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INTRODUCTION
Since the pioneering work of Greenshields the fundamental diagram is used to characterize and
describe the performance of traffic systems [1,2]. During the last years the discussion and growing
data base revealed the influence of human factors, traffic types or ways of measurements on this
relation, see e.g. [3,4] and many others. The manifoldness of influences is important and relevant
for applications but moves the discussion away from the main feature characterizing the transport
properties of traffic systems. We focus again on the main feature by comparing the fundamental
diagram of cars, bicycles and pedestrians moving in a row in a course with periodic boundaries.
The underlying data are collected by three experiments, performed under well controlled
laboratory conditions [5-9]. In all experiments the setup in combination with technical equipment
or methods of computer vision allowed to determine the trajectories with high precision. The
trajectories visualized by space-time diagrams show three different states of motion (free flow
state, jammed state and stop-and-go waves) in all these systems. Obviously the values of speed,
density and flow of these three systems cover different ranges. However, after a simple rescaling
of the velocity by the free speed and of the density by the length of the agents the fundamental
diagrams conform regarding the position and height of the capacity. This indicates that the
similarities between the systems go deeper than expected and offers the possibility of a universal
model for heterogeneous traffic systems.
EXPERIMENTS
All three experiments were performed with similar setups, namely on circuits with closed
boundary conditions where only single-file motion was allowed. Series of runs were carried out
with a maximal number of participants Nmax = 70, 23 and 33 for the pedestrian, car and bicycle
experiment, respectively. To adjust the global density different runs were performed with different
numbers of participants N. In general, participants were asked to move normally without
overtaking. Details of the experiments could be found in [5,6] for cars, in [7,8] for bicycles and in
[9,10] for pedestrian. Time-space diagrams are shown in the center of Fig. 1 and 2. Similar plots
for cars can be found in [5]. In all three cases a transition from free flow to jammed flow can be
observed when the global density is increased. In the free flow regime all agents can move with
their desired speed whereas in the jammed regime stop-and-go waves are observed.
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FIGURE 1 Left: Snapshots of the pedestrian experiment at different densities. The red lines
show the trajectories determined automatically from video recordings. Center: Trajectories
in space and time in the measurement area (of length 4 m) with N = 70. Right: Density – flow
relation. Colors indicate data for runs with different N.
On the right of Fig. 1 and 2 the density-flow relations are shown. Details of the measurement
method could be found in [8]. The fundamental diagram of pedestrians shows three regimes ρ ∈
[0,1.0] m-1, [1.0,1.7] m-1 and [1.7, 3.0] m-1 corresponding to three states of pedestrian movement.
At the free flow regime (ρ < 1.0 m-1) the flow increases monotonically with the density. For the
congested state (ρ > 1.0 m-1) the specific flow starts to decrease with increasing density. For ρ >
1.7 m-1 stop-and-go waves dominate the motion of the pedestrians, see [9,10]. Similar results are
observed in the bicycle system [7,8].

FIGURE 2 Left: Snapshots of the bicycle experiment. Center: Trajectories in the
measurement area (of length 27 m) for the bicycle experiment with N = 33. The same
structures can be found in trajectories of vehicle systems [5,6]. Right: Density – flow relation.
Colors indicate data for runs with different N.
RESULTS
Plotting the fundamental diagram of these three systems in one diagram shows that the data points
occupy different ranges of density as well as speeds and do not seem to be comparable to each
other, see Figure 3. To take into account the different scales of sizes and speeds of the agents we
rescale these quantities. For the length of the agents we use L0(p) = 0.4 m for pedestrians, L0(c) =
3.9 m for cars [6] and the mean value of L0(b) = 1.73 m for bicycles [7,8]. For scaling the speed
we used the free flow speed of each agent. From measurements of the free flow speed in special
runs of the experiments we know that they are about 1.4 m/s for pedestrians and 5.5 m/s for
bicycles. For cars we use 11.1 m/s (about 40 km/h) according to [6].
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FIGURE 3 Fundamental diagrams for cars, bicycles and pedestrians. Raw data of the
density-speed relation.
After rescaling it is found that the fundamental diagrams agree and in all three cases the free flow
regimes ends at approximately ρ*L0 = 0.5, see Figure 4. This implies that the transition to the
congested state occurs when nearly 50% of the available space is occupied. Moreover, the capacity,
i.e. the maximal flow, agrees for the three systems after the rescaling and amounts 0.25 to 0.30. In
the congested regime the slopes of the fundamental diagram are again similar for all three systems.

FIGURE 4 Fundamental diagrams for cars, bicycles and pedestrians. Left: Scaled data of
the density-speed relation. Speed and density rescaled with the free speed v0 and the length
of the agents L0. Right: Scaled density-flow relation. After the scaling the fundamental
diagrams agree in the density range observed.
The transport properties in such systems could be approximated by the universal equation 𝑣𝑣� = 1 −
𝜚𝜚� with 𝑣𝑣� = 𝑣𝑣⁄𝑣𝑣0 and 𝜚𝜚� = 𝜚𝜚𝐿𝐿0 . The normalized maximal flow is then 0.25 at a relative density of
0.5. This corresponds to the properties to the ASEP [11,12] which is for a long time considered as
a minimal model for traffic flows. The main feature of this model is volume exclusion. Also models
for pedestrian dynamics [13-15] show that these transport characteristics could be reproduced by
an appropriate consideration of a velocity dependent volume exclusion, which seems to be a
universal characteristics of such systems. Considering this universality we conclude that other
properties of the agent, like acceleration or inertia are less relevant for the structure of the
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fundamental diagram in single file traffic systems of different agent types. In other words models
without a proper consideration of the volume exclusion miss an important aspect of traffic systems.
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