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Interpreting the wide scattering of synchronized traffic data by time gap statistics
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Based on the statistical evaluation of experimental single-vehicle data, we propose a quantitative interpre-
tation of the erratic scattering of flow-density data in synchronized traffic flows. A correlation analysis suggests
that the dynamical flow-density data are well compatible with the so-called jam line characterizing fully
developed traffic jams, if one takes into account the variation of their propagation speed due to the large
variation of the netto time gapéhe inhomogeneity of traffic floy The form of the time gap distribution
depends not only on the density, but also on the measurement cross section: The most probable netto time gap
in congested traffic flow upstream of a bottleneck is significantly increased compared to uncongested freeway
sections. Moreover, we identify different power-law scaling laws for the relative variance of netto time gaps as
a function of the sampling size. While the exponent-i4 in free traffic corresponding to statistically inde-
pendent time gaps, the exponent is abei/3 in congested traffic flow because of correlations between
gueued vehicles.
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Recently, the statistical physics and nonlinear dynamics oform of congested flow which is mostly found upstream of
driven many-particle systems have been key disciplines iitnhomogeneitiefe.g., freeway bottlenecksand claimed to
the discovery, interpretation, and simulation of phenomena ishow a completely different behavif®]. It is characterized
traffic flows [1-3]. The observed instability mechanisms, by an erratic motion of time-dependent flow-density data in a
jamming, segregation, breakdown, and clustering phenomwo-dimensional aredgand a synchronization of the time-
ena are now viewed as a paradigm for similar phenomena idependent average vehicle velocities among neighboring
granular and colloidal physid8-5], in biology (social in-  laneg [8]. More specifically, in synchronized flow, the slopes
sect$ [6], logistics (instability of supply chains and eco-
nomics (business cycles[7,4]. Empirical investigations Cltk+1)=[Q(ty+1) —Q(t) I/ [p(t+1) —p(t)] (2
[8—11] have particularly stimulated the development of traf-
fic theory[11-13. For example, it was possible to identify of the lines connecting flow-density data measured at a given
constants of traffic dynamics such as the propagation spedgeeway cross section at successive tieandt, . ; errati-
C~—15 km/h of wide jamg[14]. According to analytical cally take on positive and negative values, characterizing a
calculations by Kerneet al. for a macroscopic traffic model complex spatiotemporal dynamif8]. This is, in fact, one of
assuming uniformly behaving driver-vehicle units with iden-the most controversial subjects in traffic theory. It has not
tical parameters, fully developed wide traffic jams should bepnly been the reason for Kerner’s fundamental criticism of

characterized by a self-organized flow-density relation all traffic models assuming a fundamentsieady-statere-
lation Q;(p) between the flowQ and the density (i.e., of
3P, T prmas) = E( 1— %) 1) the vast majority of models suggested up to h¢®8,1]. It

PoEmad T Pmax has also triggered a flood of publications in physics journals

with various suggestions how to describe this wide scatter-
wherep denotes the vehicle density, while the average netting. The proposed interpretations reach from shock waves
time gapT (the time clearangeand the maximum density propagating forward or backward with speé&dt) [8,18],
pmax are assumed to be fixed parametgtS]. The depen- changes in the driving behavior in response to the traffic
dence of the flowJ on the density in Eq. (1) is sometimes  situation (including “frustration effects’) [19,17], anticipa-
referred to as “jam line"J(p) and does not necessarily agree tion effects[20,21], nonunique solutiong22], a trapping of
with the high-density part of the steady-state flow-densityvehicles[11], or multiple metastable oscillating statgk3].
relation Q;(p) for stationary and homogeneous traffic flow, Nonunique solutions are also expected for car-following
the so-called fundamental diagrdm5]. We note, however, models, in which the vehicle acceleratialv/dt is not a
that a linear flow-density relation for wide moving jams is unique function of the distance or veloc|t83]. Other expla-
not yet fully confirmed by empirical measurements and thanations based on a mixture of different vehicle types such as
aggregation methods used to determine macroscopic trafficars and truckg24] or a heterogeneity of time headwdygs|
data from single-vehicle data have a nontrivial impact on there easier accessible to empirical verification. In the follow-
measurement resultfl6,17]. Nevertheless, the slop€ ing, we will therefore focus on these. The particular ap-
=dJ(p)/dp=—1(pmaxT) is usually identified with the av- proach of this study is its restriction to empirical analyses to
erage propagation velocity of wide moving jarfs5]. In  avoid theory-driven interpretations. Although it has been se-
contrast to wide moving jams, synchronized traffic flow is ariously questioned that relatioil) would also be applicable
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to flow-density data of synchronized congested traffic flow, _ 1300
by correlation analysis we will surprisingly find a strong em-
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pirical support for the validity of relatioil), if the average 1400 1400
netto time gap is treated as a dynamical variable. 1200 1200
This requires single-vehicle data, which were recorded by 1000 —

double induction-loop detectors for the Dutch freeway A9.
The measured data include, for each lane, the passagef’time
of vehiclei, its velocityv;, and its lengtH;. From this, we
determine the individual netto time gaps @ig=t°—t? ,
—li/v;. As discussed in Ref27], we obtain macroscopic
guantities by averaging oveN=50 successive vehicles, FIG. 1. (Color online The two-dimensional scattering of em-
which gives a better statistics than averaging over a fixedirical flow-density data in synchronized traffic flow of high density
time interval. Thus, we obtain the empirical traffic flow at =45 veh/km/landsee(a)] is well reproduced by the jam relation
time tk:(llN)EikL\‘(k—l)N+1tiO by Q(tk):1/<ti0_ti0—1> (2), \_N_helrlw not only éhe \/_art'l_atlonf (t);: the denSIt:f bu'fgalsg tt::e

0 0 . empirica measurea variation o e average ume e
=N/(tin~t-jn) and the average netto time gap by magimumydensitypmax are taken into accourﬁgee(b)]. Tflaw?simi-
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1 KN larity between the experimental data and relatibnis partly be-
T(t)=(T))=— ‘ E T, :wa N 3) cause the_r density(t,) plotted in(a) and(b) (the x value is deter-
N i=kDN+1 mined with the same formuld4), but the agreement of the

empirical flow Q=1KT;+1;/v;) and of the theoretical relation
Likewise, we define the vehicle densjlyand the maximum  J(p, T, pma) =L 1=} {vi(Ti+1; fv;))JKT;) (they values is not trivial,
density pmax bY as even low-order approximations of these formulas differ. The pure

density dependencé(p) (thick black ling is linear and cannot

1 1 KN o .0 explain a two-dimensional scattering. However, variations of the
(1) =N i=(k—§1:)N+1 vi(ti —ti_q), (4)  average time gajfi change its slope-1/(pmaT) (Se€ arrows and
about 95% of the data are located between the thin ligsT
1 1 kN iZAT,lll):(l_—pI)/(?tZAT), wherel=3.6 m is the average
—:<|i>: — ;. (5) vehicle lengthT=2.25 s the average time gap, ahd@=0.29 s the
Pmad tk) N i=kDN+1 standard deviation of. The predicted form of this area is club

) ) shaped, as demanded by Kerh#8].
For a given loop detector on the left lane, we consider all

time intervals with congested trafficlefined byp(t,)=45 Corr(AQ,AJ;)=0.918, Corr@Q,AJ)=0.938. As a
Vﬁhides Ker(ﬂlgn:eter and lahand corpp:;l]re the t_e_mpltl)ral cons(equéncg?)hypothe,sﬂis) ass%m{ng (g) I)inear variation of

¢ angesd(fgl _.LQEKH%_QUK)] %. t 3 bemplrlc\:/:lvy the flow with the density is in fact a poor description of
measured tiow with the changes pre |cte' y Elq'. N “synchronized” congested traffic data due to their two-
W'" compare ”"?e hypotheses b_y Co”e'a?“on analy(_s;)sp dimensional scattering. However, hypothe@is taking into

is treated as an independent varla_p le defme«(l4[)>,ywh_|le T account the dynamical variation of the average netto time
and prax are.treated as parar_netefﬂ;) p and 1T are lnde-. gap T, yields a strong correlation, which indicates that we
pendent variables defined directly from the single-vehicle .\« identified the main reason for the wide scattetsap

data via Eqs(4) and (3), while ppay is a parameteniii) p,  Fig 1) Taking into account a variation gf, . with the truck
LT, and 1pma are independent variables defined by EQSfaction improves the correlation coefficient only a little.

(3)—-(5). The firs(t;i)g()jer Taylor approximations for the tem- ence the maximum density, which influences the density
poral changeAJ(q) ~'=[J(a)(tk+1) ~J(a)(t) ] OF the corre-  niset of the jam line, is an unimportant explanatory variable.
sponding theoretical vehicle flows are obtained by differeny contrast, the netto time gapdetermining the slope of the
tial of relation (1) with respect to the independent varlables,jam line [see Eq.1)] is highly significant. For this reason,

but not the parameters: we will investigate the characteristic features of the netto
1 time gap distribution more closely.

A‘]E:§+ 1 _ —T[P(tk+ D—p(t)], (6) The variation of _th_e average time gaps W|t_h time can on_ly

Pmax be relevant, when it is large. The time gap distribution is, in

fact, surprisingly wide, and it has so-called heavy téilse

AL A gk D) | p(ty) 1 1 Fig. 2. To investigate this, let us calculate the variance of the
@iy =0 Pmax || T(teer) Tt |’ sample-averaged time gaps as a function of the sampling size
A= gl v 20 { T } 1 Y
(iii) (ii) Tt | Pmadtk+1)  Pmadt) varT)= NG 2 (TI(N)_?)Z' 7
_ =

Our statistical analysis gives the following correlations Corr
(AQ,AJ(4) = (SAQWAIMN(ZAQM2) (3,430 21"  where (+1) runs over the first-vehicle indices of all pos-
for the hypothesesa= (i)—(iii): Corr(AQ,AJ;)=0.347, sible samples o consecutive vehicles in the dataset of size
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?6 (e) : O\ereDeCElb?g - ‘1::6 ® . Ofvfegeﬁlgtv; - FIG. 3. (Color onling Variance of the average time gapss a
2 Medium — g - Medium — function of the sampling siz®&l, separately measured for free and
22 M B2l e T congested flows at loop 4 on the fast lane. While in free flow, the
o Al S | /. Sl . o . . .
EOU 1 2 3 4 5 3 O0 1 2 3 4 5 relative variance is consistent with the expected power-law expo-
Netto Time Gap (s) Netto Time Gap (s) nent of y=—1, it decreases much slower within the congested
Loop 7, Slow Lane, Truck-Car, l=0m Loop 7, Slow Lane, Car-Truck, l=0m  raffic regime, namely with an exponent gf —0.67, causing the
Eef@ Free Flow -1 & [(0) Free Flow --- significant variation ofT.
S Low Density -- > Low Density --
% dium Density — 24 Medium —
Q - . . . . .
%2 ATt %2 7 S N before calculating Eq7), which limits the scaling range of
&0 2 3 4 5 &0 2 3 4 5 relation (8). For a givenN, variance(7) decreases with in-
Netih Time Gap(s) Nefio Tihie Gapis) creasing densitysee Figs. 2 and)3as less and less space is
Logp- 3 156 8 9 10411 12 available for time gaps larger than the safe time gap, but the
"""""" ;\'""“"—"““"""H““"“ variance is also a function of the sampling sideFor free
(i) traffic flow (with p<15 veh/km/lane), we observe the
T = 43.3 42.341.841.3 40.8 39.6 37.6 36.936.6 36.9 km power-law behavior vai{)«1/N, as expected for statisti-

cally independent time gaps in free traffic. At high vehicle

FIG. 2. (Color online (Netto) time gap distributions at different densities(with p>35 veh/km/lane), however, we find the
cross sections of the Dutch freeway ASee the sketch iri)], ower law ' !
r

separately measured for the fast and the slow lane, for car-car, cap -
truck, and truck-car interactions, and for different density regimes,
namely free flow p<10 veh/km/lane), low densitiedree traffic var(T)=N” ®

with 10<p<25 veh/km/lane), medium densitiésostly congested

traffic with 25< p<<50 veh/km/lane), and high densitiémongested  with an exponeny~ —0.67 (see Fig. 3 That is, the relative
traffic with p>50 veh/km/lane, only observed upstream of seriousvariance decreases much slower with the sampling size than
bottlenecks Densities were determined as 50-vehicle averages, andxpected, implying thathe time gaps do not average well
trucks were defined by a vehicle lend{f=6 m. The time gaps of and fluctuations of average time gaps remain significant for
trucks with respect to cars are, on average, considerably higher thaaasonable sampling sizes Nhis is related to surprisingly

the ones of cars with respect to other vehicles, which causes a larggide time gap distributions and results from correlations be-
variation of individual time gaps. However, even the variation of t\yeen queued vehicles, which are probably due to platoon
Fime gaps among cars is con_siderable. A remarkgble point _is thf“ormation[ll], but may also be caused by dynamical vehicle
increase in the most probable time gap from 0.75 s in free traffic  jtaractions. The reproduction of this scaling law will be a
the fast langto considerably higher values in congested traffic up-geinys test for microscopic traffic simulation models, which
stream of a bottlenedK.2 s at medium densitites and 1.9 s at high are needed to reveal the detailed mechanism behin(.:l it.
deqsities at loop 4 compared to 0.75 s at loop 12 in all density According to Fig. 2, the time gap distribution is not only
regimes ad 1 s atloop 7 at medium densities, séa, (©), (€); the dependent on the density, but also on the measurement cross

values for the slow lane are somewhat highdtis “frustration tion( ificall th lative | i ith
effect” is still slightly active immediately downstream of a bottle- sectionimore specitically, on the relative location with re-

neck (loop 7), in contrast to freeway sections, which are neverSpeCt to bottl_enecks of the freewayt has been §uggested
seriously congestefdoop 12. It is also observed for finite mini- [26] that the Increoaseo of (t)he most prob.ablmtto time gap
mum bumper-to-bumper distances of, for exampje; 1.5 or 3 m,  (time headway Aty'=t;—ti_;=T;+1;/v; in congested traf-
which is considered by replacirig by (I;+1,) everywhere. fic compared to free traffif10,27] is due to the drop of the
vehicle velocityv;, increasing;/v;. However, an increase

- . ) . is also observed for the most probahkttotime gapsT; (see
|, T{V=(UN)=IZ[%,T; is defined as moving average of the Fig. 2. This increase is most pronounced at cross sections
time gaps of theN next vehicles(Veh), and T=3{_,T;/l  upstream of bottleneck®.g., on ramps where vehicles are
=T{) is the global average. To account for artifacts causedjueuing. We interpret this increase of the netto time gaps as
by the daily variation of traffic flow, we applied a high-pass “frustration effect” of drivers after a considerable queuing
filter (with cutoff periodN.=500) to the single-vehicle data time, which is supported by other observations as well
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[3,28]. The frustration effect is most significant at freeway line and causes the two-dimensional scattering together with
sections, where the accumulated time of driving under conthe variation of the vehicle density. The surprisingly strong
gested conditions is high, and it decays with increasing revariation of the average time gaps was due to the fact that the

covery time. At freeway sections, where serious congestiofOWer law relating the variance of the time gaps with the
never occurs, there is no relevant increase in the most prot?—amIOIIng size had a considerably sma!ler .exponeylnt
o ) X _ . ) ~—2/3) than expectedy=—1). Hence, distinguishing dif-

able netto time gap with growing densitgee Fig. 2 Fi-  ferent forms of congested traffic based on the scattering is
nally, we note that the time gaps in front of long vehiclesquestionable. We also found that the increase in the most
(“trucks”) are much higher, on average, than in front of probable time gap in congested traffic is site dependent and
short vehicleg“cars”), as expectedsee Fig. 2 This sup- not attributed to a drop in the vehicle velocity, indicating a
ports the theory suggested in RE24]. “frustration effect.” Traffic models considering the dynami-

In conclusion, we have found an interpretation of the wideca@l changes of the netto time gaps can reproduce empirical

scattering of flow-density data in synchronized congeste@pPservations more realistical[4,17.

traffic based on the jam relatiod(p), but taking into ac- The authors would like to thank Henk Taale and the
count the time-dependent variation of empirical netto timepytch Ministry of Transport, Public Works and Water Man-
gaps among successive cars. This variation is related to timégement for providing the induction double-loop single-
dependent changes of the slope= — 1/(pnax!) Of the jam  vehicle detector data.
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