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Single-vehicle data of highway traffic: A statistical analysis
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In the present paper, single-vehicle data of highway traffic are analyzed in great detail. By using the
single-vehicle data directly, empirical time headway distributions and speed-distance relations can be estab-
lished. Both quantities yield relevant information about the microscopic states. Several fundamental diagrams
are also presented, which are based on time-averaged quantities and compared with earlier empirical investi-
gations. In the remaining part, time-series analyses of the averaged as well as the single-vehicle data are carried
out. The results will be used in order to propose objective criteria for an identification of the different traffic
states, e.g., synchronized traffi§1063-651X99)06712-4

PACS numbgs): 05.60-k, 45.70.Qj, 45.70.Vn, 05.45.Tp

I. INTRODUCTION A more detailed characterization of the microscopic struc-
ture of the different traffic states should lead to sensitive
Experimental and theoretical investigations of traffic flow checks of the different modeling approaches. In particular,
have been the focus of extensive research interest during tfige time headway distributions and the speed-distance rela-
past decades. Various theoretical concepts have been devins: which have been calculated from the single-vehicle
oped and numerous empirical observations have been r ata, allow _for a quantitative _comparison with S|mu_Iat|on
ported (see, e.g.[1-25), and references therdinDespite results of microscopic model47,18. Moreover, the objec-

these enormous scientific efforts, both theoretical concepts é’ e criteria for an identification of the different traffic states,
well as experimental findings are still under debate. In pard€veloped in the framework of this paper, enable us to per-

ticular, the empirical analysis turns out to be very subtleform an unb|a§ed ana!y5|s of the experimental data.
_ The paper is organized as follows. In Sec. Il we present

because the data strongly depend on several external influ : . )
gly cep ome technical details of the given data set and of the mea-

ences, e.g., weather conditions or the performance of junc,s- . . . . .
tions[10]. Therefore, even certain experimental facts are no urements. The_ analysis of single-vehicle da“'?‘ is presented in
c. lll. Explicitly, we show results for the time headway

well established, although considerable progress has beéfr . " . .
g prog listribution and the speed-distance relations. These results

made in the past few years. Recent experimental observ q Y . based data f 3

tions suggest the existence of three qualitatively differenf'® C?}F‘"f‘afe tg Sar ||ersestml1\7tes r?se hon at? rfomhapa—

phaseg11-14: (i) Free-flow stateswhich are characterized nese hig Wayﬁl 20, n Sec. IV we show the results for the
fundamental diagram, i.e., the flow-density relation. Here we

by a large mean velocityji) synchronized statesvhere the ; e
mean velocity is considerably reduced compared to the fregpcus on the effect of different time intervals for the collec-
tion of data and discuss different methods of the calculation

flow states, but all cars are moving, afid) stop-and-go £ th X fund | di Finally. the ti
states where small jams are present. Synchronized traffi®! (he stationary fundamental diagram. Finally, the time-
series analysis of the single-vehicle data as well as of the

and stop-and-go states will be summarized camgested . :

statesin the following. Following Kernef11], three differ- aggregated data is presented in Sec. V.
ent types of synchronized traffic exist. Long time intervals of
constant density, flow, and velocity characterize the first type
(i). In the second typéi) variations of density and flow are The data set is provided by 12 counting loops all located
observable, but the velocity of the cars is almost constantat the German highway Al near Cologne. At this section of
Finally, there is no functional dependence between densityhe highway a speed limit of 100 km/h is valid — at least
and flow in the third typdiii) of synchronized traffic. theoretically.

This work focuses basically on two points. First of all, we  In Fig. 1 the section of the highway and the positions of
present alirect analysis of single-vehicl#ata which leads to the detectors are sketched. A detector consists of three indi-
a more detailed characterization of the different microscopiwidual detection devices, one for each lane. By combining
states of traffic flow, and second we use standard techniquelsree devices covering the three lanes belonging to one di-
of time-series analysis, i.e., utilization of autocorrelationsrection (except D2, see Fig.)lone gets the cross sections
and cross-correlations, in order to establidfjectivecriteria  labeled D1 through D4. The two detector arrangements D1
for an identification of the different states. and D4 are installed nearby the intersection of two highways

(AK KoIn-Nord), while D2 and D3 are located close to a
junction (AS Koln-Lovenich. These locations are approxi-

Il. REMARKS ON THE DATA COLLECTION

*Electronic address: neubert@traffic.uni-duisburg.de mately 9 km apart. In between there is a further junction but
TElectronic address: santen@thp.uni-koeln.de with a rather low usage. The most interesting results are
*Electronic address: as@thp.uni-koeln.de obtained at D1, where the number of lanes is reduced from
SElectronic address: shreck@traffic.uni-duisburg.de three to two for cars passing the intersection towardhKo
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FIG. 1. Sketch of the analyzed section of the German highway Al. The arrows indicate the driving directions. The detector pairs D1-D4
and D2-D3 are about 9 km apart; in between, an additional junction is located.

Lovenich. Therefore, this part of the highway effectively acts  Figure 2 also shows the bottleneck effect given by the

as a bottleneck. Consequently, congested traffic is most oftdane reduction near the intersection. At D1, the cross section

recorded at detector D1, and the analysis is based on this ddtehind the local defect, one gets a sudden drop in the veloc-

set. ity. On the other hand, downstream this cross section one
The data were collected between June 6, 1996 and Jurimds only a weak decay of the velocity, which represents the

17, 1996 when a total number of more than 500 000 vehiclesutflow from a jam.

passed each cross-section, nearly 16% of them being trucks

and truck trailers. During this period the traffic data set was IIl. ANALYSIS OF SINGLE-VEHICLE DATA
not biased due to road constructions or bad weather condi- _ _ _ o
tions. In this section the results for the time-headway distribu-

The distance headwayx as well as the velocity of the tions and speed-distance relations calculated from single-
vehicles passing a detector are collected in the data set. TH€hicle data are presented. For a detailed examination the
velocity v is derived from the time elapsed between thedata set was classified in two ways. As mentioned above, a
crossing of the first and the second detector installed in a roWiscrimination between free-flow and congested states was
with a known distance. The second direct measure is the tim@ade, followed by a classification due to local densities. In
elapsed between two consecutive vehicles. Due to storag®Pendix A, itis described how the local density is deduced
capacity reasons, only the time stamp with a rough resolutiofOm the data set. Whereas the first one was done by a simple
(only 1 sec) has been saved, but internally the high-resolute@Nd manual separation by means of the time series of the
time headway was used to determine the distance betweé&p€ed, the second one requires a more detailed explanation:
the vehiclen and its predecessor—1 via Ax,=v,_,At,. Every count belongs to a certain minute, and the local den-

This implies that the error in calculatingyx,, increases with

At,,, since the calculation is made under the assumption of a Fongested Traffic,

constant speed,,_;. It should be mentioned that this proce- IPS—— T 1 1600
dure gives correct results as long as the velocity of the ve- —D1J

hicle which has passed the detector is constant until the fol- —— D2y

lowing vehicle reaches the detector. So it is admissible to
overcome the restriction of the resolution applying the re-
verse procedure to recovAt, with higher accuracy as it has
been used in the framework of this paper.

For a sensible discussion it is plausible to split up the data
set according to the different traffic states. In.Rica typical
time series of one-minute aggregates of the speeds at the
detectors D1 and D2 is showiiNote: All shown figures
which concern aggregated data use 1-min averaging inter- 40 t
vals, if not mentioned otherwise. Flows and densities are s
measured per laneThe transition from a free-flow to a con- 6am. 7am. 8am. 9am.  10am.
gested state is indicated by a sudden drop of the local veloc- Time
!ty. This allows for an undoubted _3eparat|0n Of the Qata set FIG. 2. Typical time series of flow and velocity. The transition
into free-flow a!’ld congested .reglmes. The d's_t_',nCt'on beTrom free to congested flow is indicated by a sharp fall of the
tween synchronized states, which were only of t§if¢, and 5 erage velocity. Upstream of the bottleneck one finds a strong
stop-and-go traffic was done using the cross-correlan reqyction of the speed at D1, whereas the flow remains nearly con-
as described in Sec. V A. Then the analysis of the data hagant. Downstream of the bottleneck at D2, the outflow from a jam
been performed separately for the free-flow and congested recorded — the speed is almost constant. It increases again after
states excluding the transition regime. At D1, the most interthe jam at D1 has dissolved. For a proper characterization of the
esting installation, one obtains eight different periods of bothifferent states, we excluded the transition region, e.g., for the

free-flow and congested states. These periods are labeled byown realization of a congestion we restricted our analysis on the
numbers | through VIII. part of the time series between the two vertical lines.
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FIG. 4. The mean speed chosen by a driver depends on both the
FIG. 3. Time headway distribution for different density regimes. global traffic state and the gap between his predecessor. For a better
Top: In free-flow traffic theAt distribution is dominated by two orientation, the regions of characteristic temporal headways are also
peaks at 0.8 sec and 1.8 sec. Middle: In synchronized traffic, cargisplayed.
with narrow time gaps are found as well as a dominating peak.
Bottom: In stop-and-go traffic, short time headways are suppresseg¢an only be reached again by reducing the local density
The peak at 1.8 sec remains since cars are leaving the jam with[21,22. In the database considered here, such a sharp fall is
typical temporal headway of approximately 2 sec. not observable since all detected jams are caused by the
bottleneck downstream of the detector D1. Additionally, a
sity p obtained during this certain minute is the criterion for second peak emerges&t= 1.8 sec which can be associated
the classification. That is, it is conceivable that a distancevith a typical drivers’ behavior: It is recommended and safe
headwayAx is much larger than the mean distance headwayo drive with a temporal distance ef2 sec corresponding to
(Ax)xp~1 of the considered period. Moreover, for the a maximum flow of~1800 vehicles/h.
analyses made in this section a further distinction between Surprisingly, the small time headways have much less
synchronized states and stop-and-go traffic is necessary. Thigight in congested traffic. Only the peak&t=1.8 sec is
can be done using the cross-correlati@®n as described in  recovered, where the time-headway distribution now takes
Sec. V. the maximum value. But, nevertheless, the small time head-
ways (At<1.8sec) contribute significantly in synchronized
A. Time-headway distribution traffic. In stop-and-go traffic only the 1.8-sec peak remains
nd short time headways are suppressed. The asymptotic be-
avior is rather unsystematic and reflects the dynamics of
hicles inside the jams.
However, almost every fourth driver falls below the 1-sec
eshold, and this is more likely when the traffic is free-
wing. Moreover, our results indicate that the small time

In Sec. Il the way of calculating the time headwayfs, is Bg{a\g&any?r;fﬂgzvtgiyIg:sg;ggéggéw the transition regime

desctrlbedlzjn c:letallf. In prlncu:;!e, the alcctyrac% ?r]: tr]f mehasuC:e- The common structure of the time-headway distributions
ment would allow for a very Tin€ resoiution ot the ime head-j, -5, density regimes can be summarized as follows: A

way distribution, but in order to obtain a reliable statistics Webackground signal with exponential ded&j covers a wide

have chosen time intervals of length 0.1 sec. .

. . Lo . range of temporal headways, also fdt<<1 sec. Addition-
. In Fig. 3, the time-headway qll_strlbutlo_ns of different traf- ally, at least one peak is to be noticed, whose location is
fic states at different local densitipsare displayed. Regard- independent of the underlying traffic state

less of the value of the local density, all free-flow distribu-
tions are dominated by a two-peak structure. The first peak at
At=0.8sec represents the global maximum of the distribu-
tion and is in the range of time a driver typically needs to Probably the most important information for an adjust-
react to external incidents. On a microscopic level, thesenent of the speed is the accessible distance headway
short time headways correspond to platoons of some vehicleghis is captured by several models which use either a sta-
traveling very fast — their drivers are taking the risk of tionary fundamental diagraf23] or even more directly a
driving “bumper-to-bumper” with a rather high speed. so-called optimal-velocityOV) functionv=v(Ax) as input
These platoons are the reason for the occurrence of high-floparameter$20]. Therefore, a detailed analysis of the speed-
states in free traffic. The corresponding states exhibit metadistance relationship is of great importance for the modeling
stability, i.e., a perturbation of finite magnitude and durationof traffic flow.

is able to destroy such a high-flow state. Once such a col- From Fig. 4 it is obvious that the average speed not only
lapse of the flow and the speed emerges, the free-flow branaepends on\x itself, but also on the local density. In par-

So far, time-headway distributions have been investigateﬁl
with regard to traffic composition or daytinjg,9]. The sta- e
tistics were solely established on the basis of rather smaM
data sets. A classification according to different traffic statesy,
which will be presented in this section, was not used in eary,
lier publications.

B. Speed distance-headway characteristics



PRE 60 SINGLE-VEHICLE DATA OF HIGHWAY TRAFFIC: A . .. 6483
. ] . r e ————
300 # Free, p=0..10 veh/km 30 . .
© Free, p=10..20 veh/km A *0 20 | // Free—flowing traffic
A Sync., p=10..20 veh/km “0 / Fit v(Ax)<tanh(Ax)
- L /
_ & v.’m Sync., p=30..40 vieh/km . CadV U 10 // ———- Bando et al.
E 200 - * e, . ot T 0¥ : :
’00 | ** A 3
4 . I o A =
> 4 PR o a =20
= 0’ | . A S
T AAAAA 4 00+’ fa s 5 0L § 10 ¢
[¢}} O og 4
2 100 GcPobhn o : ;JSOOOOO > & 09
DQ@O@?‘ | ] u]
o Oy | QQ oog P .
o e A&O@i o o o 20
o of o DDDDDDS$DDDD il 10|
L e e 1 . e
0 —a—a B—a
-10 -5 0 5 10 0 .
Differences of Speeds Av [m/sec] 0 20 40 60 80 100

Headway Ax [m]
FIG. 5. The “driving comfort” is not decoupled from more
“technical” features, i.e., vanishing differences of speed allow one
to drive at the smallest mean distance headway.

FIG. 7. Fits of the empirical data using the anséitz. The
results are compared with the results giveri20].

ticular, the average speed for large distances in synchronized0.5 m/sec, because these should be relevant if an empiri-
states is significantly lower than for the free-flow states, bugcal OV function is demanded as input parameter for traffic
also saturated for sufficiently largkx. These observations models. By using this reduced data set, a better convergence
should be relevant for theoretical approac[‘%l_ of the OV function in the high-density regime is observable
Next we also took into account the velocity differences(Fig. 6). Nevertheless, at least the results in the free-flow and
Av,=V,_1—V, between consecutive cara{1 followed synchronized regimes strongly differ. This indicates that in
by n). The dependencax=Ax(Av) is depicted in Fig. 5. synchronized traffic the drivers not only react to the distance
The results clearly indicate thatx is minimized if both cars of the vehicle ahead, they also take into account the situation
move with the same velocity, irrespective of the microscopicat larger distances. It should be noticed that the dropping of
state. Note thatx is smaller than the mean distance derivedmeasurements withAv,[>0.5 m/sec leaves only a fifth
from the inverse of the local density. Similar results andpart of the data, but the quality of the OV diagrams does not
comparable conclusions were presented 28], where the  suffer very much from this restriction.
probability distributionP(v,—v,. ,) was investigated. Inthis ~In order to give explicit measures for the OV functions in
contextv, andv, , are the speeds of two arbitrary but not the different density regimes, we used the ansatz
necessarily consecutive vehicles crossing the detector with a
temporal d)i/stance of seconds. They also %bserved a peak at V(Ax)=k{tantia(Ax=b)]+c} @
Vi— Vi, ,=0 for anyr.

These observations are the motivation to determine an oyudgested by Bandet al. [20], wherea,b,c,k serve as fit

parameters.

function using exclusively the data whergAv,| _ . _ _
In Fig. 7 the empirical relationg=v(Ax) are displayed
averaging(top) over all states corresponding to free-flow,
30 | ' ¢ » (middle) over all synchronized states, afiabttom over all
y L . o
!/ o Fr00, p=0.10 vefukm erk?pmcal data sat|§fhy|ng the rgstr||ct|dﬂvn|§0.5 m/sci:fc.h
o5 | /8 £ Sync., p=10..20 vehkm 1 The comparison with an empirical OV function established
— ¢ B &7 A Sync., p=30..40 veh/km by analyses of a car-following experiment on a Japanese
§ 20 /,f \/;;/ o Syne., p=50..60 veh/km | highway[20] reveals a higher value of(~) and a slower
£ J< ZQ o5, o © increase of the OV function.
> 15 | : ! S0 Oﬁé%%q%@ o] The characteristic values of the different OV functions are
§ @y /A AR“QS VeI summarized in Table |, wher® denotes the distance at
3 L ARNALN, 4 w0 i which V(D) =0.95V/(«) holds. The numerical results show
»n 10 Smad Aa
A Emm:h Dﬁ‘ A &A A A
[m]
517 o "o s _ TABLE |. Characteristic parameters of the OV functions. The
I’ asymptotic values of the velocity(e) as well as the distanda,
0 keo . ‘ . . where 95% ofV/(D) is exceededrefer to Fig. 7.
0 20 40 60 80 100

Headway Ax [m]

FIG. 6. If only vehicles with/Av,|<0.5 m/sec are taken into Bando[20]
account, the resulting OV function differs slightly from Fig. 4. Es- Free-flow(top)
pecially in the synchronized states, the measurementsAfor
€[0.8 sec, 1.8 sgcare proportional ta\x; beyondAt=1.8 sec the

data points are rather scattered.

D V()
42.39 32.14
14.11 29.43
Synchronizedmiddle) 26.70 11.47
All states(bottom 57.70 28.64
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FIG. 9. Mean flow-density relation using the complete data set.
FIG. 8. Fundamental diagrams for different averaging intervalsThe continuous curve corresponds to an average of all flow values
At. The upper diagram shows time-traced data averaged dver for a given density while the discontinuous line is obtained dis-
=1 min while for the lower diagramdt=5 min has been useor  criminating between free-flow and synchronized states. Using the
an explanation of the structure, see also Appendix A and Fig. 16 |atter procedure, a nonunique behavior of the flow-density relation
The relative occupation is calculated using the maximal densityis observable which can also be seen near local defects in driven
during the measuring periog,,,,=140 vehicles/km. systems. Data points of the synchronized branch have been dropped
for low densities due to the unreliable statistics.
that when averaging over both free-flow and congested states
(Fig. 7, bottom the asymptotic regime of the OV function is one-minute intervals preferable.
reached at much larger distances. The unusual structure of the flow-density relation for
Our results for the OV functions can be summarized asmall speeds, especially the return into the origin of the co-
follows. In the free-flow regime the functions are character-ordinate system, must be traced back to the method of the
ized by a steep increase at small distances corresponding tietermination of the local density vilv, since the occupa-
the small time headways discussed in the preceding subseien itself was not accessible in the underlying data set. This
tion. For synchronized states it is remarkable that thebehavior will be explained in more detail in Appendix A.
asymptotic velocity takes a rather small value. Furthermore, In order to obtain thetationaryflow-density relationship,
our results show that it is necessary to distinguish betweewe generated histograms from the fundamental diagram. Due
the traffic states in order to get a more precise description oo the problems of the density estimation in stop-and-go traf-
the speed-headway relation. fic, we omit these states in the further discussion. In Fig. 9
the results for two averaging procedures are displayed. The
continuous form of the fundamental diagram has been ob-
IV. THE FUNDAMENTAL DIAGRAM tained by averaging over all flow values of a given density,
In this section we present results on the fundamental diawhile the discontinuous shape has been obtained by discrimi-
gram based on time-averaged data. The present data set BAting between free-flow and synchronl_zed trafﬂc.. It should
lows for a free choice of the averaging interval and overlapsPe mentioned that the shape of the continuous stationary fun-
Here we compare the results obtained for one- and ﬁvedamental diagram also depends on the statistical Welght of
minute intervals(see alsd1], p. 100. At the end of this free-flow and synchronized states. Therefore, from our point
section we discuss different methods in order to establish thef view it is necessary to distinguish between the different
stationary fundamental diagram. states in order. to obtain reasonable results for the stationary
In Fig. 8, fundamental diagrams for averaging intervalsfundamental diagram. _ -
At of one and five minutes are shown. Beyond the trivial Using the latter method, it turns out that_for hlgh densities
effect that longer averaging intervals lead to a reduction ofhe average flow takes a constant value in a wide range of
the fluctuations, one observes that both the extremal valuedensity. This plateau formation is similar to what is found by
of the density and the flow decrease with growitig More-  global measurementa driven systems with so-called impu-
over, the small flow values at very low densities are averagefity sites or defects, where in a certain density regime the
out if five-minute intervals are chosen. One might askflow is limited by the capacity of the local defel@6-29.
whether longent’s hide some real structure of traffic states Here the bottleneck effect is produced by lane reduction as
or whether the additional structure in the one-minute interWell as by the large activity of the on and off ramps at the
vals is a statistical artifact. From our point of view, the re- intersection(see Sec. )l
sults for the low-density branch, which agree for both aver-
aging_ intervals, i_ndicate that a _one-mi_nute interval is V. TIME-SERIES ANALYSIS
sufficient to establish the systematic density dependence of
the flow. Beyond that, microscopic states with short lifetimes As already mentioned in the Introduction, we propobe
can be detected using short time intervals, which makes thiective criteria for the classification of different traffic states
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FIG. 10. Typical autocorrelation functions of the local density, fic, By contrast, synchronized states are characterized by weak cor-
the average velocity, and the flow in a free-fléwp) and synchro-  re|ations between density and flow. Congested states where transi-
nized (bottom state. The insets show the fundamental diagram coryjons petween synchronized and stop-and-go traffic appear lead to
responding to the chosen time interval. intermediate values of, (0)~0.2, ... 0.5. The different periods

of free-flow and congested traffic are labeled by | through \4#de

using standard methods of time-series analysis. Beyond thagiso Sec. I). The dashed lines are a guide to the eyes only.
we will show that these methods allow for a further charac-

terization of the different states. the average velocity is almost constant. Again the results for
synchronized states differ strongly. Here all combinations of
A. Correlation analyses flow, density, and average velocity lead to small values of

The first quantity to consider is the autocorrelation }2? F;:?t:ngoirr:etlﬁg?Sﬂ;&:ﬁg}o&t&%éﬁ existence of irregu

Therefore, the correlation analysis of the empirical data is
= (X(Ox(t+ 1) = (x(1))? (2)  inagreement with the interpretations giver{ 12,13, where

(xz(t))—<x(t)>2 synchronized states first have been identified. The synchro-
nized states can be distinguished from stop-and-go traffic
of the aggregated quantitiet). The brackets ) indicate  [14] using the same methods.
the average over a complete period of a free-flow or con- Similar to free-flow states, stop-and-go traffic is charac-
gested state. terized by strong correlations between density and flow

In Fig. 10, the autocorrelations of one-minute aggregate§., ;(0)~1]. The pattern in the flow density plane obtained
of the density, flow, and average velocity of a free-flow andduring period Il is quite similar to the patterns of synchro-
a synchronized state are shown. In the free-flow state thmized states of typéi). However, in this case a stop-and-go
average speeds are only correlated on short time scalestate is realized, which is indicated, e.g., by the small values
whereas long-ranged correlations are present in the time sef the speed. Beyond that, also the autocorrelation function
ries of local density as well as of the flow. This implies thatshows an interesting behavior, namely an oscillating struc-
no systematic deviations of the average velocity from theure for all three quantities of intere@tig. 12. The period of
constant average value are observable, while the density andese oscillations is given by 10 min. This result is in ac-
therefore also the flow vary systematically on much longercordance with measurements by hae[30], who found os-
time scales up to the order of magnitude of hours. This longeillating structures in stop-and-go traffic with similar peri-
range signal reflects the daily variation of the traffic loads. ods.

This behavior of the autocorrelation is clearly contrasted The previous results allow us to establish the following
with the behavior found in synchronized traffic, whext  objective criteria for the classification of traffic states: Free-
temporal correlations are short-ranged irrespective of thélow and congested traffic can be distinguished using the
chosen observable. Both results show that longer time scalesne series of the mean speed, while the congested states
are only apparent in slow variations of the density during adiffer with respect to the cross-correlation between densities
day, while the other time series reveal a noisy behavior. and flow. In stop-and-go traffic, large values of the cross-

ay\ T

Furthermore, the cross-correlation correlation have been observed. The decoupling of density
and flow in synchronized traffic is expressed through
(XY (t+ 7)) = (X(ONy(t+7)) 75,3(0)=~0.
rx,y(T) = 3

V() — (x(1)) 2y (D)) = (y(1))?

indicates the strong coupling between flow and density in the These previous results show that the time-series analysis
free-flow regime(Fig. 11). This implies that the variations of allows for an identification of different traffic states. Now we
the flow are mainly controlled by density fluctuations while focus on the transition regime. Compared to the typical life-

B. Transitions between the different states
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1.0 . , , , Transitions from free-flow to both congested states are
2000 observable in the data set. The transitions take place at den-
. sities significantly lower than the density of maximum flow,
—— Density . " o .
———- Flow since the transitions are initiated by a reducthn of the capac-
05 Speed ity of the bottleneck and not by a continuous increase of the

local density. We also want to mention that the congested
states often are composed of stop-and-go and synchronized
states, i.e., during a time series corresponding to congested
traffic, transitions between both congested states frequently
occur.

The results of several other empirical investigations sug-
; gest that the transition between free and congested flow is
: : : : accompanied by a peak of the velocity variance at the tran-
0 20 49 90 80 100 sition[6,30]. Our analysis clearly does not support this result

Time  [min] (see also[31]). The existence and height of the peak is

FIG. 12. The autocorrelations of all three local measures in stop¢losely related to the length of the averaging intervals. But of

and-go traffic. All three local measures show oscillations around course these peaks are numerical artifacts. They show up
with a period of~10 min. because the time interval includes two different states but

they do not reflect any further characteristics of the transi-
time of a free-flow or a congested state, the transition is ofion.
short duration of approximately the order of magnitude of
15 min(see Fig. 13 for a typical time series of the local speed C. Correlation between different lanes
including a congested state

100

Autocorrelation z , (t)

o
o

In addition to the irregular pattern in the fundamental dia-
‘ ‘ . . gram, it has been argued that a characteristic feature of the
e——e Inflow into the jam synchronized states is the strong coupling between different
1600 r o---© Outflow from the jam 1 lanes[12,13. These interpretations are mainly based on the
fact that the average speeds on the different lanes approach
one another. Here this effect is not observable because due to
the speed limit even in the free-flow regime the average ve-
locities on different lanes only slightly diffefthe average
speed in the free-flow regime in the left lane is given by
~120 km/h and in the two other lanes by100 km/h).

Therefore, we calculatexgii ,xj(r) in order to quantify this

coupling effect. Here; denotes either the flow, the density,
or the speed in lane In Fig. 14, the cross-correlations of
‘ ‘ ‘ ‘ different lanes belonging to the same driving direction are
0 10 20 30 40 shown. The coupling between flow and density of neighbor-
Density p [(veh/km)/lane] ing lanes atr=0 in the synchronized state is comparable to
the free-flow state. It is also apparent that the free-flow signal
is veritable on long time scales, while in the synchronized
120 N state the correlation rapidly decays with time. Again this
a ———- Speed v [km/h] VooV result mainly reflects the daily variation of the density.
o(v) [km/h] The synchronization of the different lanes is indicated by
large vaIuesi[q,i NJ_(O)%O.Q] of the cross-correlation of the

I
{
!
|
:
! speed at-=0, while the time series of the speed on different
|
{
|
|
|

1200

800

Flux J [(veh/h)/lane]

400

20

lanes in free flow are completely decoupled.

D. Time series of the single-vehicle data

In the preceding section it could be shown that the rel-
evant time scales are identifiable by time-series analyses.

‘ - - Here these methods, in particular a generalization of the
8am.  9am.  10am.  1lam. cross-correlation function, will be used in order gain further
Time information on the different microscopic states.

FIG. 13. Transitions between free-flow and congested traffic. BY USing the single-vehicle data directly, it is not possible
The upper diagram shows one minute aggregates of the flow nearl@ €valuate the time dependence oft) in realistic units
transition from free flow to a congested state and vice versa. Fopecause the time intervals between consecutive signals
comparison, the time series of the one-minute aggregates of trgirongly fluctuate. Instead of the temporal differengegnow
local speed and their standard deviations are given in the diagratiie number of cars passing the detector between vehicle
below. andj=i+n is used.
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1.0 : : : : 1.0
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0 100 200 300 400 500 0.0
Time 1 [min] -0.2 ; . ; ;
20 40 60 80 100
1.0 ‘ . ‘ : Number n of consecutive vehicles
0.8 Jf +— Density ] FIG. 15. A long-range signal is obtained from the autocorrela-
o— Flow tion of spatial and temporal headways among free-flowing vehicles
06 »—— Speed i (top). The diagram below is related to synchronized states and
makes it clear that the correlations of the speeds are large on short

0.4 1 scales(up to 50 vehicles whereas that of the spatial and temporal

) Synchronized headways decays very abruptly.

Cross-correlation ~ (1)

free-flow regime. This leads to the following picture of the

microscopic states in synchronized flow: Similar to the free-

flow regime, platoons are formed with cars moving at the

‘ . ‘ ‘ same speed, but in synchronized flow these platoons are

0 20 40 60 80 100 much larger(of the order of magnitude of some ten ve-
Time t [min] hicles.

FIG. 14. Cross-correlation of flow, density, and speed of neigh-
boring lanes in the free-flow regime compared to congested states. VI. SUMMARY AND CONCLUSION
The shown data correspond to an average over all possible combi-

In this paper a detailed statistical analysis of si -
nations ofi andj. pap y f single

vehicle data of highway traffic is presented. The data allow
The behavior of the autocorrelation in the free-flow re-us to analyze the microscopic structure of different traffic
gime can be characterized as follows. For sm&lone ob-  states as well as a discussion of time-averaged data.
serves a steep decrease g{n) while an asymptotically Using the single-vehicle data directly, we calculated the
slow decrease is found. The crossover from a fast to a slowme-headway distribution and the headway dependence of
decay has been observed for a small number of cars (the velocity. Both quantities are of great interest for model-
~b). ing of traffic flow, because they can be directly compared
In the free-flow regime, the single-vehicle data basicallywith simulation result$32] or are even used as input param-
support the results obtained for the aggregated data, namedfers[20] for several models.
a strong coupling between the temporal headwéye Our analysis of the time-headway distribution has re-
single-vehicle analogy of the flomd=xAt™!) and the dis- vealed a qualitative difference between the free-flow state
tances(corresponding to the densityxAx ). Moreover, and both congested states, i.e., synchronized traffic and stop-
the slow asymptotic decay is mainly due to the daily varia-and-go traffic. The time-headway distribution of free-flow
tion of the density. A different behavior has been found forphases shows a two-peak structure. The first peak is located
~,(n). First the decay for smalh is not as fast as for the at very small time headwaysA\¢~ 0.8 sec) while a second
other signals, and second the function decays faster asympeak shows up akt~1.8 sec. The peak at small time head-
totically. The asymptotic behavior, in turn, is in accordanceways can be interpreted as a microscopic verification of
with the result drawn from aggregated data. But from ourmetastable free-flow states. The second peak is also observed
point of view the slower decrease for short distances is ofn congested flow. In synchronized states the small time
special interest. It implies that also in the free-flow regimeheadways, which contribute by the exponential underground,
small platoons of few cars moving with the same speed arare still of statistical relevance. On the other hand, in stop-
formed. These platoons lead to the pealk &t 0.8 sec in the and-go traffic small time headways are strongly suppressed.
time-headway distribution. Similar results have also been obtained for the speed-
Having Fig. 15 in mind,~(n) of synchronized state distance relation, the so-called OV functi@0]. It also
guantities behaves similarly, except for two differences: Noturned out that it is necessary to distinguish between free-
long-ranged signal is present for all quantities of interest, andlow and synchronized states. In particular, the asymptotic
the decay ofs,(n) for small n is much weaker than in the velocities in free-flow and synchronized states differ
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strongly. Moreover, a global average leads to different charebserve a small asymptotic velocity. This implies that drivers
acteristics at small distances. tend to hold their speed in dense states, another feature
For comparison with earlier empirical investigatiqd®—  which has to be captured by traffic models. Finally, one has
14,31], we also have used aggregated data in order to calctio take into account the reduced outflow from a jam which
late the fundamental diagram. Our results indicate that ondias been verified by other authors and is supported by our
minute intervals are preferable compared to five-minute petesults. _ _ _ _
riods (the effect of different aggregation intervals has also N conclusion, the analysis of single-vehicle data leads to
been discussed if6]), although these short intervals lead to @ Much better understanding of the microscopic structure of
larger fluctuations. Nevertheless, from our point of view, th d!fferent traffic states. Although our results give a consistent
single-vehicle data suggest that these fluctuations are not AiCtUre Of the experimental facts on highway traffic, an en-
artifact of the short averaging procedure but represent thia'9ed data set or data from other detector locations would be
complex structure of the different traffic states. very helpfu_l in order tolsettle the experimental findings. Elrst
The data have also been used to calculate a stationagj all, a series of counting loops would allow amore detaﬂgd
fundamental diagram. Again, our results reinforce that it is naIyS|s.c.)f the spatiotemporal structure of highway traffic,
necessary to distinguish between free-flow and congesté d gd_dltlonal data from on and off ramps would help to
phases in order to get reliable results for the average flow &f'Scriminate between bulk and boundary effects.
a given density. Then one obtains a discontinuous form of
the fundamental diagram and a nonunique behavior of the ACKNOWLEDGMENTS
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free-flow state is present, the flow solely depends on th
density. The time scale which governs the asymptotic decay

of the autocorrelation function is also determined by the

daily variance of the density. In principle, one could use the single-vehicle data directly

As shown in Sec. Il, one can easily distinguish free-flowin order to establish the velocity-flow relationship because
and congested states. By contrast, it is much more difficult t¢he speed and the time headw@hich is proportional to the
separate between time series belonging to stop-and-go amglerse flow of individual cars are provided by the detector.
synchronized states by inspection. Therefore,oaéfective  Unfortunately, an interpretation of these results is difficult
criterion is of great interest. It turns out that the time-serieshecause of the extreme fluctuations of the experimental data.
analysis provides such a criterion. Synchronized states arpherefore, we used aggregated data in order to determine a
indicated by small values of the cross-correlation betweefundamental diagram. In particular, we show the flow-
flow, speed, and density. Moreover, the autocorrelation funcdensity relationship of one- and five-minute aggregates.
tion is short-ranged for all three quantities. These results re- While the local flow is directly given in the data set, one
flect the completely irregular pattern in the flow density has to calculate the temporally averaged local densitias
plane[12,13 found for synchronized states. By contrast, inthe detector because the occupancy of a detector is not pro-
stop-and-go traffic, flow and density are strongly correlatedyided here. The occupancy of a detector denotes the fraction
On the other hand, the autocorrelation function reveals agf time when the detector is occupied by vehicles. The local
oscillating structurg30] with a period of the order of ten density can be calculated via the relation
minutes. In addition, it was found that transitions between
free-flow and congested flow are rare but transitions between p=Jlv, (A1)
the different congested states are more frequent.

The autocorrelation functions of the single-vehicle datawhereJ=<N is closely related to the total number of céds
have suggest that in the free-flow regime as well as in synerossing the detector during the time interfgk+ At], and
chronized states, platoons of cars moving with the same ver=2v,(t)/N is the average velocity of the cars. Note that
locity can be observed. Presumably, the platoons in the fredsoth the velocity,(t) of the individual cars and the flow
flow regime lead to the peak Att~0.8 in the time-headway are directly accessible. Therefore, this method should give
distribution and therefore to very large values of the flow. the best estimate for the local densityas long as the veloc-

From our point of view, our results have important impli- ity v,(t) represents a characteristic value of the local speed.
cations for the theoretical description of traffic-flow phenom-  Problems using this kind of density calculation may arise
ena. The short distance headways present in free-flow traffitom the strong fluctuations of the speed, especially in stop-
are only possible when drivers anticipate the behavior of thend-go traffic. Then the velocity recorded by the detector
vehicles in front of theni33]. Anticipation is less important gives a measure of the typical velocity ofovingvehicles
in congested traffic. Another important effect is reflected bywhile the periods when cars do not move are not taken into
the gap dependence of the velocity at high densities. Here waccount.

APPENDIX A
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FIG. 16. Simulation results using different methods for the calculation of the local density. Top: The filled symbols correspond to an
estimate calculated using E@\1), while the open symbols represent the occupancy of the detector. Bottom: Comparison of both estimates.
For p>30 vehicles/km, both methods strongly deviate from one another. Note that the density where these differences occur strongly
depends on the chosen calibration of the model.

Figure 16 illustrates the effect of the different measuringstill left with the problem of overestimating local speeds in
procedures using computer simulations. During the simulastop-and-go traffic.
tion of a continuous version of the Nagel-Schreckenberg
model (see Appendix B for a definition of the modeive APPENDIX B

used two kinds of detectors. The first detector is simply @ Tpe simulation results have been obtained using a space-
line crosswise the driving direction. At this line, measure-continuous version of the Nagel-Schreckenb@i§) model
ments of flows and velocities are performed. Then the locaj34 35 for single-lane traffic. Analogous to the NS model,
density is calculated via EqA1). This result is compared the velocity of thenth car in the next time step is determined
with direct measurements of the local density where the avyia the following four rules which are applied synchronously
erage occupation on a short section of the lattice is detecteeb all cars.

The figure shows that both estimates of the local density are Step 1: AccelerationV,,— min(V,+1,V -

in good agreement at low densities while at large densities Step 2: Deceleration(due to other vehicles V,
the estimates may strongly differ. The different estimates for—min(V,,d,).

the local density lead to different shapes of the fundamental Step 3: RandomizationV,—maxV,—),0) with A)
diagram. Estimating the density via the occupation of the<[0,1].

detector, we get the well known form of a high-density Step 4: MovementX,— X,+V,,.

branch while the calculation of the local density via E&1) The velocity of thenth car V, is given in units of
leads to a pattern which is similar to free-flow states but with5 m/sec.V,,,, denotes the maximum velocity,, the posi-
a much smaller average velocity. tion of the cars, andl,=X,,;—X,—1 the distance to the

Similar patterns have also been found in our datgse  next car aheadX,, andd,, are also given in units of 5 rthe
Fig. 8. Therefore, the simulation results indicate that thesdength of the cans A ) is a random number between 0 and 1.
periods correspond to stop-and-go traffic. Data points reprein our simulation we useV,,,,=8, which corresponds to
senting blocked cars are located in the origin of the funda40 m/sec in realistic units.
mental diagram. Using an occupancy-based density, the The discrete NS model is also able to generate such fun-
points belonging to the same period would be shifted to thelamental diagrams, but with a worse resolution — the line of
right. A deadlock situation would approacl(,,0), with  stop-and-go traffic has a rather steep slope. This is why we
Pmax the maximum density. We suppose that,,, decided to use the continuous version of the NS model. Note
=140 vehicles/km. that beside the better spatial resolution of the continuous
Finally, we want to mention that this problem cannot beversion, no qualitative difference between the continuous
circumvented using the speed-flow relation because one ind discrete version of the model has been found.
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