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Based on empirical and numerical analyses of vehicular traffic, the physics of spatiotemporal phase transi-
tions in traffic flow on multilane roads is revealed. The complex dynamics of moving jams observed in single
vehicle data measured by video cameras on American highways is explained by the nucleation-interruption
effect in synchronized flow, i.e., the spontaneous nucleation of a narrow moving jam with the subsequent jam
dissolution. We find that �i� lane changing, vehicle merging from on-ramps, and vehicle leaving to off-ramps
result in different traffic phases—free flow, synchronized flow, and wide moving jams—occurring and coex-
isting in different road lanes as well as in diverse phase transitions between the traffic phases; �ii� in synchro-
nized flow, the phase transitions are responsible for a non-regular moving jam dynamics that explains measured
single vehicle data: moving jams emerge and dissolve randomly at various road locations in different lanes;
�iii� the phase transitions result also in diverse expanded general congested patterns occurring at closely located
bottlenecks.
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I. INTRODUCTION. PHASE TRANSITIONS IN
VEHICULAR TRAFFIC IN THE FRAMEWORK

OF THREE-PHASE TRAFFIC THEORY

Probably, the first theoretical study of an instability of free
traffic flow, which should explain traffic breakdown, was
made in 1958–1961 by Herman et al. �1,2� and Komentani
and Sasaki �3�. In this traffic flow model known as the Gen-
eral Motors �GM� model, the instability was explained by a
driver reaction time responsible for a time delay in vehicle
deceleration leading to driver overdeceleration �driver’s
over-reaction� incorporated later in a huge number of other
various traffic flow models �see reviews �4��: if a vehicle
begins to decelerate unexpectedly, then the following vehicle
starts deceleration with a time delay; as a result, when the
time delay is long enough, to avoid collisions, the driver
decelerates longer, which leads to a lower speed than the
speed of the preceding vehicle. The subsequent deceleration
of following vehicles results in the traffic flow instability. In
1994 it was found that this free flow instability is responsible
for a first-order phase transition from free flow to wide mov-
ing jam�s� �F→J transition� �5�.

However, in real traffic a spontaneous F→J transition is
not observed. Instead, traffic breakdown is governed by a
first-order phase transition from free flow to synchronized
flow �F→S transition�; in turn, wide moving jams can
emerge spontaneously only in the synchronized flow �S→J
transition�. Thus in real traffic wide moving jams emerge
spontaneously due to a sequence of F→S→J transitions �6�.

Earlier traffic flow theories and models reviewed in �4�
cannot explain F→S→J transitions �see a criticism of the
theories in Refs. �7–10��. For this reason, Kerner introduced
three-phase traffic theory �references in �7�� in which there
are �i� the free flow, �ii� synchronized flow, and �iii� wide
moving jam phases. The synchronized flow and wide moving

jam phases associated with congested traffic are defined via
the empirical definitions �S� and �J�, respectively. A wide
moving jam is a moving traffic jam, i.e., a localized structure
of great vehicle density and low speed, spatially limited by
two jam fronts, which exhibit the characteristic jam feature
�J� to propagate through bottlenecks while maintaining the
mean velocity of the downstream jam front. Synchronized
flow �S� is defined as congested traffic that does not exhibit
the jam feature �J�; in particular, the downstream front of
synchronized flow is often fixed at the bottleneck.

The first three-phase traffic flow models showing the F
→S→J transitions are stochastic microscopic models
�11–13�. Later, other three-phase traffic flow models were
developed �8,14–19�. Recent simulation results in the frame-
work of three-phase traffic theory can be found in Ref. �20�.
F→S and S→J transitions as well as the resulting synchro-
nized flow and general patterns �SP and GP for short, respec-
tively� �relations between traffic “phases,” “patterns,” and
“states” are explained in Appendix A� occurring under con-
dition that at each location of a multilane road the same
traffic phase is realized in different road lanes have been
studied in detail �7,8,13�.

However, due to vehicle merging from on-ramps and/or
lane changing different traffic phases can emerge and exist in
the different road lanes at the same road location. The phys-
ics of such phase transitions on multilane roads has not been
known and is revealed in this paper �21�.

For the understanding of physical results of the paper we
should briefly consider the nature of phase transitions in the
framework of three-phase traffic theory �Fig. 1� �6,7,22�. The
nature of traffic breakdown at a bottleneck is explained by a
competition between two opposing tendencies occurring
within a random local disturbance in free flow in which the
speed is lower and density is greater than in an initial free
flow at the bottleneck: �i� a tendency toward synchronized
flow due to vehicle deceleration associated with a speed ad-
aptation effect �Fig. 1�a��; �ii� a tendency toward the initial
free flow due to vehicle acceleration associated with an over-
acceleration effect �Fig. 1�b��.
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The speed adaptation effect is vehicle deceleration occur-
ring under conditions

gsafe � g � G , �1�

if a vehicle cannot pass a slower preceding vehicle �Fig.
1�a��; in Eq. �1�, g is a space gap between vehicles, G and
gsafe are synchronization and safe space gaps, respectively. At
g�G the vehicle accelerates, while at g�gsafe it decelerates
�Fig. 1�d��.

In general, the overacceleration effect is driver maneuver
leading to a higher speed from initial car-following at a
lower speed occurring under conditions �1�. In particular,
overacceleration is vehicle acceleration for passing from car-
following, i.e., lane changing to a faster lane �Fig. 1�b��.

Then probability of overacceleration denoted by POA is equal
to passing probability P from car-following:

POA = P . �2�

In three-phase traffic theory �6,7,22�, steady states of syn-
chronized flow cover a two-dimensional �2D� region in the
flow-density and space-gap–speed planes �Figs. 1�c� and
1�d�� and at each given density � probability of passing P
from car-following and, in accordance with Eq. �2�, probabil-
ity for overacceleration is an Z-shaped density characteristic
�Fig. 1�e��. There is a critical probability of overacceleration
POA

�cr� �dashed curve between states F and S in Fig. 1�e�� as-
sociated with a critical speed vcr

�FS� �critical density �cr
�FS��

within a local disturbance required for traffic breakdown
�Fig. 1�f��. When the speed vdis within the disturbance vdis
�vcr

�FS� �i.e., the density within the disturbance �dis��cr
�FS��,

then the disturbance is a nucleus required for traffic break-
down. Within the disturbance the overacceleration effect is
on average as strong as or weaker than the speed adaptation
effect. This nucleus occurrence causes synchronized flow
emergence. Otherwise, when vdis�vcr

�FS� ��dis��cr
�FS��, then

within the disturbance the overacceleration effect is on aver-
age stronger than speed adaptation, therefore no traffic
breakdown occurs and free flow remains.

Wide moving jam emergence in synchronized flow �S
→J transition� is explained as follows �6,7�: The line J di-
vides the 2D region of steady states of synchronized flow
into two different classes �Fig. 1�c��: �i� states below the line
J are stable homogeneous �in space and time� synchronized
flow in which no wide moving jams can emerge or persist
�labeled “stable” in Fig. 1�c��. �ii� States on and above the
line J are metastable synchronized flow states with respect to
wide moving jam emergence �labeled “metastable” in Fig.
1�c��: if in an initial homogeneous metastable synchronized
flow at a given speed vsyn a local disturbance with the speed
vdis�vsyn appears for which vdis�vcr

�SJ�, where vcr
�SJ� is a criti-

cal speed that depends on density �Fig. 1�g��, then the distur-
bance is a nucleus for an S→J transition called a growing
narrow moving jam; the subsequent jam growth leads to
wide moving jam emergence.

The paper is organized as follows. In Sec. II, we introduce
different physical approaches to the overacceleration effect.
These approaches are validated and compared in Sec. III in
which spontaneous traffic breakdown outside of bottlenecks
is studied. Dual roles of lane changing for phase transitions
in free flow and synchronized flow are studied in Secs. IV
and V, respectively. An influence of vehicle merging at
bottlenecks and lane changing on phase transitions is studied
in Sec. VI. Nonregular spatiotemporal traffic dynamics on
multilane roads is the subject of Sec. VIII.

II. SIMULATION APPROACHES TO
OVERACCELERATION EFFECT

A. Discrete version of stochastic three-phase traffic flow model

For a study of phase transitions on multilane roads in this
paper we use a discrete �both in time and space� version of
our stochastic continuum �in space� three-phase traffic flow

FIG. 1. Explanation of phase transitions in vehicular traffic in
the framework of three-phase traffic theory �6,7,22�: ��a� and �b��
Qualitative explanations of speed adaptation �a� and overaccelera-
tion �b�. �c� Free flow F, a 2D region of steady states of synchro-
nized flow �dashed region�, and line J whose slope is determined by
the characteristic velocity of the downstream front of a wide mov-
ing jam. �d� A part of the 2D region of �c�. �e� A qualitative
Z-shaped density function for probabilities of passing and overac-
celeration. ��f� and �g�� Simulation results of Refs. �11,13� for criti-
cal speed vcr

�FS� required for traffic breakdown in free flow with a
speed vfree �f� and critical speed vcr

�SJ� required for wide moving jam
emergence in synchronized flow with a speed vsyn �g� as density
functions for F→S and S→J transitions, respectively.
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model of Refs. �11,13�. Rather than the continuum space
coordinate, a discretized space coordinate with a small
enough value of the discretization cell �x is used. Conse-
quently, the vehicle speed and acceleration �deceleration�
discretization intervals are �v=�x /	 and �a=�v /	, respec-
tively.

The physical reason why rather than the continuum model
of Refs. �11,13� we introduce and use a new discrete model
is as follows. In the continuum model, there are no model
fluctuations for the case of a homogeneous in space and time
traffic flow �23�. Thus we cannot study spontaneous phase
transitions on multilane roads if traffic flow is homogeneous:
no lane changing and no fluctuations in this flow would oc-
cur in the continuum model. However, to understand the na-
ture of phase transitions on multilane roads, we should first
study possible phase transitions due to lane changing in ho-
mogeneous traffic flow on multilane roads �see Sec. III be-
low�. A formulation of such model fluctuations is easy to
perform in a discrete model rather than in the continuum one.
This is the main reason for the introducing of the discrete
model, which overcomes the above mentioned shortcoming
of the continuum model �24�.

Update rules of vehicle motion in the discrete model with
a new formulation for model speed fluctuations are as fol-
lows:

vn+1 = max�0,min�vfree, ṽn+1 + 
n,vn + a	,vs,n�� , �3�

xn+1 = xn + vn+1	 , �4�

where n=0,1 ,2 , . . . is number of time steps, 	 is a time step,
xn is the vehicle coordinate at time step n, vn is the vehicle
speed at time step n, a is the maximum acceleration, ṽn is the
vehicle speed without speed fluctuations 
n, vs,n is a safe
speed at time step n, vfree is the maximum speed in free flow,
speed fluctuations 
n are


n = �
a if Sn+1 = 1


b if Sn+1 = − 1


�0� if Sn+1 = 0,
� �5�


b = a�b�	��pb − r� , �6�


�0� = a�0�	�− 1 if r � p�0�

1 if p�0� � r � 2p�0� and vn � 0

0 otherwise,
� �7�

S in Eq. �5� denotes the state of vehicle motion �Sn+1=−1
represents deceleration, Sn+1=1 acceleration, and Sn+1=0
motion at constant speed�, pb is probability of random decel-
eration, p�0� and a�0��a are constants, a�b�=a�b��vn� is a
speed function, r=rand�0,1�, ��z�=0 at z�0 and ��z�=1 at
z�0; the term 
a will be explained in Sec. II B.

Because all other functions of the discrete model �3� and
their physical meaning are the same as those in the con-
tinuum model of �7,13�, the complete model and models of
bottlenecks as well as model parameters used in simulations
below are presented in Tables I–VII of Appendix B.

B. Implicit simulation of overacceleration effect through
driver acceleration

The overacceleration effect can be simulated through
driver acceleration that occurs under conditions �1� even if
the vehicle is not slower than the preceding vehicle and the
preceding vehicle does not accelerate. In this approach, the
overacceleration effect can be simulated even without lane
changing if the function 
a in Eq. �5� is taken as �13�


a = a�a��vn�	��pa − r� , �8�

where pa is probability of random acceleration, a�a��vn� is a
vehicle acceleration.

C. Simulation of overacceleration effect through combination
of lane changing to faster lane and random driver

acceleration

The overacceleration effect can be simulated through the
use of a combination of an implicit simulation through a
random driver acceleration �8� and an explicit simulations
based on lane changing to a faster lane: if necessary lane
changing rules from the right lane to the left lane R→L and
back L→R together with some safety conditions presented
in Table V of Appendix B are satisfied, the vehicle changes
lane with probability pc �13�.

D. “Boundary” overacceleration

In addition with the overacceleration effect within a local
disturbance of Secs. II B and II C that can be considered a
“bulk” overacceleration, there is also a “boundary” overac-
celeration. The boundary overacceleration effects occurs at
the downstream disturbance front. We assume that due to
boundary overacceleration the mean time delay in vehicle
acceleration, which is associated with acceleration probabil-
ity p0�vn� �7�,

	del
�a��vn� =

	

p0�vn�
�9�

can be a decreasing speed function within a speed range
between speeds in free and synchronized flows. The reduc-
tion in 	del

�a��vn� can be explained by lane changing to a faster
lane at the downstream front of the disturbance. To simulate
this effect, we use the formula

p0�v� = 0.575 + 0.125 min�1,v/v01�

+ 0.15 max�0,�v − v02�/�vfree − v02�� , �10�

where v01, v02 are constants, v02�v01.

E. Explicit simulation of overacceleration effect through lane
changing to faster lane

An explicit simulation of the overacceleration effect
through lane changing to a faster lane can be performed
through the use of much weaker safety conditions for lane
changing in comparison with used in Sec. II C: when these
safety conditions are not satisfied, then a vehicle can never-
theless change to a faster lane with the abovementioned
given probability pc, if the space gap between two neighbor-
ing vehicles in the target lane satisfies the condition
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xn
+ − xn

− − d � gtarget
�min� , �11�

where
gtarget

�min� = ��vn
+ + d� , �12�

�z� denotes the integer part of a real number z because only
integer values of the gap in units of �x are used in the dis-
crete model. In addition, the vehicle should pass the mid-
point between two neighboring vehicles in the target lane
xn

�m�. After lane changing, the coordinate of the vehicle is set
to xn=xn

�m� and the vehicle speed vn is set to v̂n,

v̂n = min�vn
+,vn + v�1�� . �13�

In Eqs. �11�–�13�, � and v�1� are constants; superscripts +
and − in variables, parameters, and functions denote the pre-
ceding vehicle and the trailing vehicle in the “target” �neigh-
boring� lane, respectively; the target lane is the lane into
which the vehicle wants to change. When this model of over-
acceleration is used in simulations below, no other math-
ematical formulations for overacceleration are applied, spe-
cifically, pa=0 in Eq. �8� and rather than Eq. �10�, another
formula for acceleration probability p0�vn� given in Table
VII of Appendix B is used.

III. TRAFFIC BREAKDOWN OUTSIDE
OF BOTTLENECKS

To study different approaches to modeling of overaccel-
eration effect of Sec. II, we consider traffic breakdown in an
initial homogeneous free flow, i.e., on a two-lane road with-
out bottlenecks �Fig. 2�. We find that in all modeling ap-
proaches to overacceleration of Sec. II, traffic breakdown is a
first-order F→S transition, which occurs within a flow rate
range

qth � q � qmax
�free�, �14�

where qth is a threshold flow rate for traffic breakdown and
qmax

�free� is a maximum flow rate �7,11�. In a vicinity of qmax
�free�,

traffic breakdown occurs spontaneously with the subsequent
emergence of a moving SP �MSP�. However, qth and qmax

�free�

are very different for the different approaches. In general, we
find that the stronger the overacceleration effect, the stronger
the tendency to free flow, i.e., the greater qmax

�free�. On the other
hand, the greater qmax

�free�, the greater the flow rate range �Eq.
�14�� in which traffic breakdown can occur.

Thus we find that the greatest overacceleration occurs,
when the overacceleration model of Sec. II E is applied �25�.
Typical vehicle trajectories during MSP emergence for this
model are shown in Fig. 2�c� presented in the coordinate
system moving at velocity vsystem=85 km /h �Fig. 2�d��: the
speed 85 km/h is close to the maximum synchronized flow
speed in the stochastic model. Thus traffic breakdown can be
identified through the occurrence of vehicle trajectories with
a negative slope associated with the speed v�85 km /h, i.e.,
with synchronized flow. Due to model fluctuations and lane
changing, there are many local disturbances occurring within
free flow, however, during about 13.5 min the overaccelera-
tion effect overcomes speed adaptation within all these dis-
turbances, therefore, no traffic breakdown has occurred.
However, lane changing of one of the vehicles �labeled by

number 1 in Fig. 2�d�� from the left lane to right lane leads to
strong deceleration of following vehicles in the right lane.
This results in traffic breakdown in the right lane �labeled by
arrow F→S in Fig. 2�d�, right�. Later, another vehicle la-
beled by number 2 in Fig. 2�d� approaching synchronized
flow in the right lane changes into the left lane. This leads to
a strong deceleration of following vehicles in the left lane.
As a result, traffic breakdown occurs also in the left lane
leading to MSP formation in both lanes.

IV. DUAL ROLE OF LANE CHANGING IN FREE FLOW
AT BOTTLENECKS: MAINTENANCE OF FREE

FLOW OR TRAFFIC BREAKDOWN

Lane changing can play a dual role in free flow at a bottle-
neck: lane changing can maintain free flow or in contrast
lead to traffic breakdown at the bottleneck:

FIG. 2. Simulations of spontaneous traffic breakdown with sub-
sequent MSP emergence on two-lane road without bottlenecks:
��a�–�c�� speed in time and space in the left �figure left� and right
lanes �right�; models of overacceleration are of Sec. II C for �a�,
Sec. II D for �b�, and Sec. II E for �c� �see model parameters in
Table VII�; flow rate in initial free flow is 2222 �a�, 2345 �b�, and
2551 �c� vehicles/h/lane. �d� Vehicle trajectories associated with
MSP emergence shown in �c�; vehicle trajectories are shown in the
coordinate systems moving at the velocity vsystem=85 km /h. Re-
sulting values of qmax

�free� for different overacceleration models are:
2230 �model of Sec. II C�, 2400 �model of Sec. II D�, and 2580
vehicles/h/lane �model of Sec. II E�.
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�i� Lane changing to a faster lane is responsible for the
overacceleration effect that maintains free flow at the bottle-
neck.

�ii� In contrast, lane changing can lead to the occurrence
of a nucleus required for traffic breakdown at a bottleneck.
This can occur, if lane changing forces the following ve-
hicles in the target lane to decelerate strongly.

This dual role of lane changing for traffic breakdown at an
on-ramp bottleneck is illustrated in Fig. 3. In the coordinate
system moving at the velocity vsystem, the merging region of
the on-ramp within which vehicles merge from on-ramp onto
the right lane of the main road is moving at a negative ve-
locity −vsystem �dashed lines in Figs. 3�b� and 3�c��. The de-
cay of a local disturbance at the bottleneck labeled by “dis-
solving disturbance” in Fig. 3�b� occurs through lane
changing to the faster lane, i.e., through the overacceleration
effect. The initial disturbance occurs only in the right lane
due to the merging of a vehicle �labeled by number 1� from
the on-ramp. However, later one of the vehicles in the right

lane �labeled by number 2 in Fig. 3�b�� can pass the slow
moving preceding vehicle before the vehicle reaches this dis-
turbance. As a result of this vehicle passing, the initial dis-
turbance in the right lane dissolves over time �dotted curves
in Fig. 3�b�, right�.

The opposite effect of lane changing from the right lane to
the left lane leading to an F→S transition in the left lane on
the main road is shown in Fig. 3�c�, left. First, due to the
merging of a vehicle �labeled by number 3� from the on-
ramp an initial disturbance occurs only in the right lane. The
disturbance grows leading to an F→S transition in the right
lane �labeled by arrow F→S in Fig. 3�c�, right�: vehicle
trajectories with a negative slope within the disturbance as-
sociated with synchronized flow �v�85 km /h� appear. At
the time instant of this traffic breakdown in the right lane,
free flow is still observed in the left lane �Fig. 3�c�, left��.
Later, one of the vehicles �labeled by number 4 in Fig. 3�c�,
right� in the right lane can pass the slow moving preceding
vehicle. This vehicle passing leads to the deceleration of the
following vehicles in the left lane that causes traffic break-
down in the left lane �F→S in Fig. 3�c�, left�. As a result, an
MSP appears in both lanes.

V. DUAL ROLE OF LANE CHANGING IN SYNCHRONIZED
FLOW: MAINTENANCE OF SYNCHRONIZED FLOW

OR WIDE MOVING JAM EMERGENCE

Similar opposite effects can occur through vehicle lane
changing in synchronized flow: lane changing can either
maintain synchronized flow or lead to wide moving jam
emergence in synchronized flow. This dual role of lane
changing in synchronized flow is as follows: lane changing
can lead either to the occurrence of a nucleus for the emer-
gence of a wide moving jam in metastable synchronized flow
or to the dissolution of a moving jam.

A. Empirical study

Empirical examples of these effects are shown in Fig. 4.
Empirical vehicle trajectories have been reconstructed from
single vehicle data measured through video cameras installed
on the road U.S. 101 within a region of about 640 m in a
vicinity of on- and off-ramp bottlenecks as shown in Fig.
4�a� �26�. Moving jams emerge and dissolve in synchronized
flow that affects both closely located adjacent off- and on-
ramp bottlenecks �Fig. 4�a��.

In Fig. 4�b�, a moving jam emerges in synchronized flow
due to lane changing of vehicles labeled by numbers 1 and 2
from the lane 5 to lane 4. As a result, a moving jam is
forming in the lane 4. This effect is similar to empirical
moving jam emergence in synchronized flow due to lane
changing found in �27�.

In contrast, in Fig. 4�c� we show two different examples
of the jam dissolution due to lane changing: �i� a moving jam
propagating in the lane 5 dissolves after a vehicle labeled by
number 3 changes from the lane 5 to lane 6; �ii� a moving
jam propagating in the lane 5 dissolves after a vehicle la-
beled by number 4 changes from the lane 5 to lane 4.

FIG. 3. Simulation of MSP emergence at on-ramp bottleneck:
�a� speed in time and space. ��b� and �c�� Vehicle trajectories asso-
ciated with the MSP emergence at on-ramp bottleneck shown in �a�.
Vehicle trajectories are shown in the coordinate systems moving at
the velocity vsystem=95 km /h �b� and 85 km/h �c�; in these moving
coordinate systems, dashed lines show the merging region of the
on-ramp of the length 300 m. Figures left and right are related to the
left and right road lanes, respectively. Model for overacceleration of
Sec. II E. qin=2338 vehicles /h / lane, qon=60 vehicles /h.
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B. Numerical simulations

The significance of NGSIM-data �Fig. 4� is that this is
single vehicle data. In contrast with 1 min average, i.e., mac-
roscopic data measured at spatially separated road detectors
�7,28�, the single vehicle data allow us to study microscopic

features of moving jam emergence and dissolution in syn-
chronized flow. Because of very expensive measurements of
single vehicle data, the data are measured at a very short road
section only �Fig. 4�a��. Therefore, the complete structure of
congested patterns associated with the NGSIM-data is not
known. However, we know from analyses of a huge number
of the 1 min average data �7,28� that if many moving jams
appear in synchronized flow within a short road section, then
due to upstream propagation of congested traffic, an ex-
panded congested pattern �EP� is usually formed whose syn-
chronized flow affects many effectual bottlenecks upstream
�Appendix A�. Because congested traffic shown in single ve-
hicle data �Fig. 4� should also propagate upstream affecting
upstream bottlenecks, we can assume that the NGSIM-data
can be associated with a part of an EP cut-out by video
cameras installed. This assumption about the EP’s part can-
not be proven, however, we have proven that there are in-
deed very many on- and off-ramps on the road U.S. 101 at
distances about 0.5 km from each other upstream of the road
section under consideration.

For this reason, we simulate an expanded GP �EGP� �Ap-
pendix A� occurring on a two-lane road section with more
than only one on-ramp bottleneck and one off-ramp bottle-
neck. We discuss here only a part of this EGP labeled by
dashed region in Fig. 5�a�: as in measured data �Fig. 4�, in
the simulated EGP’s part the distance between the farthest
downstream on- and off-ramp bottlenecks is about 500 m.
Such simulations increase the application of the physical re-
sults for possible future measurements of single vehicle data
on longer road sections and they do not restrict the applica-
bility of the results for an explanation of NGSIM-data �29�.
In addition, an empirical data study made shows that in most
cases moving jam emergence and dissolution are associated
with lane changing between two neighboring lanes only, i.e.,
possible effects of a cascade of lane changing between three
or more lanes are extremely seldom. Thus to study the main
physical features of moving jam emergence and dissolution
caused by lane changing between two neighboring lanes, we
use a two-lane model �30�.

To prove that lane changing can lead to the dissolution of
moving jams, we consider two of the emergent moving jams
in the left lane �labeled by “jam A” and “jam B” in Figs. 5�b�
and 6, left�. These jams dissolve during their upstream
propagation resulting in the maintenance of synchronized
flow. Indeed, in Fig. 6�a�, a vehicle labeled by number 1
approaching “jam A” changes from the left lane to the right
lane. This increases the space gap between vehicles at the
upstream jam front; as a result, “jam A” dissolves resulting
in synchronized flow �Fig. 6�a�, left�. A qualitatively similar
effect of jam dissolution occurs when a vehicle labeled by
number 2 approaching “jam B” in the left lane changes from
the left lane to the right lane �Fig. 6�b��.

Two examples of the emergence of moving jams in syn-
chronized flow are shown in Fig. 7. �i� A vehicle labeled by
number 3 merges from on-ramp onto the right lane on the
main road �Fig. 7�a��. This vehicle merging causes decelera-
tion of the following vehicles in the right lane. As a result, a
growing narrow moving jam occurs in the right lane �jam
labeled by “jam C” in Fig. 7�a�, right�. �ii� Two vehicles
following each other change from the right lane to the left

FIG. 4. Empirical study of dual role of lane changing in syn-
chronized flow: �a� Scheme of a section of the road U.S. 101 on
which data has been measured. ��b� and �c�� Vehicle trajectories
showing the emergence of a wide moving jam �b� and the dissolu-
tion of wide moving jams �c� due to lane changing. Moving jams
are marked-off by dashed curves. Lanes 1 and 5 are related to the
farthest left and right lanes on the main road, respectively; lane 6 is
the common merging lane for upstream on- and downstream off-
ramp bottlenecks. NGSIM-single vehicle data from June 15, 2005
�without motorcycle data� �26�. In figures time t=0 is related to
7:50 a.m. in raw NGSIM-single vehicle data.
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lane in which synchronized flow has been before �trajectories
4 and 5 in Fig. 7�b��. Due to lane changing space gaps be-
tween following vehicles in the left lane and, therefore, the
vehicle speed decrease considerably. This leads to the emer-
gence of a growing narrow moving jam labeled by “jam D”
in Fig. 7�b�, left.

VI. INFLUENCE OF VEHICLE MERGING AT
BOTTLENECKS AND LANE CHANGING ON

PHASE TRANSITIONS

A. Transformation of SP into GP at off- and on-ramp
bottlenecks

Merging of vehicles from an on-ramp lane onto the main
road or from the left lane to the right lane upstream of an
off-ramp can increase the nucleus occurrence for S→J tran-
sitions in synchronized flow considerably. This effect on
multilane roads is studied in this section with the overaccel-
eration model of Sec. II C.

We find that wide moving jams emerge spontaneously
more frequently in synchronized flow at a bottleneck, if con-
ditions for vehicles merging become easier; this is simulated
through a decrease in the value of � in Table VI. If �=0.75,

FIG. 5. Simulations of a congested pattern at sequence of five
on-ramp and five off-ramp bottlenecks in the left �figures left� and
right road lanes �right�: �a� 1 min average data for speed in time and
space. ��b� and �c�� Single-vehicle speed data for fragments within
the pattern in �a� presented by regions with variable darkness �the
lower the speed, the darker the region; in white regions the speed is
higher than 3 km/h, in black regions the speed is zero�. Beginning
of merging regions of the on-ramps and off-ramps are at locations
xon,i=7 ,9 ,11,13,15 km and xoff,j=8 ,10,12,14,16 km, respec-
tively. Flow rates to on-ramps qon i, i=1, . . .5 and percentage of
vehicles leaving the main road to off-ramps � j, j=1, . . .5 are:
qon i=500,400,600,720,600 vehicles /h for i=1,2 ,3 ,4 ,5, respec-
tively; � j =3,15,10,2 ,70% for j=1,2 ,3 ,4 ,5, respectively. qin

=1500 vehicles /h / lane. Model for overacceleration of Sec. II E.

FIG. 6. Simulations of moving jam dissolution resulting in the
maintenance of synchronized flow due to lane changing. Vehicle
trajectories for two congested pattern fragments shown in Fig. 5�b�.
Figures left and right are related to the left and right lanes,
respectively.

FIG. 7. Simulations of moving jam emergence in synchronized
flow due to vehicle merging �a� and lane changing �b�. Vehicle
trajectories for two congested pattern fragments shown in Fig. 5�c�.
Figures left and right are related to the left and right lanes,
respectively.
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then a widening SP �WSP� occurs at the on-ramp bottleneck
�Fig. 8�a��. Now if we decrease � to �=0.6, then the WSP
transforms into an GP �Fig. 8�b�� that is explained as follow-
ing. Under decrease in �, some of the vehicles change from
the on-ramp lane to the right lane of the main road even if
time headways in the right lane are much shorter than a
safety time headway. This causes a strong deceleration of the
following vehicle. As a result, nuclei for S→J transitions
occur with greater probability.

At the off-ramp bottleneck, we find a localized SP �LSP�
at �=0.75 �Fig. 8�c��. Now, through the decrease in � to �
=0.6 condition for lane changing from the left lane to the
right lane upstream of an off-ramp becomes easier. Then
wide moving jams emerge spontaneously within the LSP,
i.e., the LSP transforms into an GP �Fig. 8�d��. The physics
of this effect is the same as above for the on-ramp bottle-
neck.

B. Different phases in different lanes
and traffic phase definitions

To study the effect of lane changing on different traffic
phases in different lanes �Figs. 9�a�–9�e��, we study a sce-
nario in which in an initial free flow 1 km downstream of an
on-ramp bottleneck a wide moving jam is induced in the
right lane only. We study the effect of this jam in the right
lane on congested pattern formation in the left lane for

different lane changing probabilities pc: �1� pc=0.2 �Fig.
9�a��, �2� pc=0.02 �Figs. 9�b�–9�d��, �3� pc=0.02 at x�xon
−500 m and pc=0 at x�xon−500 m �Fig. 9�e�� �x=xon is
the beginning of the on-ramp merging region�.

�1� At pc=0.2 lane changing is a relatively frequent one at
the jam fronts. As a result, the wide moving jam in the right
lane causes a wide moving jam in the left lane �Fig. 9�a��.

�2� At pc=0.02 lane changing is ten times less frequent
compared with Fig. 9�a�. As a result, we observe the follow-
ing effects �Figs. 9�b�–9�d��:

�i� Rather than a wide moving jam, an SP occurs in the
left lane �Fig. 9�b��. Vehicles, which first decelerate within
the upstream jam front in the right lane and then change to
the left lane, cause deceleration of following vehicles in the
left lane �trajectory of such a vehicle is marked by fat black

FIG. 8. Transformation of SPs into GPs at on-ramp bottleneck
��a� and �b�� and off-ramp bottleneck ��c� and �d�� at different char-
acteristics for vehicles merging �a�–�d�. In �a�–�d�, 1 min average
speed in space and time in left �left� and right �right� lanes. qin

=2182 ��a� and �b��, 1846 vehicles/h/lane ��c� and �d��. In �a� and
�b� qon=320 vehicles /h. In �c� and �d� percentage of vehicles going
to the off-ramp �=20%.

FIG. 9. Simulations of phase transitions between different lanes
at different lane changing probabilities pc: �a� pc=0.2. ��b�–�d�� pc

=0.02. �e� pc=0.02 at x�xon−500 m and pc=0 at x�xon

−500 m. 1 min average speed in time and space in the left �left�
and right lanes �right�. xon=10 km, qin=1846 vehicles /h / lane,
qon=540 vehicles /h. To induce a wide moving jam in the right
lane, at t= t0=10 min one of the vehicles in the right lane deceler-
ates to a standstill that lasts 60 s, and then the vehicle accelerates to
speed vfree. Model for overacceleration of Sec. II C.
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curve in Fig. 9�c��. To prove the SP existence, we use the
microscopic criterion for a wide moving jam of Ref. �32�:

Is =
	max

	del
�a��0�

� 1, �15�

where 	max is the maximum time headway that characterizes
a so-called flow interruption interval within a wide moving
jam. In the right lane, there is a flow interruption interval
	max=23.5 s �Fig. 9�d�� for which Is=13.3 �in the mo-
del 	del

�a��0��1.77 s�. Thus congested traffic in the right lane
is a wide moving jam. In contrast, in the left lane none of the
time headways satisfies Eq. �15�, i.e., congested traffic in the
left lane is indeed the SP.

�ii� The F→S transition of item �i� in the left lane occurs
over the whole time of the jam existence in the right lane.
This explains why after the SP in the left lane has reached
the bottleneck and led to the breakdown in the left lane at the
bottleneck, the SP is observed in the left lane upstream of the

bottleneck. However, this SP is not associated with “propa-
gation” of the SP through the bottleneck: synchronized flow
is subsequently caused by the wide moving jam in the right
lane, i.e., by slow vehicles changing from the right lane to
the left lane �Figs. 9�b� and 9�c��.

�iii� An additional effect of this lane changing is that the
jam inflow in the right lane decreases in comparison with the
case of the jams in both road lanes shown in Fig. 9�a�. As a
result, the jam width decreases slowly over time and finally
the jam dissolves �Fig. 9�b��. This leads also to the dissolu-
tion of the SP in the right lane because the SP, as explained
in item �ii� above, occurs in the left lane only as long as the
wide moving jam persists in the right lane. To prove this, we
repeat scenario shown in Fig. 9�b� under an additional con-
dition that vehicles cannot change lane at all locations x
�xon−500 m upstream of the bottleneck. This condition is
related to the existence of two different single-lane roads at
x�xon−500 m that are merging onto a two-lane road at x
�xon−500 m. Then we can see �Fig. 9�e�� that in accor-

FIG. 10. Emergence of MSPs at off-ramp bottlenecks in macro-
scopic empirical data: approximate distributions of free flow
�white�, synchronized flow �gray�, and moving jams �black� in
space and time. B1 is off-ramp bottleneck, B2 and B3 are on-ramp
bottlenecks. Data from the freeway A5-South, Germany. Figure �a�
is taken from �7�. Road section sketch is shown in Fig. 2.1 of �7�.

FIG. 11. Speed, flow rate, and density in space and time in
the right lane, which are simulated for two different scenarios
shown in figures left �a� and right �b� on a two-lane road section
with an on-ramp bottleneck located at xon=3.7 km and a down-
stream off-ramp bottleneck located at xoff=10 km. In both sce-
narios, there is a local disturbance in free flow propagating down-
stream; the disturbance is caused by a flow rate increase qin

=600 vehicles /h / lane in the flow rate qin=1800 vehicles /h / lane
upstream of the on-ramp bottleneck applied at t= t0=10 min during
a time interval t=10 min. The difference between the two differ-
ent scenarios is as follows: �a� None of the vehicles go to the off-
ramp �figures left�. �b� 8% of the vehicles go to the off-ramp �fig-
ures right�. In �a� and �b�, the on-ramp inflow qon is 100 vehicles/h
at t�20 min, qon increases linear from 100 to 800 vehicles/h dur-
ing 20� t�40 min, and qon is 800 vehicles/h at t�40 min, Lc

=1 km, the discrete stochastic model of Sec. II A with overaccel-
eration model of Sec. II E is used.
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dance with the definition �S� the SP in the left lane caused by
the wide moving jam in the right lane is caught at the bottle-
neck.

C. Emergence of MSPs at off-ramp bottleneck
through lane changing upstream of off-ramp

Empirical phase transitions observed in macroscopic traf-
fic data measured on multilane roads can also be often asso-
ciated with phase transitions caused by lane changing in
neighborhoods of on- and off-ramps. In empirical data
shown in Fig. 10�a�, three different MSPs �labeled by MSP 1,
MSP 2, and MSP 3� emerge at an off-ramp bottleneck �la-
beled by B1�. These MSPs propagate upstream. Two of them
�MSP 1 and MSP 2� are caught at an upstream on-ramp
bottleneck �labeled by B2� �31�. However, the MSP 3 trans-
forms into a wide moving jam before the MSP 3 reaches the
on-ramp bottleneck B2 �labeled by S→J transition�: the jam
propagates through the on-ramp bottleneck B2 as well as
through the upstream on-ramp bottleneck B3 while maintain-
ing the mean downstream jam front velocity. Such F→S
→J transitions can also be seen in Fig. 10�b�. MSP emer-
gence �Figs. 10�a� and 10�b�� is explained by traffic break-

down at an off-ramp bottleneck due to lane changing: Ve-
hicles, which move initially in the passing lane�s� and going
to the off-ramp, change to the right lane upstream of the
off-ramp �see empirical Fig. 10.8 �b� of �7�� increasing the
density in the right lane and fluctuations upstream of the
off-ramp. This explains why traffic breakdown and the
downstream front of resulting congested patterns are ob-
served also upstream of the off-ramp. Whereas the fact that
MSPs’ emerge at the off-ramp bottleneck B1 is not clearly
seen in Figs. 10�a� and 10�b� without a data analysis in dif-
ferent lanes made in �7,28�, this fact is clearly seen in Fig.
10�c�: the effective location of the off-ramp bottleneck B1 at
which the downstream front of synchronized flow is fixed
during a long time interval is exactly the same one as that of
MSP emergence in Figs. 10�a� and 10�b�.

To explain these empirical results, in simulations shown
in Fig. 11 we use the same distance between an upstream on-
and downstream off-ramp bottlenecks as that in empirical
Fig. 10. An initial local disturbance in free flow in which the
flow rate and density are greater than outside of the distur-
bance propagates downstream. If there are no vehicles going
to the off-ramp, then no traffic breakdown and no moving
jam emergence occur �Fig. 11�a��. However, if at the same
flow rates and disturbance parameters only 8% of the ve-
hicles go to the off-ramp, then the disturbance causes traffic
breakdown with the resulting MSP formation at the off-ramp

FIG. 12. Empirical vehicle trajectories showing complex non-
regular spatiotemporal dynamics of moving jams within synchro-
nized flow that affects the upstream on-ramp and downstream off-
ramp bottlenecks on the road U.S. 101 shown in Fig. 4�a�. Moving
jams are marked-off by dashed curves. NGSIM-single vehicle data
measured on June 15, 2005 �26�. In figures time t=0 is related to
7:50 a.m. in raw NGSIM-single vehicle data.

FIG. 13. Analysis of EGP shown in Fig. 5�a�: �a� single-vehicle
speed data presented in space and time by regions with variable
darkness �the lower the speed, the darker the region; in white re-
gions, speeds are higher than 80 km/h; in black regions, speeds are
equal to zero�. �b� Flow rate q�cong� within the EGP as a function of
road location. �c� Jam dynamics in the neighborhood of the farthest
on- and off-ramp bottlenecks; in white regions speeds are higher
than 20 km/h.
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bottleneck �Fig. 11�b��. As in empirical Fig. 10�b�, we find �i�
the MSP propagates upstream and transforms into a wide
moving jam �at road location about 6.8 km� before the MSP
reaches the on-ramp bottleneck. �ii� Propagating through the
on-ramp bottleneck the jam causes an induced GP formation
at the bottleneck �33�.

VII. NUCLEATION-INTERRUPTION EFFECTS
IN SYNCHRONIZED FLOW

A. Empirical results

If at least two bottlenecks are located very close to each
other, as this is the case on the road U.S. 101 �Fig. 4�a��, a
complex moving jam dynamics is observed within synchro-
nized flow of an EP �Fig. 12�. We can see the following
effects of moving jam emergence and dissolution in synchro-
nized flow: moving jams can emerge and dissolve in syn-
chronized flow randomly at different road locations in the
different road lanes �Figs. 12�a� and 12�b�� and in a variety
of spatiotemporal realizations �Figs. 12�c� and 12�d��.

B. Numerical study

To explain these empirical results, we study EGPs dis-
cussed in Sec. V B �Figs. 13–16�. We find that in accordance
with empirical data �Fig. 12�, moving jams can emerge and
dissolve in synchronized flow randomly at different road lo-
cations in different road lanes and in a variety of spatiotem-
poral realizations �Figs. 14, 15�c�, 15�d�, and 16�c��. This
complex jam dynamics is explained by a nucleation-
interruption effect in synchronized flow of the EGPs: The
nucleation-interruption effect is a sequence of the emergence

and dissolution of a narrow moving jam in synchronized
flow. The effect consists of the following stages: �i� first, a
growing narrow moving jam occurs in synchronized flow;
�ii� later, this jam dissolves, i.e., the narrow moving jam
persists only during a time interval, which is too short for the
transformation of the narrow moving jam into a wide moving
jam. A variety of the nucleation-interruption effects found in
simulations �Figs. 14, 15�c�, 15�d�, and 16�c�� can explain
empirical complex dynamics of narrow moving jams shown
in Fig. 12.

The diverse nucleation-interruption effects found in em-
pirical data �Fig. 12� and simulations �Figs. 14, 15�c�, 15�d�,
and 16�c�� can be explained by the following traffic phenom-
ena:

�i� The dual role of lane changing in synchronized flow
�Sec. V�: lane changing can lead to the occurrence of a
nucleus for an S→J transition, i.e., to the occurrence of a
growing narrow moving jam; in contrast, lane changing can
lead to the dissolution of a narrow moving jam, i.e., to the
maintenance of synchronized flow. For example, a vehicle
labeled by number 1 in Fig. 15�c� changes from the left lane
to the right lane; this increases a space gap and leads to the
jam dissolution in the left lane. �ii� The increase in the fre-
quency of lane changing in neighborhoods of on- and off-
ramp bottlenecks within the EGPs.

In addition to lane changing between lanes on the main
road, there are the following effects at the on- and off-ramp
bottlenecks that can cause nucleation-interruption effects: �i�
vehicle merging from an on-ramp onto the main road can
lead to deceleration of the following vehicles resulting in the
occurrence of a growing narrow moving jam in synchronized
flow on the main road; �ii� vehicles leaving the main road to
an off-ramp can lead to the increase in space gaps between

FIG. 14. Simulations of nucleation-
interruption effects resulting in complex nonregu-
lar spatiotemporal dynamics of narrow moving
jams within an EGP in a neighborhood of the
farthest on- and off-ramp bottlenecks shown in
Fig. 13�c�: Vehicle trajectories in space and time
in the left lane only ��a� and �b�� and in both lanes
�c� for three pattern fragments; moving jams are
marked off by dashed curves.
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vehicles moving on the main road resulting in the dissolution
of a growing narrow moving jam in synchronized flow on
the main road �Fig. 16�c��.

VIII. NONREGULAR SPATIOTEMPORAL DYNAMICS OF
WIDE MOVING JAMS ON MULTILANE ROADS

In addition with nucleation-interruption effects of Sec.
VII, the complex nonregular dynamics of congested traffic
within the EGPs results from spatiotemporal combinations
and interactions of the following effects:

�1� The effect of splitting of a flow interruption interval
within a wide moving jam into two or more flow interruption
intervals �Figs. 17�c�, 17�d�, and 18�b��. This splitting effect
can result either from the emergence of a new region of
moving blanks within the jam or result in the splitting of the
jam into two or more wide moving jams �36�.

�2� The effect of the emergence of a new flow interruption
interval �Figs. 17�a�, 17�d�, and 18�a��. This emergence ef-

fect can result either from the splitting of a region of moving
blanks into two or more regions of moving blanks or result in
the emergence of a new wide moving jam �S→J transition�.

�3� The effect of the merging of two �or more� flow inter-
ruption intervals �Figs. 17�b� and 18�c��. This merging effect
can result either from the dissolution of two �or more� re-
gions of moving blanks within a wide moving jam or result
in the merging of two �or more� wide moving jams.

�4� The effect of the dissolution of two �or more� flow
interruption intervals �Figs. 17�a�, 17�d�, and 18�a��. This
dissolution effect can result either from the merging of two
�or more� regions of moving blanks within a wide moving
jam or result in the dissolution of a wide moving jam.

The same effects have been found in congested traffic
occurring at an isolated heavy bottleneck �37�, i.e., a bottle-
neck due to bad weather conditions, accidents or heavy road
works causing a very small average flow rate in congested
traffic q�cong��600 vehicles /h / lane �38�. However, rather
than heavy bottleneck conditions congested traffic within the

FIG. 15. Simulations of EGP associated with
the same adjacent bottlenecks as those in Fig.
5�a�, however, at another set of flow rates to on-
ramps and percentages of vehicles going to off-
ramps: �a� speed in space and time. �b� Flow rate
q�cong� within the EGP. ��c� and �d�� Vehicle tra-
jectories within two fragments of the EGP; mov-
ing jams are marked off by dashed curves. Flow
rates to on-ramps qon i, i=1, . . . ,5 and percentage
of vehicles leaving the main road to off-ramps
� j, j=1, . . . ,5 are: qon i=500,720,900,900,
1200 vehicles /h for i=1,2 ,3 ,4 ,5, respectively;
� j =5,10,20,20,40% for j=1,2 ,3 ,4 ,5,
respectively.
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EGPs shown in Figs. 15 and 16 is associated with usual
bottlenecks for which 1100�q�cong��1700 vehicles /h / lane
�39�. As a result, we find that in comparison with traffic
congestion at a heavy bottleneck �37� in the EPs shown in
Figs. 15 and 16 the emergence and dissolution of moving
jams occurs very frequently at considerably higher synchro-
nized flow speeds between moving jams. This is explained
by a very frequent lane changing to a faster lane used in the
model �Sec. II E�: the emergence and dissolution of moving
jams are mostly caused by the dual role of lane changing in
synchronized flow of Sec. V.

Some examples are shown in Figs. 19 and 20: �i� after two
vehicles labeled by numbers 1 and 2 in Fig. 19�a� have
changed from the right lane to the left lane, blanks between
vehicles standing within a flow interruption interval in the
right lane appear. Vehicles covering these blanks lead to
moving blanks �36� propagating upstream within this flow
interruption interval. This results in the splitting of the flow
interruption interval into two intervals separated by the re-
gion of moving blanks. �ii� After three vehicles labeled by
numbers 3–5 in Fig. 19�b� have changed from the right lane
to the left lane, new moving blanks in a region of moving
blanks in the right lane appear that leads to a widening of the
region of moving blanks. However, these vehicles decrease
space gaps in a region of moving blanks in the left lane. This

can explain the narrowing of the region of moving blanks in
the left lane observed over time �Fig. 19�b�, left�. Later, this
region of moving blanks dissolves in the left lane �Fig. 19�c�,
left�. As a result, two flow interruption intervals, which have
earlier been separated by this region of moving blanks in the
left lane, merge into a single flow interruption interval �Fig.
19�c�, left�.

Rather than only single effects of emergence, splitting,
merging, and dissolution of flow interruption intervals, we
find often complex sequences of these effects over time �Fig.
20�. In Fig. 20�a�, three vehicles labeled by numbers 1–3
change from the left lane to the right lane. As a result, space
gaps between vehicles increase in the left lane and, therefore,
a region of moving blanks emerges in the left lane. First, this
region widens over time. However, later vehicles labeled by
numbers 4, 5 change from the right lane to the left lane that
decrease space gaps between vehicles in the left lane. This
leads to the dissolution of the region of moving blanks, i.e.,
to the merging of the flow interruption intervals. In Fig.
20�b�, due to a sequence of lane changing a complex dynam-
ics of the splitting, emergence, and dissolution of flow inter-
ruption intervals is observed leading to the nonregular dy-
namics of wide moving jams.

We find the following results:
�i� The nonregular dynamics of congested traffic within

EGPs can be considered resulting from spatiotemporal inter-

FIG. 16. Simulations of EGP associated with
the same adjacent bottlenecks as those in Fig.
5�a�, however, at another set of flow rates to on-
ramps and percentages of vehicles going to off-
ramps: ��a� and �b�� Single-vehicle speed data �a�
�in white regions, speeds are higher than 80
km/h; in black regions, speeds are equal to
zero� and flow rate q�cong� �b�. �c� Vehicle trajec-
tories within a fragment of the EGP; moving jams
are marked off by dashed curves. Flow rates
to on-ramps qon i, i=1, . . . ,5 and percentage
of vehicles leaving the main road to off-ramps
� j, j=1, . . .5 are: qon i=360,450,500,720,
600 vehicles /h for i=1,2 ,3 ,4 ,5, respectively;
� j =15,10,20,5 ,30% for j=1,2 ,3 ,4 ,5,
respectively.
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actions of the diverse dynamics of synchronized flow and
wide moving jams as well as nucleation-interruption effects.
In particular, we find that

�1� Lane changing on the main road in synchronized flow
leads either to the maintenance of synchronized flow or to
the occurrence of nuclei for S→J transitions.

�2� Independent of the flow rate q�cong�, the nonregular
dynamics of moving jams in synchronized flow of the EGPs
is associated with the same four effects �splitting, emergence,
merging, and dissolution of flow interruption intervals� as
those found in congested traffic at an isolated heavy bottle-
neck �37�.

�ii� Peculiarities of the nonregular spatiotemporal dynam-
ics of moving jams within these EGPs are as follows: ve-
hicles going to the off-ramps and vehicles merging from on-
ramps cause many nuclei for S→J transitions in different

lanes within synchronized flow of the EGPs; as a result, a
more complicated spatiotemporal dynamics of moving jams
occurring at different road locations randomly and indepen-
dent of each other in the different lanes is observed at the
sequence of adjacent bottlenecks than the one found at an
isolated bottleneck.

At a given flow rate upstream of the bottlenecks and dif-
ferent sets of on-ramp inflow rates and percentages of ve-
hicles going to different off-ramps we find qualitatively dif-
ferent EGPs: numerical simulations allow us to assume that
at the same sequence of adjacent bottlenecks, an infinite
number of various EGPs with the complex dynamics of con-
gested traffic can be expected at different sets of on-ramp
inflow rates and percentage of vehicles going to off-ramps
�only four examples are shown in Figs. 13, 15, 16, and 21�.

At different sets of the on-ramp inflow rates and percent-
ages of vehicles going to off-ramps we find that �i� either the
average flow rate in congested traffic q�cong� satisfies condi-
tion for usual bottlenecks �Fig. 16� or q�cong� is very small as
that for a heavy bottleneck; �ii� EGPs can occur for which on
some road section q�cong� is great as for usual bottlenecks
�road locations 13�x�15 km in Fig. 21�, whereas on other

FIG. 17. Fragments of complex nonregular spatiotemporal dy-
namics of moving jams within the EGP shown in Fig. 15. Single-
vehicle speed data presented by regions with variable darkness �the
lower the speed, the darker the region; in white regions the speed is
higher than 7.2 km/h, in black regions the speed is zero�.

FIG. 18. Fragments of complex non-regular spatiotemporal dy-
namics of moving jams within the EGP shown in Fig. 16. Single-
vehicle speed data presented by regions with variable darkness �the
lower the speed, the darker the region; in white regions the speed is
higher than 7.2 km/h, in black regions the speed is zero�.
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road locations q�cong� is small, i.e., traffic congestion within
the EGPs should be referred to heavy bottleneck conditions
�road locations x�10 km in Fig. 21�.

IX. CONCLUSIONS: PHYSICS OF PHASE TRANSITIONS
ON MULTILANE ROADS

�i� The complex dynamics of moving jams observed in
empirical single vehicle data measured on highways in the
USA is explained by the nucleation-interruption effect in
synchronized flow, i.e., the spontaneous nucleation of a nar-
row moving jam with the subsequent jam dissolution.

�ii� An explicit formulation of the overacceleration effect
through vehicle lane changing to a faster lane leads to a
first-order phase transition from free flow to synchronized
flow as observed in real measured data.

�iii� In free flow, lane changing to a faster lane exhibits a
dual role: �1� it can lead to the maintenance of free flow

�overacceleration effect� or, in contrast, �2� it can cause the
occurrence of a nucleus for traffic breakdown in free flow.

�iv� In synchronized flow, lane changing exhibits also a
dual role: �1� it can lead to the maintenance of synchronized
flow and cause the dissolution of moving jams or, in contrast,
�2� it can cause the occurrence of a nucleus, i.e., a growing
narrow moving jam whose subsequent growth leads to wide
moving jam emergence.

�v� Vehicle merging from on-ramps or vehicle leaving to
off-ramps can lead to a frequent occurrence of nuclei for
traffic breakdown in free flow or wide moving jam emer-
gence in synchronized flow. However, vehicle leaving to off-
ramps can also cause the dissolution of moving jams.

�vi� The nucleation-interruption effect in synchronized
flow �item �i�� is caused by a spatiotemporal competition of
the nucleation of a narrow moving jam and the jam dissolu-
tion, which result often from the dual role of lane changing
and vehicle leaving to off-ramps.

FIG. 19. Vehicle trajectories showing the
splitting of flow interruption interval �a� and
merging of two flow interruption intervals ��b�
and �c�� within EGP fragments shown in Figs.
17�b� and 17�c�, respectively.
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�vii� Probability of lane changing exhibits a great effect
on the transformation between different congested patterns
and their evolution.

�viii� When there are several closely located adjacent
highway on- and off-ramp bottlenecks, very complex ex-

panded general patterns �EGP� can occur. A spatiotemporal
structure of an EGP, i.e., a combination of the three traffic
phases—�1� free flow, �2� synchronized flow, and �3� wide
moving jams—in space and time in different road lanes de-
pends qualitatively and quantitatively on a set of the flow
rates to on-ramps and percentage of vehicles going to off-
ramps. An infinite number of qualitatively different EGPs for
different sets of the flow rates to on-ramps and percentage of
vehicles going to off-ramps can be expected.

�ix� Within the EGPs of item �viii�, the effects of splitting,
emergence, merging, and dissolution of flow interruption in-
tervals within wide moving jams lead to and determine non-
regular dynamics of wide moving jams. These effects depend
considerably on the frequency of lane changing, vehicle
merging from on-ramp and vehicle leaving to off-ramps.

�x� The occurrence and existence of different traffic
phases at the same road location in different road lanes, com-
plex phase transitions between them occurring over time,
nucleation-interruption effects in synchronized flow, and
nonregular dynamics of wide moving jams propagating in

FIG. 20. Vehicle trajectories showing the splitting of flow inter-
ruption interval with subsequent merging of the flow interruption
interval �a� within EGP fragment shown in Fig. 18�c� and a com-
plex dynamics of splitting, dissolution, and emergence of flow in-
terruption intervals �b� within EGP fragment shown in Fig. 18�b�.

FIG. 22. Explanation of relations between traffic phases, pat-
terns, and states: �a� Relation between traffic phases and main types
of congested patterns occurring at a bottleneck; F—free flow,
S—synchronized flow, J—wide moving jam. ��b� and �c�� Some
examples of different traffic states of the free flow �b� and synchro-
nized flow phases �c�.

FIG. 23. Steady speed states for the three-phase traffic flow
model in the flow-density plane �a� and the line J �b� and models of
on-ramp �c� and off-ramp �d� bottlenecks.

FIG. 21. Simulations of EGP associated with the same adjacent
bottlenecks as those in Fig. 5�a�, however, at another set of flow
rates to on-ramps and percentages of vehicles going to off-ramps:
qon i=900,900,1200,1200,900 vehicles /h for i=1,2 ,3 ,4 ,5, re-
spectively; � j =2,5 ,30,2 ,10% for j=1,2 ,3 ,4 ,5, respectively.
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synchronized flow determine the complexity of vehicular
traffic on multilane roads.

APPENDIX A: RELATIONS BETWEEN TRAFFIC
PHASES, PATTERNS, AND STATES

Relations between traffic phases, patterns, and states are
explained in Fig. 22. A spatiotemporal congested traffic pat-
tern �congested pattern for short� is a distribution of traffic
flow variables in space and time limited spatially by down-
stream and upstream pattern fronts; the downstream and up-
stream fronts separate the pattern from other traffic patterns
downstream and upstream, respectively. A front of a traffic
pattern is either a moving or motionless region within which
one or several of the traffic variables change abruptly in
space �and in time, when the front is a moving one�.

A traffic pattern can consist of different traffic phases
�Fig. 22�a��. There are two main types of congested patterns
occurring at a bottleneck: �i� a synchronized flow pattern
�SP� is a congested pattern in which congested traffic con-
sists only of the synchronized flow phase. �ii� A general pat-
tern �GP� is a congested pattern in which congested traffic
consists of the synchronized flow and wide moving jam
phases.

A congested pattern whose synchronized flow affects at
least two adjacent bottlenecks has been called an expanded
congested pattern �EP� �7�. Thus an expanded SP �ESP� and

an expanded GP �EGP� are an SP and an GP, respectively,
whose synchronized flows affect at least two adjacent bottle-
necks.

An GP is always a general case of a congested pattern.
This is because in three-phase traffic theory there are only
the synchronized flow and wide moving jam phases in con-
gested traffic and an GP consists of the both phases. An GP is
the generic term for many different types of GPs. Examples
of these different GP types are a dissolving GP �7�, an GP
with a nonregular pinch region �37�, and an EGP.

Respectively, an SP is the generic term for many different
types of SPs, like a moving SP �MSP�, a localized SP �LSP�,
a widening SP �WSP�, and an ESP.

The term a traffic phase as a generic term for a multitude
of various traffic states that exhibit spatiotemporal features
of the traffic phase. In other words, there can be different
traffic states of the same traffic phase �Figs. 22�b� and 22�c��.

APPENDIX B: DISCRETE STOCHASTIC THREE-PHASE
TRAFFIC FLOW MODEL AND MODEL

PARAMETERS

A discrete in space and time stochastic model follows
from the stochastic continuum in space three-phase traffic

TABLE I. Discrete stochastic model.

vn+1=max�0,min�vfree , ṽn+1+
n ,vn+a	 ,vs,n��,
xn+1=xn+vn+1	,

ṽn+1=max�0,min�vfree ,vs,n ,vc,n��,

vc,n = �vn + n at gn � Gn,

vn + an	 at gn � Gn,
	

n=max�−bn	 ,min�an	 ,v�,n−vn��,
gn=x�,n−xn−d,

vfree, a, d, and 	 are constants; the lower index �
marks variables related to the preceding vehicle.

TABLE II. Functions in discrete stochastic model I: stochastic
time delay of acceleration and deceleration.

an = a�1 if r1 � P0

0 if r1 � P0,
	 bn = a�1 if r1 � P1

0 if r1 � P1,
	

P0 = �p0 if Sn � 1

1 if Sn = 1,
	 P1 = �p1 if Sn � − 1

p2 if Sn = − 1,
	

Sn+1 = �− 1 if ṽn+1 � vn

1 if ṽn+1 � vn

0 if ṽn+1 = vn,
�

r1=rand�0,1�, p0= p0�vn�, p2= p2�vn� are speed functions,
p1 is constant.

TABLE III. Functions in discrete stochastic model II: Model
speed fluctuations.


n = �
a if Sn+1 = 1


b if Sn+1 = − 1


�0� if Sn+1 = 0,
�


a = a�a�	�1 if r � pa

0 if r � pa,
	 
b = a�b�	�− 1 if r � pb

0 if r � pb,
	


�0� = a�0�	�− 1 if r � p�0�

1 if p�0� � r � 2p�0� and vn � 0

0 otherwise,
�

r=rand�0,1�, pa, pb, p�0�, a�0� are constants.
a�a�=a�a��vn� and a�b�=a�b��vn� are speed functions.

TABLE IV. Functions in discrete stochastic model III: synchro-
nization gap Gn and safe speed vs,n.

Gn=G�vn ,v�,n�,
G�u ,w�=max�0, �k	u+a−1u�u−w���,

k�1 is constant.
vs,n=min�vn

�safe� ,gn /	+v�
�a��,

v�
�a�=max�0,min�v�,n

�safe� ,v�,n ,g�,n /	�−a	�,
vn

�safe�=v�safe��gn ,v�,n� is taken as that in �40�, which is a solution
of the Gipps’s equation �41�.

v�safe�	safe+Xd�v�safe��=gn+Xd�v�,n�, where 	safe is a safe time gap,
Xd�u�=b	2���+ ���−1�

2 �,
�= �u /b	� and �=u /b	−� are the integer and fractional parts of

u /b	, respectively; b is constant.
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flow model of Refs. �11,13�, if rather than the continuum
space coordinate a discretized space coordinate with a small
enough value of the discretization cell �x is used. As for the
continuum model, for the discrete model hypothetical steady
states of synchronized flow cover a two-dimensional �2D�
region in the flow-density plane �Figs. 23�a� and 23�b��.
However, because the speed v and space gap g are integer in
the discrete model, the steady states do not form a continuum
in the flow-density plane as they do in the continuum model.
The inequalities

g � G and v � min�vfree,vs�g,v�� �B1�

define a 2D region in the flow-density plane in which the
steady states exist for the discrete model. Update rules of
vehicle motion in the resulting discrete model are presented
in Tables I–V. Open road boundary conditions are applied.
Models of vehicle merging at highway bottlenecks �Fig.
23�c� and 23�d�� taken from �7,13� are presented in Table VI;
we should note that safety conditions for lane changing of

Sec. II E are the same as those used for vehicle merging in
the bottleneck models. Model parameters are given in Table
VII; remaining model parameters are given in figure cap-
tions.

Note that model fluctuations in homogeneous free flow
introduced in the model of overacceleration of Sec. II E are
chosen smaller than that in synchronized flow that is ex-
plained as follows: traffic breakdown is explained by a com-
petition of speed adaptation and overacceleration that exhib-
its a discontinuous character. The smaller the fluctuation
amplitude, the more accurate and clear nucleation effects can
be studied in free flow outside of bottlenecks. Model fluctua-
tions in synchronized flow simulate driver time delay in de-
celeration, which is responsible for wide moving jam emer-
gence in synchronized flow. To simulate this driver
overdeceleration in synchronized flow, greater model fluc-
tuations are applied.

A choice of �x determines the accuracy of vehicle speed
calculations in comparison with the initial continuum in
space stochastic model of �11,13�. We have found that the
discrete model exhibits similar characteristics of phase tran-
sitions and resulting congested patterns at highway bottle-
necks as those in the continuum model at �x that satisfies the
conditions

�x/	2 � b,a�a�,a�b�,a�0�. �B2�

TABLE V. Lane changing rules from the right lane to the left
lane �R→L� and from the left lane to the right lane �L→R� and
safety conditions for lane changing �13�.

R→L :vn
+�v�,n+�1 and vn�v�,n,

L→R :vn
+�v�,n+�1 or vn

+�vn+�1.
Safety conditions:
gn

+�min�vn	 ,Gn
+�,

gn
−�min�vn

−	 ,Gn
−�,

Gn
+=G�vn ,vn

+�, Gn
−=G�vn

− ,vn�,
G�u ,w� is given in Table IV.

TABLE VI. Models of vehicle merging at bottlenecks that oc-
curs when a safety rule �� � or a safety rule ���� is satisfied �13�.

Safety rule �� �:
gn

+�min�v̂n	 ,G�v̂n ,vn
+��,

gn
−�min�vn

−	 ,G�vn
− , v̂n��,

v̂n=min�vn
+ ,vn+vr

�1��,
vr

�1��0 is constant.

Safety rule ����:
xn

+−xn
−−d� ��vn

++d�,
xn−1�xn−1

�m� and xn�xn
�m�

or xn−1�xn−1
�m� and xn�xn

�m�,
xn

�m�= ��xn
++xn

−� /2�,
� is constant.

Parameters after vehicle merging:
vn= v̂n,

under the rule �� �: xn maintains the same,
under the rule ����: xn=xn

�m�.

Speed adaptation before vehicle merging

vc,n = � vn + n
+ at gn

+ � G�vn, v̂n
+� ,

vn + an	 at gn
+ � G�vn, v̂n

+� ,
	

n
+=max�−bn	 ,min�an	 , v̂n

+−vn��,
v̂n

+=max�0,min�vfree ,vn
++vr

�2���,
vr

�2� is constant.

TABLE VII. Model parameters used in most simulations �when
other model parameters are used, they are given in figure captions�.

Parameters for vehicle motion in road lane:
	=	safe=1 s, d=7.5 m /�x, �x=0.01 m,

vfree=30 ms−1 /�v, b=1 ms−2 /�a, �v=0.01 ms−1,
�a=0.01 ms−2, k=3, p1=0.3, pb=0.1,

p�0�=0.005, p2�vn�=0.48+0.32��vn−v21�,
v01=10 ms−1 /�v, v21=15 ms−1 /�v, a=0.5 ms−2 /�a.

Models for overacceleration of Secs. II B and II C:
p0�vn�=0.575+0.125 min�1,vn /v01�,

a�0�=a�a�=a�b�=a, pa=0.17.

Model for overacceleration of Sec. II D:
p0�vn�=0.575+0.125 min�1,vn /v01�+
+0.15 max�0, �vn−v02� / �vfree−v02��,

v02=23.61 ms−1 /�v,
a�0�=a�a�=a�b�=a. pa=0.17.

Model for overacceleration of Sec. II E:
p0�vn�=0.575+0.125 min�1,vn /v01�,

a�b��vn�=0.2a+
+0.8a max�0,min�1, �v22−vn� /v22��,
a�0�=0.2a, pa=0, v22=12.5 ms−1 /�v,

v22=2.778 ms−1 /�v.

Lane changing parameters:
�1=1 ms−1 /�v, La=150 m /�x,

pc=0.2, �=0.75, v�1�=2 ms−1 /�v.

Parameters of bottleneck models:
�=0.75 or 0.6 for on- or off-ramps,

vfree on=22.2 ms−1 /�v, vfree off=25 ms−1 /�v,
vr

�2�=5 or −2.5 ms−1 /�v for on- or off-ramps,
Lr=1 km /�x, Lc=0.7 km /�x, vr

�1�=10 ms−1 /�v,
Lm=0.3 or 0.5 km /�x for on- or off-ramps.
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