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Empirical macroscopic features of spatial-temporal traffic patterns at highway bottlenecks
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Results of an empirical study of congested patterns measured during 1995-2001 at German highways are
presented. Based on this study, various types of congested patterns at on and off ramps have been identified,
their macroscopic spatial-temporal features have been derived, and an evolution of those patterns and trans-
formations between different types of the patterns over time has been found out. It has been found that at an
isolated bottlenecka bottleneck that is far enough from other effective bottleneekberthe general pattern
(GP) or the synchronized flow patte($P can be formed. In GP, synchronized flow occurs and wide moving
jams spontaneously emerge in that synchronized flow. In SP, no wide moving jams emerge, i.e., SP consists of
synchronized flow only. An evolution of GP into SP when the flow rate to the on ramp decreases has been
found and investigated. Spatial-temporal features of complex patterns that occur if two or more effective
bottlenecks exist on a highway have been found out. In particulaexpanded patteravhere synchronized
flow covers two or more effective bottlenecks can be formed. It has been found that the spatial-temporal
structure of congested patterns possesses predictable, i.e., characteristic, unique, and reproducible features, for
example, the most probable types of patterns that are formed at a given bottleneck. According to the empirical
investigations the cases tife weakandthe strongcongestion should be distinguished. In contrast to the weak
congestion, the strong congestion possesses the following characteristic fe@tuhesflow rate in synchro-
nized flow is self-maintaining near a limit flow rat@i) the mean width of the region of synchronized flow in
GP does not depend on traffic demalfiil) there is a correlation between the parameters of synchronized flow
and wide moving jams: the higher the flow rate out from a wide moving jam is, the higher is the limit flow rate
in the synchronized flow. The strong congestion often occurs in GP whereas the weak congestion is usual for
SP. The weak congestion is often observed at off ramps whereas the strong congestion much more often occurs
at on ramps. Under the weak congestion diverse transformations between different congested patterns can

occur.
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[. INTRODUCTION: OBJECTIVE CRITERIA FOR between the fronts of wide moving jam is noticeably higher
DIFFERENT PHASES IN CONGESTED TRAFFIC than the widths of the jam fronts. As in synchronized flow

there is usually a synchronization of the vehicle speeds on
Traffic on a multilane highway can be either “free” or different highway lanes inside the fronts of wide moving
“congested” (e.g., Refs[1-76]). Free flow states are nearly jams. The concept of the traffic phase “synchronized flow”
related to a curve with a positive slope in the flow-densityintroduced by the author is based on qualitatively different
plane. This curve is cut off at a lim{tritical) vehicle density empirical spatial-temporafeatures of synchronized flow in
where the related average vehicle speed reaches the mimiemparison with wide moving jams. Thus, objective criteria
mum possible average speed in free flde.g., Refs. to distinguish the different phases in congested traffic are
[13,28,30,59). linked to the qualitatively different spatial-temporal features
Congested traffic states can be defined as the traffic state$ these phases6,67,6§. These objective criteria will be
where the average vehicle speed is lower than the minimurdefinedas the following[56,57,67,68,7B
possible average speed in free flosvg., Ref[54]). In con- (a) A local spatial-temporal upstream moving traffic pat-
gested traffic, where a synchronization of vehicle speed orern in congested regime, i.e., the pattern that is spatially
different highway lanes usually occurb,54] complex restricted by two upstream movin@lownstream and up-
spatial-temporal patterns are observed, in particular a sestream fronts belongs to the traffic phase “wide moving
quence of moving traffic jams, the so called “stop-and-go”jam,” if at the given “control parameters” of traffi¢e.g., the
phenomenorte.g., the classical works by Treiteds3] and  weather and other environmental conditiptiee pattern pos-
Koshi et al. [54]). sesses the following characteristic, i.e., unique, coherent,
It has recently been found that in congested traffic twopredictable, and reproducible feature. The pattern as a whole
qualitatively different traffic phases—the traffic phase “wide local structure propagates through any states of free and syn-
moving jam” and the traffic phase “synchronized flow’— chronized flows and through any bottlenedksg., at on
should be distinguishefb6,66,64. A moving jam is an up- ramps and off rampskeepingthe mean velocity of the
stream moving localized structure that is restricted by twodownstream front of the pattern. This velocity is the same for
fronts where the vehicle speed changes sharply. The distanciéfferent wide moving jams.
(b) The traffic phase “synchronized flow” possesses a
characteristic feature to form diverse spatial-temporal pat-
*Electronic address: boris.kerner@daimlerchrysler.com terns upstream of a highway bottleneck. The downstream
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FIG. 1. Explanation of the three traffic phases.
(a) A simplified scheme of the infrastructure of
the section of the highway A5-North before 1995.
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front of synchronized flow is usually fixed at the bottleneck.is large on short scald§1] (see Fig. 15 in Ref61]).

Even if a moving synchronized flow pattern occurs, the ve- (v) The catch effectWhen synchronized flow that has
locity of the downstream front of this pattern is not a char-initially occurred downstream of a bottleneck propagates up-
acteristic parameter. This velocity can change in a widestream and reaches the bottleneck, the synchronized flow

range during the pattern propagation and it can be differenpattern can be “caught” at the bottleneck rather than this

for different patterns.

pattern propagating further upstredsee Sec. |l B 8

Besides these features, the traffic phase synchronized flow Traffic flow consists of free flow and congested traffic.

can show the following other characteristic features.
(i) The complex transitions effed¢h contrast to free flow,

Congested traffic consists of the phase synchronized flow
and the phase “wide moving jam.” Thus, there are three

the whole multitude of states of synchronized flow covers araffic phases[56,57,68: (1) free flow, (2) synchronized
two-dimensional region in the flow-density plane whereflow, (3) wide moving jam.

complex transitions between these different states can occur. An example of the application of the criteria for the dis-
In particular, an increase in the vehicle density can be actinction of wide moving jams from the traffic phase synchro-
companied by both a decrease and an increase in the vehiakzed flow is shown in Fig. 1. The sequence of two moving

speed 56,66|.

jams propagates through at least three bottleng¢itkshe

(ii) The pinch effectA spontaneous self-compression of intersectiond 1, 12, andl 3, Fig. Aa)] and through different
synchronized flow, i.e., a large increase in the vehicle densitgtates of synchronized floyFig. 1(e), bottom keeping the

at sufficiently high flow rate in synchronized flo@6] (see
Sec. Il B).

(iii) The moving jam emergence effeksponteneous oc-

currence of moving jams in synchronized flp@6] (see Sec.
[ cC).

(iv) The speed correlation effecin synchronized flow,

velocity of their downstream fron{s0]. Therefore, each of
these moving jams belongs to the traffic phase “wide mov-
ing jam.” In contrast to the wide moving jams, after a con-
gested pattern has occurred upstream of the on ramp at the
detectordD 7, the downstream front of the patternfised at

the on ramp[see Fig. 1b), where the downstream front of

the autocorrelation of the vehicle speed in single vehicle datéhe pattern is shown by the dashed linEhis pattern belongs
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(b) June 23, 1998

::1 E’fo;gab"sm".am synchronized flow
Y ,J FIG. 2. Explanation of the differentiation be-

tween the traffic phases “wide moving jam” and

- = “synchronized flow.” (a) A simplified scheme of
2 7000 the infrastructure of the section of the highway
= £B o A5-South.(b) The vehicle speed averaged per all
0 location of

highway lanegleft) and the total flow rate across
the highway (right) as functions of time and
space measured at the detect@4-D21. (c)
Top: the average vehicle speed as function of

wide moving jam wide moving jam time for free flow (left), for synchronized flow

(middle), and for the wide moving jantright);
(c) Three Phases of Traffic bottom: the representation of the related traffic

free flow (F)  synchronized flow (S) wide moving jam (J) phases on the flow-density plang {s free flow,
Sis synchronized flow, and the linkis the char-
acteristic line for the downstream front of the
wide moving jam. The slope of the lind equals
the velocity of the downstream front of the wide
moving jamuv . Traffic data from 23 June 1998.
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to the traffic phase synchronized flow. moving jam[56-58,62—64,66—68,T0s up to now in a dis-

A different example is shown in Fig.[B7—-69. Amoving  cussion between different scientific groujesg., Refs[36—
jam propagates through states of free flemg.,D9-D12)  44,47-50,52,61,74-76
and through several bottlenecks inside the three intersections A huge number of observations show that patterns of con-
1,12, andl 3 on a section of the highway A5-South keeping gested traffic as a rule are formed at highway bottlenecks
the velocity of the jam’s downstream frofithis velocity (see books by DaganZd0] and May[28] and the recent
equals the slope of the lingin Fig. 2(c), right]. Therefore, review by Helbing[52]). However, theempirical spatial-
this moving jam belongs to the traffic phase wide movingtemporal features of congested patterns that occur at highway
jam. The wide moving jam propagation through a bottleneckoottlenecks still have not been understood sufficiently up to
at D16 (the on ramp causes the occurrence of a congestechow.
pattern that exists further for a long time upstream of the In this paper, results of an empirical study of macroscopic
bottleneck. In contrast to the wide moving jam, the down-features of spatial-temporal traffic patterns at highway bottle-
stream front of this spatial-temporal congested pattern isiecks are presented. It will be shown that there are two main
fixed at the on rampin Fig. 2(b) (left) the downstream front types of congested patterns at an isolated bottlefibekef-
of the pattern is shown by the dashed lin&his pattern fective bottleneck that is far enough from other effective
belongs to the traffic phase synchronized flow. After a studybottlenecks
of spatial-temporal features of traffic has been performed and (i) The general pattertGP). GP is the congested pattern
the traffic phases have been distinguished, some features af an isolated bottleneck where synchronized flow occurs up-
the found traffic phases may be represented in the flowstream of the bottleneck and wide moving jams spontane-
density plandFig. 2(c)] [62,63. ously emerge in that synchronized flow. Thus GP consists of
Possible ways of a theoretical description of the empiricaboth traffic phases in congested traffic: synchronized flow
features of the traffic phases synchronized flow and widend wide moving jam.
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(i) The synchronized flow patterf8P. SP consists of Each detector is a double induction loop detector. This
synchronized flow upstream of the isolated bottlenenlky, allows to record the crossing of a vehicle and measure its
i.e., no wide moving jams emerge in that synchronized flow.crossing speed. The road computer calculates the flow rate
However, dependent on the bottleneck features and on traffignd the average vehicle speed in one minute intervals. Data
demand, GP and SP show a diverse variety of special cas@dout vehicle types and individual vehicle speeds of all ve-
whose consideration will be one of the main aims of thishicles passing the detector during each one minute interval
paper. are also available.

The paper is organized as follows. First, empirical fea- The overview of some of the representative data are
tures of the phase transition from free flow to synchronizedshown in Fig. 8b) for data measured on A5-South and Fig.
flow (it will be called theF—S transition at on and off 3(d) for data measured on A5-North.
ramps will be studied in Sec. Il. In Sec. lll, GP at on ramps
are investigated. It will be shown that the spatial-temporal 1. Effective bottlenecks on the section on highway A5-South

structure of GP possesses some common predictable, i.e., |t has been found that when congested patterns occur on
characteristic, unique, and reproducible features. In Sec. Ihjs section, the downstream fronts of these patterns, i.e., the
an evolution of GP at the on ramp is studied. This evolutionhoundaries that separate synchronized flow upstream and
occurs when the flow rate to the on ramp gradually decreasggee flow downstream are fixed at some locations that are

over time. It is shown that due to this evolution one type ofmarked as B;,” “ B,,” and “Bs” in Fig. 3(b). These loca-

the congested pattern can transform into another one. Colipns are the same for all congested patterns that have been
gested patterns that occur at off ramps are considered in Seghserved on the section on A5-South. The locatioBs,*

V. Section VI is devoted to a consideration of sometimes:g, » and “B," are therefore related to so callesffective

very complex congested patterns which can occur when tweycationsof the bottlenecks on the section on A5-So[Riy.
or more bottlenecks exist close to one another. In the discu%(a)]. “The effective location” of a bottleneckor “the ef-
sion (Sec. VII), a classification of congested patterns, otheftactive bottleneck” for shoitis the location on a highway,
conclusiqns of empirical results as well as their qualitativelyyyhich possesses the following two empirical feat /6.
explanations are made. (i) The F—S transition occurs considerably more fre-
quently at the effective bottleneck in comparison with all
other locations on the highway.
Il. PHASE TRANSITION FROM FREE FLOW (ii) After the occurrence of thE — S transition, synchro-
TO SYNCHRONIZED FLOW nized flow occurs upstream of the effective bottleneck. The
downstream front of synchronized flow is usually fixed at the
effective bottleneck.

Between 1995 and 2001 different congested patterns on The effective bottleneck B,” is linked to the off ramp
German highways Al, A3, A5, and A44 have been studiedp23-off (x~23.4 km). The effective bottleneckB” is
Since it has been found out that the features of these patterfifked to the on ram@15-on, which is about 100 m up-
are similar in all cases, some common results may be illusstream ofD 16 (x~17.1 km). The effective bottleneckss”

trated by representative data sets presented below that haje|inked to the on ramp®6-on andD5-on about 100 m
been measured on the sections of the highway A5-South anghstream oD6 (x~6.4 km).

A5-North (Fig. 3) (more than 220 congested patterns have
been observed on these sections during 199552001

The section of the highway A5-SoufRig. 3(@)] has three
intersections with other highwaysl X, “Friedberg,” 12, The traffic observations on the section on A5-Ndifiig.
“Bad Homburger Kreuz,” andl 3, “Nordwestkreuz Frank- 3(c)] have shown that there are at least three effective bottle-
furt”) where on and off ramps are located, which may benecks there. The first one markedy,.n," [Fig. 3(d)] is
considered as potential bottlenecks. This section is equippdihked to the off rampD25-off (x~22.4 km), the second
with 24 sets of induction loop detector®{, . .. D24) [Fig. one marked Byorin2” iS linked to the on rampD15-0n,
3(a)]. Each of the set®4-D6, D12-D15, andD23, D24  which is about 100 m upstream BfL6 (x~13 km), and the
consist of three detectors for a léfiassing lang a middle, third one marked By,n3” is linked to the on ramp up-
and a right lane, plus detectors for the lanes related to oatream oD 6 (x~4.4 km). The features d¢f — S transitions
ramps or to off rampfthe detectors on on and off ramps will that initially occur at the off ramp 25-off and the on ramps
be designated aB4-off, D5-on,...,D24-0ff-2, see Fig. (D16 andD6) are qualitatively similar to those observed at
3(a)]. The other sets of detectors are situated on the thredhe effective bottlenecks at the off rari23-off (“ B;” ) and
lane road without on and off ramps, where each of thenthe on ramps @16 (“ B,”) andD6 (“ B3" ) in the section of
consist of three detectors only. the highway A5-SouthFig. 3(@)], respectively.

The section of the highway A5-North has four intersec- It should be noted that there are also nonhomogeneities on
tions with other highwaysI(, “Westkreuz Frankfurt;"l2  a highway, which do not act as an effective bottleneck, i.e.,
“Nordwestkreuz Frankfurt;"13, “Bad Homburger Kreuz;” there theF— S transition does not occur. For example, while
and 14, “Friedberg’). This section is equipped with 30 sets the off ramp atD23-off is often an effective bottleneck on
of induction loop detectord]1, . . . D30) [Fig. 3(c)] whose the section of the highway A5-SouflFig. 3@)], the off
designation is the same as for the section of A5-South.  ramps atD5-off andD 13-off on this section do not act as an

A. Representative data sets: Effective bottlenecks

2. Effective bottlenecks on the section on highway A5-North
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effective bottleneck. Indeed, a bottleneck can act as an effetrave already been considered in R&B]. These results have
tive bottleneck if in addition some flow rates that are linkeddisclosed the nature of the well-known breakdown phenom-
to the particular traffic demand are realized in the vicinity ofenon at a highway bottleneck.qg., Refs[59,60). In particu-
the bottleneck. lar, it has been found that the— S transition is the local

In contrast to the congested patterns in Figp)3from  first order phase transitiof58]. This means that there is a
Fig. 3(d) one might have a first impression that the latterrange of high density in free flow where a free flow is in a
congested pattern would be related to different congestetetastable state. In the metastable state sfumtaneous F
states rather than to a coexistence and to an interaction of S transition can occur due to the spontaneous appearance
two traffic phases in congested traffic, synchronized flowof the local perturbation whose amplitude exceeds some
and wide moving jams. Indeed, it seems that there is néfritical amplitude(the nucleation effegt

possibility to distinguish wide moving jams in Fig(d3. From the theory and experimental studies of the local first
However, this first impression turns out to be incorrect if aorder phase transitions in nonequilibrium distributadtive
more detailed analysis is madeee Sec. Y. physical systemée.g., Refs[77,78) it is well known that in

a lot of cases thnducedphase transition occurs rather than
the spontaneous phase transition is realized. In particular, the
phase transition in a physical distributed system can be in-
The F— S transition at an on ramp and the further effectduced by the propagation of a spatial-temporal pattern
of the self-maintaining of synchronized flow at the on rampthrough the systerte.g., Ref[78]). The induced— S tran-

B. The F—S transition at on ramps
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sition can also occur in traffic flow at a bottleneck if the flow F—>S-transition  (a) AS-South, 17.03.1997
rates are high enough for the occurrence offhe S transi-
tion in free flow. TheF— S transition can be induced when a

. S =150 =
wide moving jam propagates through the bottleneck or when § 7, %gggg} . fos
a local region of synchronized flow that has initially occurred >, 0~ = 6_1g~,\_\" gl /. l '
downstream of the bottleneck reaches the effective location 700 WY ’ 7:55\-\]\ f 5
of the bottleneck. time 8100 Xkml ime 8100 XUkl
. (b) A5-South, 17.03.1997
1. The spontaneous F S transition  leftlane ————- middle lane « « « + right lane

First, free flow exists both at the on ramp§) and up-

g

stream P5) and also downstreanD(7) of the on ram't E

<06:37 in Figs. 4a,b]. At t=06:37 a sudden fallthe -

“breakdown”) in the average vehicle speed @6 occurs i P S —
[see up arrow ab6, Fig. 4b), left and the related arrow in 06:35 06:40 06:45 06:50 06:55 07:00
Fig. 4(c)]. The speed dD6 becomes considerably lower than TR

the minimum vehicle speed at the limit point for free flow E - V” )
pired qlfre®) pyring the transition ab6 the free flow con- R VAISAVAN
ditions exist both upstreanD(5) and downstreamX7). The S

downstream front of the pattern that is developing after this 0633 0640 0645 06:50 0655 07:00 06:33 06:40 06:45 06:50 06:35 07:00
transition has occurred is fixed at the on rafiffig. 4(a)]. |
Thus, this transition is the spontanedus-S transition at
the on ramp.

After the F— S transition atD6 has occurred, the average
vehicle speed in synchronized flow shows only relatively

—

@

8
t
q

q [vehicles/h]

0

06:35 06:40 06:45 06:50 06:55 07:00
(c) AS-South, 17.03.1997

06:35 06:40 06:45 06:50 06:55 07:00

small changes of about 10% over time near 65 km/D @t ) 3000 4. 06:37
[Fig. 4(b)]. The same behavior of the speed in synchronized ;3 e
flow is observed on all other days Bi5. £ "™™1500
It must be noted that th& — S transition leads to the 8
further self-maintaining of synchronized flow at the on ramp B (fro0)
during about 2.5 h on 17 March 1997. However, there are a = 0 25 Pmax 50
lot of cases when th& — S transition at the on ramp does dexinty[vehiclos ko]
not lead to the effect of the self-maintaining of synchronized
flow: the synchronized flow exists only during a short time at eft L (_dz_A_SfS"_“th’ 117'03'1_9?7_ cecishi]
the on ramp. Such cases are shown in Figl) 4the up ar- — fettiane middle lane tightlane

rows 1, 2, and 3D6) where for a comparison the—S
transition att~06: 37 (marked by the up arrow)&onsidered
above[Fig. 4a-9] is shown.

To understand this different behavior, recall that the ve-
hicle speed in synchronized flow is always lower than the

speed [km/h]
288

(=]

T T

06:00 06:20 06:40 06:00 06:20 06:40

minimum vehicle speed in free flow. Therefore, correspond- D6

ingly to the vehicle balance equatiqn,17], after a local © —__ q ®

region of synchronized flow has occurred at the on ramp, the ='5000 sum §3200 07!30
upstream front of this synchronized flow can propagate up- 2 3

stream only if the average flow rate in free flow upstream is ':,E 4000 Y 8 1600 .-

higher than the average flow rate in the synchronized flow. A ¢ L Iy Dé-left
comparison of the flow rates over the whole highwajp&t, § 04 . : § 0 25 50
Ops [solid curve “D6” in Fig. 4(e)] with the sum of the flow 2 06:00 06:20 0640 = density [vehicles/km]
rates,qs,m (dashed curveupstream oD 6 for these different

f—;f tfgzglon_sq:; r:ac\lshé?e(;r:SbIZD:; He(;quum— g%% FIG. 4. TheF— S transition at the on rampl(6) on 17 March
Uos O;Tare thg?low ra_'?es,ai)s, at the,on ra?ﬂ@60(r)ln ’at the 1997.(a) The overview of the vehicle speed average_d over all high-
on rampD5-on, and at the off ramp 6-off. way lanes(left) and the total flow rate across the highwaight),

. (b) the vehicle speedleft) and the flow rate(right) at different
In the cases 1, 2, and 8¢, ,n<0ps (Table ). This ex-

5 ; detectors(c) the F— S transition in the flow-density planéd—f) A
plains why the upstream front of the synchronized flow at thecomparison of differenf—S transitions at the on rampd) the

on ramp O6) does not propagate upstream. In contrast, fofenicle speed @6 andD5, () the flow rates aD6 and upstream
the F— S transition, which is marked by the up arrows 4 in of D6 (qg,,), (f) the F—S transition in the flow-density plane,
Figs. 4d) and 4e) qsym>0dps (Table ). As a result, the which does not lead to the pattern formati@mrows at 6:27 and at
upstream front of the synchronized flow propagates upstream30 are related to the up arrows 2 aridir2 (d) (left), respectively.
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TABLE I. The average flow rates during tife— S transitions. (a) A5-South, 23.06.1998
In the second column, the time intervals are given where the flow — leftlane — - middle lane --- right lane
rate after the relate® — S transition has occurred has been aver- — 3000
aged. These intervals are chosen to be higher than the trip time o120

<
— (7]
vehicles betwee5 andD6 (the latter is less than 3 min 8oLV % 2000
w0l % 1000 F
F—Stransition Interval gpg (vehicles/h Qgg,m (vehicles/h ';' 0 > ol \ . \ .
Arrow 1 06: S 06:50 07:10 07:30 07:50 08:10
(t=6:18) 6:18-6:21 5080 4580 <5 3000
Arrow 2 -% 2000
(t=6:27) 6:27-6:31 6230 5850 5 1000
Arrow 3 Z
(t=6:34) 6:34—6:37 6180 5780 o 0
Arrow 4 06:50 07:10 07:30 07:50 08:10
(t=6:37) 6:37-6:40 6020 6520 %
[
£
and reaches the location B [the up arrow 4 on Fig. @), “1 S
. . . . . O : } } { 0 T + 4 + {
D5]. In this case, the self-maintaining of the synchronized o0 om0 0190 o0 ot O 0650 O7:10 0730 07:50 0810

flow at the on ramp indeed occurs.

2. The induced F—S transition caused by a moving jam
propagation through an effective bottleneck

An example of theF— S transition at the on ramp in-
duced by a moving jam propagation through the bottleneck
B, at the on ramp[16) on the highway A5-South is shown
in Figs. 2b), left and Fig. 5. First, it should be noted that (b) A5-South, 23.06.1998
during the whole time before the moving jam reaches the on 07:08

06:50 07:10 07:30 07:50 08:10

ramp, free flow is realized both 816 and upstream{15) g 3000 ---roreeeeerereee o
and also downstreanD(17) [Fig. 5@)]. However, after the A qfree) 'S
moving jam has passed the on ramp a synchronized flow it % 8%, £00 e
formed at the on ramp(i) This synchronized flow exists = 07:15. DI16-left
further for a long time at the bottleneck afit) the down- 2 0+ ; :
stream front of the synchronized flow is fixed at the bottle- o N\ (free)

0 25 Proax 50

neck. Thus, thé=—S transition is induced at the on ramp ) .
during the jam propagation. density [vehicles/km]

It may be assumed that after the moving jam has just
passed the on ramp the still slow moving vehicles that are
escaping from the moving jam force the vehicles at the 0’{;
ramp to move slow too. This may cause this» S transition.

FIG. 5. TheF— Stransition at the on ramd16) caused by the
oving jam propagation on 23 June 19%&e the overview in Fig.
b), left]. (@) The vehicle speedeft) and the flow ratgright) at
different detectors,(b) the F—S transition in the flow-density

3. The induced F-S transition caused by a propagation plane.

of synchronized flow. The catch effect Indeed, after MSP has reached the bottleneck a qualitatively

SP has occurred at the bottlene8 (the off ramp, different LSP occurs there. This LSP is determined most by
D23-off) in Fig. 6a), left. Both the upstream and down- the characteristic of the bottleneck, traffic demand, and high-
stream fronts of this SP are moving upstream, i.e., the mowvay peculiarities upstrealsee also Sec. VI CThere is also
ing SP(MSP) occurs(see also Secs. Il C and V)BNhen the  another difference between a wide moving jam and MSP. In
upstream front of MSP reaches the bottlen&kat the on  contrast to the wide moving jam, inside MSP the vehicle
ramp (D16) another SP that is further localized at the bottle-speed is higher than in the jgmbout 40—70 km/h, Fig.(5)]
neck B, is formed. The downstream front of this localized and the average flow rate is only a little bit lower than in the
SP(LSP) is fixed at the on ramfFig. 6@a), left] and this LSP initial free flow.
is further self-maintained from 06:49 to 09:25. Thus, the up- In another example, after a local region of synchronized
stream propagation of the initial MSP indeed inducesRhe flow (D7), which has initially occurred between the bottle-
— S transition at the on ramp. necksB, andB; has reached the bottlene8g (D6), syn-

In contrast to the case when a wide moving jam propa<chronized flow occurs upstream of this bottlenedk5|).
gates through the bottlened’, keeping the jam’s down- This synchronized flow is further self-maintained during 2.3
stream front velocity{Figs. 2b) and Fig. 5, the down ar- h. Thus, the upstream propagation of the synchronized flow
rows|, MSP is caughtat the on ramp(the catch effe¢gt  also induces th&— S transition at the on ramp)6).
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(a) A5-South, 20.04.1998 (a) A5-South, 18.06.1997
F—S-transition — leftlane — -middle lane - - right lane
=" 3000 -

1500 -

speed [km/h]
828

(=}

06:40 07:00 07:20 07:40

7:00

ime  &o0 12 X[kml time 800 12 X[kml
(b) A5-South, 20.04.1998 '
— leftlane —— middle lane --- right lane

speed [km/h]
& B

flow rate [veh/h] flow rate [veh/h

= 3200 40
= R 0+ | .
E -5 1600 06:40 07:00 0720 07:40
e o [
> 0 = t R 0 - . } ] —_ g
0630 0650 0710 0730 O 0630 0650 07:10 07:30 Em [
33200 80 .§.
8 B 40 g
S 1600
2 g ; ; | 06:40 07:00 07:20 07:40 06:40 07:00 07:20 07:40
o
_ 06:30 06:50 07:10 07:30 (b) A5-South, 18.06.1997
S0 = 3000
= i) s Yy _07:15
E EISOO VY S
v N = %
=  [F¥vw 2 " DI g 1390
> 0 + t 1 e 0 + t { 8
0630 06:50 07:10 07:30 °  06:30 06:50 07:10 07:30 S 0
(c) A5-South, 20.04.1998 &
% 3200 —06:49 density [veh/km]
.Ej 1600 ° FIG. 7. TheF— S transition at the on ramp6) caused by the
e D16-left propagation of a local region of synchronized flow on 18 June 1997.
e 0 (a) The vehicle speedleft) and the flow rate(right) at different
0 35 70 detectors(b) the F— S transition in the flow-density plane.
density [veh/km]

FIG. 6. TheF— Stransition at the on ramfX16) caused by the vehicles that move on the right lane is drastically increasing
propagation of the moving synchronized flow pattern on 4 April{rom D21 (21.8 km) to D22 (22.9 km).
1998. (a) The overview of the averaged vehicle speed over the Apparently the latter effect causes the fall of the speed on
highway (left) and the total flow rate across the highw@ight), (b) . .
the vehicle speedeft) and the flow ratdright) at different detec- :Ee rlg:_t Ilan?halti) 22 [up artrr:)W atd[()j|22 F(Ijg{hfié?]ﬁl\l/l(:%t;;
tors, (c) the F— S transition in the flow-density plane. MSP is the eve |c.es atmove Qn emi ) ean eleitla .
moving synchronized flow pattern, LSP is the localized synchro-have a different route in Compa”_son to those vehicles that
nized flow pattern. want to Ieavg to.the off ramp. This may be the.reason why

the synchronization of the speeds on different highway lanes

does not occur ab22.

Note that before the latter inducé®— S transition oc- The synchronized flow occurs only B21, i.e., about 1.5
curs, at least four spontanedis- S transitions are observed Km upstream of the off ramp. The reason for this synchro-
at the on ramp, which do not lead to the effect of the self-nized flow and of the related— S transition is the fall in the
maintaining of the synchronized flow at the on raftipe up ~ Vehicle speed at the bottlene& due to the off ramp. Be-
arrows 1-5 in Fig. ¥. The latter cases are similar to the casestweenD21 andD 22 a lot of vehicles change to the right lane

considered abovisee Fig. 4d), the up arrows 1, 2, and]3  [Fig. 8b)], where the speed is lower. These vehicles may
force the vehicles on the middle and left lane, which want to

continue on the highway, to slow down.
Note that due to thi&— S transition at the off ramp the
It is well known that traffic congestion upstream of an off MSP[Fig. 6(a), left and Fig. 8a), D21, D20] occurs whose
ramp can occur, if the fraction of vehicles that have toupstream propagation causes later the indueedS transi-

C. The F—S transition at off ramps

choose the off ramp is high enougéee, e.g., Ref.10]). tion at the upstream bottlened&, considered abovésee
An example is shown in Fig. 8 where the ratio of the Sec. II B 3.
vehicles moving on the right langq,; to the whole flow Therefore, in comparison with thle— S transitions at on

rate on the highway),neie; 6= rignt/AQwhole IS @ continu-  ramps, in the case of an off ramp synchronized flow occurs at
ously increasing function of the distance from intersectidn some distance upstream of the off ramp. It may be proposed
to intersection 3 [Fig. 8b)]. As a result, the flow rate of the that the effective location of the bottleneck due to the off
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(2) A5-South, 20.04.1998 other bottlenecks. Exactly the effects of other bottlenecks
—leftlane — - middle lane ... right lane and/or any other nonhomogeneities on the highway away
from the effective bottleneck should not have a qualitative
influence on the features of the pattern at the effective bottle-
neck. Such an effective bottleneck will be calledisolated
effective bottlenecKan isolated bottleneck for short

Inside the intersectiohl on the highway A5-South there
are several on ramps or/and off ramps. However,RheS
transition and congested patterns are obsealwdys onlyat
the same location in the vicinity @6 [Fig. 3(a)] (about 110
congested patterns upstream D6 have been observed
Other possible effective bottlenecks are located on the road
far enough fronD6.

However, in this case, there are two on ranip§;on and
D6-on, which are very close to one anotfiErg. 3@)]. The
end of the on ramp6-on is located about 100 m upstream
of D6. The length of the on ramp6-on where vehicles may
enter the highway section is about 290 m. The end of the
other upstream on ramp5-on and the beginning of the on
rampD6-on are separated only by about 83 m. The length of
the on rampD5-on is 325 m. The latter on ramp is used also
as the off rampD 6-off for vehicles that leave the highway
A5-South. Because the distance between the on ramps

3200

q [vehicles/h]

06:10 06:40

q [vehicles/h]

W

(=3

(=]
|

q [vehicles/h]

0

il ve:d0 D5-on andD6-on is noticeable shorter then the length of
S each of the on ramps, they may also be considered as one
04 (b) 3000 © 06:32 effective on ramp on this section with the effective flow rate
% Qeff-on-
0,2 — 21500
"43 D21-left lane Jeff-on=0p6-ont dp5-0n~ Up6-off - (1)
0 T T T T 9!
The congested patterns upstreanDd@ are fully formed
132 disltiﬁcez[iﬁl] % gensity [‘igiclesmi? within about 4—-5 km upstrear{Figs. 9—1). The next up-

stream intersection, where other effective bottlenecks can ex-

FIG. 8. TheF— S transition at the off ramp23-off on 20 April ~ 1SL IS located about 10 km upstream fraDs. .Thus, the
1998.(a) The vehicle speedeft) and the flow ratdright) at differ-  effective bottleneck aD6 can indeed be considered as an
ent detectors(b) the ratio 5=0yigni/Gunole as the function of the isolated bottleneck at t_he on ramp. Neverthel_ess, to demon-
distance,(c) the F—S transition in the flow-density plane. The strate that the qualitative results below are independent of
down arrows “MSP” atD22 andD21 in (a) (left) are related to the  either (i) the effective flow rateqss.o, ONly alone or(ii) the
vehicle speed distribution in the moving synchronized flow patternflow rate gpg.on, O €lse(iii) the flow rateqqn.up=defs-on
(MSP) whose overview is shown in Fig(#, left. —Jpe-on IS responsible for the pattern features, all these flow

rates will be studied.
ramp is also located at some distance upstream from the off
ramp. 2. Some features of the general pattern

However, both at on and off ramps the— S transition is .
accompanied by the fall in the vehﬁ:le spdée arrows in After theF — Stransition has occurred &6, a gongested
Figs. 4c), 5(b), 6(c), 7(b), and &c)] whose duration is not pattgrn can be formed gpstream 5 Obgervanons show
higher than about 1 min. Besides, although the speed d%bat |_n_d_ependent of the |n|t|al_ conditions, i.e., traffic de_mand
creases noticeably during the— S transition (the “break- the initial flow rates on the highwag, and to the effective
down”), the flow rate in the emerged synchronized flow canohn ramp,r?eff_on),dpercentages of I%ng VehoI/CW’.ﬁong, ahnd
remain of the same order of magnitude as in the initial freet e weather con |t|ons,_ in more than 90 0 Cases the con-
flow. ges_ted pattem is GP. This GP hz_is bee_n quall_tat|vely the same
as it has earlier been found and investigated in F&#] (Fig.

9).

In a lot of cases two parts may be distinguished in GP
[Fig. 9b)]: (i) The synchronized flow that is upstream bor-
A. The general pattern at isolated effective bottlenecks dered by(ii) a sequence of wide moving jams, or the region
of wide jams for short.

In the synchronized flow in GFFig. Yb)], the pinch re-

Here we restrict to the consideration of features of GP agion is formed where narrow moving jams emerge and grow
such an effective bottleneck that is located far enough fronpropagating upstreamDG,D4). The downstream front

Ill. PREDICTABLE FEATURES OF GENERAL PATTERNS
AT ON RAMPS

1. Isolated bottleneck
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(a) A5-South, 13.01.1997 (a) A5-South, 15.04.1996
F— S-transition F = S-transition

x [km]

9:00
time  10:00 0

(b) A5-South, 13.01.1997
—left lane -- -- middle lane - right lane (b) A5-South, 15.04.1996

—left lane -- -- middle lane - right lane

[106:27 : :
06:20 07:00 07:40 06:20 07:00 07:40

07:30  08:30

et

20 07:00 07:40
1D5-on -+ D6-on—

0+——— —
06: : : 06:30  07:30  08:30

0

vl . i __120 . _ 807D5-on- Dé6-on—
PLAS U E
- 60 -
06:20 07:00 07:40 06:20 07:00 07:40 =,
> 0o+ o
FIG. 9. The general patteiGP) upstream oD6 (the effective 06:30  07:30  08:30 0630  07:30  08:30

bottleneckB3) on the section of the highway A5-Southig. 3@)]

on 13 January 1997a) The overview of GP: the vehicle speed  FIG. 10. The general pattefGP) upstream oD6 (the effective

averaged over all landeft) and the flow rate over the whole high- bottleneckB;) on the section of the highway A5-Southig. 3(a)]

way (right) in space and timetb) the vehicle speed on different on 15 April 1996.(a) The overview of GP: the vehicle speed aver-

lanes in GP at different detectors. aged over all lanefeft) and the flow rate over the whole highway
(right) in space and timgp) the vehicle speed on different lanes in

(boundary of the synchronized flow is located at the effec- GP at different detectors.

tive location of the bottleneck. The upstream frgbbund- . . L
ary) of the synchronized flow is determined by the location®f Wide moving jams. Due to the upstream wide jam propa-
gation, the region of wide jams is continuously widening

where a narrow moving jam is just transformed into a wide . ) L
moving jam, i.e., where the phase transition from synchro{PStream. Consequently, the quantity of wide moving jams
nized flow to a wide moving janit will be called the S inside the region of these jams can increase over time. Be-

_.J transition has occurred. The upstream boundary sepalVé€n wide moving jams both synchronized flow and free

rates the synchronized flow downstream and the region oqow can b_e forme_d. T.hese flows will be considered as a part
wide jams upstream. When a wide moving jam occurs, thé)f the region of wide jams.
jam suppresses the further growth of the narrow moving
jams that are very close to the downstream front of this wide
moving jam. As a result, some of narrow moving jams can Let us compare the features of GP that have emerged at
disappear without their transformation into wide movingthe effective bottleneck a6 on three different daygon
ones[66]. Because the transformation of different narrowthree different yeaps This allows to study common features
moving jams into wide moving jams can occur at differentof GP that have been observed on all other days during
locations, the upstream boundary of synchronized flow per1995—-2001. The first general pattern from 13 January 1997
forms complex spatial oscillations over time. The meanis shown in Fig. AFig. 1 in Ref.[66]). The second and the
width of the synchronized flow in GR,g,, is limited:  third general patterns from 15 April 1996ig. 10 and from
Lsyr=3—4 km, i.e., it does not noticeably depend on traffic 23 March 1998Fig. 11) are very similar.
demand. In these three cases, downstream of GP, i.eD &t free

The successive process of the transformation of narrovflow conditions are realize@Figs. 9, 10, 11 Therefore, all
moving jams into wide moving jams at the upstream boundthese congested patterns can be indeed considered as the
ary of synchronized flow leads to the formation of the regiongeneral pattern at the isolated bottleneclD&. The up ar-

3. The general patterns on three different days
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(a) A5-South, 23.03.1998 are averaged over 10 min intervals, are shown in Fig. 12 for
the three days. The up arrows 1, 2, and 3 in Fig. D&{on
and “eff-on”) are related to the corresponding timgs;
(Table Il). The time intervals where the congested patterns
upstream ofD6 exist are also marked in Fig. 16 and

F > S-transition

o VW, oo LW D1).
tinne10:00 “0 X [km] “me10100 “o  XxIkm]
4. Overview of the flow rates in the general pattern
— left lane(b_)_i“s;sn%l:it’éi?ffgzght lasie The downstream front of synchronized flow where ve-
hicles accelerate from synchronized flow upstream to free
=120 =120 D3 flow downstream is fixed at the effective bottlenedX6().
E 60 57 E 60 F Thus, the flow rate inside this front—the discharge flow rate
> 0 > 0 2 q{*°"®_does not depend on the space coordind@].
06:00 07:40 09:20 11:00  06:00 07:40 09:20 11:00

However, the discharge flow rate can noticeably depend on

=l =120 time (Fig. 12,D6) [67]. It must be noted that whereas the
E 60 T E 60 flow rates to on ramps are very similar for the three days, the
> > discharge flow rates{6) are noticeably different.

120600 0740 0920 11:00 °6 00 07:40-09:20 11:00 This is because the average flow rate inside the pinch
E b Ds E region, q*"*" (at D5) is also noticeably different for all
= 607 2 9 F, these days and on the other hand, the sung®f°" and

0 0- - : :

06:00 0740 09:20 11:00 06:00 07:40 09:20 11 00 Jeff-on g|v<§tst e:;1pprOX|mater the average discharge flow rate
- __ 80 | D5-on D6-on— atD6, qP9M9:

D4

60 . E“O ¥, Y bottl inch

E;' S > Ju?w‘\,_;%.w'shw. \!‘w’ qgu? e):q(pmc )+qeff—on- (2

0 0o+—
06:00 07:40 09:20 11:00 06:00 07:00 08:00 09:00 . . . .
Let us show that the mentioned differences in the dis-

FIG. 11. The general pattern upstream D6 (the effective  charge flow rateg>3"'® (D6) and the flow rate inside the
bottleneckB;) on the section of the highway A5-SouitRig. 3@]  pinch regionq®'"®" (D5) are correlated with the differ-

on 23 March 1998(a) The overview of GP: the vehicle speed ences in the flow rate in the outflow of a wide moving jam,
averaged over all landteft) and the flow rate over the whole high- Uout,» When in this outflow free flow is formed.

way (right) in space and time(b) the vehicle speed on different
lanes in GP at different detectors. ) o ) )
B. Pinch effect and characteristic parameters of wide moving

row atD6 in Figs. 9b), 10(b), and 11b) symbolically shows jams

the timetgg (Table Il) when theF—S transition at the on 1. Determination of the line J

ramp occurs leading to the GP formation upstream A wide moving jam possesses the characterigtie.,
(D$ D1). he intial diti fthe GP f . h unique, reproducible, and predictable@arameters[70].
!0 compare t'e |n|]E|ahcof||’1 itions of t ﬁ ormation, the 1 parameters depend only on the control parameters of
time dependencies of the flow rate to the on rami0on,  agic such as the percentage of long vehicles, infrastructure,
D5-on, to the off ramp®6-off andD5-off, as well as of the  yeather, and other environmental conditions. One of these
flow rate to the effective on rampier.on (“€ff-on™), which o rameters is the mean velocity of the downstream front of
the wide moving jamy 4 [70]. It is important that this veloc-
TABLE II. Parameters for the general patterns formation andity remains the characteristic parameter independent of the
evolution on three different days on the section of the highwaystates of flow in the outflow of the wide moving jam. The
A5-South related stationary movement of the downstream front of a
wide moving jam can be represented in the flow-density-
Parameter or Day plane as a line whose slope equals. This characteristic

characteristic 15 April 1996 13 January 1997 23 March 199g line for the downstream front of the moving jam is called
“the line J” (Fig. 13 [70].

tes 06:40 06:27 06:23 To determine the lind with empirical data, the following
Oeff-on procedure has been usggb,70. When a wide moving jam
(vehicles/h 1680 1440 1500 passes a detector, the time series of the vehicle speed and the
teff-on 07:09 07:43 07:10 flow rate can be measured. An example is shown in Figs.
Jeffon, max 13(a, b for a wide moving jam aD11. Similar measure-
(vehicles/h 1980 1830 1800 ments of the time series of the vehicle speed can be per-
qlyans) formed at different detectors due to the jam propagation
(vehicles/h 900—600 570—480 780—600 through the highway. Using the distances between the differ-

ent detectors it is easy to calculate the mean velocity of the
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1 - A5-South, 23.03.1998 2 - 13.01.1997 3-15.04.1996

FIG. 12. A comparison of the
flow rates and of the percentage of
06:00 08:00 10:00 06:00 08:00 10:00 long vehicles,ong at different lo-

23.03.1998 | cations related to the congested
13.01.1997 patterns observed on three differ-
ent days. 10 min averaged data:
each 10 min averaged value is set
to the minute at which the 10 min
interval of the averaging begins.
This interval of the averaging is
noticeably higher than the travel
23.03.1998 >l time betweerD6 andD5, which

rk

13.01.1997 is less than 3 min.
g ) 3 15.04.1996 D6
= 5500 fa 2 \
.Z, 1 2 Y N,‘i‘ -, o)
2000 . i :
06:00 08:00 10:00 06:00 08:00 10:00

06:00 08:00 10:00 06:00 08:00 10:00

downstream front of the wide moving jamy, within the  taken into account and on the other hand all of these vehicles
accuracy of the measuremeriismin intervalg (Table IlI). are taken into account. In other words, the detectors where
Besides this mean velocity, the flow rate and the vehiclehe flow rate out from a wide moving jam is measured should
speed downstream of the wide moving jam can be measureg@e far enough from any on and off ramps. It must also be
If in the outflow from the wide moving jam a free flow is noted that the lingl is related to the downstream jam front
formed, then the mean flow rate in this outflay,, the  only and that only the flow rate in the outflow of the down-
mean vehicle speed,, and the related mean density stream front and the velocity of this front are used for the
Pmin, @ré also the characteristic parameters which are thgefinition and for the determination of the liderather than
same for different wide moving jams at given control param-ihe traffic states of the downstream jam front falling on the
eters of traffid 70]. The densityp,,i, can be estimated by the |ine 3.
formula pin=Gout/vmax (Fig. 13. These parameters of the  pagits of the study of wide moving jams that propagate
wide jam outflow determine the coordinat@ofi.pmin) OF  hrough the highway section are shown in Fig. 13 and Table
the boundary point of the lind in the flow-density plane. IIl. One of these wide moving jams is shown in Fig(@B In

Thus, from the measu_rement_s we find this coo_rdlnate a_md tht%is case, synchronized flow is formed in the outflow of this
slope of the lineJ, which is given by the velocity . This

; . wide moving jam. However, even in such a case it is possible
allow us to draw the lingJ and to estimate the average ve- 9l P

hicle density inside the jam,,, @s the intersection point of to estimate with a good accuracy the jJams characteristic pa-
the line J and the axis of the density (axis). It should be rameters. Indeed, if synchronized flow is formed downstream

noted that to avoid the influence of fluctuations, for the de_ozsan)w[de moving jam, the average flow rate in this flow,
termination of the flow rate out from a wide moving jam Yout - iS lower thang,,. However, the point in the flow-
usually the flow rate during a few minutes interval after thedensity plane related to the flow rai§)” is close to a point
jam has passed the detectors is used. However, during th& the lineJ [Fig. 13i)]. Therefore, the lind can be approxi-
averaging time interval one should take care that on the onaately found if the flow rateqSY"? and the speed in the
hand only the vehicles that have escaped from the jam argynchronized flow averaged during 5-10 min are taken for
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On 13 January 1997 a wide moving jam Bfl1 [Fig.
13(a, b] has been chosen for comparison with the estimated
value ofq,, for the wide moving jam that is marked by the
down arrow 4(the jam 4 for shoitin Fig. 9 atD1. In the
case of the jam dD 11 free flow conditions are in the outflow
from the jam[Fig. 13@)]. In the case of the jam 4 in Fig. 9
(D1) synchronized flow is formed in the outflow of the jam.
However, the measured flow ratg,,; for the jam atD11
[Fig. 13c,d)] is, with the accuracy within 5%, the same as
that estimated for the jam [&Fig. 13e,f].

Note that the relatively low flow ratg,,; on 23 March
1998 (Table Ill) can be linked to the weather conditions:
There was an intense snowfall on this day.

2. The pinch effect

In Sec. Il B 1, it has been noted that there can be a lot of
F— S transitions aD6, which do not lead to an occurrence
of the congested pattern upstream of the on rdjg.
4(d,e), arrows 1-3 It has also been stressed that the pattern
can occur only if the upstream front of the synchronized flow

starts to propagate upstredthe up arrowsSatD5 andD4
in Figs. 9-1}.

However, in all investigated cases the general pattern up-
stream of the on ramp appears only if inside the synchro-
nized flow upstream of the on ramp a compression of this
synchronized flow occurs, i.e., if the pinch effect is realized.
The time moment when this pinch effect@b has occurred
is marked by the up arrow in Fig. 9 (D5). In this case, the
pinch effect occurs with a delay tim@bout 9 min after the
F— S transition has reacheld5 (the up arrowsS andP in
Fig. 9, D5). On some other days, no such delay time has
been observed: synchronized flow has already been com-
pressed when the synchronized flow was measureld5at
(e.g., Fig. 1L

In the pinch region, the vehicle speed and the density
change in a wide ranggFig. 9, D5 and Fig. 14a)]. This
FIG. 13. Determination of the lin& (a) The vehicle speedeft)y  SPreading of the vehicle speed and of the density increase in
and the flow ratéright) in a wide moving jam aD11 on the section  the upstream direction inside the pinch regiég. 9, D4
of the highway A5-SoutfiFig. 3] on 13 January 1997¢—f) free ~ and Fig. 14c)]. This behavior has already been explained in
flow (back point$ and the lined in the flow-density plane for two
different wide moving jams(c, d) for the jam atD11, (a, b and(e,
f) for the wide moving jam marked by the arrow 4 in Fig. 9t .
The vehicle speefh) and the flow ratéh) in a wide moving jam at

q [vehicles/h]

Prmin ploym)

p [vehicles/km] p [vehicles/km]

A5-South, 13.01.1997

= -
D1 on the section of the highway A5-SoUtkig. 3(@)] on 15 April é §_,
1996 (a); (i, j) free flow (back point$ and the lineJ in the flow- 2 §
density plane related t(, h). v < 0
0 50 100 0 50 100

- - - p [vehicles/km] p [vehicles/km]
the determination both of the densip{SY"” and of the left 3000 - ® 3000 - @
coordinate of the lind. This allows to estimate the flow rate out | Dl % Gou § Dé-left

Jout @S the point where the line J crosses the region of free
flow in the flow-density plang¢Fig. 13i)].

To prove the correctness of such a procedure, different 0 50 100 0 50 100
wide moving jams have been studied. It has been found that p [vehicles/km] p [vehicles/km]
with the accuracy of about 5%at least three different wide [, 14. The concatenation of measurement points for free flow
moving jams at each of the three days have been stuttied  (plack points, the line J, and for synchronized flow in the pinch
determination ofy,,; with the above procedure has led to the region (circles in the flow-density plane for the highway A5-South
same result. The analogous result for 13 January 1997 {ig. 3@] on 13 January 1997a, ¢ All points in the pinch region,
shown in Fig 138e, f). (b, d) only some points between moving jams are shown.

J

q [vehicles/h]
o
w
[=3
(=1
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TABLE Ill. Parameters of wide moving jams on three different days on the section of the highway

A5-South
Day

Parameter or

characteristic 15 April 1996 13 January 1997 23 March 1998
vg (km/h) —-16 -15 —-14
Jout
(vehicles/h, left lang 2000 1800 1650
Qout
(vehicles/h,
whole highway 5000 4500 4200

Ref. [66] by the emergence of the growing narrow moving variables of synchronized flow that are measured during in-
jams in the pinch region. tervals between narrow moving jams are related to the points
The fall of the average flow ragP"°" is observed after in the flow-density plane, which often lie above the lihe
the pinch region is formed(5, Fig. 15. It should be noted [circles in Figs. 14b) and(d)]. Nevertheless these points are

that this decrease igP'"°" occurs earlier than the first wide related to the flow rates that are often lower trgyy,. It
moving jam is formed upstream of the pinch regionturns out thaqfi%;”Ch) is correlated withg,,,;: the highergg,;
(D2,D1). Therefore, the fall of the flow ra@®""" occurs s, the highergP"" is (Fig. 15. Besides, for all observed
inside the pinch region rather than this fall being caused byaseqTable 1V)
some possible decrease in the flow rate upstream of the pinch A
region. The interval of the averaging0 min) in Fig. 15 P < g4t 3
(D5) is chosen to be higher than an average time distance
between narrow moving jams that emerge in the pinch region The study on different days allows to suggest that
(this distance between narrow moving jams is about 5—6 min ,
atD5, see Sec. Il € 1.2<qou/qPiNM <1 5. (4
The fall of the average flow ratg®®"" has a limit
q{Pineh - After this limit has been achieved, the flow rate
q,(p,mh) shows only _small _changes less than 10% in the Vi- 1+ has been mentioned that the effective on ramp consists
cinity of q(P"°  This stationary feature of the pinch effect

) ] of two on rampsD6-on andD5-on. The vehicle speed at the
remains even if the flow rates to on ramps and the flow rate,\vnstream on ramp 6-on remains almost without change

atD6 change during a long time interval shown in Fig. 15. after theF — S transition has occurred &t6 (D6-on in Figs.
However, the flow rate(Pi"c"

_ im ~ can be noticeably differenton g_17) However, at the upstream on rarBG-on the pinch

different days(Table IV). effect that is very similar to the one on the highwdy5) on
. ) ) o 13 January 1997 and on 23 March 1998 is realized when the

3. Correlation of flow rates in the outflow of wide moving jams g4\ rate to this on ramp increase®%-on in Figs. 9 and 11

and in the pinch region This pinch effect occurs often with a delay time after the

To understand the latter empirical fact, the parameters of+ S transition reacheB5. It has been found that apparently

the pinch region and of the wide moving jams will be com-due to this pinch effect at the on ranlb-on, as well as on

pared. First not¢66] that inside the pinch region the traffic the highway D5) the flow rate to the on ramp5-on

4. Pinch effect at the on ramp

AS5-South, 23.03.1998 13.01.1997 15.04.1996
6000 - — 6000 - —_ gooo_;
(a)§ (?h?c‘l’l‘)‘ﬁ___ ; 3 (iz‘:;;; s g (pin::; -~ g _FIG. 15. The average flow rate inside the
2 dim Z%m 1 D5 = Ylim D5 pinch regiongP™"" (solid curve$ (a), the dis-
= 0~ = 0 0- charge flow rate’5"® (b), and the flow rates to
06:20 07:20 08:20 06:20 07:10 08:00 06:30 07:20 the on rampsD5-on, D6-0n, andqesq, (“eff-
—_ — 6000 T on”) (c) for three different days. 10 min averaged
% 3 Lot === ) data: each 10 min averaged value is set to the
® 3 D6 minute at which the 10 min interval of the aver-
= 0- aging begins. Dashed lines {a, b are related to
06:20 07:10 08:00 the flow rate in the outflow of a wide moving jam
§ 2000 - eff-on D6-on when free flow is formed downstream of the jam,
(C) E. Jout
o

06:20 07:20 08:20 06:20 07:10 08:00 06:30 07:20
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TABLE IV. The limit flow rate in the pinch region of the general AS5-South, 13.01.1997
pattern on three different days on the section of the highway A5- (a) — leftlane — - middle lane - - - right lane
South.
120

Day 80 -

40

Parameter or
characteristic 15 April 1996 13 January 1997 23 March 1998

v [km/h]

0
q(plnch) 08:
(vehicles/h
whole highway 3700 3400 2800
Gout/ A"

1.35 1.32 15

08:10 08:50 09:30 08:10 08:50 09:30

[Pt
/‘_}v«‘fl‘w

changes less than 12% in the vicinity of a limit value after
the pinch effect has occurred thdi@5-on, Fig. 1%c)].

5. Influence of wide moving jam emerging in the pinch region
on the general pattern

As it has been noted, wide moving jams are usually
formed at the distandes,,~3—4 km upstream dD6. Now
a somewhat exceptional case is considered, when a wide ' ‘ !
moving jam appears upstream but very close to the effective 08:10  08:50  09:30 0810 0830  09:30
bottleneck atD6. The wide moving jam is marked by the

down arrow ‘B” in Fig. 16(a). §2°°°
The wide moving jam B” occurs betweerD6 andD5. ] %1000
Indeed, atD6 and atD6-on the vehicle speed does not fall -
either before or after the jam is measured& andD5-on . . % oA I ,
[Fig. 16a)]. After the jam has occurred, it propagates 08:10 08:50 09:30 08:10 08:50 09:30
through the general patterrD6-D1, down-arrow B”). 3000 © = 3000 @
;I'er(l:?&occurrence and propagation of the jam causes two ef- § Qoue_| 06:27 o\ oa E} Qo | 0843 D6
The first effect is the retur®—F transition at the effec- § 1500 \ J '«E 1500 J
tive bottleneck D6, up arrowr, in Fig. 16@) and the arrow o o 1083 . T g 40921 .

at 08:35 in Fig. 16&c)]. The jam occurs upstream Bf6 but 0 0 100
. 0 50 100

very close _toD6. Therefore, the flow rate e_DG during th_e p [vehicles/km] o [vehicles/km]

jam formation decreasgf&ig. 16b), D6]. This may explain

the returnS—F transition. When the jam propagates up- FIG. 16. Hysteresis phenomena at the on ramp. The vehicle

stream ofD5, the flow rate aD6 increasesit is the sum of  speeda) and the flow ratéb) on different detectors on the highway

the flow rate out from the jamB and ge¢r,,) and a newF  A5-South[Fig. 3@] on 13 January 1997c, d) Hysteresis phenom-

— Stransition atD6 occurd D6, up arrowsS, in Fig. 16a,b ena in the flow-density plane due to the- S transitions and the

and the arrow at 08:43 in Fig. (d]. reverseS—F transitions at the on rampD@). Free flow(black
The second effect is the suppression of the growth oPoints and synchronized floucircles.

narrow moving jams in the pinch region, which are very

close to the downstream front of the jéBnApparently due  propagate upstream can be found out. The features of this
to this effect the moving jams “1” and “2” disappear temporal effect have already been considered in F&&i.
[D5-D3 in Fig. 18a)]. This suppression effect is apparently  |n particular, it has been mentioned that if the mean dis-
the same as the one in the vicinity of the upstream front ofance between the narrow moving jams in the pinch region

the synchronized flow in GF66]. Riarrow iS lower than some minimum distance between wide
moving jams(about 2.5 kmthen some of these narrow jams
C. Emergence of moving jams disappear during their transformation into wide moving
jams. As a result, the mean distance between wide moving
jams D1) is noticeably higher than the initial distance be-
The pinch effect shows both some stationary and soméveen narrow jamsIj5). This resul{66] is also valid for all
temporal features. The stationary feature of the average flothree days under consideratiee Figs. 9—11 and Table V
rate q°'"°" has already been stressed in Sec. Il BFRy. Nevertheless, even the temporal process of the narrow
15(a)]. However, if 1 min data are considered, the emergencenoving jams dynamics in the pinch region possesses a sta-
of growing narrow moving jams in the pinch region, which tionary feature. The mean time distance between narrow

1. Stationary and temporal features of the pinch effect
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T.(min) 97 64 66 62 7.1
17 March 1997 T, (min) 17 17 10 6.3 55

U

—
]

—

TABLE V. The mean time distance between moving jams A5-South, 15.04.1996
and period of speed correlation functiofg at different locations — leftlane — - middle lane --- right lane
Day Detectors DI D2 D3 D4 D5 g ! g ! D3
. . £ 05 £0,5
15 April 1996 T; (min) 112 9.3 8.2 6.2 5 Té Té
T.(min) 105 11 11 92 49 § ° g0
13 January 1997 T, (min) 157 81 71 52 63 05 30,5 20 40
( & &
(

—
—

Te(min) 22 167 75 73 61 8 £
23 March 1998 T, (min) 99 81 7 55 52 2093 §°’5
T.(mn) 83 78 74 57 48 § 0 5§ 0
20 April 1998 T, (min) 128 112 106 7.1 53 .05 Fos
& &

T (min) 177 192 148 59 54

]
—
[]
—

5 1 P 1 D1
o _ _ _ g 05 E05
moving jamsT; when they are just emergin@t D5) is g E
related to the limit(minimum) mean time distanc@; j,, 3 ° g0
which is about 5—7 min for different daydable V, D5). 805 305 20 40
This value ofT; i, is correlated with the minimum of the <
time [min] time [min]

mean distance between narrow jaRis, 0w iN Fig. 2(b) in

Ref. [66]. This mean minimum distance is about 1.5 kM. g 17, Spatial dependence of the speed correlation function

This corresponds to the time distance between narrow jam, guring the moving jam emergence upstream of the effective

T;,1im=6 min atD5 at the narrow jam velocity-15 km/h.  pottieneck aD6 on 15 April 1996 on the section of the highway
The other stationary feature of the pinch effect is the fol-a5-south[Fig. 3(a)]: the speed correlation function at different de-

lowing. The mean time from the narrow moving jam emer-tectors.

gence till theS—J transition, i.e., till the transformation of a

narrow moving jam into a wide moving jam,,z;row, IS also

a nearly constant value for different moving jams on thethe time within a given time intervalty<t,<ty, n

same day(exactly for the same traffic conditions.g., itis =1,2,... N, At=1 min, t, is an initial time, andN is the
aboutTarow~11 min on 13 July 1997. number of points in the interval. The correlation function
However, these stationary features are valid only duringRy\(kAt), k=0,1,2. .., isdetermined a§79]

the time interval when the avera}ge fr!)ow raf@ "M is also
nearly constant in the vicinity of{?\"°" [Fig. 15a)].

It must also be noted that the tinTe,, .., Needed for the Ryv(kAt) = m n; (= () (Wn=(v)), )
S—J transition (about 10—12 minis considerably longer
than the time needed for tHe—S tranSition(abOUt 1 min, where <U> is the average Speed over time inter\t@:{(tn
see Sec. Il B The high valu€T,,,,ow @and complex dynam- <ty,
ics of the wide moving jam emergence may be responsible

N—k

for the strong spatial dependence of the speed correlation 1 N 1 N
function, which will be considered below. (v)= N 21 Un, UZ:N 21 (va—(v))2 (6)
n= n=
2. Spatial dependence of speed correlation function The maximal value of the numbek in formula (5) for
The speed correlation function for moving jartistop- Ryv(kAt) is chosen equal to N/2.

and-go-traffic’) has already been studied in R¢&1]. In The period of this functiorT; (Table V) has a minimum
Ref.[61], it has been found that the period of this function isfrom about 5 up to 7 min for different days in the pinch
about 10 min. region O5). This period increases with the increase in the

It is interesting to analyze the speed correlation functioramplitude of the moving jams reaching the maximum value
during the moving jam emergence at different locatidfig.  (from about 9 min up to about 20 min for the different days
17 and Table V. It can be seen from Table V that the speedwhen the narrow jams have been transformed into the wide
correlation function, which is calculated during the wide moving ones. Besides, while the period of the speed correla-
moving jam emergence for the different locatios5-D1),  tion functionT, is nearly the same in the pinch region of the
strongly depends on the spatial coordinate. The period of thigeneral pattern@5) on all days, this period is very different
function can change in space from about 5 min up to aboufor wide moving jams that have formed on these different
20 min. days ©1). Note that from the results in Table V it can be

The speed correlation function is calculated for time se<oncluded that in some case, e.g., on 20 April 1998, the
riesv,=v(t,) wherev is the vehicle speed,,=nAt+tyis mean time distance between moving jamsis lower than
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A5-South, 23.03.1998 speed in the pinch region away from narrow moving jams is,
— leftlane ----- ,‘?gﬁ?}i,}:“e the higher is the mean initial distance between narrow jams

Rnarrow . o
The distancdR, ;10w Can be sometimes equal to or higher
than the minimum time distance between wide moving jams.

o LTEPTWY o5 1 Thus, each growing narrow moving jam can lead to the oc-
08:00 08:30/ 09:00  09:30 08:00 08:30 09:00 09:30 currence of a wide moving jam. If the speed in synchronized
Vav flow is high enough then no moving jams emerge in this
(cl)000 @ flow.
- strong weak It will be shown below that under the weak congestion
'% 500 diverse transformations between different congested patterns
= can occur.
Dé-on
0 —— — 0 +—————————
08:00 08:30 09:00 09:30 08:00 08:30 09:00 09:30 B. Synchronized flow pattern

FIG. 18. Transition from the strong congestion to the weak one. When the flow rateger.,, decreases below some value,
(@) The vehicle speed for different lan& min data where narrow ~ GP can gradually transform into §Pig. 19. On 23 March
moving jams are marked by down arrows and the average spged 1998 this transformation occurs in the time interval from
(thick solid curve, 10 min averaged datdhe flow rates in the 9:00 up to 9:20, when the flow ratg ¢+, is related to the
pinch region D5) (b), to the on ramiD6-on(c), to the effective on  flow rate interval designateaf;2" in Table II. Upstream of
ramp(eff-on), and the upstream part of the flow rate to the effectivesp, free flow occurgD1, Fig. 19b), middle], i.e., this SP is
0N rampQon.up=defr-on— doe-on (0N-Up (d) (10 min data: each 10 |ocalized at the bottleneck. Such a pattern is called the LSP.
min averaged value is set to the minute at which the 10 min interva{yjige moving jams do not emerge in SP. In comparison with
of the averaging begipsData from 23 March 1998, A5-South.  Gp in SP the average speed and the flow rate are consider-

ably higher aD5 [Fig. 19¢c)]. Thus, in SP the weak conges-

. i . o tion is realized.
the period of the correlation functioh . This is because the

moving jams of lower amplitu_de decrease the average time - ajternations of free and synchronized flows in congested
distance between the moving jarig, but they only slightly

. . . . patterns
influence the period of the speed correlation function.

During the time interval from 9:20 up to 9:41, when the
localized SP occurgFig. 19b), middle], the flow rate
IV. EVOLUTION OF GENERAL PATTERNS AT ON RAMPS Qefr.on=570-615 vehicles/h. Wheng;o, is further de-
creased Qefi.on IS 390—420 vehicles/h during 9:42—-9]50
local regions of free flowD5,D4) appear, which spatially
The time dependence of the flow radgron(t) has the  aiternate with local regions of synchronized flo@J) [Fig.
maximum pointdets.on, max at the timet=tq¢;o,. This time  19(b), right]. However, synchronized flow is self-maintained
is later than the timé=tg of the general pattern emergence at the bottleneck@6). Besides, wide moving jams emerge
(Table Il and Fig. 12, eff-on Whereasje+1.o, is changing at  in the most upstream region of synchronized flow inside the
a high level in the vicinity 0fesson max, the average flow patterniD2 andD1 in Fig. 19b), right]. Thus, this pattern
rate in the pinch regiom*'"°" is self-maintained near the may be considered as a variant(&P). Inside this GP, local
limit (minima) flow rate g{fa"°"” and the average vehicle regions of free flow spatiallplternatewith local regions of
speedv,, is low [the region “strong” in Figs. 18,b]. This  synchronized flonmarked “AGP” in Fig. 19b), right].
case will be called the “strong” congestion. In the strong Note that the flow rateqess,, increased up to 600
congestion, the initial mean time distance between narrowehicles/h during 9:57-9:59. At such a flow ratg .o, SP
moving jams reaches the lowest possible valyg;, and could exist[Fig. 19c)]. However, SP does not occur any-
the mean width of the synchronized flow in GBy, is lim- more.
ited, and this width is independent of traffic demand. Thus, The appearance of free flow B5 andD4 may be ex-
the pinch effect considered in Sec. Il is related to the stronglained by the occurrence of the retusa-F transition in-
congestion condition. side the initial SP when the flow ratg, ., is decreasing
In contrast, when the flow ratg.sr,, decreases below [Fig. 19¢c)]. However, because synchronized flow at the
some value, the average speed in the pinch regjgrbegins  bottleneck D6) is still self-maintained, the discharge flow
to increase gradually and the flow ragg’™™" loses the rate (D6) remains at approximately the same level as in SP
property to be a self-maintaining value closeqf@,ﬁnc") (Fig.  [Fig. 190¢)]. Thus, it may be assumed that the downstream
18). This case will be called the “weak” congestion. Under front of GP [this GP is marked as “AGP” in Fig. 1®),
the weak congestion, the time distance between emergingght] is located at the bottleneclo6) as well as the down-
narrow moving jams increases with the increase in the aveistream front of the initial GP and SP.
age speed in the pinch regipRig. 18a)]. This is correlated There may be also the following interpretation of the phe-
with Ref. [66], where it has been found that the higher thenomenon of the appearence of alternations of free and syn-

A. “Strong” and “weak” congestion: The definition
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(a) A5-South, 23.03.1998

. 10:00 “’0 x [km]
e

(b) A5-South, 23.03.1998

— leftlane - middle lane - right lane
LSP vikmh ~ AGP

A ST S

07:40 08:00 09:20 09:40 10:10 10;25

FIG. 19. Evolution of the general patte({@P)
into the localized synchronized flow pattern
(LSP) and then into GP where a spatial alterna-
tion of free and synchronized flows occurs
(marked “AGP”) due to a decrease in the flow
rate to the effective on ramp upstream of the
bottleneck atD6 on 23 March 1998 on the sec-
tion of the highway A5-SoutlFig. 3@)]. (a)
Overview.(b) The vehicle speed on different de-
tectors: GReft), LSP (middle) and AGP(right).
(c) The flow rates at different detecto$0 min
averaged daja “eff-on” and “on-up” are the
flow rates to the effective on rant¢+.,, and the

flow rategqn.up=efr-on— dpe-on respectivelyF
free flow.

07:40 08:00  09:20

120 120
60 N A 60 -
0 ] 0
07:40 08:00  09:20
120 - 120
el AN
0 T | 0 ) ]
07:40 08:00 09:20 09:40 10:10 10:25

_ T 000 "GP 1sp AGP |F
2 £ Qoutm--- P i

ic| | 3000

g g ] D5

2, 0- : . = 0 T T

o 08:20  09:20 10:20 08:20  09:20  10:20

chronized flows in congested patterns. It can be seen in Figan 23 March 1998Fig. 19. However, sometimes rather than
19(a) that synchronized flow in AGP appears due to a spatiaGP the SP, where local regions of free flow spatially alternate
separation of synchronized flow in the initial LSP. Exactly, with local regions of synchronized flow, occurs. The latter SP
AGP may be considered as two different patterfisLSP,  may also be interpreted as two different patteinsLSP at
localized in the vicinity of the bottleneckD6, Fig. 19b), the bottleneck andii) MSP where no wide moving jams
right] and(ii) a MSP. When synchronized flow in this MSP is occur.
far enough from the bottleneckb@-D1), wide moving Sometimes, an initial GP transforms into LSP that dis-
jams emerge in this synchronized flow. solves later. In some other cases, an appearance of free flow
On other days, the evolution of GP when the flow rateinside the synchronized flow of the initial GBr SP leads to
Jett-on decreases can show qualitatively similar pictures ashe occurrence of MSP.
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D. Hysteresis phenomena at the effective bottleneck during TABLE VI. The maximalg{:3'he, and the minimab {3 dis-
the pattern formation and dissolution charge flow rates on three different days on the section of the high-

. .. . . way A5-South. Both flow rates are measured during the time inter-

While the F—S transfuon at the_ effective bott_leneck IS val when the congested pattern exists at the effective bottleneck at
accompanied by the fall in the vehicle spdedy., Fig. 4a—  pg. 1 min averaged data across the whole highway.
)], the returnS—F transition is accompanied by the jump
of the speed. Therefore, both first order phase transitions Day
cause the well-known hysteresis effg€tgs. 16¢c,d)]. On 13 ~ Parameter or ,
January 1997, due to the appearance of a wide moving jaﬁ.paractenstlc 15 April 1996 13 January 1997 23 March 1998

betweenD6 andD5, which causes the retu®— F transi- (bottle)

tion at D6 without the dissolution of the general pattern,?\feu;’,rincigs/h 6840 6180 5220
there are two hysteresis effe¢Sec. Ill B 5. qSunmin

However, usually thes—F transition occurs due to the (vehicles/h 4500 3540 3420
dissolution of the congested pattern. One of the scenarios Qﬁ%?,t‘m'?mout
this dissolution is shown in Fig. 18). A wave of the return 1.37 1.37 1.24
S—F transitions starts upstream of the congested pattern arﬁ#ﬂiﬁﬂ?&/qom
propagates downstreatap arrowsF,, D3-D5) up to the 0.9 0.79 0.81

effective bottleneckD6, up arrowF, and the arrow at 9:21
in Figs. 16a) and 1&d), respectivelj. As a result, the con-
gested pattern dissolves and free flow occurs at the bottle- 1.8<qre9/qPinch < 2 o5 (8)
neck[Fig. 16a)].

When GP or SP occur where local regions of free flow ] o )
spatially alternate with local regions of synchronized flow, a 1n€ maximal and minimal values of the discharge flow

different scenario of the congested pattern dissolution is pos,r—""tquwﬂe) during the time when the congested pattern ex-
sible. On 23 March 1998 the dissolution of synchronized'Sted at the bottleneck have been measured both for 1 min

flows atD6 and atD3-D1 in AGP begins almost simulta- (Table VI) and for 10 min a"eragedbgﬁ‘.g?o show mean
neously(up arrowsF,; andF, at 10:31,06 andD1 in Fig. result$ (Table VII). It can be seen thaf’°"'® can change in

- bottl bottl - :
11). However, because synchronized flow8-D1 is ex- & Wide rangef qGis i« dout minl- Besides, the maximum
tended over about 3 km, this synchronized flow dissolve&@/U€Gout, max

(bottle) can noticeably exceed the flow rate out of a

: ; H bottl
later due to the wave of th8—F transitions, which propa- Wide moving jamdg:, whereasi; i, can be lower than

gates downstream from the detect®r$ to D2 and then to ~ Yout: , )
D3 (up arrowsF, at D2 andD3). As a result, the dissolu- Because in GP under the strong congestion the flow rate

tion finishes aD3 three minutes latefat 10:34 than it has q_(pmh) has only small changes negff,"*" the average
begun atD1. There may be another explanation of this pat-d's’(:h"’lrg_e flow rat€2) should Chang‘? correspondingly tq the
tern dissolution. This explanation is based on the above a _hﬁngg m_tht_a f(ljowdrat%to the def_fect;]ve on f?‘?'b‘?fl-on- Th|s
sumption that the AGP in Fig. 19 consists of two patterns:lg(b‘;l}/'or is indeed observed in the empirical stjéfg.
LSP at the bottleneck and MSP. Thus, these two patterns '
dissolve independently of each other due to two different

waves of the returid— F transitions. V. CONGESTED PATTERNS AT OFF RAMPS

All types of patterns that occur at an isolated on ramp can
also occur at an isolated off ramp. However, congested pat-
There are three kinds of highway capacity depending on

which phase traffic is in. These kinds of highway capacity TABLE VII. The same parameters and characteristics as in

are the following[66]. (1) The capacity of free flow is Table VI but for 10 min averaged data across the whole highway.

q{"e®  (2) The capacity downstream of synchronized flow at

a bottleneck is related to the maximal possible diSCharg%arameter or Day

(bottle) ; :
flow rate goumax- (3) The capacity downstream of a wide cparacteristic 15 April 1996 13 January 1997 23 March 1998

moving jam is gy, (Table Ill). These capacities have a
e . (bottle)
probabilistic nature, because of local first order phase transBoutmax

tions between three traffic phases. (\zghtitfgeS/h 5940 5420 4880
ottle,

Recall thai[?O] Uout,min
(tree (vehicles/h 5140 3640 3920
ree

qmax /qoutml's- (7) qu?,trg?JQOut

E. Discharge flow rate and highway capacity

1.19 1.2 1.16

bottl
qgu(z,nm(ier)\/qout

Thus, for the general patterns at on ramps, one derives from 1.03 0.8 0.93
Egs.(4) and(7) the following empirical relation:
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 left lane (1)135-1;?‘%;21;‘;3-0_1_“ I D 25-off on A5-North there is almost no difference between
the flow rate atD22 in free flow regimdthe time interval

before the up arrow in Fig. 2B)] and in the pinch region at

D22 (the time interval after the up arrowin the pinch re-

f gion, the vehicle speed away from moving jarebout

0+ : ' : ' 0-—— : : - 40-60 km/h, Fig. 2(&), D22, D21] is noticeable higher than

11:30 12:30 1330 1430 1530 11:30 12:30 13:30 14:30 15:30 in the pinch region of GP at the on ramp under the strong

congestionabout 20—-30 km/h, Figs. 9-1D5).

The upstream front of synchronized flow in GP at the off
ramp is continuously widening upstredmmp arrows in Fig.
20(a)]. Therefore, the width g, of the synchronized flow in
GP at the off ramp is increasing over time rather than it being
12 3 4D18 spatially limited. In contrast to GP at the on ramp considered
0 in Sec. lll A 2 (Figs. 9-11), the upstream boundary of syn-
0 chronized flow in the GP at the off ramp in Fig. 20 is not
0 determined by the location of tHe— S transition(the wide
1130 1230 1330 14:30 15:30 moving jam emergengeFirst, synchronized flow propagates
continuously upstream of the bottlene@kp arrows in Fig.
20) and only later wide moving jams emerge in this synchro-
nized flow.

11:30 12:30 13:30 14:30 15:30 0130 1230 1330 1430 1530

30 12:30 13:30 14:30 15:30 11:30 12 30 13 30 1430 15 30 B. Transformations between different types of congested

D16 patterns
2 3 4

g It has been found that the weak congestion is the usual

case for different congested patterns at off ramps. In particu-
. . , .7 lar, the weak congestion occurs in the MSP shown in Fig.
11:30 12:30 13:30 14:30 15:30 1130 1230 1330 1430 1530 6(a) and in all other congested patterns shown in Figs. 21
A5-North, 23.03.01 and 22. Under the weak congestion diverse transformations
between different types of congested patterns often occur
over time.

For example, GP at off ramps can easily transform into
one of the synchronized flow patterns. Either the LSP, or the
widening SP(WSP), i.e., SP whose upstream front is con-

FIG. 20. The general patteli@P) at the isolated bottleneck at tlnuously widening upstream, or else MSP C.an occur. Be-
the off rampD25-off on 23 January 2001 on the section of the sides, m_ both Gl_:) and SBSP or \.NSI? chal regions of fre_e
highway A5-North[Fig. 3c)]. (@) The vehicle speed on different flow, which spatially alternate with regions of synchronized

detectorg1 min data. The flow rate in the pinch regiofp) and the ~ [1OW are often realized. An example is shown in Fig. 21
discharge flow raté* D25+ off ramp”) (c) for GP (10 min intervals where GP first transforms into GP with such an alternation of

data. The up arrow in(b) symbolically shows the time of ths  freée and synchronized flowsnarked "AGP”) and then later
—. S transition, which leads to GP formation. once again GP without this alternation occurs. However, in
this AGP almost free flow conditions are B23-D21, i.e.,
this AGP may also be interpreted as GP whose downstream
terns at the off rampFig. 20@)] and their evolutionFig. 21) ~ boundary has moved upstream from the initial effective lo-
show some peculiarities. cation of the bottleneck in the vicinity d»23 to D20.

At some off ramps, GP exist only during short time inter-
vals. There are relatively frequent transformations between
different congested patterns. Such a case is usually realized

First, upstream of the off ramp 25-off on A5-North the upstream of the off ramP 23-off on the highway A5-South
F— S transition atD23 [up arrow in Fig. 20a)] occurs(the  (Fig. 22. It can be seen that GP, where only one wide mov-
reason of theF—S transition is the same as it has beening jam is formed, transforms into SP, then GP once again
discussed in Sec. Il CThe following upstream propagation appears.
of the synchronized flowup arrows atD22, D21) leads to
the formation of GP where the synchronized flow pattern VI. COMPLEX PATTERN FORMATION CAUSED BY
occurs and wide moving jams emerge in that synchronized PECULIARITIES OF HIGHWAY INFRUSTRUCTURE
flow [down arrows in Fig. 2@), D19-D16]. o N

However, in the pinch region of this GP the weak conges- A. “Foreign” wide moving jams
tion condition is realized. Indeed, in contrast to GPD&& A real highway has a lot of effective bottlenecks. Thus,
considered in Sec. ll(Figs. 9-1), in GP at the off ramp two or more general patterns where the related different se-

q [vehicles/h]

A. The general pattern
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A5-North, 23.03.2001

— leftlane  —— middlelane ..-- right lane
v [km/h] v [km/h] v [knmv/h]
0. GP . AGP o GP
D24 60 - ~ 60 | 60 1 N
0 T 1 0 T 7 0 +———
13:00 13:30 1400  15:40 16:05 1630 1710 17:35 18:00
120 120 120 -
D23 60 fobiipaiaisnchs 60 AL
0 . . 0 . . 0 : .
13:00 13:30 14:00  15:40 16:05 1630 17:10 17:35 18:00
120 A 120 - 120
Sk esy |
D22 9w AP Sy @ WA TRy, FIG. 21. Evolution of congested patterns that
0 ‘ ‘ 0 , , ‘ - occur at the isolated bottleneck at the off ramp
13:00 13:30 14:00 15:40 16:05 16:30 17:10 17:35 18:00 D 25-off on 23 January 2001 on the section of the
120 + 120 120 highway A5-North[Fig. 3(c)]. The vehicle speed
D21 % ° © Ww on different detectors. GP is the general pattern
MMWM (left and righ} and AGP is the GP where a spatial
0 0 : : 0 : ‘ alternation of free and synchronized flows occurs
13:00 13:30 14:00  15:40 16:05 16:30 17:10 1735 18:00 (middle)
120 A 120 120 -
D20 s W e Ve LN W
0 : . . . 0 : .
13:00 13:30 1400  15:40 16:05 1630 17:10 17:35 18:00
120 1 120 120 A
D19 60 _WN/\G\M 60 -W 60 _W
0 : ‘ 0 . ‘ 0 | .
13:00 13:30 1400 15:40 16:05 1630 17:10 17:35 18:00
120 - 120 120
P m ® W 60 W
0 . ‘ 0 . . 0 . ,
13:00 13:30 14:00  15:40 16:05 16:30 17:10 17:35 18:00

guences of wide moving jams emerge can appear almost si- As a result of these effects, instead of initial isolated se-
multaneously. The wide moving jams from downstream sequences of wide moving janithe foreign wide moving jams
guences of wide moving jams will be calléfbreign” wide A andB and the jams marked by the arrows 1-a88united
moving jamgthe jams marked by the down arrowé™and sequence of wide moving jams is finally formédbwn ar-
“B”in Fig. 3(b) and Fig. 23 when they propagate through rows 1 3A 8 B in Fig. 23,D2, D1).

an upstream general pattei@P atD6) where other narrow

moving jams are just emerginghe jams marked by the B. “Expanded” congested patterns
down arrows 1-9 in Fig. 23 _—
Upstream of the “foreign” wide moving janA, the nar- 1. The definition and some common features

row jam emergence is not influenced by this “foreign” jam.  If two or more effective bottlenecks exist close to one
Downstream of the foreign wide moving ja& the narrow  another on a highway, then a congested pattern can occur
jams marked by the arrows 6 and 7 disappear. This suppresthere synchronized flow covers several effective bottle-
sion effect is apparently the same as the suppression of natecks. This pattern will be callethe expanded congested
row jams by a wide jam at the upstream boundary of thepattern (EP).

pinch region(see Sec. Il A 2 [66]. However, far enough The empirical study shows that in some cases two or more
downstream from the jamA the features of the jam emer- spatially separated pinch regions can occur in the synchro-
gence are not influenced by the foreign wide moving jamnized flow of EP. Each of these pinch regions occurs up-
propagation. Thus, the narrow jam marked by the arrow 8stream of the related effective bottleneck.

which is far enough downstream of the foreign j@ngrows In a lot of other cases, EP are observed where the pinch
leading to the formation of the wide moving jam 8 @2 region covers two or more effective bottlenecks. The width
(Fig. 23. All mentioned features of the foreign wide moving of this expanded pinch region can be much higher than the
jam A propagation are characteristic for all other foreignwidth of the pinch region occurring upstream of an isolated
wide jams, in particular for the wide moving jaB bottleneck. In these cases, narrow wide moving jams after
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AS5-South, 17.03.1997

— leftlane ----- middle lane - right lane
v [km/h] GP  vikmn SP v km) GP
120 ] N Ay AT
D23 CGEEREARTINR 1 g o BRI SV
60 60 1
0 o+— 0
07:20 08:00 08:00 08:20 08:40 09:10
120 A 120
0 ———— o0+
07:20 08:00 08:00 08:20 08:40 09:10
120 120 A 120 4
D21 ol 6 w o ~g;/’ FIG. 22. Evolution of congested patterns that
ot o o~ v occur upstream of the off ramp23-off on 17
12:7_‘20 08:00 123*{'00 08:20 1233_40 09:10 March 1997 on the section of the highway A5-
ST A AL South[Fig. 3(@]. The vehicle speed on different
D20 & W detectors. GP is the general pattern and SP is the
0 , synchronized flow pattern.
07:20 08:00

D19

D18

D17

07:20 08:00 08:00 08:20 08:40 09:10

they have emerged can remain the narrow jams during the In this expanded pattern, there are two spatially separated
propagation through the whole expanded pinch region withpinch regions in the synchronized flow. The first pinch region
out transformation into the wide moving jams. Naturally, in- has been formed between the bottlen&;,,, ; and the
termediate cases where some of the pinch regions are sefgottleneckBy,n2 [Fig. 20@)]. In this pinch region, wide
rated and the others cover several effective bottlenecks af@oving jams occur downstream of the bottlend®k,,n »
observed. [Fig. 20@@), D17, up arrow$ These wide moving jamighe

EP can also have a spatial-temporal structure qualitativelgown arrows 1-4 in Fig. 28) and Fig. 24 that propagate
similar to (GP) at an isolated bottleneck. However, the em-further upstream can be considered as foreign wide moving
pirical study shows that there are some important peculiariiams for the second pinch region upstream of the bottleneck
ties of EP. First, because synchronized flow in EP coverg, ..., where other narrow moving jams emerge.
several bottlenecks, the pinch region can be much longer |n the case shown in Fig. 24, the strong congestion occurs
than in the case of an isolated bottleneck. Second, a lot gh the pinch region P15) upstream of the bottleneck
“foreign” wide moving jams that are formed inside different Brorth2 (D16). As a result, the upstream propagation of the
pinch regions between different bottlenecks can propagatgpstream front of synchronized flow is spatially limited and
through EP. the front is located betweed11 andD12. A region of wide
moving jams is formed betweeD11 andD12, i.e., at ap-
proximately the same distan¢about 4 km from the effec-

In Sec. V A it has already been mentioned that upstreantive bottleneck aD16 as in the case of the effective bottle-
of the effective bottleneckBy,in1 [Figs. 3c,d] GP is neck atD6 on the highway A5-Soutke.g., Fig. 9.
formed[Fig. 20@)]. The upstream front of the synchronized = However, these wide moving jams are not the reason for
flow in this GP propagates upstreqop arrowsD23-D17].  the F— S transition at the next upstream bottlendsi, iy 3
After this front reaches the effective bottleneBkh2 @t (D7). This transition is earlier induced by the upstream
the on ramp D16), theF— S transition at the latter bottle- propagation of the local region of synchronized flow, which
neck occurdup arrow in Fig. 20a), D16]. As a result, the has originally appeared &12 (up arrow at 11:59 There-
synchronized flow propagates further upstrgamarrows in ~ fore, the wide moving jams are also the foreign jams for the
Fig. 24,D15, D14] covering both bottlenecks. Therefore, EP congested pattern that is formed upstream of this third effec-
occurs whose overview is shown in FigdR tive bottleneck D6 in Fig. 29.

2. An example of EP
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A5-South, 18.06.1997 AS5-North, 23.03.01

— leftlane --- middlelane .. right lane — leftlane ----- middle lane - right lane

DIO 1 23A 4B

0 o720 ; ‘
06:50 07:40 08:30 09:20

06:50 07:40 08:30 09:20

08:30  09:20

12:2 a
11:30  12:30 13:30 14:30 15:30 11:30 12:30 13:30 14:30 15:30

06:50 07:40 0B:30  09:20 06:50 0740  08:30  00:20

1]

06:50 0740 0830  09:20 06:50 07:40 08:30 09:20
120+ 120
FIG. 23. Explanation of “foreign” wide moving jams. The —g,] %0
propagation of the “foreign” wide moving jams A” and “B” E
through the general pattern. The vehicle speed at different detectors > 401 40
GP has been formed due to the- S transition at 07:15 at the on Y 0

ramp (up arrow,D6) induced by the propagation of a local region 11:30 12:30 13:30 14:30 15:30 11:30 12:30 13:30 14:30 15:30

qf synchroniz_ed flow(up arrow,D_?) on 18 June 1997_ on the sec- FIG. 24. A part of the expanded pattefBP) upstream of the
tion of the highway AS-SouttiFig. 3@]. The overview of this  eneciB,,,, at D16 (the on rampon 23 January 2001 on the
foreign .Wlde moving jam propagation through GP at the bottle- ¢otion of the highway A5-NortfFig. 3(c)]: The vehicle speed at
neckBg is shown in Fig. &). different detectors. The downstream part of this(E®wnstream of
the bottleneck ab 16) is shown in Fig. 20. The overview of the EP
can be seen in Fig.(8).

There are bottlenecks that do not appear to be effective
ones, i.e., the=—S transition is not observed there. If a realized on the highway A5-South Bt12, D13 [Fig. 3@)].
foreign moving jam that has initially occurred downstreamDue to the off ramp the effective number of the lanes de-
of the bottleneck propagates through this bottleneck eithecreases fronm=4 atD12 ton=3 atD 14 in the direction of
the width of the jam can decrease or the jam can dissolvaraffic flow. Apparently for this reason the width of the for-
Indeed, let us assume that the bottleneck is linked to a design wide moving jam in Fig. 25) decreases when the jam
crease in the number of highway lanes from™to “ n” in propagates upstream in the vicinity BfLl2 andD 13 and the
the direction of traffic flow (<m). Then the flow rate in the jam width again increases after the jam has passed the off
outflow from the foreign wide moving jang,,, increases ramp(this is the wide moving jam shown in Fig(2].
when the jam propagates through the bottleneck correspond- The influence of this long off ramp &12, D13 can also
ingly to the ratiom/n but the flow rate into the jam;, can  explain the dissolution of narrow moving jams shown in Fig.
remain the same. The dissolution of the foreign wide moving25(d). These jams emerge in the pinch region of the con-
jams at such a bottlenedvhere m=3 andn=2) is ob- gested patterfD 14, Fig. 2%d)] that appears upstream of the
served on the German highway Agigs. 2%a,b)]. First, the  effective bottleneck a@D 16 caused by the on ranipl5-on in
moving jams(marked by down arrows 1+are on the two- Fig. 3(a). After this moving jam dissolution, free flow occurs
lane section of the highwayD(8). After the jams due to their upstream of the pinch region BX12 [Fig. 25d)]. Thus, the
upstream propagation reach the three-lane section of thlecalized synchronized flow pattern occurs at the on ramp
highway they begin to dissolve graduallp {,D5). Finally, [this pattern is marked as synchronized flow in Figo)?
the jams have dissolved and free flow occurBa8tupstream rather than the general pattern. However, in contrast to LSP
of the bottleneck. considered in Sec. IV BFig. 19, the localized synchronized

A long off ramp parallel to the other highway lanes canflow pattern under consideratidirigs. 2b) and 2%d)] oc-
also play the role of a bottleneck of this type. This case iscurs due to the mentioned peculiarities of the highway infra-

C. Dissolution of moving jams at bottlenecks
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traffic flow. () Al-Southwest, 29.12.1998 structure upstream of the effective bottleneclkDdt6 rather
D1 D2 D3 D4  D5D6D7DSDY than due to non linear effects in traffic upstream of the
' : : il : 70 bottleneck only.
Iﬁ:::@::ﬁ::ﬁ:ﬁiﬂ\‘g@
I 00 VII. DISCUSSION
0 15 30 40 s0s4s7626s ™ ; -
(b) Al-Southwest, 29.12.1998 A. Conclusions of empirical results
120 leftlane ---- middle la“f’,:\ """ “ghzla';e 1. Classification of congested patterns at highway bottlenecks
E 60_\”“‘"\1 2 3 =12 \i:daf\kkzgg/\ (i) GP, where the synchronized flow occurs and wide
> 11 l/“L”? E 60 - '\\“f moving jams emerge in that synchronized flow is the most
o D8 VYN, s o D3 ; . frequent type of congested pattern at isolated bottlenecks.
s 1330 13:45 ‘315\/\ 13:30 13:45 (i) In some cases, rather than GP one of the SP’s occurs.
E‘m ”1\1\1 2 3 F0 -jyx;\&@&“fﬁ“% Either LSP, or WSP, or else MSP is realized at an isolated
g 601 %%‘A\l l ) E 60 - n bottleneck.
> ,ID7 v W\ > ,_D3 ‘ ‘ (iii) In some cases in GP and SR LSP and WSPlocal
1315 13:30 13:45 13:20 13:40 14:00 regions of free flow, which spatially alternate with regions of
synchronized flow, can occur.
(c) A5-South, 23.06.1998 (iv) If two or more effective bottlenecks are close to one
— leftlane ---- middle lane ------ right lane .
W0 11~ 6 min 3000 - t; ~2min anoth_er, EP, where synchronized flow covers two or more
g o lnlh z \ effective bottlenecks, can occur.
;& : ~/ For each effective bottleneck or for each set of several
e 2 DIl effective bottlenecks that are close to one another the spatial-
¢ b T o temporal structure of the congested patterns possesses pre-
= 3000 1 dictable, i.e., characteristic, unique, and reproducible fea-
E:;zooo ] tures, such as the types of patterns that are frequently formed
8 1000 and the mean width of synchronized flow inside GP. These
= o features can be nearthe samdor different days and years.
071 They can also remain within a large range of flow ratesf-
§3°°°’ fic demand at which the patterns exist. These results are
22000 used for forecasting of congested patterns at highway bottle-
S 1000 - necks[80].
?)7-:05 07:20 0735 0725 07:40 07:55 2. Special congested pattern features
(d) A5-South, 23.06.1998 (i) When the flow rate to the effective on rantRs.on
— leftlane ---- middle lane - right lane increases, the case of the strong congestion can be realized.
Ho- The strong congestion shows the following features.
o DB (1) The average flow rate in the pinch region of GP
NS T Mg q(Pi"e" reaches a limitminimal) flow rateq(,"°" . Exactly,
T wm q*"°M shows only small changes in the vicinity gf"°" .
(2) The mean width of synchronized flow in GB,y,,, is
Yy approximately a constant, which does not change if either the
flow rate gef1.on Of/and the flow rate upstream of GR,
D12 increases.
oras w0 (3) At the location inside the pinch region where narrow

moving jams are just emerging the time distance between the
_ _ o jams reaches a minimum value.

FIG. 25. Dissolution of moving jams at bottlenecka, t_))A (4) The condition ql(i;?r|]nch)<qout is fulfiled (1.2
spheme of the arrangement of the_ detecto_rs oruw the section of Ehgqout/ql("?\inCh)Sl-S)v whereq, is the flow rate in the out-
highway Al-Southwest between intersection “Dortmund-Unna flow froml a wide moving jam for the case when free flow is
(upstream ofD1) and intersection “Schwerte{downstream of .

D9) in the direction to Colognés) and the vehicle speed at differ- formed downstream of th? jam. .

ent detectorgb). (c) Dependence of the time-width; of a wide ©) Th'e hlghway capacity in th'e free flow regime can be
moving jam due to the jam propagation through a section of thedbout twice as high as the capacity of the highway under the
highway A5-South with the long off rampD12 andD13, Fig.  S{rong congestion condition. .

3(a)]: the vehicle speed at different detectofs) Dissolution of (i) When the flow rate to the effective on ranogsr.q,
narrow moving jams Occurring in the pinch regio:(4) of the SlOle decreases, the Strong Congestion conditions in GP
localized synchronized flow pattern due to the jam propagatiorchanges to the weak one. In this case, GP can transform into
through a part of the section of the highway A5-South with the longone of the SP or an alternation of free and synchronized
off ramp: the vehicle speed at different detectors. flows in GP occurs.
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(iii) In contrast to the strong congestion, under the weak MSP DGP @
one the flow rateq®"®" or/and L, or/and the time- 0 ¢ DGP
distance of the narrow moving jams emergence in a synchro g %o 'G
nized flow noticeably depend on traffic demand. In GP where g q w1 b 9 max
in the pinch region the weak congestion occurs, the upstrean g gz’zl’_/, £\ p - XZEP/ €l Enk
front (boundary of synchronized flow can propagate up- 2 w 5B c- A -s{®
stream, i.e.L¢,, can continuously increase. = o Pineh) £ g (pinch)
(iv) Under the weak congestion diverse transformations ™ ) & s F(B))%.A
between different types of congested patterns can occur ove S LSP 2 § LspP
time. free flow free flow
(v) At an isolated off ramp, the weak congestion is often 0 Ady (g Aq ) 0 Agg Aq )
observed. on-remp onTr
(vi) Moving jams can dissolve at some specific bottle- (fre0) V), ynepronized. t v o
necks. This effect can lead to the occurrence of LSP wheregﬁ (syn) ® g T
the strong congestion in synchronized flow is realized, how- & ¢ % &/l B B g | A O @
ever in contrast to GP, the region of wide moving jams isé . @\ é ;, &
absent. _ _ _ : /. % £ %
(vii) The period of the speed correlation function can _ Poa denste™ P densie™S
gradually increase in the upstream direction from the loca- ﬁ:ﬁﬁggﬂf ’ s® (0 aﬁhﬁggﬂf )
tion in the pinch region where narrow moving jams are just s, FJ;LE moe ooty Sjﬂ ®
emerging. Ap, | Qkﬂ " ap, Qk
Pt | e WNe—sf?
H ﬂ ﬂ
B. A qualitative explanation of empirical results t(syn) density, p o density, p
P'th Pruin| Prin1 2, ml g

1. Diagram of congested patterns at bottlenecks pifice)

in three-phase-traffic theory o ] .
FIG. 26. A qualitative explanation of empirically found con-

The methodology of the congested pattern study that hagested patterns in the three-phase-traffic thetayA qualitative
been used above is based on an analyseswirical spatial-  giagram of congested patterns at the effective isolated bottleneck on
temporal features of congested patterns. Let us show thaj multilane highway76,81): GP is the general pattern, DGP is the
some of these empirical features can be explained in thaissolving GP, LSP is the localized synchronized flow pattern, WSP
frame of three-phase-traffic theory by the autlip?,62— s the widening synchronized flow pattern, MSP is the moving syn-
64,66,81. chronized flow patterng;, is the flow rate on highway upstream of

In the diagram of congested patterns at the bottleneckthe bottleneckAq is the bottleneck strength, in the case of the
(e.g., on and off rampson a multilane(in one direction bottleneck caused by the on ramg=gon.ramp- (b) A concatena-
highway [Fig. 26(a)] [76,81], which is based on the three- tion of hypothetical equilibrium states of fréE) and synchronized
phase-traffic theoryFigs. 2@b,c)] [57,62—64,6§ different  flow (dashed areawith the line J; (c) hypothetical critical ampli-
spatial-temporal congested patterns dependent on the flofkde of local perturbations as function of the density for fhe S
rate on the highway upstream of the bottlenegk and on  transition(curve Fy), for the F—J transition (curve F,), and for
“the effective bottleneck strength”(or the bottleneck ~the S—J transition (curvess}” and s for two different vehicle
strength for shojt Aq, are possible. If the effective bottle- Speg?s insynchronized ﬂF’Wgy?n and v}, respectively,ugy,
neck is caused by an on ramp, the bottleneck stredgth ~ Vsyn [57,63,6. A qualitative diagram of congested pattefds
equals the flow rate to the on raNBnramp [Fig. 26a)]. If ?concatenatlon of hypoth_e_tlcal eqU|_I|br|um flow states with _the line

. . (e), and hypothetical critical amplitude of local perturbations as
the effective bottleneck is caused by an off ramyg, equals functi . ” (1) 2)
. unction of the density for th&€— J transition(curvesSy~’ and Sy
the difference between the actual flow rate to the off ramp
and a threshold flow rate to the off ramp at which the off

or two different vehicle speeds™ and v®, respectively,y®
) ) > @) (f) for one-lane road.
ramp still does not cause a permanent disturbance for free

flow. that separates the region of WSP from the region of LSP is
In the diagram, there are two main boundaféf and  marked by the lettew in Fig. 26(a).
S® . Below and left of the boundary® free flow is real- Note that the flow rate in the synchronized flow of any SP

ized [Fig. 26@)]. Between the boundarids® andS{®) dif-  cannot exceed some characteristic vy [Fig. 26b)].

ferent SP’s occur. Right of the bounda®{®’ wide moving  Right of the boundarf®) and left of the lineM [the region

jams spontaneously emerge in synchronized flow upstreamarked “MSP” in Fig. 26a)] the flow rateq;, in an initial

of the bottleneck, i.e., different GP’s occur. free flow upstream of the on ramp satisfies the condition
Between the boundarigg® andS{®, the higherq;, is,  Gin>a$2y? [Fig. 26@]. The point where the lind/ inter-

the higher is the probability that the flow rate in synchro-sects the curvé® is related to the flow rate;,=q{sYD .

nized flow in SP is lower thaw;, and the length of SP is After SP has just appeared at the on ramp, the flow rate

continuously increasing over time. At highqy, the WSP  directly upstream of the on ramp decreases. This flow rate in

and at lowerg;,, the LSP occur$Fig. 26a]. The boundary ~ SP pinned at the on ramp cannot be higher th§4? . This
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is in contrast to the initial condition;,>q{$Y" . Apparently ~ diagram of congested patterns in Fig(@6which is related

for this reason, it has been found out6] that one or a to the values\g=Aqg,, is not realized or the whole bound-
sequence of MSP emerge upstream of the on ramp. After Sary S lies above the flow ratey, = qfy"*" .

has emerged at the on ramp, SP comes off the on ramp and Right of the boundarys{® and left of the lineG [the
transforms into MSP. In MSP both the upstream and thdé€gion marked “DGP(dissolving general patterhin Fig.

downstream fronts move upstream of the on ramp, i.e., MsB&@], in an initial (before the congested pattern formajion

moves as a whole localized pattern upstream of the on ram fee flow upstream of the on ramp, the flow raig SaF'Sf'eS
e conditiong;,>(,,:. The point where the lin& inter-

In contrast to a wide moving jam, inside MSP both the Ve e octs the curveSSB) is related to the flow rate}, = qoy,.

h_|cle speed(40—_70 km/h and the flow rate are h'gh' Be- Thus, after a wide moving jam in synchronized flow of the
sides, the_ ve locity of the doyvnstrea_m front of MSP.'S not_ acongested pattern has been formed, this initial condigign
characteristic parameter. This velocity can change in a Wldgqout cannot be satisfied anymore because the flow rate in
range in the process of the MSP propagation or for differenfpe jam outflow cannot be higher thap,,. As a result,
MSP. In some cases it has been found out that after MSP isGPp, i.e., GP that dissolves over time should ocfig.
far away from the on ramp, the pinch effetthe self-  26(a)]. As a result, GP transforms into one of the SP or free
compression of synchronized flopwccurs inside MSP and a flow occurs at the bottlenedi6].
wide moving jam can be formed thejé6]. Right of the boundang8® and right of the lineG, GP
The boundary={®) [Fig. 26a)] is determined by an oc- occurs[Fig. 26a)]. As well as in the empirical results pre-
currence of thd=— S transition at the bottleneck. The nature sented above, GP doe®t transform into another type of
of this boundary is similar to the one for the cuive in Fig. pattern ifAq increases. IfAq decreases, GP can transform
26(c), which determines the critical amplitude of local per- into one of SP.
turbations for theF—S transition in traffic flow without The diagram in Fig. 2@) [76,81 can also explain the
bottleneckg62,63. The effective bottleneck acts as a per- occurrence of the diverse variety of patterns and the trans-
manent nonhomogeneity that causes the related permaneatmations between them over time under the weak conges-
perturbation at the bottlenedl67]. The higherAq is, the  tion at off ramps. Indeed, the weak congestion should be
higher is the amplitude of this permanent perturbationrelated to lowerAq, i.e., to the part of the diagram in Fig.
Therefore, the higheAq is the lower is the flow ratg;, at  26(a) where even relatively small changesgin andAq can
which the related critical amplitude occurs at the bottleneckcause diverse transitions between MSP, WSP, GP, DGP, and
This may explain the decreasing character of the boundarftee flow.

F&) in the flow-flow plane in Fig. 2@). The limit point of Note that for a one-lane road the diagram of congested
the boundar)F(sB) at Ag=0 is related to the maximum flow patterns should be qualitatively similar to that for the multi-
rate in free flow wherey;,=q{"e9 . lane highway with one exception. The part of the diagram

The boundang{® is determined by the wide moving jam above the flow ratej;,, =q5yy in Fig. 26(a) is not realized
emergence in synchronized flofie., the S—J transition ~ on the diagram of congested patterns for the one-lane road

similar to the one for the curve&{?) andS{? in Fig. 26c). ~ Phase-traffic theoryFigs. 2Ge,f] [57,62,63,66 Indeed,

The latter boundaries determine the critical amplitude of loN€S€ hypotheses suggest that the maximal flow qgafg,

cal perturbation and the related probability for e J tran-  LF19- 26€)] in hypothetical spatially homogeneous and time-

sition in synchronized floW}57,62,63,66 On the one hand, independent state§'equilibrium” states) on the one-lane
between the boundariers(SB) and SSB) at the samaj;, the road equals the maximal flow rate in the related states of
] n

vehicle speed in SP should decrease whenincreases. On  Synchronized flow on the multilane highwagf,a,— a2y
the other hand, from Figs. B6,c) it can be seen that at the [Figs. 2Gb,)]. Therefore, corresponding to Fig. @6 MSP
same flow rate, the lower the vehicle speed in synchronized Should not occur aft| a bottleneck c&nhthe oneilan?f road.h
flow, the lower is the critical amplitud&p, and therefore the N Figs. 2@a,d fluctuations and hysteresis effects have
higher is the probability of th&—J transition(compareS(l) not been -tz.;\ker_w |n_t0 account. Fl_uctuat.|ons may lead tdthe

2) : : 1) ) —F transition inside WSP, and in particular to an occurrence
and Sy for the respective vehicle speedéyn and veyn, of MSP also on one-lane roads. Hysteresis effects may lead
wherev (M) >v3)). Thus, in comparison t6&), the bound- '

syn~ Usy , s

(8) . S to an appearance of regions where, dependent on initial con-
ary Sy’ should be shifted to the right in the flow-flow plane iions several different patterns can occur. In particular, the

[Fig. 26a)]. _ region of solely MSP may “shrink” so that in a limit case in
The empirical results of the GP formation also allow t0 {he \whole region marked “MSP” in Fig. 28) WSP can exist
suggest that if due to the high value & the strong con-  on 3 multi-lane road. The region of solely DGP may also
gestion is achieved in GP, then GP cannot exisGif  «shrink” and in a limit case GP can exist at all values,

<qff'”. Therefore, under the strong congestion theygnt of the boundans®.
boundaryS{®) can transform into a horizontal line af,

=q(P"°M [Fig. 26a)]. However, it can also occur that at the 2. Comparison with the diagram of congested patterns
whole boundarySSB) the flow rateqm>q|(i‘?ri1n0h), i.e., the at bottlenecks in the fundamental diagram approach
boundaryS{®) has a decreasing character at all valggsand Traffic flow models use usually hypothetical spatial ho-

Aq in the flow-flow plane. In this case, either the part of themogeneous and time-independent statésquilibrium”
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states or fixed points of a modehat belong to a curys) in SP where vehicle speed is considerably higher than in the
the flow-density plane—the fundamental diagram approackynchronized flow of GP. This is in accordance with the
(e.g., Refs. [13-15,27,28,30,51,32 Helbing etal. diagram in Fig. 268 in the three-phase-traffic theory
[38,41,53 have derived a diagram of congested patterns &t63,64,66,76,8]L

bottlenecks for a wide class of models in the frame of the

fundamental diagram approach, where diverse congested pat- 3. The width of synchronized flow in GP under the strong

terns are possible depending on the flow @teand on the congestion

bottleneck strengtiAq (the term “the bottleneck strength” It can be assumed that a wide moving jam separates the

has been introduced in Ref$38,41,53). This diagram (raffic flows upstream and downstream of the jam. As long as
[38,41,53 is qualitatively different from the diagrams in 3 moving jam is the wide one traffic phenomena upstream of

Figs. 26a,d [76,81. _ the jam do not depend on traffic phenomena downstream of
(i) In the diagram based on the fundamental diagram apme jam.
proach[38,41,53, homogeneous congested pattetRET) In the strong congestion condition, the wide moving jam

occur at veryhigh flow rates to the on ramonramp (iNthe 4t the upstream boundary of synchronized flow in GP can
general case, the bottleneck strendt) only. In contrast, in  therefore be considered as a region where “superfluous” ve-
Figs. 2Ga,d [76], WSP, where as in HCT synchronized flow picles that cannot immediately pass through the pinch region
can be homogeneous can occur in the vicinity loW  are virtually stored. The average flow rate upstream of the
Gon-ramp ONIY. wide moving jamg;, is assumed to be higher than the flow

(ii) In Refs.[38,41,52, at a given high enougb, if the rate qP"°M [Fig. 26@)]. Due to the difference betweep,
flow rateqon.ramp CONtinuously increases first triggered stop- pinch)

! _ and g{P'"°" the width of the jam increases only. In other
and-go traffic(TSG) wher_e no synchronized flow can be words, there is no influence on the width,, and on other
fo.rmed oceurs, then oscillating patter(®CT) wh.ere no Tparameters of synchronized flow downstream of the jam
wide moving jams can be fprmed appeatr, and finally HC even if g;, is for a long time considerably higher than the
occurs. In contrast, in the diagrams in Figs(26) [76,81] capaci

X pacity of the congested bottleneck.
there are neither TSG or OCT, nor HCT. It can be assumed that

(iii) Near the boundary that separates TSG and OCT a

congested pattern that is a “mixture” of TSG and OGihd
HCT) can occuf52]. This pattern, which at first sight looks
like GP, has been used in R§h2] for an explanation of the
jam emergence in Ref66]. However, this mixture pattern
has no own region in the diagram of states in Refs
[38,41,52: The pattern transforms into TSG Gf,,.ramp de-
creases or into OCT iflyn.ramp iNcreases. In our diagrams
[Figs. 26a,d [76,81]] there are no TSG, no OCT, and no
HCT. Instead, GP exists in the very large range of the flo

Lsynzlvnarrow, mearlTnarrOWv 9

Whereuv parrow, meanis the mean velocity of narrow jams and
Tharrow 1S the mean time interval needed for the transforma-
tion of the narrow jams into the wide jams.

In some time after the general pattern has been formed,
more than one wide moving jam usually exist upstream of
the pinch region. In the strong congestion condition, if the

rateSton ramp aNdCy . At a givend,, GP in the three-phase-wﬂow rate upstream of the region of these wide moving jams

. (pinch) ey : .
traffic theory does not transform into another congested paﬁ'”>gl'{ﬁer 'Atnh(.an(c:?:;g]:sn"ﬁ”afgg ggidgger:gzézi:ﬁ?
term even ifonramp INCreases up to the highest pOSSiblereslg}ecli inc;easeI in the Wiclith of tlhe most u nstream wide mov-
values. Thus GP in Fig. 28 [76,81 has a qualitatively P

different nature in comparison with the mixture of TSG ang'M9 j)am. - : . .
OCT (and HCT) in Ref. [52]. When in contrast);, becomes during a long time notice-

; : _ably lower thanq,,;, wide moving jams that are far away
deﬁlltvz)::qilj?f:i.t[r?ei,ill_’?blrf'Iggg,a?jg.(?ee(i:'[rr?:rsgséitr?rfgddjzrrfgr from the upstream boundary of synchronized flow will dis-

moving jams of very high density and very low speed occur@Ppear. _Then, i becomes Iqwer thaq'(ie’l“mh) the strong
This is also in contrast to the diagrams in Figs.(&26 congestion at the bottleneck dissolves also.
[76,81. If Qon.ramp decreases, SP occurs where the density is
much lower and the speed is much higher than that inside
either synchronized flow of the general pattern or inside any In empirical observations, synchronized flow shows a
jams (for more detailed comparison see Rgf6]). very complex dynamical behavior. This may explain why
The theoretical diagram of states in the fundamental diathere is no common view on the physics and on the nature of
gram approach38,41,53 predicts the following sequence of synchronized flow between different scientific groups up to
the congested pattern transformationgif..amp gradually — now (e.g., the discussion in the review by Helbif&g] and
increases(i) TSG—OCT—HCT at a high given flow rate in Sec. VII B 2. This also explains why new diverse quali-
Qin, and(ii) PLC—OCT—HCT at a lower giverg;,. These tatively different traffic flow models and theories for a theo-
sequencefor even a part of thejrhavenot been observed in  retical description of synchronized flow appeared during the
the study of congested patterns presented in the paper. last yearqe.g.,[36—40,42—-44,47-50,52,61,74—76,82}H86
contrast, GP usually spontaneously emerges at the on ramjn particular, the behavior and the role of fluctuations in
GP does not transform into another congested pattern idomparison with deterministic effects and also features of
Jon-ramp iNCreases. Ifyn.amp decreases, GP transforms into critical fluctuations in synchronized flow leading to the mov-

4. Remarks about unsolved problems
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ing jam emergence have not been sufficiently understood. a)
Thus, these and many other unsolved problems linked to
synchronized flow features is a very interesting and impor- 25
tant field of future investigations.

~

C. Application of the results for the development of methods 20 T L ] : *j>
for tracing and forecasting of congested patterns

The three-phase-traffic theor}s7,63,64,66,76,81 that 15
has been used for a qualitative explanation of empirical re-
sults has also been confirmed by the online application in the
traffic center of the State Hessen of some recent models 10
“ASDA" (automatische Staudynamikanalyse: automatic
tracing of moving traffic jams[87,88 and “FOTO” (fore-

x [km]

locations of detectors used

casting of traffic objecds[89,90, which are based on this 5

traffic flow theory. The model ASDA performs the automatic

tracing and prediction of the propagation of moving traffic 0 "
jams. The model FOTO identifies the traffic phases and per- 18:00 18:30 19:00 19:30 20:00
forms the tracing and prediction of the traffic phase synchro- ) ’ ) ’ time

nized flow. It must be noted that in contrast to the conven-

tional model approach based on microscopic, mesoscopic, or (®) | B © 3
. . 25 3 25 3
macroscopic traffic flow modelg.g., Ref[29]), the models | 7
ASDA and FOTO perform without any validation of model 2 § 2 ‘\§
O . on of mo \ B Y]
parameters in different environmental and traffic conditions. Ew\ \\' N KT = -
In the approach87-90, first the initial fronts of moving \ & % ¥ g
jams xf,‘r?m), x{2M and of synchronized rovxffpy”), x{Eyn . g v g
are determined. These fronts define the spatial size and loca- s U y JCR
tion of the phases synchronized flow and wide moving jam. 0\\ \ \\
Then the tracing and forecasting of the fronts of these phases 730 800 &30 900 030 %30 &00 830 00 930
in time and space is calculated, i.e., the positions of all fronts - © — ¢
x$M(t), xqam(t), xEYO(t), x{n(t) as functions of time Moving jatis  Syclirotized How

are found. Note that for the traffic forecasting historical time

series at least for the flow rates are necessary. In other words, FIG. 27. Results of the online application of the model ASDA
after the recognition of the traffic phases in congested reand FOTO.(a) Histogram A5-North on 12 April 2000 from 18:00—
gime, these phases are traced and predicted as macroscop®00. Histogram A5-South on 17 July 2000 from 07:30-09:30
single objects. The knowledge of these parameters as well aising all available traffic daté81 sets of the detectaréb) and the
the average vehicle speed inside the traffic phases allow @ame day and the time interval as(ip but using reduced input
calculate other traffic characteristics, e.g., trip times or/andlata(9 of 31 sets of the detectors are uséd.

vehicle trajectories. been repeatefFig. 27(c)]. The data that have not been used
The field tests of the models ASDA and FOTEL] show g6 taken for comparison to the model results. The histogram

that the dynamics of the traffic phases synchronized flow angihere instead of 31 detection sites only 9 detection sites are

wide moving jam in the three-phase-traffic theory can deygeq([Fig. 27(c)] shows a very similar result at the same

scribe the real pattern dynamics almost exafffilg. 27a)].  sjtuation as in Fig. 2(b) with all detectors as inpuit.

The output information of ASDA and FOTO can be used for

driver mfo_rmatlon systems or for trafflc control systems. Itis ACKNOWLEDGMENTS
also possible to predict the dissolution of moving jams and
of patterns of synchronized flow. | thank Hubert Rehborn, Sergey Klenov, Mario Aleksic,

For the evaluation of the model results, empirical data ofand Andreas Haug for their help and the discussion; Hessis-
an infrastructure with many detectors have been chosemhes Landesamt fuStraBen und Verkehrswesen Frankfurt
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