 35 s average waiting time in urban areas [3].
Thus, for the German guidelines, this threshold can be serviced in all scenarios without the
requirement of special traffic signal control measures for bicyclists. However, this is not the
case for the Dutch guidelines, which require an average waiting time of 15 s for urban areas.
In that case, special traffic signal control measures are required for all scenarios examined.
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4.1.4. Number of Stops

The influence of infrastructural types on the average number of stops per hour is
shown in Figure 11. For the base scenario, the average number of stops for the current
infrastructure is 2.33 stops/km, which is slightly reduced to 2.2 stops/km (−5%) and
2.1 stops/km (−11%) for the unidirectional and bidirectional bicycle highway, respectively
(t-Value = 10 and 11; p-value = 0). However, the bicycle coordination and prioritization
strategies drastically reduce the average number of stops further by almost 53% and 52%
(T-value = 69 and 29; p-value = 0), respectively. Similar trends could also be seen for
years 2025 and 2030. Overall, without the introduction of special bicycle traffic control
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measures, the average number of stops increases slightly for the different bicycle traffic
composition scenarios. Coordination and passage time extension reduce the number of
stops at the intersections by coordinating the bicyclists into groups and extending the
green time. Since the distances between the intersections are short enough to prevent the
group of bicyclists from breaking up, the more bicyclists that pass the intersections in a
group formation, the lower the average number of stops that could be achieved. Bicycle
coordination slightly outperforms the passage time extension strategy by the year 2030.
The Dutch guidelines for bicycle highways suggest an average of 1 stop/km for urban
areas [14]. This threshold is only reached in the case of a unidirectional bicycle highway
with bicycle signal coordination and for the bicycle traffic composition in 2030, where a
great share of e-bikes is expected. It is important to note here that all other scenarios with
special traffic signal control measures are slightly over this threshold. Thus, in order to
reach the traffic quality threshold for the average number of stops per kilometer, further
allocation of green time for bicycle traffic is required. Despite the fact that the percentage
reduction in the average number of stops through the introduction of special traffic signal
control measures is equivalent to the percentage reduction of the waiting time and average
delay, where the respective guideline thresholds were met with ease, this does not appear
to be the case for this traffic quality measure for bicycle highway design.
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4.1.5. Travel Time

Regarding the results for the base scenario, by implementing the coordination for
bicyclists (Figure 12), the travel time is reduced by an average of 13%, 16.9%, and 17.4%
(T-value = 29, 48, and 50; p-value = 0) for the current infrastructure, the unidirectional
bicycle highway, and the bidirectional bicycle highway, respectively. Similarly, the pas-
sage time extension strategy improves the average travel time by 13%, 17.3%, and 16.9%
(T-value = 30, 39, and 41; p-value = 0) for the current infrastructure, the unidirectional
bicycle highway, and the bidirectional bicycle highway respectively. However, the further
reduction of the average travel time is not only attributed to the introduction of better
bicycle infrastructure or only to the special traffic signal control strategies but also to
expected increase of the share of e-bikes in the future bicycle traffic composition scenarios
for the years 2025 and 2030.

Figure 13 demonstrates that the average travel time per kilometer is a linearly increas-
ing function of the average bicycle traffic density per kilometer experienced. Additionally,
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different clusters are formed in relation to specific types of bicycle infrastructure and traffic
signal control measures. We observe that the combination of bicycle highway infrastructure
and traffic signal control greatly reduce the travel time. With increased bicycle traffic in the
studied future time horizons, the average traffic density increases; however, no increase is
observed for the average travel time in all scenarios with bicycle highway infrastructure
and special bicycle traffic control measures.
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4.2. Motor Vehicles Traffic Performance

So far, the results for different combinations of various types of bicycle highway
infrastructure, traffic signal control measures, and bicycle traffic compositions for future
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time horizons have been presented. As motor vehicles are a crucial road user category in
urban areas and have been also included in the simulation model, it is also important to
consider them in the analysis and quantify and assess the effects from the introduction of
the bicycle highway in the urban setting.

Figures 14 and 15 present the effect on travel time of motor vehicles in both travel
directions as a function of the bicycle infrastructure, the traffic signal control strategy,
and the bicycle traffic composition in future time horizons. The results are aggregated in
minutes of travel time per kilometer. Figures 16 and 17 show the changes on the average
number of stops of motor vehicles per kilometer in the directions from north to south
and south to north, respectively, when the new infrastructures and control strategies are
implemented for bicycle traffic.
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The lowest travel time for motor vehicles in the north–south travel direction (Figure 14)
is achieved for the vehicle traffic signal coordination and the unidirectional bicycle highway
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for each respective future time horizon. The travel time is reduced by 21% (T-value = 7;
p-value = 0). The reason would be the widened cross-section from 1.6–2 m in the base
scenario to 3 m, which leads to an increased capacity of bicycle traffic. This is also supported
from the results of the average number of stops per kilometer for motor vehicle traffic in
Figure 16. The results for the average number of stops per kilometer for motor vehicle
traffic appear to follow a similar pattern to the travel time of motorized vehicles. Therefore,
at the start of the green time, the bicycle queue dissipation time is reduced as a result
of the wider bicycle lane, which in turn enables the right-turning vehicles to turn off at
the intersection with reduced delay. It is also important to mention that in almost all
cross-sections in the north–south direction, there is no dedicated right-turn lane for motor
vehicles. Therefore, the crossing vehicles are also affected by the right-turning vehicles
waiting for crossing bicyclists, which results in the increase of the average travel time. This
fact also explains the worse results for the average vehicular travel times in the bidirectional
bicycle highway. As in this case both bicycle travel directions are positioned at the right
side of the north–south travel direction, this increases the waiting time for right turning
motor vehicles, as they must provide priority for bicyclists crossing both travel directions
instead of only one travel direction (north–south), as it is the case for the unidirectional
bicycle highway.
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On the other hand, compared to the base scenario, the bicycle coordination and the
passage time extension strategies worsened the travel time of motor vehicles in the north–
south travel direction. Since the traffic signal control in the current state is designed for
motor vehicles, any kind of changes in the offset between controllers for favoring bicycle
traffic will deteriorate the pre-designed offsets for vehicular traffic. However, still, motor
vehicles get benefits from the extension of green time for bicyclists as they are in the same
phase. That is why the travel time of motor vehicles in the prioritization strategy is lower
than that in the coordination strategy.

Finally, results for the expected bicycle traffic composition in the respective inves-
tigated future horizons showcase that the upgrade of the existing bicycle infrastructure
to a unidirectional bicycle highway will have positive effects on the average vehicular
travel time and help mitigate the effects of the increased bicycle traffic flow on motor
vehicle traffic.
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On the other hand, as shown in Figure 15, the travel time patterns for motor vehicles
differs from when the south–north is compared to the north–south direction. There are
several reasons for that:

• Three intersections in study area (Theresienstraße, Schellingstraße, and Georgenstraße)
are T-junctions in which motor vehicles from south to north cannot turn right. There-
fore, motor vehicles do not need to stop for crossing bicyclists. This factor explains
the slightly improved vehicular travel times with the bidirectional bicycle highway
over the unidirectional bicycle highway.

• There are dedicated right turn traffic lanes in two intersections in the south–north
travel directions (Von-der-Tann-Straße and Ungererstraße). Therefore, crossing motor
vehicles are less affected by the right-turn motor vehicles.

• The traffic volume of motor vehicles from north to south is almost twice that from
south to north. Since the infrastructure for both directions is similar, the traffic situation
is less critical for south–north than in the north–south direction. Therefore, changing
the bicycle infrastructure or their signal control strategies does not affect significantly
the travel time of motor vehicles in the south–north travel direction.
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Results for both directions of travel showcase the importance of remodeling the
existing motor vehicle infrastructure alongside the construction of bicycle highway infras-
tructure in order to account for the expected negative effects on vehicular traffic flow as a
result of the expected increase in bicycle traffic flow. Results demonstrate the importance of
introducing dedicated right-turn lanes for motor vehicle traffic in order to reduce the effect
from waiting vehicles on the crossing vehicular flow as a result of the increased bicycle
traffic flow on the bicycle highway. Simultaneously, results showcase that there are negative
effects of a bidirectional bicycle highway alignment over a unidirectional bicycle highway
alignment in cases with high intersection density along the network where right turning off
maneuvers are permitted. As this is typical for an urban setting, identifying positions and
segments across the network where due to the size and form of the residential blocks or
other factors, a bicycle highway network with the minimum number of intersections with
the existing motor vehicle network can be built and positions and network segments where
the expected volume of right turning motor vehicle traffic is low can result in a bicycle
highway alignment design with reduced effects on vehicular traffic flow.
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Finally, and in contrast to the results from the bicycle traffic efficiency analysis, where
the bicycle coordination slightly outperformed in most cases the bicycle passage time
extension strategy, in the case of the vehicular traffic efficiency analysis, the bicycle passage
time extension strategy significantly outperformed the bicycle coordination strategy. As
the former is an actuated traffic signal control strategy and adaptive to the traffic demand,
it managed to achieve better results. Despite the fact that they are both significantly
outperformed by the vehicular coordination, the results from the bicycle traffic efficiency
analysis already suggest that bicycle highway infrastructure should always be designed
together with special traffic signal control measures for bicycle traffic, as only through such
measures can the bicycle level of service thresholds defined by official guidelines [3,14]
can be achieved. Thus, and under consideration of the bicycle traffic efficiency analysis
results, the bicycle passage time extension strategy proves to be the optimal strategy for
both bicycle and vehicular traffic.

5. Discussion

Results demonstrate that bicycle traffic performance generally improves with the
introduction of bicycle highway infrastructure. Bicycle travel times have reduced across
the examined network. In addition, bicycle travel time reliability improved with the intro-
duction of bicycle highway infrastructure, as the standard deviation of average travel times
is slightly reduced in comparison to the base scenario. This statement is also reinforced by
the fact that the standard deviation for the average delay and waiting time experienced
by bicyclists is greatly reduced in all study scenarios with bicycle highway infrastructure.
These results are consistent with findings in previous scientific research [22,24]. Despite
the improved values for bicycle traffic performance indicators, quality thresholds provided
by official standards can only be achieved through the introduction of special traffic signal
control measures for bicycle traffic. Even with the highest examined bicycle traffic volumes,
bicycle traffic operated under free flow conditions indicating that the signalized intersec-
tion approaches remain the bottleneck for the examined traffic performance indicators.
Therefore, during the planning process, practitioners should always try to identify possible
alignment routes with the minimum number of intersections and crossings in an effort to
provide a more efficient solution and a higher quality of service for end users, which is a
difficult task for an urban context.

Results for motor vehicle traffic performance showcase the benefits from the increased
width of bicycle infrastructure as queue dissipation times at intersection approaches im-
prove. The unidirectional bicycle highway is the optimal layout for mitigating negative
effects on motor vehicle traffic performance. The introduction of special bicycle traffic
control measures significantly affects the average travel times for motor traffic, whereas the
results were slightly better with the bicycle passage time extension strategy. These results
can be partially attributed to the lack of dedicated turning lanes for right turning motor
vehicle traffic. It is expected that through the remodeling of motor vehicle infrastructure
and the addition of dedicated right turning lanes, motor vehicle performance can be further
improved. Thus, practitioners should always consider the effects on motor vehicle traffic
and consider the remodeling of the existing road infrastructure alongside the introduction
of bicycle highway infrastructure. In addition, especially in routes with high vehicle traffic
volumes, practitioners should consider applying actuated traffic control strategies for both
motor vehicle and bicycle traffic to further mitigate adverse effects on motor vehicle traffic
performance after the introduction of bicycle highway infrastructure.

6. Conclusions

This paper presents the traffic efficiency analysis from the introduction of bicycle
highway in an urban scenario. Microscopic traffic modeling is used for the study and
quantification of the effects of bicycle highways on traffic performance parameters. In a
first step, the study area for the bicycle highway is defined. Then, empirical studies are
carried out to gather traffic data for the calibration and validation of traffic simulation
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models. Through the identification of the research gaps in the literature review section,
specific study scenarios are defined. The assessment of the traffic performance effects is
based on the quantification and evaluation of relevant traffic performance parameters.
General recommendations for the design of bicycle highway infrastructure in urban areas
are derived.

According to the results, the introduction of bicycle highway infrastructure leads to
an improvement of bicycle traffic efficiency; however, the traffic quality thresholds that are
defined in official guidelines can be fulfilled only through the implementation of special
traffic control measures (bicycle coordination and bicycle passage time extension) for
bicycle traffic. For bicycle traffic, bicycle coordination and bicycle passage time extension
provided comparable results with bicycle coordination only slightly outperforming the
bicycle passage time extension strategy. In addition, the introduction of these traffic signal
control strategies decreases the variance of the average bicyclist delay, which in turn results
in more reliable travel times as expected delays do not vary greatly among individual
bicyclist trips. Finally, there was no significant difference among the examined bicycle
traffic performance indicators with respect to the two examined types of bicycle highways.

With respect to the traffic efficiency results for motor vehicle traffic, results showed
that motor vehicles would benefit from the introduction of a unidirectional bicycle highway
when motor vehicle traffic signal coordination is preserved. The introduction of the bidi-
rectional bicycle highway has a further negative effect on the vehicular traffic performance
as it increases the obstructions from crossing bicyclists for right-turning motor vehicle
traffic. Therefore, the introduction of dedicated turning lanes at intersections with bicycle
highways can help to mitigate the effects from the introduction of bicycle highway infras-
tructure on motor vehicle traffic performance. The bicycle passage time extension provided
better travel times for motor vehicles in comparison to the bicycle coordination. The bicycle
passage time extension compared to the bicycle coordination strategy decreased the travel
time of motor vehicles in the base scenario and for the unidirectional bicycle highway by
almost 20% and 23% (T-value = 6 and 8, p-value = 0) respectively, whereas no significant
influences were found between unidirectional bicycle highway and bidirectional bicycle
highway (difference = 3%, T-value = 0.9, p-value = 0.4).

Overall, the implementation of a unidirectional bicycle highway together with passage
time extension or any other type of actuated bicycle prioritization strategy has the potential
to improve the traffic quality of bicycle traffic and meet the requirements bicycle highway
infrastructure while at the same time minimizing the effects on motor vehicle traffic
performance.

This paper primarily focuses on the effect of the introduction of a bicycle highway
on bicycle and vehicular traffic flow performance. In this context, we do not examine
the effect of the bicycle highway infrastructure on other road users. Future research may
focus on further examining the effect of bicycle highway infrastructure on pedestrian
traffic. Especially in densely populated urban areas, the introduction of bicycle highway
may lead to unforeseen interactions among bicyclists and pedestrian flows, especially
at intersection areas. Therefore, the analysis of such interactions with respect to traffic
safety and traffic performance indicators is crucial for the high-quality design of new
bicycle highway infrastructure. Also, the present research only assesses bicycle highway
infrastructure through traffic performance indicators. However, the acceptance of the
investigated measures by the end users and its relationship with traffic performance is also
an important aspect for future work.

Additionally, official bicycle highway design guidelines [3,14] often include solutions
for bicycle highway cross-sections that resolve interactions with other road users or are
defined for shared use with other road users. For example, these include the alignment
of the bicycle highway along access roads, the mixed use of bicycle highway lanes with
public transport, roundabouts, and unsignalized intersections. Such solutions have not
been thoroughly evaluated until now in terms of the expected effects on traffic safety
and traffic efficiency, especially in cases with high bicycle flow or with increasing shares
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of e-bikes or cargo bikes. The present study could only provide some insights on the
traffic performance effects with interacting right turning motor vehicles and bicyclists at
intersection approaches with bicycle highway infrastructure. It established the importance
of remodeling the existing motor vehicle infrastructure alongside the construction of bicycle
highway infrastructure in order to account for possible negative effects on vehicular traffic
flow. Given the fact that the effects on traffic performance and traffic safety have not been
quantified for such special cross-sections, the expected future bicycle traffic composition
along with the expected increase in e-bikes and cargo bikes will result in new challenges
for traffic efficiency and traffic safety. As road users constantly compete for space in urban
areas, the quantification of such effects is highly important for the planning, design, and
dimensioning of urban highway infrastructure.

Finally, as our research has shown that the introduction of bicycle highway infrastruc-
ture in an urban area has to be accompanied with the implementation of special traffic
control measures (bicycle coordination or bicycle passage time extension) for bicycle traffic
in order to fulfill the traffic quality thresholds that are defined in the bicycle highway design
guidelines, future research may focus on combining such measures with other traffic signal
control strategies such as adaptive signal control with motor vehicle traffic or in cases with
public transport prioritization, as this is a common case for network traffic control along
important urban corridors.
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