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A country-specific analysisof freeway traffic oscillationswas conducted.
L oop detector data from sitesin the United States, Germany, and the
United Kingdom were analyzed. With the use of a method applied in
previouswork, traffic oscillationswer e identified in all three countries.
Calculation of the cross-correlation coefficient revealed that they traveled
upstream at speeds of about 19 to 20 km/h at the U.S. site, 16 km/h at
the German site, and 14 km/h on the U.K. freeway. Similar magnitudes
werefound intheliteratureverifyingthehypothesisthat they propagated
faster inthe United Statesthan in Germany. Furthermore, an oscillation
frequency was identified by calculation of the data’s autocorrelation.
However, since the oscillation frequency was likely to be site specific,
conclusions regarding general differences between the frequencies
measured in different countries cannot yet be made. For the sites ana-
lyzed, it was found that oscillations appeared every 8 to 12 min on the
M4 (U.K. site), every 10 to 30 min on the A9 (German site), and every
3to 6 min on OR-217 (U.S. site). Although the magnitudes of the latter
two countrieswer esupported by theliterature, further empirical research
on several different sites should be pursued to draw final conclusions.

Tomaintain and increase the safety, predictability, and efficiency of
the transportation system, major investments have been madein the
construction of additional road infrastructure. Current economics
and politics limit the possibility of building new facilities. Instead,
moreintelligent operations (e.g., ramp metering, travel time estima-
tion, traffic state prediction, adaptive cruise control) are the focus.
Since development and deployment of these require a thorough
understanding of traffic-flow phenomena, research hasbeen performed
resulting in various traffic models. One of these is the Lighthill—
Whitham-Richards (LWR) model. The LWR model is based on
a fundamental diagram (1) and can describe the propagation of
perturbations in the flow.

Sometimes such perturbations appear regularly, commonly referred
to astraffic oscillations. It has been found that oscillations can grow
in amplitude while propagating upstream, a feature that cannot be
described by the LWR fundamental diagram (2). Thisis one factor
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that has led to new modeling approaches. However, these are till
not completely satisfactory, since further inconsistencies exist (2).
As traffic oscillations are a main driver for criticizing the LWR
approach and hence developing new models, they require special
focus. Thus a better understanding of traffic oscillations could help
resolve some of the remaining questions.

Different countries have different standards for infrastructure,
vehiclemix, and driving rules; driver behavior may also vary. Thus,
traffic flow might exhibit different characteristics. Sincetraffic models
areintended to describe traffic-flow features, country-specific dif-
ferences might require different calibration of the traffic models.
They might even requiretheuse of different models. Sinceitisnot yet
clear whether traffic-flow features differ from country to country, it
is still uncertain whether models developed in one country can be
adapted for use in another country. Therefore, this paper is afirst
step toward identifying country-specific differences in traffic flow.
More detailed information on this research is available (3).

BACKGROUND

A traffic oscillation usually is defined as stop-and-go or dow-and-go
conditions. In this paper, a pattern in traffic flow isreferred to asa
traffic oscillation if three conditions hold:

e The space-mean speed measured on a short freeway section
drops, rises, and drops again over time. Moreinformationisavailable
elsewhere (1, 4), including a definition of space-mean speed, also
referred to astraffic speed in this paper.

e Thetrafficiscongested. Information about defining congestion,
also referred to as jammed or queued traffic in this paper, is given
by Daganzo (5).

e Theobserved pattern propagates upstream against the direction
of travel.

In addition, theamplitude of an oscillation isdefined as one-half the
difference between the maximum observed speed and the minimum
observed speed: 72(Vimax — Vimin)-

Causes of Oscillations

Previousresearchinvestigated possible reasonsfor traffic oscillations.
Two related explanationsin the availabl e literature describe the pos-
sible origin of traffic oscillations. Some researchers have explained
traffic oscillations through car-following behavior. Microscopic
car-following models are often used to explain traffic oscillations
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(4, 6-8). Inthose models, oscillations form just upstream of abottle-
neck and increase in amplitude because of large reaction times of
driversand overreactions by drivers propagating against the direction
of travel. Other related research shows that traffic oscillations are
caused by lane changing. Ahnidentifieslane changing asthe primary
factor for traffic oscillations (9). Accordingly, oscillations can form
and increase in amplitude if a vehicle merges between two other
vehicles and these vehicles are following closely. More empirical
research is needed to build on and verify these findings on an array
of facilities.

Characteristics of Traffic Oscillations

Previous research and this paper consider three main characteristics
of traffic oscillations that are relevant for empirical measurements
and for modeling purposes: amplitude, propagation velocity, and
frequency.

Thefirst feature to be considered is the amplitude of oscillations
infreeway traffic. Previousresearch attempted to determine conclu-
sively whether oscillationsgrow or shrink in amplitude asthey travel
through the traffic stream. Car-following models (4, 6-8) and some
empirical observations (9) have shown that oscillations do increase
inamplitudewhile propagating upstream. [Ahn used ameasure other
than amplitude (9). However, arelation between this measure and
amplitude appears intuitively correct and therefore is assumed for
this and the following statement.]

Real freeways are heterogeneous with changes in cross section,
merges, and diverges. If it is assumed that oscillations can increase
inamplitude, itispossibleto examine possible effects of on rampsand
off ramps on the amplitude of oscillations. Ahn found that on ramps
do have an effect on the amplitude of traffic oscillation through a
pumping effect (9). It was shown that oscillations do decrease in
amplitude when propagating upstream past on ramps. Similarly, it
can be assumed that oscillations may increase in amplitude when
passing off ramps. However, no validation was performed for the
latter case by Ahn (9), and further empirical research is needed in
thisarea.

A second feature to be considered isthe longitudinal propagation
velocity of oscillations in freeway traffic. Since oscillations are
perturbations in the flow of congested traffic, various studies have
suggested that they travel upstream at a characteristic velocity of
about 16 km/h in Germany and about 20 km/h in the United States
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(2,5, 9-15). Some past analysis of lateral propagation of oscillations
has shown that oscillations appear in adjacent lanes shortly after
they were first detected (9).

The third feature to be measured is the frequency of oscillations.
It hasbeen shown that oscillations often occur regularly (2). Therefore,
they can be characterized by their frequency; itsreciprocal valueis
referred to as period. Table 1 showstheresults of aliterature review
on the oscillation period.

Inwork by Ahn (9), Lindgren (10), and Mauch (12), afrequency
analysiswas not objective of theanalysis. The valueswere obtained
by visual analysisof thegraphs presented in the studiesand hencethey
lack precision and objectivity. Furthermore, it is possible that the
methodology applied in these works amplifies certain frequencies
and suppresses others. (The applied methodology isexplained later.)
Further, according to Schonhof and Helbing (2), the oscillation period
is dependent on flow. It has also been reported that oscillations do
not exist in very low traffic-flow conditions (2, 12). Since flow is
restricted by site-specific bottlenecks, different sites are expected
to show different characteristic oscillation frequencies. The final
observation regarding frequency comesfrom acar-following model
described by Kim and Zhang (16). The model reveals that oscilla-
tionswith small frequencieswould fade out, whereasthose with low
frequencies would grow in amplitude as they propagate upstream.

A final issue relating two oscillation features has been addressed
in previous research. A relation between amplitude and frequency
isdescribed by Gartner et al ., who state that long periods are accom-
panied by large oscillation amplitudes and high frequenciesresultin
low amplitudes (7).

Maximum Flow Reported by Capacity Manuals

Theideaof comparing traffic features between countriesis not new
and hasled to interesting results. In the context of freeway capacity,
The Highway Capacity Manual (HCM) serves as a guide for the
design and operation of transportation facilitiesand infrastructurein
the United States and other countries (17). The Handbuch fur die
Bemessung von Stral3enver kehrsanlagen (HBS) isthe German equiv-
alent of the HCM (18). Both manuals use level of service (LOS) to
quantify how well afacility is operating. A comparison for freeway
traffic with atruck percentage of 10% found that thethresholdsfor the
same L OS are associated with higher per-laneflowsinthe HCM than
intheHBS (19). In addition, the maximum per-lane flow (threshold

TABLE 1 Literature Review: Period of Traffic Oscillations

Study Period (min) Study Site DataYear Comment

(13) 3 U.S. (Holland Tunnel) NA Frequency directly upstream of the bottleneck (high frequencies might
fade out upstream as explained in the text).

9 4-8 U.S. (1-80) 2003 Frequency analysis was not object of analysis. Results were obtained by
looking at the plots.

(15) 4 U.S. (J. C. Lodge Freeway) 1966 None

(12) 6-8 Canada (Queen Elizabeth Way) 1998 Frequency analysis was not object of analysis. Results were obtained by
looking at the plots.

(20) ca 20 Germany (A5) 2001 Frequency analysis was not object of analysis. Results were obtained by
looking at the plots.

) 5.5/7.5/15/16 Germany (A5) NA Oscillations were not chosen arbitrarily. They were chosen to demonstrate

the effect of different periods on the amplitude, hence they might not
show typical values.
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for transition from LOS E to LOS F) is higher in the HCM than in
the HBS.

Hence, a comparison of the manuals indicates that the assumed
capacity of a U.S. freeway may be higher than that of a German
Autobahn. Itisnot clear precisely how the LOSthresholdshave been
determined and if they refer to the same quality standard. Therefore,
further site-specific research isneeded to verify whether adifference
in capacity exists.

DESCRIPTION OF DATA

To draw comparisons between reproducible characteristics of traffic
oscillations, freeway loop detector data from three sites were ana-
lyzed for this study. Data were available from sites in the United
States, Germany, and the United Kingdom. Site maps are presented
inFigure 1.

The U.S. siteis located on OR-217, a freeway southwest of
Portland, Oregon. Data (vel ocity, count, and occupancy) were avail-
able for the whole section (11.2 km) in 20-s aggregates. The data
include al freeway lanes and on ramps. Sensors on off ramps were
not installed. The data were available for download from PORTAL
(20), an onlinedataarchivefor the Portland metropolitan area. (Data
in PORTAL are provided by the Oregon Department of Transporta-
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tion.) Analysis was done for the southbound direction for 6 daysin
March, April, and September 2005.

The PORTAL data were provided by double loop detectors.
However, it isuncertain whether the vel ocity was directly measured
by these detectorsor if other information such asflow and occupancy
was used toidentify thetraffic speed. A ramp metering systemisactive
on every on ramp of thissite, and it ran on afixed-time basis for
the analyzed days. (Since 2006 it has been operating on asystemwide
adaptive basis.)

The German siteislocated on northbound Autobahn A9 north of
Munich. Data (vel ocity and count) from the A9 were available from
doubleloop detectors between Kilometer 528.2 and Kilometer 513.3
in 1-min aggregates and were provided by the Autobahndirektion
Slidbayern. Five daysin June and July 2002 were analyzed for this
study. These dataare available by lane, are segregated by autos and
trucks, and are available for most on ramps and off ramps, as shown
inFigure 1. The freeway is equipped with variable message signs, a
variable speed limit system, and no ramp meters.

The U.K. siteis eastbound motorway M4 near London. Data
from double loop detectors were available for the section between
Kilometer 23.2 and Kilometer 16.2 for 7 days in November 1998
and were provided by the U.K. Highways Agency and the Trans-
port Research Laboratory. The data consist of individual vehicle
arrival times and velocities for each lane. There were no ramps on
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FIGURE 1

3 Loop detector station

Site maps: (a) OR-217, (b) A9, and (¢) M4.
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themotorway, and datawere collected before abuslanewasinstalled
at the site. For the M4 data, since the analysis pursued is based
on amacroscopic approach, aggregation was necessary. It wasdone
arbitrarily for 10-sintervals.

METHODOLOGY

Sincetraffic datagenerally arenoisy, itisdifficult to identify specific
characteristics by simply plotting theraw dataover time. Therefore,
this paper appliesthree basic methodsto analyze and compare oscil-
lation features. Thefirst isreferred to asthe Mauch method, sinceit
has been used in past studies and was developed by Mauch (9, 10,
12, 21, 22). The second method is cross-correlation, and the final
method is autocorrel ation.

Mauch Method

The Mauch method has been used in past research and is based on
the following equation:

o(t)=s()- L= _ g5 W

where

S(t) = cumulated velocity at timet, calculated as

S(t)= v(t)ar

to

V(t) = measured traffic velocity at timet;
to = time at the beginning of the observation period;
T = arbitrary time constant with T =7 min; and

D(t) = deviation detected by the Mauch method.

In previous work (9, 10, 12, 20, 21), the analysisis based on flow
rather than velocity.

It can be seen from Equation 1 that D(t) can beinterpreted asthe
difference between the cumulated vel ocities, where St) isthe cumu-
lated velocity, and the remainder of the right-hand sideis the cumu-
lated velocity if the speed is assumed to be constant for the interval
(t—7; t+1). Transformation of Equation 1 also yields

DU)~jvajdV—Tvaﬁm’ ®)

t-1

Equation 2 shows that the deviation D(t) can be calculated asthe
difference between the areas marked by the solid and the dashed
linesin Figure 2.

Equation 2 and Figure 2 suggest that the deviation D(t) has amax-
imum peak if atransition from high to low traffic velocity takes
place. Similarly, D(t) hasaminimum if thereisan increasefrom low
to high speed. Therefore, this methodology can be used in a heuristic
way to detect the presence of traffic oscillations. In addition, thetime
of the oscillation’s passage at a particular point (detector) can be
recorded within the limits of the data aggregation.

Once the passage of an oscillation is measured at two or more
locationswhose spacing isknown, the oscill ation propagation speed
can be ca culated within the limits of the dataaggregation. In previous
work (9, 10, 12, 21, 22), the Mauch method was applied to identify
the propagation speed of oscillations. Therefore, the deviation D(t)
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FIGURE 2 Illustration of Mauch method.

has been plotted over time for various detectors. The different plots
can be located vertically with the distance between each curve pro-
portional to the distance between the detectors on the freeway. This
isdemonstrated in Figure 3. About 20 min of datafrom Detectors 6
and 7 onthe M4 from November 2, 1998, were used to createtheplot.
The propagation of the oscillationsisillustrated by the solid straight
lines. Their slope is the propagation speed of the oscillations. The
dashed lines show other possibleinterpretations of their propagation.
Thusthe velocities obtained by this method are based on subjective
interpretation.

Cross-Correlation Method

In the previous section a method was described to illustrate how
traffic oscillations can be detected. It was also shown that this method
can be used to identify their propagation velocity. However, it was
demonstrated that thisis based on subjective interpretation. There-
fore, a different method is now introduced as a refinement of the
Mauch method. Thisisthe cross-correl ation method, which was used
similarly by Coifman and Wang (14) and Mikaet a. (15).

Since oscillations propagate through the freeway network, the
same oscillations can be identified in the data measured at adjacent
detector stations. For demonstration purposes, atraffic oscillationis
assumed, measured at two detector locations, A (downstream) and
B (upstream). The hypothetical dataare plotted in Figure4. Asillus-
trated, both data sets match if one of them is shifted in time appro-
priately. Thisshiftisthetravel time of the oscillation from Detector A
to Detector B.

In practice, because of influence factors such as noise and data
aggregation, the velocity profile at the two detector stationswill not
perfectly match. To quantify how similar the data sets are, the cor-
relation coefficient between them can be calculated. The time shift
referring to the highest correlation is interpreted as the travel time
of the oscillations (more precisely, of the waves).

The previous explanations were based on one hypothetical traffic
oscillation. If real data are used, several additional issues must be
considered. First, the methodology does not take into account that
different waves might travel at different velocities. Since previous
studieshave not found large deviationsin thewave speed in congested
traffic, these differences are expected to be low. The result obtained
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Proportional to
detector distance

Deviation detected
by Mauch method

FIGURE 3 Uncertainty of Mauch method for identification of propagation velocity.

is assumed to be an average travel time. Second, data sets can be
compared only for atime shift that is a multiple of the aggregation
time. Hence, the travel time and therefore the propagation velocity
obtained by this method are discrete. This aspect isalso true for the
Mauch method and for the autocorrel ation method. It can be shown,
however, that the magnitudes of the relative error are notably lower
for these two methods than it is for the cross-correlation method.

Autocorrelation Method

For the cross-correlation method, two different data sets (i.e., data
from two locations) are compared. If one data set is compared with

Data discarded for analysis

Data sets
match

Data shifted
in time

itself, shifted in time, this is autocorrelation. Periodic components
of asignal can beidentified by autocorrelation. Thisisdemonstrated
inFigure5, in which ahypothetical periodic signal isillustrated. As
shown, it matches with itself if it is shifted in time by a multiple of
the oscillation period. Therefore, a peak in the autocorrelation of
the data indicates that it repeats itself to a certain extent after the
respective time shift.

Hence, periodicity of the autocorrelation allows oneto determine
the periodicity of theoriginal data. Thusthe period can beidentified
by the time shift corresponding to a peak. A similar approach was
used by Mikaet al. (15). In that work, the power density spectrum
(i.e., the Fourier transformation of the autocorrelation) was used
rather than the autocorrelation.

Data A

(downstream)
Uncertainty
resulting in

Data B
(upstream)

v

Time shift

FIGURE 4 lllustration of hypothetical oscillation.

Time shift
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ANALYSIS

Based on the literature review and the preceding discussion, the
analysisfor thispaper consisted of four basic steps. First, for each site,
datafrom asuitable number of dayswere extracted and analyzed such
that congested conditions could be identified. Once congested con-
ditionswereidentified, oscillationswerevisually identified by using
the Mauch method, which revealed propagation velocities. Oscilla-
tion velocities also were measured by using the cross-correlation
method, and, finally, oscillation-cycle time periods were measured
by using the autocorrel ation method.

Illustration of autocorrelation applied to periodic signal.

Detection of Congested Traffic Conditions

Previous research identified definitive ways of detecting transi-
tionsfrom freely flowing to congested conditions (23-27). There-
fore, thefirst step in thisresearch wasto identify congested regimes
within the time-space plane. Figure 6 shows an example speed
plot from the M4 on November 2, 1998. First, |low-speed regimes
were identified by using a time—space diagram of the measured
traffic speed. Second, the low speeds were verified by plotting
them over time for each detector. As described by Cassidy and
Windover (23), oblique plotswere used to verify thetime at which
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FIGURE 6 Detecting congested traffic features for M4, November 2, 1998.
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the transitionsto and from congested conditions occurred. All fur-
ther analysis has been performed with dataidentified as congested
by this method.

Visual Detection of Oscillations

To visualize oscillations, the Mauch method was applied to the
datafromthethreesites. Figure 7 shows sampleresultsfrom the M4
for November 2, 1998. By analyzing atotal of 18 days acrossthe
three sites, several main observationswere made. First, oscillations
occur regularly and propagate upstream against the direction of
travel. Thisisillustrated by the linesin Figure 7, which represent
waves. The slope of these lines represents the propagation vel oc-
ity of these waves. Second, the propagation speed of the waves
(indicated by the slope of thelinesin Figure 7) isbetween 11.1 and
15.7 km/h. The arithmetic mean speed is 14.2 km/h, and the median
is 14.4 km/h. Third, Figure 7 indicates that oscillations appear
about every 10 to 13 min for the analyzed day. Such oscillations
were found for al sites by this method and hence can exist in all
three countries.

As further verification of the propagation velocity, the cross-
correlation method was applied to the described data. Figure 8 is
asample of the cross-correlation plots for the M4 on November 2,
1998. The cross-correlation method was applied to data from the
M4 for the 7 days analyzed. Table 2 summarizes the results. As
shown, the average speeds range between 12.4 and 16.0 km/h
with an arithmetic mean of 13.8 km/h and amedian of 13.4 km/h,
similar to the propagation vel ocity detected by the Mauch method
(14.2 versus 14.4 km/h).

The cross-correlation method was also applied to the data from
OR-217. Data were applied from detectors that are close enough
together that the results of the cross-correlation method are clear and
as far apart as possible. The results are also given in Table 2. The
average propagation velocity shown in the last row is calculated by

500 m
[mi]
[ma]

[um]
[um]
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U= (€)]

where

U = propagation velocity of the oscillation,
tt; = travel time of the oscillations for segment i, and
s = length of segment i.

Asshown inthetable, the average oscill ation speeds range between
17.2 and 20.6 km/h with an arithmetic mean of 19.3 km/h and a
median of 19.5 km/h.

Finally, Table 2 showstheresults of the cross-correl ation method
when applied to data from the A9. The average propagation speeds
of the oscillations range between 10 and 17.9 km/h. The arithmetic
mean is 15.6 km/h, and the median is 16.8 km/h.

Oscillation Period by Autocorrelation

The final component of this study was to determine the oscilla-
tion period by using the autocorrelation method. The results of
the autocorrel ation method applied to datafrom the M4 are shown
in Table 3. The results found with the Mauch method coincide
with the results of the autocorrelation method (for the day pre-
sented: 11.7 to 12.2 min by the autocorrelation method, 10 to
13 min by the Mauch method). For all jams, the measured periods
range between 2.0/8.0 min and 12.2 min (i.e., 120 s/480 s and
730 s). The arithmetic mean is 9.0 min (540 s), and the median is
8.5min (510 s).

The autocorrelation method was al so applied to datafrom OR-217.
Theresultsarea so summarized in Table 3. The periodsrange between
3.0min (180 s) and 5.7 min (340 s). The arithmetic meanis4.0 min
(242 s), and the median is 3.7 min (220 s).
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(c) Detectors 5 and 6, (d) Detectors 6 and 7, (e) Detectors 7 and 8, and (f) Detectors 3 and 8.
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TABLE 2 Propagation Speed of Oscillations Identified by Cross-Correlation Method
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11/2/98 11/3/98 11/4/98 11/5/98 11/9/98 11/10/98 11/11/98
M4 Detectors 18:31-19:31 7:11-7:58 7:14-8:20 8:51-9:59 7:16-8:04 7:03-8:15 7:11-8:11
3-8 12.9 134
3-7 14.7 16.0 12.9 12.4 14.1
OR 217 3/8/05 4/18/05 9/1/05 9/16/05 9/16/05 9/22/05 9/26/05
Detectors 7:43-8:33 7:30-8:31 15.07-17:44 7:42-8:53 14:49-18:26 7:28-8:51 7:35-9:04
7-8 18.0 — 21.1 —
6-7 195 195 20.6
56 18.0 20.0 15.0
4-5 19.6 19.6
Average 19.5 18.0 19.6 20.6 17.2 19.5 20.6
6/27/02 6/28/02 7/3/02 7/14/02 7/5/02
A9 Detectors 16:00-19:01 12:48-18:10 16:40-18:30 16:25-18:30 12:37-13:59
16-17 —
15-16 — —
14-15 17.9 _
13-14 17.0
1213 10.0 16.5
11-12 — 16.8 —
Finally, the results of the autocorrelation method applied to data CONCLUSIONS

from the A9 are shown in Table 3. For the A9, the periods were
much longer and ranged between 10 and 31 min. The arithmetic mean
1521.8 min, and the median is20/21 min. It should be noted that since
the oscillation period is site specific, no definitive country-specific
differences can beidentified only on the basis of Table 3.

TABLE 3 Period Results of Autocorrelation Method

M4 11/2/98 11/3/98 11/9/98 11/11/98
Detector  18:31-19:31 7:11-7:58 7:16-8:04 7:11-8:11
3 120 s — 530s —
4 — — 520s —
5 730s — 510s —
6 720s 500s 460 s 590s
7 710s 500s 480 s —
8 700s 510s

OR 217 3/8/05 4/18/05 9/22/05 9/26/05
Detector ~ 7:43-8:33 7:30-8:31 7:28-8:51 7:35-9:04
8 — — 280s —
7 180s 260s 300s —
6 — — — 180s
5 220s — — 220s
4 — — 340s —
A9 6/28/02 7/3/02 714/02 7/5/02
Detector  12:48-18:10 16:40-18:30  16:25-18:30 12:37-13:59
11 20 min 30 min 20 min
12 19 min — — —
13 — 21 min 31 min —
14 — 10 min

The objective for this study was to empirically measure features
of freeway traffic oscillationsin three countries and to reveal possi-
ble differences (or similarities). Oscillation propagation velocities
were measured for atotal of 18 days at three sites. From this analy-
sis, traffic oscillations were found to propagate at speeds of about
19 to 20 km/h on OR-217 in the United States, 16 km/h on the A9
in Germany, and 14 km/h on the M4 in the United Kingdom. In
addition to the heuristic method used in previousresearch, this study
confirmed the oscillation propagation vel ocities definitively by using
cross correlation.

These results are of the same magnitude as those found in the
literature. If these results can be generalized for given countries
(i.e., they arenot site specific), then oscill ations propagate upstream
with ahigher velocity in the United Statesthan they do in Germany.
Furthermore, the analysis also showed that traffic oscillations propa:
gated more dowly on the M4 than on the other sites. However, with-
out further research on different sites, a general statement on the
propagation velocity in the United Kingdom isnot yet possible. Fur-
ther empirical research isneeded for acomparison of the propagation
velocity in the United Kingdom with other countries.

Further consideration has been given to possiblereasonsthat higher
oscillation propagation velocities were found at the U.S. site. As
shown in Figure 9, the propagation velocity of traffic oscillations
can beillustrated by using thefundamental diagram; itisgiven by the
slope of the congested regime (right-hand side). Sincethe propagation
velocity differs between two countries, the respective fundamental
diagramsdo not necessarily coincide. However, without further analy-
sis, no definitive statement can yet be made regarding how the dia-
grams differ. The following idea may give one explanation, but it
needsto be verified or rejected by further research.

For explanation purposes, a triangular diagram is assumed. As
shown in Figure 9, a higher maximum flow (i.e., capacity) yieldsto a
higher propagation velocity. Similarly, a different maximum density
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knex affectsthe propagation velocity. Therefore, this suggeststhat the
capacity of afreeway segment can be associated with higher oscil-
lation propagation speeds. In addition, ahigher jam density (possibly
dueto shorter vehiclelengths) can be associated with lower oscillation
propagation speeds. As explained earlier, the HCM (17) and the
HBS (18) suggest a higher per-lane capacity for U.S. freewaysthan
for German highways, which is consistent with the higher oscillation
speed found in the U.S. than in Germany. Since the idea mentioned
isnot yet verified with data, further country-specific analysis on
the freeway capacity in Germany and the United States should be
performed for verification or rejection.

The methods used in this paper facilitated the computation of
oscillation frequency in adefinitiveway. Fromtheanalysisof 18 days
dataat three sites, the periods obtained by the autocorrel ation method
were in the following ranges. For the M4 the oscillation period was
between 8 and 12 min. For the OR-217 site, the period ranged between
3 and 6 min. For the A9 Autobahn in Germany, the oscillation fre-
quency range was notably longer, between 10 and 30 min. These
results indicate that traffic oscillations appear with a frequency on
the M4 and OR-217 that is considerably higher than on the A9.

The magnitudes of the periods identified in this analysis are
supported by the literature. However, sinceit islikely that traffic
oscillation frequency is site specific, final conclusions cannot yet
be made whether the oscillation period is generally lower in the
United Statesthan in the United Kingdom and in Germany. Further
research on different sites should be conducted to examine this
possibility.

Although this paper analyzes several aspectson traffic oscillations,
their mechanismsaretill not fully discovered. Sincethey seemto be
key elements for understanding many aspects of traffic-flow theory,
the authors encourage further research in thisfield.

ACKNOWLEDGMENTS

Theauthorsthank Stuart Beale of the U.K. HighwaysAgency and Tim
Rees of the Transport Research Laboratory for generously provid-
ing the M4 data. The A9 datawere provided by Christian Mayr and
Thomas Linder of the Autobahndirektion Stidbayern with the sup-
port of Klaus Bogenberger and Georg Lerner of the BMW Group.
The authorsthank the Oregon Department of Transportation and the

PORTAL group, sponsored by the National Science Foundation,
for supplying the OR-217 data. Steve Boice of DKS Associates
contributed to the research through his comparison of the Highway
Capacity Manual with the Handbuch fur Strafenverkehrsanlagen.
The authors thank Dirk Helbing for his personal dedication toward
the completion of this research.

REFERENCES

1. Lighthill, M. J., and G. B. Whitham. On Kinematic Waves|I. A Theory of
Traffic Flow on Long Crowded Roads. Proceedings of the Royal Society,
Vol. 229A, 1955, pp. 317-345.

2. Schonhof, M., and D. Helbing. Empirical Features of Congested Traffic
Statesand their Implicationsfor Traffic Modeling. Transportation Science,
Vol. 41, No. 2, pp. 135-166, 2006.

3. Zielke, B. A. Identification of Country Specific Characteristics of
Oscillating Congested Traffic. Diplomathesis. Technical University of
Dresden, Germany, 2007.

4. Daganzo, C. F. Fundamental s of Transportation and Traffic Operations.
Elsevier Science, New Y ork, 1997.

5. Daganzo, C. F. A Behavioral Theory of Multilane Traffic Flow. Part I:
Long Homogeneous Freeway Sections. Transportation Research,
Vol. 36B, 2000, pp. 131-158.

6. Kesting, A., and M. Treiber. How Reaction Time, Update Time and
Adaptation Time Influence the Stability of Traffic Flow. Computer-Aided
Civil and Infrastructure Engineering, Vol. 23, No. 2, 2007, pp. 125-137.

7. Gartner,N., C. J. Messer, and A. K. Rathi. Traffic Flow Theory: A State-
of-the-Art Report, Revised Monograph on Traffic Flow Theory. www.tfhrc.
gov/itg/tft/tft.htm.

8. Herman, R., E. W. Montroll, R. B. Potts, and R. W. Rothery. Traffic
Dynamics: Analysisof Stability in Car Following. Operations Resear ch,
Vol. 7. No. 1, 1959, pp. 86-106.

9. Ahn, S. Formation and Spatial Evolution of Traffic Oscillations. PhD
dissertation. University of California, Berkeley, 2005.

10. Lindgren, R. V. F. Analysis of Flow Features in Queued Traffic on a
German Freeway. PhD dissertation. Portland State University, Oregon,
2005.

11. Windover, J. R. Empirical Sudies of the Dynamic Features of Freeway
Traffic. PhD dissertation. University of California, Berkeley, 1998.

12. Mauch, M. Analysis of Start-Stop Wavesin Congested Freeway Traffic.
PhD dissertation. University of California, Berkeley, 2002.

13. Edie, L. C., and E. Baverez. Generation and Propagation of Stop-Start
Traffic Waves. Proc., Third International Symposium on the Theory of
Traffic Flow: Vehicular Traffic Science, New Y ork, 1965.

14. Coifman, B. A.,and Y. Wang. Average Velocity of Waves Propagating
Through Congested Traffic. Proc., 16th International Symposiumon



Zielke, Bertini, and Treiber

15.

16.

17.

18.

19.

20.

21.

Transportation and Traffic Theory: Transportation and Traffic Theory—
Flow, Dynamics and Human Interaction, University of Maryland,
College Park, 2005.

Mika, H. S, J. B.Kreer,and L. S. Yuan. Dual Mode Behavior of Freeway
Traffic. In Highway Research Record 279, HRB, National Research
Council, Washington, D.C., 1969, pp. 1-12.

Kim, T.,and H. M. Zhang. Gap Time and Stochastic Wave Propagation.
Proc., IEEE 7th Annual Conferenceon Intelligent Transportation Systems,
Washington, D.C., 2004.

Highway Capacity Manual. TRB, National Research Council, Washing-
ton, D.C., 2000.

Handbuch fur die Bemessung von Straf3enver kehrsanlagen. Forschung-
sgesellschaft fur StraRen- und Verkehrswesen, Cologne, Germany,
2002.

Boice, S, R. L. Bertini, and K. Bogenberger. Comparison of Key Free-
way Capacity Parameters on North American Freeways with German
Autobahns Equipped with a Variable Speed Limit System. Proc., 5th
International Symposium on Highway Capacity and Quality of Service,
Y okohama, Japan, 2006.

Portland Oregon Regional Transportation Archive Listing. Portland
State University, Oregon. portal.its.pdx.edu.

Leal, M. T. Empirical Analysis of Traffic Flow Features of a Freeway
Bottleneck Surrounding a Lane Drop. M Sthesis. Portland State University,
Oregon, 2002.

22.

23.

24.

25.

26.

27.

67

Bertini, R. L., and M. T. Lea. Empirical Study of Traffic Features at a
Freeway Lane Drop. Journal of Transportation Engineering, Vol. 131,
No. 6, 2005, pp. 397-407.

Cassidy, M. J,, and J. R. Windover. Methodol ogy for Assessing Dynam-
icsof Freeway Traffic Flow. In Transportation Research Record 1484,
TRB, Nationa Research Council, Washington, D.C., 1995, pp. 73-79.
Cassidy, M. J.,, and R. L. Bertini. Some Traffic Features at Freeway
Bottlenecks. Transportation Research, Vol. 33B, No. 1, 1999, pp. 25-42.
Bertini, R. L., S. Hansen, and K. Bogenberger. Empirical Analysis of
Traffic Sensor Data Surrounding a Bottleneck on a German Autobahn.
In Transportation Research Record: Journal of the Transportation
Research Board, No. 1934, Transportation Research Board of the National
Academies, Washington, D.C., 2004, pp. 97-107.

Bertini, R. L., S. Boice, and K. Bogenberger. Dynamics of Variable
Speed Limit System Surrounding Bottleneck on German Autobahn.
In Transportation Research Record: Journal of the Transportation
Research Board, No. 1978, Transportation Research Board of the National
Academies, Washington, D.C., 2006, pp. 149-159.

Mufioz, J. C., and C. F. Daganzo. Fingerprinting Traffic from Static
Freeway Sensors. Cooperative Transportation Dynamics, Vol. 1, 2002,
pp. 1.1-1.11.

The Traffic Flow Theory and Characteristics Committee sponsored publication of
this paper.



