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INTRODUCTION

The spatio-temporal evolution of traffic from freely flowing to congested conditions and from
congested to freely flowing conditions was studied along a 30-km section of a German
Autobahn. Several bottlenecks were identified by systematically examining the excess vehicle
accumulation (spatial) and excess travel time (temporal) that arose between measurement
locations. Bottlenecks became active in the vicinity of on-ramps and off-ramps on this section of
freeway. For example, it is shown here that a bottleneck occurred at the crest of a vertical
grade approximately 1300 m upstream of a major off-ramp. Further, the evolution of a steady
shock of low flow and relatively short duration was traced over a 16 km distance. Its cause is
not known definitively, but some indications of its formation were revealed. It is also shown that
once a bottleneck is identified, its queue discharge flow was reproducible across multiple
activations. This is different than some past research that has identified bottlenecks (for
example using speed thresholds), and that has reported that a particular bottleneck’s discharge
flows varies widely from activation to activation.

The analysis tools used were transformed curves of cumulative vehicle count and cumulative
time-mean velocity constructed from inductive loop detector data. These cumulative curves
provided the resolution necessary to reveal the spatial and temporal aspects of dynamic
freeway traffic flow phenomena. With increasing availability of reliable freeway sensor data, it is
important to continue the systematic empirical analysis of freeways in different countries with
varying geometric configurations. The results of this kind of research program will assist with all
aspects of traffic flow modeling, operations and control.

BACKGROUND

Among many earlier empirical studies, congested fraffic conditions have been analyzed
upstream and downstream of freeway bottlenecks located near busy on-ramps (1,2,3,4,5) and
off-ramps (6,7). Other geometric elements worth considering include long, homogeneous
freeway sections, merge areas, diverge areas and segments containing other geometric
features (8). In this study, a bottleneck was defined as a restriction that separates upstream
queued traffic from downstream unrestricted traffic (9). Bottlenecks can be static (e.g., a tunnel
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Figure 1: Site map, Autobahn 5
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entrance, lane drop, diverge area) or dynamic (e.g., an incident or a slow moving vehicle). A
bottleneck is considered “active” when it meets the definition presented above and is
deactivated when there is either an upstream decrease in flow (decrease in demand or
upstream flow restriction) or when a queue spills back from a bottleneck located further
downstream (70).

In this context, Kerner (11,72,13) and others have reported on empirical studies of congested
traffic on German Autobahns. Using other data analysis techniques, some researchers have
identified variations in bottleneck discharge flow and have postulated the evolution of congested
traffic seemingly without bottlenecks. The objective of this paper is to carefully diagnose the
activation and deactivation of a bottleneck on a German Autobahn that has been analyzed by
others in the past, and to present some of its notable features that are revealed.

DATA

The study site (Figure 1) is a 30 km section of northbound Autobahn 5 (A5) near Frankfurt am
Main, Germany. The freeway is equipped with double inductive loop detectors (labeled here as
D1 through D30) in each lane and on most ramps as shown in the figure. The loop detector
system records counts and average velocities for autos and trucks at one minute intervals.
Archived data are available for more than 180 days in both northbound and southbound
directions; the analysis described here uses data from Wednesday, September 19, 2001 from
the northbound direction. Figure 1 also shows the spacing between detector stations (in meters)
and the vertical geometry (elevations in meters). As shown there is a steady uphill gradient
between stations D10 and D22, with a 2.9% grade between D20 and D22.

METHODOLOGY AND OBSERVATIONS

As an example of the diagnosis of one bottleneck’s location and the time it remained active on
September 19, 2001, Figure 2 shows two sets of transformed oblique curves of cumulative
vehicle count. The bottom portion of the figure includes curves for detectors D15 — D24
(including the on-ramp counts at D15), while the top portion shows curves for detectors D6 —
D14 (the D6 on-ramp is also included in the counts to ensure vehicle conservation between
stations). The slope of unaltered N(x,t) would be the flow past location x at any time t. Each
curve was constructed so the same collection of vehicles was described. Each upstream curve
was shifted to the right by the free-flow travel time from its location to the downstream-most
detector. As a result, any vertical displacements between the curves would have been the
excess vehicle accumulation between detector pairs, and the horizontal distance between
curves would have been the delay between the measurement locations (74, 15). Each N(x,t) was
plotted using an oblique axis to amplify the curves’ features. As shown, g, was an oblique
scaling rate applied to each curve, thus revealing the times at which notable flow changes
occurred. This method is described in more detail in several references (76,77). The same
method was also used when constructing oblique curves of cumulative time-mean velocity, in
order to reveal the times at which notable velocity changes occurred. It is noteworthy that this
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Figure 2: Oblique N(x,t), Autobahn 5, September 19, 2001

method takes advantage of the loop detector data in its most raw form (does not aggregate the
data any further) and also takes into account the spatial aspects of queue formation, which is a
limitation of any pure speed threshold bottleneck identification method.

Until 14:51 all N(x,t) in the lower portion of Figure 2 remained superimposed, indicating that
traffic flowed freely between all locations. The annotations on the lower portion of Figure 2 trace
the propagation of queues beginning at 14:51 when a bottleneck was briefly activated between
D17-D18. Note that all N(x,t) downstream of D17 remained superimposed until 14:58, when a
bottleneck was activated between D20-D21. By this time, the queue began to propagate
upstream, and its progress can be traced as it passed D19, D18, D17 and D16. The bottleneck
between D21-D22 was activated at 15:03, and was corroborated by speed reductions in each
lane at D21. The upstream queue remained until 15:36 when this bottleneck was deactivated.
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Speed increases at D21 were also visible in each lane (not shown here). The discharge flow
measured at D21 was 5250 vph, and this flow was nearly constant and was lower than the flow
that prevailed prior to the queue’s formation.

Also shown in Figure 2 is the propagation of a shock of lower flow that emanated from between
D21 and D22 at approximately 15:28. The shock’s passage can be traced upstream (see
circular markers) as far as D6 nearly one hour later. The backward recovery wave was also
traced in Figure 2 (square markers), reaching D6 by approximately 16:21. The velocities of the
shock and recovery wave appeared to be stable and were also reproducible from day to day.
The cause of this phenomenon is not known definitively, but its occurrence corresponded with a
surge in demand for the off-ramp near D24, and also corresponded with high flows measured at
D22 in the median lane (2260 vph), in the middle lane (2400 vph) accompanied by lower flow
(1160 vph) in the shoulder lane. At this time, the speeds in the median and middle lanes were
approximately 85 km/h and the shoulder lane speed was measured at approximately 60 km/h.

FINAL COMMENTS

After diagnosing a bottleneck’s location and the times it remained active, this study focused on
the traffic patterns that preceded and followed in each travel lane. To what extent the high flows
in the left two lanes, the speed differential with the shoulder lane and the presence of a higher
proportion of trucks in the middle lane led to the formation of the shock is the subject of ongoing
research and will be reported in the final paper. This site provides a valuable opportunity to
document the systematic empirical observation of traffic flow phenomena in a way that can be
replicated by other researchers in the future and reflects an important international collaboration
that we hope will lead to improved cooperation among traffic scientists in the future.
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