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Single-vehicle data of highway traffic: Microscopic description of traffic phases
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We present a detailed analysis of single-vehicle data, which sheds some light on the microscopic interaction
of the vehicles. Besides the analysis of free flow and synchronized traffic the data sets especially provide
information about wide jams that persist for a long time. The data have been collected at a location far away
from ramps and in the absence of speed limits, which allows a comparison with idealized traffic simulations.
We also resolve some open questions concerning the time-headway distribution.
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[. INTRODUCTION Therefore, the cross correlation between flow and density
vanishes and thus allows to identify the synchronized state
Like every other field of physics the modeling of traffic [4]. In Ref.[11] the following picture of the synchronized
flow is based on the analysis of empirical data. In the lasstate and a possible jam formation was developed. While the
few years, several empirical studies were carried out in ordedownstream front of the synchronized traffic region is usu-
to obtain a more profound picture of the highway traffic. ally fixed at an on or off ramp the upstream front is separated
Many modeling approaches have been suggested, which tfyom free flow by the so-called pinch region. In the pinch
to capture the essential parts of the human driving behaviaregion narrow jams are formed. In contrast to wide jams,
(see Refs[1,2] for an overview. On one hand, the empirical narrow jams consist of only two fronts where the vehicle
observation of highway traffic helps to identify and charac-speed and the density sharply changes whereas the width of
terize traffic, the phases and the transitions between thernthe fronts of wide jams is negligible compared to the bulk
while on the other hand, the theoretical modeling allowsregion between them. These jams can merge and form wide
simulations of large traffic networks and opens perspectivefams.
for future applications such as traffic forecasts and dynamic Wide (moving) jams are regions with a very high density
route guidance systems. However, realistic model apand negligible average velocity and flow. The width of these
proaches of highway traffic have to be based on empiricastructures is much larger than its fronts at the upstream and
results and especially the microscopic modeling of trafficdownstream ends where the speed of vehicles changes
requires information on the driving behavior of the vehiclessharply. A wide jam can be characterized by a few param-
in the various traffic states. eters, e.g., the velocity with which it moves upstream. The
Much progress has been made in the last few years imelocity of the downstream front and the corresponding flow
analyzing empirical data. Moreover, the technical developrate is only determined by the density inside a wide jam and
ment of the measurement techniques and the improvethe delay time between two vehicles leaving the [d). In
equipment of roads with detectors allows one to observe spaontrast to synchronized traffic, wide jams can propagate un-
tiotemporal structureg3] and even to analyze single-vehicle disturbed through either free flow and synchronized traffic
data[4,5]. The analysis of large sets of minute averagedwithout impact on these states, which thus allows their co-
traffic data has revealed the existence of three traffic phaseexistence.
namely, (i) free flow, (ii) synchronized traffic, andii) wide In order to identify the different phases it would be ideal
moving jams. This three state picture is nowadays widelyto have data from a series of detectors in order to identify the
accepted, although other interpretations of empirical dat#raffic states by their spatiotemporal proper{i@s Since the
have been madg—§]. data set used in this study is recorded at a single measure-
Free flow traffic can be characterized by a large averagenent location we use autocorrelation and cross-correlation
velocity while congested traffic is simply the opposite of freefunctions to determine these properties locally.
flow. An important property of congested traffic is that the  The analysis of single-vehicle data gives important infor-
average velocity of the different lanes can be synchronizednation about the driving behavior of the vehicles in the vari-
[9,10] leading to large correlations between the velocityous traffic states. Unfortunately, up to now only a few em-
measurements on neighboring lanes. Congested traffic can péical results of single-vehicle data exj,5], which do not
divided into synchronized traffic and wide moving jams.  provide a consistent picture of the vehicle dynamics. It was
In synchronized traffic, which is mainly observed at onshown that the distribution of the time headways and the
and off ramps, the velocity is considerably smaller than invelocity-distance relationship do not depend on the density
free flow but the flow can still have large values. Moreover,but on the traffic state. In Reff4] a peak at 1.8 s was found
the large variance in density and flow measurements cannat the time-headway distribution, which was explained as the
be described by a functional relationship that becomes visdriver’s effort for safety. However, the existence of this peak
ible in an irregular pattern in the fundamental diagram.could not be confirmed in Ref5]. Moreover, in the free
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flow state platoons of vehicles driving bumper to bumper Duisburg-Wedau D2 Kreuz Breitscheid
with a time headway well belo 1 s occur.

The velocity-distance relationship gives information on —Z — — - “<=—=—_ " _ " " ® _ — — _ " ” _
the adjustment of the velocity on the headway. While in fre e [
flow the velocity shows large values even for small head-— - - = =————=_ — " — " = — = = = 7 7
ways, in the congested state drivers tend to move slower thal
the distance allows. Thus, in the free flow regime the move- D1

ment of the vehicles is uncorrelated although small pIatoone’0

exist while in the synchronized regime large correlations of
the velocity between the vehicles can be found but the dis-Kreuz Leverkusen D3 D4 Burscheid
tance between them can vary considerably.

In this empirical analysis we try to improve the micro- — — — — —<——_ _ — _ _ & _ = _ _ _ _ _
scopic understanding of the human driving behavior, which
helps to validate the properties of models for traffic flowon - — — — —=——=_ —_ —_ _ _ = _ &= °_ _ _ _ _
a qualitative level. It is worth pointing out that the data set
underlying our study is one of the largest used so far. In DI D2
contrast to earlier studies the data have been collected on | I i I
three-lane road without speed limit and relativégeveral = Okm 6:150km, 7.300km 10.100km

kilometers far away from ramps. The quality of the empiri- FIG. 1. Location of the detectors of the first détap) set mea-

cal ,data .ena.bles' a detailed insi.ght into the dynamics of thgured on highwayA3 near Duisburg and of the second and the third
vehicles in wide jams. The location of the detectors far away,¢5 setgbottom) measured on highwajl near Leverkusen.
from ramps and the absence of a speed limit allow a much

better comparison with data from idealized traffic simula-Note that, for storage reasons, in the third data set only the
tions without bottlenecks. In analogy to on ranjis], de- yehicles on the right and the middle lanes were detected. The
fects introduced by, e.g., the application of a speed limitgetectors are located at a distance of 6.150 km and 7.300 km,
considerably affect traffic flow and can trigger distinct traffic regpectively, from Leverkusen and 3.950 km and 2.800 km,
states. However, it has been shown recently for a large claggspectively, from Burscheid with a distance of 1.150 km
of driven diffusive systemssee, e.g., Refs14,19) that petween the two measurement locations. The data were col-
bottlenecks only select, but do not generate, the states. Thigcted during two periodé2 August 2000 to 20 August 2000

is a very general property of a driven system and is well-ang 1 February 2001 to 27 February 2p@Hat comprise a

established in nonequilibr_ium statistical _physi(see Ref.  total measurement time of 46 days. Note that the highway
[16] and references therginFurthermore, it has also been pas three lanes and there is no speed limit. In total, on 94
verified for a large class of traffic models. Therefore OUrgays about 9.5 10° cars were measured.

analysis has, compared to the measurements at the bottle-'a)| of the inductive loops were able to measure single-

necks, the advantage that we can observe and analyze pyjghicle data. A data set of one vehicle comprises the time
bulk states. The disadvantage is that congested traffic is le$g;ndredth secondiat which the vehicle reaches the detector,
often observed, which implies that there is a need for quitghe |ane in which the vehicle is detected, the type of the
long observation periods. However, the data set, which igenicle (car, truck, the velocity in km/h, and its length in
analyzed throughout this paper, includes all three types ofm_ The length of a vehicle is calculated with an accuracy of
highway traffic. Our results are therefore of direct relevance; cm. The lower bound for the velocity measurement is 10
for the modeling of traffic flow on highways. km/h, i.e., velocities of slower vehicles are not measured.
Then, instead of the length of the vehicle, the time the in-
ductive loop is covered is given in hundredth seconds. Note
that the velocity is theoretically calculated internally via the
The data sets were collected at different locations on twdime At that a vehicle needs to pass a detector of a given
highways in North-Rhine-Westfalia, Germany. The first set isength with an accuracy of 1 km/h. However, sina¢ is
provided by two detectors, one for each driving direction, ononly measured in milliseconds and no floating points for the
highway A3 between the junction Duisburg-Wedau and thecalculation of the velocity are used, it is possible that a ve-
highway intersection Kreuz-Breitschelsee Fig. 1L Adetec- locity may correspond to more than oA¢ and/or a differ-
tor consists of three inductive loops, one for each lane. Thence ¢ 1 m in At leads to a velocity difference larger than 1
location of the detector is about 5.5 km from the highwaykm/h. As a result, small differences ixt cannot be resolved
intersection Breitscheid and about 2.2 km from the junctionwhile some velocities cannot be measured.
Duisburg-Wedau. It is important to note that there is no The third data set includes the electric signal inducted in
speed limit. The data set was measured between 30 Marche loops when a car passes the detector. These data com-
2000 and 16 May 2000 and comprises 48 days. The secortise the time(in milliseconds at which the vehicle arrives
and the third data sets were measured by four detectors, o the detector and the time series of the height of the electric
for each driving direction consisting of three inductive loops,signal that is sampled at 125 points in 1 s.
at two locations on highwapl between the highway inter- In addition to the single-vehicle data of the first and the
section Leverkusen and the junction Bursch@de Fig. L~ second data sets, 1 min averages of the traffic data are col-

II. EMPIRICAL DATA
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lected. These data comprise the number of cars and the num=Xv ,(t)/N is the average velocity of the vehicles tends to
ber of trucks, the mean velocity of cars, the mean velocity ounderestimate the density since the velocitynmivingcars is
trucks, and the mean velocity of all vehicles. The occupancyletectedsee Ref[4]). This leads especially in the congested
(O) rather than the density is used as an estimation of thetate to very small densities while in free flow traffic both
density because of the ease of measuring and its indepemethods give the same results.

dence from the vehicle lengths. It is simply given by the The time resolution of the single-vehicle data allows the
fraction of time during which the detector is covered by acalculation of the time headway and the distance headway

vehicle. G of the nth vehicle via
The spatial density can be calculated from the occupancy.
An occupancyO=1 means that the vehicles are driving ()=t —t, - In-1 ®)
bumper to bumper, which leads to a spatial dengijy, of A
N(T) 1 and
Pmax—— — L (1)
In G(n)=vn(th—=th-1)—lh1 (6)
tgtn<t+T

_ ) under the assumptiémf a constant, andv,,_; . t,, denotes
with the mean length of the vehicles and the numbBI(T) the time thenth vehicle passes the detectoy, and v,, its

of the vehicles passing the detector in tifeln this study length and velocity. The passing time is measured by the
the value ofT is set to 60 sl, is the length of theth vehicle  iyierna) clock with an accuracy of 0.001 s. In the output
measured at time, . For the spatial density; estimated by  {hese signals are provided in units of hundredth seconds. The
occupancy achievable resolution of spatial measurements is 1 cm. These
N(T) o valu_es are of course lower bounds for the real error bars. In
ps=0 pmay=0- ——————=— 2 particular, for the distance headways we expect many uncer-
| L tainties, roughly of the order o1 m. Unfortunately, it is
t=tpt+T difficult to calculate precisely one realistic error bar, because
they depend on, e.g., the velocity of the cars and the actual
holds! Throughout this paper the term “density” is used for value of the distance.
the occupancy if not stated otherwise and the occupancy is In order to allow the calculation of spatiotemporal corre-
given in percent. lations on theAl, the two measurement locatioms3/D4
Since large occupanciée.g., a vehicle blocks the detec- and D2/D4 are synchronized by means of radio controlled
tor for more than 1 minare not distributed on minute inter- clocks.
vals by the counting device but the occupancy is just related
to the interval during which the vehicle is measured, a cutoff Ill. EREE ELOW
of the minute averaged data at 100% was introduced. Thus,
the explicit calculation of the occupancy of the time interval Free flow is the traffic state most frequently observed in

[t,t+T] by means of the single-vehicle data via the data set and is characterized by a large flamd veloc-
ity v and a small densityFig. 2). While daily variationseoc;f
1 1 | the flow and the density become visible in the time-seties,
o== > At=Z > 1 @3 ’

the velocity remains nearly constant over the whole day.
Due to legal restrictions in Germany vehicles have to
with the timeAt,, during which the detector is occupied by a drive on the right lane and the left and the middle lanes,
carn of lengthl,, and velocityv , allows us to determine the should be used only for overtake maneuvers. Thus, the lanes
occupancy more accurately compared to the 1 min data besegregate into fast and slow lanes, which results in a negative
cause occupancy overlaps from minute to minute can be corvelocity gradient from left to rightFig. 3. This effect be-
sidered. The minute data therefore are only used to verify theomes more pronounced in the absence of a speed limit. As a
averaged single-vehicle data. consequence, the flow and the velocity decrease from the left
Furthermore, occupancy can explicitly be related to theo the right lane, whereas the density increases.
various traffic states. In contrast, the hydrodynamical relation Next we analyze the velocity distributions in free flow
traffic (Fig. 4). The velocity calculated by the detector is

T tst,<t+T T t<t,<t+T Un

p:;1 (4)

2The usage of the velocity, is somehow arbitrary sinag,_; can
wherelJ is the flow(which is proportional to the numb&rof  also be taken, which leads to the calculation of the headway in
vehicles passing the detector during a time intetvgl and  upstream direction rather than downstream. However, the difference
between both results is negligible because on small distances the
surroundings upstream and downstream of the measurement loca-

The calculation of the spatial density by means of local measuretion should be homogeneous.
ments is only valid under the assumption of a constant velocity of *Quantitatively they can be seen in the behavior of the autocorre-
the vehicles during the averaging process. lation functions[4].
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FIG. 4. Distribution of the velocity on the three lanes at detector
D1 on highwayA3 on 28 April 2000.

simply the length of the detector divided by the tihethe  given in the data set. For large velocitiesX110 km/h) on
vehicle takes to pass the detector, which is measured directlpne hand we obtain a unique value &f. For smaller ve-

In our caseAt is measured with a precision of milliseconds, locities on the other hand each velocity corresponds to a
but the corresponding velocity is given in units of km/h sincerange of possible traveling times. If the same velocity results
only integer arithmetics was applied internally. This way offor k different traveling times, we simply increase the statis-
calculating the velocity does not use the full precision of thetical weight of each possible value At by 1k. This proce-
measurement, but even worse, it leads to an uneven samplimyire leads to smooth traveling time distributions. If one is
of the velocities. The latter point can be avoided by recoverinterested in the velocity distributions one is still left with a
ing the corresponding traveling tim&t from the velocity  problem, i.e., the velocity intervals corresponding to a given
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traveling time are not of equal length. Therefore we calcu-
lated the velocity that corresponds to a certain travelling
time, with a high numerical resolution, i.e., 20 km/h* and
interpolated linearly between the two measurements. In order
to obtain a normalized distribution the interpolated values
have to be divided by the length of the interval. In the final
figure, however, we use a resolution of 1 km/h, by averaging
over the evenly sampled and highly resolved velocity distri-
bution. This procedure leads obviously to very smooth ve-
locity distributions.

On the left lane the velocity distributions can be nicely
fitted to a Gaussian distribution, for the density interval
5-10%. This is in agreement with the earlier investigations,
also finding Gaussian distributed velocities, for a low portion
of trucks [17]. For lower densitieg0-59%), however, we
observe a slight asymmetry of the distribution function. In
order to quantify this asymmetry we divided the distribution
function into two parts, one containing all velocities below
the maximum of the distribution, and the other for larger
velocities. Both parts are in agreement with different Gauss-
ian distributions(Fig. 5).

FIG. 3. Average velocity dependent on the density for the three “The final distribution function does not change if a higher reso-
lanes at detectdd1 on highwayA3 on 28 April 2000.

lution is chosen.
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FIG. 5. Distribution of the recalculated velocitgee text The FIG. 6. Fundamental diagram of the left lane for the flow and
solid lines represents the best fits with distributions of Gaussiafhe velocity in the free flow regime on 28 April 2000 at deteddr

type. For distribution functions that have two maxima a superposipn highwayA3. The solid curve gives the best fit for the data.
tion of two Gaussian distributions has been used. For single peaked

distributions a simple or, in case of asymmetric distributions, a dis- |n the presence of a speed limit it was found that the
tribution co_nsisting of two piecewise defined Gaussians has beeﬁegligible vehicle interactions are one of the main character-
used as a fit functiosee Table). istics of free flow traffid4]. In contrast, the velocity-density
relationship in Fig. 6 clearly deviates from a constant value.
The form of the distribution function on the middle and This fact can be explained by the absence of a speed limit.
the right lanes is different, because they can be used by Slow vehicles are responsible for the decrement of the
trucks. The trucks lead to a second maximum of the velocitynean velocity with increasing density. The average velocity
distribution. For these two lanes the velocity distribution candecreases linearly with the occupancyv~160.206
be viewed as a superposition of a “car” and a “truck” ve- *0.4884-(4.44036-0.1169)0] and consequently the flow
locity distribution, both of Gaussian form in the density in- quadratically, =~ J~5.021 39+ 4.334+ (368.543:2.177)0
terval 5-10%. For lower densities we find again an asym—(9.547 43-0.2377)0%.
metry of the distribution function that is even more In contrast, the queuing theory predicts forMvVG/2
pronounced than for the left lane. For an overview, the fitqgueuing system that has to be applied for a three-lane high-
parameters are summarized in Table I. way [18] a quadratic relationship between the density and the

TABLE I. Fit parameters of the velocity distribution in free flow. As a fit function the Gauspiar)
=exd —(v—a)%/b]/c was used.

Density Distribution a b c
0-5% Left,v <146 km/h 146.0 340.79 41.93
Left, v=146 km/h 146.0 789.86 41.93
Middle, v<129 km/h 129.0 300.21 35.46
Middle, v=129 km/h 129.0 477.137 35.46
Right, cars 112.10 424.22 40.40
Right, trucks 89.55 88.44 65.70
5-10% Left 129.9 477.84 38.92
Middle, cars 118.75 401.50 37.27
Middle, trucks 90.27 28.10 112.27
Right, cars 106.24 466.06 80.95
Right, trucks 86.51 21.72 13.69
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FIG. 7. The mean velocity chosen for a certain distance head- FIG. 8. Autocorrelation of the minute averaged velocity of the

way at detectoD 1 on the left lane of highwap3 for all days with left lane on 28 April 2000 at detect@1 on highwayA3.
free flow and synchronized traffic.

daily variations. Now, the autocorrelation function is not

fime dependent but depends on the number of vehicles. The

systen) the velocity is expected to depend linearly on thestrong correlations on shc.)rft time' scales can be attributed to
small platoons of cars driving with nearly the same speed,

density. but with very small headway§4]. The platoons are also

. The dlscrepan.cy .between thg queuing theory and the en?ésponsible for small time headways in the time headway
pirical data may indicate that either the theory is not appro- istribution (Fig. 10. As one can see from Fig. 10 the time-

priate or that the three lanes are not homogeneously couple eadway distribution differs from the distribution found in

The latter point of view is supported by a correlation analysi ; C
of the different lanes, showing that the coupling between chRef. [4]. In Ref. [4] the time headway distribution of the

left and the middle lanes is much stronger than that between

the right and the middle lanes. It would be interesting to ! ' ' ' I ' '
parametrize the partial decoupling of the right lane and to
study the modified queuing theory.

The velocity-headway curve illustrates the vehicle’s ve- 08 -
locity adjustment on the distance headway. Since cars cal
move freely, the velocity saturates even for small distances
However, with increasing vehicle interaction the asymptotic
value of the velocity decreaséBig. 7).

The vehicle interactions, although visible in the funda-
mental diagram, are very small. In Fig. 8 the autocorrelation
(see the Appendixof the 1 min averages of the velocity is 04
shown. In order to eliminate the daily variations the time-
series of the velocity was detrendelly a linear fit. Obvi-
ously, the minute averaged velocity shows no correlations or
time scales larger than 1 min since the vehicles are in genere
driving independently.

Nevertheless, a closer look at the autocorrelation of the
velocity of the single-vehicle datéFig. 9) reveals correla- 0
tions on very short time scales. Like the minute-averaged
data, the single-vehicle data were detrended to eliminate

velocity and a cubic relationship between the density and th
flow, respectively. For two-lane highwaya M/G/1 queuing

_~
=
~
>
>
©

0.2

FIG. 9. Autocorrelation of the single-vehicle velocity in free
5The data were fitted using a linear regression. This trend was theflow of the left lane at detectdb1 on 28 April 2000 on highway
subtracted from the data points. AS.
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— 1 T T r T ' T optimal-velocity curve can be reproduced by the data sets
o—0p=0-5% | used here.
—=p=5-10% The time-headway distribution found here, shows a strong
—p=10-15% | . .
0.07 dependence on the density. However, although the width of
the distribution decreases, the short time behavior remains
nearly unchanged. Not only the maximum of the distribution
1 is at about 0.68 s, but also the values of the shortest time

headways do not change significantly. Note, that the distri-

0.08 -

- 006~ ] bution was calculated by considering all days of the data set
~ = . with free flow traffic.
008 If one compares the time-headway distributions of the

highway with and without speed limit, one observes that the
maximum of the distribution is shifted towards larger time-
headways in case of an applied speed limit. This observation
0.02 — shows the importance of anticipation effects in free flow traf-
fic. However, the anticipation of the predecessor’s movement
leads to serious problems concerning safe driving, because
the drivers adjust the distance to the leading vehicle discard-
ing their own velocity.
t, [s] Another important point is the cutoff of the distribution at
small time headways. In both cases we found that a non-
FIG. 10. Distribution of the time headways of the left lane at negligible portion of vehicles drives with a temporal distance
detectorD1 on highwayA3 for all days of the data set with free of the order~0.2 s, which is comparable to the reaction
flow. The inset shows the time-headway distribution of the newtime of the drivers. These drivers take a very high risk to
measurements on highwayl near Kdn-Lovenich. provoke an accident and would definitively be unable to
avoid a crash in case of a sudden obstacle.
single-vehicle data shows the existence of a peak at 1.8 s for It is now possible to estimate the temporal extension of
all densities and all traffic states, which was explained to b&h€ platoons. From the decay of the autocorrelation of the
the optimal safe time headway between vehicles. s!ngle-veh|cle velocity a.platoon length Qf the ordgr of mag-
This peak was missing in related empirical investigationghitude of about ten vehicles follows. Since the time head-
[5] including the present. In order to clarify the origin of this V&S W'.th'n a platoon are smaller than the maximum of .the
peak we analyzed the data used in Féf.again. A detailed distribution (about 1 $ this leads to values less than 1 min.

analysis of this data set revealed even more than one pea];hus' these small vehicle clusters cannot be visible in the
. minute averaged data.
but also smaller peaks for other multiples of 0.9 s. Therefore ; . .
The analysis of the single-vehicle data allows to measure

one 1 led to the belief that these peaks could ha\_/e bee(guster lengths directly. A platoon of lengthconsists off
a.rt|f|C|aIIy geqerated by a softvyare error of the detection de'(:onsecutive vehicles each having a time headway smaller
vice. Indeed it Furned out that in case of a b_usy detector th't:’nan a defined valu®By counting the number of succeeding
data are not directly transfered but stored in a buffer for & gpjcles with time headways well below a certain value one
time of 0.9 s. obtains the cluster length distributigsee Fig. 11 for the
Since the single-vehicle data contain no time stamp angjistribution of the left lang
the storage time of the internal clock of the computer was The length of the platoons increases with increasing time
used, to each data point in the buffer the same time of meareadway, but even with very small time-headways lengths up
surement is assigned. In the time-headway distribution thefb 14 vehicles can be measured. In contrast to the vehicles on
the multiples of the buffer size become visible. This is con-the middle and the right lanes, cars on the left lane have no
firmed by the new measuremertsee inset of Fig. 10at the  possibility of overtaking a slower one. As the length of the
detectorsD2 andD3 on highwayAl near Kdn-Lovenich, platoons decreases from the left to the right lane one can
which have also been used in Ref]. This data setlike the  conclude that the platoons are simply formed by fast cars
data sets used in this papeecords the time at which a piling up behind a slow ca(see Ref[19] for a functional
vehicle arrives at the detector in hundredth seconds, whickelationship of the bunch size distribution
therefore allows the calculation of the exact time headway. Driving bumper to bumper with a large velocity requires
The new data do not show a peak at 1.8 s in the timean increased attention to velocity fluctuations of the preced-
headway distributioriabout 1.5< 10° cars were detected in ing vehicle. As a consequence, the velocity of vehicles inside
19 days. a platoon is almost synchronized, which leads to a slow de-
At this point we stress the fact that the velocity and thecay of the autocorrelation function. Driving in a synchro-
length measurements of the single-vehicle data of REf.
are not affected by the software error and more importantly,
the order of the data is not mixed up. In particular, results of ®This value should be of the order of the maximum of the time-
the fundamental diagram, the time-series analysis, and thesadway distribution, i.e., about 1 s.
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FIG. 11. Cluster length distribution on the left lane in the free  F1C- 13. Cross correlation between the minute averaged veloci-
flow regime for different time headways. ties at the detecto®3 andD4 of the left lane on highwa@1 on
10 August 2000. The inset shows the cross correlatiorrfo0 of

nized manner also decreases the velocity differences withil1® Velocity time series 24 and the byA seconds shifted velocity
the platoon. In Fig. 12 the standard deviation of the velocityiMme Series ab3.
of all platoon vehicles is depicted. As one can see, the

smaller the time headway the smaller the velocity differ- . .
ences. Furthermore, the standard deviation saturates very fa{EFtorSDS andD4 on highwayAl (Fig. 13. If the platoons

so that even the large clusters move as synchronized as tieere stable the order qf the vehicles passing a detector re-
small ones. mains unchanged leading to a strong correlation of the ve-

In order to evaluate the stability of the platoons, i.e., tolocny time series. Vehicles on the left lane need about 30 s to

identify the stable moving structures, we calculate the crosgr've from D3 to D4. As one can see, there is indeed a

correlation between the minute averaged velocities at the getrong <_:0rre|at|on of both sites at=1 min, indicating that
the lifetime of the platoons may have large values and mov-

12 — ing structures can be identified even in free flow.

The analysis of single-vehicle data allows to specify the
r— t,<10s lag between the two time series by varying the displacement
_ 10 - 5<20s of the two time series continuously. The starting point of the
=S RS t, <30s averaging interval of the time series @B is shifted byA
§ i seconds and then, the cross-correlation of the two signals is
g’ = ‘ calculated. If the two time series match, the cross correlation
s | T would show large values at=0. Hence, it is possible to
_Z, [ - locate the maximal correlation that corresponds roughly to
B g e the average travel timd ., given by 1150 m/150 km/h
g ~28 s(see inset of Fig. 13
kS i il As mentioned before, the third data set provides informa-
B 4k _ tion about the signal the inductive loop measures from each
b= car. We therefore tried to identify the moving structures of
‘é E T free flow traffic not only on the minute averaged scale but
» ol _| also on the single-vehicle scale. Unfortunately, the consider-
ation and comparison of the vehicle’s electric signal at both
i T detectors fails for two reasons. First, the electric signal dif-
0 ! l . l ! l . | . fers only slightly from car to car. Second, even on the right

0 10 20 30 40 50 lane the sequence of cars changes due to lane changes and
overtaking maneuvers. As a consequence, the number of ve-
hicles on one lane is not conserved so that even the cumula-
FIG. 12. Average standard deviation of the mean velocity of thetive number of vehicles passing a measurement section can-
vehicles in a cluster of lengthon the left lane. not be comparef0]. Therefore an explicit identification of

Cluster length 1 [vehicles]
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] ] _ FIG. 15. Fundamental diagram and time series of the velocity on
FIG. 14. Cross correlation between the minute averaged velociy ¢ May 2000 of the left lane at detectbrl on highwayA3.
ties on three lanes on 28 April 2000 at deted@dr on highwayA3.

Note, that the velocity time series was detrended by a linear fit.

While the maximum of the distribution is shifted to larger
alues 1.3 s) and the variance is reduced, small time
eadways do still exist. The probability of these small time
eadways decreases with increasing density whereas the dis-

a vehicle at both measurement locations was difficult an(x
made the calculation of the travel-time distribution impos—h

sible. oo : i
. . , tribution in free flow can simply be rescaled by the density
In Ref. [4] it was shown that in free flow traffic the O™ for small times. Note that the distribution was calculated by

relat_io_n of the average velocity between different lanes '.S[aking into consideration all days of the data set with syn-
negligible. However, this result is contrasted by our analys'%hronized traffic

of the velocity time series. In Fig. 14 the cross correlation Compared to free flow traffic the length of clusters with

petwegn the det(ended average velocities on |Ia1_m1 langj small time headways is decreased significaffig. 17). The
is depicted. Obviously, there are strong correlations between

the lanes, especially neighboring lanes that are more corre-
lated than the left with the right lane. Lane changes lead to
strong coupling between the lanes while the right lane is
somehow decoupled from the other two due to the large
amount of trucks. These lane changes are forced by the ak
sence of a speed limit, which may explain the differences 0.6
from the results of Ref4] where a speed limit was in effect.

As a result, daily fluctuations of the mean velocity and there-

fore of the flow are served first by the left and the middle

lanes while the flow of the right lane does not change sig-z= ¢4
nificantly in the free flow regime. e

0.8 T T T T T T T I T T T

o—op=10-15% ]
—ap=15-20%
— p=20-25%

IV. SYNCHRONIZED FLOW

Synchronized traffic can be characterized by a large vari- 0.2
ance in flow and density measurements and a velocity that i
considerably lower than in free flow traffic while the flow
can show large value§-ig. 15. Although the minute aver-
aged velocity is large compared to a wide jam, the analysis 0.0 o A A
of the single-vehicle data reveals the existence of vehicles 0 1 2 3 4 5 6
with velocities smaller than 10 km/h, that is, vehicles at rest t, [s]
were measuref21].

In contrast to free flow, the time-headway distribution  FIG. 16. Time-headway distribution in the synchronized regime
shows a nontrivial dependence on the dengkjg. 16. for all days of the left lane at detectBrl on highwayA3.
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FIG. 17. Distribution of the cluster length on the left lane for  FIG. 18. Corrected distribution of the velocity in the synchro-
different time headways in the synchronized regime. nized regime.

increased density in the synchronized regime is therefore res. . 4s stronaly on the traffic densitv. The laraer the densit
sponsible for the dissolution of the large platoons of the fre gy ¢ J y

. . ~the lower the velocity, which allows the driver to anticipate
flow regime. Moreover, because the velocity of the cars I%reakdowns.

now determined by the available space rather than by the 1o ¢ansition from free flow to synchronized traffic is

desired vglocity, 'the probability of cars piling up behind & characterized by the synchronization of the speed on differ-
slow car 1s drastically reduced. NOW’ saf_ety reasons requIrgnt janes and a sharp drop of the velocity. This synchroniza-
larger distances from the preceding vehicle in order 0 pregio js 4 result of lane changes in order to align the density of

vent braking maneuvers. Note that large clusters with timqhe laneg 3,25] rather than a consequence of the difference
headways larger tma2 s between the vehicles are Obtai”edbetween the maximum velocities of the vehicles.

tsl:réze the mean time headway has the same order of magni- |, rig 19 the time series of the velocity measurements for

Nevertheless, strong correlations of the velocity of the
vehicles can be measured while the time headway and thi 140
distance headway are only weakly correlafddl Thus, al- _ }(2)8
though the velocity of succeeding vehicles is strongly syn-E 80
chronized, their gaps can vary considerably. As a result, plat
toons cannot be recognized. 40

Also for the velocity distributions we found significant
differences from the free flow traffic. In synchronized traffic 140
small velocities have, compared to a Gaussian distribution, ¢_ 100
much higher weightFig. 18. The form of the velocity dis- (E 80
tribution is probably a consequence of the accelerating an =
braking vehicles. Our result is of special importance for 40
some macroscopic models of traffic flg&], which assume
Gaussian distributions of speeds, clearly incompatible with 140
our empirical findings. As shown in Ref4] the velocity- }20
headway curve gives information about the average velocity
of the vehicles at a given headway.

In the free flow regime large velocities are reached even™ 40
for very small distances but in synchronized traffic the 2 TSN PR AR PR AR N 1 B P T L P
asymptotic velocity is reduced consideraloBig. 7). Again, %00 330 360 390 420 450 480 510 540 570 600
the velocity-headway curve was obtained by averaging ovel
all days with synchronized traffic. Since the vehicles drive
slower than the gap allows, the gap usage is only suboptimal. FIG. 19. Velocity time series at detectdrl on highwayA3 on
Moreover, the velocity of a vehicle at a given distance de-11 May 2000 for all three lanes.

middle
1

v [km/h]
g8

t [min]
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FIG. 20. Occupancy time series of the three lanes at detBdtor FIG. 21. Cross correlatiofbottom) between the velocity time
on highwayA3 on 11 May 2000. series(top) of synchronized traffic of the middle lane on 20 Febru-

. ary 2001 at the detectoi33 andD4 on highwayAl.
the three lanes is shown. A slow decrease of the averagey ghway

velocity on the left and the middle lanes can be seen until a _
sharp drop of the velocity occurs. Obviously, the breakdowrPounded by two fronts where the vehicle speed changes con-

happens at the same time for all three lanes. In contrast to trfdderably. The flow and the velocity inside the wide jam are
velocity, the density difference between the lanes decreasé®dligible whereas the density has large valtés. 23.
continuously and completely vanishes at the transifiéig. ~ These large values of the density can be traced back to a
20). The synchronization of the lanes therefore happens corlarge number of vehicles that passed the detector rather than
tinuously. to a single car at rest, which occupies the detector for a long

The calculation of the cross correlation between the vetime. Shifting the time for 60 s the minute averaging starts
locities, the densities, and the flows on the three lanes reveadsd averaging over these values in order to obtain a mean
that the lanes are strongly correlated, e.g., synchronized. Asdensity shows no decrement of the density.
consequence of this synchronization the distribution of the |n the fundamental diagram the wide jam can be identified
velocity, the distance headway, and the time headway are
nearly the same for each lane. Thus the basic driving behav- 344,
ior in synchronized traffic is determined neither by the den-
sity nor by the lane but depends only on the traffic state. 2500

Again, the cross-correlation analysis of the velocity time =2000
series between the detectdis3 and D4 on highwayAl
allows the identification of moving structuréBig. 21). The
difference in the lifetime of the synchronized states at eachflOOO
location suggests the existence of a bottleneck far upstrear 5,
of D4 where a transition from the free flow to the synchro-
nized traffic has occurred.

As an indication for the stochasticity of the jam formation occupancy [%]
mechanism, velocity fluctuations increase with the distance L
to the bottleneck, finally leading to a pinch region with small
jams. The propagation of these small jams leads to a smal
decay of the cross correlations of the order of magnitude o%
10 min, which is about the period of the jam emergence at=
one measurement location. However, the upstream velocity>

les

-2 1500

eh

150

of these small jams cannot be determined due to their con 50 =
tinuous excitation and extinction.
Y 60 70 800 900 1000 1100 1200
V. WIDE MOVING JAMS t [min]

In contrast to the free flow and the synchronized traffic, FIG. 22. Fundamental diagram and velocity time series of the
the wide moving jams are moving structures that ardeft lane on highwayA3 at detectoD2 on 15 April 2000.
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FIG. 23. Time series of the flow, the velocity and the occupancy ~ FIG. 25. Distribution of the time the detector is occupied by a
of the left lane on highway3 at detectoD2 on 15 April 2000. car with a velocity smaller than 10 km/h in a wide jam.

by a triangular structure at large densities and small flowdnd velocity and the outflow from the jam if free flow is
(Fig. 22. Two effects have to be taken into account in theformed in the outflow. As one can see in Fig. 22 the transi-
interpretation of the data for wide jams. tion from a wide jam to free flow is accompanied by a jump
(1) Wide jams are not compact in the sense that cars argf the velocity to values lower than in free flow traffic while
piled up bumper to bumper, but there can still exist relativelyth® density and the flow are considerably largeig. 23
large gaps inside. These gaps lead to small values of thgetermininglo,, andp,[3] to be 2200 vehicles/h and 10%.

density and the flow. In addition, the difference of the outflow from a jam to free
(2) Standing vehicles can block the detector for a certairflow traffic decreases from the left to the right lane due to the
time. This results in large densities but small flows. decreasing average velocity.

The characteristics of a wide jam are the upstream mov- _Inside the jam the velocity and the flow are negligible.
Since vehicles can only move due to the propagation of

holes, the velocity inside a wide jam is distributed only in a

g:g:g very small rangdFig. 24). o
= 0,020 Note, thgt the cutoff is due to measurement restrictions,
E e.g., velocities smaller than 10 km/h are not detected. As
0.010 mentioned before, the calculation of the headways is only
0.000 5 1 2 3 4 3 6 correct under the assumption that the velocities of two con-
t, [s] secutive vehicles do not change significantly. However, rela-
010717177 T 1 T T tively large values of the time and the distance headway
_ 008 7 become visible(Fig. 24), which can be explained by gaps
gg-gﬁ - E within the jam. Hence, the wide jam is not compact but gaps
~ o E E allow the movement of the vehicles.
ool 1 i PN . If vehicles with a velocity smaller than 10 km/h pass the
0 10 20 30 40 50 60 detector the velocity is not detected but instead of the length
030 Distance headway [m] of the vehicle the time during which it blocks the detector is
o2sp T b given. This time, the occupancy tintet, allows to estimate
?0.20:— - the time a car at rest needs to accelefate.Fig. 25 the
Eg'}gz B distribution of the occupancy time is shown. Obviously, a
0.05 - | 3 vehicle needs a minimal time of altd?is toaccelerate. As a
0.00 : 0 1z 14 16 18 2 2 o characteristic property of a wide jafll] this time deter-

v [km/h]

FIG. 24. Distribution of the time and the distance headway and ’Since it is possible that the vehicle has to stop at the detector the
the velocity in a wide jam for the left lane on highway3 at  assumption of a constant velocity is no longer valid. Thus, the cal-
detectorD2 on 15 April 2000 and at detect@rl on 02 May 2000. culation of the time headway is not possible.
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FIG. 26. Autocorrelation of the single-vehicle data of the veloc-  FIG. 27. Time series of the velocity for the three lanes on 15
ity and the time and the distance headway in a wide jam on the lefApril 2000 at detectoD2 on highwayA3.
lane on 15 April 2000 at the detectBr2 on highwayA3.

. . . Lo . rather than the right lane. This behavior is contrasted by
mines(including the density inside the janthe escape rate jpservations on American freewal}23,24).

from a jam and thus its outflow. As a consequence of the |, o 58 the distribution of the flow on the three lanes

gaps inside the jam a stop-and-go pattern_forms, which lea_dé\/eraged for the whole data set of highw&$ is depicted.
to an uncorrelated movement of the vehicles. However, Nn contrast to the observations on the two-lane traffic, in

contrast to the autocorrelation function of the time headwa hree-lane traffic three inversion points are visible. At a flow

a”g. tlhe OI”Stf"‘”Cde head"‘l’ay the Co”e"';““O” of Lhe singleat ahout 1000 vehicles/h the weight of the distribution is
vehicle velocity decays slowdFig. 26. Thus, weak corre-  spigeq from the right to the middle lane. At a total flow of

lations between the vehicles on very short length scales exis out 2500 vehicles/h the second inversion point is reached

which can be traced back to the successive acceleration ahd more flow can be found on the left than on the right lane
stopped vehicles. '

In analogy to the synchronized traffic the transition from

free flow traffic to wide jams is accompanied by an align- 0.7 ' I ' ' ' ' '
ment of the densities on the different lanes. In contrast to the i o—o left
transition from the free flow to the synchronized traffic the o6} == right —
velocity difference between the lanes does not decrease indi +«—» middle |

cating that the breakdown happens due to a large perturbe
tion. Nevertheless, the breakdown of the velocity time series
can be observed at the same time on all lanes, which is ¢
consequence of the synchronization of the laffég. 27).

As the next step we analyze the so-called lane-usage in
version. The lane-usage inversion is a special phenomeno
observed on German highwal22] and concerns the distri-
bution of the total flow on the lanes. For low densities nearly
all the flow can be measured on the right lane.

However, above a certain density, the inversion point,
most of the flow can be found on the left lane rather than on
the right lane. This special observation can be explained by
the legal restrictions on highway traffic in Germany. Since
the left lane is the designated fast lane, vehicles must drive 0
on the right lane where overtaking is forbidden. As a conse- 0 2000 4000 6000 8000
guence, at larger densities cars keep on moving on the lef
lane in order to avoid being trapped behind a slow car on the
right lane. Thus, more and more flow can be found on the left  FIG. 28. Distribution of the total flow on the three lanes.

Y

Lane occupanc

Total flow [vehicles/h]
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FIG. 29. Distribution of the total occupancy on the three lanes. FIG. 30. Distribution of the total spatial density on the three
The data were smoothed by a running average. lanes.

Finally, at flows larger than 3500 vehicles/h the share of th
flow is larger on the left than even on the middle lane.

In contrast to the flow distribution the distribution of the
total occupancy shows no inversion points. As mentione
before, the transitions from free flow to either synchronized

%and to an asymmetric distribution of the vehicles on the
lanes(the flow inversion can also be observed on highways
(yvith a speed limit

traffic or wide jams is accompanied by an alignment of the
. - . . .\ VI. CONCLUSION
density as shown in Fig. 29. Right before the transition the
density is evenly distributed on the three lanes. Our analysis of single-vehicle traffic data leads to a more

For all densities there is a negative density gradient fronelaborated microscopic picture of highway traffic. In the free
the right to the left lane. With increasing density the differ- flow state correlations between the vehicles are only visible
ence between the lanes decreases but for no density mooa scales smaller than 1 min. The correlations result from
vehicles are on the left than on the right lane. However, aplatoons, i.e., clusters of cars driving bumper to bumper with
mentioned in Sec. Il occupancy gives the percentage of theery small time headways. Within these clusters the vehicles
measurement time the detector is covered by vehicles. Therefe driving with nearly the same velocity leading to a large
fore, the slower the vehicles are the larger the occupanciemporal stability of the platoons. With increasing size of the
since slow vehicles occupy the detector for a longer timeplatoons we observe a larger distance between the vehicles
than fast vehicles. In order to estimate the spatial density it ifnside the platoon.
necessary to measure the mean length of the vehicles on the In contrast to the highways without speed limit, on the
individual lanes. With the valued ;=4.25 m, Lyqqe  highways with speed limit drivers tend to drive with a larger
=4.57 m, andL,4,=8.3 m the density can be calculated temporal distance, i.e., the probability of very small head-
via Eq. (2). ways is reduced considerably and the maximum of the time-

As one can see in Fig. 30 there is indeed a lane-usageeadway distribution is shifted towards larger values. This
inversion. At densities well below a certain point more ve-may indicate that speed limits lead to a reduction of acci-
hicles are on the left than on the right and the middle lanesjents. But even more efficient than that would be the reduc-
leading to a negative flow gradient from left to right. In tion of the number of drivers driving with time headways
addition, the crossover of the density distribution occurscomparable to their reaction time, e.g., by equipping cars
analogously to the flow distribution at three inversion points.with devices that adjust automatically the distance to the
As a consequence of the large amount of trucks on the rigHeading car. Another remarkable effect that can already be
lanes, the left and the middle lane show nearly the same langbserved in the free flow regime is the synchronization of
occupancy that is considerably larger compared to the righgpeeds on the different lanes, which was predicted by differ-
lane. This fact is another indication for the decoupling of theent simulation studief25].
right from the left and the middle lanes. The velocity distributions that are important as an input

Thus, the lane usage inversion can be traced back on orfer macroscopic traffic mode[2], have the expected Gauss-
hand to differences of the average velocity between the landan shape for densities of 5—-10%. Surprisingly this is not
that lead to larger flows from right to left and on the othertrue for very low densities. There the distribution functions
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show a slight asymmetry, with an increased weight of largeghe Ministry of Economics and Midsize Businesses, Technol-
speeds. ogy and Transport for the financial support. We thank Uwe
The synchronized traffic state is known to be characterWefer from BIANDI Informationssysteme for useful discus-
ized by increased fluctuations, e.g., of the velocity time sesions and his technical advice concerning the inductive
ries, compared to the free flow traffic. On a microscopic leveloops. L.S. acknowledges support from the Deutsche Fors-
these fluctuations influence the time-headway distributionghungsgemeinschaft under Grant No. SA864/1-2.
on short time scales. The short headways are systematically
suppressed and the maximum of the distributions is shifted APPENDIX
towards larger headways. This effect may be explained by
the tendency of drivers to avoid frequent acceleration and The main problem in the analysis of empirical time series
braking[26]. Other consequences of the larger velocity fluc-is the irregular observation times or gaps in the observations,
tuations are the more rapid dissolution of the platoons iri-€., data that are not evenly spaced. In contrast, the classical
Synchronized traffic and the much h|gher Weight of sma||definition of the correlation function of two observabl¥s
velocities. The low speed part of the velocity distribution isandY measured al points
probably governed by acceleration and braking vehicles.
Wide jams can be identified by a triangular shape in the
fundamental diagram. Since they are not compact the trans- Cxy(7)= N ngl XnYn+r
portation of holes leads to small flows at small densities. The

analysis of the time during which a vehicle at rest covers gequires evenly spaced data. There are some approaches for
detector allows to estimate its acceleration time. This timeilling the gaps in the time series, but nevertheless the origi-
determines the outflow from a jam and is characteristic fohal time-series is changed by these methods. In order to cir-
wide jams. Our result of abo@2 s confirms the value found cumvent these problems, the correlation is calculated in the
in Ref.[11]. frequency domain and then transformed back to the time
The transition from free flow to either synchronized traffic domain. The Correlation Theoref@7] states that the cross
or wide moving jams is accompanied by a continuous alignspectrum of two functions is the Fourier transfoRrof its
ment of the density on the different lanes. The breakdown o&ross-correlation function,
the velocity happens simultaneously, which is a consequence
of the synchronization of the vehicle’s speed on the lanes. Cxy=F {Fx(0)F}(w)].
Empirical studies reveal that on German two-lane high-
ways the flow is distributed asymmetrically on the lanes.The Fourier transform of unevenly spaced daix,
This lane usage inversion is a result of the asymmetric dis=X(T,),n=1,2,... N} is computed after Ref28] and is
tribution of the vehicles on the lanes and can be found evedefined to be
on three-lane highways. It is increased by a negative velocity
gradient from the left to the right lane on highways without
speed limit.
Our analysis confirms the basic results of former empiri-
cal studieg4,5]. In particular, the characteristics of the time- where
headway distribution and the velocity-distance curve have
been found in both data sets. The new data allowed to clarify \ﬁ it ,
an open question about the occurrence of peaks in the time- Folw)=1/5e 1 thi=th—7(w),
headway distributiof4] that are most likely an artifact of

N—7

Fy(w)=Fq>, [AX,cog wt})+iBX,sin(wt/)],

the internal data handling of the inductive loops. The present
. 1 1
results show that a peak at a headway of 1.8 s does not exist.p w)= B(w)=
Finally, our results confirm that the basic driving strate- ’ _ ’
gies implemented in a recent cellular automaton traffic 2 coS(wt}) E sinf(wt;)
n n

model[26] match quite well the empirical situation. Of spe-
cial importance are the anticipation effects, but also the re-
duced gap acceptance in synchronized traffic. We also wa
to stress upon the fact that the different traffic states, which
have been identified by means of a spatiotemporal analysis E sin(2wt,,)
of time-averaged data, differ equally well with respect to _ g

their microscopic structure. From our point of view, this co- (@)= Ztan

herence between microscopic and macroscopic empirical ; cog2wty)
analyses supports the validity of the classification scheme.

nd

t, is determined by the origin of time. See Ré¢R8]
ACKNOWLEDGMENTS for details of computi_ng the Fourier transform gnd for a
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