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Experimental Features of Self-Organization in Traffic Flow
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Features of the “stop-and-go” phenomenon are found. First, the local phase transition “free-flow
synchronized flow” is realized. Then the “pinch effect” in synchronized flow occurs. In the
pinch region a complex sequence of narrow jams is self-formed. The following transformation
of the narrow jams into wide jams determines a scale in distances between stop-and-go patterns.
[S0031-9007(98)07447-X]

PACS numbers: 89.40.+k, 47.54.+r, 64.60.Cn, 64.60.Lx

Almost every driver met the “stop-and-go” phenome-a vehicle and measures its crossing speed. A local road
non, i.e., a complex flow pattern consisting of numer-computer calculates the flow rate and the average vehicle
ous traffic jams (e.g., [1]). Already in 1958 Chandler, speed in 1 min intervals.

Herman, Montroll, Komentani, Sasaki [2], and later other Numerous observations suggest that, if an initial state
authors (e.g., [3]) proposed that there is a density rangef traffic flow is free flow, onlysinglejams can be self-
where homogeneous states of traffic flow due either to aformed (an example is shown in Fig. 4 in [8]). In contrast,
instability or to some other kind of phase transitiaes-  stop-and-go traffic flow has been observed, if an initial
not exist and therefore the stop-and-go phenomenon hastate of traffic flow is synchronized flow. The general
to occur [2,3]. A different scenario of self-organization features of the stop-and-go phenomenon are as follows:
has been proposed in 1994 by Kerner and Konhauser [4], (i) A local phase transition from free to synchronized
and later in other papers [5]Beforethe mentioned den- flow occurs [Fig. 1(b), D6, up arrow at 6:27] [9]. This
sity range is reached, there should be a broad range sfnchronized flow persists over a long time.

lower densities where homogeneous states of free traffic (i) Numerousnarrow jams, which move and grow in
flow are metastablestates and “the local cluster effect” the upstream direction, appear [down arrows 1-8; D4,
leading to jam formation can occur. While experimentalFig. 1(b)] [10]. The velocity of narrow jamsg namow IS
features of jam’s propagation in free traffic flow [6] are in more negative than the velocity of the downstream front
good agreement with the theory of the local cluster effecof wide jamsv,: vg namow = (1.1-1.3)v,.

[4], experimental data suggest that homogeneous states of(iii) If the distance between growing narrow jams is
traffic flow canexist in the whole possible vehicle density relatively low, then after the growth of one of the narrow
range [7,8]. Apparently for this reason, it turns out thatjams has finished by a formation of the first wide jam
the realscenario of self-formation of stop-and-go patterns[solid down arrows 1; D4-D1, Fig. 1(b)], either (1) those
found out in the Letter shows peculiarities which have notarrow jams which are nearest to the wide jam in the
yet been found in traffic flow theories (see [1-5] and ref-downstream direction catch up and merge with it and/or
erences there). (2) the further growth of nearest narrow jams is damped

Between 1995 and 1998 stop-and-go traffic flow on[Fig. 1(b), dotted down arrows 2, 3; D4-D2]. Only the
the German highways A5, Al, A44, and A3 have beergrowing of a narrow jam which is far enough downstream
investigated on different days. It has been found oubf the wide jam leads to the formation of a second wide
that the features of this phenomenon are similar in aljam [solid down arrows 4, D4-D1, Fig. 1(b)]. After the
cases. Therefore, general results made in the article magecond wide jam has been formed, the process either of
be illustrated byrepresentativedata sets measured on a the damping or of the merger of the narrow jams which
section of the highway A5 [Figs. 1, 2(a), 2(b), and 3]. Theare nearest to this wide jam in the downstream direction
section of the highway has three intersections with otheis repeated, and so on [dotted down arrows 5 or 7; D4-D2,
highways (11, “Friedberg,” 12, “Bad Homburger Kreuz,” Fig. 1(b)]. As a result, a sequence of wide jams is self-
and 13, “Nordwestkreuz Frankfurt”) and is equippedformed. There is a certain scale [2.5-5 km, Fig. 1(b)] in
with 24 sets of induction loop detectof®1,...,D24) distances between the downstream fronts of these wide
[Fig. 1(a)]. Each of the sets D4-D6, D12-D15, and D23,jams [solid down arrows 1, 4, 6, 8; D1, Fig. 1(b)]. This
D24 consists of four detectors for a left (passing), ascale can be noticeably higher than the mean distance
middle, and a right lane, plus one for the lane relatedetween narrow jams [down arrows 1-8; D4, Fig. 1(b)].
to on-ramps or to off-ramps. The other sets of detectorgfter the sequence of wide jams has been formed, no
are situated on the three-lane road without on- and offnarrow jams occur between the wide jams anymore even
ramps, where each of them thus consists of three detectoifssynchronized flow is formed in the outflow of a wide
only. Each induction loop detector records the crossing ofam [D1, Fig. 1(b)].
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—15 km/h. (b) Dependence of the mean distance be-
tween centers of narrow jams on the average vehicle speed
between jams in the pinch region (solid curve) which was
derived by averaging 216 actual data points from 42 days
during 1996-1998 on the highway A5 [Fig. 1(a)]. (c) A
schematic concatenation of states of free flow (curye
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and of states of synchronized flow (hatched region) with
the line J. The regions of homogeneous and nonhomo-
FIG. 1. Stop-and-go phenomenon: (a) Schematic configurageneous states of synchronized flows are quantitatively
tion of the highway section. (b) The dependence of the vehiclapproximately the same in the flow-density plane (hatched
speed at different detectors on time. region); the left and the upper delimiting points of these
regions approximately ar€20 vehiclegkm, 1600 vehicleg'h)

. (syn) .
. .__and (40 vehiclegkm, gmax” = 2600 vehiclegh) (left lane).
(iv) Independently on whether free or Syr]Chron'ZEdNote that the existence of three qualitatively different phases

flow is formed in the outflow of wide jams their down- of traffic [7], (i) Free flow, (i) synchronized flow, and
stream fronts move stationary with the same mean velodiii) jams, indicates that highway capacity depends on which
ity v,. Therefore, as in [6], the downstream fronts of phase (i, ii, or iii) the traffic is in. The related “maximal ca-
the jams may be represented in the flow-density plane byacity” for free flow isq(e), for synchronized flow it isqfﬁii),

the characteristic line for the downstream front of a wideand downstream of a wide jam it G- gl /Goue = 1.5
jam which as of now will be designated #@ise lineJ  [6]. Usually ) = gt > gy

[Fig. 2(a)]. However, if synchronized flow is formed in

the outflow of the jams as it occurs in Fig. 1(b) (D1), then

the flow out of a jamgeer” can be lower and the vehi- are lying noticeably above the lingin the flow-density

o L (syn) . plane and (2) a sequence of growing narrow jams
cle density in the outflow of the jam,;, can be higher spontaneously occurs, can be called'pnch effect’

than _tge rzlqte%aviragef Vahﬁgﬁ‘ andpfmi“ fo[jt_hetﬁase ¢ in synchronized flow.The related region of a highway
considered in [6] when free flow was formed in the ou “where the pinch effect occurs can be calledpinch

flow of wide jams. B_e5|de5qf,‘11ytn) and pr(;iyl?) are noticé-  region.” The downstream boundary of the pinch region
ably changing over time. Therefore, the left coordinatejs ysyally situated in the vicinity of the location on a
of (?h‘:;‘ I|r(1ve{ which is approximately related to the point highway where synchronized flow is either maintained or
(Pmin »qout ) [Fig. 2(a)] performs complex slides along self-maintained [Fig. 1(b), D6]. The upstream boundary
the lineJ over time. of the pinch region is usually correlated with the location
(v) The processes of the spontaneous appearanc&here narrow jams begin to transform into wide jams [D3
the growing, and the upstream moving of narrow jamsn Fig. 1(b)].
mentioned in item (ii) are realized in a region of a (vi) Inside the pinch region the mean distance between
highway where states of synchronized flow outsidecenters of narrow jamB .o iS an increasing function of
of narrow jams are lying noticeably above the lide the vehicle speed in synchronized flow where the narrow
in the flow-density plane. The latter effect is linked jams emerge [Fig. 2(b)]. However, after narrow jams
to a spatial compression of synchronized flow; thehave transformed into wide jams, distances between them
vehicle speed is lower and the density is higher incan retain over long time independently both on the speed
this region [e.g., in Fig. 1(b) outside of narrow jams of vehicles and on whether synchronized or free flow is
the mean vehicle speed and the density were as foformed between the wide jams.
lows: at D6, vsy, = 60 km/h, p,, =~ 28 vehiclegkm; Observations show that both synchronized flow and
at D5, Ty, =~ 35km/h, p, =~ 45 vehiclegkm; at the pinch effect, which triggers off the self-formation of
D4, Ty, = 40 km/h, b, =~ 40 vehiclegkm; at D3, stop-and-go patterns, occoonsiderably more frequently
Tsyn =~ 57 km/h, b, =~ 28 vehiclegkm]. The com- in the vicinity of on-ramps, off-ramps, and other free-
pression of synchronized flow, where (1) states of flomway bottlenecks. It is clear that a bottleneck introduces
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a permanent nonhomogeneity in traffic flow. It can be To explain the conclusions (i)—(iv), recall that (1)
suggested that this nonhomogeneity plays the role dfiomogeneous states of synchronized flow covewe-

a “trigger” (“permanentnucleus”) for the phase transi- dimensionalregion in the flow-density plane [hatched
tion “free — synchronized flow” and for further either regionin Fig. 2(c)] [7,11] and (2) metastable state(? 0;‘ free
maintaining or self-maintaining of synchronized flow [8]. flow are related to the density rangg, < p =< pmax
However, self-organization can occur in traffic flow out- [Fig. 2(c)] [4,6]. In Fig. 2(c) it has also been taken
side any bottlenecks. An example of this is shown ininto account that homogeneous states of synchronized
Fig. 3. Here the whole chain of processes: (1) Thelow and states of free flow overlap in densities [see
phase transition free> synchronized flow (at = 06:36,  Fig. 3(c), D3 in [8]]. Considering states of both free and
D18, up arrow), (2) the following induced transitions up- synchronized flow, note that wide jarsannotbe formed
stream (D17, up arrow) and propagating synchronizedn any states of flow situatelselowthe lineJ [Fig. 2(c)].
flow downstream (D19, D20, up arrows), (3) the pinchIndeed, let a state of flow directly upstream of a wide jam
effect (D20), (4) self-formations of a narrow jam (at be related to a points” in the flow-density plane which

t = 06:50, D20, down arrow) which (5) then becomes ais below the lineJ. Because the value of the velocity
wide jam (D17, down arrow) occusutsideon- and off-  of the upstream front of a wide jamé,“p“ream) equals the
ramps. A single jam (down arrows) is self-formed in syn-slope of a line fromb to the point(pmax.,0), the related

chronized flow because the synchronized flow in this casgpggiute Va|u¢U§uPS‘r°am>| is always lower than that of the

is self-maintained only during a relatively short time in- yo\wnstream fronju,| given by the slope of the ling.
terval. Observations suggest that the formation of Singl‘?herefore, the width of the jam is gradually decreasing.

jams in an initial free flow owing to such “double” phase otherwise, if a flow which is upstream from a wide jam is

. ream . .
transitions free— synchronized flow— jam g‘Fl_g. 3’)' IS bovethe lineJ. thenlvéupsl ea )l > Jugl: i.e., the width
a considerably more frequent event that the “direct” phase . . . . S
transition “free flow— iam” of the jam is gradually increasing. Therefore, wide jams

jam-. . . can be formed in states of flow above the lihe On the
It may be concluded that the following main processes .
. other hand, observations suggest that states of both free
accompany the self-formation of stop-and-go patterns;

(i) occurrence of a phase transition free synchronized and synchronized flow abov_e the lidecan existfor a .
. o . long time [7,8]. Therefore, it may be proposed that (i)
flow, (i) maintaining of synchronized flow for a long

time, (iii) occurrence of the pinch effect in synchronizedthe lineJ determineghe thresholdf the jam’s existence

flow Where arowing narrow iams appear pronagating u and (ii) the lineJ separates all homogeneous states of
9 9 J ppear propagating Uby, o, free and synchronized flow into two qualitatively

stream. The mean distance between centers of emergifgt, ’ . :
narrow jamsR,, is an increasing function of the ve- erent classes_. D) In states which are r_elated to points
hicl di ‘}[‘F]”OW. h redi ) Wha is rel in the flow-density plane lying below the link no jams

icle speed in the pinch region. (V) Whéliamoy, IS rela- can be excited or exist, and (2) states which are related

tively low, then after the growth of one of the NAITOW 4, points in the flow-density plane lying on and above the

jams has finished by the self-formation of a wide jam, ®line J are “metastable” states. In the metastable states

ther narrow jams nearest to t.h's .W'de jam are supprgsse(%ly those local fluctuations whose amplitude exceeds
and/or they merge with the wide jam. Onlyanarrowlamsome critical amplitude grow and can lead to a jam

\(/jv_hlcrtl_ is flar (énotugt:: frfom tht? W'dftLam In :h‘?fownsn_?_ﬁmformation, Although it is not possible to give quantitative
Irection leads to the formation o the next wide jam. ThiS o1t apout the critical density fluctuations [12], some
successive process of self-organization determines a scaaI

oo 2 Bialitative conclusions may be suggested [13]. Note that
in distances between th? wide jams. (v) Independent_lyo e critical amplitude is maximal (it is a finite value
the state of flow which is formed in the outflow of wide b

. . . - because it cannot exceed the jam density) on the line
jams, their downstrea_\m fronts propagate stationary wm} [Fig. 2(a)]; i.e., the probability of the growth of local
the same mean velocity. j '

perturbations in the related states of flow is extremely

small. Because a synchronized flalivectly downstream

17.03.1997, — leftlane ~— middlelane - right lane of a wide jam is related to a poir(y)fsiyf),q((,suytn)) being

vim/b] pp3 - vlkm/b] D21 vfim/b] D19 vlim/n] pi7 in the vicinity of the lineJ [Fig. 2(a)], the growth of
el ; narrow jams nearest to the wide jam downstream is

suppressed. However, even if the flow rate downstream

remains the same, states of flow which déae enough

0 0+
06:20 06:30 06 200 07:10 06:20 2 07:10

vikm/m] 0650 v[km/b] p ) ; ) . ) .
04 ,‘06 30 [m v] D18 | downstream of the jam, in the pinch region, lie noticeably
7 T06_36 above the line/, because (1) states of synchronized flow

cover atwo-dimensionategion in the flow-density plane

o . i JFig. 2(c)] and (2) the vehicle density in the pinch region
FIG. 3. Self-organization without bottlenecks: Dependencies i . (syn) .
of the vehicle speed on time at the detectors D23-D16 showts considerably higher thap;,* [Fig. 2(a)]. As a result,

in Fig. 1(a). the critical amplitude of local fluctuations in these states
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may be considerably lower than on the threshold, the line[3] I. Prigogine and R. HermanKinetic Theory of Vehic-

J. For this reason, local fluctuations may grow in the ular Traffic (American Elsevier, New York, 1971); M.
pinch region. This may explain the occurrence and the  Schreckenberg, A. Schadschneider, K. Nagel, and N. Ito,
spatial scale of stop-and-go patterns. In contrast, if free ~ Phys. Rev. E51, 2939 (1995); D. Helbingyerkehrsdy-
flow is formed on the outflow of a wide jam, the state of namik (Springer, Berlin, 1997).

this free flow is always related to the Poifimin, dout) [4] B.S. Kerner and P. Konhauser, Phys. Rev.58 54

. . . o 1994).
lying on the lineJ [Fig. 2(a)]. Therefore, the probability [5] I(\/I Ba)ndo, K. Hasebe, K. Nakanishy, A. Nakayama, A.

of new jams downstream is (_axtremely small, and only Shibata, and Y. Sugiyama, J. Phys. | (Fran6e)1389

singlejams could be observed in free flows. (1995); S. KrauB, P. Wagner, and C. Gawron, Phys.
To explain the conclusion (v), note that the moving of Rev. E 55 5597 (1997); R. Barlovic, L. Santen, A.

the downstream front of a wide jam is a deterministic Schadschneider, and M. Schreckenberg, Eur. J. Phys. B

process of drivers’ escaping from the jam. The velocity (to be published).

v, of this process is determined by the densiiy.x [6] B.S. Kerner and H. Rehborn, Phys. Rev.58, R1297

and by an average delay timg.; between two vehicles (1996).
following one another escaping from the jam: [7] I(31.989.6;<erner and H. Rehborn, Phys. Rev.58, R4275
vg = ~1/(pmaxTaer) - (1) [8] B.S. Kerner and H. Rehborn, Phys. Rev. Létf, 4030

Indeed, on the one hand, each driver standing inside the = (1997).

jam can start to escape from the jam after (i) the vehicle[9] Features of this phase transition have been considered in

in front of him has already escaped the jam and (ii) the  [8].

distance between these drivers has exceeded some “saf¢ty] Note that anarrow jam is a jam which consists of only

distance’dq.;. Therefore, there is the corresponding time ~ upstream and downstream jams’ fronts; vehicles do not

delay 741 [Tl = 1.7 s for the parameters of the line come in average to a stop |ns!de a narrow jam. On the

J in Fig. 2(a)] [14]. On the other hand, the average contrary, the yv|dth’of avidejam is noticeably higher than

distance between vehicles which stand inside the ja the widths of jams' fronts [6,7]. , .

. . . n'lll] B.S. Kerner, inProceedings of the Third International

including an average length of vehicles, eqUBI® yax. Symposium on Highway Capacidited by R. Rysgaard

The parameterpm,, and g do not depend on the state (Road Directorate, Denmark, 1998), Vol. 2, p. 621.

of flow in the outflow from the jam. Therefore, the [12] Indeed, (1) critical fluctuations in the pinch region are

velocity v, (1) does not depend on the state of flow which highly growing between detectors [Fig. 1(a)] without

is formed in the outflow of the jam either. possibility to be measured and (2) the spatial scale making
| would like to thank H. Rehborn, S. Valkenberg, M. out in measured data is onkt0.26—0.32 km (the mean

Aleksic, and S. L. Klenov for their help, the Autobahnamt velocity of fluctuations is=—16——19 km/h and the time
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’ transitions free— synchronized flow— jam (Fig. 3) are

considerably more frequent than the phase transition free
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