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Microscopic theory of spatial-temporal congested traffic patterns at highway bottlenecks
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A microscopic theory of spatial-temporal congested traffic patterns at highway bottlenecks due to on-ramps,
merge bottleneckga reduction of highway langsand off-ramps is presented. The basic postulate of three-
phase traffic theory is used, which claims that homogenénwspace and timenodel solutiongsteady statgs
of synchronized flow cover a two dimensional region in the flow-density dIBn&. Kerner, Phys. Rev. Lett.

81, 3797(1998; Trans. Res. Red 678 160(1999]. Phase transitions leading to diverse congested patterns,
pattern evolution, and pattern nonlinear features have been found. Diagrams of congested patterns, i.e., regions
of the pattern emergence dependent on traffic demand, have been derived. Diverse effects of metastability with
respect to the pattern formation have been found. The microscopic theory allows us to explain the main
empirical pattern features at on-ramps and off-ramps which have recently been[®u8dKerner, Phys. Rev.

E 65, 046138(2002]. (i) Rather than moving jams, synchronized flow first occurs at bottlenecks if the flow

rate is slowly increasing. Wide moving jams can spontaneously occur only in synchronizedifl@eneral
patterns(GP) and synchronized flow patterfSP can spontaneously emerge at the bottlenecks. There can be

the widening SRWSP), the moving SRMSP), and the localized SRiii) At on-ramps cases of “weak” and
“strong” congestion should be distinguished. In contrast to weak congestion, under strong congestion the flow
rate in synchronized flow in GP reaches a limit flow rate, the frequency of the moving jam emergence reaches
a maximum, i.e., the GP characteristics under strong congestion do not depend on traffic demanadhe

off-ramp GP with weak congestion occur) A study of the pattern formation on a highway with two
bottlenecks shows that diverse expanded patterns can occur, which cover both bottlenecks. SP first emerged at
the downstream bottleneck can be caught at the upstream bottléhec&atch effegt MSP, WSP, or wide

moving jams first emerged at the downstream bottleneck induce diverse patterns at the upstream bottleneck.
The onset of congestion at the upstream bottleneck can lead to an intensification of congestion at the down-
stream bottleneck. This causes a change in the pattern type and/or the pattern features.

DOI: 10.1103/PhysReVvE.68.036130 PACS nun)er89.40—a, 47.54+r, 64.60.Cn, 05.65:b

[. INTRODUCTION states; we will use the term “steady” stajds related to a
curves) in the flow density plane. This cur® is called the
Traffic flow can be either free or congestérlg., Refs. theoreticalfundamental diagram. There is a common feature
[1-28]). Congested patterns usually occur at highway bottleof all models within this “fundamental diagram approach”
necks(e.g., Ref[19]) which act like defects for the pattern which are claimed to show the spontaneous moving jam for-
emergence in physical systems. In congested traffic two difmation: If the flow rate upstream of the on-ramp is high
ferent traffic phases should be distinguisijea,25: “syn- enough and the flow rate to the on-ramp gradually increases
chronized flow” and “wide moving jam.” Thus, there are beginning from zero, then first one moving jam and further a
three traffic phasegl) free flow, (2) synchronized flow, and sequence of moving jams spontaneously occur in an initial
(3) wide moving jam.A moving jamis restricted by two free flow at the on-ramp7-9,15,16.
upstream moving fronts where the vehicle speed changes By contrast, in empirical observations moving jams do
sharply. Inside the moving jam the speed is low and thenotemerge spontaneously in free flow. Instead, first the tran-
vehicle density is high20]. Empirical criteria for the traffic ~ sition from free flow to synchronized flow occutthe F
phases in congested traffic are the follow[2@,23,26. The  — S transition at the on-ramg17,25. If the speed in syn-
downstream front of avide moving jam propagates on a chronized flow is high enough then wide moving jamsndo
highway keepingthe mean velocity of the front,. In con-  necessarily emerge in this synchronized flg@7]. In this
trast, the downstream front of synchronized flomhere ve-  case, synchronized flow patter(SP3g occur at the bottle-
hicles accelerate escaping from synchronized flow to fremeck[17]. SP is a congested pattern at the bottleneck where
flow) is usually fixed at the bottlenedkee Ref[17]). no wide moving jams spontaneously emerge, i.e., SP consists
Theories of congested patterns remain controvefseg, only of synchronized flow. Wide moving jams can spontane-
e.g., Refs[2-17,28). Almost all traffic flow theories and ously emerge only in synchronized flothe S—J transi-
models for freeway traffic up to nojiL4—16¢ are constructed tion) when the density in synchronized flow is high enough
such that in the unperturbed, noiseless limit the whole mul{the pinch effec{25]). Thus, wide moving jams emerge due
titude of the hypotheticadteadystate model solutions where to the sequence of two phase transitions: First fhe S
all vehicles move at the same distances to one another archnsition and later, and on other location, Be:J transi-
with the same time-independent vehicle spébeése model tion (the F— S—J transitions. As a result, the general pat-
solutions are also called “homogeneous” or “equilibrium” tern (GP) occurs at a bottleneckl7]: GP is the congested
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pattern at the bottleneck where synchronized flow occurs upg
stream of the bottleneck and wide moving jams spontane-3 q"“f"‘"" u @
ously emerge in that synchronized flow. §1500 1
To explain these empirical results, Kerner introduced’y 0 L R
three-phase traffic theory. The fundamerhlyegbothesi&f this § 0 50 1000150
theory is that steady states of synchronized flow cower 2
two-dimensional (2D) regioin the flow-density plane, i.e.,
there isno fundamental diagram for steady states of synchro-
nized flow in this theonf23-25. As a proof of three-phase
traffic theory its results may be consideréske also Refs.
[12,28)) which allow us to overcome the mentioned prob- Qon ™
lems of fundamental diagram approach for the description of L, Ln L.
congested traffic. -L/2x8  xe x® 0 xi2 L2 x
The above critical consideration of the fundamental dia- lin
gram approaclisee also Ref§27]) does not concern impor- (&) “iny
tant ideas introduced in the related theories for the modeling —> g
of vehicle safety conditions, fluctuations, vehicle accelera- L L L
tion and deceleration, and different vehicle time del@ys., ¢ m

Refs.[5,6,10,14-16,18,2% These effects are very impor-  FiG. 1. Steady states of the model in the flow-density plahe

tant elements of a microscopic three-phase traffic theory ifhe lineJ (b) and the models of the on-rantp), the merge bottle-

Refs.[12,28 and in the present paper. neck (d), and the off-ramp(e). In (a), (b) the two-dimensional re-
Recently features of empirical spatial-temporal congestedion in the flow-density planédashed regionis limited by three

patterns at an isolated bottlenetke bottleneck which is far boundariedJ, L, andF which have been explained in Ref$2,2§|.

enough from other bottleneckand of the patterns covering At chosen model parameteiSec. Il Q when free flow is formed in

several bottlenecks have been found[difl. SPs and GPs at the outflow from a wide moving jam, the outflow rate dg,

an isolated on-ramp have been studied in a microscopie 1810 vehicles/h; the downstream jam front velocity which deter-

three-phase traffic theorfyl2]. However, there is a diverse mines the slope of the lingin (b) is vy=—15.5 km/h.

variety of nonlinear empirical pattern featurgk7] which

have not been found in theories. In this paper, a microscopi¥herev, andx, are the speed and the space coordinate of the

theory of these diverse pattern features is presented. vehicle; the index corresponds to the discrete tire nr,
The paper is organized as follows. A microscopic trafficn=0,1,2 . ..; 7 is the time stepy . is the maximum speed

flow model will be formulated in Sec. Il. Features of the in free flow which is considered as a constant valug; is

breakdown phenomenofthe F—S transition and of the the save speed;., is a desirable speed, is given by the

moving jam emergence will be found in Secs. lll and IV. In formula

Secs. V, VII, and VIII, strong congestion and weak conges- i

tion conditions at different bottlenecks will be studied. Meta- Ap=max(—by7,min(a,7,v ¢ n=vn)), )

stability and hysteresis effects will be examined in Secs. VI, _ . . —( . .
and VII. Induced pattern formation, the catch effect, ex-a“/O is accelerationh,=0 is deceleration; the lower index

. . ) .~ £ marks variables related to the vehicle in front of that,at
panded patterns, pattern interaction, and an intensification %e “leading vehicle”: all vehicles have the same length

the downstream congestion due to the upstream congestictp is “the synchronization distance”: Ak, ,— x, <D, the
n . €,n n—4Yn

which occur when two different bottlenecks exist on a high-vehicle tends to adiust its speed 1o the speed of the leadin
way will be considered in Secs. IX, X, and XI. A comparison . : » P ; P 9
ehicle, i.e., the vehicle decelerates if>v, ,, and acceler-

())(f“emplncal results with the theory is made in Secs. V E and\z;tes ifo <0, [12,28. The synchronization distance, as has

been shown in Refd12,2§, is related to the fundamental
hypothesis of three-phase traffic the¢®8—25. Hypotheti-
Il. A MICROSCOPIC TRAFFIC FLOW MODEL cal steady states of synchronized flow cover a 2D region in
FOR SPATIAL-TEMPORAL CONGESTED PATTERNS the flow-density plangFigs. 1a,b].
In the general rulegl)—(4) D, is chosen as

Pmin P max

0 50 100 150
density [vehicles/km]

flow rate [vehicles/h]

density [vehicles/km)]

(©) (@
“LI2 X5 X X L/2  ~L/2 x{ Xy L/2x
in,§ : din, :

2m;
: Qin
an,

r

A. General rules of vehicle motion

In a one-lane traffic flow model the general rules of ve- D,=d+max0kv,7+ ,Ba’lvn(vn—vg,n)), (5)
hicle motion first introduced in Refl12] are used:
wherek>1, B, anda are constants. i§ ,=v, , the synchro-

Unt 1= Max(0,MiN(Vsee, Ve niVs,n)s (1) nization distanc® , is d+ kv ,7. This corresponds to a fixed
time gapkr. If v,>v, ,, the distancd® increases and vice
Xn+1=Xnt Uns17, 2 VEersa.

The safe speeds ,in Eq. (1) is taken for a homogeneous
one-lane road from Ref5] and it has been modified for a
_ 3) road with bottleneck$Figs. 1c)—1(e)] to take into account
vptanT  at Xy .—Xx>Dy, the anticipation effecf10,11]. We use

vptA, at X n—X=<D,
Uen—
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Vo= min(v 83 g,/ 7+ v%a)), (6) Whered is a constant §<ar).

The random components in E() are given as “impul-
wherep ($3)=y, (s2feYg 1, ) is given by formulag3)—(5)  sive” ones:&,=ard(p,—r) and &;=ard(p,—r) wherepy,
in Ref. [5] with the deceleratiob=1 m/§ and the space andp,are, respectively probabilities of random deceleration
gapgn=Xx¢ »— X,—d; v{@ is an anticipation speed chosen asand acceleration; =rand(0,1), 6(z) =0 at z<0 and 6(z)
v¥=max0,min{—ar,v, ,—arge./7)). =1 atz=0. o _ _
’ To simulate a delay time either in the vehicle acceleration
or in the vehicle deceleratiqi4,15, a, andb, in Eq. (4) are

B. Random acceleration and deceleration ; . )
taken as the following stochastic functions:

As well as in other modelgs,10,14,1%, we use variables

which are stochastic fungtiongt the firEt stepthe prelimi- a,=af(Po—ry), b,=ab(P,—r,), (12)
nary speed of each vehicle is found @&$,,=v,.1 Where
v, 1 is calculated based on Eq4)—(4) combined with Egs. po if S#1 p, if S;#F—1

(5) and (6). At the second stepa noise componeng, is

added to the calculated speegl. ; and then the final value

of the speed at the timen+1 is found from the condi- .
tion intrgducerg }n Ref[28] wherer;=rand(0,1); P, and 1- P, are, respectively, the

probabilities of random delay in the vehicle acceleration and
_ ; = deceleration at time st 1.
U1 = MAAOMINVee.Une 1+ &n 0nt a7 0s0)- - (7) The first formulas ineEch]rs(.ll) and(12) together with Egs.
(3) and(4) simulate the delay in acceleration that takes place
if the vehicle does not accelerat8,f 1) at the time step.
First we considered a model in whieh=b,=a in Eq.  The mean delay time after which the vehicle starts to accel-
(4), and§, in Eq. (7) is given as erate is7{&=7/py(v,). The delay time is supposed to be
g=arrand — e, €,) ) maximal for vehicles in a standstilb (=0). This is achieved
n brEals by the choice of probabilityp, as an increasing function
where randy,z) denotes a random value uniformly distrib- Po(vr) Of the speedSec. Il Q. At v,=0 the first formulas in
uted betweery andz. In (8) the approach to noise modeling Eds-(11) and(12) together with Eqs(3) and(4) simulate the
from Refs.[5,30] is used. In comparison with RefEs,30, slow-to-start (ule$6,29_]. Ve.hlcles escape at the downstrgam
Eq. (8) also describes a random acceleration; besides, valud a)nt of a wide moving jam with the mean delay time
0<e,,e,=<1 in Eq.(8) can be functions of the spe¢81]. 74el(0)=7/po(0) [11]. This gives the velocity of the jam
Pattern features can be found with mog®l—(8). How-  downstream fronb = —po(0)d/ 7 corresponding to the for-
ever, some unrealistic pattern features apgear,, like asin =~ Mula vg= — 11 praxml(0)] [25], pmax=d ™" is the density
Ref. [28] the velocity of the upstream front of synchronized inside the jam.
flow can be a nonrealistic oneTo have simulated pattern ~ The second formulas in Eqéll) and (12) together with
parameters close to the empirical ofi¢#|, we have used the EQ. (4) simulate the delay in deceleration which occurs if
following “motion state model” in all simulations presented vn>v¢ , andx, ,—x,<D,.The vehicle which is not decel-

=11 i s=1 "|p, if s,=—1, 12

1. “Continuous” noise model

in the paper. erating at time stem (S,# —1) starts to decelerate at time
stepn+1 with the probabilityp;. The mean delay time of
2. Motion state model the deceleration start igl%)= 7/p,. However, if the vehicle

In the model, a random deceleration and acceleration arg@s already been decelerating at time st¢f,=—1), it
applied depending on whether the vehicle decelerates or aéontinues to decelerate at time step 1 with probability p,

celerates or else maintains its speed: and interrupts decelerating with probability-D,. The latter
case corresponds to the situation that a driver closes up to the
=& if Sppi=—1 leading vehicle to minimize the space gap. This effect is

¢ f s -1 9 more essential for vehicles moving at low speed in the dense

&n a n+1 ©) flow that allows us to simulate the pinch effect, i.e., the self-
0 if Spe1=0, compression and narrow moving jam emergence in synchro-

nized flow[25]. Therefore, the probabilitp, is taken as an

where &, and £, are random sources for deceleration andincreasing functiorp,(v,) of the speedSec. Il O.
acceleration, respectivel\3 in Eqg. (9) denotes the state of

motion (S,.1=—1 is related to a deceleratioB, ;=1 to
an acceleration, ang,, ; =0 to the motion at nearly constant
speed

C. Boundary conditions, models of bottlenecks,
and simulation parameters

In model(1)—(7),(9)—(12), in the incoming boundary flow
=1 if vp<v,— 0 with the flow rateq;,, a new vehicle is generated at the start
_{ o o~ (10) of the road at time intervat;,= 1/q;, after generation of the
Sne1 if vni1>vpt o last vehicle, provided the distance to the last vehicle exceeds
0 otherwise, the safe one,7+d. The speed of each new generated ve-
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hicle is set tov,=v, . After a vehicle has reached the end =1.6 km for the off-ramp{..=0.6 km for the merge bottle-
of the road it is removed; before this the most downstreanmeck. When other values of model parameters are used for
vehicle maintains its speed. some simulations, they are given in the related figure cap-
The bottleneck due to an on-ramp, the merge bottleneckjons.
where two lanes are reduced to one lane, and due to an
off-ramp[Figs. 1c)—1(e)] are considered. The on-ramp con- Ill. THE BREAKDOWN PHENOMENON
sists of two part$Fig. 1(c)]: (i) the merging region of length (THE F—S TRANSITION )
L, where a vehicle may squeeze to the main road(anthe
part of the on-ramp upstream of the merging regitime
on-ramp lane with length,) where vehicles move according In model(1)—(7),(9)—(12), as well as in Ref[12], rather
to model (1)—(7),(9)—(12) with the maximal speed e on  than moving jams th&— S transition(the breakdown phe-
=80 km/h. At the start of the on-ramp lana&<x{”) the  nomenon can occur on a homogeneouwithout bottle-
flow rate to the on-ramp,, is given in the same manner as necks one-lane road. We have found the following features.
Qin - (i) Within the range
In the merge bottleneckFig. 1(d)], within the merging (free)
region of lengthL . upstream of the merge point=x,, the Gin=<in=<0Amax  (Ph=Pin=Pmax ) (13
vehicles have to change from the right lane to the left Iane.Where g/ the nucleation of svnchronized flow in
The off-ramp consists of two par{$tig. 1(e)]: (i) The CTEPin™ din /Utree, . y )
. ) . an initial free flow can occur, i.e., the free flow is metastable
merging region of length.,, where a vehicle may squeeze

from the main road to the off-ramp lane afit) the off-ramp with respect to the fiyst qrdd¥—>S_ transition. A Z-shaped
lane of lengthL, downstream of the merging region where speed-flow characterist[Eig. 2(@)] is related to these meta-

vehicles move according to modé)—(7).(9)—(12) with the stability and nucleation effects. The Z characteristic consists

maximal speed e o= 90 km/h. Within a second merging %fztehde ftljé\?vngpatoe fs)f reeafrl‘%vv:)ff,eter,] eoz;r?tiiz Ligfgb?gs?wﬁimo_
region of the length_,+ L [xF<x=x{? in Fig. 1(e)] ve- syn Gr

hicles going to the off-ramp have to change from the left landdiVes the speed inside the critical perturbations, i.e., it deter-

to the right lane of the main road. The flow rate of vehiclesMines the critical amplitude of local perturbations in free

(FS)_ _(FS) ; )
which want to move from the road to the off-ramp is given asﬂow Ave " =Ugree— Vg, - When thFeS)amletude of an _e_xter
the F—S transition

a percenty of the flow rateq, . nal local perFurbgtion exceed3u§, ' '
The lane changing rules from Réf.2] are used beyond [down arrow in Fig. 2a)] occurs and a moving synchro_mzed

all bottleneck merging regions. The rules for vehicle squeezfloW Pattem(MSP) emergegFigs. 2b)—2(d)] whose width

ing within the merging regions are assumed to be the samgPntinuously increases over time. Otherw|s® arrow in

for all three types of bottlenecks. Rula): The security lane 119- 2@] the initial perturbation decayiig. 2)]. In the

changing rules19) from Ref.[12] are fulfilled. After the SPeed-density plane, there is a gap in the density between

squeezing the coordinate of the vehicle on the new lane red@€Sviee and statesvg, inside MSP([Fig. 2f)]. At q
mains the same. Rul®): The gapx’ —x. —d between two ~ — dmax the F— S transition[dotted down arrow in Fig. (2)]

neighboring vehicles on the other lane exceeds some valf&Ccyrs already at a very small amplitude of perturbations.
m%): g (i) The F—S transition and the Z-shaped speed-flow

(MN=)\v,; +d, where\ i t indices 4"

Jon' “AUn T C, WHETER 1S & paraine éiupper indices characteristic may be explained by a competition between a
(—)" belong to the vehicle aheagehind]. In addition, the ) L T
vehicle passes the middle poirf™=(x +x)/2 for the tgndency to free flow due to an pveracceleranon which is

i ; In thi th di ? f” h ._simulated by the acceleration noise(8) and a tendency to
|mh§ lse.pn. ?t 'S_ C?n?)e It € color inate o d ?h Stqlée(faz'ngsynchronized flow due to the adaptation of the vehicle speed
venicie 1S set Tox=x"". IS also assume at bEIore 5 the speed of the leading vehicle. This adaptation is simu-

squeezing the vehicle tries to adjust its speed to the Valu%ted with Eqgs.(3) and (4) due to the synchronization dis-
+ (2) ; ; ; :

vy +Av™. After squeezing the Velh'de changesi Its sptzed b3fanceDn and the deceleration noise in R€9). The “over-

a finite valuew ,—min(v, :Un+AU§_ ), Whe_rEAUE ), Avf® acceleration” is stronger at higher vehicle speed, exactly

are constants. The new valuewfis used in rulg(A). lower density(the flow rate is nearly the same in free and
In simulations, the length of the main roadlis=40 km,  synchronized flow§Figs. Zc,d)]. This causes th8— F tran-

the pointx=0 is at the distance/2=20 km from the end of  sjtion and the MSP dissolvinfFig. 2(e)]. In contrast, the

the road so the road startsxat —L/2=—20 km. The model  tendency of speed adaptation is stronger at lower speed, i.e.,

parameters arer=1s, vge=30 m/s (108 km/h, d  at the higher density. This causes the self-maintenance of

=7.5m,a=0.5m/$, k=3, B=1, p;=0.3, p,=0.17, p,  synchronized flow in MSP.

=0.1, 6=0.01, po(v)=0.575+0.125min(1y/10), p2(v) (i) At the threshold point f,q4) [Figs. da,f] the

=0.48+0.329(v — 15). Lane changing parameters are thedownstream front velocity of MSPByo,n is equal to the ve-

same as in Refl12] excepty =1. The parameters of the |ocity of the MSP upstream frontyy: v down= v up [Fig- 2N)]

merging region are.=0.75 (\ = 0.6 for the merging region [32]. At p;,> py (Gin> ) We haveuv gown™> v up [Fig. 2h)],

on the off-ramp lang AvM=10 m/s, Av®=5 m/s at the i.e., the MSP width increases over tirfiéig. 2b)]. In con-

on-ramp andAv(®=-2 m/s at the off-ramp and at the trast, atpin<pm (Ain<dm) We havev goui<vp [Fig. 2(h)],

merge bottleneckXy,=Xy=Xq¢=16 km. L,=300m, L, i.e., the MSP width decreases and the MSP dissdlFas

=2 km for the on-ramp;L,=0.6 km, L,=2 km, L. 2(g)]. To explain Fig. 2h), let us use the formulas youn

A. Homogeneous road: The moving synchronized flow pattern
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(a) T Ve (b) (@ . () G =e00St (b)  spontaneous F—> S transition
glo() 1, X 1 g o Viree free localiied
i 100 - h — perturbation synchronized
o4 J x&s = , 1E00 VE?,)FS A 5 E =< flow pattern
2 0 — : O . g ' 4 3 i
’ G Gempgeg T 30 +— g0 <20
2100 i max min < O ' ! [=Y)
©) q;, [vehicles/h] Ed) 1 distance [km] § 200qgt:) q‘(;r,FS) 600  time 60 - 10 on-ramp
= 9 km 9 km A min distance [km]
'9'3 E 100 T 3000 - B S qon [vehicles/h] [min]
Q"._. 0 i T T =y ——
@ — 9km o § out J © 100 165km  (d) vﬁB) q;, = const
g 2000 + —— A A e i} | — _W — ree in
= T T max 4, T (®)
B9 &2 0 50 100 T jespm O v
2 F 0% timgo[min] 60 density [vehicles/km] g 100 4 :\L.% 3 da.,
- v &0 : S bt A g
(f) +ﬁve v tO b 0 T T T
— (© 5 =100 0= 40 . 0 10 50
gt E N Ven time [min] . .
100 g | & density [vehicles/km]
= =
3 ) 2 2
.30 10 7 “(ree) | ! e . g
a tlme o distance [km] 15 Pn Prx’ 35 © 1111duced F- 8 immsition ® localized
[min] density [vehicles/km] = e:mteg ?ion synchronized _,  external perturbation
(h) 0 E p /\A\ flow pattern <= perturbation\
= (g) = Vup Vdown = 100§ o= E 100 Pl
E Y E \, ./ T, >
= 100 2-15 ; g o 0 8 o
B0 B ” fim:g] 10 c:}l-ramp @t 10 N
Q 20 9 30 — ; 60 i on-ram;
& & 30 [min] ® distance [km] ume - g9 R

time 30 19 Pth 21 [min] ® distance [km]

min 0 4 .
(il distance [km] Pin [vehicles/km] FIG. 3. The breakdown phenomen¢the F—S transition at
e on-ramp. The Z-shaped dependence of the spegg,da “con-
FIG. 2. The breakdown phenome_nqn on a h_omogeneou§ roa%ﬁol,, parametej at a fixedq;, (a), the speed in space and tirfl®
(@) A Z-shaped speed-flow characteristic. (& gy is a “control” 5y a4 yieyq) detector&) during the spontaneous— S transition,
(externa) parameter; the speed.. is related to free flow; the criti-

. ee ™ - " _and the speed-density characteridiiy. In (a) the speed(E), is
cal branchj(cfs)glves the speed inside the critical local perturbation b y (e @ P

free
for the F—S t it functi ; . hronized related to free flow on the main road in the on-ramp vicinity; the
orthe =— > transition as a function in; Usyn IS @ Synchronize critical branch;(c?)FSgives the speed inside the critical local pertur-
flow speed inside the 2D region of synchronized flow stédeshed . ' . . (B) ;

. . : e bation for theF — S transition as a function af,,. In (a),(d) vy is
region, v, is related to an averaging of speeds inside MSP over, . - , yn =
10-min tirr:/e intervals(b) The speed in space and time during the a synchronized flow speed inside the 2D regidashed region;

P P unng e 14 min averaged data of a virtual detector on the main roax at
emergence of MSP due to the growth of an external perturbation,

The speedtop), the flow rate(bottom (c) and the corresponding =16 km). The curvel is related to the ling) in Fig. 1(b). The

data in the flow-density plane) for MSP in (b). (¢) The decay of speed in space and time during the induced SP emergence due to an
|t | Wt g t_I y p . it dI ( I' thaS 3&) external perturbatioie) and the decay of an external perturbation

an external perturbation whose amplitude 1S fower thar, . (f). In (c) the dashed horizontal line shows the speed level 85 km/h;

The speed-density characteristic whegg. andv,,, have the same

; ) ; Losyn o h iterion for th ition is th in R¢R8]. |
meaning as irfa); the curvel is related to the lind in Fig. 1(b). (g) ta)ez(g)rlte:?rwz 1o7r5t6d:;éﬁi£r|:27kltlr;m ITnt (i)sz;n(ee)a:?)m q.igl]go%
The speed in space and time during the decay of an external p ‘ : n ’ non "

! . vehicles/h,q,, is 450 (b),(c) and 400(e),(f) vehicles/h. In(a), to
turbation atdiy=G (pin<pr)- () Dependencies goun andvyp 0N gy (@) Qo @ perturbation as in Figs.(& b is applied on the
Pin=0in/Vee- IN (c),(d) 1-min averaged data of virtual detectors main ;Bgd ai<:16 km for 120 s. Inb,c.e.j the on-ramp inflowg
are presented. Ifd) black points and circles are related to free flow is switched on at=t.=8 min T on
(F) and to synchronized flowS) inside MSP(b), respectivelyq;, 0 '
=2250 vehicles/h irfb)—(e) andq;,= 2118 vehicles/h irig). In (a), .

(f) p=~20.4 vehicles/hp®®~22.5 vehicles/km, the flow rateg,  Udown d0€S not directly depend ay, whereaw, decreases
(free)

and Qay related topy, and p(™® | respectively, areg,~2200 Whengi, increases.
vehicles/h andy.,~2430 vehicles/h. An external perturbation is

applied att=t,=8 min and is given as a braking of one of the B. The breakdown phenomenon at the on-ramp
vehicles in an initial free flow up to some speed which is main- . .
tained then for 60 s iffa),(b),(€) and 150 s in(g). In model (1)—(7),(9)—(12) rather than moving jams the

F—S transition can spontaneously occur at an on-ramp

[12,28. We have found the following features:
:Usyn_[ll(Té%)lpsyrD]v Uup:(qsyn_ Qin)/(Psyn_ pin) Where (i) The average speed in free ﬂw\?r%)e<vfree- Uér?a)e de-
Jsyn: Psyn @ndugy, are, respectively, the averaged flow rate, creases wheny, increasegFig. 3@]. This is linked to the
density, and speed inside M3Pigs. 2b,c)]. We see that spontaneous occurrence of an internal localized perturbation
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[“localized perturbation” in Fig. 8b)] on the main road in (a) () 1 Veee
the on-ramp vicinity caused by the vehicle squeezing. The=' 1904 V. £100+77s : v
perturbation amplitude oscillates over time: The perturbation &N E Ver g§ m
consists of a permaner(tdeterministic’) and a random § gvgf” f =t § 1 }/ﬁff et}
component. g 0+—— et 2 i —p
(i) At a givenq, in an initial free flow within a range  * qu e “ a Qmax (1]
aM<q.,=q{%"S [Fig. 3@)] due to the self-growth of the 210((){ [vehiclez/igo 2103 [vehiclez/igo
internal perturbatiofitem (i)] the spontaneousucleation of " "
synchronized flow can occur: The free flow is metastable () q, =const  (d) _qi, =const
with respect to the first order spontanedus-S transition g 0 v® — freg
leading to the SP emergenfigig. 3b)]. The SP nucleation 2 m 210@
occurs after a delay timégg [Fig. 3(c)] [28]. The metasta- 3 Ve A & =
bility and nucleation effects are linked to the competition ?%)- o0 M v "§ 03 gy
between the “overacceleration” and the speed adaptation ir 20 qg:’sj)500 qf(cr,SJ) g 00— 1\ ] '\qg,g)
synchronized flow Sec. Il A, item (ii)]. These effects lead q [VehiCleS/h]on zooq(th)q(th,SJ)T 00
also to a Z-shaped speed-flow characterigig. 3(@]. This o on v glrFs
speed Z-shaped function af,, at a givenq;, [Fig. 3@)] , Qon [vehicles/h]
consists of the branch of free flowi2), of a 2D region of R -
synchronized flow ) (dashed region and of the critical _
branch v{&avhich ~determines the critical amplitude E
Av P08~ v® 5 of local perturbations: If the perturba- e =
tion amplitude exceeddv P, the F—S transition occurs 3
[down arrow in Fig. 8)]. Otherwisegup arrow in Fig. 8a)] &
perturbations decay. In the speed-density plane, there is a ge 0 500
i[n the 3((Jle)r]lsity between free flow and synchronized flow states Q.. [Vehicles/h]
Fig. 3(d)].
(iii) The delay timeTgg [Fig. 3(c)] is a random value: In FIG. 4. Z characteristics for the&s—J transition (a),(c) and

different realizations, at the sangg, andq;, we found usu- double Z characteristics for thd=—S—J transitions (b),(d),(e).
ally differentTrs. The mean delay tim&{L°®Vis higher, the  (a),(b) A homogeneous roadc)—(e) A road with the on-ramp. In

lower q,,, and/org;, are. At higherq;, during the delay time ~ (@—(d) the critical branches ) (a),(b) andv s, (0),(d) give the
Tesa lot of perturbationgitem (i)] can spontaneously occur, speed ?nside the critical local perturt_)ation for the-J transitic_m as
grow, and then decay in the on-ramp vicinity before the per function ofg, (fsl()F.(St)J) and as a function af, (¢),(d), respectively.
turbation appears whose growth leads toRhe S transition. 1€ States;fsrje)e’ ver s @ndugynin (b) are tak?g) fFOEQ)Flg- @ a(g?
The critical perturbation amplitudév s and therefore € Statew ™ are taken fron(a). The StateS free, ey ks, ANdugyn
T(Fﬁea”) decrease wheny,, increases. In 'the vicinity ofjq, in (Q) are taken.from Fig. @) and th(.e.stateacr, SJIg;;re taken from
" (er, FS) . (¢); in (c),(d) q;, is a constant. The critical brandﬁr, s{0on (©),(d)
=Aon _the F—.>S transition ocpurs already aftefes is found by a braking of one of the vehicles in synchronized flow on
~1-2 min that is comparable with the duration of the  the main road ax=15.7 km up to the spead®s,. In () doublez
— S transition. Thus, the exact valug,= 'S ™ cannot be  characteristics for different ranges qf, are shown: curves 1 for
found [dashed parts of;%)e(qon) and U(c?,)Fs(qu)]- At Jon  Uin>dous G curve 2 for gi,=qy; curves 3,3 for gou<Qin
=q® FS)the “deterministic” spontaneous — Stransition is ~ <qp; curve 4 for gi,<Qoey. For a simplification, in(e) the
expected dotted down-arrow in Fig. @)]. branches of synchronized flow stat@?, are related to an averag-

(iv) External local perturbations can lead to the inducednd of the initial infinity different speeds for a giveq,, within the
F— S transition and SP emergenffeig. 3(e)] when the am- 2D region in(d). In (c)—(e) gy is: in (),(d) 1756 @in<Jou. in (€)
plitude of the external perturbation is higher thapn®.,. ~ 2265(curves 1), 220Qcurve 2), 1850curves 3,3), 1600(0‘:3’6
Otherwise the perturbation decays and free ﬂdﬁ) is re- 4) vehlicles/km. Ine) the b.r.anch 3 shows the critical branchy,’r;

. e for theinducedF—J transition[35].

covered near the on-ranipig. 3(f)].

order S—J transition. TheZ-characteristic consists of the

IV. MOVING JAM EMERGENCE: DOUBLE Z-SHAPED statesv gy (dashed 2D region of the critical branchy 9

CHARACTERISTICS OF TRAFFIC FLOW

cr

which determines the critical amplitude of local perturba-

Synchronized flow statasy, in Fig. 2f) andv () in Fig. tions Av §V=v 5~ v$?[33], and of the linev ,;,=0 for the
3(d) lie above the curvd.Thus, wide moving jams caspon-  speed inside a wide moving jam. The nucleation of &he
taneouslyemerge in these stat¢$2,25,2§. We found the —J transition occurs in the rangg,=<a;,<q,, if the pertur-
following features. bation amplitude in synchronized flow exceeds(>” (down

(i) For a homogeneous road, there is a Z-shaped speedsrow); otherwise, the perturbation decayp arrow. There
flow characteristi¢Fig. 4@]: The Z characteristic is related is a random delay tim&g; for the S—J transition occur-
to the metastability of synchronized flows,, and to the rence. In the vicinity ofg,,=0 fluctuations cause the

spontaneousucleation effect in this flow leading to the first S—J transition duringTss~10 min which is comparable
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with the duration of theS—J transition. The exact point (a) WSP&MSPweﬁl_‘ §1rong

din=0cr cannot be founddashed parts afsy, andv$?). | DGP G
(ii) The Z characteristic for th& —S transmon[Flg 2a)] Q& i
together withthe Z characteristic for theS—J transition = 2000 - - ® (b)
[Fig. 4@)] form adoubleZ-shaped speed-density character- 8§ Youw—>p—"" S; = qffa)x -
istic related to the=— S—J transitions[Fig. 4(b)]. At the 2 qpinch) L F® %
chosen model parametets ,<qy,. In the rangeqq,=0a, 2 s % 300
<0, MSP either dissolves or transforms into a wide mov- £ | freeflow 1, 5 S
ing jam[34]. At gy <0i<dmax Poth MSP and wide moving 150
jams can occur and exist. 500 £, 1600
(iii ) For a road with the on-ramp, there is also a Z-shaped Y 500, (strong) 1000 qu, [vehicles/h]
speed -flow characterist{&ig. 4(c)] which consists of states Qon [vehié"l'es/h]
B) (dashed 2D region of the branchvCr 53 Which deter- .
mmes the critical amplitude of local perturbatloﬂsvCr SJ - ©) ®

—v(sy,)]—v(c?)sJ[%], and of the linev ,;,=0. TheZ character-
istic shows the metastability of synchronized flwy\éa)1 and

20

speed [km/h]
=)
S

the relatedspontaneousiucleation effect leading to th8 : time ~ 10 on-ramp
—J transition and to the GP emergence. This occurs after ¢  [min] 0 distance [km] [min] 0 distance [km]
random delay timéTg; in the rangeq{"™ SJ)<q =qlrsyie S @) - )
the perturbation amplitude exceedsv J) (down arrow; EIOO - C EIOO
otherwise, the perturbation decaysp arrOV\) The exact 3 o5 oo
point go,=q ¥ cannot be found: Ao ~qlS SV Tg~ 10 & to 30 1001:}:[?1 2 100;_\::1
min, which is comparable with the duration of tiié—>J m‘fﬂ 90" sistanpe [km]p Elmrn;] 07 e [km]p
transition(dashed parts of ) andvPs). S =

(iv) The Z characteristic for the— S transition [Fig. =i © =100 (h)
3(a)] together withthe Z characteristic for the&s—J transi- a { E ' :
tion [Fig. 4(c)] form adoubleZ-shape speed-density charac- 3 g %6 <20 E tg/ <20
teristic at the on-rampFig. 4(d)] related to the spontaneous & time 30 10 ontamp % gime? 10 on-ramp

F—S—J transitions and the GP emergence. This is due to  [min] 0 distance [km] [min] 60 0 distance [km]
two different spontaneous nucleation effects in free fid

and synchronlzed flow(sa)], respectively. The doubi® char- (a), the capacity in free flow at the on-ramp) and congested
acteristic depends ony, [curves 1-4, F_lg- @®]. At g patterns(c)—(h) related to(a): (c)—(e) SP and(f)—(h) GP. (c) The
=0 andgon=0 there are gapas andA, in the speed 0N igening SARWSP, (d) the localized SRLSP), (€) the moving SP
the doubleZ characteristi¢Fig. 4(e), curve 1. The gapAsis  (msp), (f) GP atqy,> Qou (9) GP atgy,<dey, (h) the dissolving
linked to the speed gap between statfs andvgy,in Fig.  GP(DGP). In (c)—(h) the flow rates €qn,qin) are (c) (260,228,
2(a). The gapA;is linked to the speed gap between statesd) (310,1945, (e) (35,2307, (f) (500,2250, (g) (1200,1658, and
v and v,in=0 in Fig. 4a). At i<y, the gaps do not (h) (250,2250 vehicles/h. In(a) the criteria for the boundarigs®)
appearcurves 3 and 4, Fig.(4)] [35]. andS{® are the same as used and explained in R28]. 5, i
~2400 vehicles/h. The on-ramp inflow is switched ontatt,
=8 min.

FIG. 5. Diagram of congested patterns at the isolated on-ramp

V. STRONG AND WEAK CONGESTION
AT ISOLATED ON-RAMP Lisp, upstream of the on-ranfrig. 5(d)]. At higherg;, and
) ) a very lowq,, MSP can occufFig. 5e)] rather than WSP.
A. Diagram of congested patterns: Synchronized flow patterns  \y\ie have found the following features of SP.
The diagram of different congested patterns, i.e., the re- (i) The flow rate in SP is often only slightly lower than the
gions of thespontaneousccurrence of the patterns in the initial flow rate in free flow[Figs. 6a,b,e, right].

flow-flow plane whose coordinates agg andq,,, is quali- (i) The defnsity in SP can often be nearly the same or even
tatively similar to the diagram postulated in R€L7] and  lower thanp{e® [Figs. Gc,f,g)]-
found out in Ref[12] (Fig. 5). Different SP[Figs. E(c)—5(e) (iii) The width of LSPL, sp, i.e., the distance of the up-

and § occur between the boundarie$® and S{®) in Fig.  stream LSP front from the on-ramp depends on time and it
5(a). F®) andS{®) are related to thepontaneous F>Sand ~ can show large amplitude complex oscillatioffdg. 6(d)
S—J transitions, respectively. The downstream front of thewhere 2 kmsL sp<4 km].

widening SP(WSP is fixed at the on-rampFig. 5c)]. The (iv) The mean width of LSR, {38*”, can depend strongly
upstream front of WSP is continuously widening upstreamon g, andden: L{%e2" can be changed between 0.5 km and

WSP occurs above the boundafyin Fig. 5a). Below the 10 km.

boundaryW the localized SRLSP) occurs. As in WSP, the (v) At gon and g;, which are related to a vicinity of the
downstream front of LSP is fixed at the on-ramp. However,boundaryF(SB) sometimes regions of free flow occur inside
the upstream front of LSP is localized at a some distance/ySP and LSP. These patterns are called “SP with alterna-
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(a)  The widening synchronized flow pattern (WSP) the limit capacityqhdq. o= axiim (DUt don# 0) Which is
100 2.5 158km 3 2000 +— shown in Figs. Ba,b is lower than the maximal flow rate
— JiASA AR A Y ' .
g gt 5 51l 158km Omax fOr @ homogeneous rodéee Eq.(13) and Fig. Za)]:
3100 — ok % 2000 — 98, jim<Gmax [27]. To understand this result, note that at a
'§ 0 __\w_w B 4 9 km very small flow rate to the on-ramm{,~1—-2 vehicles/h)
& to g 0 - singlevehicles squeezing from the on-ramp to the main road
0 y nio[min] 80 = 0 timto[min] 80  causerandom local short-timeperturbations on the main
(b) 1. The localized synchronized flow pattern (LSP) road in the on-ramp vicinity at high enough flow raig.
=100 <5 158Kkm % 2000 15.8 km These perturbations !gad to tlspontaneouspeed break-
E R 3 I down (the F— S transitior) at the on-ramp even whegy,
= 0 —— T % 0 +—— o —0 (but go,#0) at the lower flow rat@l,=q{&y im than
§ 100 ——3—\/\}1'_‘,‘2, 2 2000 1 the maximal flow ratey,,, on the homogeneous road.
o ol (Vil) At Gor—0, €., in the vicinity oftsys= ), m the
_\540 e 4km = R fo local short-time fluctuationtem (vi)] can play the role of a
- % = 2 (d) nucleus for the spontaneous MSP emergence at the on-ramp.
g 3 0 © & EO T After the MSP has emerged, the MSP comes off the on-ramp
RN 80 == ot - i i
S = . : Oty .40 . 80  andbegins to propagate as an independent localized structure
time [min] time [min]

[Fig. 5(e)] as on the homogeneous rodelg. 2(a)] [36].

= (e) The moving synchronized flow pattern (MSP)
_’E 108 T 7 9km g %2008 1 9 km B. Features of GP
"g 00 ' 4‘0 ' 8I0 % ;; oo ' 4'0 ‘ 8I0 In the diagram[Fig. 5a)], right of the boundaryG and
@ time [min] = = time [min] right of the boundang$®) GP occurs where the pinch region
® (2) continuously exists and a sequence of wide moving jams
= 3000 E S ‘;VEII; 3000 { F S ?4S|1<)m emergegFigs. 5f,g)]. Right of the boundar SB) and left of
82 Qi J Qi J the boundanG dissolving GRDGP) occurs[Fig. 5h)][12].
§ g out out We found the following features of GP and DGB. In the
&° 0 0 pinch region of GP narrow moving jams spontaneously
= = ¥ ¥ .
0 50 100 ™ 0 50 100 ™= emerge and grow[Figs. 7a,b, x=15.8 km and x

density [vehicles/km]  density [vehicles/km] =14.5 km]. In agreement with Ref25], points related to
the pinch region lie above the lirkin the flow-density plane

FIG. 6. Synchronized flow patterriSP. (a),(b),(e) The vehicle  [Fig. 7(c)]. After a narrow moving jam has transformed into
speedleft) and the flow ratdright) in SP shown in Figs. &)—-5(e), a wide moving jam, this jam can suppress the growing of the
respectively(a) WSP, (b) LSP, (c) the vehicle density in LSP over downstream narrow moving jaffFig. 7(a), x=13 km]. In
time, (d) the length of LSP over timee) MSP. The data in the this case, the mean time distance between narrow moving
flow-density plane ir(f) are shown for WSRa) and in(g) for LSP jams emerging in the pinch regioh, is noticeably lower
(b). The dashed line iric) is related top([52~22.5 vehicles/km.  than the mean time distance between wide moving jams,
to=8 min. TV (in Fig. 7(a), Ty~6 min atx=14.5 km andT{"%
~30min atx=8 km). However, the suppressing effect oc-

tions of free and synchronized flowtASP) [17,37. The ¢y only if the narrow moving jam is close to the down-

appearance of ASP may be explained by $heF transition  gtream wide moving jam front.

inside SP. There are two different cases. (i) Thus, if the distance between the initial narrow mov-
(1) Free flow regions occur at some dls_tance upstream %g jams emerging in the pinch regidt, o, is low, i.e., the
the_ on-ramp. At the b.ottleneck synchronized flow is Self'frequency of the narrow jam emergence in the pinch region
maintained. Often regions of free flow appear only for af s high (at the model parameters under consideration
finite time, i.e., free flow is replaced by synchronized flow Ruron<2.5 km and the related frequencyf arow
over time. >0.1min ) then only some of the initial narrow moving

(2) Free flow regions occur for short time intervals ran-iams transform into wide moving jams: The other narrow
domly at the on-ramp. The free flow replaces a part of Syny,qying jams either dissolve or merge with other moving

chronized flow upstream. Herg there is an analogy with the, .« ¢ iy CONtrastR, oy S relatively high, i.e.f arow iS
occurrence of MSP. However, in contrast to the case of MSRy\, then almost each narrow jam transforms into a wide
free flow returns at the on-ramp for much shorter time inter- o ;

. . moving jam[Fig. 8@)].
vals than the duration of synchronized flow at the on-ramp.

. o (iii) In DGP, after a wide moving jam has been formed
(vi) In t(g)e model, freevyay _capacny in free flow at the ;g jam suppresses the pinch region in the initial[GB17).
on-ramp qmaxzqsuan(SB) which is related to the boundary

As a result, either free flow or a LSP appears at the on-ramp
F® (hereqsum=Gon in is the flow rate downstream of the while the wide moving jam moves upstream away from the
on-ramp in free flow at the bottlenecis a weak function of on-ramp[Fig. 5h)]. In a comparison with Ref[12], the
Ton With @ minimum poin{Fig. 5(b)]. It must be stressed that boundaryG Fig. 5(a) does not intersect the bounda8y® at
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100 'm (a) 2000 e ) GP, weak congestion
0] 0] i 16.5 km (a) main road/ pinch region __ (b) on-ramp lane
100 1 15.8 km % 2000 :m EIOO : - E 50 -
0+ G 0 +————— 'g 30’30 K20 2 tg 30 16
= = 14.5 km 2 time 60 10 gpramp . time 15 j
Emo W 2 2000 Iy ol]] 2 distanceollllcr:l:]mp Din] O
= 01 / . A © 0 +—— . : . (C) i tmergm%qrggmn
gt Bkm & 13 km < 16 km (on-ramp) = watatos [k
8100 ~ 2000 W 31004 © 21000 { 16 km (on-ramp)
1 [ &3 ] [——
. 0 T T |8k T é 0 i T T suk T % 0 ¥ T T T 1 g '_q:: 0 Iy
m m 2 = 2 ot 50 100
100 - 2000 4 g Ot 50 _ 100 o 50
_ / \ J time [min] time [min]
0 T \ T /I_ 0 T W

GP, strong congestion

i . 1
04, 40 80 OJO 40 80 @ ™" pinch region © T
time [min] time [min] g i g
100
b) ' il
= F ® F : 2 o) = (g
=3000 { \. g '¢5km3000 {7\ S k™ 3 ° < g 0 A
L - J - J & time 10 on-ramp & 20 15
S Your Qour [min] & 0 distance [km] time 30>, startof
ﬁ 0 0 (f) [min] dmerging rﬁion
4 _ . — — istance [km]
—_ * =
) P max Pimax 100 16 km (on-ramp) o 7 2000 16 km (on-ramp)
s F S 145 km 3000 - F g B km § 0 M g 3 0 M
5] =3 5
g Qo BRRN g of 40 8022 otT 40 80
= \\f\ 0  time [min] 0  time [min]
0 £ i 2 H(g) t=27 min (on-ramp) _ t=27 min (on-ramp) merging
0 50 100Pmw O 50 100 Prax 5 80 merging = 2000 region
density [vehicles/km] density [vehicles/km] = ET B g :
LVAVA V-V V- “ l,l l,“th
= 158km (oo g 0 =2 0
g 3000 T 14 15 16 14 15 16
( ) S distance [km] distance [km]
€) S Qou
E, ' FIG. 8. Weak congestion and strong congestion in GP at the
% 0 on-ramp.(a), (b) The speed in space and time in GP under weak
; 0 50 100 Pmax izngeslgi_o;w on the Tain (rjoat(:i) f:lsmd on thehon-riam%Ianl;@).T(ﬁ)
2 density [vehicles/km] e vehicle speedeft) and the flow ratdright) related to(b). The

speed in space and time in GP under strong congestion on the main
FIG. 7. The general patterfGP). (&) The vehicle speedefty ~ '°ad(d) and on the on-ramp lan@). (f) The vehicle speedeft)
and the flow rate(right), (b) the corresponding data in the flow- and the flow ratgright) related tq(e). (g) Spatial distributions of
density plane for the GP shown in Figif5 (c) Points in the flow-  the speedleft) and the flow rateright) along the on-ramp lane at
density plane related to synchronized flow in the pinch region oft =27 min related tde). to=8 min. g;,=2000 vehicles/hg, has
GP. (a),(b) 1-min averaged data of virtual detectors. () black  the following values: 40Qa)—(c), 1200(d)—(g) vehicles/h.
points and circle§ are re.Iated to free fl¢lw) and to synchronized (vi) In contrast, there is a case Wher@n in GP can be a
flow (S), respectively. With the symba the data related to mov-  ,ninyous increasing function over time. This can occur
ing jams are designateth=8 min. above the boundaryV in Fig. 5a) when q,, is gradually
the pointq;,= qou:- This is due to hysteresis effects of the GPlncr(_aased._ First WSP occurs, the_n DGP appears, and fm_ally
formation (Sec. V). _GP is realized. In_thls case, the pinch region gnd the moving
(iv) If Gi> oy then the width of the most upstream wide jam emergence in DGP and GP occur |n5|de_ t.hle initial
moving ja;% is (;:tgradually increasing function of tirfféig. WSP.It can occur that thg upstream front of the initial WSP
5(f)]. If in contrastq, <oy, the most upstream wide mov- propagates upstream qwckt_er than the upstream front of the
ing jam gradually cil?ssoi)\l;é&ee the dissolving of the first wide moving jam[Fig. S(f)].’ €., the upstream front of the
three wide moving jams in GP in Fig(@]. Even if g yvh_ole GP can be determined by the upstream _front of_the
<oy, the region of wide moving jams is expanded ilr? themmal WSP rather than of the most upstream wide moving

on g am.
downstream direction. J

(v) In a lot of cases GP consists of the pinch region in C. Weak and st tion in GP
synchronized flow and the region of wide moving jams. - Weak and strong congestion In

Then, the width of synchronized flow in GPBy, is the dis- It has been found that there is a special flow rate to the
tance between the downstream front of synchronized flow iron-ramp

GP (located at the on-rampand the upstream boundary of (strong)
the pinch region. Thig .y, is spatially limited. Qon=don - (14)
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= You  weak strong (a) 'g In contrast, wherj,,=qS™"9, then the mean character-
£ 1800 ¥—p —i— = 3 weak, strong (e) istics of the pinch region and of the narrow moving jam
2 2 158km g © 4 i . .
22 Qi L R emergence do not depend on traffic demand, i.e.qgp
= 21200 o T a0 : : anymore. The mean valug&", p (Pinch), | (mean) - glmean
- Qon” weak strong (b) £ Wegli strong (f) and T; as functions ofq(O”)_ are saturated and reach some
3 w01 A 158km 5?:3 1 %y, JSkm limit (minimum) values: q(PneM=q{Pinch 4, (pinch)—, (pinch)
bk B BE = - .
£ —— [R5 T Lpen=Lfen Rmenogen 7T [Figs.
> = 16km on-camp) weak strong (g) 9(a)-9g)], correspondingly f .ron reaches a maximum
% 700 4 P 10] 4™ 145km e _ ‘ e : :
8 w:g‘k(ﬁ-—-——‘ I e &*_‘ farow= fmax=1/T 3, im- 1IN empirical observations, this case
% 5 200 —iSrong (c) § 9" has been called “strong congestiofil’7]. Note thatL s{t)
-~ - T T . - . .
= 16km onrampy & 200 98 oo  Changes noticeably neaf*s”) [Fig. (h)]. This is because
E 80 4 strong — Qon [vehicles/h] b transformations of different narrow moving jams into wide
24, 43 i v:;k‘}i\—_’._@) E —rvm._.(/)* moving jams occur at different locations.
= 4 T (e ] . . .
& &) g L(synﬁm If gon Noticeably exceedss™"9 then there is a saturation
00 q [veh/h] 1200 o time [min] go effect in the boundarg{® . This effect is realized at a flow
= on _ © rate g,=q{"™" considerably lower tham,, [Fig. 5a)].
3 : 6) S Only when g;,<q{P"™ GP dissolves(see also Sec. VI
g _ 21000 - M §20004 Thus, GP can exist only if
%8 ol——— E5%1000
= inch
E 20 ] N\_EJ‘) 7 = 6 - "‘N—._Q‘ qin;ql(imnc : 19
1 g 34 . - - _
== 0] _EE. 0. There is a limit flow rategy,=q ¢ [seeq®™(q,,) in
is 0 1 2 = 1 2 Fig. 9a)] which gives the boundar in the diagram Fig.
S H'-‘ o . o
2000 L, [km] @) ha L,, [km] - 5(a)] and it is related to the condition
= ~ n .
2 1 : 82000 4———4 g~ g(©=out. (16)
5 B g .2 on
%g 3-5;'1000 :;cg §1000— . .
S 1500 2000 1500 2000  GP exists only if
Qo [Vvehicles/h] Qour [Vehicles/h] qPreN< g0 (17)
FIG. 9. Parameters of GP under weak and strong congestiogt
conditions:qP"™" (a), v "M (b), g (c), v (d), LK (o),
R{Tea% (f), and T, (g) as functions ofq,. (h) Ly, as a function of Uor> 2. (18)

time. g (i), v{E" (j), q{P"® (k), and T, (I) under strong
congestion as functions dfy, [Fig. 1(c)]. (m),(n) g{A"" (m) and
q{Poe) (1) vs gy In (@—(d) the interval of data averaging is 60
min. In (m),(n) qoy is changed by multiplying the functiopy(v,,)

(Sec. 11 Q by a numerical factor.

At 0on<q'® (qPi"M>q, ) the pinch region dissolves and
GP cannot exist. Indeed, the average flow rate in the pinch
regionqP™" is equal to the average flow rate in the region
of wide moving jams. The latter cannot excegg;.

If the condition go,<q"™"? is fulfilled then the averaged
flow rate in the pinch region of GR(P", is a decreasing _ o
function of traffic demand, i.e., @iy, [Fig. 9a)]. The same The following features of strong congestion in GP have
behavior shows the average vehicle speddl™ in the  Dbeen found. , _

pinch region[Fig. 9(b)]. The interval of the averaging of () The mean time d'Sta”Fée between the downstream
q(PneM andy (Pineh) is chosen to be higher thafy. The mean  fronts of wide moving jamg {9 under strong congestion
width of the pinch regionL.{7¢*, the mean space distance S lower [Fig. 8(d)] than under weak congesti¢Rig. 8@a)].

ing i i i i Because the mean time-width of wide moving jams, is
between narrow moving jams in the pinch regi@jncan, g Jams,

and the related valug; are decreasing functions gf, [Figs.  Similar in the both casefsr,~2 min in Figs. &d) and E{g)e])
9(e)-9(g)]. Consequently, the frequenEys oy iS an increas- the mean time intervals between wide moving Jar"h%;

_ T (wid - . ide) ;
ing function ofq,,. Following Ref.[17], this case is called =T§"%)—r,, are very different: The valug{y/“® in strong

D. Strong congestion features

“weak congestion”[GP in Fig. 8a)—8(c)]. congestion can be considerably lower than under weak con-
In weak congestion, the flow rate of the vehicles whichgestion. o (pinchy(pinch)
are really squeezing to the main road from the on-ragff5) (i) The limit characteristicgyin,"”, v, and T;

is nearly equal tay., [Fig. 9(c)]. Also the vehicle speed on are decreasing functions of the length of merging redign

the on-ramp lane leading to the merging region of the onwhereas the discharge flow raif"® is independent ok ,
rampv OV~ e on[Fig. 9(d); see also Figs.®,0); v and  [Figs. 90)-9()]. " is the flow rate in the outflow from
g are related to figures which have been marked “16 kma congested pattern at the bottleneck determined downstream
(on-ramp” ]. of the on-ramp where free flow is realized.
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(iii) There is a correlation between features of wide mov- =

ing jams andg™". The averaged flow rate within the re- 3§ (@ GP LSP DGP
gion of wide moving jams isq{"'9®)= g T{Wde) T{Wide)y '*;1000 :m,. ®) ] LSP
provided the interval of the averaging is much larger than— g : . — ’
T§9). This flow determineg®"°": qP"M=g{"®® yn- " E
der the strong congestion conditigfP™=q{P"M e % ] =
T b g o B
N g TR T 1 a9 5 o007 800 1000
For the GP in Fig. &) q{P"M=1470 vehicles/h, therefore () Ssp =620 LSP  t=9:40
Gout/affn""=1.23. 100 1 " 100 I
(iv) The higherqq, s, the higher isy{®™". This depen- ¢ —t 0 —r
dence is nearly a liner off€ig. Am)]. q{2%"® also increases E GP =6:41 E DGP  t=10:26
with qoy [Fig. An)]. However, this dependence is much = 100 \\ &, 100 5
more weaker than the former one. Note that the conditon3 o] _\/[\We 8 1M~ 1
Gin+ Gon>q22M) s fulfilled. Therefore g% gives the & GP 1912 & LSP  =11:0
congested pattern capacif27,28. 100 100 +—— v
(v) The maximal highway capacity in free flogie, im, 0. A 0.
is considerable higher thagff®: q&), . /qfR"M=1.63. 0 5*T\* 1'0 0 il 1'0
(vi) GP under strong congestion occurs also on the on- merging region merging region
ramp lane. This occurs at a little Hiigher g, thang{s""9 distance [km)] distance [km]
(14) [Fig. 9(d)]. In this caseq(® is saturated to a limit value ~ (d) <
[Fig. 9c)]. A further increase i, at the beginning of the = strone  weak O KM 3 strong  weak 5 K1
on-ramp landat x=x{)=14 km, Fig. 1c)] does not lead to E 80—} = € 2000 {*— , <
the increase irg®” anymore. The dependence of°™ on ,;48 o g o v
Jon POSSesses a sharp decrease when the transition to stroi A‘j& ' A 5 Cor T
congestion occurs at the on-ramp ldiég. Ad)]. If g, is @ 800 %gg 1000 2 8:00 gi?rge 10:00

initially set much higher than$"™"9, the sharp decrease in
the speed and the flow rate occurs first in the vicinity of the FIG. 10. Evolution of congested patterns at the on-ratap.
merging region of the on-ramfFig. 8(f)]. Then the front gon(t) (top) and qgi,(t) (bottom related to the effective flow rate
separating lower and higher spedgdsd the flow rateson “off-on” and to the flow rate at the detectors D1, respectively taken
the on-ramp lane propagates upstream up(:to((()bn) [F|g from emplrlC&' data in Flg 12 of Ref17] (the empirical data have
8(e)]. Consequently, the pinch region is formed on the on-been multiplied by nu_merlcal factors: O.§7 t_q)gn f_and 0.42 fom;,)-
ramp lane. Growing narrow moving jams emerge in this(b) The pattern evolutlor({:) The speeq dlstrlbutlon(;d). The spged
pinch region and finally some of these jams transform intd€ft) and the flow ratelright) at a virtual detector in the pinch
wide moving jamgFig. 8(g)]. In contrast to the main road, €91on of GP1; in () is the time moment at which the first wide
where narrow moving jams transform into wide moving jamsmovmg jam reaches th_e detectors D1 in the empirical _data_ln Fig.
at distances about 1.5—2 km downstream from the on-ramp.- from[17]. AL t=1; Gy is chosen ag=Cn(t;). In (c) 1 min (thin

. LT Fﬁhes) and 10 min(thick lines averaged data are presented. The
some of wide moving jams on the on-ramp lane already oc-

. : . . .~ ~on-ram arameterfFig. 1(c)] are x,,=6 km, L,,=600 m, L
cur within the merging region. Some of vehicles moving _ 54, rg P $Fig. 10)] on m '
under the strong congestion condition on the on-ramp lane

have to stop before they can enter the main road.

Over timeq,, begins to decreadé-ig. 10@)]. As in em-
pirical Fig. 18a) [17], the transition to weak congestion in
To simulate the pattern evolution, empiricg,(t) and  GP occurgFig. 10d)]. During further decrease ig,, [Fig.

Qin(t) from Ref.[17] have been useffFig. 10@)]. In accor- 10(a)] GP transforms into LSP at=9:30 [compare Fig.
dance with Ref[17] we found that during the increase in 10(b) and empirical Fig. 1@) (left) [17]]. The vehicle speed
Jon(t) @anday(t) first the F—S transition occurs spontane- in LSP is higher than in the pinch region of GP. During the
ously at the on-ramp d@t=6:12 and then synchronized flow further evolution of synchronized flow in LSP, the pinch ef-
appears upstream of the on-rafitpgs. 1@b) and 1@c) att  fect in this synchronized flow occurs where a wide moving
=6:20]. Becauseq,y(t) further increases sharplyFig. jam emerges: At=10:15 LSP transforms into DGFFigs.
10(a)] the pinch effect is realized in this synchronized flow 10(b,0)]. As in Fig. 19 in Ref[17], this pinch effect occurs at
leading to the GP emergence tat6:36 [Fig. 10b)]. The  some distancéabout 3 km upstream from the on-ramp. Af-
maximum ofgon(t) exceedsyS™"9 noticeably. Thus, as in ter the wide moving jam of DGP is far away from the on-
empirical Fig. 11 in Ref[17], in GP strong congestion is ramp, LSP appears dt>10:35. LSP disappears and free
realized. flow occurs at the on-ramp whey,, further decreases.

E. Evolution of congested patterns at on-ramps
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VI. HYSTERESIS AND NUCLEATION EFFECTS this Z characteristic is related to a point at a threshold bound-
BY PATTERN FORMATION AT ON-RAMPS ary J® in the diagram. Below and left of the boundaly’,
. g . B B
A. Threshold boundary for SP the probabilityPs=0 [Fig. 11(b)]. BetweenS® and J®

[dashed regions in Fig. 1d)] free flow and SP areneta-
The boundanyF$ [Fig. 5a)] corresponds to the sponta- stablewith respect to the GP formation, i.e., GP can either
neousF— S transition which occurs at the on-ramp for a spontaneously occur during a high enough time interval or be
given time interval To=30 min) with the probabilityPrs  excited.

~1. Left of F® | i.e., in free flow, nevertheless, tife—S (ii) If a GP has spontaneously occurred righS§? , this
transition at the on-ramp can spontaneously also occur witksP can further exist if one of the flow rateg, and g, (or
the probabilityPrs<1 [28]. both decreases so that the point in the diagram is displaced

This result is explained by the Z-shaped function in Fig.into the region between the boundar®g andJ® . Below
3(a). For a giveng;,<qy, the threshold flow ratg{" at this ~ and left of J® GP dissolves.

Z characteristic is related to a point on a threshold boundary (iii) The boundary](SB) consists of a horizontal line
F{& in Fig. 11(a). By the approaching ) the probability of .

the F— S transitionPrs—0. Thus, left ofF{Y in the plane Gin=Cout A Gon=0' (20)
(9onsdin) NO SP can exist for a long time. Between the

boundariesF® and F®) [dashed region in Fig. 19] de- and a curve determined by the condition

pendent on initial conditions either free flow or one of SP can

exist. This region in the diagram is a metastable region of  _ (pinch) (G)

free flow with respect to th& — S transition and to the SP A=A on) @t Gon=dor @D
formation. .

SP can later exist for a long time>0 min). In some Where the dependenag®"*"(q,,) is shown in Fig. ).
cases depending apy,, andq;, the SP can either dissolve or These two branches dt” merge at a pointio,= g5 (16).
transform into GP. There is the hysteresis effect related to thAt this point, the boundary® intersects the boundarg
metastable statd&igs. 12a,b)]. After SP has first spontane- which separates DGP and GP in the diagrdfiy. 11(b)].
ously occurred right of the boundaft®), the SP can also Thus, betweed®) andS{®) andleft of the boundarG meta-
further exist when one of the flow ratesg, or g;, (or both of ~ stable states exist where DGP can spontaneously occur and
them decrease and the poingd,, i) is betweerF® and  be excited. In contrast, the region betwelf) andS{®) and
Fg‘f’). SP disappears near the threshold bound%{ﬁ). At right of G is the metastable region with respect to the GP
Jon— 0 the flow rateq,,—qy, (Sec. Il at the threshold formation.
boundaryF{® . (iv) To explain the boundary’®), recall that if condition

In some interval of lowq,,, the flow rateq;, at F®  (18) is not valid, i.e., atjo,<q; the pinch region and GP
remains nearly a constamf;,~qy,. There is a boundarfthe ~ cannot continuously exist. However, @i,>do, @ single
vertical boundary market in Fig. 11(a)] which separates Wide moving jam, i.e., DGP, can exist. In contrast, gt
the region of MSRleft of M) and WSP(right). Left of the =~ <Jou the single wide moving jam cannot be formed and
boundaryM and between the boundarie§® andF® MsSp ~ DGP cannot appear. This explains EQO). At Gon>0S
can either spontaneously ocdiBec. V A, item(vii)] or be  (18), GP can occur if the inflow in GR;, is higher than
excited by the applying of a short-time perturbationggf. ~ d®"". In contrast, atj;,<q®"*" the pinch region and GP
At lower g, single MSP occur§Fig. 5e)]. If g, increases  dissolve. Thus, conditiof21) indeed determined® at q,,
(Qon is still related to a point in the diagram left of the =q & .
boundaryM) first WSP spontaneously occurs. However, in-
side this WSP local regions of free flow spatially alternating
with initial synchronized flow spontaneously appear over
time. This ASP finally transforms into a sequence of MSP. In

C. Overlapping of different metastable regions
and multiple pattern excitation

contrast, between the boundarie§’ andF® and right of The metastable states with respect to the SP formation
the boundanM (and also above the boundany) rather than [dashed region in Fig. 1a)] and to the DGP and GP forma-
MSP, WSP can be excited or spontaneously occur. tion [dashed region in Fig. 1)] partially overlap to one
anothelFig. 11(c)]. In overlapped metastable states, depend-
B. Threshold boundary for GP ing on initial conditions either free flow or one of SP or else

i one of GP(DGP) can occur.

The hystere_S|s effect gnd metastabk_a states appear also by Fig. 12c), depending on the amplitude of an initial
the GP formation. One émds the following. short-time perturbation applied iy, either free flow[Fig.

(i) At the boundarySS ) the S—J transition occurs for a 12(d)], or LSP[Fig. 12e)], or else GHFig. 12f)] is excited.
given time interva[ To=60 min in Figs. $a) and 11b)]with  The stability of these three traffic states is noticeably differ-
the probabilityPs~1. However, left ofS{) the S—J tran-  ent. Whereas free flofFig. 12d)] and GP[Fig. 12f)] re-
sition can also occur with the probabiliBs;<1. This result main stable during 120 min in ten different calculated real-
is linked to the Z-shaped characteristic for the-J transi- izations, LSP has spontaneously transformed into GP in six
tion [Fig. 4(c)]. For a giveng,< g the flow rateq"SVat  of ten realizations.
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FIG. 12. Hysteresis effecn), (b) and the multiple metastability
at the on-ramgc)—(f): (a),(b) The 5-min averaged vehicle speed on
the main road ifqg,, first increases and then decreasesqggat
=1800 vehicles/lia) and the related SP emergence and dissolving
(b). (¢) Initial short-time perturbations af,, used for the multiple
pattern excitation(d)—(f) Three different patterns at the same flow
ratesq,,= 450 vehicles/h andj;,=1756 vehicles/h: free flov(d),
LSP(e), and GF(f). In (c) no perturbation ofy,, (line 1) is applied
for the free flow occurrencél); for the excitation of LSRline 2)
and of GP(line 3) q,, is increased for 10 min at 600 vehicles/h for
LSP (e) and at 1000 vehicles/h for GIP). The on-ramp parameters
[Fig. 1(c)] are: L,,=500 m, L,=300 m. The on-ramp inflow is
switched on at=ty,=8 min.

VII. STRONG CONGESTION AT MERGE BOTTLENECKS

At the on-ramp when traffic demand{ and/orq,,) is
changed weak congestion in GP can transform into strong
congestion where pinch region characteristics do not depend
on traffic demand anymoréSec. V). It is found that at the
merge bottleneckSec. Il C; Fig. 1d)] independent of traffic
demandg;, only strong congestion occurs in GPig. 13a,

b)]. To explain this result, first note that for the bottleneck at
the on-ramp the main road a<x{® in Fig. 1(c) may be
considered as the left lane of the merge bottleneck at
<Xp in Fig. 1(d) and the on-ramp lane as the right lane of
the merge bottleneck. At each of the lanes of the merge
bottleneck atx=—L/2 the flow rate is equal ta;, [Fig.
1(d)]. If now at the on-rampm,,=q;, then GP with strong
congestion condition is formedFig. 5(a)].

(s) i
FIG. 11. Metastable regions in the diagram of congested pat- HOWever, at the merge bottlenecksat xy’ vehicles can

terns at the on-rampga) Metastable statethatched regionswhere
either free flow or SP can occur and exist and also be exdited.
Metastable statethatched regionswhere GR(right of line G) and
DGP (left of line G) can occur and exist and also be excitéd.
The general diagram related to Figabwhere the regions of the
metastable states froa),(b) are shown.

change lane between the left and the right laieg. 1(d)].
In contrast, at the on-ramp &K x,, the main road and the
on-ramp lane are separate ro@Big. 1(c)]. This may explain
the following differences between GPs at the merge bottle-
neck and at the on-ramp.

(i) In contrast to GP under strong congestion at the on-
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@ - ) ¢ = 55 min bottleneck than at the on-rampT§*?®~10-30 min). Thus,
gloo : = (1}80_: moving jams in GP at the merge bottleneck often look like
= 0 Evmax 7 narrow moving jams. Nevertheless, after the speed saturation
“gz .‘030 NZIO 3 0- has occurred between the moving jams in GP at the merge
atme g7, & 0 10 M bottleneck, the jams downstream fronts propagate with the

[min] distance [km] distance [km] L .

o characteristic velocity ; through other upstream bottlenecks
(©

()] and through other states of traffic flokeepingthe velocity

free %\%é % %100 i of the downstream fronty (Sec. X A), i.e., the jams are

flow | wide moving jams.

1 ' tg 30 20 The pattern emergence at the merge bottleneck shows the
gooqfn?,)m qmsnaS v %qu400 Enm:.] 60 S dist;cgl[lan] following pattern diagraniFig. 13c)].
q;, [vehicles/h] (i) If qmzqﬁfngM, GP can usually occur spontaneously
WSP&MSPD|GPG within a given tggr)]e intervalTy. At To=60 min the maxi-
Qe — | % mum flow rateq;, v~1150 vehicles/k qm,y/2 (the factor
y 1/2 appears because at the merge bottlerreckiane road
@ = 2qOOO | % §® transforms intoonelane road ak=xy,). There is a random
g “/, ! time delay for the GP formation after traffic flow has been
2 T F® switched on. A lot of local perturbations can spontaneously
E freeiflow appear, grow, and then decay at the merge bottleneck before
& 900 (LSP the perturbation appears whose growth indeed leads to the
0 n9 50 100 GP formation[Fig. 13d)]. However, in some realizations in

) n[%] the rangeg ), vi<din<0ma/2 GP does not occur spontane-
ously duringTy~180 min. Instead, an occurrence and dis-

2000 + ﬁ: appearance of high amplitude perturbations at the bottleneck
1000 - is observed. AG;,=0./2 GP occurs withinl =30 min.

q(pmch)
[vehicles/h]
/ 3
[vehicles/h]

= (i) If B, =<qin<q) |, free flow is metastable(l) At

i — 10 4 ) thM in max, M ; . )
E 01 W~ £ qire<ai,<q{), y GP can be excited by a high amplitude
g 0+—" e 0 short-time external perturbatior2) at q{f),=<q,=<q{hnc"
% 0 H0 %0 (%' rather than GP only LSP can be excited. <q{), free

flow is stable.

FIG. 13. Features of congested patterns at the merge bottleneck
(@—(d) and at the bottleneck due to the off-ran@,(f): (a),(b) VIl WEAK CONGESTION AT OFF-RAMPS
Speed distributions in GFc) The diagram of patterns at the merge : .
bottleneck.(d) The critical perturbation development that leads to  p study of the pattern formation at an off-ramp shows the
the spontaneous GP formatiof@) The diagram of patterns at the following
off-ramp. (f) Averaged characteristics of GP at the off-ramp as func- y
tions of . The flow rate to the merge bottlenegk is (a),(b) 1946 3 : :
and (d) 1180 vehicles/h. Ia),(d) the vehicle motion on the right 32 ?(:fr;%rgpgfgl' 1<(ei]do(§/oPonly under weak congestion can
lane upstream of the merge bottleneck is switched or=dt, (i) In GP Wige movin. iams are often formed at a con-
=8 min. In (3),(b),(d) the letter "M marks the location of the siderable diétancémore tk?ajn 5 kmupstream from the off
merge bottleneck. -

g ramp. The downstream front of SP and GP is located at some
ramp, the average speed between moving jams in GP at ﬂglstance(about 1-1.5 kmupstream from the off-ramp. Be-

merge bottleneck has saturation to a limit (maximun) ides, the speed synchronization across both highway lanes
9 (M) occurs only at some finite distance upstreanxefxy; [Fig.
Speetv ma < Vree- ™ . _ 1(e)].
The actual speed ™ between the Moy 9 Jams Shows " jii) The pattern diagram at the off-ramp in the plane
onI)_/.a small_ amphtude OSC|IIat|o_n around? [Fig. 13b)]. (7,9, [Fig. 13e)] qualitatively resembles the diagram at
(i) The |('m£[h)fl_ow rate per highway Iane(g:cg)he MErGE the on-rampFig. 5a)]: There are different SEMSP, WSP,
bottleneckqjy i is considerably lower thanjy, " at the  and LSP, DGP, and GP which look like the related patterns

on-ramp. at the on-ramp. However, there is no saturation of the bound-
(iii) At the same model parameters the frequency of theary S® at highers. This is linked to that in GP only weak

narrow moving jam emerggndé,]'\'\% is hi(gNr;er. and the mean  congestion occurs at aly<100%. Indeed, all pinch region
time distance between the janT$" =1/f(\)), is lower atthe  characteristics in GP as well as the flow rgf&® (vehicles

merge bottleneck T ~3.5 min at about 1.5-2 km up- which really leave the main road to the off-ramgp depend
stream of the bottlenegk than at the on-ramp T3  on % [Fig. 13f)].

~5-7 min). The distances between the downstream fronts (iv) At the same model parameters the valgpg&"™"),
of wide moving jams in GFT{"®®M™ are lower at the merge v "™ andT,in GP at the off-ramp at highy can be con-

bottleneck T{"'®™~7 min at about 10 km upstream of the siderablylower [Fig. 13f)] thang{P"™, (P " and T, iy,

(i) In contrast to the on-ramp and the merge bottleneck, at
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occurred at the downstream bottleneck can induce another

= @ E ® congested pattern at the upstream bottleneck where free flow
Emo = 100{ -~ is realized before. When both bottlenecks are on-rafeys,
-E 0/' ' g 07 Fig. 14), the upstream bottleneck will be designated as the
2 190> - 20 5 030 - 20 on-ramp U’ with the coordinatex,,=x"" and the flow rate
time 1 ° Oneramp L time on-ramp D’ don= 9P and the downstream bottleneck will be designated
[min] 0 on-ramp ' [min] Oon-ramp U’ ° on g _ (down) __ ~(down)
distance [km] distance [kin] as the_ on-rampD’ with Xg.=Xgn" "~ andgen=0e, . The
following effects have been found.
= © - E @ .- (i) A congested pattern which induces another congested
EIOO “f 1004 .7 o pattern at the upstream bottleneck is a wide moving jam. In
) 0 3 07 this casejndependentf the pattern type which is induced at
§ tg 30 20 & 4530 20 the upstream bottleneck, the wide moving jam propagates
’ time 60 100n-’rar'np D' time & DT 10 further upstreankeepingthe downstream jam front velocity
[min] 6 onsiwip L7 [min] O on-ramp 'V’ vg. In Figs. 14a,b, a wide moving jam occurs in GP at the

distance [km] distance [km] on-ramp D’ whereas free flow is first at the on-ramp’

—= e .- o) ® . Then, dependent oqé‘;p), the wide moving jam propagation
Eloo / E.IOO - through the on-rampU’ causes either the LSP formation
o B [Fig. 14a)] or the GP formationfFig. 14b)]. The jam leaves
51 0/ o 0 . . . .
2 ty30 20 & ¢4 20 the emerging pattern keeping the veloaity(for a compari-
” time 60 100n-ramp ‘D’ timﬁ:so 90 oosramp 'D” son see empirical Fig.(B) in Ref. [17]). After the wide
[min] 0 on-ramp 'V’ [min] 9 on-ramp U’ moving jam is far away upstream of the on-ramy the
distance [km] distance [km] flow rateq,, plays the role ofji,: gin=0ou. I this case, at
— the chosen model parameters there is no WSP and no MSP
g ©® E 0) ’ [Fig. 5@)], i.e., either LSP or GP can only occur at the on-
E i e 2100} v ramp ‘U’
§ - g (i) A congested pattern which induces another congested
g o 30 pattern at the upstream bottleneck is SP. In contrast to case

t[lr?li] 60 0 on'ramp V" [min] 0 orlramp 0 (i), independenbf the pattern type which is induced at the

distance [km] distance [km] upstream bottleneck, the initial S@r the SP downstream
front) is usually caught at the upstream bottleneck rather than
FIG. 14. The induced pattern formation and the catch effect: ASP propagating further upstream. Following REf7] this
wide moving jam induces LSR) and GP(b). MSP induces LSP  effect is called “the catch effect.” In Fig. 14), MSP which
(c), WSP(d), and GP(e). WSP induces LSKf), WSP(g), and GP has occurred at the on-ramp’first propagates upstream. At
(h). The initial flow rates to the on-rampJ’ and on the road up-  he on-ramp U’ the initial MSP causes thE — S transition.

stream of the on-ramp’ (i) are (a) (320,1800, (b) (450,  MSP doesnot propagate through the on-ramp’‘further:
1756, (c) (40,1800, (d) (200,2118, (e) (440,1800, () (300, e jnitial MSP is caught by the on-ramp)” and instead

1756, (g) (150,2034, and(h) (240, 2000 vehicles/h. INa—(€)the | gp oocyrs at the on-ramp)* [see empirical Fig. @) in

flow rate to the on-rampD’ q{{°“"=60 vehicles/h. In(f)—(h) Ref
(down) B . B i ef.[17]]. Other two examples of the catch effect are shown
Gon " are 170(f)—(g) and 180(h) vehicles/h. In(a)—(h) the coor in Fig. 14d, ©: The initial MSP is caught at the on-ram**

dinates of the on-rampsc¢? ,x{9°"") are (a)—(e) (8,16), (f) (10, . X =
14, and(g), (h) (10,16 kmn. n Z’;)_(e) the wide moving jam and in both cases. Instead of this MSP either WEPor GP (e)

MSP at the on-rampD’ are induced by short-time perturbations of are induced at the on-ramp”.

the flow rateq{é®™ . L,=300 m for both on-ramps,, is 500 m for If at the on-ramp D’ a WSP occurgFigs. 14f,g,h] then
the on-ramp U', and 300 m for the on-rampD’. The on-ramp  JU€ to the catch of WSP at the on-ranyp &ither LSP[Fig.
inflows are switched on d@t=t,=8 min. 14(f)] or other WSHFig. 14(g)] or else one of GRin Fig.

14(h) a DGP is showhcan be induced. Note that the induced
WSP[Fig. 14(g)] possesses different characteristics than the
fhitial WSP. In particular, the absolute value of the negative
velocity of the upstream front of the induced WSP is consid-
erably lower than that in the initial WSP.

(iif) The same effects and nonlinear features have been
found out if the downstream bottleneck is the off-ramp rather
than the on-rampD’.

respectively, in GP under strong congestion at the on-ram
[Figs. 9a, b, g]. The off-ramp forces vehicles at highgrto
much stronger traffic compression.

(v) At 7=100% the off-ramp transforms into the merge
bottleneck. We find qualitatively the same GP featureg at
=100% as for the merge bottleneck.

IX. CATCH EFFECT AND INDUCED CONGESTED X. COMPLEX CONGESTED PATTERNS AND PATTERN
PATTERN FORMATION INTERACTION
When two spatially separated bottleneckihe “up- A. “Foreign” wide moving jams
stream” bottleneck and the “downstream” bottleng¢akxist Wide moving jams which have first emerged at the down-

on a highway, then a congested pattern which has earliestream bottleneck and then propagate through another con-
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change the width and the speed inside LSP only.
(i) Whenqg{"”) and the flow ratey;, upstream of the on-
ramp ‘U’ are related to the GP nucleatidiSec. VI B the

20 induced emergence of GP indeed occurs after the first foreign
wide moving jam from another GP at the on-rarp propa-

speed [km/h]

lc‘%-ramp 'D'

[orin] odcz:t-;ggbl(/r;l ; [min] Od(i):tgg‘ep[l& ] gates through the on-ramJ”. However, because in this
s fam suppression caseqi,<(oy this foreign jam dissolves very ”qU|ck|§F|g.
— (© suppression = (d) : 15(c)]. After GP u_pstre_am of t_he pn-rampJ has been
E J EIOO formed, other foreign wide moving jams may, nevert_he_less,
2,100 ) propagate further upstream before they dissolve. This is the
B o - S ?{ 20 similar effect as in GP af,<q,, in Fig. 5g) (Sec. V B.
@t 60 Tootmmp D goo 0\ o (iii ) If GPs are formed at both on-ramps then narrow mov-
E’mnii] o on-ramp'U’ [min] '2° © on-ramp ‘U’ P ing jams emerging in the pinch region of the upstream GP at
distance [km] distance [km] the on-ramp U’ can be suppressed by foreign wide moving
— (e - ® > jams from the GP occurring at the on-ranmip’ {Figs. 15c,
E ¢ E d)]. Each of the foreign jams suppresses the growth of those
= = narrow jams vvhich are close enough_to the downstream front
9:; o oo 20 g 20 of the foreign jam. Only narrow moving jams which are far

time

M enough from the foreign jam may grow and transform into a
[min]

wide moving jam. Finally a united sequence of wide moving
jams occurs upstream of the on-ramyg’.‘ This sequence

60 o on-ramp

0 on-ramp
distance [km]

distance [km]

FIG. 15. Foreign wide moving jam propagation. (a)—(d)
(P, g™ ;) are (a) (150,320,2034 (b) (420,500,1675 (c)
(600,500,150 (d) (600,360,180p vehicles/h. In(e),(f) (don.Tin)

consists of former foreign wide moving jams and new wide
moving jams formed in the GP at the on-rant.*
(iv) In Figs. 18e,f), the downstream bottleneck is the

are: (e) (1200,1800, (f) (2200,2000 vehicles/h. For the merge
bottleneck(marked by the letter M”) in (e),(f) L,=1000 m. In
@—(d) (x{P, x{dowmy are (8,16 km. In (e),(f) the coordinates of
the on-ramp and the merge bottleneel(x,) are(8,16 km. The
on-ramp inflows in(@—(f) and the vehicle motion on the right lane
upstream of the merge bottleneck (e),(f) are switched on at
=t,=8 min.

merge bottleneck and the upstream bottleneck is the on-
ramp. The moving jams which have emerged in GP at the
merge bottleneck propagate through LSP which has sponta-
neously occurred at the on-ranipig. 15e)]. The foreign
moving jams suppress LSP and fully determine the traffic
dynamics upstream of the on-ramp. The jams propagate
through the on-ramp keeping the downstream jam velocity

. . B Thus, the moving jams in GP at the merge bottleneck are
gested pattern which has earlier occurred at the upstrea ' LI
PP o indeed wide moving jaméSec. VI).
bottleneck are called “foreign” wide moving jan{d7,26. ' . ; Lo
; . L . . (v) In Fig. 15f), foreign wide moving jams from GP at
Foreign wide moving jam propagation can be shown both in
. . he merge bottleneck propagate through another GP at the
the fundamental diagram approafhl] and within three- . ! N
) — on-ramp. These foreign wide moving jams suppress the
phase traffic theory28]. Apparently the foreign jam propa- R . .
. . : growth of all narrow moving jams which would emerge in
gation as well as the free flow metastability with respect tg . . :
" . . . the pinch region of GP at the on-ramp if there were no for-
the F—J transition first predicted if4] are theonly two . . L o
effects which can be shown within the fundamental diagrany. 2" wide moving jams. The foreign jams from GP at the
. o . L 9 merge bottleneck fully determine the traffic dynamics at the
approach according to empirical investigatiofsee Ref.
[27). on-ramp.
It is found out that the “foreign” moving jam propagation
can lead to the following nonlinear effects of the pattern
interaction and transformation. Synchronized flow which has earlier occurred at the
(i) In Fig. 15a), first the upstream front of synchronized downstream bottleneck can first reach the upstream bottle-
flow in GP which emerges at the on-ranip' is caught at the neck and then propagate upstream of the upstream bottle-
on-ramp U’ and induces WSP as in Fig. (@. However, neck. Such a congested pattern is called the “expanded” con-
after the first foreign wide moving jam of the GP has latergested pattern(EP) [17]. The downstream front of
propagated through the on-ramp’; the WSP at the on- synchronized flow is fixed at the downstream bottleneck and
ramp U’ is suppressed and free flow appears at the on-ramghe upstream front of the synchronized flow is upstream of
‘U’ [Fig. 15@)]. These effects are linked to a decrease in thehe upstream bottleneck: Synchronized flow in EP covers
flow rate upstream of the on-rampJ)” due to the foreign both bottlenecks. The following variety of EP features has
moving jam propagation. The initial flow rateq;, been found out.
=2034 vehicles/h upstream the on-ranyyy (at which the (i) EP can consist of any spatial-temporal combinations
WSP can exist is decreased up to the flow ratg,, between WSPs, LSPs, GPs, DGPs, and foreign wide moving
=1810 vehicles/h in the foreign moving jam outflow. An- jams. There are nonlinear interactions between these patterns
other effect is shown in Fig. 16). When foreign wide mov- in EP. This interaction can change their features in compari-
ing jams propagate through LSP at the on-ratdpthe jams  son with patterns features at isolated bottlene¢&scs.

B. Expanded congested patterns
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= (@ = (b) effects:(1) WSP can cause the pattern emergence at the on-
E]OO E - ramp U’ (the catch effegt[Figs. 14f)—14(h), and 1&c)],
= §1oo and (2) the synchronized flow in WSP can restrict the flow
g ?0 . 20 &0 20 rate and the speed in the outflow of congested patterns at the
= e Y 100n-ramp ‘D’ ‘gimgo on-ramp U’. The latter patterrieither WSP, or LSP, or DGP,
[min] 120 e [‘l](m] [min] 60 o 7 ovremp D" orelse GP, Figs. 14,f,h) and 16b,0) influences the WSP at
n-ramp

distance [km]

speed [km/h]

the on-ramp D’, because the inflow to the WSP is the out-
flow from the upstream pattern. Note that if the GP under
strong congestion occurs at the on-ramyj {Fig. 16c)],
parameters of the GP only very slightly depend on the exis-
tence of WSP. However, the features of the WSP can be
changed considerably after the GP has appeared. In contrast

20 20
time 60 1qm_ramp 'Dt'otim%o lo(r)l-ramp’D' with th_e case of WSP at an isolated on-ramp the_ average
[min] 90 0 op-ramp'U’ [min] 0 on-ramp ‘U’ speed in the WSP becomes a stronger falling function of the
distance [km] distance [km] distance in the upstream direction.
= (© = ® (iii) EP can also occur due to an interaction of WSP at the
E E on-ramp U’ with either GP[Fig. 16d)] or DGP[Fig. 16€)]
=100 Flad) at the on-rampD’. In the first case, rather than EP a GP
& 0 » & tO/ » covering both on-ramps occurs laféiig. 16d)]: The initial
t(t)imgo 10onramp D’ ‘iime P 10 . WSP at the on-rampU’ disappears. Thus, similarly to the
[min] 60 0 on-ramp'U"’ [min] oon_ram‘;‘}'l}‘?mp D GP in Fig. 1%e), the GP in Fig. 1@) totally determines the
distance [km] distance [km] traffic dynamics near the on-rampJ” In the second case

(h) on-ramps ‘U’ and ' D’

speed [km/h]

time [min]

distance [km]

FIG. 16. Expanded congested patte(&®). (a) GP with two

[Fig. 16e)], after the wide moving jam from DGP has
reached the on-rampJ’, EP disappears, exactly either LSP
or free flow occurs at each of the on-ramps. Sometimes,
however, EP like that shown in Fig. @4 can occur.

(iv) It is found that GP under strong congestion makes the
major influence on EP which occurs as a result of an inter-
action of two patterns at the downstream and upstream
bottlenecks. Let us make the followirggfinition of the de-

greeof strong congestion. The lower the limit flow rajeer
highway lang in GP is, the higher is the degree of strong
congestion. It is found that the more the degree of strong
congestion in GP is, the more is the influence of this GP on

separated pinch regiongh),(c) EPs which consist of GP at the
on-ramp U’ and WSP at the on-ram". (d),(e) Dissolving of EP
as a result of a suppression of WSP at the on-radipltie to the
upstream propagation of GlE) or DGP (e) which has occurred at

the on-ramp D'. (f) GP with the pinch region at the on-ramp’:
(g) EP with the pinch region covering both on-ram@#®.Lq(t) for

GP in (f) (triangles and for EP in(g) (circles; the mean value

L{mea s shown by dotted line foff) and by dashed line fofg).
(QUP g™ 4y are (a) (900,320,1895 (b) (500,170, 1895 (¢)
(480,190,1745 (d) (195,1000,2285 (e) (175,240, 2285 (f)
(0,1000,2000 and (g) (400,1000,171%vehicles/h. g, x{down
are (a) (12,16, (b) (10,14, (c)—(e) (10,16, and(f), (g) (13.5,16
km.The on-ramp inflows are switched ontatt,=8 min.

the EP characteristics. An example is shown in Fig(f)L5
where GP at the merge bottleneck has a much more influence
on the EP characteristics than GP at the on-ramp.

(v) If the distance between two bottlenecidue to the
on-ramp U’ and the on-rampD’) is compatible with the
length of the pinch region in GP at the isolated on-raiinp
Fig. 16f) where q{"?=0, ng}fankl.g km) then atq{P
>0 a GP occurs in which the pinch region covers both on-
ramps, i.e., EP occufgig. 16g)]. The length of the united

pinch region in the EP is higher than the one for GP at the

V=VIII). In particular, EP can consist of two interacting GPsisolated on-rampLg’y“rfa”k 2.7 km[Figs. 16h,9)].
which are formed upstream of each of two bottlenecks. In
Fig. 16@), two separated pinch regions occur in EP. Widex; |NTENSIFICATION OF DOWNSTREAM CONGESTION
moving jams which emerge in the GP at the on-rampare DUE TO UPSTREAM CONGESTION
foreign wide moving jams for the GP at the on-ramyp."
Synchronized flow covers both on-ramps because the dis- It could be expected that the upstream congestioe
tance between thein; =4 km is not too large. In contrast, if congested pattern formation at an upstream bottleneck
the on-ramps are far enough from one another, EP is n(ﬁhOU'd tend to a reduction in the downstream congestion.
formed. Instead, two different GPs occur so that free flontiowever, it is found out that due to a complex nonlinear
exists between wide moving jams downstream of the oninteraction between congested patterns occurrirdjfégrent
ramp U’ [Figs. 15c,d whereL,;=8 km]. spatially separatedbottlenecks rather thanraductionin the

(i) EP can consist of WSP at the on-ranip and differ- ~ downstream congestion amtensificationof the downstream
ent patterns at the on-ramp)* WSP [Fig. 14g)], or LSP ~ congestion can occur due to the upstream congestion. The
[Fig. 14f)], or DGP[Fig. 14h)], or else GHFigs. 18b,0].  initial flow rate upstream of the on-ram" g{®®""=g,
The WSP can influence the patterns upstream because of tw’oqg‘ﬁ,p) in each of the left parts of Figs. 17 is equalqlﬁffo‘””)
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= (a) 3 g ‘D, i.e., to the GP formation at the on-ramp™in Fig.
E 4 =2 o 17(a), right. The mean period of the moving jam emergence
=1 3% in GP is determined by the time of the wide moving jam
2 tO/ 20 & ?f 55 propagation to the on-rampJ)’. Before a wide moving jam

0 60 b V60 10 has passed the on-ramig’‘q{®°“"=q,,, and no moving jam

time 1,07 on-ramp'D’  time .o 5 on-ramp 'D’ t givea@o™ at th D’

[min] ) on-ramp ‘U’ [min] > © on-ramp U’ can emerge at giveq,, " at the on-rampD".

distance [km] distance [km] (i) The onset of the upstream congestion can lead to a

' decrease in the average speed inside initial \MWS§s. 17b,

- c), left] at the downstream bottleneck. This intensification of

the downstream congestion occurs sometimes with a moving
jam emergence in the initial WYFigs. 17b,0), right], i.e., it

is accompanied by a transformation of this WSP into a DGP

20

speed [km/h]
o5 =]
o\? _O oy
A\ o
\ N
\
‘\
§\%
speed [km/h]
o2
3
\
5

60

E‘Iﬁ‘;] 1205 on_ra;n'{?]f}lp’f" [min] 200 On_méfl'f'z‘/?P'D' [Fig. 17(c), right] or a GP. The speed in GP at the on-ramp
distancep[hn] distancep[km] ‘U’ is low, which may lead to a decrease in the speed and to
(©) the jam emergence in the initial WSP at the on-raip
— g (iii) The onset of the upstream congestion can lead to an
EIOO ey ¢ 22,1004 intensification of the downstream congestion which results in
E o 3 o) o5 an increase in t_he mean frequency of the wide moving jam
2t o0 4 20 8ty 6o ” emerge_nce‘wide in an _|n|t|al GP_at the downst_ream bqttle-
time 1001}-r%'!mp'D' time 1207 on-ramp D" _neck[F|g. 17(d)]._ In Fig. 17d), right, after a wide moving
[min] 0 d‘;:t';‘hfg [‘k]m] [min] di‘s"t;;‘ggp[k%] jam from GP which is under weak congestion at the on-ramp

‘D’ has passed the on-rampJ” the current flow rate up-
stream of the on-rampD’ q{"°“" increases due ta{\P
>0. This leads to the increase i;qe.

The intensification of the downstream congestion due to
the upstream congestion has been obseordgwhen at the
time 50 I ol downstream bottleneck weak congestion occurs. This is re-

i 9 onmmpll [min] 0 on-ramp ‘U’ lated to result§17] where diverse transformations between
distanee;{km) distance [km] different congested patterns occur at on- and off-ramps under

FIG. 17. Intensification of the upstream congestion due to theweak congestion.
downstream congestioffa) DGP (left) transforms into GRright).

(b) In WSP (left) the average speed decreases and a traffic jam

speed [km/h]

emergedright). (c) WSP (left) transforms into DGRright). (d) In XlI. DISCUSSION
GP (left) the frequency of the jam emergence increasiegt). t, . . . . .
=8 min. In(@(d) (qlP g q,) are(a, lefy (0,320,2200, (a, The microscopic traffic flow theory presented in this pa-

right) (400,320,800 (b, lefy (0,180,2200, (b, righy (420, ~Perwhichis based on three-phase traffic the@8-29 may
180,1780, (c, left) (0,200,2199, (c, right) (155,200,203F (d, left) explain the main empirical features of spatial-temporal traffic
(0,365,2200, and (d, right (300,365,190 vehicles/h, ~Patterns at highway bottlenecks7,23. o
(x(WP) y(down) are (3), (c) (8,16), (b) (10,16, and (d) (13,16 km. (i) Neither a moving jam nor a sequence of moving jams
L,=300 m for both on-ramps. spontaneously emerge iree flowat a highway bottleneck if

in the vicinity of the bottleneck the vehicle density slowly
: . . . gradually increases from a low density to higher densities.
n each of the (Le)lated right parts O_f Figs. 17, H(SV)VGVG“ "Rather than the moving jams SP first occurs at the bottle-
Figs. 17, left,qoy’=0 whereas in Fig. 17, rightg gy’ =0." heck. There can be three types of SP: WSP, MSP, and LSP.
Dependent or,”, the following phenomena of the inten- jternation of free and synchronized flow can occur in SP.
sification of the initial downstream congestion are observedyyide moving jams can spontaneously occur only in synchro-

(i) The initial DGP at the on-rampD’, where only one  pjzed flow. This leads to the GP formation.

wide moving jam emergef§~ig. 17a), left], transforms into (i) The cases of “weak congestion” and “strong conges-
GP at this bottleneck where moninterrupted sequencef oy should be distinguished. Under strong congestion the
wide moving jams emergelgig. 17a), right]. To explain  4yerage flow rate in GP and characteristics of the moving
this, note that after the wide moving jam in DGHg. 17@),  jam emergence doot depend on traffic demand; there is a
left] has emedrged, the current flow rate upstredam of the orgrrelation between outflow from a wide moving jam and the
ramp D, qi\°"", has dropped up t@lou: A*""=Cow limit flow rate in synchronized flow in GP. When the flow

in
=1810 vehicles/h. In contrast, in Fig. (B, right, LSP is  rate to the on-ramp slowly decreases, strong congestion in
induced at the on-rampJ® after a wide moving jam from  GP changes to weak one; GP can transform into one of SP.

DGP (the downstream congestiphas reached the on-ramp Under weak congestion characteristics of the moving jam

‘U’. Due to the flow rate to the on-ramp)*, g, the value  emergence in GP depend on traffic demand. Strong conges-

%" increases up ta{®"M=2150 vehicles/h. This leads tion often occurs in GP at on-ramps whereas in GP at off-
to the further wide moving jam emergence at the on-rampamps only weak congestion occurs. Under weak congestion
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diverse transformations between different congested patterns (ii) At the on-ramp there are diverse regions of metastable
can occur. states of free flow where at the same flow rates dependent of
(iii) If two bottlenecks are close to one another, a diversénitial conditions either free flow of one of SPs on else one of
variety of complex EP, where synchronized flow covers thes&pPs can be formed.
bottlenecks, can occur. SP emerged at the downstream bottle- (jii) GP with the highest degree of strong congestion
neck can be caught at the upstream bottlenghl catch makes the major influence on EPs features. Due to the onset
effecy. The upstream propagation of either MSP, or of WSPf the congestion at the upstream bottleneck an intensifica-

or else of a foreign wide moving jam emerged at the down+jop, of congestion at the downstream bottleneck can occur.
stream bottleneck can induce diverse patterns at the upstream

bottleneck.

Besides, the theory allows us the following predictions.

(i) At the merge bottleneckFig. 1(d)] at lower flow rate
LSP can be induced and at higher flow rate GP can occur. GP ] o ]
only under strong congestion can occur at the merge bottlebA?éS\’(-K- acknowledges funding by BMBF within project
neck. .
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