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Abstract

As cycling continues to grow in popularity, the volume of bicycle traffic is increasing in many metropolitan areas. To accom-
modate this trend, a shift from supply-oriented to demand-oriented design approaches will be necessary. This shift requires
an empirical foundation on which to develop design guidelines with recommended bicycle facility widths that vary depending
on the expected bicycle traffic demand. This paper presents an analysis of cross-sectional data collected over 5 months using
inductive loop detectors in Muenster, Germany. The data included the timestamp accurate to | s, speed, direction, and induc-
tive loop ID for over |.3 million bicycle crossings. We analyzed the relationships between speed, density, and flow across the
full width of the bicycle facilities, as well as separately within the right-hand, center, and left-hand sublanes. Our findings con-
firmed a decrease in average speed with increasing flow across the entire path. However, the sublane-specific analyses indi-
cated important differences: the right-hand sublane exhibited the lowest average speed and the most pronounced decrease
in speed with increasing volume, whereas a relatively stable speed was maintained on the left-hand sublane. Under free-flow
conditions, density increased linearly with flow across the full cross-section. This increase was strongest in the right-hand
sublane, followed by the center, and was minimal in the left-hand sublane, reflecting cyclists’ tendency to keep to the right.
We present an analysis of how density propagates laterally from the right-hand side across the bicycle facility and propose a
method for determining the necessary width of unidirectional bicycle facilities.
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The bicycle is an uncomplicated machine with the poten-
tial to address a range of transport-related issues, such as
reducing noise and air pollution, promoting physical
activity, and improving the livability of urban spaces.
Thanks to policy support, infrastructure provision, and
technical advances of the bicycle itself, the proportion of
cycling in many European cities has increased consider-
ably over recent decades. For instance, from 2002 to
2017, the average share of cycling in metropolitan areas
in Germany rose from 11% to 18% of all trips (/). The
cycling cities of Amsterdam and Copenhagen now boast
modal shares above 30% of trips (2).

In most cases, infrastructure for bicycle traffic is
designed using supply-oriented approaches. Engineers
and planners aim to provide attractive, direct, comforta-
ble, and safe infrastructure to serve existing cyclists and
to encourage others to take up cycling. For example, the

U.S. Urban Bikeway Design Guide (3) suggests a mini-
mum width including shy distances for unidirectional
facilities of 2.0 to 2.1 m and a preferred width of 2.5 to
3.8 m, widths that allow cyclists to ride in groups and/or
pass one another.  Similarly, the  German
Recommendations for Bicycle Facilities (Empfehlungen fiir
Radverkehranlagen) (4) provides minimum required
widths for different types of unidirectional bicycle facili-
ties. These recommended widths do not vary depending
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Table I. Reported Critical Density and Capacity Flow Values

Measure Method Reported Values

Critical density
(bicycles/km/m)

Experimental 15 (18)
30 (8)
33.3(9)
37.(11)

50 (10)
101.5 (13)
(one sublane)
~40 (16)
~130 (17)
~4,500 (9)
~3,600 (8)
~2,000 (/8)
(I-m wide path)
~1,800 (10)
1,500 (15)
1,531 (14)
3,960 (13)
(one sublane)
~4,000 (12)
(sublane width: 78 cm)
1,500 (17)

Field observation
Simulation

Capacity flow
(bicycles/h/m)

Experimental

Field observation

Simulation

on the expected bicycle demand volume in either case. At
most locations, bicycle traffic demand falls far below the
capacity provided by facilities with these widths. All too
familiar problems that occur when demand exceeds
capacity on infrastructure for motor vehicle traffic—
stop-and-go traffic, traffic jams, and queues at traffic
lights that do not dissipate in one green phase—are sel-
dom observed in bicycle traffic.

However, as cycling continues to grow in popularity,
designing infrastructure for high-volume situations and
managing bicycle traffic flow will become increasingly
important topics, necessitating a shift from supply-
oriented to demand-oriented infrastructure provision.
Already, the recommended width for bidirectional
bicycle paths increases depending on the expected traffic
demand volume in the Urban Bikeway Design Guide (3).
Similarly, in both the Danish design recommendations
“The Concept for Cycle Superhighways” (5) and the
German “Guidelines for High-Speed Bicycle Facilities
and  Priority  Bicycle Routes” (Hinweise  zu
Radschnellverbindungen und Radvorrangrouten) (6) the
suggested widths vary by expected demand volume.
However, these width suggestions appear to be based on
practical engineering expertise and are not built on an
empirical foundation.

Evidence of the relationship between flow, density
and average speed in bicycle traffic has been gathered in
experiments (7—11), in field observations (/2-15), and
using simulation (/6, 17). The critical densities and
capacity flows reported in these papers are summarized
in Table 1.

Based on field data, Botma and Papendrecht deduced
a linear relation between mean speed and flow and a
quadratic relation between flow and density (/2). After
accounting for speed and size in single-file systems,
Zhang et al. identified a universal fundamental diagram
for bicycle, pedestrian, and motor vehicle traffic and
observed three traffic states: free-flow, congested, and
stop-and-go waves (8). Guo et al. conducted a ring
experiment in which cyclists were allowed to make full
use of the width of the bicycle path to pass one another
and found a higher critical density than Zhang et al. did
in their single-file experiment (/0). Li et al. observed both
free-flow and congested conditions at four sites in China
and were the first researchers to create a fundamental
diagram containing both congested and free-flow states
using only field data (13). The critical density reported
by Li et al. is considerably higher than all values deter-
mined under experimental conditions. Hoogendoorn and
Daamen proposed a composite headway model for
bicycle traffic and derived model parameters using data
from a busy intersection in Delft to estimate capacity
flow (1/4). Navin analyzed the two-dimensional space
requirements of child cyclists and observed free-flow
conditions when the operating space was greater than
9.3m?/bicycle (9). Congested conditions with no possibil-
ity for maneuvering the bicycle occurred at an operating
space of less than 3.0m?/bicycle. All of these analyses
assume that bicycle traffic flow is uniform across the
width of a bicycle path.

The total width of the infrastructure plays a critical
role in bicycle traffic flow. Wierbos conducted a large-
scale experiment in Delft to explore the relationship
between average speed, flow, and density for various
path widths (/8). She found that the average speed and
flow increase nonlinearly with path width while density
decreases. She noted that a breakdown in traffic flow
was not observed, despite conducting experiments with a
narrow pathway and high-demand conditions. The
hypothesis put forth by Wierbos is that cyclists anticipate
congested conditions and adapt their behavior before-
hand, allowing for the mitigation of potential break-
downs before they occur. Greibe and Buch found that
the speed increases as the width of the path increases and
the variation in speed decreases as the flow rate increases
(15). Findings from previous studies, as well as the wide
range of capacity flow and critical density in Table 1,
could suggest that bicycle traffic flow depends on several
factors in addition to the path width, including for exam-
ple the slope (19), the composition of bicycle traffic (16),
the curvature of the infrastructure, adjacent traffic/
obstacles (/5), pavement conditions, and cycling experi-
ence and culture.

A cyclist requires a certain amount of lateral space to
operate their bicycle, known as “riding space” (3), which
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accounts for the physical width of the bicycle and for
fluctuations in the lateral position that occur naturally
while cycling. The riding space plus a “shy distance” or
safety distance to obstacles adjacent to the bicycle infra-
structure is the effective width of one bicycle sublane.
The narrowest width of a bicycle sublane found in the lit-
erature is 0.75m (20). Most papers and guidelines pro-
pose bicycle sublane widths of between 1 and 1.2m (3,
4). Sublane formation in bicycle traffic has also been
observed in experiments and field studies. Wierbos
observed the formation of sublanes at an infrastructure
width of 2m and found that the average speed is greater
in left-hand sublanes than right-hand sublanes (/8).
Greibe and Buch observed bicycle traffic in Copenhagen
and found that cyclists position themselves to the right-
hand side of a bicycle path in low flow rate conditions (1
to 4 bicycles/10s, 360 to 1,440 bicycles/h), and either
form two sublanes (narrow bicycle paths) or distribute
themselves over the width of the infrastructure (wide
bicycle paths) in high-flow-rate conditions (>8 bicycles/
10s, >2,880 bicycles/h) (15). The relationships between
flow, density, and average speed of bicycle traffic per
sublane have not yet been explored using field, experi-
mental, or simulation data.

We propose that a fundamental understanding of
bicycle traffic flow that takes into account the nonunifor-
mity of flow across the width of a bicycle path could pro-
vide an empirical foundation for determining the
required width of bicycle facilities in demand-oriented
contexts. The behavioral hypothesis that we work from
is that cyclists hold to the right-hand sublane of a cycling
infrastructure unless overtaking or riding in pairs/
groups. Thus, as the bicycle traffic-demand-volume
increases, the density increases first in the right-hand
sublane and then this increase propagates through the
center of the path to the left-hand sublane. The contribu-
tions of this paper are twofold: 1) the relationships
between average speed, flow, and density per sublane are
investigated and compared with relationships for the
entire cross-section, and 2) the propagation of density
across the width of a cycling infrastructure is quantified.
Based on these results we propose a method for deter-
mining the number of sublanes necessary to serve a given
bicycle traffic demand, To this end, we use cross-
sectional data from a new generation of inductive loops
for bicycle traffic that include the speed, direction, sub-
lane, and timestamp accurate to 1 s from a sample of
more than 1.3 million cyclists.

Methods

Sensor Technology

Data were collected using double inductive loop detec-
tors for bicycle traffic. An inductive loop is a coil of

electric wire installed slightly below or on the surface of
a roadway or bicycle path and connected to a sensor. An
electric current is passed through the loop, generating an
electromagnetic field. Each time an object passes over
the loop, the conductive material of the object influences
the electromagnetic field. This technology has been used
for decades to detect and count motor vehicle traffic and
more recently for bicycle traffic. Bicycle traffic count
data are typically stored in 15-min or 1-h intervals.
Information about the individual crossings, such as
speed, timestamp, direction, and lateral position is typi-
cally not collected or stored.

Cross-sectional data analyzed in this study were col-
lected using ZELT® inductive loop sensors. These
diamond-shaped inductive loops count and classify
bicycles, including carbon-framed bicycles and electric
scooters. Inductive loops are manufactured for each
cross-section and have widths between 80cm and 1.4m,
roughly reflecting the widths of bicycle sublanes found in
the literature. Multiple loops are installed beside each
other on the cross-section, as shown in Figure 1 (Image
B shows the inductive loops most clearly). In addition to
classified count data, this system also allows for the
recording of timestamps and thus the storage of individ-
ual crossings with speed, inductive loop ID, and direc-
tion of travel. The counting accuracy of the inductive
loops is 95% for all potential situations, such as cyclists
riding in groups or mixed traffic, and 99% of the speed
observations lie within 1 km/h of the actual speed.

Description of Sites

Data were collected in Muenster, Germany. Muenster is
a medium-sized city with 315,000 inhabitants and a
cycling modal split of about 30% of trips (/). Muenster
is well-known in Germany for its well-developed network
of cycling infrastructure, including wide on-road bicycle
lanes, high-quality separated bicycle paths, and numer-
ous bicycle streets (Fahrradstrafien). There are currently
23 permanent bicycle traffic counting sites in Muenster
and up-to-date count data aggregated in 15-min time
intervals is available online (opendata.stadt-muen-
ster.de). In 2023, ZELT®¥° inductive loops were installed
at 13 sites in Muenster, making it possible to collect
extended count data containing the speed, direction,
inductive loop ID, and timestamp for each crossing
cyclist. This extended count data are not available online
and are not collected continuously, as their collection
and storage require significantly more energy than the
15-min aggregated count data.

Of the 13 cross-sections with ZELTEY® counters, four
sites were selected for data analysis (see Figure 1). The
selection criteria were the bicycle traffic volume, the
width of the infrastructure, and the distance from a
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Figure I. Inductive loop detectors at the sites: (a) Gasselstiege, (b) Kanalpromenade A, (c) Kanalpromenade B, and (d) Promenade.
Note: the pictures were taken when the inductive loops were installed, not when the data were collected.

Table 2. Site Descriptions

Cross-section ~ Number of loops/loop  Max. flow rate® Total Data collection
Site width (m) width (cm) (bicycles/h) observations® dates (d/m/year)
Gasselstiege 3.6 3/120 3,600 287,932 19/2/2024 to 1/4/2024;
51°58"46.4"N, 7°36'23.3"E 6/5/2024 to 27/6/2024
Kanalpromenade A 3.6 3/120 4,080 78,161 19/2/2024 to 1/4/2024;
51°53'22.2"N 7°39'00.1"E 6/5/2024 to 27/6/2024
Kanalpromenade B 4.4 3/145 2,880 146,694 19/2/2024 to 1/4/2024;
51°58"46.2"N 7°39'47.5"E 6/5/2024 to 27/6/2024
Promenade 42 3/140 3,000 846,571 19/2/2024 to 1/4/2024;

51°57'24.7"N 7°37'28.2"E

6/5/2024 to 19/6/2024

?Measured in 30-s time intervals.
Over the entire data collection period.

traffic signal/intersection. The goal of this study was to
assess bicycle traffic across the width of the bicycle path,
without significant restrictions owing to the available
width and with minimal influence from other types of
road users. For this reason, separate bicycle paths with a
minimum width of 3.5m were selected. Although unidir-
ectional bicycle lanes would have been preferable for our
research question, all sites with a ZELT®® and a high
traffic volume in Muenster are bidirectional. To account
for this, we only included time intervals in our analysis in

which there was no counterflow traffic. To ensure bicycle
traffic was unaffected by stops and signal-induced pla-
toons, sites were selected that were located more than
100m from an intersection. Information about the four
sites is summarized in Table 2.

Data Collection and Processing

Data were collected for 96 days during the first half of 2024,
which was unusually wet and cool. The first collection
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Figure 2. Comparison of the observed speed distribution at the Promenade site (both directions) and the distribution reported by (a)
Brandenburg et al. (/6), and (b) the speed distributions observed at each site.

campaign ran from February 19 to April 1, 2024. Data
were collected in a second campaign from May 6 to June
27, 2024 in an effort to include more sunny, warm days
with very high volumes of bicycle traffic in the sample.
There was a technical issue storing data at the Promenade
site at the end of June. Despite the generally cool weather,
over 1.3 million cyclist crossings were included in the data-
set and considerable bicycle traffic volumes were observed.

The raw data from the inductive loop detectors
include the timestamp of the crossing accurate to 1s, the
inductive loop ID, the direction, and the speed. The
inductive loop ID parameter indicates which of the three
inductive loops registered the crossing. The raw data and
the Python code used to process the data are available as
a Github repository (21).

The speed data collected by the inductive loop detec-
tors were irregularly binned. Bin widths of 1km/h for
speed observations less than 15km/h (bins: 1, 2, ...,
14km/h); bin widths of 2 km/h for observations between
15 and 20 km/h (bins: 16, 18, and 20 km/h); bin widths of
4km/h for observations between 21 and 28 km/h (bins:
24 and 28 km/h) were saved; and two bins captured high-
speed observations above 30 km/h (bins: 36 and 48 km/
h). Speed observations less than 7km/h were removed
from the dataset (between 1% and 3% of the data points
were removed for each site).

To evaluate the accuracy of the speed observations,
we compared the distribution of speeds measured at the
Promenade site with the distribution reported by
Brandenburg et al., who collected speed data using
radar and video measurements on the Promenade

facility in Muenster (/6). They reported a normal distri-
bution with a mean of 18.8 km/h and a standard devia-
tion of 3.7km/h across all the sites they observed (this
appears to reflect the distribution for the Promenade
site: Figure 3 of the Brandenburg et al. paper). As
shown in Figure 2a, the two distributions match very
well. Statistical testing indicated that although the
means of the two distributions were significantly differ-
ent, the effect size was small (z-statistic = 24.53, p-
value = 0.000, Cohen’s d = 0.228). The speed distribu-
tions observed at all sites are shown in Figure 25. An
analysis of variance (ANOVA) test showed significant
differences between the mean speeds observed at the
different sites, but a negligible effect size (F-statistic =
4536.83, p-value = 0.000, n?> = 0.010).

The effect of weather on the observed speed distribu-
tions was assessed using the open weather and climate
database Meteostat (22), which includes an hourly
weather condition code for locations around the world.
The 27 weather condition codes were aggregated into
nine codes (“clear/fair,” “cloudy/overcast,” “fog,”
“rain,” “sleet,” “snow,” “thunder and lightning,” “hail,”
“storm”). Cyclists were detected in five weather condi-
tions in our dataset. The observed speed distributions for
each weather condition are shown in Figure 3a.

Cyclists tend to ride slower under sleet conditions and
an ANOVA test showed that the mean speeds observed
under different weather conditions were significantly dif-
ferent, although the effect size was negligible (F-statis-
tic = 47.75, p-value = 0.000, m? = 0.000). Similarly, the
distribution of speeds observed during daytime hours
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Figure 3. Observed speed distributions at all sites under (a) different weather conditions, and (b) during the day (6 a.m. to 7 p.m.) and

night.

(between 6 a.m. and 7 p.m.) were compared with those
observed during nighttime hours (Figure 3b). Cyclists
rode slightly slower during the night and a #-test indi-
cated that the mean speeds were significantly different
with a negligible effect size (#-statistic = 25.57, p-value =
0.000, Cohen’s d = 0.060). Considering the negligible
effect sizes of all tested independent variables (weather
condition, day/night, location) on the speed distribution,
it was decided to include all observations in one sample
for the analyses.

The number of cyclists, V;, crossing each inductive loop,
[, in a given time interval, 7, was determined from the raw
data. The flow rate, g;, passing inductive loop [ during the
time interval 7 was calculated using Equation 1. The har-
monic mean of the speeds, v;, of all cyclists, i, that passed
loop [ in time interval 7 was calculated using Equation 2.
Under the assumption of stationary traffic conditions, the
harmonic mean of observed speeds is equal to the space
mean speed, which is used to compute traffic density from
cross-sectional data. The density, &;, at inductive loop !/
was derived from the space mean speed, v;, the flow rate,
q1, and the width of the inductive loop, w; (Equation 3).
The total number of cyclists detected over the entire cross-
section, N, was the sum across all loops (Equation 4). The
corresponding parameters across the entire cross-section,
g, v, and k were calculated using the number of cyclists
crossing the entire cross-section, N, the speed, v;, of each
cyclist, 7, and the total width of the bicycle path, w.

N

@= 7 (1)

—_— (Z' ) 2)

i=0

k= qi (3)

ViEWy

N=>"N (4)

Time intervals, 7, applied to bicycle traffic data in the
literature range between 15s (/3) and 15min (/6).
Different time intervals were tested on the data (10, 15,
30s, and 1 min) and a time interval of 30s was found to
best capture rapidly changing flow conditions while
smoothing out fluctuations from individual behavior.

Data were analyzed for each direction of travel on the
bidirectional bicycle paths separately. For each direction,
we calculated space mean speed, flow, and density para-
meters for bicycle traffic traveling in that direction, as
well as the volume of counterflow traffic (cyclists moving
in the opposite direction). All 30-s time intervals with
counterflow traffic were removed from the sample for
each site/direction dataset. Thus, our four sites effectively
yielded eight datasets with unidirectional traffic.

Results

Despite the high modal split of cycling in Muenster,
none of the flows observed at the sites approached the
lowest estimates for capacity flow identified in the liter-
ature. The maximum flow rate at the Kanalpromenade
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Figure 4. (a) Space mean speed, v, and space mean speed per inductive loop, v ([b] right, [c] center, and [d] left) by the flow rate, g, over

the entire cross-section.

A site was 4,080 bicycles/h (1,133 bicycles/h/m), which
is considerably less than the 1,500 bicycle/h/m capacity
flow estimated in previous research (/4, 15, 17).
Considering this, along with an analysis of the flow-
speed and flow-density plots, we concluded that all
observations reflected free-flow conditions. In this sec-
tion, we present our analysis of the relationship
between speed and flow rate as well as density and flow
over the entire cross-section, and then differentiate by
inductive loop. We then explore the propagation of
density over the width of the bicycle path. All the flow
rates presented are calculated by multiplying the

number of cyclists counted in each 30-s observation
time interval by 120.

Flow and Speed

The space mean speeds and the flow rates observed in all
30-s observation time intervals for cyclists across the
entire cross-section of the four locations are displayed in
Figure 4a. The space mean speeds observed in the right,
center and left inductive loops by the flow rate over the
entire cross-section are shown in the top right (B), bot-
tom left (C) and bottom right (D) of Figure 4,
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respectively. Note that the numbers of 30-s observation
time intervals (n) in the inductive loop figures are not
equal and do not sum to the number over the entire
cross-section (A) This is because only time intervals dur-
ing which the given inductive loop registered any cyclists
are included in Figure 4b to d. A jitter is applied to the
data on the x-axis to increase the visibility of overlapping
data points.

The space mean speed v appears to decrease slightly
with the flow rate g over the entire cross-section (Figure
4a). The variation in mean speeds decreased with increas-
ing flow rate. This was partially explained by the speeds
of more cyclists being averaged in high-flow conditions,
reducing the noise in the data. However, this may also
indicate that cyclists ride at a more uniform speeds in
high-flow conditions. As most cyclists were observed in
the right sublane, the trends in the two top figures were
quite similar. There was a less clear decrease in the mean
or variation of the space mean speeds registered by the
center and left inductive loops (Figure 4, ¢ and d) as the
flow rate increased.

To identify trends in the data, we fit a piecewise linear
model to the observations over the entire cross-section
and for each inductive loop. The first piece was a hori-
zontal line at the mean of the observed space mean
speeds up to a breakpoint flow rate. After this point, a
lincar model was fit to the data. Different breaking
points separating the horizontal line and linear model,
ranging between 0 bicycles/h (purely linear model) and
2,000 bicycles/h, were tested and the most suitable break-
point was selected based on the r* value. As shown in
Figure 4, the best fit for data registered by the right-hand
inductive loop was found with a horizontal line to 360
bicycles/h followed by a relatively strong decrease in
space mean speed by flow rate, compared with the center
and left inductive loops. The piecewise model fit to the
data registered by the center inductive loop indicated a
slightly later influence of flow rate on speed (at 480
bicycles/h) and a less pronounced decrease after this
breakpoint. In the left-hand inductive loop, an effect of
flow rate on space mean speed was first seen at 1,680
bicycles/h. More data in high-flow situations are needed
to determine whether the trend after the breakpoint
would be better captured using a curved rather than a
linear model.

Flow and Density

The density across the entire cross-section and the flow
rates observed in all 30-s observation time intervals at all
four locations are displayed in Figure Sa. The densities
calculated from data registered by the right, center, and
left inductive loops by the flow rate over the entire cross-
section are shown in Figure 5, b to d, respectively. Note

that the number of 30-s observation intervals (n) is equal
across all figures, as a density of 0 bicycles/km/m was
assigned to any time interval in which no cyclists were
detected by the respective inductive loop. Again, a jitter
was applied to the data on the x-axis to increase the visi-
bility of overlapping data points.

As all observations describe free-flow conditions, the
density, k, was found to increase linearly with the flow
rate, ¢, over the entire cross-section (Figure 5a). The data
showed relatively little variation, and a clear linear rela-
tionship between the variables was apparent over the
entire cross-section. A much steeper relationship between
the flow rate and density was observed on the right
inductive loop compared with the other inductive loops.
Although densities up to 70 bicycles/km/m were
observed, we did not see an indication of a traffic break-
down taking place nor did we see a leveling of the den-
sity on the right-hand inductive loop that might indicate
saturation on this inductive loop. This could suggest that
many of the critical densities reported in the literature
(Table 1) are low, particularly those stemming from
experiments.

The form of the relationship between density and flow
rate registered by the center and left-hand inductive loops
was less clear. We hypothesized that the density on the
center inductive loop is characterized by the presence of
passing and pair-riding cyclists, even at low flow rates,
whereas the relatively low densities observed on the left-
hand inductive loop are related to the free-flow condi-
tions governing on the right and center inductive loops.

Mapping Density Across the Width of the Bicycle Paths

As hypothesized, density was not uniform across a
bicycle path, but built first on the right-hand side and
progressed to the left. Heatmaps of the bicycle path were
created to explore this progression for each direction of
travel at the four sites separately (Figure 6). To create
the heatmaps, the observed densities per inductive loop
for each 30-s time interval were sorted into bins depend-
ing on the overall flow rate, ¢, at the cross-section. A bin
width of 480 bicycles/h was selected to smooth the effects
of traffic stochasticity while still showing trends in the
data. This bin width was a multiple of 120 bicycles/h,
which was important considering the length of the obser-
vation time interval. The mean density per inductive
loop, k; , for all 30-s time intervals in each bin was calcu-
lated. Means were only calculated if five or more 30-s
intervals were observed in the bin. The nonuniform y-
axis values in Figure 6 reflect the different path and
inductive loop widths at the sites.

At all four sites, the density built first on the right-
hand loop detector. Although there was variation
between sites, density began to build on the center loop
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Figure 5. (a) Density, k, and density per inductive loop, k; ([b] right, [c] center, and [d] left) by the flow rate, g, over the entire cross-

section.

detector at about 1,200 bicycles/h. The two sites with
wider loop detectors, Kanalpromenade B and
Promenade, showed a building of density in the center at
a higher flow and a more gradual increase in density in
the center. None of the sites displayed moderate or high
densities on the left-hand inductive loop.

Bringing observations from all sites together requires
creating sublanes of equal width. We assumed that the
flow was distributed uniformly across the width of each
inductive loop. The density in 1-m wide sublanes, &y, was
calculated using the weighted average of densities mea-
sured at the relevant inductive loops. All the observations
were combined into one large dataset of cross-section
flow rates and sublane densities. In Figure 7a, the mean

and the standard deviation (Figure 7b) of the densities
observed in all 30-s interval observations at all sites in
both directions are shown.

Linear interpolation of ky was performed along each
of the 1-m wide sublanes. This interpolation allowed for
the estimation of the flow at densities of 10, 20, 30, and
40 bicycles/km/m. These points were plotted for each
density and sublane in Figure 8. Only very low densities
occurred on the far left-hand sublane. This was partially
because bidirectional bicycle paths were observed and
cyclists avoided using the part of the infrastructure
reserved for opposing traffic. This was likely to be true
even though time intervals were removed in which oppos-
ing flow was present. For this reason, we omitted the
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interpolated points for the fourth sublane. Linear regres-
sion was used to derive a line of best fit through the inter-
polated points.

Figure 8 illustrates the expected density at different
widths (sublanes) of a bicycle path under different flow
conditions. For example, at a cross-sectional flow of
1,000 bicycles/h, a density of “25 bicycles/km/m is
expected on the rightmost 1-m wide sublane and a den-
sity of ~12.5 bicycles/km/m is expected on the second 1-
m wide sublane. Any sublanes further to the left are
expected to have a density below 10 bicycles/km/m.

The information displayed in Figure 8 was rearranged
to demonstrate a possible approach for designing the
widths of bicycle paths using the expected cross-sectional
flow (Figure 9). Here, we assume that a minimum width
of two sublanes (~2m) is necessary, regardless of
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Figure 9. Approach for using the cross-sectional flow and design
maximum density on the leftmost sublane to specify the necessary
number of sublanes.

demand, to ensure that cyclists can pass one another.
Depending on the accepted maximum density on the left-
most sublane and the cross-sectional flow, the number of
sublanes beyond this minimum can be determined.

To demonstrate how Figure 9 can be used to select the
width of a unidirectional bicycle facility, we set a maxi-
mum density of 10 bicycles/km/m on the leftmost sub-
lane. According to Figure 8, on a three-sublane facility,
the densities on the center and rightmost sublanes would
be ~19 bicycles/km/h and ~35 bicycles/km/h, respec-
tively. For situations with fewer than approximately 800
bicycles/h, supply-oriented provision of infrastructure
with widths between 2.0 and 2.4 m (two sublanes) is suffi-
cient. For demand volumes between 800 and 1,500
bicycles/h, widths between 3.0 and 3.6 m (three sublanes)
are necessary, and for high-demand volumes of over
1,500 bicycles/h, widths between 4.0 and 4.8m are
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recommended. For comparison, the widths suggested in
the Danish design recommendations “The Concept for
Cycle Superhighways” (5) are 2.25 to 2.5m for low
demand volumes less than 200 bicycles/h, 2.5 to 3.0 m for
moderate demand volumes between 200 and 1,500
bicycles/h, and 3.0 to 3.5m for high volumes of over
1,500 bicycles/h. These are the only guidelines we identi-
fied that contain demand variable widths for unidirec-
tional bicycle facilities. Our findings suggest similar
design widths at low volume conditions with a steeper
increase in width for increasing demand volumes.

Discussion and Conclusion

This paper presents the first analysis of bicycle traffic
flow differentiated by sublane of a bicycle path. We com-
pared the relationships between mean speed, density,
and flow across the entire bicycle path with the relation-
ships on the right-hand, center, and left-hand sublanes.
Our findings indicated that cyclists, as expected, held to
the right side of a path, resulting in a steeper increase in
density and a sharper drop in mean speed in the right-
hand sublane as the overall flow increased. Only free-
flowing bicycle traffic was observed; the maximum flows
fell far below the capacity flows reported in the litera-
ture. However, subjective interpretations of the traffic
situation in person, particularly at the Promenade site,
indicated operation was near capacity during peak
hours. We believe that more research is necessary con-
cerning the perception of cyclists and the subjective cri-
teria for “too full,” as measured by density rather than
passing and meeting events. It could well be that the 40
bicycles/km/m limit suggested by Brandenburg et al. (/6)
is reasonable, but more research is necessary to quantify
limits.

Our findings have several practical use cases. First,
they could be used to inform practical approaches for
dimensioning bicycle infrastructure in high-demand con-
ditions, as demonstrated. This could be useful in setting
recommended widths for unidirectional bicycle facilities
in design guidelines such as the Urban Bikeway Design
Guide or the German Recommendations for Bicycle
Facilities (Empfehlungen fiir Radverkehranlagen). Here, it
will be important to design for future bicycle traffic
demand volumes, which can be derived by extrapolating
trends in count data or using travel demand models. Our
findings could also be useful in developing level of service
evaluation methods based on density, which is more
readily measurable than the number of passing and meet-
ing events. These events form the basis of the current
evaluation procedures in both the Highway Capacity
Manual (23) and the German Manual for the Design of
Road Traffic Facilities (Handbuch fiir die Bemessung von
Strafenverkehrsanlagen) (24). However, it is necessary to

quantify (or qualify) the density levels that are acceptable
to cyclists first. Finally, our findings could be used to
calibrate and validate microscopic traffic simulations of
bicycle traffic.

This paper presents the first analysis of cross-
sectional data from inductive loops for bicycle traffic
that contain timestamps, speeds, and inductive loop ID
for each crossing cyclist. However, some limitations
should be considered. First, we only observed bidirec-
tional bicycle infrastructure. Although we omitted time
intervals with any traffic flow in the opposing direc-
tion, cyclists most likely remained on their side of the
path. Finally, the width of the infrastructure itself con-
strains the cyclists’ behavior. We purposely selected
wide infrastructure, but cyclists could have been com-
pressed to the right-hand side of the path in higher vol-
ume conditions. The analysis of wide, one-way bicycle
paths with high volumes of bicycle traffic would have
been optimal for the research presented in this paper.
However, we could not identify such locations in
Germany. Another limitation is the inability of the
inductive loop detectors to differentiate between con-
ventional bicycles, cargo bikes, bicycles with trailers,
and electrically supported bicycles. This diversity in
bicycle form has a known impact on bicycle traffic flow
(see for example Botma and Papendrecht [/2]) that
could not be further investigated using these data.

In the future, it will be necessary to continue investi-
gating high-volume bicycle traffic situations as they
become more common in the field. Observations at mul-
tiple sites with various infrastructure characteristics
(width, directionality, slope, curvature, pavement, etc.)
and bicycle traffic compositions are necessary to under-
stand the influence of each of these parameters on the
overall flow. It is necessary to gain an understanding of
the subjective evaluation of different flow conditions.
How dense is too dense? In the lack of a clear tipping
point from free-flow to congested bicycle traffic, the per-
ceptions and subjective evaluation of cyclists are more
important to consider in planning and design than for
motor vehicle traffic.
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