Physics Letters A 378 (2014) 3274-3277

www.elsevier.com/locate/pla

Contents lists available at ScienceDirect

Physics Letters A

PHYSICS LETTERS A

Universal flow-density relation of single-file bicycle, pedestrian and

car motion

@ CrossMark

J. Zhang**, W. Mehner?, S. Holl¢, M. Boltes?, E. Andresen®, A. Schadschneider€,

A. Seyfried *-"

a Jiilich Supercomputing Centre, Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany

b Department of Computer Simulation for Fire Safety and Pedestrian Traffic, Bergische Universitit Wuppertal, 42285 Wuppertal, Germany

¢ Institut fiir Theoretische Physik, Universitit zu Kéln, 50937 Koln, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 11 July 2014

Accepted 22 September 2014
Available online 28 September 2014
Communicated by F. Porcelli

Keywords:
Traffic flow
Self-driven systems

The relation between flow and density is an essential quantitative characteristic to describe the efficiency
of traffic systems. We have performed experiments with single-file motion of bicycles and compared the
results with previous studies for car and pedestrian motion in similar setups. In the space-time diagrams
we observe three different states of motion (free flow state, jammed state and stop-and-go waves) in all
these systems. Despite their obvious differences they are described by a universal fundamental diagram
after proper rescaling of space and time which takes into account the size and free velocity of the three
kinds of agents. This indicates that the similarities between the systems go deeper than expected.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the past, various studies have been performed on pedestrian
[1], bicycle [2] and vehicular traffic [3-6]. Besides the obvious prac-
tical relevance, from a physics point-of-view, these traffic systems
are interesting for the observed collective and self-organization
phenomena, phase transitions, etc. Most of the methods and the-
ories in pedestrian dynamics are borrowed from vehicular traffic.
As for the study of bicycle traffic, most research focuses on op-
erating characteristics, travel speed distributions as well as bicycle
characteristics. Only a small number of studies focused on the flow
properties of bicycle traffic [7-10]. Here we want to find out how
strongly the flow-density relation depends on the properties of the
agents.

Usually these different types of traffic flows are investigated
separately. So far a systematic comparison has not been attempted
but qualitative similarities are obvious. Nearly all studies on pedes-
trians and vehicles show that the speed decreases with the density.
At a certain critical value of the density the flow is unstable and
transits from free flow to jammed flow. This transition was also
found for bicycle flows [10]. In this work single-file pedestrian, car

* Corresponding author.

E-mail addresses: ju.zhang@fz-juelich.de (J. Zhang), w.mehner@fz-juelich.de
(W. Mehner), st.holl@fz-juelich.de (S. Holl), m.boltes@fz-juelich.de (M. Boltes),
e.andresen@uni-wuppertal.de (E. Andresen), as@thp.uni-koeln.de
(A. Schadschneider), a.seyfried@fz-juelich.de (A. Seyfried).

http://dx.doi.org/10.1016/j.physleta.2014.09.039
0375-9601/© 2014 Elsevier B.V. All rights reserved.

and bicycle movement on a planar circuit will be studied under
laboratory conditions. We analyze, on a quantitative level, simi-
larities and differences between the flow-density relation of these
three traffic modes. We want to study whether they can be derived
from a universal flow-density relation.

2. Experimental setup

The experiments for all three types of traffic were performed
with similar setups, namely on planar circuits where only single-
file motion was possible. Series of experiments were carried out
with a maximal number of participants N = 70, 23 and 33 for the
pedestrian, car and bicycle experiment, respectively. In general,
participants were asked to move normally without overtaking. The
global density was varied by repeating the experiment with differ-
ent numbers of participants.

The pedestrian experiment [11] was performed with soldiers
moving in a circular corridor of the circumference Cp =26 m.
During the experiment the soldiers were asked to walk in a nor-
mal fashion but not in lockstep (see the video from [12]). The
one dimensional global density pg = N/C ranges from 0.54 m~!
to 2.69 m~! in this experiment.

A similar experiment with cars was performed by Sugiyama
et al. [13,14] on a circular road with the circumference C. =
230 m and N =22 and 23, corresponding to global densities pg =
0.096 m~! and 0.1 m~!, respectively. Recently the same group
improved these experiments [15]. They carried out 19 experimen-
tal runs with C, =312 m and different numbers of cars (N was
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Fig. 1. Snapshots of the bicycle experiment on a circuit road.

changed from 10 to 40). The global density p, in this experiment
ranges from 0.03 m~! to 013 m~'.

The bicycle experiment was carried out in Germany in 2012
with participants of all ages [16]. On a circuit road with the cir-
cumference Cp, = 86 m several runs with different numbers of
bicycles (from N =5 to N = 33) were performed (Fig. 1). Based
on video recordings [17] the trajectories were extracted automati-
cally, similarly to the method used in the pedestrian experiments
[18]. Details will be given elsewhere [16].

3. Trajectories

From the high precision trajectories, traffic flow characteris-
tics including flow, density and velocity can be determined. Fig. 2
shows a time-space diagram in the measurement area, which has
a length of 27 m, from one run of the bicycle experiment. Simi-
lar trajectory plots for car and pedestrian motion can be found in
[11,13].

In all three cases a transition from free flow to jammed flow
can be observed with the increasing of the global density. In
the free flow regime all agents can move at their desired speed,
whereas in the jammed regime typically stop-and-go waves are
observed.

4. Methods of data analysis

The comparison of time-space diagrams already indicates a
qualitative similarity between the three traffic systems. A deeper
understanding requires quantitative analysis which allows to un-
cover the underlying dynamics that is not apparent in the more
qualitative observations of the trajectories. We use both macro-
scopic and microscopic analysis to obtain more detailed infor-
mation on the specific flow-density relation or equivalently the
velocity-density relation. In this study the specific flow J; is calcu-
lated by Js=p - v.

Microscopically, an individual density can either be defined
based on a Voronoi tessellation [19] or the headway. The head-
way dy (i) is defined as the distance between the centers of mass
of an agent i and its predecessor, whereas the Voronoi space dy (i),
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Fig. 2. Trajectories in the measurement area (of length 27 m) for the bicycle exper-
iment with N = 33. The same structures can be found in trajectories of pedestrian
and vehicle systems [11,13].

for one-dimensional motion, is the distance between the mid-
points of the headway and the headway of its follower i — 1. The
corresponding individual densities are then py(i) = 1/dy(i) and
pv (i) = 1/dy (i), respectively. As for the individual velocity, the in-
stantaneous velocity v;(t) is defined as

xi(t + At /2) — xi(t — At'/2) 1)
At/ ’

where x;(t) is the x coordinate of pedestrian i at time t and At =
2 s is used in this study.

The individual flow-density relation of bicycle traffic obtained
from the Voronoi-based and headway-based methods do not show
large discrepancies but the results of the headway-based method
are more scattered. This has previously been observed for pedes-
trian dynamics [19,20].

Macroscopically, the similarities between the three systems are
more apparent. On the macroscopic level the mean densities p(t)
and velocities v(t) in a measurement area at time t are calculated
based on Voronoi method:

vi(t) =

O
p(t) = M (2)
V() = Dio1 @li(f) . Vi(t)7 3)

where n is the number of agents whose Voronoi space includes the
measurement area (assuming that the overlapping length between
the space and the measurement area is d, (i) for agent i). @;(t) =
do(i)/dy (i) represents the contribution of agent i to the density
of the measurement area. v;(t) is the instantaneous velocity (see
Eq. (1)) and I, is the length of the measurement area.

In this study, the lengths of the measurement areas I, were
3 m, 35 m and 13 m in the pedestrian, car and bicycle experi-
ments, respectively. Since the (average) length of agents is 0.4 m,
3.9 m and 1.73 m, at most 7 agents can occupy the measurement
area at the same time. It should be noted that in all experiments
the ratio of agent length and system length was of the same order
of magnitude.

5. Results
The flow-density relation of the pedestrian experiment can be

divided into three regimes p € [0,1.0] m~',[1.0,1.7] m~! and
[1.7,3.0] m~!, which correspond to three states of pedestrian
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