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Preface

The understanding of empirical traffic congestion occurring on unsignalized multi-
lane highways and freeways is a key for effective traffic management, control, orga-
nization, and other applications of transportation engineering. However, the traffic
flow theories and models that dominate up to now in transportation research journals
and teaching programs of most universities cannot explain either traffic breakdown
or most features of the resulting congested patterns. These theories are also the ba-
sis of most dynamic traffic assignment models and freeway traffic control methods,
which therefore are not consistent with features of real traffic.

For this reason, the author introduced an alternative traffic flow theory called
three-phase traffic theory, which can predict and explain the empirical spatiotem-
poral features of traffic breakdown and the resulting traffic congestion. A previous
book “The Physics of Traffic” (Springer, Berlin, 2004) presented a discussion of the
empirical spatiotemporal features of congested traffic patterns and of three-phase
traffic theory as well as their engineering applications.

Rather than a comprehensive analysis of empirical and theoretical results in
the field, the present book includes no more empirical and theoretical results than
are necessary for the understanding of vehicular traffic on unsignalized multi-lane
roads. The main objectives of the book are to present an “elementary” traffic flow
theory and control methods as well as to show links between three-phase traffic the-
ory and earlier traffic flow theories. The need for such a book follows from many
comments of colleagues made after publication of the book “The Physics of Traffic”.

Another important objective of this book is to give an introduction to meth-
ods of spatiotemporal traffic congestion recognition and prediction, on-ramp me-
tering, speed limit control, and some other freeway control and dynamic manage-
ment methods whose theoretical basis is three-phase traffic theory. The importance
of this subject can be explained as follows. Almost all other traffic flow theories
and the associated freeway control and dynamic management methods assume the
existence of a particular (fixed or stochastic) highway capacity of free flow at a
highway bottleneck and, therefore, they use the highway capacity as a basic param-
eter of dynamic traffic management models. In this book we show and explain how
and why the application of a particular highway capacity in methods for dynamic
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freeway traffic management like on-ramp metering, speed limit control, or dynamic
traffic assignment, is not consistent with features of real traffic.

Through an application of the principle “no more results than are necessary”,
I hope to present traffic flow theory and control in a manner understandable to a
broad audience of readers interested in traffic phenomena. With this aim, the book
also includes an extended glossary with definitions and explanations of terms used.

I thank Ralf G Herrtwich and Matthias Schulze for their support as well as many
other my colleagues at the Daimler Company, in particular, Hubert Rehborn, Ger-
hard Nocker, Andreas Hiller, Achim Brakemaier, Ines Maiwald-Hiller, Winfried
Kronjager for fruitful discussions and advice. I thank also Dietrich Wolf for use-
ful suggestions. Particular thanks are to Achim Brakemaier, Viktor Friesen, Sergey
Klenov, Gerhard Nocker, Andreas Hiller, Winfried Kronjager, Jochem Palmer, and
Hubert Rehborn who have read the book and made many useful comments. I thank
also Hesham Rakha, Hani Mahmassani, and Jorge Laval for helpful discussions
about approaches to traffic flow modeling in Woods Hole in July 2008. Many thanks
to Rudiger Hain, Oliver Baumann and all other friends who have encouraged me
while writing this book. I am grateful to Sergey Klenov for his help with numeri-
cal simulations and the preparation of illustrations for the book. Finally, I thank my
wife, Tatiana Kerner, for her help and understanding.

Stuttgart, May 2009 Boris Kerner
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Acronyms and Symbols
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Line J

Free traffic flow

Congested traffic

Synchronized flow phase of congested traffic

Wide moving jam phase of congested traffic

Characteristic line in the flow—density plane representing a steadily prop-
agation of the downstream front of a wide moving jam. The slope of the
line J is determined by the mean velocity of the downstream jam front

F—S transition  Traffic breakdown, i.e., phase transition from the free flow phase

to the synchronized flow phase

S—J transition  Phase transition from the synchronized flow phase to the wide

moving jam phase

F—S—1J transitions  Sequence of an F—S transition with a following S—1J transi-

SP
LSP
WSP
MSP
GP
EP
ESP
EGP
FOTO

ASDA

tion

Synchronized flow pattern

Localized SP

Widening SP

Moving SP

General congested traffic pattern

Expanded traffic congested pattern

Expanded synchronized flow pattern

Expanded general pattern

Focasting Of Traffic Objects is a macroscopic model for automatic traffic
phase reconstruction and tracking of synchronized flow

Automatische Staudynamik Analyse (automatic tracking of moving traffic
jams) is a macroscopic model for tracking of moving jams

ANCONA Automatic on-ramp control of congested patterns is a control ap-

ACC

proach in which congestion is allowed to set in at a bottleneck. The basic
idea is to maintain congestion conditions at the bottleneck to the minimum
possible level; in particular, a congested pattern should not propagate up-
stream

Adaptive cruise control

xi
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Acronyms and Symbols

vehicle speed [km/h] or [m/s]
speed of the preceding vehicle [km/h] or [m/s]

Av=v;—v speed difference between the speed of the preceding vehicle and the

R VR

Q
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qin
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qoft
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Vir,)FS
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8safe
Tsafe

vehicle speed [km/h] or [m/s]

vehicle acceleration (deceleration) [m/ s2]

flow rate [vehicles/h] or [vehicles/min]

vehicle density [vehicles/km]

space gap between vehicles [m] that is also called as net distance or space
headway

time headway between vehicles [s] that is also called as time gap or net
time distance

vehicle length [m]

occupancy [%]

The mean velocity of the downstream front of a wide moving jam

The flow rate in free flow formed in the outflow of a wide moving jam
The vehicle density in free flow formed in the outflow of a wide moving
jam

Threshold flow rate for traffic breakdown at a bottleneck that is the mini-
mum highway capacity of free flow

Maximum flow rate in free flow downstream of a bottleneck that is the
maximum highway capacity of free flow

The average flow rate within a congested pattern upstream of a bottleneck
averaged during a time interval that is considerably longer than time dis-
tances between any moving jams within the congested pattern

The flow rate in free flow on the main road upstream of a bottleneck

The on-ramp inflow rate at an on-ramp bottleneck

The flow rate in free flow downstream of a bottleneck under condition that
free flow is at the bottleneck

The flow rate of vehicles leaving the main road to off-ramp at an off-ramp
bottleneck

A critical speed required for traffic breakdown at a bottleneck

A critical density required for traffic breakdown at a bottleneck

A critical speed in metastable synchronized flow required for wide moving
jam emergence

A critical density in metastable synchronized flow required for wide mov-
ing jam emergence

The mean time delay in vehicle acceleration

The mean time delay in vehicle acceleration at the downstream front of a
wide moving jam

A safe space gap between vehicles

A safe time headway (safe time gap) between vehicles

A synchronization space gap between vehicles
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Treac

Ty

Tstep

A synchronization time headway (synchronization time gap) between ve-
hicles

The mean driver reaction time

Averaging time interval for traffic variables

Probability of traffic breakdown at a bottleneck

Probability that free flow remains at a bottleneck during time interval Ty
A time step in traffic flow models with a discrete time

r=rand(0,1) A random number uniformly distributed between 0 and 1



Chapter 1
Introduction

Vehicular traffic is an extremely complex dynamic process associated with the spa-
tiotemporal behavior of many-particle systems. The complexity of vehicular traffic
is due to nonlinear interactions between the following three main dynamic processes
(Fig. 1.1):

(i) travel decision behavior, which determines traffic demand,
(i1) routing of vehicles in a traffic network, and
(iii) traffic congestion occurrence within the network.

Travel decision behavior:
Traffic demand ¢ |

—> Routing

Prognosis of
traffic congestion
in traffic network

Fig. 1.1 Explanation of complexity of vehicular traffic

Travel decision behavior determines travel demand. Traffic routing in the net-
work is associated with traffic supply. However, traffic congestion occurring within

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_1, (©) Springer-Verlag Berlin Heidelberg 2009



2 1 Introduction

the traffic network restricts free flow travel. This influences both travel decision be-
havior and traffic routing in the network. Indeed, because of traffic congestion, a
person decides to stay at home or travel by train rather than by car. A feedback be-
tween traffic congestion and travel decision is symbolically shown by arrow on the
right hand side in Fig. 1.1. In turn, because of traffic congestion on a route from an
origin to a destination usually used, a person changes the route of travel. A feedback
between traffic congestion and routing is symbolically shown by arrow on the left
hand side in Fig. 1.1.

Empirical traffic congestion, i.e., traffic congestion observed in real measured
traffic data is a spatiotemporal effect: The traffic congestion occurs in space and time
in the form of spatiotemporal congested traffic patterns propagating within a traffic
network. These empirical congested traffic patterns exhibit a variety of complex
spatiotemporal features. For this reason, the complexity of traffic management is
associated with this variety of the empirical congested traffic patterns as well as with
the necessity in the optimization of these patterns. This optimization should ensure
either the dissolution of traffic congestion or, if this is not possible to achieve, the
minimization of the influence of traffic congestion on travel costs.

e We see that the understanding of empirical traffic congestion is the key for ef-
fective traffic management, control, organization, and all other applications of
transportation engineering.

Inputs to travel decision behavior models are the typical regional model data
about social, economic, and demographic information of potential travelers and land
use information to create schedules followed by people in their everyday life. The
output are detailed lists of activities pursued, times spent in each activity, and travel
information from activity to activity. A review of travel decision behavior models
has recently been done by Goulias [1].

Routing based on a traffic optimization, which is associated with a minimization
of chosen travel “costs”, together with a prognosis of traffic congestion is called dy-
namic traffic assignment in the traffic network. A dynamic traffic assignment model
should find the link inflows for the traffic network. The model includes usually a
traffic flow model, which makes a prognosis of traffic in the network, and a routing
model associated with the problem of traffic optimization. The router model com-
putes the sequence of roadways that minimize travel costs of the traffic network.
Examples of the travel costs are travel time, fuel consumption, or HC and CO,
emissions. The traffic flow and router models are connected by a feedback loop (see
the feedback loop between traffic congestion and routing in Fig. 1.1). As a result,
traffic congestion in the network predicted by the traffic flow model changes results
of dynamic traffic assignment considerably. For this reason, the traffic flow model
should model traffic congestion as close as possible to real traffic congestion found
in empirical observations. A review of models for dynamic traffic assignment in
traffic networks has recently been done by Rakha and Tawfik [2]. Approaches to
traffic prognosis have recently been reviewed by Rehborn and Klenov [3].

A complex spatiotemporal behavior of empirical traffic congested patterns was
studied during the last 75 years by several generations of researchers (see references



1 Introduction 3

in reviews and books [4-26]). It was found that traffic congestion in the traffic net-
work results from traffic breakdown in an initially free flow: vehicle speeds decrease
abruptly to lower speeds in congested traffic [4,5,27-29]. Traffic breakdown is ob-
served mostly at highway bottlenecks. A bottleneck can be a result of road works,
on- and off-ramps, a decrease in the number of road lanes, road curves and road
gradients, bad weather conditions, accidents, etc. [4,5,27-29]. Beginning from the
classic work of Greenshields [30], the most of the traffic flow theories and models
have been made in the framework of the so-called fundamental diagram of traffic
flow. The fundamental diagram is a flow rate—density relationship, i.e., a correspon-
dence between a given vehicle density and the flow rate in traffic flow. The funda-
mental diagram reflects the obvious result of empirical observations that the greater
the density, the lower the averaged speed in vehicular traffic.

However, the puzzle of empirical spatiotemporal features of traffic congestion
has been solved only recently [25]. As will be discussed in this book, it turns out
that earlier traffic flow theories and models reviewed in [4-24] cannot explain ei-
ther traffic breakdown or most features of the resulting spatiotemporal congested
patterns. These traffic flow theories and models, which dominate up to now in trans-
portation research journals and teaching programs of most universities, are also the
theoretical basis for dynamic traffic assignment models and methods for freeway
traffic control. Therefore, the associated methods for dynamic traffic management
are not consistent with features of real traffic.

To explain empirical spatiotemporal features of vehicular traffic, the author intro-
duced an alternative traffic flow theory called three-phase traffic theory. A consid-
eration of empirical spatiotemporal features of congested traffic patterns and three-
phase traffic theory that explains these pattern features as well as some resulting
engineering applications have been presented in the previous book [25].

Rather than a comprehensive discussion congested traffic patterns, in the present
book the author gives only an introduction to traffic flow theory and control on
multi-lane roads! including no more empirical and theoretical results than are nec-
essary for the understanding of vehicular traffic as well as to make a more detailed
consideration of links between three-phase traffic theory and earlier traffic flow the-
ories. The main objectives of this book are as follows:

(1) To explain why rather than the fundamental diagram of traffic flow, spatiotem-
poral analysis of empirical congested traffic patterns is the key for the under-
standing of traffic flow characteristics as well as for the development of dynamic
traffic management methods (including methods for dynamic traffic control and
assignment) that are consistent with real traffic.

! In the book, we limit attention to dynamic traffic phenomena determined by driver interactions
in traffic. These traffic phenomena play the most important role on freeways and highways. In
contrast, in city traffic, light signals and other traffic regulations at road intersections can often
almost fully determine traffic dynamics. A review about urban traffic control has recently been
done by Gartner and Stamatiadis [31]. See also the UTA model for the urban traffic analysis and
prognosis in Sect. 22.4 of the book [25].
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(2) To explain why classic traffic flow theories and models cannot explain ei-
ther traffic breakdown or most features of the resulting spatiotemporal congested
patterns.

(3) To give a new basis for the development of models for dynamic traffic oper-
ation methods, dynamic traffic assignment models, and highway traffic control
methods, which are consistent with features of real traffic.

The importance of these objectives can be explained as follows. Most earlier
traffic flow theories and the associated freeway control and dynamic management
methods assume the existence of a particular fixed or stochastic highway capacity
of free flow at a highway bottleneck. Therefore, they use the highway capacity as
a basic parameter of dynamic traffic management models. In this book we show
and explain how and why the application of a particular highway capacity as a con-
trol parameter in methods for dynamic freeway traffic management like on-ramp
metering, speed limit control, or dynamic traffic assignment, is not consistent with
features of real traffic.

The book consists of two parts. Part I is devoted to a consideration of empirical
spatiotemporal features and characteristics of traffic and three-phase traffic theory
that explains these traffic features and characteristics. In Part II, we discuss the im-
pact of three-phase traffic theory on traffic control and management. Because simu-
lations of the prognosis of traffic congestion with mathematical traffic flow models
can be considered a part of traffic control and management models (see Fig. 1.1 and
related explanations made above), a critical discussion of the impact of three-phase
traffic theory on these models has also been included in Part II.

Part I begins with traffic phase definitions made in three-phase traffic theory
(Chap. 2). Explanations of empirical spatiotemporal traffic flow characteristics with
three-phase traffic theory are the subject of the subsequent Chaps. 3-7.

In particular, in Chaps. 3 and 4 we explain why the fundamental empirical fea-
tures of traffic breakdown at a bottleneck leads to the conclusion of three-phase
traffic theory that rather than a particular highway capacity, there are the infinite
number of highway capacities at the bottleneck. A consideration of the spontaneous
emergence of wide moving jams is the subject of Chap. 5. The origin of some of the
hypotheses and terms of three-phase traffic theory used in previous chapters of the
book is discussed in Chap. 6.

In Chap. 7, we discuss a variety of spatiotemporal congested patterns arising
from traffic breakdown and wide moving jam emergence.

Part II begins from a compendium of three-phase traffic theory (Chap. 8). In
Chap. 9, we briefly discuss methods for spatiotemporal congested pattern recon-
struction, tracking, and control.

Earlier theoretical basis of transportation engineering is discussed in Chap. 10.
Here we discuss both the achievements and drawbacks of earlier traffic flow theories
in explanations of real measured spatiotemporal features of traffic congestion. In
particular, the critical part of this consideration contains the following subjects:

(i) That and why many of the fundamental empirical spatiotemporal features of
traffic patterns are lost in the fundamental diagram of traffic flow.
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(i) Why the earlier traffic flow theories and models in the framework of the
fundamental diagram of traffic flow, which are up to now the basic approaches in
transportation research [4-24], have failed to show empirical features of traffic
breakdown.

(iii) That and why well-accepted definitions of highway capacity as a particular
(either fixed or stochastic) value are also not consistent with the fundamental
empirical features of traffic breakdown and, as a result, methods for traffic flow
control, dynamic traffic assignment as well as other methods of dynamic traffic
management, which are based on these capacity definitions, are not consistent
with real measured spatiotemporal traffic flow characteristics.

In Chap. 11 we discuss some mathematical traffic flow models in the framework

of three-phase traffic theory. These models can simulate traffic breakdown and all
resulting spatiotemporal traffic flow characteristics as they are observed in real mea-
sured traffic data.

A discussion of links between three-phase traffic theory and the fundamental dia-

gram approach to traffic flow modeling is the subject of Chap. 12. In this discussion
we would like to answer the question what features of three-phase traffic theory are
missing in the earlier traffic flow theories of Chap. 10 resulting in the failure of these
theories in the explanation of traffic breakdown as observed in real measured traffic
data.
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Chapter 2
Definitions of The Three Traffic Phases

2.1 Traffic Variables, Parameters, and Patterns

Traffic flow phenomena are associated with a complex dynamic behavior of spa-
tiotemporal traffic patterns. The term spatiotemporal reflects the empirical evidence
that traffic occurs in space and time. Therefore, only through a spatiotemporal anal-
ysis of real measured traffic data the understanding of features of real traffic is pos-
sible. In other words, spatiotemporal features of traffic can only be found, if traffic
variables are measured in real traffic in space and time.

The term a spatiotemporal traffic pattern (traffic pattern for short) is defined as
follows:

e A spatiotemporal traffic pattern is a distribution of traffic flow variables in space
and time.

Examples of traffic variables are the flow rate g [vehicles/h], vehicle density p [ve-
hicles/km], and vehicle speed v [km/h] or [m/s] (see, e.g., [1-3]).

The term empirical features of a spatiotemporal traffic pattern means that the
features are found based on an analysis of real measured traffic data.

A spatiotemporal traffic pattern is limited spatially by pattern fronts. There are
downstream and upstream fronts of a traffic pattern. The downstream pattern front
separates the pattern from other traffic patterns downstream. The upstream pattern
front separates the pattern from other traffic patterns upstream.

The term front of traffic pattern is defined as follows:

e 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).

Traffic variables and traffic patterns can depend considerably on traffic parame-
ters.

e Traffic parameters are parameters, which can influence traffic variables and traffic

patterns.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_2, (©) Springer-Verlag Berlin Heidelberg 2009



10 2 Traffic Phase Definitions

Examples of traffic parameters are a traffic network infrastructure (including, e.g.,
highway bottleneck types and their locations), weather (whether the day is sunny
or rainy or else foggy, dry or wet road, or even ice and snow on road), percentage
of long vehicles, day time, working day or week-end, other road conditions, and
vehicle technology.

Considering traffic flow patterns, we distinguish between macroscopic and mi-
croscopic descriptions of the patterns.

In the macroscopic pattern description, the behavior of macroscopic measured
traffic variables and macroscopic characteristics of traffic flow patterns in space and
time should be studied and understood.

Examples of the macroscopic traffic variables are the flow rate, vehicle density,
occupancy, and average vehicle speed (see, e.g., [1-3]).

An example of macroscopic characteristics of a traffic pattern is the mean veloc-
ities of the downstream and upstream fronts of the pattern. We see that the macro-
scopic traffic variables and pattern characteristics are associated with an averaging
behavior of many vehicles in traffic, i.e., the variables and characteristics are aver-
aged during an averaging time interval for traffic variables denoted by Ty .

As an example of the term an averaging time interval for traffic variables, we
consider /-min average data that means the following: all macroscopic traffic vari-
ables associated with a traffic pattern under consideration are averaged with the use
of the same averaging time interval T,y = 1 min.

In contrast with the macroscopic description of traffic patterns, the microscopic
description of traffic flow patterns is associated with a study of microscopic traffic
variables and microscopic pattern characteristics that reflect the behavior of individ-
ual (called also single) vehicles in traffic flow.

Examples of the microscopic traffic flow variables are single vehicle space coor-
dinates and their time-dependence, a time headway (net time distance) 7 [s] and a
space gap (net distance) g [m] between two vehicles following each other (Fig. 2.1),
a single vehicle speed v [km/h] or [m/s], a vehicle length d [m] [1-3]. In particular,
vehicle space coordinates and their time-dependence can be used for the reconstruc-
tion of vehicle trajectories, i.e., the trajectories of vehicles in the space—time plane!.
Note that measured traffic data in which microscopic traffic variables can be identi-
fied are also called single vehicle data®.

There are many measurement techniques of traffic flow variables based on road
detectors (see, e.g., [1-3]), video camera measurements (see, e.g., [4]), etc. We
briefly discuss measurements of traffic variables with induction double loop detec-
tors installed at some road locations.

Each detector consists of two induction loops spatially separated by a given small
distance ¢4 (Fig. 2.1). The induction loop registers a vehicle moving on the road
by producing a pulse electric current that begins at some time #, when the vehicle
reaches the induction loop and it ends some time later #; when the vehicle leaves the

! An example of empirical vehicle trajectories is shown in Fig. 2.3 of Sect. 2.2.1.

2 Naturally, there is also an intermediate description of traffic called as a mesoscopic description
of traffic phenomena in which both macroscopic and microscopic traffic flow variables and/or
characteristics of traffic patterns are studied.
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Fig. 2.1 Qualitative scheme of induction loop detector measurements

induction loop. The duration of this current pulse
At =t — 1ty 2.1)

is therefore related to the time taken by the vehicle to traverse the induction loop.

Every vehicle that passes the induction loop produces a related current pulse.
This enables us to calculate the gross time gap between the vehicle with a speed v
and the preceding vehicle with a speed v, that have passed the induction loop one
after the other:

TE) — g g 4, (2.2)

where subscript /£ is related to the preceding vehicle (Fig. 2.1). We can further cal-
culate the flow rate g as the measured number of vehicles N passing the induction
loop during a given averaging time interval for traffic variables 7y:

q T (2.3)
Because there are two different induction loops in each detector, separated by a
known distance ¢4 from one another, the detector is able to measure the individual
vehicle speed. Indeed, due to the distance ¢4 between two loops of the detector, the
first (upstream) loop registers the vehicle earlier than the second (downstream) one.
Therefore, if the vehicle speed v is not zero, there will be a time lag 67 between
the current pulses produced by the two detector induction loops when the vehicle
passes both. It is assumed that by virtue of the small value of /g, the vehicle speed
does not change between the induction loops. This enables us to calculate the single
(individual) vehicle speed v:

Ly
= — 2.4
V=, 2.4
and the vehicle length d
d = vAt. (2.5)
From Egs. (2.2) and (2.5) it is possible to calculate the time headway:
7 — glewoss) _ 9r (2.6)

Ve
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At a given time instant 7 = 71, the time headway between vehicles 7(t1) is defined
as a time it takes for a vehicle to reach a road location at which the bumper of the
preceding vehicle is at the time instant #;. In single vehicle data measured at a road
detector (Fig. 2.1), #; is the time at which the preceding vehicle leaves the detector
whose location is therefore related to the location of the bumper of the preceding
vehicle in the time headway definition; the time headway is equal to 7(¢;) =1, — 11,
where 1, is the time at which the vehicle front has been recorded at the detector. The
time headway 7 in (2.0) is related to the time instant #;.

Single vehicle speeds also enable us to calculate the average (arithmetic) vehicle
speed v of N vehicles passing the detector in time interval Ty,

1 N
V= N;vi, (2.7)

where index i = 1,2,...,N.
The vehicle density (the number of vehicles per unit length of a road, e.g., vehi-
cles per km) can be roughly estimated from the relation

p= o (2.8)
where v is the average speed. However, it should be noted that the vehicle density p
is related to vehicles on a road section of a given length whereas the vehicle speed
is measured at the location of the detector only and is averaged over the averaging
time interval T,,. As a result, at low average vehicle speeds, the vehicle density
estimated via (2.8) can lead and does usually lead to a considerable discrepancy
in comparison with the real vehicle density. For a more detailed consideration of
the criticism of measured data analyses associated with a considerably error in the
density estimation with formula (2.8) see [5] and a recent review [6].
A road detector can also measure a macroscopic traffic variable called occu-
pancy, which is defined through the formula (e.g., [1]):

T,
0= Iieh 100%, 2.9)

av

where T,y is the sum of the time intervals when the detector has measured vehicles
during the time interval 7,:

N
Tyen = Y, Ay, (2.10)
i=1

At; is defined via (2.1).
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2.2 Free Flow (F) and Congested Traffic

2.2.1 Definition of Congested Traffic

Free traffic flow (free flow for short) is usually observed, when the vehicle density
in traffic is small enough. At small enough vehicle density, interactions between
vehicles in free flow are negligible. Therefore, vehicles have an opportunity to move
with their desired maximum speeds (if this speed is not restricted by road conditions
or traffic regulations).

When the density increases in free flow, the flow rate increases too, however,
vehicle interaction cannot be neglected any more. As a result of vehicle interaction
in free flow, the average vehicle speed decreases with increase in density.

To illustrate these well-known features [1-3], the flow rate and density, which
is calculated with formula (2.8) from the flow rate and average speed measured
at a road location, are presented in the flow—density plane (points left of a dashed
line FC in Fig. 2.2 (a)). In empirical traffic data, the increase in the flow rate with
the density increase in free flow has a limit. At the associated limit (maximum)

point of free flow, the flow rate and density reach their maximum values denoted

by ql(rflf&e’ °MP) and pé{iie emp), respectively, while the average speed has a minimum

value for the free flow:

(free, emp) q(fgexe, emp)/pr(lgl;c(e, emp). @2.11)

min = 4me

These points are well-fitted by a flow—density relationship for free flow, i.e., a
certain curve with a positive slope between the flow rate and density associated
with averaging of measured data shown left of the dashed line FC in Fig. 2.2 (a)
to one average flow rate for each density (curve F in Fig. 2.2 (b)) [1-3, 7, 8]. This
flow—density relationship is called the fundamental diagram of free flow. The em-
pirical fundamental diagram of free flow is cut off at the limit point of free flow
(P ™, i ™) (Fig. 2.2 (0)) [1-3,9).

To distinguish free flow points in the flow—density plane, we use in Fig. 2.2 (a,
b) the dashed line F'C between the origin of the flow—density plane and the limit

point of free flow; the slope of the line FC is equal to the minimum speed in free

flow vfrflﬁe’ emp) (2.11). Thus empirical points of free flow as well as the associated

fundamental diagram lie to the left of the dashed line F'C in the flow—density plane.

In empirical observations, when density in free flow increases and becomes great
enough, the phenomenon of the onset of congestion is observed in this free flow: the
average speed decreases abruptly to a lower speed in congested traffic:

e Congested traffic is defined as a state of traffic in which the average speed is
lower than the minimum average speed that is still possible in free flow (e.g., [3,
10]).



—_
=

2 Traffic Phase Definitions

(a) free ,” congested  (b) free ,” congested
= 2200 7 — 2200+
< S|
: : 5 qlieem
S ¢ haap 2
S 1100 ,’f\&q‘j KN S 1100 -
2 4 NN 2 .
2] ¢/ 2
g ~FC 8
E 0 \ 1 E 0 7 1
= 0 30 60 & 0 (free, emp) 30 60
density [vehicles/km] max
density [vehicles/km]
(© 140 (d) 100
) =
é 70 E 50
5 =
8 B
o O
n O T 1 % 0 [ I I
10:00 11:30 12:10 13:40 15:10

Fig. 2.2 Free flow and congested traffic (e.g., [1-3,9, 10]). (a) Empirical data for free flow (points
left of the dashed line FC) and for congested traffic (points right of the dashed line F'C). (b) The
fundamental diagram for free flow (curve F) and the same measured data for congested traffic as
those in (a). (c, d) Vehicle speed in free flow (c) and congested traffic (d), related to points left and
right of the line F'C in (a), respectively. 1-min average data measured at a road location

Thus empirical points of congested traffic lie to the right of the dashed line FC in
the flow—density plane>.

Traffic congestion occurs mostly at a highway bottleneck (bottleneck for short).
The bottleneck can be a result of road works, on- and off-ramps, a decrease in the
number of road lanes, road curves and road gradients, bad weather conditions, acci-
dents, etc. [1-3].

In congested traffic, a great variety of congested traffic patterns are observed [10—
16]. A congested traffic pattern (congested pattern for short) is defined as follows.

e A congested traffic pattern is a spatiotemporal traffic pattern within which there
is congested traffic. The congested pattern is separated from free flow by the
downstream and upstream fronts: At the downstream front, vehicles accelerate

3 It must be noted that the definition of congested traffic through the use of the empirical limit
point on the fundamental diagram of free flow seems to be easy, however, can lead to an error in
measurements of the minimum speed that is possible in free flow. This is because the exact value of

this minimum speed that is possible in free flow is associated with the maximum (limit) flow rate

qx(rﬁie' “™P) in free flow at which probability of traffic breakdown is equal to one (see explanations

of the flow rate dependence of breakdown probability in Sect. 4.2.2). However, it is extremely
difficult to find such a free flow in real measured traffic data. This comment is also related to the
limit point for free flow shown in Fig. 2.2: the speed vngie' M) associated with this limit point for
free flow gives only an approximate value for the minimum speed that is possible in free flow.
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from a lower speed within the pattern to a higher speed in free flow downstream;
at the upstream front, vehicles decelerate from a free flow speed to a lower speed
within the congested pattern.

In particular, one of the congested traffic patterns is a moving traffic jam [10-16].
A moving traffic jam (moving jam for short) is defined as follows:

e A moving jam is a localized congested traffic pattern that moves upstream in
traffic flow (Fig. 2.3). Within the moving jam the average vehicle speed is very
low (sometimes as low as zero), and the density is very high. The moving jam is
spatially restricted by the downstream jam front and upstream jam front. Within
the downstream jam front vehicles accelerate from low speed states within the
jam to higher speeds in traffic flow downstream of the moving jam. Within the
upstream jam front vehicles must slow down to the speed within the jam. Both
jam fronts move upstream. Within the jam fronts the vehicle speed, flow rate, and
density vary abruptly.

Moving jams have been studied empirically by many authors, in particular, in classic
empirical works by Edie ef al. [11-14], Treiterer et al. [15,16] (Fig. 2.3), and Koshi
etal. [10].
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Fig. 2.3 A moving jam: dynamics of vehicle trajectories derived from aerial photography (1 feet
is equal to 0.3048 m). Each of the curves in this figure shows a vehicle trajectory in the time—space
plane. Taken from Treiterer [16]
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2.2.2 Traffic Breakdown

The onset of congestion in an initial free flow is accompanied by a abrupt decrease
in average vehicle speed in the free flow to a considerably lower speed in congested
traffic (Figs. 2.4 and 2.5). This speed breakdown occurs mostly at highway bottle-
necks and is called the breakdown phenomenon or traffic breakdown (see [9,17-21]
and earlier works referred to in the book [1] and in Chap. 2 written by Hall in [3]).

traffic breakdown

(a) (b
= 150 =
E 70 6
E 2
> o =
6:30 6 on-ramp 3
700730 2 4 bOttleneCk o

- ' x [km

time 890 0 [km]

~

3000 traffic breakdown
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0 25 50
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Fig. 2.4 Empirical example of traffic breakdown and hysteresis effect at on-ramp bottleneck: (a,
b) Average speed (a) and flow rate (b) on the main road in space and time (note that the flow
rate increase downstream of the bottleneck seen in (b) is associated with the on-ramp inflow). (c)
Hysteresis effect in the flow—density plane labeled by two arrows representing traffic breakdown
and return transition from congested traffic to free flow. 1-min average data. This example of traffic
breakdown is qualitatively the same as many other examples observed in various countries (e.g., [9,
17-21])

The flow rate in free flow downstream of a bottleneck measured just before traf-
fic breakdown occurs is called the pre-discharge flow rate. The flow rate in free
flow downstream of a bottleneck after traffic breakdown has occurred at this bottle-
neck, i.e., the flow rate in the congested pattern outflow is called the discharge flow
rate [17].

Hall and Agyemang-Duah have found [17] that
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Fig. 2.5 Traffic breakdown at on-ramp bottleneck. Vehicle speed (a) and flow rate downstream of
the bottleneck (b) as functions of time related to Fig. 2.4 (e.g., [9, 17-19])

o the discharge flow rate can be as great as the pre-discharge flow rate: in some
cases, the discharge flow rate is smaller, however, in other cases it is greater than
the pre-discharge flow rate.

2.2.3 Probabilistic Features of Traffic Breakdown

In 1995, Elefteriadou et al. found that traffic breakdown at a bottleneck has a prob-
abilistic nature [18]. This means the following: at a given flow rate in free flow
downstream of the bottleneck traffic breakdown can occur but it should not neces-
sarily occur. Thus on one day traffic breakdown occurs, however, on another day at
the same flow rates traffic breakdown is not observed.

Persaud et al. found [19] that empirical probability of traffic breakdown at a
bottleneck is an increasing flow rate function (Fig. 2.6). Later such an empirical
probability of traffic breakdown was also found on different highways in various
countries [22-27].

Another empirical probabilistic characteristic of traffic breakdown is as follows.

At given traffic parameters (weather, etc.), the flow rate downstream of an on-ramp

bottleneck associated with the empirical maximum flow rate in free flow qfn;ie' emp)

which was measured on a specific day before congestion occurred, can be greater
than the pre-discharge flow rate denoted by q;‘;’ in Fig. 2.7.

After traffic breakdown has occurred, the emergent congested pattern shown in
Fig. 2.4 (a, b) exists for about one hour at the bottleneck: at 7:40 free flow occurs
at the bottleneck. This restoration of free flow is related to a reverse transition from
congested traffic to the free flow at the bottleneck. Traffic breakdown and the reverse
transition are accompanied by a well-known hysteresis effect and hysteresis loop in
the flow—density plane: a congested pattern emerges usually at a greater flow rate
downstream of the bottleneck than this flow rate is at which the congested pattern
dissolves (see references in [9, 17,20,21]) (Fig. 2.4 (c)).
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Fig. 2.6 Probability for traffic breakdown at an on-ramp bottleneck for 7, = 10 min. Taken from
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Fig. 2.7 Empirical example in which the flow rate in free flow downstream of on-ramp bottleneck
at which traffic breakdown occurs, i.e., the pre-discharge flow rate denoted by q<B) is smaller than

FS
qg;e:‘ emp) : (a) Average speed on the main road in space and time. (b) Speed and flow rate (per lane)

averaged across the road at location about 100 m downstream of the end of the on-ramp merging
region. Up-arrows in (b) show the time instant of the breakdown labeled by “traffic breakdown”.
The on-ramp bottleneck is the same as that in Fig. 2.4. 1-min average data

2.3 Methodology of Three-Phase Traffic Theory

Three-phase traffic theory introduced by the author [28—-36] is a qualitatively theory
based on common spatiotemporal features of measured (empirical) congested traffic
patterns*. The methodology of three-phase traffic theory is as follows.

4 A methodology of measurements of congested patterns and their study have been discussed in
Sect. 2.4.11 of the book [36].
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1) Spatiotemporal measurements of traffic flow variables on different highways
in various countries over many days and years are collected and analyzed under
a variety of traffic parameters.

2) Congested traffic patterns are identified in these measurements.

3) Common qualitative spatiotemporal features of these measured congested traf-
fic patterns are identified [5,28-40]. There are two main approaches for the clas-
sification of the common qualitative spatiotemporal pattern features presented in
item 4) and 5) below, respectively.

4) Common pattern features are qualitatively the same independent of traffic
parameters, i.e., they are qualitatively the same on different highways in var-
ious countries over many days and years of measurements and they are qual-
itatively the same for different network infrastructure and highway bottleneck
types, weather, percentage of long vehicles, other road conditions, and vehicle
technology. Moreover, these common spatiotemporal pattern features must be
qualitatively independent of day time, working day or week-end, whether the
day is sunny or rainy or else foggy, dry or wet road, or even ice and snow on
road, etc.

e Macroscopic and microscopic criteria for traffic phases of three-phase traffic
theory (Sects. 2.4-2.6) are some of these common qualitative spatiotemporal
features of the measured congested traffic patterns.

5) Common pattern features are qualitatively the same only for a class of con-
gested patterns associated with a particular set of traffic parameters. An exam-
ple of such a class of congested patterns with common qualitative spatiotemporal
features are congested patterns at heavy bottlenecks caused by, e.g., bad weather
conditions or heavy road works (Sect. 7.2.5).

e Anempirical congested traffic pattern classification of Sect. 2.4.6 and Chap. 7
presents some of congested traffic patterns with common qualitative spa-
tiotemporal features”.

6) The spatiotemporal criteria for the traffic phases and empirical congested traf-
fic pattern classification are the empirical basis for hypotheses of three-phase
traffic theory (Chaps. 3-6).

5 A more detailed classification of common qualitative spatiotemporal pattern features can be found
in part II of the book [36] and in [38].
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2.4 Two Traffic Phases in Congested Traffic:
Wide Moving Jam (J) and Synchronized Flow (S)

2.4.1 Empirical Macroscopic Criteria for defining Phases in
Congested Traffic

A traffic phase is a traffic state considered in space and time that possesses some
unique empirical spatiotemporal features. A traffic state is characterized by a par-
ticular set of statistical properties of traffic variables.

Three-phase traffic theory assumes that besides the free flow traffic phase there
are two other traffic phases in congested traffic: synchronized flow and wide moving
jam. Thus there are three traffic phases in three-phase traffic theory:

Free flow
Synchronized flow
Wide moving jam

The synchronized flow and wide moving jam phases in congested traffic are
defined through the use of the following macroscopic empirical (objective) criteria
for the traffic phases in congested traffic [28-36]:

[J1 The wide moving jam phase is defined as follows. A wide moving jam is
a moving jam that maintains the mean velocity of the downstream front of the
jam as the jam propagates. Vehicles accelerate within the downstream jam front
from low speed states (sometimes as low as zero) inside the jam to higher speeds
downstream of the jam. A wide moving jam maintains the mean velocity of the
downstream jam front, even as it propagates through other different (possibly
very complex) traffic states of free flow and synchronized flow or highway bot-
tlenecks. This is a characteristic feature of the wide moving jam phase.

[S] The synchronized flow phase is defined as follows. In contrast to the wide
moving jam traffic phase, the downstream front of the synchronized flow phase
does not maintain the mean velocity of the downstream front. In particular, the
downstream front of synchronized flow is often fixed at a bottleneck. In other
words, the synchronized flow traffic phase does not show the characteristic fea-
ture [J] of the wide moving jam phase.

The downstream front of synchronized flow separates synchronized flow upstream
from free flow downstream. Within the downstream front of synchronized flow ve-
hicles accelerate from lower speeds in synchronized flow upstream of the front to
higher speeds in free flow downstream of the front.

Thus the definitions of the traffic phases in congested traffic are made via the
spatiotemporal macroscopic empirical criteria [J] and [S]. The definitions [J] and
[S] are associated with dynamic behavior of the downstream front of these phases,
while a wide moving jam or synchronized flow propagates through other traffic
states or bottlenecks.
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The definitions [J] and [S] of the traffic phases in congested traffic mean that if a
congested traffic state is not related to the wide moving jam phase, then the state is
associated with the synchronized flow phase. This is because congested traffic can
be either within the synchronized flow phase or within the wide moving jam phase.
In other words, if in measured data congested traffic states associated with the wide
moving jam phase have been identified, then with certainty all remaining congested
states in the data set are related to the synchronized flow phase.

2.4.2 Traffic Breakdown at Bottleneck: F—S Transition

Firstly, we apply the phase definitions [S] and [J] to traffic breakdown at the on-ramp
bottleneck shown in Fig. 2.5 (a). We see that traffic breakdown leads to congested
traffic whose downstream front is fixed at the bottleneck (dashed line in Fig. 2.4 (a)).
Thus the congested traffic resulting from traffic breakdown satisfies the definition
[S] for the synchronized flow phase.

This is a common result of all empirical observations of traffic breakdown at any
highway bottlenecks: traffic breakdown is associated with a phase transition from
free flow to synchronized flow (F—S transition for short):

e The terms F—S transition, breakdown phenomenon, traffic breakdown, and
speed breakdown are synonyms related to the same effect: the onset of congestion
in free flow.

2.4.2.1 Effectual Bottleneck and its Effective Location

Traffic breakdown (F—S transition) occurs usually at the same highway bottlenecks
of a road section. These bottlenecks are called effectual bottlenecks.

e An effectual bottleneck is a bottleneck at which traffic breakdown most fre-
quently occurs on many different days.

An example of an effectual bottleneck is the on-ramp bottleneck shown in Fig. 2.5
(a). After the breakdown has occurred, synchronized flow is forming at the bottle-
neck.

e A road location in a neighborhood of the bottleneck at which the downstream
front of synchronized flow is fixed is called an effective location of the effectual
bottleneck (effective location of bottleneck for short).

It must be noted that the effective location of the bottleneck can be different from
the location at which traffic breakdown, i.e., F—S transition has occurred leading to
congested pattern emergence. Moreover, both the location of traffic breakdown and
the effective location of the bottleneck are probabilistic values in real traffic. Even
for the same type of congested pattern the effective location of the bottleneck can
randomly change over time [36].
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2.4.2.2 Flow Rate in Synchronized Flow

The discharge flow rate, i.e., the flow rate in the congested pattern outflow can be
as great as the pre-discharge flow rate. This empirical result is associated with a
common feature of empirical observations of synchronized flow that during traffic
breakdown the flow rate in the emergent synchronized flow at the location of traffic
breakdown can be almost as great as the flow rate in free flow has been before traffic
breakdown at the bottleneck has occurred. An example can be seen in Fig. 2.5 (b):
whereas there is an abrupt decrease in average vehicle speed, the flow rate does not
necessarily abruptly decrease during traffic breakdown (F—S transition) and within
an emergent synchronized flow at the bottleneck.

In some cases, the flow rate in synchronized flow, which determines in the most
degree the discharge flow rate, can be even greater than the pre-discharge flow rate.

e A common empirical feature of synchronized flow that the flow rate within syn-
chronized flow can be as great as in free flow is the important one for feedback
on-ramp metering control applications (Sect. 9.2).

2.4.3 Propagation of Wide Moving Jams through Bottlenecks

In Fig. 2.8, there is a sequence of two moving jams propagating upstream on a road
section with a bottleneck. These moving jams propagate through different states of
traffic flow and through the bottleneck while maintaining the downstream jam front
velocity. Thus in accordance with the definition [J], these moving jams are wide
moving jams.

There is congested traffic in which speed is much lower than in free flow (com-
pare vehicle speeds in Fig. 2.8 (c, d)). The downstream front of this congested traffic
flow, within which vehicles accelerate to free flow, is fixed at the bottleneck (dashed
line in Fig. 2.8 (a)). Therefore, in accordance with the definition [S] this congested
traffic is synchronized flow.

We can see that whereas in wide moving jams both the speed and flow rate are
very low (sometimes as low as zero), in synchronized flow the flow rate is high
(compare the flow rates within the wide moving jams and within synchronized flow
in Fig. 2.8 (d)). The vehicle speed in synchronized flow is considerably lower than
in free flow. However, as abovementioned the flow rates in the free flow and syn-
chronized flow phases can be close to each other (Fig. 2.8 (c, d)).

2.4.4 Explanation of Terms “Synchronized Flow” and “Wide
Moving Jam”

The term synchronized flow reflects the following features of this traffic phase:
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Fig. 2.8 Explanation of the three traffic phases. (a, b) Vehicle speed (a) and flow rate averaged
across all road lanes (b) as functions of time and space. (c, d) Flow rate and average vehicle speed
at two different freeway locations (c) and (d) in different road lanes. Taken from [36]

(i) It is a continuous traffic flow with no significant stoppage, as often occurs
within a wide moving jam. The word flow reflects this feature.

(i)  Although in empirical synchronized flow vehicle speeds across different lanes
on a multi-lane road should not be necessarily synchronized, there is a ten-
dency towards synchronization of these speeds in this flow. In addition, there
is a tendency towards synchronization of vehicle speeds in each of the road lanes
(bunching of vehicles) in synchronized flow. This is due to a relatively small
probability of passing in synchronized flow. The word synchronized reflects these
speed synchronization effects.

The term wide moving jam reflects the characteristic feature of the jam to propa-
gate through any other state of traffic flow and through any bottleneck while main-
taining the mean velocity of the downstream jam front. The phrase moving jam
reflects the jam propagation as a whole localized structure on a road. To distinguish
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wide moving jams from narrow moving jams, which do not characteristically main-
tain the mean velocity of the downstream jam front (see Sect. 2.6.3), we use the term
wide moving jam. This relates to the fact that if a moving jam has a width (in the
longitudinal direction) considerably greater than the widths of the jam fronts, and if
the vehicle speed within the jam is zero, the jam always exhibits the characteristic
feature of maintaining the mean velocity of the downstream jam front®. Thus the
word wide reflects this characteristic jam feature.

2.4.5 Wide Moving Jam Emergence: S—J Transition

Based on an analysis of empirical data measured over many days and years on vari-
ous freeways it has been found [28,29] that wide moving jams do not emerge spon-
taneously in free flow. In contrast, wide moving jams can emerge spontaneously in
synchronized flow. Observations show that the greater the density in synchronized
flow, the more likely is spontaneous moving jam emergence in that synchronized
flow.

A wide moving jam emerges in an initial free flow due to a sequence of two phase
transitions [36]:

1) An F—S transition occurs. As a result of this traffic breakdown, synchronized
flow emerges.

2) Later and usually at another road location than the location of this F—S tran-
sition, a phase transition from synchronized flow to wide moving jam (S—1] tran-
sition for short) occurs spontaneously leading to wide moving jam emergence.
This sequence of phase transitions is called the F—S—1] transitions.

This scenario of wide moving jam emergence in real traffic is illustrated in
Fig. 2.9 (a): Firstly, an F—S transition occurs (labeled by “traffic breakdown (F—S
transition)” ). As a result of traffic breakdown, synchronized flow emerges upstream
of the bottleneck (labeled by “synchronized flow”). Later and upstream of the lo-
cation of traffic breakdown, S—1J transitions occur in this synchronized flow. Wide
moving jams, which have emerged due to these F—S—1] transitions, propagate up-
stream while maintaining the mean velocity of their downstream jam fronts (labeled
by “wide moving jams” in Fig. 2.9 (a)).

2.4.6 Definitions of Synchronized Flow and General Congested
Patterns

After traffic breakdown, i.e., an F—S transition has occurred at an effectual bottle-
neck, synchronized flow is formed at the bottleneck. There are two main types of

6 An explanation of this feature of a wide moving jam can be found in Sect. 7.6.5 of [36].
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Fig. 2.9 Empirical example of wide moving jam emergence in synchronized flow: (a) Vehicle
speed in space and time. (b) Vehicle speed (left) and flow rate (right) in three road lanes within
synchronized flow (location 5.2 km) and wide moving jams (location 0 km). 1-min average data.
This figure shows the wide moving jam emergence in synchronized flow whose occurrence at the
on-ramp bottleneck is shown in Fig. 2.7. Taken from [36]

congested patterns that result from traffic breakdown at the bottleneck: a synchro-
nized flow traffic pattern (synchronized flow pattern or SP for short) and a general
congested traffic pattern (general pattern or GP for short).

The terms synchronized flow pattern (SP) and general pattern (GP) are defined
as follows:

e A synchronized flow pattern (SP) is a spatiotemporal congested traffic pattern in
which congested traffic consists only of the synchronized flow traffic phase.
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e A general pattern (GP) is a spatiotemporal congested traffic pattern in which
congested traffic consists of the synchronized flow and wide moving jam phases’.

An empirical example of an SP is shown in Fig. 2.4 (a, b). Indeed, this congested
traffic pattern consists of only the synchronized flow phase. In contrast, a congested
pattern shown in Fig. 2.9 consists of the synchronized flow and wide moving jam
phases. Therefore, this pattern is an empirical example of an GP. A more detailed
account of SPs and GPs features appears in Chap. 7.

2.5 Characteristic Parameters of Wide Moving Jam Propagation

In a theory of wide moving jam propagation firstly derived in 1994 by Kerner and
Konhauser [41] and in investigations of wide moving jams in real measured traffic
data made in [40] have been found that there are characteristic parameters of wide
moving jam propagation. The main common feature of the characteristic parameters
of wide moving jam propagation is that at given traffic parameters (weather, etc.; see
Sect. 2.1) they do not depend on traffic variables in traffic flow upstream of a wide
moving jam and they do not change while the jam propagates on a road. These
characteristic parameters are the same for different wide moving jams. The jam
characteristic parameters are as follows:

(i) The mean velocity of the downstream front of a wide moving jam denoted by
vg. The constancy of vy while the jam propagates on the road is consistent with
the characteristic jam feature [J] of Sect. 2.4.1.

(i1) The flow rate gout, density pmin, and average vehicle speed v,y in the outflow
from the wide moving jam. These traffic variables are the characteristic parame-
ters only under condition that free flow is formed in the jam outflow.

(iii) The mean vehicle density within the wide moving jam denoted by ppax that
is also called the jam density.

7 Note an GP is always a general case of a congested traffic pattern. This is because in three-phase
traffic theory there are only the synchronized flow and wide moving jam phases in congested traffic
and, in accordance with the GP definition, any GP consists of the both phases. This is independent
of whether an GP appears at an on-ramp bottleneck or the GP is caused by a combination of
several on- and off-ramps, etc.: An GP is a generic term for many species, i.e., subordinate terms
of different types of GPs. Examples of these different GP types are an EGP, i.e., an expanded GP
whose synchronized flow affects two or more effectual bottlenecks (see Sect. 7.3), a dissolving
GP [36], and an GP with a non-regular pinch region (see Sect. 7.2.5).

Respectively, an SP in which congested traffic consists of synchronized flow only is the generic
term for many different types of SPs. Examples of these different SP types are a moving SP, a
localized SP, a widening SP (Sect. 7.2.1), and an ESP, i.e., an expanded SP whose synchronized
flow affects two or more effectual bottlenecks.

This classification of congested patterns in three-phase traffic theory is made based on common
empirical features of congested traffic (item 5 of Sect. 2.3) found during many years of observations
of empirical congested patterns. Therefore, the classification of congested patterns into different
types of GPs and SPs is well predictive and self-contained (Sect. 2.4.10 of [36]).
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However, we should mention that the characteristic parameters can depend consid-
erably on traffic parameters.
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Fig. 2.10 Qualitative illustration of characteristic parameters of wide moving jam propaga-
tion [41]. Schematic representation of a wide moving jam at a fixed time instant. Spatial distri-
butions of vehicle speed v, flow rate g, and vehicle density p in the wide moving jam, which prop-
agates through a homogeneous state of initial free flow with speed vy, flow rate gy, and density
Pn

The characteristic parameters of wide moving jam propagation are qualitatively
illustrated in Fig. 2.10. In this figure, at a given time instant distributions of traffic
variables along a road are shown associated with a wide moving jam propagating in
an initial homogeneous free flow. The flow rate g, and density py in this initial free
flow are chosen to be greater, respectively, the average speed vy, to be lower than
the related characteristic traffic variables of free flow formed in the jam outflow:
qh > Gouts Ph > Pmins Vh < Vmax.- Obviously, upstream of the jam the initial free flow
occurs. However, this is not the case downstream of the jam. This is because during
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the jam propagation vehicles escaping from the jam at the downstream jam front
form a new free flow with the flow rate goy, density ppmin, and average speed viax.-

2.5.1 Driver Time Delay in Acceleration and
Mean Velocity of Downstream Jam Front

Concerning the mean velocity of the downstream front of a wide moving jam vy,
some general assumptions can be made [42]. Each driver within the jam can start to
accelerate to either free flow or synchronized flow downstream after two conditions
have been satisfied:

(i) The preceding vehicle has already begun to move away from the jam.

(i) Due to the preceding vehicle motion, after some time the space gap between
the two drivers has exceeded a space gap at which a safety condition for driver
acceleration is satisfied:

e There is some time delay in vehicle acceleration at the downstream front of
the wide moving jam.

The mean time in vehicle acceleration at the downstream front of a wide moving

(a)

jam will be denoted by Ty i, In empirical data,

(

a)
Tde

1, jam

~ 1.5—2sec. 2.12)

The motion of the downstream front of a wide moving jam results from accel-
eration of drivers from the standstill within the jam to flow downstream of the jam.
Because the average distance between vehicles inside the jam, including average
length of each vehicle, equals 1/pmax, the velocity of the downstream front of the
wide moving jam is

1
Vg = (2.13)
Pmax Tdel, jam

In empirical observations,

ve ~ —15km/h. (2.14)

2.5.2 The Line J

The characteristic parameters of wide moving jam propagation and the jam feature
[J], which defines the wide moving jam phase in congested traffic (Sect. 2.4.1), can



2.5 Characteristic Parameters of Wide Moving Jam Propagation 29

be presented by a line in the flow—density plane. This line firstly introduced in [41]
and studied in [28-34,40,43] is called the “line J” (Figs. 2.11 and 2.12).

The slope of the line J is equal to the characteristic velocity ve. If in the wide
moving jam outflow free flow is formed, then the flow rate goy in this jam outflow
and the related density ppi, give the left coordinates (Pmin, ¢out) Of the line J; as
abovementioned, gout, Pmin, and the related average vehicle speed vyax are character-
istic parameters of wide moving jam propagation (Fig. 2.10). The right coordinates
(Pmax, 0) of the line J are related to the traffic variables within the jam, the density
Pmax and flow rate gmin = PmaxVmin, Where the average vehicle speed within the jam
Vmin 18 here assumed to be zero that results in gpi, = 0 within the jam (Fig. 2.11).

qout ----- '

flow rate

>
>

0

0 p min X p max
density

Fig. 2.11 Qualitative representation of the fundamental diagram of free flow (F) together with the
line J (line J) whose slope is equal to the mean downstream jam front velocity v, [41]

Because the slope of the line J is equal to the characteristic jam velocity vg (2.13),
on the line J the derivative

dq _

= (2.15)

i.e., in accordance with the line J definition it satisfies the equation

q(p) =| v | (Pmax —p) (2.16)

that using (2.13) can be rewritten in the equivalent form as

1
a(p) = (1— P ) 2.17)

a
Tie Pmax

1, jam

From Egq. (2.16), for the flow rate in free flow formed in the jam outflow we get the
formula
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Fig. 2.12 Empirical example of the line J: Representation of the propagation of the downstream
front of the downstream jam in the sequence of two wide moving jams in Fig. 2.8 by the line J in
the flow—density plane and data for free flow (black diamonds). Taken from [40]

Gout =| Vg | (Pmax — Pmin) » (2.18)

which, as follows from (2.17), can also be written as

o 1 Pmin
Jout = (a) (1 - pmax> . (219)

del, jam

A result of empirical observations of wide moving jam propagation is that the

maximum flow rate in free flow qgﬁe’emp ) is considerably greater than the flow rate

in free flow in the wide moving jam outflow gy (Fig. 2.12) [40]:

(free, emp)

Qmax > qult' (2'20)
In particular, for 1-min average measured traffic data has been found that [40]
(free, emp)

qmax 1. 2.21)

qout

2.6 Microscopic Criterion for Traffic Phases in Congested Traffic

In this section, we show that when microscopic traffic variables are measured, then
the distinguishing the synchronized flow and wide moving jam phases can be possi-
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ble, even if the microscopic traffic variables are measured at only one road location
within a congested pattern.

2.6.1 Traffic Flow Interruption within Wide Moving Jam

The spatiotemporal criteria for a wide moving jam [J], which distinguish the wide
moving jam and synchronized flow phases, can be explained by a traffic flow inter-
ruption effect within a wide moving jam: traffic flow is interrupted within the wide
moving jam. As a result, there is no influence of the inflow into the jam on the jam
outflow [36]. A difference between the jam inflow and the jam outflow changes the
jam width only. This traffic flow interruption effect within a wide moving jam (flow
interruption for short) is a general effect for each wide moving jam.

In a hypothetical case, when all vehicles within a moving jam do not move, the
criterion for the traffic flow interruption effect within the jam is [5, 39]

T
(a)

del, jam

1= > 1, (2.22)

where 7y is the duration of a wide moving jam (jam duration for short), i.e., the time
interval between the upstream and downstream jam fronts measured when the wide
moving jam propagates through a given road location; / is approximately equal to
the vehicle number stopped within the jam.

In real traffic, there can be low speed vehicle motion within a wide moving jam
(see Sect. 2.6.4). Due to the existence of such a low speed vehicle motion within
a wide moving jam instead of hypothetical criterion (2.22) the following sufficient
criterion for flow interruption within the jam can be used [5,39]

= (2.23)
@
Tdel,jam

where Tp,x is the maximum time headway between two vehicles following each
other within the jam (Tpax < T7)-

We define a flow interruption interval within wide moving jam as follows [5,39].

e A flow interruption interval within a wide moving jam is a time interval Ty,x for
which condition (2.23) is satisfied.

The interruption of traffic flow within a moving jam can also be found in em-
pirical single vehicle data. In an example shown in Fig. 2.13, the flow interruption
effect occurs two times during upstream jam propagation through a road detector
(these time intervals are labeled “flow interruption” in Fig. 2.13 (c)). The values
Tmax for the first flow interruption intervals within the wide moving jam are equal
to approximately 50 s in the left lane, 24 s in the middle line, and 80 s in the right
line. In accordance with (2.12), these values Tpax satisfy criterion (2.23). This means
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that traffic flow is interrupted within the moving jam, i.e., this moving jam can be
associated with the wide moving jam phase [5,39].
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Fig. 2.13 Measured single vehicle data analysis: (a) Overview of measured data (1 min average
data). (b—g) Single vehicle data for speed in three freeway lanes for a wide moving jam (left figures)
labeled by “jam” in (a) and the related time headways (right figures). Taken from [5]

2.6.2 Flow Interruption Effect and Characteristic Jam Feature []]

The flow interruption effect is a general effect for each wide moving jam [5, 39]:

e Condition (2.23) can be considered a microscopic criterion for the wide moving
jam phase.
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This microscopic criterion can be used to distinguish the synchronized flow and
wide moving jam phases in single vehicle data. The microscopic criterion for the
wide moving jam phase is possible to apply, even if traffic data is measured at a
single road location.

This is because there is a deep connection between the flow interruption effect
and characteristic feature [J] of wide moving jams: If there is a flow interruption
interval within a moving traffic jam, then the jam exhibits the characteristic feature
[J] to propagates though any bottleneck while maintaining the mean velocity of the
downstream jam front, i.e., this jam is a wide moving jam.

To explain this, we note that during a long enough flow interruption interval Tpyax
in (2.23) there are at least several vehicles within a moving jam that are either in
a standstill or they are moving with a negligible low speed in comparison with the
speed in the jam inflow and outflow. Because Tp,x is much longer than any driver
time delays, at a given time instant there is a wide (in the longitudinal direction)
enough road region associated with the flow interruption interval within which all
vehicles can approximately be considered being in the standstill. We call this region
within the jam as the flow interruption region. Thus a vehicle, which comes to a
stop within the jam at the upstream boundary of the flow interruption region (this
boundary coincides often with the upstream jam front), must wait for acceleration
at least during the flow interruption interval Tyax: During this time interval other
vehicles that are stopped downstream of the vehicle within the flow interruption
region accelerate one after another from the standstill. This vehicle escaping from
the standstill within the flow interruption region of the moving jam is independent
of a traffic state in the jam outflow and it does not depend on whether there is a
bottleneck or not®.

This explains also why the downstream front of the wide moving jam propagates
through the bottleneck while maintaining the mean velocity of the downstream jam
front: this velocity vy given by formula (2.13) is determined by the successive ve-
hicle acceleration at the downstream front of the moving jam independent of traffic
flow characteristics within the bottleneck. Thus under condition (2.23), the moving
jam exhibits the characteristic jam feature [J], i.e., the jam is a wide moving jam.

2.6.3 Narrow Moving Jams

In an empirical example shown in Fig. 2.14, there are moving jams (Fig. 2.14 (b, ¢)).
However, rather than wide moving jams these moving jams should be classified as
narrow moving jams. In general, a narrow moving traffic jam is defined as follows.

e A narrow moving jam is a moving jam, which does not exhibit the characteristic
feature [J] of a wide moving jam; for this reason, narrow moving jams belong to
the synchronized flow traffic phase.

8 A more detailed discussion of the link between the flow interruption effect and characteristic jam
feature [J] can be found in Sect. 7.6.5 of the book [36].



34 2 Traffic Phase Definitions

(a) — leftlane -- rightlane

<

g

=

=y

3

% 0 - T T T 1

18:00 18:30 19:00 19:30 20:00
(b) left lane d = left lane
= 80 > 8 No flow interruption
£ =
= &
= T g
S )
2 0+ T 1 g
@ = 18:51 18:56 19:01
18:51 18:56 19:01
(c) — .
right lane () & rlght lane .
= 80 2 8 No flow interruption
g 2
2 e
g0+ EO
18:51 18:56 19:01 18:51 18:56 19:01

Fig. 2.14 Measured single vehicle data analysis of microscopic structure of narrow moving jams.
(a) Overview of measured data (1 min average data). (b—e) Single vehicle data for speed in two
freeway lanes for a sequence of narrow moving jams (left figures) and the related time headways
(right figures). Taken from [5]

This is because there are no traffic flow interruption intervals within a narrow
moving jam. Indeed, in empirical observations upstream and downstream of the
jam, as well as within the jam there are many vehicles that traverse the induction
loop detector. There is no considerable quantitative difference in time headways for
different time intervals associated with these narrow moving jams and in traffic flow
upstream or downstream of the jams (Fig. 2.14 (d, e)).

To understand this, we note that even if within a narrow moving jam the speed
is equal to zero, then such narrow jam should consist of the jam fronts only: Each
vehicle, which meets the narrow moving jam, can nevertheless accelerate later al-
most without any time delay within the jam. Within the upstream front vehicles
must decelerate to a very low speed. However, the vehicles can accelerate almost
immediately at the downstream jam front. These assumptions are confirmed by sin-
gle vehicle data shown in Fig. 2.14 (b—e), in which time intervals between different
measurements of time headways for different vehicles exhibit the same behavior
outside of and within the jams. Even if within a narrow moving jam there are vehi-
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cles that are stopped, the condition

T
I, = (ar)“ax ~1 (2.24)

del, jam

can be satisfied. Under this condition, there is no flow interruption interval within
this jam. Thus independent of these narrow moving jams, traffic flow is not in-
terrupted, i.e., the narrow moving jams are associated with the synchronized flow
phase. This single vehicle analysis enables us to assume that congested traffic in
Fig. 2.13 (b—g) is associated with a wide moving jam. In contrast, congested traffic
in Fig. 2.14 (b—e) is associated with the synchronized flow phase.

In Sect. 2.6.2, we have shown a deep connection between the characteristic fea-
ture [J] and the existence of a flow interruption interval within a wide moving jam.
Otherwise, if there is no flow interruption interval within a moving jam, i.e., rather
than condition (2.23), the condition (2.24) is satisfied, as this is the case for a narrow
moving jam, we can expect that the jam does not exhibit the characteristic feature
[J]. This explains both the definition of the narrow moving jam and why the narrow
moving jam belongs to the synchronized flow traffic phase.

In Fig. 2.15 (figures left), we support this qualitative explanation of narrow mov-
ing jams by numerical simulations in which a moving jam is artificially created in
simulations downstream of an effectual on-ramp bottleneck. Before the jam due to
its upstream propagation reaches the bottleneck, free flow is at the bottleneck. This
means that before the moving jam under consideration reaches the bottleneck the
jam is surrounded both downstream and upstream by free flows.

When the moving jam reaches the bottleneck, rather than the jam propagates
through the bottleneck while maintaining the mean velocity of the downstream jam
front, the jam causing traffic breakdown is caught at the bottleneck. In other words,
the jam transforms into qualitatively another congested pattern whose downstream
front is fixed at the bottleneck. Thus the characteristic feature [J] is not satisfied for
the jam. We can conclude that this moving jam is a narrow moving jam, i.e., the jam
belongs to the synchronized flow phase. The same conclusion can be made from a
consideration of time headways within this moving jam presented in Fig. 2.15 (c,
e) (figures left). We see that these time headways do not satisfy the microscopic
criterion (2.23) for a wide moving jam: there is no traffic flow interval within this
jam.

e A moving jam, within which there is no flow interruption interval, does not also
exhibit the characteristic feature [J], i.e., such a moving jam is a narrow moving
jam.

A qualitatively different case is presented in Fig. 2.15 (figures right). In this case,
time headways within a moving jam satisfies the microscopic criterion (2.23) for a
wide moving jam: there are traffic flow intervals within this jam both in the left and
right road lanes. As expected, in the case the jam propagates through the bottleneck
while maintaining the mean velocity of the downstream jam front (characteristic
feature [J]), i.e., this jam is a wide moving jam.

The results of numerical simulations (Fig. 2.15) allow us to conclude that
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Fig. 2.15 Comparison of microscopic criterion (2.23) with macroscopic spatiotemporal objective
criteria [J] and [S] for the phases in congested traffic of identical vehicles (results of model simula-
tions). Left figures are related to a narrow moving jam. Right figures are related to a wide moving
jam. (a) Vehicle speed on the main road in space and time that is averaged across two lanes. (b, d)
Single vehicle data for speed in the left (b) and in right lanes (d). (c, ¢) Time headways associated
with (b) and (d), respectively. Data in (b—e) is related to a road location 50 m downstream of the
end of the on-ramp merging region. Taken from [39]

e the microscopic criterion (2.23) enables us indeed to distinguish the wide moving
jam and synchronized flow phases in single vehicle data measured at one road
location’.

9 It must be stressed that as we see from numerical simulations presented in Fig. 2.15, for an
empirical proof of the microscopic criterion (2.23) for the traffic phases, we should compare re-
sults of phase identification based on this criterion in measured single vehicle data with the traffic
phase definitions, i.e., with the macroscopic criteria for the traffic phases [J] and [S] (Sect. 2.4.1).
However, such an empirical proof is possible, if the single vehicle data associated with a moving
jam in the neighborhood of an effectual bottleneck is measured at many roads locations includ-
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2.6.4 Moving Blanks within Wide Moving Jam

Between flow interruption intervals within the wide moving jam shown in Fig. 2.13
(b—g), vehicles within the jam exhibit time headways about 1.5-7 sec (Fig. 2.16).
These time headways are considerably shorter than flow interruption intervals in
Fig. 2.13 (c, e, g). The time headways are related to low speed states measured at
detectors within the jam (Fig. 2.13 (b, d, f)).

—_
(=)

left lane

time headway [s]

8:43:00 8:43:43

Fig. 2.16 Measured time headways associated with moving blanks in the left lane within a wide
moving jam shown in Fig. 2.13 (b, c). Taken from [5]

To understand the effect of these low speed states, note that when vehicles meet
the wide moving jam, firstly they decelerate usually to a standstill at the upstream
jam front. As a result, the first flow interruption interval in all road lanes appears
(Fig. 2.13 (c, e, g)). Space gaps between these vehicles can be very different and
the mean space gap can exceed a safe space gap considerably, i.e., regions with
no vehicles called as blanks can appear within the jam. A blank within the jam is
defined as follows.

e A blank within a wide moving jam is a region with no vehicles.

Later vehicles move covering these blanks. This low speed vehicle motion is
responsible for low speed states mentioned above (Fig. 2.13 (b, d, f)). Consequently,
due to this low speed vehicle motion new blanks between vehicles occur upstream,
i.e., the blanks move upstream within the jam. Then other vehicles within the jam
that are upstream of these blanks begin also to move covering the latter blanks. This
leads to moving blanks that propagate upstream within the jam.

We define a moving blank as follows [5,36,39].

e A moving blank within a wide moving jam is a region without vehicles, which
moves upstream due to vehicle motion within the jam.

Thus we see that in a general case a microscopic structure of wide moving jam
is as follows [5]:

ing locations upstream and downstream of this bottleneck. In addition, before the jam reaches the
bottleneck, free flow should be at the bottleneck. This is because only in this case we can prove
whether the downstream front of the congested pattern exhibits the characteristic jam feature [J] or
not. Unfortunately, we do not have such measured single vehicle data.
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e A microscopic structure of wide moving jam consists of complex spatiotemporal
alternations of flow interruption intervals and moving blanks.

2.7 Motivation for Traffic Phase Definitions

In some averaged, i.e., macroscopic traffic data of congested traffic, in particular
which is measured outside of effectual bottlenecks, the traffic phase definitions [S]
and [J] (Sect. 2.4.1) cannot be applied to perform an accurate identification of traffic
phases. Thus a question arises:

e What is the sense of the traffic phase definitions [S] and [J], if the definitions
cannot be used for the identification of traffic phases in some real macroscopic
data of congested traffic?

A response on this question is as follows.

e Rather than to distinguish traffic phases in real measured macroscopic traffic
data, the main sense of the phase definitions [S] and [J] is that the definitions
result from and, therefore, distinguish qualitatively different common spatiotem-
poral characteristics of congested patterns (see item 4 of Sect. 2.3).

e These common spatiotemporal characteristics are associated with the behavior of
the downstream front of a congested pattern at an effectual bottleneck at which
traffic breakdown is possible: (i) If the pattern propagates through the bottleneck
while maintaining the mean velocity of the downstream pattern front, then the
congested pattern is a wide moving jam. (ii) In contrast with the wide moving
jam, the downstream front of synchronized flow does not maintain the mean
front velocity, in particular, the downstream front of synchronized flow is often
fixed at the bottleneck.

e In turn, these common spatiotemporal characteristics of congested traffic patterns
are the origin of hypotheses of three-phase traffic theory!”.

e This theory explains traffic breakdown and resulting congested traffic patterns in
all known real measured traffic data [36].

Thus we can make the following conclusion about the motivation for the traffic
phase definitions [S] and [J] made in three-phase traffic theory:

e The motivation for the traffic phase definitions [S] and [J] is the understanding of
vehicular traffic congestion with the objective to derive new effective and reliable
methods for traffic control and managements.

Additionally, the traffic phase definitions [S] and [J] are important for the validation
of traffic flow models used for traffic control and dynamic traffic management.

The identification of the traffic phases in single vehicle data of congested traf-
fic can be made with the microscopic criterion (2.23) for a wide moving jam. As

10 Explanations of why the phase definitions [S] and [J] are the origin of hypotheses of three-phase
traffic theory appear in Sect. 6.1.
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explained in [5, 39], after downstream and upstream congested pattern fronts have
been identified in averaged measured traffic data, this criterion can be used for the
traffic phase identification, even if the single vehicle data is measured at one road lo-
cation. Nevertheless, the identified traffic phases are valid only for the road location
at which the single vehicle data is measured. The reason for this is as follows.

e A traffic phase that has just been identified with the microscopic criterion (2.23)
at a road location can transform into another traffic phase at an adjacent road
location outside of the location at which the single vehicle data is measured.

e Thus to perform an accurate traffic phase identification in congested traffic, single
vehicle data measured simultaneously in space and time are needed.

Because the accurate traffic phase identification in congested traffic is important
to overcome the problems of traffic control, single vehicle data measured simulta-
neously in time and space should be available in the future. This can be achieved
through the use of new intelligent transportation systems, like car-to-car and car-to-
infrastructure communication.
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Chapter 3
Nature of Traffic Breakdown at Bottleneck

For the understanding of the nature of traffic breakdown, probably the most impor-
tant fundamental empirical feature of traffic breakdown is the possibility of both
spontaneous and induced traffic breakdowns at the same bottleneck. Indeed, this
feature leads to the conclusions about the nucleation nature of traffic breakdown
and the existence of the infinite number of highway capacities of free flow at the
bottleneck [1].

3.1 Induced Traffic Breakdown

3.1.1 Definitions of Spontaneous and
Induced Traffic Breakdowns at Bottleneck

In observations of traffic breakdown, i.e., an F—S transition at a bottleneck, we dis-
tinguish two different cases: (i) spontaneous traffic breakdown (spontaneous F—S
transition) and (ii) induced traffic breakdown (induced F—S transition) [1]:

e If before traffic breakdown occurs at the bottleneck, there is free flow at the bot-
tleneck as well as upstream and downstream in a neighborhood of the bottleneck,
then traffic breakdown at the bottleneck is called spontaneous traffic breakdown.

e An induced traffic breakdown at the bottleneck is traffic breakdown induced by
the propagation of a spatiotemporal congested traffic pattern. This congested pat-
tern has occurred earlier than the time instant of traffic breakdown at the bottle-
neck and at a different road location (for example at another bottleneck) than
the bottleneck location. When this congested pattern reaches the bottleneck, the
pattern induces traffic breakdown at the bottleneck.

Empirical examples of spontaneous traffic breakdowns are presented in Figs. 2.4
(a) and 2.7 (a). Indeed, in each of these cases before traffic breakdown occurs at a
bottleneck, there is free flow at the bottleneck as well as upstream and downstream
in a neighborhood of the bottleneck.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_3, (©) Springer-Verlag Berlin Heidelberg 2009
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3.1.2 Empirical Induced Traffic Breakdown and Catch Effect

Traffic breakdown can be induced by a wide moving jam propagating upstream
through a bottleneck. Such an empirical example is shown in Fig. 3.1: a moving
jam propagating through an on-ramp bottleneck (labeled by “on-ramp bottleneck 1”
in Fig. 3.1 (a)) induces the synchronized flow phase at this bottleneck (the induced
traffic breakdown is labeled by “induced F—S transition”). Indeed, the downstream
front of resulting congested traffic is fixed at the bottleneck, i.e., in accordance with
the definition [S] (Sect. 2.4.1) this congested traffic is associated with the synchro-
nized flow phase. Synchronized flow is self-sustaining for a very long time (more
than an hour) upstream of the bottleneck.

three traffic phases

induced F — S transition  synchronized flow

—_ (@) L free flow
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Fig. 3.1 Empirical example of induced traffic breakdown caused by wide moving jam propagation
through on-ramp bottleneck. (a) Vehicle speed in space and time. (b) A graph of (a) with the free
flow phase, the synchronized flow phase, and the wide moving jam phase. Taken from [1]
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In contrast with synchronized flow, the moving jam propagates through this bot-
tleneck with the mean velocity of the downstream jam front remaining unchanged
(Fig. 3.1). Thus in accordance with the definition [J] (Sect. 2.4.1), this moving jam
is associated with the wide moving jam phase.

An induced traffic breakdown at a bottleneck can also occur when a region of
synchronized flow first occurs downstream of this bottleneck, and the region later
reaches the bottleneck due to the upstream propagation of synchronized flow. How-
ever, in contrast to the above case of the induced traffic breakdown caused by wide
moving jam propagation, the initial synchronized flow is usually caught at the bot-
tleneck [1]. The latter effect is called the catch effect.

An example of an induced traffic breakdown at an on-ramp bottleneck with the
associated catch effect is shown in Fig. 3.2. In this case, a moving synchronized flow
pattern (MSP), i.e., a moving congested pattern consisting of only the synchronized
flow phase propagates upstream of the on-ramp bottleneck (labeled by “MSP” in
Fig. 3.2). The MSP has initially earlier occurred at an off-ramp bottleneck that is
downstream of the on-ramp bottleneck. Due to the MSP upstream propagation, the
MSP approaches the on-ramp bottleneck. Before the MSP reaches the bottleneck,
there is free flow at the on-ramp bottleneck (Fig. 3.2 (a, c)). After the MSP has
reached the on-ramp bottleneck, the MSP induces traffic breakdown at the on-ramp
bottleneck. As a result of this induced traffic breakdown, the MSP is caught at this
bottleneck (labeled by “catch effect and induced F—S transition” in Fig. 3.2). This
catch effect is inconsistent with the traffic phase definition [J]. In other words, the
MSP satisfies the traffic phase definition [S], i.e., the MSP is indeed associated with
the synchronized flow phase. The downstream front of a congested pattern result-
ing from the induced traffic breakdown is fixed at the bottleneck, i.e., the resulting
congested pattern is also associated with the synchronized flow phase.

3.1.3 Fundamental Empirical Features of Traffic Breakdown

Real measured traffic data discussed in this section and in Chap. 2, allow us to
conclude that traffic breakdown at a bottleneck exhibits the following fundamental
empirical features:

A Traffic breakdown is an F—S transition (Sect. 2.4.2).

B Atthe same bottleneck, traffic breakdown can be either spontaneous or induced.

C Onset and dissolution of congestion are accompanied by a hysteresis effect
(Sect. 2.2.2).

D  Traffic breakdown exhibits a probabilistic nature (Sect. 2.2.3).
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Fig. 3.2 Empirical example of induced traffic breakdown at on-ramp bottleneck. (a) Vehicle speed
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of the merging region of the on-ramp bottleneck. 1-min average data. Taken from [1]
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3.2 Explanation of Nature of Traffic Breakdown at Bottleneck
through Fundamental Hypothesis of Three-Phase Traffic
Theory

In three-phase traffic theory, the nature of traffic breakdown is explained by a com-
petition between two opposing tendencies occurring within a random local distur-
bance in which the speed is lower and vehicle density is greater than in an initial
free flow [1]:

(i) atendency towards synchronized flow due to vehicle deceleration associated
with a speed adaptation effect;

(ii)) atendency towards the initial free flow due to vehicle acceleration associated
with an over-acceleration effect.

3.2.1 Steady States of Synchronized Flow and
Fundamental Hypothesis of Three-Phase Traffic Theory

For a qualitative consideration of the speed adaptation and over-acceleration effects
as well as their competition, we should introduce the term a steady state of synchro-
nized flow:

e A steady state of synchronized flow is a hypothetical state of synchronized flow
of identical vehicles and drivers in which all vehicles move with the same time-
independent speed and have the same space gaps (a space gap is a net distance
between two following each other vehicles), i.e., this synchronized flow is homo-
geneous in time and space.

(a) A (b) A
F S S
o
Sws 5 G
2 ¢
o,
= S low i Eafe
0 density speed

Fig. 3.3 Fundamental hypothesis of three-phase traffic theory [2-7]: (a) Qualitative representation
of free flow states (F) and 2D steady states of synchronized flow (dashed region S) on a multi-lane
road in the flow—density plane. (b) A part of the 2D steady states of synchronized flow shown in
(a) in the space-gap—speed plane (dashed region S)
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A hypothesis about steady states of synchronized flow, which is the fundamental
hypothesis of three-phase traffic theory, is as follows [2-8]:

e Steady states of synchronized flow cover a two-dimensional (2D) region in the
flow—density plane (Fig. 3.3 (a)). The multitudes of free flow states overlap
steady states of synchronized flow in the vehicle density. The free flow states
on a multi-lane road and steady states of synchronized flow are separated by a
gap in the flow rate and, therefore, by a gap in the speed at a given density: at each
given density the synchronized flow speed is lower than the free flow speed’.

The basic driver behavioral assumptions of the fundamental hypothesis of three-
phase traffic theory are as follows:

(1) At relatively small space gaps, which occur in synchronized flow, a driver
can recognize whether the space gap to the preceding vehicle in car-following
increases or decreases over time, i.e., the driver recognizes whether she/he is
slower or faster than the preceding vehicles. This is independent of the speed
difference Av = vy — v between the speed of the preceding vehicle v, and the
vehicle speed v. In other words, the basic driver behavioral assumption is true
even if the speed difference Av in car-following is negligible.

(i) At a given speed in synchronized flow, the driver can make an arbitrary
choice in the space gap to the preceding vehicle within a finite range of space
gaps associated with the 2D region of steady states of synchronized flow (Fig. 3.3
(b)): the driver accepts different space gaps at different times and does not control
a fixed space gap to the preceding vehicle.

In any steady state of synchronized flow the vehicle speed v > 0. Therefore, in
a steady state of synchronized flow, the space gap g and time headway 7 to the
preceding vehicle are connected with the vehicle speed v by the formula

! It must be noted that a well-known wide scattering of empirical data for congested traffic in
the flow—density plane cannot be considered a proof of the fundamental hypothesis of three-phase
traffic theory: a 2D-region for steady states of synchronized flow (Fig. 3.3 (a)) is a theoretical
assumption only. Indeed, the wide scattering of measured data for congested traffic in the flow—
density plane can be associated for example with a variety of driver characteristics and vehicle
parameters as well as with speed and density disturbances, which are always present in real traffic
flow. As a proof of the fundamental hypothesis, mathematical results of traffic flow models can be
considered in which this and other hypotheses of three-phase traffic theory have been used; this
is because these results explain and predict empirical features of traffic breakdown and resulting
congested patterns [1].

2 These driver behavioral assumptions leading to the fundamental hypothesis of three-phase traffic
theory contradict driver behavioral assumptions made in earlier traffic flow theories, in particular,
in the General Motors traffic flow model by Herman, Gazis et al. (Sect. 10.3.1), optimal velocity
(OV) traffic flow models of Newell, Bando er al., Treiber et al. intelligent driver model (IDM)
(Sect. 10.3.2), Payne’s and Aw-Rascle macroscopic traffic flow models (Sect. 10.3.3), Wiede-
mann’s psychophysical traffic flow model (Sect. 10.3.4) as well as in the Nagel-Schreckenberg
cellular automata (CA) traffic flow model (Sect. 10.3.5) and a stochastic traffic flow model of
KrauB} (Sect. 10.3.6). Traffic breakdown in these traffic flow models is associated with wide mov-
ing jam formation in free flow (see Fig. 10.6 and related explanations in Sect. 10.3.7). This is
inconsistent with the fundamental empirical features of traffic breakdown (Sect. 3.1.3).
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g =VT. 3.1)

The upper boundary of the 2D region of the steady states of synchronized flow
(labeled by Supper in Fig. 3.3 (a)) is determined by a safe space gap denoted by ggafe
associated with a safe time headway denoted by Tg,g. In accordance with (3.1), we
get

gsafe(V> = VTsafe(V)~ (3.2)

In (3.2), we have taken into account that Ty can be a function of the speed.

space gap

speed

Fig. 3.4 Qualitative explanation of car-following in three-phase traffic theory [2-7]: A vehicle
accelerates at g > G and decelerates at g < gafe, Whereas under condition (3.12) the vehicle adapts
its speed to the speed of the preceding vehicle without caring what the precise space gap is. A
dashed region of synchronized flow is taken from Fig. 3.3 (b)

In steady states of synchronized flow, the space gap g and, therefore, the time
headway 7 should be not smaller than the safe space gap, respectively, the safe time
gap. Otherwise, when

8 < &safe (3.3)

that is equivalent to
T < Tsafe, (3.4)

the vehicle decelerates (labeled by “deceleration” in Fig. 3.4), i.e., there are no
steady states of synchronized flow.

The lower boundary of the 2D-region for steady states of synchronized flow in
the flow—density plane (labeled by Sj,y) is determined by a synchronization space
gap between vehicles denoted by G associated with a synchronization time headway
denoted by 7. In accordance with (3.1), we get

G(v) =vig(v). (3.5)

In (3.5), we have taken into account that 7g can be a function of the speed. In steady
states of synchronized flow, the space gap g and therefore the time headway 7 should
be not greater than the synchronization space gap, respectively, the synchronization
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time headway. Otherwise, when
g>G (3.6)

that is equivalent to
T>1G, 3.7

the vehicle accelerates (labeled by “acceleration” in Fig. 3.4), i.e., there are no
steady states of synchronized flow.

The synchronization space gap G is defined through the condition that in steady
states of synchronized flow there is a vehicle speed range within which at each
given steady speed v the synchronization space gap is greater than the safe space
gap (Fig. 3.3 (b)):

G(v) > gsate (V). (3.8)

In accordance with (3.1), the inequality (3.8) is equivalent to

TG (v) > Tsae (V). (3.9)

Under condition (3.8), at a given steady speed v in synchronized flow there are
the infinite number of space gaps g within the range

8safe < 8 < G (310)

at which a driver can move with this steady, i.e., time-independent speed v. Condi-
tions (3.10) are equivalent to
Tsafe < T < TG- 3.11)

The sense of the infinite number of space gaps g (3.10) and time headways T
(3.11) in the steady states of synchronized flow is as follows?>. If the preceding ve-
hicle moves at a time-independent synchronized flow speed v, the following driver
can move with the same speed v = v, at any space gap from the space gap range
(3.10), i.e., at any time headway 7 from the time headway range (3.11). This is as-
sociated with the driver behavioral assumption made above that at a given speed
in steady states of synchronized flow, the driver can make an arbitrary choice in the
space gap to the preceding vehicle within the gap range (3.10). Thus under condition

3 Steady states of synchronized flow are only some hypothetical flow states, which cannot be
exactly found and, therefore, measured in real synchronized flow. This is at least because of fluctu-
ations, which are always present in real traffic flow. Moreover, even if we neglect the fluctuations,
we should mention that moving during a long enough time interval the driver can arbitrarily change
the space gap within the range (3.10): she/he moves usually at a particular space gap only during
a finite time interval changing to the moving at another space gap within the range (3.10) dur-
ing another time interval, and so on. In other words, even at a given speed in synchronized flow
there are always dynamic transitions over time between different synchronized flow states; these
dynamic synchronized flow states correspond only very approximately to the hypothetical steady
states of synchronized flow. However, in three-phase traffic theory non-linear features of the dy-
namic synchronized flow states are associated in a great degree with the features of steady states
of synchronized flow. This emphasizes the importance of a consideration of steady states of syn-
chronized flow for the understanding of the nature of traffic breakdown as well as other traffic flow
phenomena.
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(3.10) drivers do not try to reach a particular space gap (particular time headway) to
the preceding vehicle, but adapt the speed while keeping the gap in a range.

3.2.2 Speed Adaptation Effect

When a driver approaches a slower moving preceding vehicle and the driver cannot
pass it, the driver decelerates within the synchronization space gap G adapting the
speed to the speed of the preceding vehicle (Fig. 3.5 (a)). This speed adaptation
within the synchronization gap is associated with the 2D-region of steady states of
synchronized flow given by conditions (3.10) (Fig. 3.3 (b)).

In a general case of car-following, speeds of the vehicle and the preceding vehicle
are time-dependent. Then we should consider a dynamic synchronization space gap
G(v, v¢) and a dynamic safe space gap gate (v, v¢), which can depend on the vehicle
speed and the speed” of the preceding vehicle vy.

As abovementioned, at g > G(v, v;) a vehicle accelerates whereas at g <
gsafe (v, v¢), the vehicle decelerates (Fig. 3.4). We define the dynamic synchroniza-
tion space gap G(v,vy) as a space gap g between the vehicle and the preceding
vehicle within which the vehicle tends to adapt the speed to the speed of the preced-
ing vehicle without caring, what the precise space gap is, as long as this space gap
is not smaller than the safe gap gqf.. This space gap g can be any space gap from
the space gaps within the space gap range

gsafe(va VZ) <g< G(V7 Vé)- (3.12)

In general, the speed adaptation effect is defined as follows:

e The speed adaptation effect is the adaptation of the vehicle speed to the speed
of the preceding vehicle at any space gap within the space gap range (3.12), i.e.,
without caring what the precise space gap to the preceding vehicle is.

Under condition (3.12), a vehicle accelerates when it is slower than the preceding
vehicle, and decelerates when it is faster than the preceding vehicle.

e Vehicle motion occurring under condition (3.12) will be called car-following in
the framework of three-phase traffic theory (car-following for short) (Fig. 3.4).

3.2.3 Over-Acceleration Effect

When condition (3.12) is satisfied, a vehicle accelerates when it is slower than the
preceding vehicle, and decelerates when it is faster than the preceding vehicle. How-
ever, under condition (3.12) the vehicle can also accelerate, even if the vehicle is not

4 In a general case, the dynamic synchronization and safe space gaps can also depend on the
acceleration (deceleration) of the preceding vehicle a;: G = G(v, vy, ay), sate = &sate (V, Ve, ap).
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slower than the preceding vehicle and the preceding vehicle does not accelerate.
This vehicle acceleration can be considered vehicle over-acceleration [1]. In gen-
eral, the over-acceleration effect is defined as follows:

e The over-acceleration effect is driver maneuver’ leading to a higher speed from
initial car-following at a lower speed occurring under condition (3.12).

speed adaptation effect — over-acceleration effect —
(a) deceleration to the speed of b acceleration for passing
the preceding vehicle within (b) from car-following, i.e.,
the synchronization gap G lane changing to a faster lane
L= L
S
g safg
G :

KX}—+ vehicle under consideration

[} slower moving preceding vehicle

Fig. 3.5 Qualitative explanation of vehicle deceleration due to speed adaptation (a) and vehicle
acceleration due to over-acceleration (b) [1,5-7,9]

To understand the sense of the term over-acceleration effect, we consider a sce-
nario in which a vehicle that moves in free flow on a multi-lane road approaches
a slower moving preceding vehicle. If firstly the vehicle cannot pass the preceding
vehicle, then the vehicle decelerates within the synchronization space gap to the
speed of the preceding vehicle, i.e., the speed adaptation effect is realized leading
to car-following of the slow preceding vehicle (Fig. 3.5 (a)). We assume in this sce-
nario that later the vehicle can pass this slow moving preceding vehicle. To pass the
preceding vehicle, the vehicle should change lane and accelerate. The vehicle ac-
celeration takes place, even if the vehicle is not currently slower than the preceding
vehicle and the preceding vehicle does not accelerate. In the case under considera-
tion, the over-acceleration effect includes vehicle acceleration for passing from car-
following, i.e., lane changing to a faster lane (Fig. 3.5 (b)); as a result, the probability
of the over-acceleration effect denoted by Poa (probability of over-acceleration for
short) is equal to the passing probability from car-following® denoted by P:

5 It must be noted that in real traffic flow the speed adaptation and over-acceleration effects appear
usually in their dynamic competition within a local disturbance in free flow at a bottleneck. For
this reason, a separate consideration of the over-acceleration effect made here is a simplification of
the reality. This can be seen from a discussion of a dual role of lane changing in free flow at the
bottleneck that appears in Sect. 3.4.

6 To estimate passing probability, we introduce a probe vehicle in traffic flow. The probe vehicle
moves with a time-independent speed that is lower than vehicle speed in a neighboring lane(s)
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Fig. 3.6 Qualitative Z-shaped density function of passing probability and probability of over-
acceleration [1,5-7,9]. F — free flow, S — synchronized flow, dashed curve between states F' and S
is related to a density function of critical probabilities for passing and over-acceleration (the latter
is denoted by P(()i{)). Traffic breakdown is possible at any density in initial free flow that is within
a density range labeled by “F—S”. 2D-region for synchronized flow (dashed region) is associated
with the 2D-region for steady states of synchronized flow shown in Fig. 3.3 (a)
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Fig. 3.7 Qualitative Z-shaped density function for passing probability and probability of over-
acceleration for a case, when in synchronized flow of smaller densities passing probability is
greater than in free flow of greater densities. F' — free flow, S — synchronized flow, dashed curve
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Popr =P. (3.15)

At a given vehicle density, passing probability P is greater in free flow than in
synchronized flow. This assumption together with the fundamental hypothesis of
three-phase traffic theory, specifically that at each given density there is a speed gap
between states of free flow and synchronized flow lead to the following hypothe-
sis [1,5-7]:

e Passing probability P and, therefore, over-acceleration probability Ppa exhibit
a discontinuous character; in particular, these probabilities are Z-shaped den-
sity functions (Fig. 3.6): At a given density, there is a drop in passing and over-
acceleration probabilities, when free flow transforms into synchronized flow.

At a given density in free flow and synchronized flow, a discontinuity in passing
probability can also be realized, when in synchronized flow of smaller densities
passing probability is greater than in free flow of greater densities’. This possible
case is shown in Fig. 3.7.

Now based on the Z-shape density function for probabilities of vehicle passing
and over-acceleration we discuss qualitatively a competition between two opposing
tendencies — the tendency towards free flow due to the over-acceleration effect and
the tendency towards synchronized flow due to the speed adaptation effect. This
competition occurs within a random local disturbance in which the speed is lower
and density is greater than in an initial free flow. This competition is qualitatively
illustrated by arrows between states of free flow and synchronized flow labeled by
“over-acceleration” and “speed adaptation” in Fig. 3.8 (a); regions in the space-gap—
speed, speed—density, and flow—density planes in which this competition occurs are
qualitatively shown by gray regions in Fig. 3.8.

of a multi-lane road. We assume that all following vehicles try to pass the slower moving probe
vehicle during a given long enough time interval denoted by Z}g[ﬂifg This time interval is chosen
to be long enough considering passing probability as being zero, if no vehicles can pass the probe
(max)

follow = 10 min). Furthermore, we consider the

vehicle during this time interval (for example,
(av)

follow Within which vehicles under condition (3.12) have to

average time interval denoted by

follow the probe vehicle before they can pass it. Clear is that (@) < 7M) 24d the shorter T,

follow — ~follow follow
T(max)

in comparison with T, ",

the greater the passing probability. In other words, the relation

Tigion G1%)
T(max)

follow

can be considered probability of car-following of a slow preceding vehicle before passing. Then
passing probability P can be defined by the formula

(av)

T,
P =1 follow (3.14)
T(max)

follow

7 Some other possible driver maneuver that lead to a discontinuous character of over-acceleration
will be discussed in Sect. 11.3.3.
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Fig. 3.8 Qualitative illustration of regions in the space-gap—speed (a), speed—density (b), and flow—
density (c) planes (gray regions) in which a competition occurs between the tendency towards
free flow due to the over-acceleration effect (arrow labeled by “over-acceleration” in (a)) and the
tendency towards synchronized flow due to the speed adaptation effect (arrow labeled by “speed
adaptation” in (a)). F — free flow, S — a part of synchronized flow states taken from Fig. 3.3 (a)

The Z-shape density function for probability of vehicle passing (Figs. 3.6 and 3.7)
explains traffic breakdown as follows [1]. Free flow remains on a multi-lane road
as long as the over-acceleration effect, which describes the tendency towards free
flow, is stronger than the speed adaptation effect that describes the tendency towards
synchronized flow. However, the greater the density and, therefore, the lower the av-
erage speed in free flow, the smaller the probability of over-acceleration Poa (3.15),
i.e., the weaker the over-acceleration effect.

There is a critical probability of over-acceleration denoted by Pé? that de-
pends on the density (dashed curves between probability of over-acceleration in
states F and S in Figs. 3.6 and 3.7). To understand the critical probability of over-
acceleration, we consider an initial hypothetical homogeneous free flow at a given
density. We assume that in this free flow a random local disturbance occurs within
which the speed is lower and density is greater than these traffic variables are outside
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of the disturbance in the initial free flow. The critical probability of over-acceleration
is defined as follows:

e Probability of over-acceleration within a local disturbance in free flow is equal
to the critical probability of over-acceleration, i.e.,

Pox =P, (3.16)

when at some density and speed within the disturbance the tendency towards the
initial free flow due to over-acceleration is on average as strong as the tendency
towards synchronized flow due to speed adaptation.

The greater the density and the lower the speed within a local disturbance in the
initial free flow under consideration, the smaller the probability of over-acceleration
within the disturbance. For this reason, if the density within the disturbance in-
creases (speed within the disturbance decreases) in comparison with the density
and speed at which the condition (3.16) is satisfied, then within this disturbance
over-acceleration probability becomes smaller than the critical probability of over-
acceleration:

Poa < P& (3.17)

In this case, within the disturbance the over-acceleration effect is weaker than the
speed adaptation effect, i.e., the tendency towards synchronized flow due to speed
adaptation overcomes the tendency towards free flow due to over-acceleration. This
results in the growth of the disturbance leading to traffic breakdown. Traffic break-
down is possible at any density in the initial free flow that is within a density range
labeled by “F—S” in Figs. 3.6 and 3.7.

On the contrary, at the same density in the initial free flow outside of the distur-
bance, if the density within the disturbance decreases (speed within the disturbance
increases) in comparison with the density and speed at which the condition (3.16) is
satisfied, then within this disturbance over-acceleration probability becomes greater
than the critical probability of over-acceleration:

Pox > PSY. (3.18)

In this case, within the disturbance the over-acceleration effect is stronger than the
speed adaptation effect: the tendency towards free flow due to over-acceleration
overcomes the tendency towards synchronized flow due to speed adaptation. As a
result, the disturbance decays, i.e., no traffic breakdown occurs and free flow re-
mains.
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3.2.4 Critical Speed and Density in Free Flow required for Traffic
Breakdown

In free flow, there are always local disturbances within which the speed is lower
and the density is greater than outside of the disturbances. Such local disturbances
in free flow can be associated with lane changing causing deceleration of following
vehicles, vehicle merging from other roads, fluctuations in upstream flow rates, slow
moving vehicles, etc.

As explained in Sect. 3.2.3, at a high enough speed and small density in an initial
free flow the over-acceleration effect is stronger than the speed adaptation effect,
therefore no traffic breakdown is possible. However, if a local disturbance occurs
within which the vehicle density is greater and the average speed is lower than in
the initial free flow, then within the disturbance the over-acceleration effect becomes
weaker than this effect is in the initial free flow outside of the disturbance.
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Fig. 3.9 Qualitative illustration of critical density and speed required for traffic breakdown by
dashed curves between states of free flow F' and synchronized flow S in the speed—density (a) and
flow—density (b) planes. States F' and S as well as gray regions in which the competition between
the over-acceleration and speed adaptation effects occurs are taken from Fig. 3.8 (b, ¢)

Thus at each given density in the initial free flow that is within a density range
labeled by “F—S” in Figs. 3.6, 3.7, and 3.9 (a) there must be a critical speed and
associated critical density within the disturbance required for traffic breakdown de-
fined as follows:

e Critical speed and critical density required for traffic breakdown are respectively
the vehicle speed and density within a local disturbance occurring in free flow
at which the tendency towards free flow due to the over-acceleration effect is on
average as strong as the tendency towards synchronized flow due to the speed
adaptation effect.

e [tis equivalent to consider either the critical speed or critical density required for
traffic breakdown.
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The critical density and speed required for traffic breakdown are qualitatively illus-
trated by dashed curves between states of free flow F and synchronized flow S in
the speed—density and flow—density planes shown in Fig. 3.9.

These definitions mean that if within the disturbance the speed is higher than
the critical speed (density is smaller than the critical density), the vehicle over-
acceleration becomes stronger than the speed adaptation effect; as a result, traffic
breakdown cannot occur.

In contrast, when a local disturbance occurs within which the speed is lower than
the critical speed (density is greater than the critical density), the speed adaptation
effect becomes stronger than the over-acceleration; as a result, traffic breakdown
must occur. This local disturbance can be considered a nucleus for traffic break-
down®. The term nucleus required for traffic breakdown is defined as follows’.

e A nucleus required for traffic breakdown is a local disturbance in free flow within
which the vehicle speed is equal to or lower than the critical speed required for
traffic breakdown, respectively, the vehicle density is equal to or greater than the
critical density.

When a nucleus appears in free flow, traffic breakdown occurs. In other words, traffic
breakdown exhibits a nucleation nature [2-7,10].

3.2.5 Linking of Critical Speed, Critical Density, Nucleus required
for Traffic Breakdown, and Over-Acceleration Probability

The nucleation nature of traffic breakdown is associated with the discontinuous
character of over-acceleration probability Poa (Figs. 3.6 and 3.7), specifically with
the existence of the critical over-acceleration probability P(()C;):

e the speed and density within a local disturbance in free flow at which over-
acceleration probability Poa is equal to the critical over-acceleration probabil-
ity Pécr), i.e., the condition (3.16) is satisfied are the critical speed and critical
density, respectively.

In other words, a local disturbance, within which the vehicle density is greater
and the average speed is lower than these traffic variables are an initial free flow,
is a nucleus required for traffic breakdown, when within this disturbance over-
acceleration probability is equal to or smaller than the critical over-acceleration

8 1t should be noted that the use of the term nucleus is associated with a huge number of quali-
tatively other nucleation phenomena observed in a variety of systems of natural science like fluid
dynamics, semiconductors, gas plasma, optical systems, chemical reactions, and biological sys-
tems [17-26]; see also Sect. 6.2.4.

9 In real traffic flow, a nucleus required for traffic breakdown exhibits two attributes: (i) critical
speed (critical density) and (ii) spatial distributions of traffic variables within the nucleus. How-
ever, in a qualitative discussion of the nature of traffic breakdown made here we ignore spatial
distributions of traffic variables within the nucleus.
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probability, i.e.,
Poa < P&V, (3.19)

Under this condition, within the disturbance the tendency towards free flow due to
over-acceleration is on average as strong as or weaker than the tendency towards
synchronized flow due to speed adaptation.

3.3 Nucleation Features of Traffic Breakdown at Bottleneck

3.3.1 Permanent Speed Disturbance at Bottleneck

To explain why traffic breakdown is mostly observed at a highway bottleneck, in
three-phase traffic theory is assumed that in free flow at the bottleneck there is a
permanent and on average motionless local speed disturbance in which the speed is
lower and the vehicle density is greater than outside of the bottleneck [1,10,12-15].
This permanent disturbance called also a “deterministic” disturbance at the bottle-
neck is a permanent non-homogeneity in free flow localized in a neighborhood of
the bottleneck. Naturally, the deterministic disturbance in free flow at the bottleneck
occurs only, when flow rates upstream of the bottleneck are great enough.

Due to the existence of the deterministic disturbance, the critical speed required
for traffic breakdown is more probable to occur within this deterministic disturbance
at the bottleneck. For this reason, traffic breakdown is much more probable to occur
at the bottleneck rather than outside of the bottleneck [10]. Thus three-phase traffic
theory explains the empirical evidence that traffic breakdown is observed mostly at
highway bottlenecks by the following hypothesis:

e Probability of the occurrence of a nucleus required for traffic breakdown is much
greater at the bottleneck than outside of it.

For a simplification of a qualitative analysis of traffic breakdown at a bottleneck,
we assume that as long as free flow is at the bottleneck, the flow rate in free flow
downstream of the bottleneck denoted by gqum is equal to the sum of the flow rates
in free flow(s) just upstream of the bottleneck. However, this condition is not satis-
fied, after traffic breakdown has occurred and a congested pattern is forming at the
bottleneck. For this reason, we discuss here conditions for traffic breakdown only,
rather than features of resulting congested patterns (see Chap. 7).

3.3.1.1 On-Ramp Bottleneck

A deterministic disturbance in free flow at an on-ramp bottleneck is caused by two
flows, which merge at the bottleneck: (i) An on-ramp inflow with the rate gop. (i1) A
flow on the main road upstream of the bottleneck with the rate g;, (Fig. 3.10 (a)). At
given high enough flow rates gon and gjy, vehicles that merge from the on-ramp onto
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the main road force the vehicles on the main road to decelerate in the vicinity of an
on-ramp merging region (Fig. 3.11). This leads to a local decrease in speed and con-
sequently to a local increase in density in free flow in the vicinity of the bottleneck.
This flow merging occurs permanent and within the same road region associated
with the on-ramp merging region. For this reason, the non-homogeneity of free flow
at the bottleneck, i.e., the deterministic disturbance is on average motionless and
permanent (solid curves in Fig. 3.10 (b, c)).
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Fig. 3.10 Qualitative explanation of traffic breakdown at on-ramp bottleneck: (a) Sketch of an on-
ramp bottleneck. (b, ¢) Qualitative spatial speed (b) and density (c) distributions in free flow within
a local disturbance at the bottleneck; solid curves show a deterministic disturbance; dashed curves
show the local disturbance at a fixed time instant for the case when fluctuations in free flow lead to
a decrease in the speed and an increase in the density in comparison, respectively, with the speed
vt(-r]?e and density pt(rlzg within the deterministic disturbance. Arrows labeled F—S symbolize traffic
breakdown that occurs, when a nucleus for traffic breakdown appears at the bottleneck

The average speed vg,?e and density pf(rlzg in free flow within the deterministic

disturbance (Fig. 3.10 (b, c)) correspond to the conditions

vl(cil < v(free)’ Pf(rzi > p(free)’ (3.20)

where v(fre¢) and p“ree) are the average vehicle speed and density in free flow on the
main road downstream of the bottleneck (Fig. 3.10 (b, ¢)). Because the deterministic
disturbance is assumed to be permanent and motionless, at given gi, and g, the
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Fig. 3.11 Sketch of on-ramp bottleneck

flow rate!©

qsum = qin + qon 3.21)

does not depend on the spatial co-ordinate within the disturbance. For this reason,
the speed and density on the main road satisfy the following condition:

sum = "p(") =y p 8. (3.22)

Within the deterministic disturbance a nucleus required for traffic breakdown has
a greater probability to occur spontaneously in comparison with other road locations
outside of the bottleneck. Indeed, the deterministic disturbance represents a real
local disturbance at the bottleneck only on the average. Due to random fluctuations
caused for example by a random process of vehicle merging from on-ramp onto
the main road, the speed and density within the local disturbance at the bottleneck
change randomly over time in the vicinity of the speed vg;z: and density pf(rlzg within
the deterministic disturbance, respectively. In other words, the local disturbance at
the bottleneck (dashed curves in Fig. 3.10 (b, ¢)) can be considered consisting of

two components:

(a) the deterministic disturbance and
(b) a random disturbance component.

19 In a neighborhood of a bottleneck the number of road lanes, which includes the number of
lanes on the main road and the number of on- and off-ramp lanes, depends usually on the road

location. For this reason, we assume here and below that the flow rate gg,m and densities p("ree),

pf(rlzi are found per road lane at each road location in the neighborhood of the bottleneck as follows:
Firstly, the total flow rate and densities are calculated across all lanes of the main road and of on-
and off-ramps at the location. Then regardless of this location, these total flow rate and densities
are divided by the number of lanes at some location downstream of the bottleneck. Accordingly,

plfree) — qsum/p(ﬁee) and vP) = %um/pf(rlig'

free
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We consider a random disturbance component, which leads to a speed decrease and
density increase in comparison, respectively, with the speed vgzl and density pgzg
within the deterministic disturbance. In accordance with the definition of a nucleus
required for traffic breakdown (Sect. 3.2.4), when due to this random speed decrease
the speed v within the disturbance becomes equal to or lower than a critical speed
denoted by vﬁ?)FS, respectively, the density p within the disturbance becomes equal

to or greater than a critical density denoted by pc(? )FS’ ie.,

Vv (P> Pc(f ) (3.23)

the local disturbance is a nucleus required for traffic breakdown: this disturbance
grows leading to traffic breakdown at the bottleneck. When the opposite condition
B B
v (0 <PiRs): (3.24)

is satisfied, no traffic breakdown occurs at the bottleneck.
We can see that

e due to the existence of the deterministic disturbance localized at the bottleneck
in which the speed vErBez} is lower and the density pf(gi is greater than, respectively,
the speed v('®) and density p*®) outside of the disturbance, a nucleus required
for traffic breakdown occurs more probably within this disturbance than outside
of it.

e Therefore, probability of traffic breakdown is much greater within the determin-
istic disturbance localized at the bottleneck than outside of the disturbance.

e This explains why traffic breakdown is observed much more frequently at high-
way bottlenecks than outside of them.

3.3.1.2 Off-Ramp Bottleneck

A deterministic disturbance at an off-ramp bottleneck is localized usually upstream
of the off-ramp merging region within which vehicles change from the main road
onto an off-ramp lane(s) (Figs. 3.12 and 3.13). A reason for this is as follows.

If the flow rate g, upstream of the bottleneck and the percentage of vehicles
going to the off-ramp denoted by 7 are great enough, then in free flow at some dis-
tance upstream of the beginning of the off-ramp merging region the vehicle density
in the right lane (in general, in the lane that is the neighboring one to the off-ramp
lane(s)) is greater and the associated speed is lower than in other lanes of the main
road. Moreover, due to the lower speed in the right lane many vehicles going to the
off-ramp try to move in the other lanes as long as possible, i.e., they change to the
right lane at a relatively small distance upstream of the beginning of the off-ramp
merging region. This lane changing leads to an increase in the density in the right
lane upstream of the beginning of the off-ramp merging region as well as to great
disturbances in free flow.
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Fig. 3.12 Sketch of off-ramp bottleneck

@ qin—>
a \
Jofr
(b) 4 V(free)
3 Ve N
2 T V<V rs
7 F N
F—S (B)
(c) p(B) 4 .- i"; """""" p> pcr, FS
free
z
&
3

>y

Fig. 3.13 Qualitative explanation of traffic breakdown at off-ramp bottleneck: (a) Sketch of an
off-ramp bottleneck. (b, ¢) Qualitative spatial speed (b) and density (c) distributions in free flow
within a local disturbance at the bottleneck; solid curves show a deterministic disturbance; dashed
curves show the local disturbance at a fixed time instant for the case when fluctuations in free flow

lead to a decrease in the speed and an increase in the density in comparison, respectively, with the
speed vg?e and density pérlzg within the deterministic disturbance. Arrows labeled F—S symbolize
traffic breakdown that occurs, when a nucleus for traffic breakdown appears at the bottleneck
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For an off-ramp bottleneck, gsum = ¢in (Fig. 3.13) and the speed V(B> and density

free
pf(rlzi within the deterministic disturbance satisfy formulae (3.20) and (3.22). Thus

if due to a random speed decrease in comparison with the speed vgae)e, the speed
within the disturbance becomes equal to or lower than the critical speed required
for breakdown, i.e., condition (3.23) is satisfied, the local disturbance grows and
traffic breakdown occurs at the bottleneck. Otherwise, i.e., under condition (3.24)

no traffic breakdown is realized at the bottleneck.
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Fig. 3.14 Empirical example of traffic breakdown at off-ramp bottleneck: (a, b) Average speed (a)
and total flow rate (b) on the main road in space and time. (c) Overview of traffic phases in space
and time associated with (a, b). (d) Ratio 6 = grign /qtotal @s @ function of road location. (e) Time-
dependence of percentage of vehicles going to the off-ramp 1. (f) Average speed across off-ramp
lanes measured about 600 m downstream of the end of the off-ramp merging region. 1-min average
data. Taken from [1]

An empirical example of traffic breakdown at an off-ramp bottleneck is shown
in Fig. 3.14. We can see that the share of vehicles moving in the right lane, i.e.,
the ratio § = gright/qtotal (Where grigne and giora are respectively the flow rate in
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the right lane and total flow rate across the main road) increases strongly, when
the distance to the beginning of the off-ramp merging region decreases (Fig. 3.14
(d)). This shows that many vehicles going to the off-ramp try indeed to move in
the other lanes as long as possible before they have to change to the right lane
with the goal to leave the main road to the off-ramp. A drop in 6 = Gright/Giotal
downstream of the end of the merging region of the off-ramp (Fig. 3.14 (d)) is
associated with vehicles that left the main road to the off-ramp. A relatively great
value of the percentage of vehicles going to the off-ramp n (Fig. 3.14 (e)) and an
increase in the flow rate g, upstream of the bottleneck (Fig. 3.14 (b)) together with
this lane changing can explain that traffic breakdown and the downstream front of
the resulting synchronized flow appear upstream of the beginning of the off-ramp
merging region (Fig. 3.14).

3.3.1.3 Effective Location of Bottleneck

After traffic breakdown has occurred at a bottleneck, synchronized flow is formed
at the bottleneck. The downstream front of the synchronized flow is fixed at the
bottleneck. Within the downstream front of synchronized flow vehicles accelerate
from synchronized flow upstream of the front to free flow downstream of the front.
As mentioned in Sect. 2.4.2, a road location in the neighborhood of the bottleneck
at which this downstream front of synchronized flow is fixed is an effective location
of bottleneck.

e The effective location of an on-ramp bottleneck is usually within the on-ramp
merging region (Fig. 3.11) or at a small distance downstream of the on-ramp
merging region. The reason for this is the same as that for the occurrence of the
deterministic disturbance at the on-ramp bottleneck explained above.

e In contrast with the on-ramp bottleneck, the effective location of an off-ramp
bottleneck is usually upstream of the beginning of the off-ramp merging re-
gion within which vehicles change from the main road onto an off-ramp lane(s)
(Fig. 3.12). The reason for this is the same as that for the upstream occurrence of
the deterministic disturbance upstream of the off-ramp.

3.3.2 Z-Shaped Speed-Flow and S-Shaped Density—Flow
Characteristics for Traffic Breakdown

The critical speed vﬁr )FS is an increasing function of the flow rate in free flow down-

stream of the bottleneck gsum (Fig. 3.15), respectively, the associated critical density

pc(r_ )FS is a decreasing function of ggm (Fig. 3.16).

To explain this general conclusion, we consider an on-ramp bottleneck at a given
great enough flow rate to the on-ramp qo, (Fig. 3.10). The greater the flow rate gsum
(due to an increase in the flow rate g, on the main road upstream of the bottleneck),
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Fig. 3.15 Qualitative Z-characteristic for traffic breakdown at a bottleneck in the speed—flow plane:
Vehicle speed at the location of the deterministic disturbance at the bottleneck as a function of
the flow rate in free flow downstream of the bottleneck shown in a limited flow rate range. The

Z-characteristic consists of free flow speed (curve vgrB;), critical speed in free flow required for

traffic breakdown (dashed curve VEE)FS), and a part of synchronized flow states (dashed region).

Characteristic flow rates ql(f ) and qﬁﬁff B) will be explained in Sect. 3.3.3. Taken from [1]

(B) within the

free

the lower the speed vgi): (Fig. 3.15) and the greater the density p
deterministic disturbance at the bottleneck (Fig. 3.16):

e The greater the flow rate gsum, the smaller the probability of over-acceleration,
i.e., the weaker the over-acceleration effect within the deterministic disturbance
at the bottleneck.

Thus the greater the flow rate ggm, the higher the critical speed and the smaller
the critical density at which the speed adaptation effect becomes on average as

. . . B . .
strong as the over-acceleration effect. This explains why Vgr.)Fs@sum) is an increas-

ing flow function (Fig. 3.15), respectively, péf )FS (gsum) is a decreasing flow function
(Fig. 3.16).

This qualitative consideration leads to the conclusion that the average vehicle
speed at the location of the deterministic disturbance at the bottleneck as a function
of the flow rate in free flow downstream of the bottleneck is a Z-shaped character-
istic in the speed—flow plane (Fig. 3.15). The Z-shaped speed—flow characteristic
consists of the flow rate dependence of free flow speed Vl(:iZ:(CIsum) within the deter-
ministic disturbance localized at the bottleneck, the flow rate dependence of critical

speed within the disturbance fo)Fs (¢gsum ), and synchronized flow states.
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Fig. 3.16 Qualitative S-characteristic for traffic breakdown in the density—flow plane associated
with the Z-characteristic shown in Fig. 3.15: Vehicle density at the location of the deterministic
disturbance at the bottleneck as a function of the flow rate in free flow downstream of the bottleneck
shown in a limited flow rate range. The S-characteristic consists of free flow density (curve pf(r]ze),

critical density in free flow required for traffic breakdown (dashed curve pc(f )FS), and a part of
synchronized flow states (dashed region)

In accordance with this Z-characteristic, the vehicle density at the location of the
deterministic disturbance at the bottleneck as a function of the flow rate in free flow
downstream of the bottleneck should be an S-shaped characteristic in the density—
flow plane (Fig. 3.16). As follows from conclusions of Sect. 3.2.5, the Z- and S-
characteristics for traffic breakdown result from the hypothesis of three-phase traffic
theory about a Z-shaped density function of probability of vehicle over-acceleration
(Figs. 3.6 and 3.7).

3.3.3 Maximum and Threshold Flow Rates in Free Flow at
Bottleneck

From Z-shaped speed—flow and S-shaped density—flow characteristics (Figs. 3.15
and 3.16) we can see that for each of the flow rate in free flow gg,m, which is within
a finite flow rate range
B free B
4 < Goum < g ", (3.25)
traffic breakdown is possible (this flow rate range is labeled by “F—S” in Fig. 3.15).
When initially free flow is at the bottleneck and the flow rate in the free flow sat-
isfies conditions (3.25), then traffic breakdown is realized, if a random great enough
speed decrease (density increase) (3.23) within a localized disturbance at the bottle-
neck occurs associated with the occurrence of a nucleus required for traffic break-
down.
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(free B)

. . ce . . .
The characteristic flow rate gmax ~ 1s the maximum flow rate in free flow: Due

to the occurrence of traffic breakdown at the bottleneck the flow rate ggym > qﬁﬁg‘f B)

cannot be observed in free flow.
The characteristic flow rate qt(}}? ) is a threshold flow rate for traffic breakdown!
At the flow rate

1.

Gsum < Clt(}?) (3.26)

no traffic breakdown is possible at the bottleneck. In other words, under condition
(3.26) independent of how great a time-limited speed decrease and density increase
within a local disturbance in free flow are, traffic breakdown cannot occur at the
bottleneck.

The threshold flow rate is smaller than the maximum flow rate in free flow:

gP) < glie®). (3.27)

o This means that there are the infinite number of the flow rates gsmy in free flow
downstream of the bottleneck satisfying (3.25) at which traffic breakdown at the
bottleneck is possible.

Thus we can conclude that traffic breakdown occurs, if the following two condi-
tions are satisfied:

(1) The flow rate in free flow downstream of a bottleneck satisfies conditions
(3.25).

(i1) A nucleus required for traffic breakdown appears in free flow at the bottle-
neck, i.e., condition (3.23) is satisfied.

Item (i) is associated with a Z-shaped density function of vehicle over-acceleration
probability (Figs. 3.6 and 3.7 in Sect. 3.2.3) resulting in the nucleation nature of
traffic breakdown. Item (ii) means that to initiate traffic breakdown, a local distur-
bance in free flow should appear within which the speed is equal to or lower than the
critical speed, respectively, the density is equal to or greater than the critical density.

Note that we can consider all free flow states at the bottleneck within the flow

rate range

4 < oum < gine (3.28)

as metastable free flow states with respect to traffic breakdown (F—S$ transition)'2.
The term metastable free flow with respect to traffic breakdown is defined as fol-

lows.

T Tt must be noted that the maximum flow rate in free flow qi,f?,f B) and the threshold flow rate

in free flow qt(l? ) depend on the averaging time interval for traffic variables 7,,. The reason for

dependences q.ﬂfﬁ& B) (Ta) and ql(l? ) (Tay) will be discussed in Chap. 4.

12 Indeed, in accordance with the wide-accepted terminology used in the natural science (see ref-
erences in [17-26]), the nucleation feature of traffic breakdown allows us to conclude that traf-
fic breakdown is a first-order local F—S transition and under conditions (3.28) free flow is in a
metastable state with respect to this F—S transition.
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e Metastable free flow with respect to traffic breakdown is free flow with the flow
rate downstream of a bottleneck that satisfies conditions (3.28). This metastable
free flow is stable with respect to small enough local disturbances in this flow,
i.e., when condition (3.24) is satisfied; however, traffic breakdown occurs in the
free flow, if a nucleus required for traffic breakdown appears at the bottleneck,
i.e., when condition (3.23) is satisfied.

3.3.4 Linking Empirical Induced and Spontaneous Traffic
Breakdowns with Over-Acceleration, Critical Speed, and
Critical Density

Three-phase traffic theory explains the nature of traffic breakdown by a Z-shaped
density function of probability of vehicle over-acceleration and the associated com-
petition between the speed adaptation and over-acceleration effects within a local
disturbance in an initial free flow. The sense of this hypothesis about a Z-shaped
density function of over-acceleration probability (Figs. 3.6 and 3.7 in Sect. 3.2.3) is
that the application of this hypothesis leads to the conclusion about the nucleation
nature of traffic breakdown.

This in turn explains the fundamental empirical feature of traffic breakdown
about the possibility of either spontaneous or induced traffic breakdown (Sect. 3.1.3)
as follows. Traffic breakdown occurs, if a nucleus required for traffic breakdown
appears at the bottleneck. There are qualitatively two different sources of the occur-
rence of this nucleus:

(i) A random nucleus occurrence within an initial free flow at the bottleneck due
to for example lane changing, fluctuations in the upstream flow rates, vehicle
merging from other roads, an unexpected vehicle deceleration, etc. In this case,
a spontaneous traffic breakdown occurs at the bottleneck. Thus the term spon-
taneous means that the nucleus required for traffic breakdown appears due to
some random disturbances within the initial free flow in a neighborhood of the
bottleneck.

(ii) The role of a nucleus required for traffic breakdown exhibits a congested traf-
fic pattern that propagates on the road; this pattern has occurred earlier than the
instant of traffic breakdown at the bottleneck and at another road location than
the bottleneck location. The speed within this congested pattern is considerably
lower and the density is considerably greater than the critical speed and density
required for traffic breakdown, respectively. For this reason, when this pattern
reaches the bottleneck at which free flow has been before that satisfies condi-
tions (3.25), the pattern must induce traffic breakdown at the bottleneck. This
explains the term induced traffic breakdown.

e Thus rather than the nature of traffic breakdown, the terms spontaneous and in-
duced traffic breakdowns at a bottleneck distinguish different sources of the oc-
currence of a nucleus required for the initiating of traffic breakdown.



68 3 Nature of Traffic Breakdown

3.3.5 Simulations of Traffic Breakdown at Bottlenecks
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Fig. 3.17 Simulations of nucleation features of traffic breakdown at on-ramp bottleneck with three-
phase traffic flow model: (a) Localized speed disturbance with spontaneous traffic breakdown at on-
ramp bottleneck; at t = ¢y on-ramp inflow is switched on. (b) Z-characteristic for traffic breakdown.

Taken from [16]
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Fig. 3.18 Simulations of induced traffic breakdowns at upstream on-ramp bottleneck labeled “on-
ramp 17 with three-phase traffic flow model: (a) Wide moving jam, which propagates through
the bottleneck while maintaining the jam downstream front velocity, induces traffic breakdown.
(b) Moving synchronized flow pattern is caught at bottleneck inducing traffic breakdown. Taken

from [16]

Three-phase traffic flow models can show and predict all fundamental empirical
features of traffic breakdown. In particular, a simulated example of a spontaneous
traffic breakdown at an on-ramp bottleneck exhibits an initial disturbance localized
at the bottleneck and the spontaneous traffic breakdown at the location of the distur-
bance with the subsequent synchronized flow emergence (Fig. 3.17 (a)); this traffic
breakdown is associated with an Z-shaped speed—flow characteristic found in simu-
lations (Fig. 3.17 (b)) as discussed above based on three-phase traffic theory.
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Simulated examples of an induced traffic breakdown due to upstream propaga-
tion of a wide moving jam through an upstream on-ramp bottleneck (Fig. 3.18 (a))
and an induced traffic breakdown at the same on-ramp with the catch effect due
to upstream propagation of a moving synchronized flow pattern (MSP) are qualita-
tively the same ones as those in empirical Figs. 3.1 and 3.2, respectively.

3.4 Dual Role of Lane Changing in Free Flow:
Maintenance of Free Flow or Traffic Breakdown

Lane changing can play a dual role in free flow at a bottleneck: lane changing can
maintain free flow or in contrast lead to traffic breakdown at the bottleneck. The
reason for this lane changing effect on traffic flow is as follows.

(1) Lane changing to a faster lane is responsible for the over-acceleration effect
that describes the tendency towards free flow at a bottleneck. This maintains free
flow at the bottleneck. However, this over-acceleration effect can maintain free
flow only if due to lane changing a vehicle passes the preceding vehicle and
this vehicle passing does not force the following vehicle in the target lane to
decelerate strongly.

(i) 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 vehicles in the target lane to decelerate strongly.

Thus the over-acceleration effect due to lane changing to a faster lane can lead to
free flow only in the case, when the following vehicles in the target lane should not
decelerate strongly, specifically, no nucleus required for traffic breakdown occurs
due to this lane changing.

Otherwise, lane changing to a faster lane leads to traffic breakdown at the bot-
tleneck. This emphasizes that in real traffic flow the speed adaptation and over-
acceleration effects appear usually in their dynamic competition in free flow at the
bottleneck.

To illustrate this dual role of lane changing for traffic breakdown, we consider
results of simulations of the spontaneous emergence of a moving synchronized flow
pattern (MSP) at an on-ramp bottleneck (Fig. 3.19 (a)).

The dual role of lane changing for traffic breakdown can clearly be seen in ve-
hicle trajectories, if they are presented in the co-ordinate system that moves with a
positive velocity Vsysem. In this moving co-ordinate system, the merging region of
the on-ramp within which vehicles merge from the on-ramp onto the right lane of
the main road is moving at a negative velocity —Vsystem (dashed lines in Fig. 3.19 (b,
C)).

The decay of a local disturbance at the bottleneck through lane changing to the
faster lane, i.e., through the over-acceleration effect is shown in Fig. 3.19 (b). This
effect of lane changing is labeled by “dissolving disturbance” in Figs. 3.19 (a, b).
The initial disturbance occurs only in the right lane due to the merging of a vehi-
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Fig. 3.19 Simulation of MSP emergence at on-ramp bottleneck: (a) Speed in time and space. (b, ¢)
Vehicle trajectories associated with MSP emergence at on-ramp bottleneck shown in (a). Vehicle
trajectories are shown in the co-ordinate systems moving at the velocity vsysem = 95 km/h (b) and
85 km/h (c); in these moving co-ordinate systems, dashed lines show the merging region of the
on-ramp of the length 300 m. Left and right figures are related to the left and right road lanes,
respectively. Taken from [28]
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cle from the on-ramp (fat trajectory of this merging vehicle and the region of the
disturbance are labeled, respectively, by number 1 and dotted curves in Fig. 3.19
(b), right). The disturbance is localized within the on-ramp merging region (dashed
lines in Fig. 3.19 (b)). Each following vehicle moving in the right lane of the main
road and reaching the disturbance must slow down within the disturbance. However,
later one of the vehicles in the right lane that approaches the disturbance upstream
on the main road (fat trajectory of this vehicle is labeled by number 2 in Fig. 3.19
(b), right) can pass the slow moving preceding vehicle before the vehicle reaches
this disturbance. This occurs through lane changing to the faster left lane of the
main road (trajectory 2 in Fig. 3.19 (b), left). As a result of this vehicle passing, the
initial disturbance in the right lane dissolves over time (dotted curves in Fig. 3.19
(b), right). In other words, this lane changing to the faster left lane is associated with
the over-acceleration effect maintaining free flow.

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. 3.19 (¢), left. In
this case, we use vgyseem = 85 km/h. This is because the vehicle speed about 85 km/h
is close to the maximum synchronized flow speed in the stochastic microscopic traf-
fic flow model used for simulations presented in Fig. 3.19. Thus traffic breakdown
can be identified through the occurrence of vehicle trajectories with a negative slope
associated with the vehicle speed v < 85 km/h, i.e., with synchronized flow.

A scenario of this traffic breakdown in the left lane due to lane changing is as
follows. Firstly, as in the case shown in Fig. 3.19 (b), right, due to the merging
of a vehicle from the on-ramp an initial disturbance occurs only in the right lane
(fat trajectory of this merging vehicle and the region of the disturbance are labeled,
respectively, by number 3 and dotted curves in Fig. 3.19 (c), right). However, in
contrast with the first case the disturbance grows leading to an F—S transition in the
right lane (labeled by arrow F—S in Fig. 3.19 (c), right). This traffic breakdown can
be seen due to the occurrence of vehicle trajectories with a negative slope within the
disturbance associated with the vehicle speed v < 85 km/h, i.e., with synchronized
flow. At the time instant of this traffic breakdown in the right lane, free flow is still
observed in the left lane (Fig. 3.19 (c), left).

Later, one of the vehicles in the right lane that reaches the disturbance upstream
on the main road (trajectory of this vehicle is labeled by number 4 in Fig. 3.19 (c),
right) can pass the slow moving preceding vehicle. This occurs through lane chang-
ing to the faster left lane of the main road (trajectory 4 in Fig. 3.19 (c), left). How-
ever, in contrast with the dissolution of the disturbance at the bottleneck as this has
been observed in Fig. 3.19 (b), right, this vehicle passing leads to the deceleration
of the following vehicles in the left lane that causes the emergence of synchronized
flow, i.e., traffic breakdown in the left lane (labeled by arrow F—S in Fig. 3.19 (c),
left). As a result, an MSP appears in both lanes propagating upstream of the bottle-
neck (labeled by “MSP” and “MSP formation” in Figs. 3.19 (a, ¢), respectively).
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Chapter 4

Infinite Number of Highway Capacities of Free
Flow at Bottleneck

Highway capacity of free flow at a bottleneck (called also as bottleneck capacity) is
limited by traffic breakdown at the bottleneck [1-19].

However, there are the infinite number of the flow rates in free flow downstream
of the bottleneck ggym (3.25) at which traffic breakdown can occur at the bottleneck.
In three-phase traffic theory, the following main statement has been made about the
highway capacity [20]:

o All flow rates ggum in free flow downstream of the bottleneck, which satisfy con-
ditions (3.25), i.e., the infinite number of these flow rates are highway capacities

of free flow at the bottleneck that we denote by qgg).

e In accordance with (3.25), the infinite number of highway capacities q(CB> of free
flow at the bottleneck satisfy conditions

gD < g < gliee®), @.1)

To explain this statement, note that if the flow rate in free flow downstream of
the bottleneck gsum is smaller than the threshold flow rate for traffic breakdown qt(f )
(3.26), then no traffic breakdown is possible at the bottleneck. This means that all
flow rates in free flow downstream of the bottleneck that satisfy condition (3.26)
are smaller than highway capacity of free flow at the bottleneck. Traffic breakdown
at the bottleneck can occur at the infinite number of the flow rates in free flow
downstream of the bottleneck gy, that satisfy conditions (3.25). For this reason,
there are the infinite number of highway capacities of free flow at the bottleneck
given by conditions (4.1).

The conclusion about the infinite number of highway capacities of free flow at
the bottleneck made in three-phase traffic theory [20] contradicts assumptions about
a particular (fixed or stochastic) highway capacity made in other traffic flow the-
ories [1-19]. The understanding of the infinite number of highway capacities of
three-phase traffic theory contradicts also a basic assumption of most existing traf-
fic operation methods like dynamic traffic assignment models, on-ramp metering,

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_4, (©) Springer-Verlag Berlin Heidelberg 2009
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speed limit control, which assume the existence of a particular highway capacity
and use the highway capacity as a control parameter (see Sect. 10.6).

As explained in Chap. 3, the key empirical evidence for the nucleation nature
of traffic breakdown leading to conditions (3.25) and, therefore, to the conclusion
about the infinite number of highway capacities of free flow at the bottleneck (4.1)
is the possibility of both spontaneous and induced traffic breakdowns at the same
bottleneck observed in real measured traffic data.

4.1 Definition of Highway Capacity of Free Flow at Bottleneck

For a given averaging time interval for traffic variables T,,, traffic breakdown can

occur with some probability denoted by Plﬁlg)
way capacity at the bottleneck is probability

. For this reason, an attribute of high-

P® —1-p¥ 4.2)

that free flow remains at the bottleneck during the time interval 7,,. Highway ca-
pacity is reached when

P® <1 (4.3)

Because highway capacity of free flow at the bottleneck is limited by traffic
breakdown at the bottleneck, the fundamental empirical features of traffic break-
down of Sect. 3.1.3 are also the fundamental empirical features of highway ca-
pacity. The definition of highway capacity of free flow at the bottleneck made in
three-phase traffic theory, which satisfies these fundamental empirical features of
highway capacities, reads as follows [20]:

e Highway capacity of free flow at a bottleneck is equal to the flow rate downstream
of the bottleneck at which free flow remains at the bottleneck with the probability

P((:B) < 1 (4.3) during a given averaging time interval for traffic variables Ty, .

The infinite number of the flow rates gsum (3.25) satisfy condition (4.3). For this
reason, the capacity definition is consistent with the infinite number of highway
capacities (4.1). Each of the highway capacities (4.1) has two attributes:

(1) The probability P((:B) (4.3) that free flow remains at the bottleneck during a
given averaging time interval for traffic variables 7, .
(2) The time interval Ty .

To understand the sense of the capacity attributes, we should consider depen-
dences of breakdown probability Pé? on the flow rate gg,, and time interval 7y, .



4.2 Characteristics of Highway Capacities 75

4.2 Characteristics of Highway Capacities

4.2.1 Minimum and Maximum Highway Capacities

Under condition 5
qsum < CIEh )7 (44)

where the threshold flow rate qt(f ) can be a function of Ty, no traffic breakdown is

possible at the bottleneck and, therefore, breakdown probability! is

P (qaum) dsam<a® =0 (4.5)
This conclusion is also true if a moving congested traffic pattern, which has initially
occurred at a different road location than the bottleneck location, reaches the bottle-
neck: after the pattern has passed the bottleneck, free flow returns at the bottleneck,
if condition (4.4) is satisfied. In other words, neither spontaneous nor induced traffic
breakdown is possible under condition (4.4).

In accordance with (4.2), condition (4.5) is equivalent to

PP =1 (4.6)

Thus the flow rate in free flow downstream of the bottleneck gsum that is smaller
than any of the capacities satisfies condition (4.5):

e The threshold flow rate qff ) is the minimum highway capacity (Fig. 4.1).

In contrast, under condition

Gaum > g ®) 4.7)

already small local disturbances in free flow at the bottleneck lead to traffic break-

(free B)

down. In other words, at gsum = gmax ~ associated with at a given T,y traffic break-
down occurs at the bottleneck with probability?

! Probability of traffic breakdown PF(? at a bottleneck is defined as follows. A large number
Nrs of different realizations (days) is studied in which an initial free flow at the bottleneck is
observed. Each of these realizations refers to the same flow rate gsm, the same value of 7,y, and
the same traffic parameters (weather, percentage of long vehicles, etc.). Let us assume that in ngg
of these Ngg realizations spontaneous traffic breakdown has been observed at the bottleneck. Then
the breakdown probability associated with the flow rate gsm and time interval 7, is equal to

(B) _ MFs
P = —.
FS Nrs

2 We should note that the maximum flow rate qgiff B) in free flow is associated with an empirical

limit flow rate q,ﬁﬁ?f’ emp) in free flow that determines the limit point of free flow discussed in

Sect. 2.2.1. In accordance with (4.8), probability of traffic breakdown at this flow rate is equal to
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Fig. 4.1 Qualitative illustration of minimum and maximum highway capacities in the flow—density
plane. In a gray region, a competition occurs between a tendency towards free flow due to the over-
acceleration effect and a tendency towards synchronized flow due to the speed adaptation effect. F
— free flow, S — a part of synchronized flow states taken from Fig. 3.3 (a)

Plgg) (QSum) ‘ (free B) = 1. (48)

gsum=¢max

In accordance with (4.2), condition (4.8) is equivalent to the condition
PP =o. (4.9)

This means that

e in accordance with (4.8), the maximum flow rate qg;cf B) is the maximum high-

way capacity (Fig. 4.1).

4.2.2 Dependence of Breakdown Probability on Flow Rate

The maximum flow rate in free flow at a bottleneck, i.e., the maximum highway

capacity qgfxe B) is related to the flow for which breakdown probability reaches 1

(4.8). The threshold flow rate, i.e., the minimum highway capacity qf}]? ) characterizes
the flow rate in free flow downstream of the bottleneck at which traffic breakdown
is still possible: under condition (4.4) breakdown probability is O (4.5). Thus if the
flow rate increases from ggym = qf ) t0 Gsum = qﬁﬁ;‘f B), breakdown probability must
increase, i.e., the probability is an increasing function of the flow rate ggm as found
in empirical data (Fig. 2.6).

To explain this behavior of breakdown probability, let us consider the flow rate
range (3.28) within which free flow is in a metastable state with respect to traffic
breakdown. In the metastable free flow, the probability of the nucleus occurrence is

equal to breakdown probability: if the nucleus occurs, traffic breakdown must occur

one. This explains why the exact values of the empirical limit flow rate and minimum vehicle speed
that is possible in free flow are very difficult to find in real measured traffic data.
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in this metastable free flow. The greater the flow rate ggym, the higher the critical
speed, respectively, the smaller the critical density within a local disturbance in free
flow required for traffic breakdown (Sect. 3.3.2).

Thus the greater the flow rate gqum, the smaller the speed decrease within a local
disturbance at the bottleneck should be to initiate traffic breakdown in metastable
free flow. Obviously, probability of the random occurrence of a small local distur-
bance in free flow is considerably greater than probability for the random occurrence
of a great local disturbance. This explains why probability of traffic breakdown is
an increasing function of the flow rate ggum-

Theoretical probability for traffic breakdown at an on-ramp bottleneck found
in [21] (Fig. 4.2) shows qualitatively the same features as empirical breakdown
probability firstly found by Persaud et al. (Fig. 2.6) [6]; theoretical probability Pé‘s”
as a function of the flow rate ggm at a given flow rate to the on-ramp ¢go, can be
approximated by the formula [21]

pB — ! (4.10)

FS 1+ eXp[a(QP - qsum)] ’

where o and gp are functions of the on-ramp inflow rate g,, and a time interval
within which traffic breakdown is studied.

A
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Fig. 4.2 Probability Pésm (¢sum) that an F—S transition occurs at on-ramp bottleneck within time
interval 15 min after the on-ramp inflow was switched on as a function of the flow rate in free flow
downstream of the bottleneck. Taken from [21]
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4.2.3 Dependence of Minimum and Maximum Capacities on
Averaging Time Interval for Traffic Variables

At a given flow rate ggm, breakdown probability depends on the averaging time
interval for traffic variables T,y. This explains why T,y is an important attribute of
highway capacity.

The longer the averaging time interval 7, for the flow rate gsym, the more prob-
ably the occurrence of a nucleus in free flow at a bottleneck during the time interval
T,y. However, under condition (4.1) the greater the probability for the nucleus oc-
currence, the greater the breakdown probability. Thus the longer T,,, the greater the
breakdown probability at the same flow rate g,y satisfying (3.25). This conclusion
has been confirmed in empirical and numerical studies of traffic breakdown proba-

bility [6,21]. This is also valid for each of the flow rates within the flow rate range

(3.25), i.e., the maximum and minimum capacities qg;ie B) and q&? ) are decreasing

functions of the time interval Ty :

e Within a limited range3 of Ty, the longer the time interval Ty, the smaller the
. .. .. (free B) (B)
maximum and minimum capacities gmax = and g, .

The maximum and minimum capacities can depend considerably on traffic pa-

rameters (weather, percentage of long vehicles, etc.)*. In empirical observations, the

maximum and minimum capacities are found from a study of a flow rate dependence

of breakdown probability Pé? (gsum) (Fig. 2.6). In other words, qﬁﬁ;ie B) and qt(}}? ) are

mean values found in many different realizations (days) at which traffic breakdowns
have occurred.

Summarizing results of this chapter, we can conclude that the infinite number of
highway capacities (4.1) and the capacity definition made in three-phase traffic the-
ory can be explained as follows. At each flow rate gy, downstream of a bottleneck,
which satisfies conditions (3.25), traffic breakdown at the bottleneck is possible:
traffic breakdown occurs either spontaneously with a probability PSS) > 0 or traf-
fic breakdown can be induced. Thus each of these flow rates is highway capacity.
Breakdown probability P]ESB) depends strongly on ggum,. Thus probability PéB> 4.2)
that traffic breakdown does not occur spontaneously, i.e., that free flow remains at
the bottleneck is an attribute of highway capacity. This capacity attribute distin-
guishes different highway capacities. The probability function P((:B>(qsum) depends
on T,y. Thus T,y is another attribute of highway capacity. Traffic breakdown is not

3 On the one hand, T}, should be appreciably longer than a time duration of traffic breakdown,
i.e., the transition time from free flow to synchronized flow after a nucleus for traffic breakdown
has occurred. In empirical observation, this transition time is about 1 min. On the other hand, 7,y
should be considerably shorter than the duration of the period of high travel demand in a traffic

network when traffic breakdown is possible. The latter period is usually about 30 — 180 min.

4 Note that for an on-ramp bottleneck, qg;ie B) and qff ) depend on the flow rate to the on-ramp gop
and the flow rate in free flow upstream of the bottleneck g, ; for this reason, there are also infinite
maximum and infinite minimum capacities associated with different values qﬁ,ﬁiff B) (qon, gin) and

qt(f ) (qon; gin), respectively. For more detail, see the book [20].
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possible at the bottleneck only, when the flow rate gqn, satisfies condition (4.4).
Thus only the flow rates that satisfy condition (4.4) are smaller than any highway
capacity.
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Chapter 5
Nature of Moving Jam Emergence

5.1 Pinch Effect in Synchronized Flow

Wide moving jams do not emerge spontaneously in free flow: no spontaneous phase
transition from the free flow phase to the wide moving jam phase (F—1J transition
for short) has been observed in real measured traffic data (Sect. 2.4.5). Wide moving
jams can emerge spontaneously only in the synchronized flow phase (S—1J transi-
tion) [1-4].

In synchronized flow at higher speeds, wide moving jams should not necessar-
ily emerge spontaneously. Observations show that the greater the density in syn-
chronized flow, the more likely is spontaneous moving jam emergence in that syn-
chronized flow. Thus a wide moving jam emerges in an initial free flow due to a
sequence of two phase transitions: Firstly, an F—S transition occurs and synchro-
nized flow emerges. Later and usually at another road location than the location
of the F—S transition, an S—1J transition occurs spontaneously leading to wide
moving jam emergence. This sequence of phase transitions is called the F—S—J
transitions [1-4].

In empirical observations, S—1J transition development is associated with a pinch
effect in synchronized flow occurring within the associated pinch region of synchro-
nized flow [1-4]. The pinch effect and pinch region of synchronized flow are defined
as follows.

e The pinch effect in synchronized flow is the spontaneous emergence of growing
narrow moving jams in the synchronized flow.

e The pinch region of synchronized flow is a region of synchronized flow within
which the pinch effect occurs.

To explain the term the pinch effect in synchronized flow, note that in most of the em-
pirical observations growing narrow moving jams emerge spontaneously in synchro-
nized flow with a self-compression of this synchronized flow. This self-compression
of synchronized flow means that the average density increases and average speed
decreases considerably in the synchronized flow. Therefore, in the related pinch re-

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_5, (©) Springer-Verlag Berlin Heidelberg 2009
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gion of synchronized flow, the density is great and the speed is low, however, the
average flow rate can be great.

tralfﬁc breakdown
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“Dottleneck
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Fig. 5.1 Empirical example of GP emergence at an off-ramp bottleneck. (a) Vehicle speed in space
and time. (b) A graph of (a) with the free flow phase, the synchronized flow phase, and wide moving
jam phase (wide moving jams labeled 1, 2 and 3 in (b)). Taken from [3]

In an empirical example shown in Fig. 5.1, firstly traffic breakdown occurs at
an off-ramp bottleneck leading to the emergence of synchronized flow upstream of
the bottleneck. The downstream front of synchronized flow is fixed at the bottle-
neck, while the upstream front of synchronized flow propagates upstream. Later,
the density in synchronized flow increases. In the associated pinch region of syn-
chronized flow, narrow moving jams emerge spontaneously. Some of these narrow
moving jams grow over time propagating upstream. Finally, growing narrow mov-
ing jams transform into wide moving jams (labeled by 1, 2 and 3 in Fig. 5.1), i.e.,
S—1J transitions occur spontaneously. Locations of these S—J transitions, which
can vary considerably for different wide moving jams, are the locations of the up-
stream boundary of the pinch region. This means that the pinch region width (in
the longitudinal direction) can be a complicated time-function. Due to the F—S—J
transitions a general pattern (GP) occurs at the off-ramp bottleneck that consists of
synchronized flow upstream of the bottleneck and wide moving jams that emerge
spontaneously in that synchronized flow.



5.2 Nucleation Features of Wide Moving Jam Emergence in Synchronized Flow 83

5.2 Nucleation Features of Wide Moving Jam Emergence in
Synchronized Flow

5.2.1 Explanations of S—J Transitions through Three-Phase
Traffic Theory

Empirical S—1] transitions are explained in three-phase traffic theory by the follow-
ing hypotheses [1,2, 5-8]:

(a) All states of traffic flow (infinite number of states) in the flow—density plane
that lie on the line J are threshold states for wide moving jam existence and
emergence (Fig. 5.2)!.

(b) The line J intersects the 2D-region of steady states of synchronized flow in
the flow—density plane, i.e., there are steady states of synchronized flow below
and above the line J (Fig. 5.2).

(c) The line J separates all steady states of synchronized flow in the flow—density
plane into two qualitatively different classes (Fig. 5.2):

o All steady states of synchronized flow below the line J are stable with respect
to wide moving jam emergence, i.e., no S—1J transitions are possible within
these states of homogeneous (in space and time) synchronized flow (homoge-
neous synchronized flow for short). In particular, among these states there are
homogeneous synchronized flow of a very great density (Fig. 5.2)°.

e In all synchronized flow states on and above the line J a wide moving jam can
emerge and exist.

(d) The steady states of synchronized flow in the flow—density plane that lie on
and above the line J are metastable states with respect to wide moving jam emer-
gence:

e A metastable state of synchronized flow (metastable synchronized flow for
short) with respect to wide moving jam emergence is the state of synchro-
nized flow, which is stable with respect to small enough local disturbances
in this flow: the small disturbances do not grow in this flow. However, if
a great enough local disturbance in this flow state appears, the disturbance
grows leading to the formation of a wide moving jam.

(e) A feature of metastable states of synchronized flow is as follows. At a given
synchronized flow speed, the greater the density in synchronized flow, the greater
the probability of an S—1J transition.

! The definition of the line J has been discussed in Sect. 2.5.2.

2 However, such great density synchronized flow that is homogeneous in space and time has not
been observed up to now in real measured traffic data. In contrast, congested traffic of a great
density that occurs in the data at heavy bottlenecks is very non-homogeneous in space and time
(see Sect. 7.2.5). For a more detailed discussion of homogeneous synchronized flow of a great
density, see Sect. 6.3.3 of the book [3].
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(f) The maximum flow rate in the jam outflow gy is smaller than the maximum

flow rate in free flow qfrflraf(e B) [9,10]:

(free B)

Gout < gmax - (5.1
A
metastable
free B ;
En?: L synchronized flow
q out ["77 7

8
s
53
o
=

stable homogeneous
synchronized flow

j :

density max

Fig. 5.2 Three-phase traffic theory in the flow—density plane [1,2,5-8]: Free flow (F), steady states
of synchronized flow (2D dashed region) taken from Fig. 3.3 (a), and the line J

To explain the hypothesis (c), let us assume that a state of synchronized flow
directly upstream of a wide moving jam (Fig. 5.3 (a)) is associated with a point k
in the flow—density plane. This point is below the line J (Fig. 5.3 (b)). Because the
velocity of the upstream front of the wide moving jam Véur)) equals the slope of the
line K (from a point k in synchronized flow to the point (pmax, 0)), the absolute

value |v(guP>\ is always less than that of the downstream front |vs| determined by the
slope of the line J, i.e., the formula

) |<| v | (5.2)

is valid. Therefore, the width of the wide moving jam gradually decreases and the
jam dissolves. This means that no wide moving jams can persist continuously, i.e.,
all steady states of synchronized flow below the line J are stable with respect to
wide moving jam emergence.

In contrast, assume that a state of synchronized flow upstream of another wide
moving jam (Fig. 5.3 (c)) is associated with a point n in the flow—density plane.

This state is above the line J (Fig. 5.3 (d)). In this case, the velocity of the upstream

)

front of the wide moving jam vg”) equals the slope of the line N (from a point 7 in

synchronized flow to the point (Pmax, 0)), i.e., the absolute value |vgm>\ is always
greater than that of the downstream front |vg|, i.e., the formula
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Fig. 5.3 Explanations of moving jam emergence in synchronized flow [1,2, 5-8]: (a, ¢) Qualita-
tive distributions of the density within wide moving jams at a fixed time instant for two different
densities in synchronized flow upstream of the jams, p (") = pésy") (a) and p¥) = p,ESyn) (c). (b,
d) Representation of the line J and upstream wide moving jam fronts (lines K (b) and N (d)) in the
flow—density plane for the wide moving jams in (a) and (c), respectively. In (b, d) states for free
flow (curve F), steady states of synchronized flow (dashed region) are taken from Fig. 5.2

|8 > v | (5.3)

is valid. Therefore, the width of the wide moving jam in Fig. 5.3 (c¢) should gradually
increase. For these reasons, wide moving jams can be formed and persist in states
of synchronized flow that lie on or above the line J. Thus there should be some
time-limited disturbances in the states of synchronized flow that can lead to the
emergence of wide moving jams, i.e., the states are metastable ones with respect to
wide moving jam emergence. This explains the hypothesis (d).

In synchronized flow states that lie on the line J, the velocities of the downstream
and upstream fronts of a wide moving jam are equal to each other; this explains the
hypothesis (a) that these states are threshold ones for S—1J transitions (see for more
detail Sect. 6.3.1 of [3]).

To explain the hypothesis (b), note that if a steady state of synchronized flow with
a given speed is formed in the outflow of a wide moving jam, then this state is on the
line J in the flow—density plane. Therefore, the space gap between vehicles in this
synchronized flow state is smaller than the synchronization gap G and it is greater
than the safe space gap gsafe. Taking into account formula (3.9) for the synchroniza-
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tion time headway 7 and safe time headway 7, associated with, respectively, the
synchronization space gap G and safe space gap g, as well as the equation for the

line J (2.17), we get

(

a
G > Tde)

1, jam > Tsafe, 5.4
(a)

where Td:l jam is the time delay in vehicle acceleration at the downstream front of
a wide moving jam (Sect. 2.5.1). Condition (5.4) results from (3.9), i.e., from the
fundamental hypothesis of three-phase traffic theory and the hypothesis (b).

5.2.2 Competition Between Over-Deceleration and Speed
Adaptation Effects

Three-phase traffic theory [3] explains hypotheses (d) and (e) of Sect. 5.2.1 about
metastable synchronized flow states with respect to S—1J transitions and their fea-
tures by a competition between two following effects:

(1) the speed adaptation effect (Sect. 3.2.2), which describes a tendency towards
synchronized flow and

(ii) an over-deceleration effect, which describes a tendency towards a wide mov-
ing jam.

This competition occurs within a local disturbance in an initial synchronized flow;
we consider only such a local disturbance within which the vehicle speed is lower
and density is greater than, respectively, the speed and density are outside of the
disturbance in synchronized flow.

The over-deceleration effect is as follows?: If a vehicle begins to decelerate unex-
pectedly, then due to a driver reaction time the following vehicle starts deceleration
with a time delay; as a result, when the time delay is long enough to avoid colli-
sions the driver decelerates longer that leads to a lower speed than the speed of the
preceding vehicle.

To explain the competition between the speed adaptation and over-deceleration
effects, we assume that a vehicle moving in metastable synchronized flow (a state of
synchronized flow that is above the line J in Fig. 5.3 (d)) decelerates. If the following
vehicle cannot pass this preceding vehicle, there are two possibilities:

3 Over-deceleration was introduced by Herman et al. [13, 14] as well as Kometani and Sasaki [15,
16]. However, in earlier traffic flow models and theories the over-deceleration effect causes an
instability of free flow beginning at a critical density [14] (see references in [17-22]). This free
flow instability should explain traffic breakdown. In contrast, as stressed in Sect. 3.2.2, rather
than this model instability of free flow associated with the over-deceleration effect, in three-phase
traffic theory the nucleation nature of traffic breakdown associated with a competition between
the speed adaptation and over-acceleration effects explains the fundamental empirical features of
traffic breakdown. A more detailed critical discussion of earlier traffic flow theories and models
with this free flow instability due to the over-deceleration effect appears in Sect. 10.3.
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1) The following vehicle decelerates and due to the speed adaptation effect is
able to adapt the speed to the speed of the preceding vehicle. Then rather than an
S—1J transition, a new synchronized flow state is formed.

2) Due to over-deceleration, the following vehicle decelerates stronger than it
would be needed for speed adaptation, i.e., its speed becomes lower than the
speed of the preceding vehicle. If each of the following vehicles decelerates also
to lower speed than the associated preceding vehicle, then finally the speed up-
stream decreases to zero leading to an S—1J transition, i.e., to the emergence of a
wide moving jam in the synchronized flow.

5.2.3 Nucleus for Wide Moving Jam Emergence in Metastable
Synchronized Flow

To understand the competition between the over-deceleration and speed adaptation
effects, firstly we assume that within a local disturbance that occurs in metastable
synchronized flow the decrease in speed is small enough. Then vehicles approach-
ing the disturbance can decelerate within the synchronization space gap. This occurs
even after a time delay in vehicle deceleration: After the time delay, each of the fol-
lowing vehicles has enough time to adapt the speed to a lower speed within the
disturbance. In this case, all following vehicles decelerate within the synchroniza-
tion space gap to the lower speed within the disturbance, i.e., conditions (3.12) for
the speed adaptation effect remain satisfied. This means that due to this speed adap-
tation effect rather than an S—J transition, a new synchronized flow state is formed.
Thus we see that within small enough local disturbances in synchronized flow the
tendency towards synchronized flow due to speed adaptation is on average stronger
than the tendency towards a wide moving jam due to over-deceleration.

In contrast, if the decrease in speed within a local disturbance occurring in
metastable synchronized flow is great enough, then due to the time delay in vehicle
deceleration each of the following vehicles approaching the disturbance decelerates
to a lower speed than the speed of the associated preceding vehicle within the distur-
bance. As a result, the speed within the disturbance decreases over time up to zero.
Thus within great enough local disturbances in synchronized flow the tendency to-
wards a wide moving jam due to over-deceleration should be on average stronger
than the tendency towards synchronized flow due to speed adaptation.

Thus there must be some critical density and critical speed within the disturbance
required for an S—1J transition in metastable synchronized flow defined as follows:

o The critical speed and critical density required for an S—J transition in an initial
metastable synchronized flow are, respectively, the vehicle speed and density
within a local disturbance occurring in this flow at which the tendency towards
a wide moving jam due to the over-deceleration effect is on average as strong as
the tendency towards synchronized flow due to the speed adaptation effect.
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Thus it is equivalent to consider either the critical speed or critical density required
for the S—1J transition, i.e. for wide moving jam emergence in synchronized flow.
We denote the critical speed and critical density required for an S—1J transition in

(S1) (SJ)

metastable synchronized flow by v’ and per ', respectively. We can conclude that

o if within a local disturbance in metastable synchronized flow the speed is higher
than the critical speed (density is smaller than the critical density), the over-
deceleration effect is on average weaker than the speed adaptation effect; as a
result, the disturbance decays over time and no wide moving jam emerges.

e In contrast, when a local disturbance occurs in metastable synchronized flow
within which the speed is lower than the critical speed (density is greater than
the critical density), the over-deceleration effect becomes on average stronger
than the speed adaptation effect; as a result, the disturbance grows leading to the
emergence of a wide moving jam in the synchronized flow. This local disturbance
can be considered a nucleus required for an S—1J transition, i.e., for wide moving
jam emergence in synchronized flow.

The term nucleus required for an S—J transition is defined as follows®*.

e A nucleus required for an S—1J transition is a local disturbance in a metastable
state of synchronized flow within which the vehicle speed is equal to or lower
than the critical speed (respectively, the density is equal to or greater than the
critical density) required for the S—1J transition, i.e.,

SJ SJ
v<d) (p=p8). (5.5)
In other words, an S—1J transition exhibits a nucleation nature [1,2,5-8].

In empirical observations, a nucleus that leads to an S—J transition in synchro-
nized flow has a form of a growing narrow moving jam (Sects. 2.6.3 and 5.1):

e A growing narrow moving jam in synchronized flow is a synonym of a nucleus
required for an S—1J transition.

To explain the hypothesis (e) of Sect. 5.2.1, we consider two different metastable
steady states of synchronized flow associated with a given vehicle speed denoted
by vsyn that is the same in both states labeled by black circles 1 and 2 in Fig. 5.4
(a). Both synchronized flow states 1 and 2 lie above the line J, i.e., as explained
above they are metastable states with respect to an S—1J transition. The states 1 and
2 satisfy conditions (3.12) associated with car-following within the synchronization
gap. However, the space gap in the state 1 is greater than the gap in the state 2,
respectively, the density in the state 1 is smaller than the density in the state 2.
To cause the emergence of a wide moving jam in the synchronized flow state 1
with a greater space gap, there should be a greater decrease in speed within a local
disturbance in comparison with the one in the state 2. This is because the greater the

4 In real metastable synchronized flow, a nucleus required for an S—J transition exhibits two
attributes: (i) a critical speed (critical density) and (ii) spatial distributions of traffic variables within
the nucleus. However, in a qualitative discussion of the nature of moving jam emergence made here
we ignore spatial distributions of traffic variables within the nucleus.
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Fig. 5.4 Explanations of wide moving jam emergence in metastable synchronized flow [1,2,5-8]:
(a) Free flow (F), steady states of synchronized flow (2D dashed region) and the line J taken from

Fig. 5.2. (b) Numerical simulations [23] of difference vgy, — vgfj) as a density function in metastable
steady states of synchronized flow at a given synchronized flow speed.

space gap, the longer the time that the vehicle has for speed adaptation within the
disturbance. Therefore, the critical speed v£§l> within a local disturbance required
for an S—1] transition in the state 1 should be lower than the one in the state 2:

e At a given synchronized flow speed, the greater the density in a metastable syn-
chronized flow state, the higher the critical speed, respectively, the smaller the
critical density required for an S—J transition.

These qualitative explanations of the hypotheses (d) and (e) (Fig. 5.4 (a)) are
confirmed by numerical simulations of a three-phase traffic flow model shown in
Fig. 5.4 (b) [23]. We can see that for different metastable synchronized flow states
associated with a given speed vy, that is the same for all these states, the greater
the density of metastable synchronized flow, the higher the critical speed vé?”
therefore, the smaller the critical density required for an S—1J transition.

and,

5.2.4 Spontaneous and Induced Wide Moving Jam Emergence in
Synchronized Flow

We define the term spontaneous wide moving jam emergence in synchronized flow,
i.e., a spontaneous S—1J transition as follows [1-3,5-8]:

e Spontaneous wide moving jam emergence in metastable synchronized flow is a
phase transition from the synchronized flow phase to wide moving jam phase
occurring due to the growth of a nucleus required for moving jam emergence
that appears within the synchronized flow.

In an initial metastable synchronized flow, there are various sources for the occur-
rence of a nucleus required for an S—1J transition, for example, unexpected braking
of a vehicle in synchronized flow, lane changing and vehicle merging from other
roads (e.g., at bottlenecks) that cause vehicle deceleration, fluctuations in upstream
flow rates, slow moving vehicles, etc.
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Empirical spontaneous S—1J transitions are shown in Figs. 2.9 and 5.1. In both
cases, growing narrow moving jams, i.e., nuclei for S—J transitions emerge within
initial synchronized flows. Another empirical example, in which the spontaneous
occurrence of narrow moving jams growing in synchronized flow has been observed,
has been studied in [24]; in this case, the source for the occurrence of nuclei required
for the spontaneous emergence of moving jams has been lane changing that causes
deceleration of the following vehicles in synchronized flow.

In simulations of spontaneous S—1J transitions based on three-phase traffic flow
models, it has been found [25] that vehicle merging from other roads and lane
changing in a neighborhood of a bottleneck are the main sources for local distur-
bances whose subsequent growth in metastable synchronized flow leads to spon-
taneous S—1J transitions (see also simulations of [26] associated with the effect of
lane changing on spontaneous S—J transitions upstream of an off-ramp bottleneck).

It should be noted that in metastable synchronized flow there can also be an in-
duced S—] transition. In contrast with a spontaneous S—1J transition, induced wide
moving jam emergence in synchronized flow is caused by the upstream propagation
of a nucleus required for an S—1J transition, which has initially occurred within a
different road of a traffic network connected with the road under consideration.

e Thus rather than the nature of wide moving jam emergence, the terms sponta-
neous and induced wide moving jam emergence distinguish different sources of
the occurrence of a nucleus required for the initiating of an S—1J transition.

5.3 Dual Role of Lane Changing in Synchronized Flow:
Maintenance of Synchronized Flow or Wide Moving Jam
Emergence

Lane changing can lead either to a nucleus required for traffic breakdown or, in
contrast, to the maintenance of free flow (Sect. 3.4). 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:

e Lane changing can lead either to the occurrence of a nucleus for the emergence
of a wide moving jam in a metastable state of synchronized flow or to the disso-
Iution of a moving jam that propagates in synchronized flow.

Empirical examples of these effects are shown in Fig. 5.5 [27]. In this case, mov-
ing jams emerge and dissolve in synchronized flow that affects two closely located
adjacent downstream off-ramp and upstream on-ramp bottlenecks (Fig. 5.5 (a)). In
Fig. 5.5 (b), a moving jam emerges in synchronized flow due to lane changing of
vehicles (labeled by fat black trajectories 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 [24].
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Fig. 5.5 Empirical study of dual role of lane changing in synchronized flow: (a) Simplified scheme
of a section of the road US 101 on which data has been measured. (b, ¢) Vehicle trajectories
showing the emergence of a moving jam (b) and the dissolution of moving jams (c) due to lane
changing. Moving jams are marked-off by dashed curves. NGSIM-single vehicle data from June
15, 2005 (without motorcycle data) [28]. In figures time ¢ = 0 is related to 7:50 am in raw NGSIM-
data. Taken from [27]
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In contrast, in Fig. 5.5 (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 labeled by number 4 changes from
the lane 5 to lane 4.
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Fig. 5.6 Simulations of a congested pattern at sequence of five on-ramp and five off-ramp bot-
tlenecks in the left (figures left) and right road lanes (right): (a) 1-min average data for speed in
time and space. (b, 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). Taken from [27]

This dual role of lane changing for moving jam emergence and dissolution is also
found in simulations with a three-phase traffic flow model [27]. To discuss simula-
tion results that are compatible with empirical data shown in Fig. 5.5, we consider
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emergence and dissolution of moving jams in synchronized flow that affects two
closely located adjacent downstream off-ramp and upstream on-ramp bottlenecks;
as in empirical examples shown in Fig. 5.5, the distance between effective locations
of these on- and off-ramp bottlenecks is about 500 m. These two bottlenecks are the
farthest downstream on- and off-ramp bottlenecks in a sequence of closely located
on-ramp and off-ramp bottlenecks on a two-lane road used in simulations (Fig. 5.6).
In other words, we discuss here only a part of a complex congested pattern labeled
by dashed region in Fig. 5.6 (a) between the farthest downstream on- and off-ramp
bottlenecks of the sequence of several on- and off-ramp bottlenecks. Fragments of
this pattern part that are studied here are shown in Fig. 5.6 (b, ¢)°.

To prove that lane changing can lead to the dissolution of moving jams, specif-
ically to the maintenance of synchronized flow, we consider two of the emergent
moving jams in the left lane (labeled by “jam A” and “jam B” in Figs. 5.6 (b)
and 5.7, left). These jams dissolve during their upstream propagation resulting in
the maintenance of synchronized flow. To see that this maintenance of synchronized
flow is indeed caused by lane changing, we consider vehicle trajectories. In Fig. 5.7
(a), a vehicle approaching “jam A” changes from the left lane to the right lane (ve-
hicle trajectory labeled by number 1). This lane changing increases the space gap
between vehicles at the upstream jam front; as a result, “jam A” dissolves resulting
in synchronized flow labeled by “synchronized flow” in Fig. 5.7 (a), left. A qualita-
tively similar effect of jam dissolution resulting in synchronized flow occurs when
a vehicle approaching “jam B” in the left lane changes from the left lane to the right
lane (vehicle trajectory 2 in Fig. 5.7 (b)).

The emergence of moving jams in synchronized flow is shown in Fig. 5.8. In
the first example, a vehicle merges from on-ramp onto the right lane on the main
road (vehicle trajectory is labeled by number 3 in Fig. 5.8 (a)). This vehicle merging
causes deceleration 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. 5.8 (a),
right). A qualitatively similar effect of jam emergence occurs in another example
when two following each other vehicles change from the right lane to the left lane
in which synchronized flow has been before (trajectories 4 and 5 in Fig. 5.8 (b)).
Due to lane changing space gaps between following vehicles in the left lane and,
therefore, the vehicle speed decrease considerably. This leads to the emergence of a
growing narrow moving jam labeled by “jam D” in Fig. 5.8 (b), left.

5.4 Comparison of F—S and S—J Transitions

A spontaneous F—S transition (Sect. 3.3) and a spontaneous S—1J transition occur
in metastable states of free flow and synchronized flow, respectively. In both cases,
nuclei required for the associated phase transitions should appear whose subsequent
growth lead to the related phase transition. However, there is a qualitative difference

3 The complete complex congested pattern shown in Fig. 5.6 (a) will be discussed in Sect. 7.3.2.
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Fig. 5.7 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. 5.6
(b). Figures left and right are related to the left and right lanes, respectively. Taken from [27]

between these two phase transitions. This difference is associated with the kinetics
of the growth of the nuclei required for the associated phase transitions.

When a nucleus for traffic breakdown (F—S transition) appears in free flow at a
bottleneck, the growth of this nucleus and resulting traffic breakdown occurs usually
also at the bottleneck. This is explained by a permanent (deterministic) disturbance,
which is on average motionless and localized in free flow at the bottleneck. This
disturbance increases probability of the nucleus occurrence within the disturbance
and, therefore, traffic breakdown probability at the bottleneck considerably.

In contrast, a growing narrow moving jam, which is a nucleus required for wide
moving jam emergence, propagates upstream in metastable synchronized flow. It
takes some time delay before the growth of the jam leads to a wide moving jam, i.e.,
an S—J transition occurs. Thus we can make the following conclusions:

e As aresult of the upstream propagation of the growing narrow moving jam, the
S—]J transition occurs usually upstream of the road location at which the nu-
cleus for the S—1J transition, i.e., the growing narrow moving jam has initially
appeared.
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Fig. 5.8 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. 5.6
(c). Figures left and right are related to the left and right lanes, respectively. Taken from [27]

e Even if a nucleus for an S—1J transition has appeared in metastable synchronized
flow at a bottleneck, an S—1] transition resulting from the growth of the nucleus
occurs usually upstream of this bottleneck®.

5.5 Empirical Double Z-Characteristic for Phase Transitions in
Traffic Flow

Both F—S and S—J transitions can be illustrated by a double Z-characteristic for
the F—S—1J transitions (Fig. 5.9). The double Z-characteristic consists of an Z-
characteristic for an F—S transition (between states of free flow and synchronized
flow) and an Z-characteristic for an S—J transition (between states for synchronized

6 The exclusion can be a very heavy bottleneck, which limits the average flow rate in congested
traffic considerably. A discussion of traffic congestion at heavy bottlenecks appears in Sect. 7.2.5.



96 5 Nature of Moving Jam Emergence
flow and low speed states within wide moving jams) as well as the states associated

with the critical speeds required for the phase transitions (dashed curves in Fig. 5.9).
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Fig. 5.9 Qualitative double Z-characteristic for F—S—] transitions that includes states of free
flow (F), synchronized flow (S) and low speed states associated with moving blanks within wide
moving jams (J) [3]

An empirical double Z-characteristic measured during GP formation at an on-
ramp bottleneck (Fig. 5.10 (a)) is presented in Fig. 5.10 (b). Firstly, an F—S tran-
sition occurs at the bottleneck (arrows labeled by F—S in Figs. 5.10 (a, b)). Syn-
chronized flow propagates upstream. In the pinch region of the synchronized flow,
growing narrow moving jams emerge propagating upstream. Some of the jams trans-
form into wide moving jams, i.e., S—J transitions occur (arrows S—1J in Fig. 5.10
(a, b)). The S—1J transitions occur later and upstream of the road location of the
F—S transition. Within wide moving jams low speed states are observed that are
probably associated with moving blanks (Sect. 2.6.4).

Later the GP begins to dissolve. In particular, some of wide moving jams asso-
ciated with the GP dissolve and either synchronized flow or free flow occur (J—S
or J—F transitions). An example of an J—F transition is shown in Fig. 5.10 (a).
Finally, an S—F transition occurs at the bottleneck and the GP disappears (arrows
labelled S—F in Fig. 5.10).

We see that there are many transitions between three traffic phases. The phase
transitions exhibit hysteresis effects on the double Z-characteristic (Fig. 5.10 (b)).
However, the phase transitions occur at different road locations, therefore, they can-
not be distinguished from each other without knowledge of the whole spatiotempo-
ral dynamics of the GP (Fig. 5.10 (a))”:

7 Because the speed and flow rate within the GP are measured at spatial separated road detectors,
the locations of phase transitions shown in Fig. 5.10 (a) are known only with the accuracy of about
1 km.
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In general, a solely analysis of different congested traffic states and phase tran-
sitions in the flow—density plane (as well as in speed—density, space-gap—density
planes, etc.) is not adequate with empirical features of congested traffic. This is
because most of these empirical spatiotemporal features are lost in this congested
traffic analysis. Thus an initial study of the whole spatiotemporal dynamics of the
congested pattern is needed.

Features of the empirical double Z-characteristic for the F—S—1J transition

have been confirmed in numerical simulations of a three-phase traffic flow model
(Fig. 5.11). For simplicity, it has been assumed in the simulations that the speed
within wide moving jams is equal to zero, i.e., states J shown in Fig. 5.9 have been
neglected.
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Chapter 6

Origin of Hypotheses and Terms of
Three-Phase Traffic Theory

In Chaps. 3-5, hypotheses of three-phase traffic theory have been discussed and ap-
plied to explain traffic breakdown and moving jam emergence in vehicular traffic
observed in real measured traffic data. In this chapter, we show that the origin of
some of these hypotheses is the traffic phase definitions, i.e., the empirical criteria
for traffic phases in congested traffic [S] and [J] considered in Sect. 2.4.1. In addi-
tion, we will try to explain why terms of natural science used in three-phase traffic
theory are needed for transportation engineering.

6.1 Hypotheses of Three-Phase Traffic Theory as
The Result of Empirical Criteria for Traffic Phases

Reasons why hypotheses of three-phase traffic theory [1] result from the traffic
phase definitions [S] and [J] are as follows:

1 The line J in the flow—density plane results from the definition of wide moving
jam [J] (Sect. 2.5.2). Any point on the line J can be a final steady traffic state for
vehicles accelerating at the downstream front of a wide moving jam. If the speed
in this state is lower than the minimum speed that is possible in free flow, the
state is a synchronized flow steady state that lies on the line J. Thus there should
be infinite synchronized flow states lying on the line J (Fig. 3.3 (a)).

2 The definition of synchronized flow [S] means that downstream fronts of syn-
chronized flow regions do not exhibit the jam characteristic feature [J]. For this
reason, in addition to synchronized flow steady states lying on the line J (item 1)
there should be synchronized flow steady states that are outside of the line J in
the flow—density plane. Indeed, only in this case the downstream front between
two different states of synchronized flow does not exhibit the characteristic jam
velocity given by the slope of the line J. Thus there should be also steady states
of synchronized flow outside of the line J, i.e., that there is a 2D-region of the
steady states in the flow—density plane. This explains the fundamental hypothesis

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_6, (©) Springer-Verlag Berlin Heidelberg 2009
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of three-phase traffic theory about the 2D-region of the steady states of synchro-
nized flow (Fig. 3.3 (a)).

3 The definition [S] is associated with empirical results for moving jam behav-
ior within synchronized flow [2]: depending on synchronized flow characteris-
tics upstream of a moving jam, the jam can grow or dissolve propagating in the
synchronized flow over time. We have noted (item 1) that there are the infinite
number of steady states of synchronized flow that lie on the line J. If these states
were to build the upper boundary of the 2D-region of the synchronized flow
steady states, i.e., there were no steady states above the line J, then, as explained
in Sect. 5.2.1, a wide moving jam should dissolve propagating in the states of
synchronized flow. This contradicts a possibility of the jam growth. In contrast,
if the states on the line J were to build the low boundary of the 2D-region of the
synchronized flow steady states, i.e., there were no steady states below the line J,
then no wide moving jam can dissolve propagating in the states of synchronized
flow. This also contradicts mentioned empirical results about possible jam dis-
solution. Thus we should assume that there are synchronized flow steady states
above and below the line J (Fig. 5.2).

4 A hypothesis that synchronized flow states, which are below the line J, are
stable with respect to wide moving jam emergence, whereas synchronized flow
states, which are on and above the line J, are metastable states with respect to
wide moving jam emergence (Fig. 5.2) has already been proven in Sect. 5.2.1.

5 To explain a hypothesis that the outflow rate g,y from a wide moving jam is
smaller than the maximum flow rate that is possible in free flow (Fig. 5.2), we
assume that this hypothesis is not satisfied. In this case, the jam outflow rate
gout Would be always greater than the jam inflow rate while the jam propagates
through free flow in which the flow rate is smaller than the maximum flow rate
in free flow; as a result, any wide moving jam propagating in free flow would
dissolve over time. This contradicts the feature [J] of the jam propagation through
different states of free flow. This explains this hypothesis.

6.2 Are Terms of Natural Science used in Three-Phase Traffic
Theory Needed for Transportation Engineering?

Explaining empirical traffic data in Chaps. 2-5, we have used many terms of three-
phase traffic theory like nucleation of traffic breakdown, a nucleus required for traf-
fic breakdown, metastable states of free flow with respect to an F—S transition, etc.
These terms of three-phase traffic theory, which appear from natural science, are not
usually used in transportation engineering.

Thus a question arises:

e are these terms of natural science used in three-phase traffic theory needed for
transportation science and transportation engineering in general?
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To answer this question, we mention that a term for a traffic phenomenon should
reflect features of the phenomenon found in empirical observations, i.e., in real mea-
sured traffic data. In addition, the “best” term should also contain information about
the phenomenon that could be used in transportation engineering.

Examples of such well-known terms are free flow, traffic pattern, traffic con-
gestion, congested traffic pattern, traffic breakdown, discharge flow rate, and many
other terms of transportation engineering (see references in [3—12]) that are also
used in three-phase traffic theory. In particular, the term traffic breakdown reflects
an empirical feature of the onset of traffic congestion in an initial free flow that
during the emergence of traffic congestion, the vehicle speed drops abruptly.

However, there are also many other wide-accepted and well-known terms in
transportation science that we do not use. The main reason for this is that these
terms do not reflect important empirical features of traffic phenomena found in real
measured traffic data. Examples of such terms are stop-and-go traffic, oscillations
in congested traffic, shock waves in traffic flow, and highway capacity considered as
a particular (fixed or stochastic) value'.

Here, we try to explain some terms of natural science used in three-phase traffic
theory. The necessity of these terms for transportation science and transportation
engineering can be explained as follows:

e Earlier traffic flow theories failed to explain empirical macroscopic spatiotempo-
ral traffic phenomena (see explanations of this critical statement in Chap. 10). In
contrast, three-phase traffic theory explains all up to now known real measured
traffic data.

6.2.1 Traffic Phase or Traffic State?

The term a phase has been introduced in non-equilibrium distributed systems natu-
ral science like hydrodynamics, solid state physics, non-linear optics, semiconduc-
tors and semiconductor devises, gas plasma, chemical reactions, biological systems,
etc. [13—-18] as a generic term for a multitude of various system states that exhibit
spatiotemporal features that are unique only for the same system phase. The most
general and important of these unique features of the system phase are general prop-
erties of phase transitions between different phases of the system (see e.g., [14]).

Thus if system phases can be distinguished in a spatiotemporal system, then each
of the phases can consist of many system states satisfying the spatiotemporal fea-
tures that are unique only for all various system states of the same traffic phase.
Thus the term system state is a species, i.e., infraordinate term in comparison with
the generic term system phase. The term system phase has a sense, if in a system
there can be distinguished at least two different system phases. For example, there
are two following very different traffic states associated with the synchronized flow
phase:

! Discussions of two last terms appear in Sects. 10.2.3 and 10.6.
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e a narrow moving jam (Sect. 2.6.3)
e a synchronized flow state between narrow moving jams within the pinch region
of synchronized flow (Sect. 5.1).

The generic term traffic phase is also the reason that and why we use the terms
synchronized flow pattern (SP) and general pattern (GP) as the generic terms in the
classification of congested patterns: the definitions of the SP and the GP are based
on which traffic phase(s) a congested traffic pattern consists of (Sect. 2.4.6). For this
reason, all different traffic congested patterns are referred to different types of the
SPs and GPs; respectively, different congested states are referred to different states
within the SPs and GPs.

6.2.2 Traffic Phase Nucleation and Metastable System State

In accordance with natural science (see, e.g., [14]), the terms metastable traffic state,
first-order phase transition in traffic flow, and metastable traffic flow are defined as
follows?.

e A metastable traffic state is a traffic state in which all small enough local dis-
turbances decay over time. However, if a great enough local disturbance appears
within the traffic state, then the disturbance grows leading to the emergence of a
new traffic phase, i.e., to a phase transition.

e A first-order phase transition in traffic is a phase transition occurring in a
metastable state of an initial traffic phase.

e Metastable traffic flow is traffic flow that is in a metastable traffic state with
respect to a phase transition to another traffic phase.

It is shown in a general theory of metastable systems of natural science (see,
e.g., [14]), i.e., the systems that are in a metastable system state that if a system
phase is a metastable one with respect to a phase transition, then a new phase occurs
due to nucleus occurrence in the metastable state of the system. For example, if a
local disturbance occurs in an initial free flow within which the speed is equal to or
lower than a critical speed (density is equal to or greater than a critical density), then
traffic breakdown occurs, i.e., the synchronized flow phase emerges within the initial
free flow phase; such a growing local disturbance is called a nucleus required for
traffic breakdown (Sect. 3.3). Thus the terms traffic phase nucleation and metastable
system are associated with the same nature of free flow to exhibit a first-order phase
transition from the free flow phase to the synchronized flow phase that occurs in the
metastable state of free flow due to the synchronized flow nucleation, i.e., due to the
occurrence of a nucleus required for traffic breakdown.

This discussion of metastable traffic flow explains the terms nucleus required for
a phase transition in traffic flow and phase transition nucleation in traffic flow used
in three-phase traffic theory as follows:

2 In application to traffic breakdown and moving jam emergence in synchronized flow, these defi-
nitions have already been discussed in Chaps. 3 and 5, respectively.
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e A nucleus required for a phase transition is a local disturbance within which the
speed is equal to or lower than a critical speed for the phase transition (density
is equal to or greater than a critical density). The nucleus grows leading to the
phase transition in traffic flow.

e Phase transition nucleation is the occurrence and subsequent growth of a nucleus
required for a phase transition.

6.2.3 Spontaneous or Induced Phase Transition?

In accordance with a general terminology of natural science (see, e.g., [14]), the
terms a spontaneous phase transition and an induced phase transition distinguish
the source of the occurrence a nucleus whose subsequent growth leads to a phase
transition.

e If a nucleus required for a phase transition occurs due to random disturbances
within an initial traffic phase, then the associated phase transition resulting from
the growth of this nucleus is a spontaneous phase transition.

This is independent of whether the random nucleus appears at a system non-
homogeneity (for traffic flow, the role of a road non-homogeneity is played by a
road bottleneck) or outside of the non-homogeneity. It is only important that the nu-
cleus appears within the same system phase without influence of either other traffic
phases or an external source for nucleus occurrence.

Thus traffic breakdown (F—S transition) occurring at a bottleneck under con-
dition that there are initially free flows both at the bottleneck and downstream and
upstream of the bottleneck is an example of a spontaneous traffic breakdown. This is
independent of the fact that a random nucleus for traffic breakdown appears with the
greatest probability at the bottleneck because the bottleneck introduces a permanent
non-homogeneity in free flow.

e If a nucleus required for a phase transition occurs due to the propagation of an-
other traffic phase, then the phase transition is an induced phase transition.

For example, an induced traffic breakdown occurs, if a nucleus required for traf-
fic breakdown at a bottleneck is associated with congested pattern propagation that
reaches the bottleneck. Then in accordance with the terminology of natural science,
in three-phase traffic theory this traffic breakdown is called the induced traffic break-
down at the bottleneck.

6.2.4 Nucleation or Triggering of Phase Transition?

The term nucleation of a phase transition in traffic flow cannot be replaced by the
term triggering, which is often used in the transportation research literature.
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To explain this, firstly we note that the term nucleation is related to different
traffic phases between which phase transitions are possible. The term triggering is
related to a device called in engineering a trigger that has two distinct different
device states “0” and “1” between them transitions are possible.

A trigger must ensure a clear transition between two states “0” and “1” of the
trigger through the application of an external signal or disturbance called trigger-
ing. This transition should not be influenced by internal disturbances (fluctuations)
of the trigger. Otherwise, if internal disturbances (fluctuations) in the trigger lead to
transitions between trigger states “0” and “1” without application of some external
signal (or disturbance), then such a trigger cannot be used for applications.

To understand this statement, we consider one of the most known fields of trig-
ger application in a computer memory. If internal disturbances (fluctuations) of the
trigger lead to transitions between trigger states “0” and “1” without application
of some external signal, then the triggering between states “0” and “1” cannot be
solely determined by external signals. Therefore, such a trigger cannot be used for
the computer memory: states of triggers in the memory would be changed randomly
over time, i.e., no memory feature would be possible to achieve with this trigger.

Thus the term triggering is related to a transition between two system states,
which must not be influenced by internal system disturbances (fluctuations) at all.
The most important feature of the triggering is that the transition must not depend
on whether system disturbances of small or large amplitude occur randomly in the
system.

In contrast, the term nucleation is related to a phase transition between two sys-
tem phases, which can occur either through external or through internal, in particu-
lar random disturbances. In contrast with the triggering, the most important feature
of the term nucleation is that the phase transition must depend on whether internal
system disturbances of small or large amplitude occur in the system.

In application to traffic flow, we consider lane changing that can lead to a random
local speed (density) disturbance in an initial traffic flow. A possible growth of the
disturbance caused by lane changing with the subsequent phase transition in the
traffic flow cannot be considered the triggering of the phase transition. There are
two reasons for this statement:

1) There can be driving situations in which lane changing causes disturbances
of very small or even negligible speed decrease (density increase); for example,
this is the case in free flow of small density. As a result, in these cases no phase
transitions occur through lane changing at all. This is an important feature of
the phase transition nucleation. In contrast, the term friggering means that the
transition must occur, when a signal (disturbance) is applied to a trigger.

2) As a result of the disturbance occurrence caused by lane changing, a phase
transition occurs only, if the speed within the disturbance is equal to or lower than
the critical speed (density is equal to or greater than the critical density) required
for the phase transition. Otherwise, if lane changing leads to a disturbance of
a higher speed than the critical one (smaller density than the critical density),
no phase transition can occur. This is another important feature of the phase
transition nucleation that contradicts the features of a trigger explained above.
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Thus rather than the triggering, lane changing can lead to the occurrence of a nucleus
required for a phase transition in traffic flow, i.e., to the phase transition nucleation.

6.2.5 Discussion of Terms “Stop-and-Go Traffic” and
“Oscillations in Congested Traffic”

In literature, a sequence of moving jams in congested traffic are often called stop-
and-go traffic or oscillations in congested traffic. In three-phase traffic theory, these
well-known terms are not used. This is because a sequence of wide moving jams
propagating through synchronized flow and a sequence of narrow moving jams
propagating in synchronized flow are associated with stop-and-go traffic or with
oscillations in congested traffic.

However, as we have shown above based on empirical spatiotemporal analysis
of measured data in Chap. 2, wide moving jams belong to the wide moving jam
phase, while the sequence of narrow moving jams propagating in synchronized flow
belongs to the synchronized flow phase. As shown in Chaps. 2-5 and 7, the wide
moving jam phase exhibits qualitatively different spatiotemporal features in com-
parison with the synchronized flow phase.

Rather than the use for the designation of two phenomena with qualitatively dif-
ferent empirical spatiotemporal features the same terms stop-and-go traffic or oscil-
lations in congested traffic, to understand real traffic and make efficient engineering
traffic applications one should use those terms, which reflect and emphasize these
qualitatively different empirical spatiotemporal features of traffic. This explains why
rather than the terms stop-and-go traffic or oscillations in congested traffic, in three-
phase traffic theory the terms wide moving jam and narrow moving jam are used>.
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Chapter 7
Spatiotemporal Traffic Congested Patterns

There is a great variety of complex spatiotemporal congested patterns that appear
due to traffic breakdown at a bottleneck. The nucleation nature of traffic breakdown
and moving jam emergence in synchronized flow discussed in Chaps. 3 and 5 is the
fundament for the understanding of pattern features. In this chapter, we present a
brief review of some congested pattern features found in real measured traffic data'.

7.1 Simplified Diagram of Congested Patterns at Isolated
Bottleneck

Although an isolated effectual bottleneck (isolated bottleneck for short) is obviously
a rough idealization of a real bottleneck?, on real highways there can be road sec-
tions with adjacent effectual bottlenecks that are located far enough from each other.
Then before a congested pattern, which has emerged at a downstream bottleneck,
reaches an upstream bottleneck, the pattern can be considered a pattern at an iso-
lated bottleneck. Such a rough simplification of the reality allows us to understand
some important common spatiotemporal features of congested traffic patterns.

Characteristics of a congested pattern resulting from traffic breakdown at an iso-
lated effectual bottleneck depend on a bottleneck strength:

e The bottleneck strength characterizes the influence of the bottleneck on traffic
breakdown and resulting traffic congestion: for the same congested pattern type,
the greater the bottleneck strength, the smaller the average flow rate on the main

! A more detailed analysis of congested traffic pattern features can be found in [1-4].

2 An isolated effectual bottleneck is an effectual bottleneck (Sect. 2.4.2.1), which is located on a
road far enough from other effectual adjacent bottlenecks. One or several road non-homogeneities
can be responsible for the existence of an isolated effectual bottleneck. Thus an isolated effec-
tual bottleneck can consist of a combination of several on- and off-ramps and other road non-
homogeneities closely located, if no spatially separated traffic breakdowns are observed at each of
the non-homogeneities separately.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_7, (©) Springer-Verlag Berlin Heidelberg 2009
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road within the congested pattern upstream of the bottleneck. We denote this
average flow rate by ¢(¢°"®).

The averaging time interval T, for the average flow rate ¢(°°"¢) is assumed to be con-
siderably longer than time distances between any moving jams within a congested
pattern®. At given other bottleneck characteristics, for an on-ramp bottleneck the
bottleneck strength increases with an increase in the flow rate go, to the on-ramp*;
for an off-ramp bottleneck the bottleneck strength increases with the increase in the
percentage of vehicles leaving the main road to the off-ramp.

free flow x
N

Fig. 7.1 Simplified qualitative diagram of congested patterns at an isolated effectual bottleneck
that represents regions of the spontaneous emergence of synchronized flow patterns (SP), general
patterns (GP), and mega-jam at the bottleneck as a function of the bottleneck strength at a given
large enough flow rate in free flow on the main road upstream of these congested patterns [1,2].

\ 4

bottleneck strength

If the flow rate in free flow gj, on the main road upstream of a bottleneck is
a given value that is a great enough, then under a continuous gradual increase in
the bottleneck strength, firstly a synchronized flow pattern (SP) results from traf-
fic breakdown at the bottleneck, secondly, the SP transforms into a general pattern
(GP)°, and finally, the GP transforms into a mega-wide moving jam (mega-jam)
(Fig. 7.1) [1,2].

On real freeways there are many effectual adjacent bottlenecks. When an SP or
an GP has occurred at a bottleneck, the pattern can propagate further reaching an
adjacent effectual bottleneck. At this bottleneck another congested pattern can ei-
ther already exist or be induced by the propagation of the SP or GP. Thus in real
traffic the SP or GP can usually be approximately considered congested patterns at
the isolated bottleneck only for a finite time interval, before the SP or GP reaches
the adjacent bottleneck. Complex spatiotemporal dynamics of congested traffic oc-
curring at adjacent effectual bottlenecks will be considered in Sect. 7.3.

3 For example, Tyy 2 30 min.

4 However, this is only valid as long as no congested pattern occurs in the on-ramp lane; otherwise,
with the increase in ¢, the flow rate q(“’“g) reaches a limit (minimum) value [1].

5 Full diagrams of the occurrence and evolution of a variety of different SPs and GPs at on- and
off-ramp bottlenecks as functions of g, and the bottleneck strength can be found in [1].



7.2 Variety of Congested Patterns at Isolated Bottleneck 109

7.2 Variety of Congested Patterns at Isolated Bottleneck

7.2.1 Synchronized Flow Patterns

As aresult of traffic breakdown at an isolated bottleneck, various synchronized flow
patterns (SPs) can occur at the bottleneck. There are three main types of SPs [1]:

(1) Localized SP (LSP for short).
(2)  Widening SP (WSP for short).
(3) Moving SP (MSP for short).

The LSP, WSP, and MSP are distinguished through qualitatively different spatiotem-
poral behavior of their fronts, which separate free flow outside of the SP and syn-
chronized flow within the SP. At the downstream front of the SP vehicles accelerate
from synchronized flow upstream of the front to free flow downstream of the front.
At the upstream front of the SP vehicles decelerate from free flow upstream of the
front to synchronized flow within the SP.

traffic breakdown

(a)
<
=150, E:
£ | s
> 0 ) 5
6:30 : 6 on-ramp >,
7:00 4 o _
TR0 2 ootieneck g R
time &0 g time 60 "0

Fig. 7.2 Empirical LSP at on-ramp bottleneck. (a) Averaged vehicle speed in the LSP in space and
time. (b) Total flow rate across road in space and time. The dashed line in (a) shows the location of
the bottleneck. Taken from [1]

The definition of an LSP is as follows.

e The downstream front of the LSP is fixed at the bottleneck and the upstream
front of the LSP does not continuously propagate upstream over time: this front
is localized at some distance upstream of the bottleneck (Figs. 7.2 and 7.3).

The location of the upstream front of synchronized flow in the LSP and, therefore,
the LSP width L;sp (in the longitudinal direction) can exhibit great changes over
time (even at time-independent flow rates gj, and gop, L(Lrgle,a") (t) varies between 0.5
and 4 km over time in Fig. 7.3 (d)).

The definition of an WSP is as follows.
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Fig. 7.3 Simulated LSP at on-ramp bottleneck: (a) Averaged vehicle speed in the LSP in space
and time. (b, c) Speed (b) and flow rate (c) at road location x = 14 km as time-functions. (d) LSP
width Lj sp as a time-function. Taken from [1]
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Fig. 7.4 Empirical example of an WSP: (a, b) Average speed (a) and flow rate (b) in space and
time. Taken from [1]

e Asin the LSP, the downstream front of an WSP is fixed at the bottleneck. In con-
trast to the LSP, the upstream front of the WSP propagates upstream continuously
over time (Figs. 7.4 and 7.5).

It must be noted that due to synchronized flow widening, the upstream front of syn-
chronized flow of an WSP should eventually reach an upstream adjacent effectual
bottleneck. At this bottleneck another congested pattern either can already exist or
be induced. Thus in real traffic the WSP can usually exist only for a finite time,
before the WSP reaches the upstream effectual bottleneck.

The definition of an MSP is as follows.
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Fig. 7.5 Simulations of WSP at off-ramp (a) and on-ramp (b—d) bottlenecks: (a, b) Averaged vehi-
cle speed in the WSP in space and time. (c, d) Speed (c) and flow rate (d) as time-functions at road
location x = 9 km within the WSP in (b). Taken from [1]

e In contrast to the LSP and WSP, both the downstream and upstream fronts of
the MSP propagate on the road as long as the MSP does not reach an adjacent
effectual bottleneck.

Depending on flow rate distribution within an MSP and in free flows outside of the
MSP, each of the MSP fronts can propagate either upstream or downstream. This
means that there can be three different types of MSPs:

(1) An MSP whose downstream front propagates downstream but the upstream
front propagates upstream. The width (in the longitudinal direction) of such an
MSP increases continuously over time.

(i) An MSP that propagates downstream as a whole localized structure; in this
case, both MSP fronts propagate downstream. Such an MSP occurs if the average
flow rate within the MSP is greater than the flow rates in free flows upstream and
downstream of the MSP.

(iii)) An MSP that propagates upstream as a whole localized structure; in this
case, both MSP fronts propagate upstream (Figs. 7.6-7.8).

Independent of the MSP type, one of the MSP fronts can reach an adjacent effectual
bottleneck at which free flow is in a metastable state with respect to traffic break-
down (Sect. 3.3). In this case, the MSP is caught at the bottleneck, i.e., the catch
effect occurs (Sect. 3.1.2) resulting in traffic breakdown at the bottleneck. Thus the
MSP can exist only for a finite time, before the MSP reaches a nearest adjacent
effectual bottleneck at which traffic breakdown can be induced.

Considering MSPs below, we limit attention to MSPs of type (iii), i.e., to MSPs
that propagate upstream. Because MSPs emerge often at off-ramp bottlenecks, we
discuss this effect in more detail (Figs. 7.6 and 7.7 (a, b)). Traffic breakdown (F—S
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catch effect and

(a) induced F — S transition (b)
s off-ramp

t 100 .. < bottleneck

=3 78 "\ on-ramp

6:00 bottleneck 1

8:00 Y \ on-ramp

time 10000 XM bottleneck 2 time 10000  X[km]

Fig. 7.6 Empirical example of MSP with subsequent catch effect and induced F—S transition at
on-ramp bottleneck 1: (a, b) Average speed (a) and flow rate (b) in space and time. Bottlenecks are
the same as those in Fig. 3.1. Taken from [1]

transition) at the off-ramp bottleneck, which leads to the emergence of MSPs shown
in Fig. 7.7 (a, b), is explained by lane changing [1] (see Sect. 3.3.1.2): Vehicles,
which move initially in the passing lane(s) and going to the off-ramp, change to
the right lane upstream of the off-ramp increasing the density in the right lane and
fluctuations upstream of the off-ramp. For this reason, when an increase in traffic
demand upstream of the off-ramp bottleneck occurs, traffic breakdown is observed
upstream of the off-ramp. Consequently, the downstream front of the resulting syn-
chronized flow is also fixed upstream of the off-ramp while the upstream front of
synchronized flow propagates upstream. However, a return phase transition from
synchronized flow to free flow (S—F transition) can occur relatively easily at the
off-ramp bottleneck [1]. For example, the increase in traffic demand upstream of the
off-ramp bottleneck, which has caused traffic breakdown and resulting synchronized
flow emergence at the bottleneck, can last a short time interval only. Then the result-
ing S—F transition can lead to the restoration of free flow only in a neighborhood
of the off-ramp whereas there is still a region of synchronized flow upstream of the
effective location of the off-ramp bottleneck. This causes the upstream propagation
of the downstream front of the synchronized flow region, i.e., MSP formation.

Between MSPs shown in Fig. 7.7 (a, b) there are free flows during long time
intervals and therefore it is not clearly visible whether these MSPs emerge at a bot-
tleneck or without any bottlenecks. To prove that the MSPs emerge at the off-ramp
bottleneck, we present empirical Fig. 7.7 (c) in which congested pattern formation
occurs on the same road section as that in Fig. 7.7 (a, b). Then the fact that the MSPs
shown in Fig. 7.7 (a, b) indeed emerge at the off-ramp bottleneck is clearly seen in
Fig. 7.7 (c): The effective location of the off-ramp bottleneck at which the down-
stream front of synchronized flow is fixed during a long time interval is exactly the
same one as that of MSP emergence shown in Fig. 7.7 (a, b).

Empirical MSPs and WSPs discussed above exhibit a common empirical feature
that is as follows:

e After an F—S transition has occurred at a bottleneck, firstly the downstream front
of resulting synchronized flow is fixed at an effective location of the bottleneck.
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(c) A5-South, September 25, 2001
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Fig. 7.7 Empirical examples illustrating traffic breakdown at off-ramp bottleneck as well as quali-
tative difference between MSPs and wide moving jams (see Sect. 7.2.3): Approximate distributions
of free flow (white), synchronized flow (gray), and moving jams (black) in space and time for three
different days on the same road section. Empirical example shown in Fig. (a) is the same as that in
Fig. 7.6. Bottlenecks are the same as those in Figs. 3.1 and 7.6. Taken from [1, 5]
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Fig. 7.8 Simulations of MSPs at off-ramp (a) and on-ramp (b—d) bottlenecks in the framework
of three-phase traffic theory: (a, b) Averaged vehicle speed in the MSPs in space and time. (c, d)
Speed (c) and flow rate (d) as time-functions at road location x = 9 km within the MSP in (b).
Taken from [1]

In real traffic, a time interval denoted by Ts(y]z) within which the downstream front of
synchronized flow is fixed at the bottleneck is limited: After this time interval, a re-
turn S—F transition occurs at the bottleneck. In some real measured data, this S—F
transition can lead to free flow only in a neighborhood of the bottleneck whereas
there is still a region of synchronized flow upstream of the effective location of the
bottleneck; as a result, the downstream front of this synchronized flow region begins
to propagate in the upstream direction.

e Therefore, an MSP and an WSP occurring at the bottleneck are distinguished

from each other only through considerably different values of Ts(y]?l): If Ts(y]i) is

appreciably shorter than the time it takes for the upstream front of an SP to reach
an upstream adjacent effectual bottleneck, the SP should be classified as an MSP
(Fig. 7.7 (a, b)); otherwise, when the downstream front of an SP is fixed at the
bottleneck until the upstream front of the SP reaches the upstream bottleneck, the
SP should be classified as an WSP.

Finally, we should note that within SPs the speed is lower than in free flow,
however, the flow rate can be approximately the same as that in free flow (Figs. 7.2—
7.6 and 7.8). The latter feature of SPs can be used in traffic control (Sect. 9.2).
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7.2.2 Explanations to Terms “Moving Synchronized Flow Pattern”
and “Narrow Moving Jam”

Both an MSP and a narrow moving jam are associated with the synchronized flow
phase. Moreover, from the definition of a narrow moving jam made in Sect. 2.6.3
we can conclude that if a narrow moving jam is surrounded both upstream and
downstream by free flows, i.e., the jam propagates in free flow, then the jam is an
MSP of type (iii).

To explain why rather than an MSP of type (iii) we use a specific term a narrow
moving jam, we should note that there are two types of narrow moving jams that
exhibit qualitatively different features:

(1) A narrow moving jam, which is surrounded by free flows, i.e., the jam propa-
gates in free flow. In this case, the jam can be caught at the bottleneck resulting
in traffic breakdown at the bottleneck.

(ii)) A narrow moving jam, which is surrounded by synchronized flows, i.e.,
the jam propagates in synchronized flow. This is usually the case when narrow
moving jams emerge spontaneously within a pinch region of synchronized flow
(Sect. 5.1).

In contrast with an MSP, a narrow moving jam, which propagates in synchro-
nized flow, cannot lead to traffic breakdown when it reaches a bottleneck. This is
because the propagation of a narrow moving jam in synchronized flow means that
before the jam has reached the bottleneck, synchronized flow has already been at the
bottleneck. Thus rather than an MSP, the narrow moving jam, which is surrounded
both upstream and downstream by other states of synchronized flows, is a special
state of synchronized flow.

Even if a narrow moving jam propagates in free flow, the jam is only a particular
case of the MSPs of type (iii). This is because in a general case the width (in the
longitudinal direction) of an MSP can change over time considerably. In particular,
the MSP width can be considerably greater than the widths of the MSP fronts. In
contrast, a narrow moving jam consists of the jam fronts.

7.2.3 Qualitative Difference between Moving Synchronized Flow
Pattern and Wide Moving Jam

In real measured data, an MSP that has initially occurred at a bottleneck, i.e., due to
an F—S transition at the bottleneck can transform into a wide moving jam over time,
i.e., an S—J transition occurs within the MSP. This is because the average speed
within synchronized flow of the MSP can decrease considerably while the MSP
propagates on the road and, therefore, the pinch effect with the subsequent wide
moving jam emergence can occur spontaneously. The width (in the longitudinal
direction) of the MSP can be as great as the width of the resulting wide moving jam.
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Thus a question arises: what is a qualitative difference between an MSP, which
propagates upstream on the road (MSP of type (iii) of Sect. 7.2.1), and a wide
moving jam that propagates also upstream on the road? Answers on this question
are as follows:

e Considering averaged empirical data, the qualitative difference between the
MSP and wide moving jam is that the MSP is caught at an upstream adjacent
bottleneck, when the MSP reaches the bottleneck at which free flow is in a
metastable state with respect to traffic breakdown (Fig. 3.2). In contrast, the wide
moving jam propagates through this bottleneck while maintaining the mean ve-
locity of the downstream jam front (Fig. 3.1).

e Considering single vehicle empirical data, the qualitative difference between the
MSP and wide moving jam is that there is no flow interruption interval within
the MSP, i.e., condition (2.23) is not satisfied. In contrast, there is at least one
flow interruption interval within the wide moving jam, i.e., condition (2.23) is
satisfied.

To illustrate the qualitative difference between the MSP and wide moving jam,
we consider results of empirical observations of MSP emergence and the subsequent
MSP evolution shown in Fig. 7.7 (a). There are three different MSPs (labeled by
MSP, MSP 2, and MSP 3 in Fig. 7.7 (a)) that emerge at an off-ramp bottleneck (see
explanations of MSP emergence in Sect. 7.2.1). These MSPs propagate upstream.
Two of them (MSP and MSP 2) are caught at an upstream on-ramp bottleneck (la-
beled by “on-ramp bottleneck 1”°). However, the MSP 3 transforms into a wide mov-
ing jam before the MSP 3 reaches the on-ramp bottleneck 1. This wide moving jam
emergence is labeled by “S—J transition” in Fig. 7.7 (a). The wide moving jam
propagates subsequently through the on-ramp bottleneck 1 as well as through an
upstream on-ramp bottleneck (labeled by “on-ramp bottleneck 2”) while maintain-
ing the mean downstream jam front velocity. The same sequence of F—S—] tran-
sitions is also observed on this road section on another day (Fig. 7.7 (b)): Firstly,
an MSP is formed. Later, during the subsequent upstream propagation of the MSP,
it transforms into a wide moving jam (S—J transition) before the MSP reaches the
on-ramp bottleneck 1.

It must be noted that there is a time delay of an S—1J transition. This time in-
cludes a random time delay of spontaneous nucleation of a narrow moving jam in
synchronized flow and a random time of the jam growth until the jam transforms
into a wide moving jam. The greater the density and the lower the speed in synchro-
nized flow, the shorter the mean time delay of an S—1J transition denoted by ngn ean),

For this reason, in empirical observations Ts(jn ) can change between values that

are considerably shorter than 1 min (Fig. 5.5 (b)) to values that are about 10 min
(see Fig. 7.9). In turn, the mean duration of traffic breakdown is usually about 1 min
or shorter (see, e.g., Fig. 2.5 (a)).

Thus when the density of synchronized flow within an MSP is great enough (re-
spectively, the speed is very low) and, as a result, Ts(}n can) < 1 min, then an initial
F—S transition leading to MSP emergence and an S—1J transition leading to the
subsequent transformation of the MSP into a wide moving jam cannot be distin-
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guished in 1-min averaged traffic data, in particular when the data is measured at
spatially separated road locations. This is because the time interval between these
F—S and S—1 transitions can be too short to be found in the averaged data. There-
fore, the formation of this wide moving jam, which occurs due to a sequence of the
F—S—J transitions, can be misinterpreted as a phase transition from free flow to a
wide moving jam (F—] transition).

7.2.4 General Congested Patterns

We compare two examples of empirical GPs. In the first example, an WSP that
has initially emerged at an off-ramp bottleneck tranforms into an GP over time
(Fig. 7.9). This WSP transformation occurs downstream of an upstream on-ramp
bottleneck.

Another empirical example of an GP that emerges at an on-ramp bottleneck is
shown in Fig. 7.10. In the GP the frequency of wide moving jam emergence in syn-
chronized flow is considerably greater than the one for the GP shown in Fig. 7.9.
This difference in GP formation is explained by a stronger self-compression of syn-
chronized flow in the pinch region of the GP at the on-ramp bottleneck (Fig. 7.10)
in comparison with the GP at the off-ramp bottleneck (Fig. 7.9). These and other
empirical spatiotemporal features of GP formation have been reproduced in simula-
tions of three-phase traffic flow models (Fig. 7.11) [1].

7.2.5 Congested Patterns at Heavy Bottlenecks

In general, the average flow rate ¢(°°"®) within a congested traffic pattern upstream
of a bottleneck is the smaller, the greater the bottleneck strength. Empirical data
show that the flow rate ¢(°°"®) within GPs occurring at usual bottlenecks like on-
and off-ramp bottlenecks discussed above is approximately within a range

1100 < ¢(*°"®) < 1700 vehicles/h/lane. (7.1)

In contrast with the usual bottlenecks, due to for example bad weather conditions
or accidents heavy bottlenecks can occur, which exhibit a much greater influence
on traffic (greater bottleneck strength) that limits ¢(¢*®) to small values, sometimes
as low as zero, i.e., condition (7.1) is not satisfied. We define a heavy bottleneck as
follows.

e A heavy bottleneck is a highway bottleneck that limits the average flow rate
¢'°"®) within a congested traffic pattern upstream of the bottleneck to such small
values at which no sequence of wide moving jams can be found in 1-minute (and
longer) averaged empirical data.
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Fig. 7.9 Empirical example of WSP transformation into an GP over time at off-ramp bottleneck:
(a) Average speed in space and time. (b) Graph of (a) with overview of free flow, synchronized
flow, and wide moving jams labeled by numbers 1, 2, and 3. (c) Time dependence of speed at some
fixed road locations. Taken from [1]

An empirical example of such a congested traffic pattern is shown in Fig. 7.12.
Rather than the regular structure of traffic congestion within an GP consisting of the
pinch region of synchronized flow and a sequence of wide moving jam upstream
(Fig. 7.10), in empirical data associated with snow and ice, i.e., bad weather con-
ditions a non-regular spatiotemporal structure of congestion is observed in which
no sequence of wide moving jams can be distinguished (Fig. 7.12). The average
speeds measured in different road lanes (Fig. 7.12 (b)) show that the structure of
traffic congestion is very non-homogeneous in space and time. Downstream of the
bottleneck speed is high (x = 4.07 km in Fig. 7.12 (a)), however, the flow rate
q'°"2) ~ 513vehicles/h/lane averaged during T,y =40 min is considerably smaller
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Fig. 7.10 Empirical example of GP at on-ramp bottleneck. (a) Average vehicle speed (left) and
total flow rate (right) across road in space and time. (b) Speed in the three road lanes at different

locations (1 min data). Taken from [1]
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Fig. 7.11 Simulations of GPs at off-ramp (a) and on-ramp bottlenecks (b): Average vehicle speed
in space and time. Taken from [1]

than the minimum flow rate in the pinch region of GPs observed in measured traffic
data at usual bottlenecks (7.1).
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Fig. 7.12 Empirical structure of congestion caused by snow and ice: (a) Average speed across road
at different locations. (b) Average speed in different road lanes at two locations. 1-min average data.
Taken from [2]
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To understand how and why spatiotemporal features of traffic congestion change
qualitatively under a continuous decrease in the flow rate ¢(°®¢) to small enough
values through a continuous increase in the bottleneck strength, in the remaining
of this section we discuss briefly results of a theory of traffic congestion at heavy
bottlenecks developed in [2].

As discussed in Sect. 7.2.4, under condition (7.1) when an GP is formed at the
bottleneck (Fig. 7.13 (a, b)), the GP consists of the pinch region of synchronized
flow and a sequence of wide moving jams upstream. In the example of the GP,
the pinch region width L(pi“Ch)(t) changes over time between about 1 and 2 km
(Fig. 7.13 (c)). LPinch) g defined as the distance between the downstream front of
synchronized flow fixed at the bottleneck and the road location upstream at which a
wide moving jam has just occurred.
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Fig. 7.13 Simulated GP characteristics: (a) Average speed in space and time. (b) 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 30 km/h). (d) L") (). The flow rate g2 = 1546
vehicles/h/lane. Taken from [2]

When the flow rate q("‘)“g> decreases due to an increase in the bottleneck strength,
the mean pinch region width Lg’éﬁﬁh) of the GP decreases (Fig. 7.14). At some crit-
ical flow rate q(c"“g) associated with a critical strength of the bottleneck, there are
random time intervals when the pinch region disappears, i.e., LP"h) = 0 (Fig. 7.15).
This means that there are time instants at which there is no pinch region and wide
moving jams emerge directly at the bottleneck, whereas for other time intervals the

pinch region appears again; this means that L (Pinch) (1) becomes a non-regular time-
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Fig. 7.14 Simulated dependence of the mean length of the pinch region of GPs as function of the
flow rate q(CO“g). Taken from [2]
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Fig. 7.15 Simulated characteristics of GP with non-regular pinch region: (a) Average speed in
space and time. (b) 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 5.4 km/h). (c)
L®inch) (1) The flow rate ¢(<°"®) = 440 vehicles/h/lane. Taken from [2]

function (Fig. 7.15 (c)). Such an GP at the bottleneck can be considered the GP with

a non-regular pinch region.
When the flow rate ¢(°*"2) decreases further due to a greater bottleneck strength,
pinch)

then (pégﬁh) decreases continuously (Fig. 7.14). ( ean . reaches zero at a threshold

flow rate ¢(°°"®) associated with a threshold bottleneck strength at which the pinch
region of GPs does not exist.

When an GP with a non-regular pinch region is realized, wide moving jams
of the GP can exhibit complex and non-regular spatiotemporal dynamic behavior
(Fig. 7.16). This non-regular jam dynamics is associated with the following effects:
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Fig. 7.16 Fragments of Fig. 7.15 (b) in larger scales in time and space in the left (figures left) and
right lanes (right). White regions (single-vehicle speeds are equal to or higher than 5.4 km/h) are
related to synchronized flows and moving blanks. Black regions (single-vehicle speeds are equal
to zero) are related to flow interruption intervals. Taken from [2]
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(1) The effect of the splitting of a flow interruption interval into two (or more)
flow interruption intervals (Fig. 7.16 (a)).

(2) The effect of the emergence of a new flow interruption interval (Fig. 7.16 (a)).
(3) The effect of the merging of two (or more) traffic flow interruption intervals
(Fig. 7.16 (a)).

(4) The effect of the dissolution of a flow interruption interval (Fig. 7.16 (b, c)).

The dynamic effects (1)—(4) occur spontaneously during upstream propagation of
wide moving jams. In different lanes, these effects occur often independently of
each other and at different road locations. A spatiotemporal competition of these
effects determines a non-regular dynamic behavior of wide moving jams.

This fine non-regular spatiotemporal jam behavior can also explain the result
that we cannot distinguish wide moving jams in 1-min average measured data
(Fig. 7.12): the microscopic non-regular jam dynamics is averaged in this 1-min
average measured traffic data. This averaging of non-regular microscopic spatiotem-
poral moving jam dynamics leads to non-regular and non-homogeneous speed dis-
tributions in which this real fine spatiotemporal jam dynamics cannot be found.

When due to the subsequent increase in the bottleneck strength the flow rate
q(cong) decreases further and becomes equal to or smaller than another critical value,
wide moving jams merge into a mega-wide moving jam (mega-jam for short). In this
case, traffic congestion upstream of an isolated heavy bottleneck cannot be consid-
ered as an GP any more. Simulations show that

e as the microscopic structure of a wide moving jam, the microscopic spatiotempo-
ral structure of a mega-jam consists of an alternation of flow interruption intervals
and moving blanks (Fig. 7.17 (a—d)).

This explains the term mega-wide moving jam:

e A mega-jam is a wide moving jam with an extremely great width growing con-
tinuously over time.

As for GPs with a non-regular pinch region (Fig. 7.15), within the mega-jam we
found a very complex and non-regular spatiotemporal dynamics of flow interrup-
tion intervals and moving blanks (Fig. 7.17 (e-h)). The non-regular spatiotempo-
ral mega-jam dynamics is associated with the same dynamic effects (1)—(4) listed
above. When the bottleneck strength increases further, the microscopic spatiotempo-
ral structure of traffic congestion does not qualitatively change any more. However,
time intervals within which moving blanks occur become shorter.

Thus the complexity of traffic congestion at a heavy bottleneck caused for exam-
ple by bad weather conditions or accidents is associated with the following traffic
phenomena [2]:

e A non-regular dynamic behavior of wide moving jams as well as random disap-
pearance and appearance of the pinch region of synchronized flow within an GP
upstream of the bottleneck (Figs. 7.15 and 7.16).

e The merger of wide moving jams of the GP into a mega-jam (Fig. 7.17).
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Fig. 7.17 Simulated mega-jam: (a—d) Single-vehicle speed and time headways at location 5 km.
(e—h) Single-vehicle speed presented by regions with variable darkness (the lower the speed, the
darker the region; in white regions the speed is higher than 1.8 km/h). Taken from [2]

These phenomena determine the evolution of a spatiotemporal structure of traffic
congestion at the heavy bottleneck, which occurs when the average flow rate g(<°"®)
within congested traffic decreases due to an increase in the bottleneck strength:

e There is some small average flow rate within traffic congestion at which the mean
length of the pinch region of the GP decreases up to zero (Fig. 7.14); at such a
heavy bottleneck, the pinch region does not exist any more.

e When this flow rate decreases further due to a greater bottleneck strength, then,
beginning at some very small flow rate ¢(°°"®) traffic congestion upstream of the
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bottleneck consists of the mega-jam only (Fig. 7.17). In this case, synchronized
flow remains only within its downstream front fixed at the bottleneck. This syn-
chronized flow front separates free flow downstream and the mega-jam upstream
of the bottleneck.

7.3 Complex Congested Patterns at Adjacent Bottlenecks

When there are two or more adjacent bottlenecks, there can be many traffic phe-
nomena associated with complex spatiotemporal dynamics of congested patterns.
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Fig. 7.18 Simulations of induced traffic breakdowns at upstream bottlenecks with the catch effect
due to the upstream propagation of SPs. Taken from [1]

In particular, some of these effects discussed above and in [1] are as follows:

(1)  Induced traffic breakdown caused by upstream congested pattern propagation.
A congested pattern, which occurs at the downstream bottleneck, can induce an-
other congested pattern at the upstream bottleneck at which free flow is realized
before (Figs. 3.1 and 3.2).

(i) The catch effect that is one of the possible results of an induced traffic break-
down: Rather than to propagate through an effectual bottleneck, an SP is caught
at the bottleneck with the subsequent formation of a new congested pattern at
this bottleneck (Figs. 3.2, 7.4, 7.6, and 7.18).

(iii) The propagation of foreign wide moving jam through a congested pattern at
the upstream bottleneck. These foreign wide moving jams occur downstream of
the congested pattern within an GP at a downstream bottleneck. A foreign wide
moving jam is defined as follows.

o A foreign wide moving jam is a wide moving jam, which has initially occurred
downstream of an effectual bottleneck and propagates through a congested
pattern upstream of this bottleneck.
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Fig. 7.19 Empirical example of an expanded congested pattern (EP). Free flow (white), synchro-
nized flow (gray), moving jams (black). Taken from [1]

Wide moving jams labeled by numbers 1, 2, ..., 6 in Fig. 7.19 that initially
emerged downstream of the on-ramp bottleneck 1 are foreign wide moving jams
when they propagate through synchronized flows upstream of the on-ramp bot-
tlenecks 1 and 2. Simulations of foreign wide moving jam propagation is shown
in Fig. 7.20.

(iv)  An intensification of downstream congestion due to the onset of upstream
congestion (see Sect. 19.4 of the book [1]).

In this section, we limit a discussion of so-called expanded congested patterns (EP).
We show that due to lane changing and vehicle merging at adjacent bottlenecks a
very complex non-regular moving jam dynamics within synchronized flow of EPs
on multi-lane roads can be observed.

7.3.1 Expanded Congested Patterns (EP)

An expanded traffic congested pattern (EP) is defined as follows.

e An EP is a congested traffic pattern whose synchronized flow affects at least two
effectual adjacent bottlenecks.

If congested traffic within an EP consists only of the synchronized flow phase,
the EP is an example of an SP that affects at least two bottlenecks.
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Fig. 7.20 Simulations of a part of empirical EP shown in Figs. 7.9 and 7.19: (a, b) Speed (a) and
flow rate (b) in space and time. (c) Time-functions of speed at different locations. Taken from [3]

If congested traffic within an EP consists of both traffic phases of congested
traffic, synchronized flow and wide moving jam, then the EP is an example of an
GP whose synchronized flow affects at least two bottlenecks:

e The term expanded congested pattern emphasizes only that rather than the SP or
the GP occurs at an isolated effectual bottleneck, the synchronized flow of the SP
or the GP affects two or more effectual adjacent highway bottlenecks.

To emphasize this point, we use for these different EPs two terms ESP and EGP as
follows:

e An expanded synchronized flow traffic pattern (ESP for short) is an SP whose
synchronized flow affects two or more effectual adjacent highway bottlenecks.

e An expanded general congested traffic pattern (EGP for short) is an GP whose
synchronized flow affects two or more effectual adjacent highway bottlenecks.

A typical empirical example of EP formation is shown in Fig. 7.4: An WSP
that has initially occurred at the downstream off-ramp bottleneck exists only for
a relatively short time, which is determined by the propagation of the upstream
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front of the WSP to the upstream on-ramp bottleneck. In this case, the lifetime of
the WSP is about 20 min. After synchronized flow of the WSP is caught at the
upstream bottleneck, a new congested pattern is formed. Synchronized flow in this
pattern affects both bottlenecks. Thus this EP is an ESP.

It should be noted that the ESP formation can also be considered the transfor-
mation of the initial WSP into the ESP. Congested pattern transformation, i.e., the
transformation of one type of a congested pattern into another type of a congested
pattern is observed very often in real measured traffic data (see Chaps. 13 and 14 of
the book [1]).

If the above empirical congested pattern (Fig. 7.4) is considered during a consid-
erably longer time interval and on the whole road section on which measurements
are available, we find a typical complex EP with several wide moving jams prop-
agating through the EP and two upstream on-ramp bottlenecks while maintaining
the mean velocity for the downstream jam front that are the same for these differ-
ent jams (jams labeled by numbers 1,..., 6 in Fig. 7.19). Thus in this case, the ESP
transforms into an EGP whose synchronized flow affects three effectual bottlenecks.

7.3.2 Non-Regular Spatiotemporal Traffic Dynamics on
Multi-Lane Roads

If at least two adjacent bottlenecks are located very closely to each other, as this is
the case on the road US 101 (Fig. 5.5 (a)), and an EP occurs whose synchronized
flow affects these bottlenecks, a complex moving jam dynamics is observed within
synchronized flow of the EP [5,7]:

e Moving jams can emerge and dissolve in synchronized flow randomly at different
road locations in different road lanes (Fig. 7.21).

This empirical complexity of the spatiotemporal dynamics of moving jams can
be explained by numerical simulations of EGPs occurring on a two-lane road section
with several closely located adjacent on-ramp and off-ramp bottlenecks (Figs. 7.22,
7.23, and 7.24). Some results of this theoretical study [5,7] are as follows:

1. At a given flow rate upstream of the bottlenecks and different sets of on-ramp
inflow rates and percentages of vehicles going to different off-ramps we find
qualitatively different EGPs:

e At the same sequence of adjacent bottlenecks, the infinite number of various
EPs with the complex dynamics of congested traffic can be expected at differ-
ent sets of on-ramp inflow rates and percentage of vehicles going to off-ramps
(only three examples are shown in Figs. 7.22, 7.23, and 7.24).

2. The complex dynamics of congested traffic within the EPs that is often a non-
regular one can be considered resulting from spatiotemporal combinations and
interactions of the diverse dynamics of synchronized flow and wide moving jams.



130 7 Spatiotemporal Traffic Congested Patterns

(@

g

I
3

distance [m]
(9]
8

(b)

distance [m]
18] w
8 8

g

(d)

distance [m]
distance [m]

time [min] time [min]

Fig. 7.21 Empirical vehicle trajectories showing complex non-regular spatiotemporal dynamics
of moving jams within synchronized flow that affects the upstream on-ramp and downstream off-
ramp bottlenecks on the road US 101 shown in Fig. 5.5 (a). Moving jams are marked-off by dashed
curves. NGSIM-single vehicle data measured on June 15, 2005 [6]. In figures time ¢ = O is related
to 7:50 am in raw NGSIM-data. Taken from [5]
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Fig. 7.22 Analysis of EGP shown in Fig. 5.6 (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
regions, speeds are higher than 80 km/h; in black regions, speeds are equal to zero). Beginnings
of merging regions of the on-ramps and off-ramps are at locations xo, ;i = 7, 9, 11, 13, 15 km and
Xoif, j = 8, 10, 12, 14, 16 km, respectively. (b) Flow rate q(c"“g) 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. Taken from [5, 7]
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Fig. 7.23 Simulations of EGP: (a, 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 ¢(®"®) (b) associated
with the same adjacent bottlenecks as those in Fig. 7.22, however, at another set of flow rates to
on-ramps and percentages of vehicles going to off-ramps. (c, d) Two fragments of (a) in greater
scales in space and time (in white regions, speeds are higher than 7.2 km/h; in black regions, speeds
are equal to zero). Taken from [5,7]
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Fig. 7.24 Simulations of EGP: The same adjacent bottlenecks as those in Figs. 7.22 and 7.23,
however, at another set of flow rates to on-ramps and percentages of vehicles going to off-ramps.
Taken from [5,7]

3. In general, the non-regular dynamics of wide moving jams within the EGPs is
associated with the same effects (splitting, merging, emergence, and dissolution
of flow interruption intervals) as those found in congested traffic at an isolated
heavy bottleneck discussed in Sect. 7.2.5. Due to closely located adjacent bottle-
necks these effects can occur even if within an EGP the flow rate ¢ is not
very small, i.e., it satisfies condition (7.1).

4. In addition with these effects, we find a variety of nucleation-interruption
effects in synchronized flow of the EGPs [1]:

e A nucleation-interruption effect is a sequence of the emergence and dissolu-
tion of a narrow moving jam in synchronized flow:
— firstly, a growing narrow moving jam occurs in synchronized flow;
— 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 (Fig. 7.25)
can explain empirical complex dynamics of narrow moving jams within syn-
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Fig. 7.25 Simulations of nucleation-interruption effects resulting in complex non-regular spa-
tiotemporal dynamics of narrow moving jams within an EGP in a neighborhood of the farthest
on- and off-ramp bottlenecks shown in Fig. 7.22 (c): Vehicle trajectories in space and time in the
left lane only (a, b) and in both lanes (c) for three pattern fragments; narrow moving jams are
marked-off by dashed curves. Taken from [5]

chronized flow in which the jams occur and dissolve at different road locations
randomly and often independent of each other in the different lanes (Fig. 7.21).

5. These diverse nucleation-interruption effects found in empirical data (Fig. 7.21)
and simulations (Figs. 7.23 (c, d) and 7.25) can be explained by the following

traffic phenomena:

e the dual role of lane changing in synchronized flow (Sect. 5.3):
— lane changing can lead to the occurrence of a nucleus for an S—1J 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,
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e the increase in the frequency of lane changing in neighborhoods of on- and
off-ramp bottlenecks within the EGPs.

6. 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:

e vehicle merging from an on-ramp onto the main road can lead to the decelera-
tion of the following vehicles resulting in the occurrence of a growing narrow
moving jam in synchronized flow on the main road;

e vehicles leaving the main road to an off-ramp can lead to the increase in space
gaps between vehicles moving on the main road resulting in the dissolution of
a growing narrow moving jam in synchronized flow on the main road.

7. At different sets of the on-ramp inflow rates and percentages of vehicles going
to off-ramps we find that

e cither the average flow rate in congested traffic ¢(°**?) satisfies condition (7.1)
for usual bottlenecks or ¢(°**) is very small as that for a heavy bottleneck;

e EGPs can occur for which on some road section condition (7.1) for usual
bottlenecks is satisfied (road locations 13 < x < 15 km in Fig. 7.24), whereas
at other road locations within the EGPs congested traffic should be referred to
traffic congestion at heavy bottlenecks (x < 10 km in Fig. 7.24).
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Chapter 8

Introduction to Part II:
Compendium of Three-Phase Traffic Theory

Empirical spatiotemporal features of traffic patterns determine all traffic flow char-
acteristics, which are the basis for reliable methods of traffic control and dynamic
management. As shown in Part I, three-phase traffic theory explains the pattern fea-
tures. In this chapter, we summarize the main definitions and hypotheses of this
theory [1-3]:

(1) There are two traffic phases in congested traffic: synchronized flow and wide
moving jam. Therefore, there are three traffic phases:

1. Free flow (F).
2. Synchronized flow (S).
3. Wide moving jam (J).

(2) The wide moving jam and synchronized flow phases in congested traffic are
defined through the empirical criteria [J] and [S]:

[J] A wide moving jam is a moving jam that maintains the mean velocity
of the downstream front of the jam v, while propagating through highway
bottlenecks.

[S] In contrast to the wide moving jam, the downstream front of synchronized
flow is usually fixed at a bottleneck.

The characteristic feature of wide moving jam propagation [J] can be presented
by a line J in the flow—density plane whose slope is equal to the velocity v,
(Fig. 8.1 (a)).

(3) Steady states of synchronized flow cover a two-dimensional (2D) region in
the flow—density plane (dashed region in Fig. 8.1 (a)): at a given speed in syn-
chronized flow, a driver accepts different space gaps within a limited gap range
gsate < & < G (G and gyt are the synchronization and safe space gaps, respec-
tively, see Fig. 8.1 (b)) and does not control a fixed space gap to the preceding
vehicle.

(4) Traffic breakdown at a bottleneck is a local phase transition from free flow to
synchronized flow (F—S transition). Traffic breakdown is explained by a com-

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_8, (© Springer-Verlag Berlin Heidelberg 2009
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Fig. 8.1 Hypotheses of three-phase traffic theory about phase transitions in traffic flow [1,2]. (a)
Qualitative presentation of free flow states F, a 2D-region of steady states of synchronized flow S,
and the line J in the flow—density plane. (b) Qualitative explanation of the speed adaptation effect.
(c) Qualitative explanation of a competition between speed adaptation and over-acceleration in
the space-gap—speed plane. (d) Qualitative Z-shaped function of probabilities of passing and over-
acceleration on density. (e) Qualitative shape of the Z-characteristic for traffic breakdown in the
speed—flow plane. (f) Qualitative shape of the double Z-characteristic for F—S—1] transitions in
the speed—density plane. In (b—f), dashed regions S are parts of the 2D-region for synchronized
flow in (a)
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Fig. 8.2 Hypotheses of three-phase traffic theory about congested patterns at a bottleneck [1, 3].
(a) Qualitative simplified diagram of congested patterns at the bottleneck that represents regions of
the spontaneous emergence of synchronized flow patterns (SP), general patterns (GP), and mega-
jam at the bottleneck as a function of the bottleneck strength at a given great enough flow rate in
free flow on the main road upstream of these congested patterns. (b, c) Speed in space and time in
one of the possible SPs (b) and GPs (c). (d) Flow interruption intervals (black regions) and moving
blanks, i.e., moving upstream regions without vehicles (white regions) within a mega-jam in the

left (figure left) and right (right) road lanes. In (b—d), results of numerical simulations are shown

petition between two opposing tendencies occurring within a local disturbance
in free flow at the bottleneck in which the speed is lower and vehicle density is

greater than in an initial free flow:

(i) a tendency towards synchronized flow due to vehicle deceleration asso-
ciated with a speed adaptation effect (arrow towards synchronized flow in

Fig. 8.1 (¢));

(ii)) a tendency towards the initial free flow due to vehicle acceleration asso-
ciated with an over-acceleration effect (arrow towards free flow in Fig. 8.1

(c)).
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The speed adaptation effect occurring in car-following is the adaptation of the
vehicle speed to the speed of the preceding vehicle to any space gap within
the 2D-region of synchronized flow states of item (3) (Fig. 8.1 (b)). The over-
acceleration effect is driver maneuver leading to a higher speed from an initial
car-following at a lower speed. In particular, the over-acceleration effect is asso-
ciated with vehicle acceleration for passing from car-following, i.e., lane chang-
ing to a faster lane.

(5) Probabilities of passing and over-acceleration are Z-shaped density functions
(Fig. 8.1 (d)).

(6) There is the infinite number of highway capacities of free flow at the bottle-
neck. The capacities are within a capacities range between the minimum capacity
and maximum capacity (Fig. 8.1 (e)).

(7) The line J (Fig. 8.1 (a)) divides all steady states of synchronized flow into (i)
states, which are below the line J, in which no wide moving jams emerge and
(ii) states, which are above the line J, in which a wide moving jam can emerge
spontaneously (S—1 transition).

(8) In free flow, wide moving jams emerge due to a sequence of F—S—] transi-
tions that can be illustrated by a double Z-characteristic (Fig. 8.1 (f)). The first
Z-shaped relationship, which includes free flow F and synchronized flow S, is as-
sociated with an F—S transition, i.e., traffic breakdown (labeled by arrows F—S
in Figs. 8.1 (d-f)). The second Z-shaped relationship, which includes synchro-
nized flow S and low speed states within wide moving jams J, is associated with
an S—J transition (labeled by arrow S—1J in Fig. 8.1 (f)).

(9) If the bottleneck strength, which characterizes the influence of a bottleneck
on traffic breakdown and resulting traffic congestion, increases gradually, firstly
a synchronized flow pattern (SP) emerges upstream of the bottleneck (Fig. 8.2
(a, b)). Congested traffic within an SP consists of synchronized flow only. At a
greater bottleneck strength, the SP transforms into a general congested pattern
(GP) (Fig. 8.2 (a, c)). Congested traffic within an GP consists of synchronized
flow and wide moving jams that emerge in synchronized flow. If the bottleneck
strength increases further, the GP transforms into a mega-wide moving jam
(mega-jam) (Fig. 8.2 (a, d)) while synchronized flow remains only within the
downstream front of synchronized flow fixed at the bottleneck; the front sepa-
rates free flow downstream and the mega-jam upstream.
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Chapter 9

Freeway Traffic Control based on
Three-Phase Traffic Theory

9.1 Reconstruction and Tracking of Congested Patterns

For most traffic control methods, a reliable traffic pattern reconstruction and predic-
tion is of a great importance. For this reason, before we start with a consideration
of traffic control methods, we brieﬂy1 discuss methods for reconstruction, tracking,
and prediction of spatiotemporal congested traffic patterns.

9.1.1 FOTO and ASDA Models

The FOTO and ASDA models perform automatic recognition and tracking of spa-
tiotemporal congested traffic patterns. These models have been introduced by the
author in 1996-1998 and further developed and implemented in on-line applica-
tions together with Rehborn, Aleksié, and Haug [2, 4-7]. Recently, Rehborn and
Palmer have made a further development implementation of the FOTO and ASDA
models for on-line applications and various road installations [8—11].

The FOTO and ASDA models are based on a spatiotemporal traffic phase classi-
fication made in three-phase traffic theory. A main feature of the FOTO and ASDA
models is that they perform reliably without any validation of model parameters in
different environmental and traffic conditions.

The FOTO (Forecasting of Traffic Objects) model identifies traffic phases and
tracks synchronized flow. The ASDA model (Automatische Staudynamikanalyse:
Automatic Tracking of Moving Jams) is devoted to the tracking of moving jam
propagation.

In the FOTO model, firstly based on local measurements of traffic the local iden-
tification of the traffic phases is performed (Fig. 9.1). Recall that in averaged, i.e.,

' A more detailed consideration of reconstruction, tracking, and prediction of congested patterns
and their on-line applications in real installations can be found in Chaps. 21 and 22 of the book [1]
as well as in [2, 3].

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_9, (© Springer-Verlag Berlin Heidelberg 2009
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macroscopic measured data an accurate identification of the synchronized flow and
wide moving jam phases can be made based on the criteria [S] and [J]. In order to
do this, the evolution of the data in space and time has to be analyzed (see Sect. 2.4).
For this reason, to recognize and track traffic congested patterns in on-line applica-
tions, rather than the use of the criteria [S] and [J], the FOTO model performs an
approximate traffic phase identification based on the following algorithm. At each
time step, FOTO analyses averaged speeds and flow rates measured by detectors.
Traffic phases are identified based either on a set of fuzzy rules of [1,2] or with the
following more simple rules: (i) FOTO detects synchronized flow, when

v < Veyns 0.1
(i) FOTO detects a wide moving jam, when
V < Vjam and g < Gjam; 9.2)
(iii) FOTO detects free flow, when
V> Vsyn, 9.3)

where speeds Vsyn, Viam, and the flow rate gj,m are model parameters.

q,(1), v, (t) (1), V(1)

FOTO and ASDA models

1. Recognition of traffic phases:
F: Free flow
S: Synchronized flow
J: Wide moving jam
2. Tracking and prediction of traffic phases

v

F F S S F
t t | t
(jam) _ (jam) _ (syn) x (Jam) § (
S up d{ig:l X up up S djcqun) Eii)}:vlz

Fig. 9.1 Illustration of the FOTO and ASDA model approach. Taken from [1]

Secondly, fronts of wide moving jams (x(Jam xgjgln) and of synchronized flow

(xuspyn xdso}::n) are determined. Finally, based on the FOTO and ASDA models the
tracking and forecasting of these fronts in time and space is calculated, i.e., the posi-
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tions of all fronts xl(fsm), xgxg s xl(ﬁ)y"), and xgzyvcz as functions of time are found. Note
that for traffic forecasting, historical time series at least for flow rates are necessary.

This tracking is related to the on-line description of the upstream and down-
stream fronts of synchronized flow and wide moving jams as well as the average
speed within these traffic phases. This tracking is also carried out between road de-
tectors (or other road locations at which the phases have been identified), i.e., when
synchronized flow and wide moving jams cannot be measured at all. Note that the
FOTO and ASDA models enable us to predict a merging and/or a dissolution of two
or more initially different synchronized flow regions and of two or more initially
different wide moving jams that occur between detector locations.

Using the average vehicle speed and density (or occupancy) within the traffic
phases that are known from empirical studies and current traffic measurements one
can calculate other traffic characteristics, e.g., trip travel times and/or vehicle trajec-
tories.

direction of flow
R —

upstream front of downstream front of
synchronized flow synchronized flow
detector A (moving) detector B (fixed at bottleneck)
qa(t) < () (syn)
up X down
— fregtlow— - —
o N\ 77 on-ram 3
offram p
p (D) Qon(t) bottleneck

Fig. 9.2 Sketch of synchronized flow tracking with the FOTO model. Taken from [1]

If synchronized flow has been identified by the FOTO model, the upstream front
location of this object is tracked by the FOTO model via a cumulative flow rate ap-
proach (Fig. 9.2). We assume that due to the upstream propagation of synchronized
flow whose downstream front is fixed at a bottleneck, the synchronized flow has
been identified at road detector B at time ¢ = fgy,, B. At >ty B a time-dependence
of the location xl(;,yn) (t) of the upstream front of synchronized flow between any two
detectors A and B (flow rates measured at these detectors are denoted by ga and gg,

respectively) can be calculated through the formula:
xip" (1) = HAM (1), ©4)

where
AM(t) = AMiora (1) /1, 9.5)

n is the number of road lanes, i is a model parameter, A My (7) is the net vehicle
number leaving the road section between detectors A and B that is equal to (Fig. 9.2)
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t t
AMeoa (1) = /t g8 (1)di — /, Gi(O)dt at t>tgnp,  (9.6)
syn, B syn, B
qa(t) = qa(t) + gon — Gofi- 9.7)

If a wide moving jam has been identified, the front locations of this jam are
tracked with the ASDA model. For example, the locations of the upstream and
downstream fronts of the wide moving jam xff;m) (t) and xg;fvng

found through the use of Stokes’s shock wave formula?:

(1), respectively, are

(Ljam) [ )= gm0
w (1) ZWW)@MM@W’QW ©8)

Ljam) __t 72(t) = gmin (1)
== | o= ™ 20 02

In (9.8) and (9.9), ¢;(¢) and v;(7), g2(¢) and v, (¢) are the measured flow rate and
average speed upstream and downstream of the jam, respectively (Fig. 9.1); t¢ is the
time instant when the moving jam is detected at the downstream detector, the time
t1 determines the appearance of the downstream jam front at this detector; gmin (#)
is the measured flow rate within the jam that is usually taken as zero; pmax (?) is the
vehicle density within the jam.

e Both the cumulative flow approach and Stokes’s formula are well-known in traf-
fic science. The feature of the FOTO and ASDA models is that the models iden-
tify firstly two different traffic phases in congested traffic, synchronized flow
and wide moving jam, and then synchronized flow is tracked with the cumulative
flow approach, while in contrast wide moving jams are tracked based on Stokes’s
formula.

A typical congested pattern reconstructed and tracked by the FOTO and ASDA
models in California (USA) is illustrated in Fig. 9.3. On the interstate freeway 1405-
South in Orange County located south from Los Angeles several detectors measure
traffic data on the mainly four lane road. The space-time diagram from March 4,
2003 shows large regions of synchronized flow and several moving jams propagat-
ing up to 10 km on the road.

The FOTO and ASDA models have been installed over the entire freeway net-
work of the German Federal State of Hessen with about 2500 detectors and 1200
km road distance. The models have to cope with different detector infrastructures
(distances between detectors up to 10 km), different measurement intervals (1 and

2 1t must be noted that the flow rates and densities in (9.8) and (9.9) are found independent of
each other based on measured data, i.e., no fundamental diagram (no flow—density relationship) is
used in these formulae: Rather the formula for the shock-wave velocity of the Lighthill-Whitham-
Richards (LWR) theory, formulae (9.8) and (9.9) follow from Stokes’s shock wave formula derived
in 1848 [12]. Explanations of the fundamental difference between the LWR and Stokes’s shock
wave formulae appear in Sect. 10.2.



9.1 Reconstruction and Tracking of Congested Patterns 147

10

distance [km]
(9]

\

7:00 7:15 7:30 7:45 8:00 8:15 8:30

[ synchronized flow HEE moving jams

Fig. 9.3 Congested traffic pattern recognition and tracking through the use of FOTO and ASDA
on the 1405-South freeway in Orange County in the USA. Taken from [1]

5 minutes) and with different kinds and mixtures of local, regional, long-distance,
and leisure traffic.

It has been found in the on-line application that the FOTO and ASDA models
are reliable without any validation of model parameters in all situations [2,7-11]. A
possible dissolution of wide moving jams and synchronized flow, which occurs be-
tween detectors, can be predicted by the FOTO and ASDA models, when the traffic
phases cannot be measured. A choice of optimal detector locations with regard to
locations of effectual bottlenecks yields significant savings in roadside infrastruc-
ture investment. In a four month field trial we found that with only 23% of all given
measurements on the freeway A5 approximately 60% of relevant information can be
reconstructed. An example of the traffic phase recognition and tracking presented in
Figs. 9.4 and 9.5 (a) shows some typical results from the on-line operation of FOTO
and ASDA at the Traffic Control Centre of the German Federal State of Hessen.

From a comparison of spatiotemporal congested patterns measured on freeways
in the USA (Fig. 9.3), Germany (Fig. 9.5 (a)), and the UK (Fig. 9.5 (b)) we can
conclude that

e the FOTO and ASDA models can recognize and track very different congested
patterns without changes in the model parameters;

e although quantitative characteristics of congested patterns in these three differ-
ent countries are very different, qualitatively the same spatiotemporal structure of
congested traffic patterns is observed; this general structure consists of synchro-
nized flow whose downstream front is fixed at a bottleneck and wide moving
jams that emerge in the synchronized flow propagating subsequently upstream
while maintaining the mean velocity of their downstream fronts. This explains
also the term general congested pattern (GP) used in three-phase traffic theory
for these different traffic patterns.
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Fig. 9.4 Congested traffic pattern recognition and tracking through the use of FOTO and ASDA at
the Traffic Control Centre of the German Federal State of Hessen. Reconstruction and tracking of
synchronized flow and moving jams with FOTO and ASDA including vehicle trip time trajectory
(solid line). Taken from [1]

Traffic pattern recognition with the FOTO and ASDA models can further be used
for prediction in a traffic network as discussed in [1, 3]. For this objective in ad-
dition with current traffic pattern recognition, a historical database about effectual
bottlenecks and resulting traffic congested pattern in the network is required.

9.1.2 Vehicle Onboard Traffic Prediction

In above consideration of traffic pattern recognition, the FOTO and ASDA models
have used traffic data measured by road detectors. Current time dependence of ve-
hicle speed measured by a vehicle can also be used for an approximate recognition
of traffic phases.

The recognition of a new traffic phase in a vehicle can approximately be made
based on conditions that during a time interval 7 that is longer than a given one
the vehicle speed v is lower or higher than a given value [13]: A vehicle detects
synchronized flow, when

Viam < V < Vgyn during T > Tgyn. (9.10)

A vehicle detects a wide moving jam, when
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(a) General congested traffic pattern on
the freeway AS5-North (June 14, 2006) in Germany
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the freeway M-42 (January 11, 2008) in the UK
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Fig. 9.5 Comparison of congested traffic pattern recognition and tracking through the use of FOTO
and ASDA on the A5 freeway in Germany (a) and on the M42 freeway in the UK (b). Taken

from [8-10]

v < Vijam during T > Tjam 9.11)

A vehicle propagating initially within synchronized flow or a wide moving jam de-

tects free flow, when
V > Viee during T > Tiree, 9.12)

where Tiiee, Tsyn, Tjams Viree» Vsyn, and vjam are model parameters.

When a historical database about effectual bottlenecks and congested patterns in
a traffic network is stored in the vehicle, this current congested pattern recognition
in the vehicle can be applied for a prognosis of future congested traffic patterns
that should occur downstream of the vehicle (Fig. 9.6). This traffic prognosis can
be made onboard autonomous, i.e., even if no data from a traffic control center is

available.
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Fig. 9.6 Simplified qualitative scheme of a vehicle onboad autonomous traffic prediction. Taken
from [1]

Onboard traffic prediction can be improved considerably through the use of traf-
fic information from a traffic control center as well as from vehicle-vehicle commu-
nication building a vehicle ad-hoc network that discussion appears in Sect. 9.5.

9.2 Feedback On-Ramp Metering

One of the most used traffic control methods is on-ramp metering at an on-ramp
bottleneck [14—18]. Various models and methods based on the “free flow control ap-
proach” to on-ramp metering have been developed. The basic idea of this approach
is to maintain free flow on the main road at the bottleneck (e.g., [14,16,17,19-23]).
Free flow at the bottleneck should be maintained at the maximum possible through-
put in free flow downstream of the bottleneck. In other words, traffic breakdown
and resulting congested patterns at the bottleneck should be prevented. An example
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of this approach is the ALINEA method of Papageorgiou et al. [17,19-24] used in
many real installations.

However, due to the probabilistic nature of traffic breakdown at bottlenecks
(Chap. 3) ALINEA exhibits an application limitation (see Sect. 10.6.5): in a wide
range of the flow rate in free flow at a bottleneck traffic breakdown can randomly
occur. This leads to congested pattern emergence with subsequent congestion prop-
agation upstream of the bottleneck. This critical conclusion is also related to many
other free flow control methods [25-29].

For this reason, the author introduced a different “congested pattern control ap-
proach” to feedback on-ramp metering called ANCONA [1,30,31]. In ANCONA,
congestion at the bottleneck is allowed to set in. However, average vehicle speed
within a congested pattern that emerges at the bottleneck should be maintained
through the use of ANCONA at relatively high level (higher than about 60 km/h).
Moreover, ANCONA ensures that congestion does not propagate upstream; rather
than propagating upstream the congested pattern should be localized on the main
road in the neighborhood of the bottleneck.

9.2.1 Theoretical Background of ANCONA

To explain ANCONA, let us firstly recall that due to an F—S transition at the bot-
tleneck, firstly an SP appears. If the synchronized flow speed within the SP is high
enough, then probability of wide moving jam emergence in this synchronized flow
is negligible, i.e., an GP is not formed and the flow rate within the SP can be as great
as in an initial free flow (Sect. 7.2.1).

This fact is used in ANCONA. ANCONA allows SP emergence at the bottleneck,
but it suppresses GP formation. To prevent wide moving jam emergence within the
SP, ANCONA ensures a high enough speed (higher than about 60 km/h) within the
emergent SP. In addition, ANCONA rules ensure that the emergent SP is localized
on the main road in the neighborhood upstream of the bottleneck, i.e., the SP should
not propagate continuously upstream. To register SP formation at the bottleneck, in
ANCONA feedback detector location is upstream of the effective bottleneck loca-
tion (Fig. 9.7)3.

In comparison with other on-ramp metering strategies that try to maintain free
flow at the bottleneck, benefits of the ANCONA approach are considerably greater
throughput and considerably shorter waiting times in the on-ramp lane(s). We will
examine these ANCONA benefits in a comparison of ANCONA with ALINEA and
UP-ALINEA in Sect. 10.7.

3 In [28] has been found that the closer the feedback detector location to the effective bottleneck
location, the more efficient is ANCONA application. However, in any case the feedback detector
location in ANCONA must be upstream of the effective bottleneck location. For simplicity, we
study here only a case [1,31] in which a feedback detector location in ANCONA is upstream of
the bottleneck as shown in Fig. 9.7.
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detectors for feedback effective location
control of bottleneck

on light signal

Fig. 9.7 Qualitative scheme of on-ramp bottleneck with upstream location of detector for on-ramp
feedback metering control.

In contrast with standard on-ramp feedback metering methods, in which free flow
should be maintained in a small neighborhood of a target (optimal) occupancy (or
target flow rate, speed, or else density) (Sect. 10.6.5), ANCONA does not restrict
on-ramp inflow as long as free flow is measured at the bottleneck. This ANCONA
feature is associated with the probabilistic nature of traffic breakdown at the bottle-
neck as well as with a discontinues character of traffic breakdown: there is a wide
range of flow rates downstream of the bottleneck within which the probability of
spontaneous traffic breakdown at the bottleneck is greater than zero (Chap. 3). For
this reason, either traffic breakdown occurs regardless of feedback on-ramp meter-
ing or a control method has to decrease on-ramp inflow drastically to suppress the
breakdown.

e Thus at great enough flow rates in a traffic network when congestion should oc-
cur somewhere in the network, rather than to control free flow at the bottleneck
a much more efficient use of the network could be achieved by a control of con-
gested patterns resulting from spontaneous traffic breakdown at the bottleneck.

Only after synchronized flow is set in at the bottleneck, ANCONA begins to con-
trol this synchronized flow through the feedback decrease in on-ramp inflow. This
feedback congested pattern control should ensure that either the SP dissolves over
time and free flow returns at the bottleneck or the SP should spatially be localized
at the bottleneck.

Thus in ANCONA there is no on-ramp control as long as free flow is measured

at the bottleneck. This means that the flow rate of vehicles denoted by qéflom), which

can merge from the on-ramp onto the main road, is equal to

2™ = gon, 9.13)

where g, is the flow rate to the on-ramp (Fig. 9.7). When a spontaneous traffic
breakdown occurs, synchronized flow appears at the bottleneck. In this case, the av-
erage speed denoted by v(9€!) measured at the feedback control detector upstream
of the bottleneck (Fig. 9.7) decreases. This speed decrease is explained by lower
speed within synchronized flow and by upstream propagation of the upstream syn-
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chronized flow front. If the average speed v(d)

“congestion speed” denoted by veong, i.€., when the average speed v
condition

is equal to or drops below a chosen
(det) satisfies the

V(det) < Veong; 9.14)

feedback on-ramp metering via ANCONA is performed: via light signal operation
ANCONA reduces the flow rate qé‘;"m) to a smaller flow rate denoted by gon 1. As a
result, instead of condition (9.13) the following condition is satisfied:
(cont)

qon =d{on 1 < gon- (915)
Thus ANCONA switches feedback on-ramp inflow control on only after sponta-
neous traffic breakdown has occurred at the bottleneck. Due to this decrease in the
flow rate (9.15), ANCONA tries to achieve a return phase transition from synchro-
nized flow to free flow (S—F transition) at the bottleneck. As a result of this S—F

transition, the initial SP dissolves and the average speed at the detector y(det)
creases above Veong:

in-

V9 > yong. (9.16)

When condition (9.16) is satisfied, via light signal operation a greater flow rate

a5 = Gon 2, (9.17)

is allowed, where the flow rate gon 2 > qon 1 (flow rates gon 1 and gon 2 and speed
Veong are model parameters). If under condition (9.17) traffic breakdown occurs at
the bottleneck once more, an incipient SP begins to propagate upstream of the bot-

tleneck. As a result, the speed at the feedback control detector decreases. Therefore,

condition (9.14) is satisfied once more. This leads to a new decrease in qf)%om) , and

SO on.

e Thus to control traffic breakdown and resulting congested traffic patterns at the

bottleneck, ANCONA performs a discontinues change in the flow rate q(()%om) (1)

(Fig. 9.7). This ANCONA feature is associated with the discontinues character
of traffic breakdown in real traffic.

If there are no traffic breakdowns at the bottleneck, i.e., condition (9.16) is satis-

fied during a relatively long time interval, ANCONA does not restrict the flow rate

qf)ffm) any more, i.e., condition (9.13) is satisfied. This is independent of how great

occupancy and flow rate are.

ANCONA tries to achieve greater throughputs in the whole traffic network under
very great traffic demand when congestion has to occur somewhere in the network.
ANCONA should ensure a more homogeneous distribution of congestion among
all bottlenecks in the network. Indeed, rather than the maintaining of free flow at
the bottleneck at the expense of rapid growth of congestion in the on-ramp lane(s)
and, therefore, in other links of the traffic networks, ANCONA tries to minimize
influence of congestion both in the on-ramp lane and on the main road.
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9.2.2 Numerical Simulations of ANCONA

The above explanations of ANCONA are illustrated in numerical simulations shown
in Figs. 9.8 and 9.9. Without ANCONA application (Fig. 9.8), an GP emerges spon-
taneously at the bottleneck when g, is an increasing time function (Fig. 9.8 (a))
and the flow rate in free flow upstream of the bottleneck g;, (Fig. 9.7) is constant.
However, if ANCONA is applied (Fig. 9.9), then at the same flow rates gon () and
¢in as those in Fig. 9.8, GP emergence shown in Fig. 9.8 (b) is suppressed via AN-
CONA application; this can be seen from the averaged speed on the main road in
space and time shown in Fig. 9.9 (a). To suppress this GP emergence, the flow rate

of vehicles that can merge from the on-ramp onto the main road qé%om) is switched

over time between two values go, 1 and gop 2 via ANCONA (Fig. 9.9 (b)).
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Fig. 9.8 Simulated GP at on-ramp bottleneck at which no on-ramp feedback metering control is
applied. Atz = fy on-ramp inflow is switched on. Taken from [1]
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Fig. 9.9 ANCONA euppressei GP emergence under the same flow rates as those in Fig. 9.8: (a)
Speed in time and space. (b) q(,n0 as a time-function. Taken from [1]

We can see from Fig. 9.9 (a) that although traffic breakdown occurs sponta-
neously at the bottleneck, ANCONA application leads to a spatial localization of
this congested pattern at the bottleneck, i.e., congestion does not propagate upstream

continuously. Moreover, no wide moving jams emerge within this congested pattern,
i.e., this pattern is an SP.
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9.3 Speed Limit Control

In this section, based on simulations in the framework of three-phase traffic theory
we show that speed limit control can result in traffic breakdown with the subsequent
formation of wide moving jams or in contrast to wide moving jam dissolution. In
other words, we find that the effect of speed limit control on traffic flow character-
istics depends qualitatively on conditions at which it is applied.

9.3.1 Traffic Breakdown at Bottleneck through Application of
Speed Limit Control

Here, we show that rather than improving traffic flow characteristics speed control
in free flow can induce traffic breakdown at a bottleneck [32].
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Fig. 9.10 Simulations of speed limit control in flow of identical vehicles: (a) Flow rate to the on-

ramp as a time-function. (b—d) Speed without speed limit (b) and under speed limit (c, d). Atz =1y
(max)

on-ramp inflow is switched on. g5, ~ = 540 (b, d) and 420 (c) vehicles/h. Taken from [32]

We consider three scenarios on a two-lane road section with an on-ramp bottle-

neck. In the scenarios, the flow rate to on-ramp gon(¢) increases over time from 90

vehicles/h to some q((,r,?ax) (Fig. 9.10 (a)); the flow rate in free flow on the main road

upstream of the bottleneck gj, is time-independent.
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In the first scenario, there is no speed limitation; vehicles move with the maxi-

mum free flow speed 108 km/h. Although on-ramp inflow increase to qéﬁm) =540
vehicles/h, free flow condition remains at the bottleneck (Fig. 9.10 (b)).

In the second scenario, we apply speed limitation 90 km/h downstream of the
on-ramp bottleneck, i.e., all vehicles should move with speeds, which are equal or

lower than 90 km/h. We find that if gon(#) increases to q((ffllax) = 420 vehicles/h and
the other conditions are as those in the first scenario, traffic breakdown is induced
through speed limitation at the bottleneck. As a result, an LSP is formed upstream
of the bottleneck (Fig. 9.10 (c)).

In the third scenario, as in the second one we also apply speed limitation 90
km/h downstream of the bottleneck. However, g, is increased to a greater value
q(()r;lax) = 540 vehicles/h. Firstly, as in Fig. 9.10 (c) traffic breakdown is induced and
an LSP occurs. However, within the LSP speed becomes lower than the speed within
the LSP in Fig. 9.10 (c); as a result, a wide moving jam emerges spontaneously
within the LSP, i.e., the LSP transforms into an GP over time (Fig. 9.10 (d)). The
wide moving jam propagates upstream continuously. Thus we see that rather than
preventing congestion, speed limitation can induce SPs and GPs at the bottleneck.

SPs and GPs emergence through the use of speed limit control can be explained
based on the double Z-characteristic for phase transitions (Fig. 5.9). There is a criti-
cal speed in free flow for traffic breakdown (dashed curve between states F and S in
Fig. 5.9). When the speed within a local disturbance in the neighborhood of the bot-
tleneck becomes lower than the critical speed, then this disturbance grows leading
to traffic breakdown with the subsequent emergence of synchronized flow at the bot-
tleneck. Speed limitation reduces speed at the bottleneck. Consequently, a smaller
additional random speed decrease within a speed disturbance at the bottleneck can
lead to traffic breakdown. Thus when speed limit is applied, traffic breakdown oc-
curs with greater probability at the bottleneck at the same flow rates upstream of the
bottleneck.

To explain GP emergence under speed control shown in Fig. 9.10 (d), we recall
that there is a critical speed for the emergence of wide moving jams in synchronized
flow (dashed curve between states S and J in Fig. 5.9). When the speed within a local
disturbance in synchronized flow becomes lower than this critical speed, then this
disturbance is a nucleus for an S—1J transition whose growth leads to the emergence
of a wide moving jam. The lower the speed, the greater the probability of the nucleus
occurrence at the same other synchronized flow characteristics. The average speed
within the LSP decreases when a greater flow rate q((ffax) = 540 vehicles/h is applied
(Fig. 9.10 (d)). This explains why speed limitation induces firstly the LSP and later
leads to wide moving jam occurrence upstream of the bottleneck.
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9.3.2 Dissolution of Wide Moving Jams in Synchronized Flow
under Speed Limit Control

Now we show that in some other cases, speed limitation can lead to moving jam
dissolution in synchronized flow. We consider the same two-lane freeway section,
however, with two different adjacent bottlenecks (Fig. 9.11 (a)): a downstream off-
ramp bottleneck and an upstream on-ramp bottleneck. In addition, we simulate now
heterogeneous flow consisting of three types of vehicles: fast, slow, and long vehi-
cles. The maximum speed in free flow for fast vehicles (120 km/h) is assumed to be
higher than the one for slow and long vehicles (90 km/h).
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Fig. 9.11 Simulations of speed limit in heterogeneous flow: (a) Model of bottlenecks. (b, ¢) Speed
in space and time. At =ty on-ramp inflow is switched on. qﬁ,',{‘a” =420 vehicles/h. The percentage
of vehicles going to the off-ramp is 12%. Taken from [32]

Simulations show that free flow exists only at relatively small flow rates go, and
¢in- Slow and long vehicles move mostly in the right lane, whereas fast vehicles
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move mostly in the left (passing) lane. The average speed in free flow in the left
lane is close to 120 km/h, whereas in the right lane the speed is close to 90 km/h.
When gj, is time-independent but the flow rate to on-ramp g, increases over

time from 60 to q((,ﬁlax) = 420 vehicles/h (Fig. 9.10 (a)), traffic breakdown occurs
at the off-ramp bottleneck with subsequent synchronized flow formation at the off-
ramp bottleneck. Traffic breakdown occurs independent of whether there is speed
limit (Fig. 9.11 (c)) or not (Fig. 9.11 (b)).

However, there is a fundamental difference in these two cases: whereas with-
out speed limit, wide moving jams emerge spontaneously in synchronized flow
(Fig. 9.11 (b)), there is no wide moving jam emergence in synchronized flow un-
der speed limit 90 km/h (Fig. 9.11 (c¢)). The speed limit leads to wide moving jam
dissolution; as a result, only an LSP remains upstream of the off-ramp bottleneck.

Before we explain this result, we recall the reason for traffic breakdown at the off-
ramp bottleneck. Traffic breakdown occurs because vehicles in the left lane, which
are going to the off-ramp, must change from the left (passing) to right lane. This lane
changing occurs within a region on the main road (whose length is denoted by L. in
Fig. 9.11 (a)) upstream of the beginning of the off-ramp. The lane changing leads
to speed disturbances in the right lane within the length L.. The speed within some
of these disturbances becomes lower than the critical speed (dashed curve between
states F' and S in Fig. 5.9). This explains traffic breakdown that occurs independent
of whether there is a speed limit (Fig. 9.11 (¢)) or not (Fig. 9.11 (b)).

Now we explain why wide moving jams emerge in synchronized flow when no
speed limit is applied (Fig. 9.11 (b)), whereas no wide moving jams occur in syn-
chronized flow under speed limit application (Fig. 9.11 (c)). When no speed limit is
applied, upstream of the off-ramp bottleneck the speed of the fast vehicles in the left
lane is considerably higher (120 km/h) than the speed in the right lane (90 km/h).
When vehicles in the left lane can move with higher speeds than those in the right
lane, we can assume that vehicles in the left lane going to the off-ramp try to stay
in the left lane as long as possible: this theoretical assumption means that L. should
be relatively short. In Fig. 9.11 (b), we have chosen L. = 200 m. Simulations show
that at L, = 200 m, many speed disturbances with relatively low speed appear in the
right lane on the main road upstream of the off-ramp. This is because the shorter the
length L. of the lane changing region (Fig. 9.11 (a)), the more frequently fast ve-
hicles going to the off-ramp must change from the left lane to the right lane within
this region. These low speed disturbances caused by lane changing propagate up-
stream in synchronized flow leading to spontaneous wide moving jam emergence in
synchronized flow (Fig. 9.11 (b)). Simulations show that the speed within some of
the disturbances is lower than the critical speed for an S—1J transition (dashed curve
between states S and J in Fig. 5.9).

In contrast, when speed limit is applied downstream of the on-ramp bottleneck,
both fast and slow vehicles move with a speed that is not higher than 90 km/h.
We can make an assumption that fast vehicles in the left lane going to the off-
ramp change to the right lane within a considerably longer section on the main
road, i.e., under speed limit L. increases: fast vehicles should not necessarily have
a motivation any more to stay in the left lane as long as possible. This is because
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the speed in the left lane is now as low as in the right lane. For the scenario with
speed limit, we have chosen L, = 800 m. Then no wide moving jams occur between
the bottlenecks (Fig. 9.11 (c)). Simulations show that at longer L. the speed within
speed disturbances associated with lane changing is higher than the critical speed for
S—1J transition (dashed curve between states S and J in Fig. 5.9). This explains why
wide moving jams do not emerge in synchronized flow under speed limit (Fig. 9.11

(©)).

9.4 Cooperative Driving for Improving of Traffic Flow and
Safety

Collective traffic control like on-ramp metering and speed limit discussed above are
important methods for the improving of traffic flow characteristics. Nevertheless, it
can be expected that a stronger effect on traffic flow characteristics and traffic safety
could be achieved through the cooperative adaptation of individual driver behavior
to the current driving situation based on driver assistance systems in vehicles in
a cooperation with car-to-car communication. Such cooperative driving is one of
the most important challenges for intelligent transportation systems in the future
(e.g., [33-36]).
However, a question arises:

e What driver behavior should be changed to improve traffic flow and enhance
traffic safety?

Answers to this question, which follow from three-phase traffic theory (Part I) [1,
37], are briefly discussed in this section. Some simulation results of cooperative
driving for improving of traffic flow characteristics appear in Sect. 9.5.

There are the following main traffic phenomena, which lead to the deterioration
of performance of traffic system, in particular to the reduction in traffic safety:

e Traffic breakdown, i.e., an F—S transition, which occurs mostly at a highway
bottleneck.

e Wide moving jam emergence in synchronized flow resulting from traffic break-
down.

Therefore, these traffic phenomena should be prevented.

9.4.1 Driver Behavior for Prevention of Traffic Breakdown

As follows from three-phase traffic theory, traffic breakdown is associated with a
competition between two opposing tendencies occurring within a local disturbance
within which the speed is lower and vehicle density is greater than in an initial free
flow — a tendency towards synchronized flow due to vehicle deceleration associated
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with the speed adaptation effect and a tendency towards free flow due to vehicle ac-
celeration associated with the over-acceleration effect (Sect. 3.2). This competition
leads to traffic breakdown, if a nucleus for traffic breakdown appears in free flow at
the bottleneck. In turn, the nucleus is a local disturbance in free flow within which
the speed is equal to or lower than a critical speed, respectively, the density is equal
to or greater than a critical density required for traffic breakdown. Thus we see that
changes in driver behavior for prevention of traffic breakdown should lead to

e the reduction in probability of the occurrence of a nucleus required for traffic
breakdown through the decrease in speed fluctuations in free flow or/and

o the facilitation of the over-acceleration effect that increases the tendency towards
free flow.

The decrease in speed fluctuations in free flow in a neighborhood of on- and off-
ramp bottlenecks can be achieved through the use of cooperative driving in which

e vehicles moving on the main road in the neighbor lane to on- or off-ramps keep
larger space gaps for those vehicles that merge from the on-ramp onto the main
road or change lane to leave the main road to the off-ramp, respectively or/and

e vehicles decrease acceleration (and deceleration, if it is possible).

The facilitation of the over-acceleration effect can be achieved through the use
of individual driver assistance systems (for example, adaptive cruise control (ACC)
(Sect. 9.6) and lane changing assistance systems) that help drivers

e to increase lane changing probability to a faster lane in a neighborhood of the
bottleneck or/and

e to increase space gaps (time headways) approaching a local disturbance in free
flow at the bottleneck or/and

e to decrease a driver time delay in acceleration at the downstream front of the
local disturbance.

It should be noted that when fluctuations in free flow at the bottleneck are great and,
therefore, a nucleus required for traffic breakdown has occurred in free flow at the
bottleneck, nevertheless, the abovementioned changes in driver behavior can lead to
the interruption of the nucleus growth and, finally, to the dissolution of the nucleus.

However, we should mention that the increase in lane changing probability to a
faster lane can lead to the opposite effect — the increase in a local disturbance and,
consequently, to the occurrence of a nucleus required for traffic breakdown. This
is associated with a dual role of lane changing in free flow discussed in Sect. 3.4.
Indeed, lane changing can lead to the occurrence of a nucleus required for traffic
breakdown, when due to lane changing a vehicle forces the following vehicle in the
target lane to decelerate strongly.

The same opposite effect leading to the occurrence of a nucleus required for
traffic breakdown can also occur through the decrease in a driver time delay in ac-
celeration at the downstream front of a local disturbance in free flow. This is because
if a driver accelerates with a too short time delay after the preceding vehicle has just
begun to accelerate, then a possible subsequent (and unexpected) deceleration of
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the preceding vehicle can cause strong deceleration of the following drivers with
the subsequent occurrence of the nucleus for traffic breakdown.

We see that very accurate and precise cooperative and well coordinated changes
in individual driver behavior in different road lanes in a neighborhood of a highway
bottleneck are required to reach the goal of the prevention of traffic breakdown.

Suggestions for changes in individual driver behavior can be made at each
time instant and individual for every driver. The suggestions can include individ-
ual choices of a road lane, speed, space gap (or time headway), and acceleration
for each of the vehicles in the neighborhood of the bottleneck. Such cooperative
driving can be called microscopic driver navigation. In addition to the changes in
individual driver behavior, the microscopic driver navigation can include individual
suggestions for the route choice in a traffic network, if route change is possible.

9.4.2 Driver Behavior for Prevention of Moving Jam Emergence

If traffic demand in a traffic network is great enough, it can turn out that microscopic
driver navigation in free flow, which can also be made in cooperation with collec-
tive traffic control, cannot prevent traffic breakdown at some of bottlenecks in the
network. In this case, synchronized flow results from traffic breakdown.

To prevent wide moving jam emergence in the synchronized flow and, therefore,
the subsequent propagation of wide moving jams, some additional changes in indi-
vidual driver behavior can be required. This is because wide moving jam emergence
is associated with a competition between two opposing tendencies occurring within
a local disturbance in which the speed is lower and vehicle density is greater than
in an initial synchronized flow — a tendency towards a wide moving jam due to
the over-deceleration effect and a tendency towards synchronized flow due to the
speed adaptation effect (Sect. 5.2). This competition leads to a wide moving jam,
if a growing narrow moving jam, which is a nucleus required for wide moving jam
emergence, appears in synchronized flow. Changes in driver behavior for the pre-
vention of wide moving jam emergence in synchronized flow should lead to

e the reduction in probability of the occurrence of a growing narrow moving jam
through the decrease in speed fluctuations in synchronized flow or/and

o the facilitation of the speed adaptation effect that increases the tendency towards
synchronized flow.

The facilitation of the speed adaptation effect can be achieved through the use of
individual driver assistance systems that help drivers

e toincrease space gaps (time headways) required for speed adaptation in synchro-
nized flow or/and

e to decrease a driver time delay in deceleration at the upstream front of a local
disturbance in synchronized flow as well as within the disturbance or/and

e to decrease a driver time delay in acceleration at the downstream front of the
local disturbance.
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Additionally, if a growing narrow moving jam has occurred in one of the road
lanes, vehicles can recognize the jam and send a message to upstream moving vehi-
cles. Based on this message some of drivers in this lane can be suggested to change
to other lanes with the goal to increase space gaps in the lane and, therefore, pre-
vent the subsequent growth of the jam. Lane changing with the goal of the increase
in space gaps for the following vehicles can be an important instrument for the in-
terruption of the jam growth. This can destroy the jam that has earlier occurred in
synchronized flow (see a more detailed explanation of the nucleation-interruption
effect in Sect. 7.3.2).

However, we should mention that the increase in lane changing probability can
lead to the opposite effect — the occurrence of a growing narrow moving jam in
the target lane in which vehicles change. This is associated with a dual role of lane
changing in synchronized flow discussed in Sect. 5.3. The nucleus in the target lane
can occur, when lane changing forces the following vehicles in the target lane to de-
celerate strongly. Therefore, individual driver assistance systems should help drivers
to avoid such badly adapted lane changing.

It should be mentioned that in many cases great disturbances in synchronized
flow appear through the upstream propagation of speed (density) disturbances oc-
curring initially in a neighborhood of a bottleneck at which synchronized flow has
occurred. For this reason, microscopic driver navigation in the neighborhood of the
bottleneck discussed in Sect. 9.4.1 can also be very important for the reduction in
probability of the occurrence of nuclei required for wide moving jam emergence,
i.e., growing narrow moving jams in synchronized flow upstream of the bottleneck.

9.5 Traffic Control based on Wireless Car Communication

Ad-hoc vehicle networks based on wireless car-to-car and car-to-infrastructure
(C2X) communication is one of the important future fields of vehicle and traffic
flow control. This is because there are many possible applications of ad-hoc vehicle
networks, including various systems for danger warning, traffic adaptive assistance
systems, traffic information and prediction in vehicles, improving of traffic flow
characteristics through ACC-vehicles (Sect. 9.6), etc. [38—44].

However, the evaluation of ad-hoc vehicle networks requires many communicat-
ing vehicles moving in real traffic flow, i.e., field studies of ad-hoc vehicle networks
are very complex and expensive. For this reason, to prove the performance of ad-hoc
vehicle networks based on wireless vehicle communication, reliable simulations of
ad-hoc vehicle networks are of importance and indispensable.
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9.5.1 A Model of Ad-Hoc Vehicle Network

In general, for simulations of ad-hoc vehicle networks, both simulations of vehicle
communication and traffic flow are needed [45-53]. Here we restrict a consideration
of ad-hoc vehicle network simulations devoted to traffic flow control. As will be ex-
plained in Chap. 10, traffic flow models within the framework of the fundamental
diagram approach cannot show the fundamental empirical features of traffic break-
down (Chap. 3). For this reason, we consider ad-hoc vehicle network simulations in
the context of three-phase traffic flow theory [54].

I Vehicle attributes: |
I' (i) update rules for vehicle motion |
! (i1) message access 1
: (iii) radio propagation model 1
; (iv) matrix of signal powers I
| (V) reception characteristics I
| (vi) message queue and priority :
| (vii) application scenarios (neighborhood matrix, I
I changes in vehicle behavior, message routing, I
| setting of message priority, etc.) |

communicating vehicle

Fig. 9.12 Scheme of simulations of ad-hoc networks and traffic flow within a united network
model. Taken from [54]

In this model, simulations of traffic flow and an ad-hoc vehicle communication
network as well as applications of an ad-hoc vehicle network for traffic flow are per-
formed in a united simulation network. In this simulation network (Fig. 9.12), each
vehicle exhibits different attributes needed for vehicle motion, vehicle communi-
cations, and application scenarios. The vehicle attribute “update rules for vehicle
motion” is given by a microscopic three-phase traffic flow model (Chap. 11).

If there are messages to be sent and the medium is free, the vehicle sends the mes-
sage that has the highest priority and/or is the first one in the message queue in this
vehicle. To prevent collisions between messages sent by different communicating
vehicles, a message access method is usually applied. During a motion of a commu-
nicating vehicle in a traffic network calculated through the use of the update rules
for vehicle motion, the vehicle attribute “message access” calculates vehicle access
possibility for message sending at each time instant. As an example, we use here
IEEE 802.11e basic access method [55-57]. No access is possible when medium is
busy. After the medium has been free, in accordance with the IEEE 802.11e access
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method, there is a backoff procedure applied for each of the communicating vehi-
cles independently of each other. At the end of the backoff procedure, a decision
whether the medium is free or busy is made.

In the model (Fig. 9.12), to make the decision whether the medium is free or
busy or else the vehicle has received a message or not, based on the vehicle attribute
“radio propagation model”, signal powers of messages sent by all other communi-
cating vehicles are calculated. If a signal power is greater than a given threshold
signal power denoted by Py, (model parameter), then this signal power of the asso-
ciated message is stored into a “matrix of signal powers” of the vehicle:

e at each time instant, the matrix of signal powers of the vehicle contains signal
powers of messages sent by other vehicles in ad-hoc network that are greater
than the threshold signal power Py, at the location of the vehicle.

This threshold Py, is chosen to be much smaller than a carrier sense threshold
(CSTh). The smaller Py, is chosen, the greater the accuracy of simulations of ad-
hoc network performance, however, the longer the simulations run time. Signal re-
ception characteristics (whether the medium is free or busy as well as whether the
vehicle has received a message or not) are associated with an analysis of the matrix
of signal powers, which is automatically made at each time instant for each com-
municating vehicle individually. The decision about signal collisions is further used
for a study of ad-hoc network performance.

ID of sending vehicle 25 382 37 36 31

Distance between the receiving

vehicle 33 and sending vehicle 234m 345 m 300m 70m 362m

Received signal power of
the message sent at the -91 dBm (-95 dBm |-93 dBm |-81 dBm |-99 dBm
location of the vehicle 33

Fig. 9.13 Hypothetical example for matrix of signal powers

We consider an application of the matrix of signal powers for a hypothetical ex-
ample* of a communicating vehicle with a vehicle-ID (identification number) 33
(Fig. 9.13). In this case, in the matrix of the vehicle 33 there are several signal pow-
ers of those messages sent at the time ¢ by other vehicles in an ad-hoc network whose
signal powers are greater than the threshold CSTh = — 96 dBm at the location of
the vehicle 33. However, only the signal power of a message sent by vehicle ID 36
that is equal to — 81 dBm is greater than a signal receiving threshold RXTh = — 90
dBm. The ratio between the power of this greatest signal power of a message sent
by vehicle ID 36 and the sum of the powers of all other signals stored in the matrix

4 In this example, we have used a well-known two-ray-ground radio propagation model with the
communication range 200 m: P(y) = Py/(y/200)?, where ¥ is the distance between two commu-
nicating vehicles, Py = 1072 mW; RXTh = — 90 dBm, CSTh = — 96 dBm, SNR = — 6 dBm.
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is greater than the required signal-to-noise ratio (SNR) for the whole duration of the
message. Thus in the matrix of signal powers the signal sent by vehicle 36 that is
70 m outside of the location of vehicle 33 could be considered to be received by
vehicle 33.
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Fig. 9.14 Simulations of performance characteristics of neighbor table for different percentages
of communicating vehicles 20% (a), 50% (b), 100% (c). Figures left: number of communicating
neighbors for a vehicle within the communication range (curves 1) and the average number of
communicating neighbors in the neighbor table (curves 2). Figures right: probabilities for one
or more mistakes in the neighbor tables (curves 1) and for message receiving from one of the
neighbors (curves 2). Taken from [54]

Based on an application, which should be simulated, in the model each commu-
nicating vehicle exhibits an attribute of message queue organization and individual
message priority performance governed automatically. Because each communicat-
ing vehicle manages these features individually, this attribute can be chosen differ-
ently for various types of the communicating vehicles.

Each communicating vehicle exhibits an attribute “application scenario”. This
attribute governs the organization of all messages that are received and to be sent.
Based on this attribute and the message context just received by the vehicle, the ve-
hicle can change its behavior in traffic flow (e.g., the vehicle slows down or changes
the lane, or else changes the route, etc.).
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For an illustration of the model®, we consider simulations of a matrix of neigh-
bors for a communicating vehicle, also called a neighbor table. In this table, current
vehicle locations, ID, and other vehicle characteristics (speed, acceleration, etc.) of
all communicating vehicles are stored, which are in the communication range. The
neighbor table can be used by message routing in the ad-hoc network and support
of driver assistance systems. However, due to signal collisions not all messages are
received and, therefore, some vehicles do not appear in the neighbor table. As a re-
sult, probability of such mistakes in the neighbor tables increases rapidly with the
percentage of communicating vehicles (right, curves 1 in Fig. 9.14), whereas prob-
ability of message receiving only slightly decreases with the percentage of commu-
nicating vehicles (right, curves 2). At any percentage of communicating vehicles
under consideration mistake probability is not equal to zero (right, curves 1).

9.5.2 Prevention of Traffic Breakdown at On-Ramp Bottleneck
Through Vehicle Ad-Hoc Network

As mentioned in Sect. 9.4, we can assume that there can be the following two hypo-
thetical possibilities to prevent traffic breakdown at an on-ramp bottleneck through
changes in driver behavior of communicating vehicles:

(i) A decrease in the amplitude of disturbances on the main road occurring when
vehicles merge from on-ramp onto the right lane of the main road. This decreases
the probability of nucleus occurrence required for traffic breakdown.

(i1) An increase in probability of over-acceleration.

without communication with communication
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Fig. 9.15 Simulations of prevention of traffic breakdown at on-ramp bottleneck through vehicle
communication: Speed in time and space without communication (a) and with vehicle communi-
cation (b). Taken from [54]

5 In simulations presented, we have used P, = — 116 dBm, which allows us to have a good balance
between accuracy and simulation time. Simulation results are changed in the range of about 1%,
when instead of Py, = — 116 dBm, the threshold Py, = — 126 dBm has been used.
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In simulations presented in Fig. 9.15, we assume that vehicles moving in the
on-ramp lane send a message for neighbor vehicles moving in the right road lane
when the vehicle intends to merge from the on-ramp onto the main road. We assume
that the following vehicle in the right lane increases a time headway for the vehicle
merging. Simulations show that in comparison with the case in which no vehicle
communication is applied and traffic breakdown occurs (Fig. 9.15 (a)) this change
in driver behavior of communicating vehicles decreases disturbances in free flow at
the bottleneck. This results in the prevention of traffic breakdown (Fig. 9.15 (b)).

9.5.3 Influence of Ad-Hoc Vehicle Network on Congested Traffic
Patterns

Here we consider a case in which flow rates upstream of a bottleneck are great and
traffic control through the use of changes in driver behavior in free flow at the bot-
tleneck discussed in Sect. 9.5.2 is not applied. In this case, traffic breakdown occurs
at the bottleneck resulting in synchronized flow upstream of the bottleneck. Later,
wide moving jams begin to emerge in the synchronized flow, i.e., an GP appears
(Fig. 9.16 (a, b)). Nevertheless, as mentioned in Sect. 9.4, we can assume that there
can be the following two hypothetical possibilities to prevent moving jam emer-
gence in synchronized flow through changes in driver behavior of communicating
vehicles moving in synchronized flow:

(i) A decrease in the amplitude of disturbances in synchronized flow upstream of
the bottleneck. This decreases the probability of nucleus occurrence required for
the emergence of wide moving jams.

(ii) A decrease in the density of synchronized flow upstream of the bottleneck.
This decreases the critical speed required for the emergence of wide moving jams
in synchronized flow. The lower the critical speed, the smaller the probability for
the emergence of wide moving jams.

We assume that after synchronized flow has just occurred due to traffic break-
down at the bottleneck, communicating vehicles, which reach the synchronized
flow, send priority messages about the speed reduction to vehicles moving in free
flow upstream. Each message comprises a minimum space gap that should be main-
tained by vehicles while moving in the synchronized flow.

Due to this change in driver behavior incorporated in a three-phase traffic flow
model, at the same flow rates upstream of the bottleneck as those in Fig. 9.16
(a, b) rather than the GP a widening synchronized flow pattern (WSP) is forming
(Fig. 9.16 (c, d)). Whereas in the pinch region of the GP the mean space gap is 15
m, it is 25 m within the WSP. Due to the transformation of the GP into the WSP, two
effects are achieved: (i) wide moving jams do not occur and (ii) the average speed
within synchronized flow upstream of the bottleneck increases from about 40 km/h
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Fig. 9.16 Simulation of the effect of vehicle communication on congested patterns: Speed in time
and space (a, ¢) and at a location x = 15 km (b, d) without communication (a, b) and with commu-
nication (c, d). Taken from [54]

within the GP to 60 km/h within the WSP. These effects can result in a considerable
increase in the efficiency and safety of traffic.

9.6 Adaptive Cruise Control

Adaptive cruise control (ACC) is one of the ways to enhance driver comfort and
safety in traffic (e.g., [58-60]). An ACC-vehicle measures the space gap g and speed
difference between the preceding vehicle and ACC-vehicle Av = v, — v, where v is
the ACC-vehicle speed, v, is the speed of the preceding vehicle. Based on the current
values of g, v, and Av, the ACC vehicle calculates a time headway T between the
ACC-vehicle and the preceding vehicle. For simplicity, we consider here only a
case in which absolute values of Av, the difference AT = T — Tacc, where Tacc is
a desired time headway chosen by a driver, and acceleration (deceleration) of the
preceding vehicle are not very great.

Then for an usual ACC the acceleration (deceleration) of the ACC-vehicle is
given by a formula (e.g., [58—60]):
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ancc(t) = Ki(g(t) — gacc(v(z))) + K2Av(t) (9.18)

where gacc is a desired space gap (Fig. 9.17) related to the desired time headway
Tacc; K1, K5 are dynamic coefficients of ACC (K, K> > 0)°.

The main objective of the ACC is to maintain the speed difference Av close to
zero and the space gap g close to gacc, i.e., the time headway should be close to the
desired time headway Tacc. At higher speeds, gacc = vTacc, i.€., it is an increasing
speed function (Fig. 9.17). When Av =0 and g > gacc, as follows from (9.18) the
ACC-vehicle accelerates; otherwise, i.e., at g < gacc, the ACC-vehicle decelerates
(Fig. 9.17).

space gap

speed A%

Fig. 9.17 Explanation of ACC: Qualitative speed dependence of desired space gap gacc(v).

Traffic flow characteristics can be improved considerably through the use of ACC
based on three-phase traffic theory [67]. In accordance with this theory (Sect. 3.2),
when the space gap to the preceding vehicle is within a 2D-region in the space-
gap—speed plane (dashed region in Fig. 9.18), a vehicle with such an ACC adapts its
speed to the speed of the preceding vehicle without caring, what the precise space
gap is [67]:

a(t) = KayAv(t)  at g < 8 < G, (9.19)

where G and gy are the synchronization and safe space gaps, respectively, Kay is
a dynamic coefficient (Kxy > 0). At g > G the ACC-vehicle accelerates, whereas at
g < gsate the ACC-vehicle decelerates. In other words, outside of the 2D-region in
the space-gap—speed plane formula (9.19) is not applied.

In contrast with the usual ACC (9.18), acceleration (deceleration) of a vehicle
with the ACC based on three-phase traffic theory (9.19) does not depend on the
space gap, i.e., on the time headway to the preceding vehicle at all. In other words,
the ACC mode (9.19) does not maintain a desired time headway chosen by the
driver. Moreover, the dynamic coefficient Kxy in the ACC mode (9.19) can be chosen

6 The effect of ACC-vehicles (9.18) on traffic flow at different dynamic coefficients of ACC adap-
tation has been simulated with three-phase traffic flow models in [61-66]. Some results of these
simulations can be found in Sect. 23.6 of the book [1].
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a=K, Av

space gap

speed V max

Fig. 9.18 Explanation of ACC in the framework of three-phase traffic theory [67]: A part of 2D-
region of space gaps between a vehicle moving in accordance with the ACC mode (9.19) and the
preceding vehicles in the space-gap—speed plane (dashed region).

to be considerably smaller than the dynamic coefficient K3 in (9.18) for the usual
ACC. This explains the following possible advantages of the ACC (9.19) based on
three-phase traffic theory in comparison with the usual ACC (9.18):

The removing of a conflict between the dynamic and comfortable ACC behavior.
In particular, a much comfortable vehicle motion in congested traffic is possible.
The reduction of fuel consumption and CO, emissions while moving in con-
gested traffic.

Because the ACC (9.19) leads to the reduction in speed changes in traffic flow,
a sequence of such ACC-vehicles can prevent traffic breakdown at a bottleneck
and wide moving jam emergence in synchronized flow.
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Chapter 10

Earlier Theoretical Basis of Transportation
Engineering: Fundamental Diagram Approach

10.1 Traffic Description and Control based on
Fundamental Diagram of Traffic Flow

10.1.1 Fundamental Diagram of Traffic Flow

Beginning from the classic work of Greenshields [1], the fundamental diagram of
traffic flow is the basis for earlier traffic flow theories and models as well as the
basic methodology for empirical studies of measured traffic data (see, e.g., reviews
and books [2-27]).

The fundamental diagram is a flow-rate—density relationship, i.e., a correspon-
dence between a given vehicle density and the flow rate in traffic flow (Fig. 10.1
(a)). The fundamental diagram reflects the result of empirical observations that the
greater the density, the lower the averaged speed in vehicular traffic (Fig. 10.1 (b)).
Thus in the flow—density plane, the fundamental diagram should pass through the
origin (when the density is zero so is the flow rate) and should have at least one
maximum (Fig. 10.1 (a)). The fundamental diagram gives also connections between
the average space gap between vehicles and the average speed (Fig. 10.1 (¢)) as well
as between link travel time (travel time on a link of a traffic network) and flow rate
(Fig. 10.1 (d))!. The fundamental diagram is up to now the most often subject of
traffic flow measurements and it is the teaching basis in transportation engineering.

However, neither empirical fundamental diagram nor any associated relationship
between averaged traffic flow variables are associated with the empirical basis of
three-phase traffic theory. In contrast, the empirical basis of this theory is the empir-
ical phase definitions [S] and [J] as well as other empirical spatiotemporal features
of traffic breakdown and resulting congested patterns found in measured traffic data
(Part I).

! There are a huge number of publications devoted to measurements of flow—density (fundamen-
tal diagram), speed-density, speed—space-gap, and link-travel-time—flow relationships (see, e.g., a
review by Hall in [13]).

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_10, (© Springer-Verlag Berlin Heidelberg 2009
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The main reason why empirical fundamental diagrams of traffic flow and other
ociated relationships between averaged traffic flow variables are not some empir-
1 fundamentals of three-phase traffic theory is as follows:

Vehicular traffic occurs in space and time. Thus to understand traffic, empiri-
cal spatiotemporal features of traffic breakdown and resulting congested patterns
must be understood. However, most of these empirical spatiotemporal features
are averaged in time and space and, therefore, lost in empirical fundamental dia-
grams of traffic flow and other associated relationships between averaged traffic
flow variables.

Moreover, even if a fundamental diagram consists of several parts each of them

is related to traffic data measured at different road locations (see, e.g., Fig. 2.6 in the
review by Hall in [13]), it is not possible to reconstruct spatiotemporal characteris-
tics of a congested pattern from the fundamental diagram:

A solely analysis of different congested traffic states and phase transitions in the
flow—density plane is not consistent with empirical features of congested traffic.
This is because most of these spatiotemporal features are lost in such a congested
traffic analysis.

A classification of traffic states and phases based on such a solely traffic flow
analysis in the flow—density plane (as well as in speed—density, space-gap—
density planes, etc.), which is very often made in the literature, ignores the spa-
tiotemporal nature of traffic and, therefore, it cannot be used for efficient engi-
neering applications.
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e A classification of traffic states and phases should be made from an analysis of
common empirical features of the spatiotemporal traffic dynamics (see [28] and
Part I of the present book).

Probably, a difficulty in the understanding of the above criticism on the funda-
mental diagram of traffic flow is that there is nothing wrong in the fundamental dia-
gram. This diagram, however, reflects only some averaged characteristics of traffic
flow. Rather than a study of these averaged characteristics, the main objective of
transportation engineering methods, which could be successfully applied for traffic
flow management, should be the understanding of spatiotemporal characteristics
of congested patterns; this is the main objective of this book. As abovementioned,
these characteristics are lost in the fundamental diagram as well as in all other rela-
tionships between averaged traffic flow variables.

The latter critical comment is also related to a huge number of other approaches
for the description of characteristics of congested traffic like optimal velocity func-
tions, speed, flow rate and density correlation functions [29-31] as well as so-called
cumulative N- and T-curves [15,32]: as in the fundamental diagram approach, in
these approaches important spatiotemporal characteristics of real measured traffic
patterns needed for the understanding of traffic breakdown and resulting congested
patterns are lost.

In the remaining of this chapter, based on a critical consideration of traffic flow
theories and highway capacity definitions in the framework of the fundamental dia-
gram of traffic flow, we will try to show and explain that and why

e the methodology of transportation engineering based on the fundamental dia-
gram of traffic flow is inconsistent with spatiotemporal measured traffic data
and, therefore, the methodology leads to traffic flow theories that cannot be used
for efficient dynamic management and control in congested freeway networks.

10.1.2 Two Model Classes in Framework of Fundamental Diagram
Approach

Earlier traffic flow models, which claim to explain and predict the onset of traffic
congestion, are reviewed in [3—-26]. All these models are associated with a so-called
fundamental diagram approach to traffic flow modeling:

e An approach to traffic flow theories and models, which is based on the fundamen-
tal diagram of traffic flow, we call the fundamental diagram approach to traffic
flow theory and modeling.

In 1955 Lighthill and Whitham [33] wrote in their classic work (see p. 319
in [33]): ““... The fundamental hypothesis of the theory is that at any point of the road
the flow (vehicles per hour) is a function of the concentration (vehicles per mile)...”
(Fig. 10.1 (a)). The fundamental diagram for a traffic flow model means that in a hy-
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pothetical model limit case in which all vehicles move at time-independent speeds
there is a single desired (or optimal) space gap.

The models within the framework of the fundamental diagram approach can be
classified into two main classes. The first model class is associated with the classic
Lighthill-Whitham-Richards (LWR) model introduced in 1955-1956 [33, 34] (see
also references in [4-6, 8, 11, 13, 19, 20, 24, 25]). An example for this model class
is a cell-transmission model of Daganzo [35]. The basic idea of the LWR model is
that maximum flow rate (denoted by gg in Fig. 10.1 (a)), which is associated with
the maximum point on the fundamental diagram, determines capacity of free flow
at a bottleneck, i.e., the bottleneck capacity. Thus if the flow rate upstream of the
bottleneck exceeds the bottleneck capacity, then traffic breakdown should occur.

The second model class is associated with the classic General Motors (GM)
model of Herman, Gazis, Rothery, Montroll, and Potts introduced in 1959-1961 [36,
37]. The basic idea of the GM model approach is as follows. Beginning at a criti-
cal density, there is an instability of steady model states at the fundamental dia-
gram. The instability is associated with a finite value of driver reaction time. Exam-
ples for the GM model class are the optimal velocity (OV) models by Newell [38],
Whitham [39], and Bando ef al. [40-42], Payne’s macroscopic model and its vari-
ants [43,44], Wiedemann’s psychophysical traffic flow model and its variants [9,45],
Gipps’s model [46], the Nagel-Schreckenberg (NaSch) cellular automata (CA)
model and its variants [47, 48], the Krau3 model [49, 50], the Intelligent Driver
Model (IDM) of Treiber et al. [51] as well as a huge number of other traffic flow
models (see below and references in [4-6,8,9, 11-14,17-23,26,27]).

10.1.3 Validation of Theoretical Fundamental Diagram

Thus the fundamental diagram (Fig. 10.1 (a)) is the basic hypothesis for all earlier
traffic flow theories models reviewed in [3-26]. However, empirical observations
show that whereas shapes of fundamental diagrams of free flow are qualitatively
the same at different road locations, in contrast, the shape of empirical fundamental
diagrams of congested traffic depends qualitatively on the location at which data
measurements have been performed within a congested pattern. An example of dif-
ferent fundamental diagram types associated with an GP at an on-ramp bottleneck
is shown in Fig. 10.2 (see explanations in Chap. 15 of the book [28]).

This means that in a general case the validation of a theoretical fundamental dia-
gram of a traffic flow model, which is very often used by researchers as an empirical
basis for the fundamental diagram, cannot be performed. Depending on a road lo-
cation various empirical fundamental diagram types exist. Moreover, if data, which
are measured at many different locations within congested traffic, is used for av-
eraging to one empirical fundamental diagram, then there is almost no possibility
to find a relation of such a fundamental diagram to spatiotemporal features of real
traffic patterns.
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Fig. 10.2 Dependence of empirical fundamental diagram types of congested traffic at different
locations within the GP shown in Fig. 5.10 (a). F — free flow. C — congested traffic. J —line J (dashed
line). On-ramp bottleneck is at the location about 6.4 km. See explanations of these fundamental
diagram types in Chap. 15 of Ref. [28]

10.2 Congested Traffic Description in the
Framework of Lighthill-Whitham-Richards (LWR)
Traffic Flow Theory

10.2.1 LWR Traffic Flow Theory

The basic idea of the classic LWR traffic flow theory is as follows: the maximum
flow rate g associated with the maximum point (po, go) at the fundamental diagram
(Fig. 10.1 (a, d)) determines free flow capacity at a bottleneck denoted by gcap:

qcap = 40- (10.1)

If the sum of the flow rates in free flow upstream of the bottleneck reaches the
maximum flow rate gq at the fundamental diagram (Fig. 10.1 (a)), i.e, it reaches the
bottleneck capacity (10.1), then a further increase in the upstream flow rates must
lead to congestion formation and upstream congestion propagation.

This hypothesis of the LWR theory means that congested traffic occurs only then,
when the sum of the flow rates in free flow upstream exceeds the bottleneck capacity
qcap determined by (10.1). This conclusion of the LWR traffic flow theory about the
reason for the onset of congestion is very often used as the definition of congested
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traffic. As we will see below, this hypothesis of the LWR theory about the onset
of congestion as well as the associated congested traffic definition are inconsistent
with empirical results.

In accordance with the LWR theory, traffic flow phenomena should be explained
based on the law of conservation of the number of vehicles on the road

dp(x,t)  d0(p(x,t))
or T ox

=0, (10.2)
in which there is a relationship between the flow rate Q and density p

0=20(p) (10.3)

associated with the fundamental diagram of traffic flow. Here, x is a spatial coordi-
nate in the direction of traffic flow, and ¢ is time. The LWR model (10.2), (10.3) has
discontinuous solutions in the form of shock-waves (Fig. 10.3) with a shock-wave
velocity

Ve = Q(pZ)_Q(pl), (10.4)
p2—p1
where the flow rates Q(p2), Q(p1) associated with (10.3) correspond to points in the
flow—density plane that lie on the fundamental diagram; p; and p; are the densities
upstream and downstream of the shock wave, respectively (Fig. 10.3). The shock
wave can be represented in the flow—density plane by the line labeled by “shock™
whose slope is equal to the shock velocity v (Fig. 10.3 (b)).

direction of traffic flow (b) p
Q(py) Slo
(a) shock wave ‘Qé ok De v,
2 g Q(py)
Vs<_ =
Pl——
X X P1  density P

Fig. 10.3 Qualitative representation of a shock wave in space (a) and in the fundamental diagram
with the line labeled by “shock” (b) [33]

10.2.2 Features of Onset of Congestion in LWR Theory

Because the LWR model (10.2), (10.3) has discontinuous solutions in the form of
shock waves, its numerical simulations are usually based on one of finite differ-
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ence approximation methods for partial differential equations associated with the
Godunov family methods. One of such discrete versions of the LWR model (10.2),
(10.3) that is consistent with the LWR theory is a cell-transmission model of Da-
ganzo [35].

In Daganzo’s cell transmission model, a rectangular lattice with time spacing
Tsep and space length (cell length) Ax is overlaid on the time-space plane; the x-
coordinates represent the center of the cells into which a road has been discretized;
t-coordinates are the times at which the cell vehicle densities are evaluated. Then
the model reads as follows [35]:

P X1+ Toep) = p(x,1) = [q(x+Ax/2,t + Tyep/2) — q(x — Ax/ 2,1 + Toiep/2) | Totep / Ax,
(10.5)
q(x+Ax/2,t + Tyep/2) = min(S(p (x,1)),R(p(x+ Ax,1))), (10.6)

where R(p) and S(p) are non-increasing so-called receiving and non-decreasing
so-called sending curves, respectively; these two monotonic curves R(p) and S(p)
take values in the interval [0,qo]: R(p) = Q(p) at p > po and R(p) = go at p < po;
S(p)=0(p) at p < pg and S(p) = go at p > po, where (po, go) is the maximum
point at the fundamental diagram (Fig. 10.1 (a)).

Based on numerical simulations of Daganzo’s cell-transmission model (10.5),
(10.6) on a road with an on-ramp bottleneck?, common qualitative features of traffic
breakdown and resulting congested patterns of the LWR theory at the bottleneck
can be shown (Fig. 10.4) [52-54]. Numerical simulations presented in Fig. 10.4 are
made at a given flow rate in free flow on the main road upstream of the bottleneck
¢in and different on-ramp inflow rates gop.

If gon = 0, the speed and density are spatially homogeneous. When the flow rate
gon increases beginning from zero (points 1-3 in Fig. 10.4 (a, b)), the sum of the
flow rates gon + gin increases too as long as the condition

qon +¢qin < qo0 (107)

is satisfied. In this case, no moving shock wave occurs.
There is a critical flow rate to the on-ramp gon, = qg? at which the flow rate
Gon + Gin 1s equal to the maximum flow rate on the fundamental diagram:

d
Gin + 4% = do. (10.8)

When the flow rate g,y increases further, i.e.,
Aq:‘ﬁn"‘Qon_qo >O, (109)

then a shock wave of lower speed and greater density propagating upstream appears
(Fig. 10.4 (c)).

Independent of the choice in gj, (but gi, < qo), the absolute value of the shock-
wave velocity |vs| increases continuously beginning from zero (Fig. 10.4 (b)), when

2 A bottleneck model used for simulations can be found in [54].
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Fig. 10.4 Traffic breakdown in the LWR theory: (a, b) The flow rate and density on main road
downstream of bottleneck (a) and shock velocity vg (b) at different on-ramp inflow rates go, (points
1-6); dashed curve in (a) is a part of the fundamental diagram used in simulations in the vicinity
of the maximum point (py, go). (¢, d) Propagation of shock-waves under condition (10.9) for
gon = 160 (c) and 400 vehicles/h (d); at ¢t = #p the on-ramp inflow is switched on. Simulations of
Daganzo’s cell-transmission model at on-ramp bottleneck made in [53,54]

gon first reaches and then exceeds the critical flow rate q((,?l) in (10.8). We find that
if Aq — 0, then |vs|— 0. For example, at Ag = 3 vehicles/h (gon = 120 vehicles/h),
the shock wave has the velocity vy = — 0.5 km/h (point 4 in Fig. 10.4 (b)).

The greater gon, specifically, the greater Ag (10.9), the greater the absolute value
of the shock wave velocity |vs| (Fig. 10.4 (b—d)). The flow rate downstream of the
bottleneck, which is equal to go under condition (10.8), remains approximately to
be equal to gg, when g, increases (points 46 in Fig. 10.4 (a)).

A summary of features of the LWR theory that are inconsistent with empirical
results (Chaps. 3 and 5) is as follows:

1. Inthe LWR theory, there is no induced traffic breakdown at a bottleneck.

2. In the LWR theory, there is no hysteresis effect associated with congested pat-
tern emergence and dissolution in empirical observations.

3. In the LWR theory, the absolute value of the velocity |vs| increases continu-
ously beginning from zero, when g, first reaches and then exceeds the critical
flow rate qg‘,il) (Fig. 10.4 (b)) associated with condition (10.8). This is qualita-
tively different from the behavior of the upstream front velocity of a congested
pattern at a bottleneck observed in real measured traffic data: when the flow rate
gon increases and traffic breakdown occurs, rather than a continuous increase in
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|vs| beginning from zero with the increase in go, a wave of synchronized flow
occurs abruptly and propagates upstream with a great velocity.

4. Inempirical observations, the flow rate downstream of the bottleneck at which
breakdown occurs in a realization (day) is often smaller than flow rates observed
in free flow downstream of the bottleneck before breakdown occurrence. This
cannot be explained by the LWR theory.

5. In empirical data, after traffic breakdown has occurred at a bottleneck, wide
moving jams can emerge spontaneously in synchronized flow upstream of the
bottleneck, i.e., an GP emerges spontaneously. Independent of the density, no
spontaneous moving jam emergence can be found in the LWR theory.

6. The classic LWR-formula for shock wave velocity (10.4) cannot be applied for
a correct calculation of the front velocities of a wide moving jam while the jam
propagates through synchronized flow. Thus instead of the LWR formula (10.4),
one should use the classic Stokes’s formula for a shock wave velocity derived by
Stokes in 1848 [55]:

_D2—q
p2—p1’

where g2, p2 and gy, p; are the flow rate and density downstream and upstream
of a shock wave, respectively. The fundamental difference between the LWR for-
mula (10.4) and Stokes’s formula (10.10) is that there is no given relationship
between the density and flow rate in Stokes’s formula (10.10). For these reasons,
rather than the LWR formula (10.4) in the model ASDA for tracking and predic-
tion of wide moving jam propagation (Sect. 9.1), Stokes’s formula (10.10) has
been applied.

(10.10)

Vs

For these reasons, the LWR theory and the associated traffic flow models (like cell-
transmission models) cannot be used for reliable analysis of freeway traffic control
and dynamic traffic management strategies.

10.2.3 Discussion of The Term “Shock Waves in Traffic Flow”

As shown above, the LWR shock wave theory cannot be used for the description
of empirical spatiotemporal features of traffic congested patterns found in real mea-
sured traffic data. However, because this theory is the basic theory in the teaching
of many generations of transportation engineers, the term shock wave in traffic flow
is automatically associated with the LWR traffic flow theory.

This is one of the reasons why we do not use this term in three-phase traffic
theory. Another important reason for this is as follows.

e In real traffic, a variety of diverse congested traffic patterns are observed whose
spatiotemporal features are qualitatively different. To distinguish these patterns,
different terms for them are needed.

For example, as shown in Chap. 2 the downstream front of a wide moving jam
exhibits the characteristic jam feature [J] to propagate through bottlenecks while
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maintaining the mean velocity of the jam downstream front. In contrast, if a nar-
row moving jam propagating upstream in free flow reaches a bottleneck at which
metastable free flow has been before, the jam is caught at the bottleneck. In the
frame of the LWR theory, narrow and wide moving jams are both shock waves.
Therefore, instead of the single term shock wave in traffic flow we use different spe-
cific terms for congested traffic patterns with qualitatively different spatiotemporal
features, like narrow and wide moving jams, synchronized flow patterns, general
patterns, etc. (see Chaps. 2-7).

10.3 Traffic Breakdown Description through Free Flow
Instability in General Motors (GM) Model Class

10.3.1 GM Model

As long ago as 1958-1961, Herman, Montroll, Potts, Gazis, Rothery [36,37] and
Kometani and Sasaki [56, 57] assumed that the onset of congestion is associated
with an instability of free flow. This instability is related to a finite reaction time
of drivers. This driver reaction time is responsible for an over-deceleration effect
discussed in Sect. 3.2.3: If a vehicle begins to decelerate unexpectedly, then ow-
ing to the finite driver reaction time the following vehicle starts deceleration with
a delay. When the time delay is long enough, the driver of the following vehicle
decelerates stronger than it is needed to avoid collisions. As a result, the speed of
the following vehicle becomes lower than the speed of the preceding vehicle. If this
over-deceleration effect is realized for the following drivers, a wave of vehicle speed
reduction appears and increases in amplitude over time. This instability should occur
when the vehicle density on the fundamental diagram exceeds some critical density.

In the car-following GM model of Herman, Montroll, Potts, Gazis, Rothery [36,
37] a driver reaction time denoted by 7y is explicitly used in vehicle deceleration
(acceleration) a(r + 79): the vehicle reacts with the time delay 7 on any changes
in the space gap to the preceding vehicle g(¢) and the speed difference Av(r) =
ve(t) — v(t) between the speed of the preceding vehicle v,(¢) and the vehicle speed
v(t). As a result, the GM model reads as follows [37]:

alt) = d;(;), (10.12)

where d is the vehicle length; Ty, m, my are constants. By integrating Eqgs. (10.11),
(10.12) at m; < 1, mp > 1, one gets model solutions for steady states related to the
fundamental diagram [37]
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Vo(p) = vo[l — (p/pumax) ">~ 1) =), (10.13)

where vy is constant, ppax = 1/d.
One of the mathematical realizations of the GM model class proposed by Na-
gatani and Nakanishi [58] and further developed by Lubashevky et al. [59] reads as

follows
da_ f((0),vi(1).8(1)) ~alt) 014,
dt To ' '

In both models [37, 58, 59], steady state model solutions in the flow—density plane
lie on the fundamental diagram.

The idea of the GM model (10.11) with a driver reaction time is incorporated
either explicitly or implicitly in many other traffic flow models reviewed in [4-7,9,
11-14,16-27].

10.3.2 Newell’s Optimal Velocity (OV) Model and its Variants

At m; = 0 the GM model is associated with Newell’s optimal velocity (OV)
model [38] (see also the review [22])

vt +10) =V (g(r)). (10.15)

In this case, the OV function v = V(g) and the associated fundamental diagram
O(p) = pVo(p) are determined from (10.15) at time-independent space gap g and
speed v:

v="V(g). (10.16)

In the Bando ef al. OV model [40-42]

dv(t)  V(g(t))—v()
o= P (10.17)

it is assumed that
V(g) = 0.5vo[tanh(Bo(g — g0)) + %), (10.18)

Bo, %, vo, To, go are model parameters.
There are many other traffic flow models associated with a generalization of OV
models, which can be written in the form (e.g., [20])

dv(t)
dt

:(P(V(t),\)[(l‘),g(t)), (10.19)

where the OV function v = V(g) and the associated fundamental diagram Q(p) =
pVo(p) are determined from (10.19) at time-independent space gap g and speeds v,
ve as well as v =vy:

o(V,V,g)=0. (10.20)
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In the models (10.19), a driver reaction time is used only implicitly in a traffic flow
model. An example of these models is the IDM of Treiber et al. [51] with

¢ =ci[l—(v/vo)® — (g"(v,ve) /2)?], (10.21)

gve)=gi —|—cz(v/vo)1/2 +Tv+v(v— Vg)/z(aob())l/z, (10.22)

where ¢y, ¢, 0, &1, V0, T1, 4o, and by are model parameters.

These models exhibit qualitatively the same features of free flow instability and
resulting wide moving jam formation as those firstly found in [60,61] from an anal-
ysis of a version of Payne’s macroscopic traffic flow model.

10.3.3 Payne’s Macroscopic Traffic Flow Model and its Variants

Payne’s model reads as follows [43,44]:
Ip(x) | Apx.0v(x)

= R —0, (10.23)
_ 2
av(x,t) +v8v(x,t) _ Vo(p) —v(x,1) E&p(x,t)’ (10.24)
ot dx T p Ox

where the speed—density relationship Vp(p) determines the fundamental diagram
0(p) = pVo(p); T, co are model parameters. To avoid solutions with speed dis-
continuities, Kiihne introduced [62] a viscosity term ud>v(x,t)/dx> in the equation
(10.24) of Payne’s model. In [60], the equation (10.24) of Payne’s model has been
rewritten as the Navier-Stokes equation:

v(xt) | av(er) _ Volp) —vlnt) e apler) | pv(x)

= 10.2
o1 I o o ox Tp oe 1029
with the speed—density relationship
Vo(p) = c3[1 + [exp[(p/Pmax) — cal /es] ™' — ce), (10.26)

ci, i =3,4,5,6 are model parameters. There are a variety of other Navier-Stokes-
like and gas-kinetic non-local traffic flow models, which, as Payne’s model, consist
of the vehicle balance and velocity equations (see models of Cremer [12] and Pa-
pageorgiou [16] as well as other macroscopic models discussed in Sect. D of the
review by Helbing [20]). We may call all these macroscopic traffic flow models as
Payne-like models. This is because these models show qualitatively the same fea-
tures of free flow instability and resulting wide moving jam formation in free flow as
those found in [60,61,63] for the version of Payne’s model (10.23), (10.25), (10.26).

In the Aw-Rascle macroscopic model [64], instead of Payne’s equation (10.24),
the following equation has been introduced:
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av(x,t)  dv(x,t)  Vo(p)—v(x,1) dP 9v(x,r)
o Tox T % Pap ox

(10.27)

where P(p) is a density function. When the same fundamental diagram is chosen in
this model as that in Payne’s model, then the Aw-Rascle macroscopic model (10.23),
(10.27) [64] exhibits also qualitatively the same features of free flow instability and
resulting congested pattern formation [65] as those in Payne-like models and other
models of the GM model class found earlier in [60, 61, 63, 66, 67].

10.3.4 Wiedemann’s Psychophysical Traffic Flow Model and its
Variants

In Wiedemann’s psychophysical model [9], following the preceding vehicle a driver
changes acceleration (deceleration), if some thresholds called “action points” are
crossed. Some of these action points are associated with the following driver behav-
ioral assumption made in Wiedemann’s model and in its variants [9,45].

If the absolute value | Av | of the speed difference Av = vy — v in car-following
is smaller than a threshold value, then a driver is not able to recognize whether the
space gap to the preceding vehicle increases or decreases over time. In other words,
it is assumed that at small values of | Av | a driver is not able to recognize whether
she/he is slower or faster than the preceding vehicle. In a car-following in which
the speed of the preceding vehicle is a time-independent and under a assumption
that Av is a very small negative value (because the driver accelerates initially with
a small acceleration), the driver is not able to recognize that she/he is faster than
the preceding vehicle as long as an action point associated with a safe space gap is
crossed that depends on the vehicle speed. After the driver reaches the safe space
gap, she/he decelerates with a small deceleration; however, as long as Av is a small
enough value, the driver is not able to recognize whether she/he is slower than the
preceding vehicle. The driver recognizes this only after she/he crosses another action
point associated with a greater space gap than the safe space gap. At this action
point the driver accelerates with a small acceleration up to the safe space gap, then
the driver decelerates with the small deceleration, and so on.

This driver behavioral assumption of Wiedemann’s model and its variants, which
is probably valid for free flow, contradicts a driver behavioral assumption of three-
phase traffic theory discussed in Sect. 3.2.1 in which is assumed that in synchronized
flow independent of the speed difference Av a driver does recognize whether she/he
is slower or faster than the preceding vehicles; therefore, when the preceding vehicle
moves in synchronized flow at a time-independent speed, then the speed adaptation
effect leads to car-following in the framework of three-phase traffic theory in which
the driver follows the preceding vehicle at Av = 0 and any space gap to the preceding
vehicle within the space gap range (3.12) (Sect. 3.2.2).

Thus rather than the 2D steady states of synchronized flow of three-phase traffic
theory (Fig. 3.3 (a)), under condition that the preceding vehicle moves at a time-
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independent speed, in Wiedemann’s model some 2D dynamic states of traffic flow
appear, which are associated with changes in driver behavior in the action points.

It should be stressed that rather than this 2D dynamic vehicle motion occurring
in car-following of Wiedemann’s model with small values of | Av | and the asso-
ciated small vehicle deceleration and acceleration, the following driver behavioral
assumption made in Wiedemann’s model and its variants determines features of traf-
fic breakdown in the models [9,45]: When the speed difference Av is initially a large
enough negative value and the driver crosses an action point at which she/he must
decelerate, then as in other models of the GM model class the driver decelerates
with a time delay (called also “dead” time).

10.3.5 Nagel-Schreckenberg Cellular Automata Traffic Flow
Model

A different mathematical description for a driver time delay within the framework
of the GM model class has been introduced by Nagel and Schreckenberg [47]. In
the Nagel-Schreckenberg (NaSch) cellular automata (CA) model, in which the time
and space are discrete values, the driver time delay is described through the use of
model driver fluctuations. The discrete time is ¢ = nTgep, 1 = 0,1,2,..; Tgep is the
time step and the road is divided into cells of a finite length (see a history of CA
traffic flow model development in review [27]). In the initial version of the NaSch
CA model the cell length has been chosen to be equal the vehicle length d [47]. The
update rules for vehicle motion in the NaSch CA model can be written as follows

Vi1 = max (0, min(Vgee, v + 1,80) — &), (10.28)

Xpt1 = Xp+Varl, (10.29)
_J1forr<p,

S = {0 otherwise, (10.30)

r =rand(0, 1) denotes a random number uniformly distributed between 0 and 1;
p < 1; time and space are in the units of Tep and d, respectively.

To understand the NaSch CA model, firstly note that g, determines in (10.28) a
safe speed: when v, > g,, then a driver decelerates at time step n+ 1 because from
(10.28) it follows that

Vit < gu- (10.31)

This prevents vehicle collisions. Note that the safe speed determined through the
space gap g was first introduced by Pipes [68].
Secondly, a case
Va1 =vp+1 (10.32)

means that the vehicle accelerates at time step n + 1. However, in the NaSch CA
model due to model fluctuations with probability p this acceleration does not occur
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and instead of (10.32) from (10.28) it follows that the vehicle maintains its speed:
Vpil = Vp. (10.33)

Thus in this case, model fluctuations simulate a time delay in vehicle acceleration;
this time delay is equal to

(a) _ Tstep
Tael = 7 I3

Thirdly, let us assume that the vehicle should decelerate at time step n+ 1 that
occurs if v, > g,. Then without taking fluctuations into account from (10.28) the
condition v,4+1 = g, would be satisfied. However, due to model fluctuations with
probability p we find v, = max(0,g, — 1), i.e., the vehicle decelerates stronger
than is needed for safety conditions. This is the main idea of the GM model for the
over-deceleration effect, which should explain traffic flow instability.

In car-following models like the GM model and different kinds of OV models,
each of the vehicles exhibits the same microscopic time delays, which are deter-
mined by deterministic rules of model motion (for the models of identical vehicles
that are considered here). In contrast, in the NaSch CA model these driver time de-
lays are simulated through the use of random model fluctuations. As a result, in the
NaSch CA model these driver time delays are described as “collective effects” that
occur on average in traffic flow.

One of the advantages of the NaSch CA model (10.28) is very fast computer sim-
ulation times of traffic flow in large traffic networks. A disadvantage of this model
in comparison with deterministic traffic flow models is very great (non-realistic)
fluctuations of vehicle speed.

(10.34)

10.3.6 Krauf’s Stochastic Traffic Flow Model

The problem of large speed fluctuations of the NaSch CA model has been solved in
Krau3’s stochastic microscopic model [49,50], which uses the same ideas for math-
ematical description of driver delay times in vehicle acceleration and deceleration
as those in the NaSch CA model. Krauf’s model can be written as follows [49, 50]

. f
Vi1 = max (0, min(Viee, vy + Amax Tstep s VSlsa e)) - én)a (10.35)
Xn+1 = Xn + Vit 1 Tsteps (10.36)
& = Gmax Tstepl> ' = rand(0, 1), amax is the maximum acceleration, a discrete time
t = nTgep, n = 0,1,2,.., a safe speed vﬁ,safe) = plsafe) (gn,Vven) in (10.35) is a solution
of Gipps’s equation [46]
V) 7+ Xa (V)Y = g, + Xa(ven), (10.37)

where Tqafe 1S a safe time headway,
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o(o—1
Xq(u) = brsztep (aﬁ + (2)> (10.38)
is the distance traveled by the vehicle with an initial speed u at a time-independent
deceleration b until it comes to a stop, in (10.38) & = |u/bTsep | and B = u/bTgep —
o are the integer and the fractional part of u/bTqcp, respectively; |z] denotes the
integer part of a real number z.

10.3.7 Traffic Breakdown resulting from Free Flow Instability in
GM Model Class: Wide Moving Jam Emergence

What types of congested traffic patterns should occur due to free flow instability in
the GM model class? This question has been answered by Kerner and Konhauser in
1993-1994 from their numerical study of a version of Payne’s macroscopic model

(10.23), (10.25), (10.26) [60, 61]: As a result of the instability of free flow at the
(

vehicle density that is greater than a critical density denoted by pcg ) associated with
a critical flow rate qg>, wide moving jams emerge spontaneously in free flow (F—J
transition for short).

It has been found that within the flow range and associated density range [60]

Gou <4 < a% (pmin < p < p), (10.39)

where gour and ppiy are the flow rate and density in free flow formed in the out-
flow of a wide moving jam (Sect. 2.5), free flow is metastable with respect to an
F—1] transition. This means that under condition (10.39) small enough disturbances
in an initial homogeneous free flow decay; however, if a nucleus required for the
F—1J transition, i.e., a great enough local disturbance appears in the free flow, this
disturbance grows leading to the occurrence of a wide moving jam (Fig. 10.5 (a)).

If the initial free flow density is only slightly smaller than the critical density

pc(rl), then the F—]J transition is associated with a “boomerang” behavior of the dis-

turbance (Fig. 10.5 (a)). This boomerang effect found out in [60, 69] is as follows:
firstly, the disturbance propagates downstream in free flow; then the disturbance
comes to a stop strongly growing in its amplitude; as a result, the disturbance be-
gins to propagate upstream; finally, a wide moving jam is forming that propagates
upstream, i.e., the jam propagates through the location at which the initial distur-
bance has occurred. As found later in [63], the same boomerang effect occurs at an
on-ramp bottleneck (Fig. 10.5 (b)). Indeed, due to a disturbance in free flow that
permanently exists at the bottleneck, a wide moving jam emerges spontaneously at
the bottleneck in metastable free flow.

It must be stressed that the term boomerang effect used in [70,71] has a sense
only when traffic breakdown occurs without influence of a bottleneck. Otherwise, if
a bottleneck is the reason for traffic breakdown and the upstream congestion propa-
gation, then this well-known and usual way of the congestion occurrence has noth-
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Fig. 10.5 “Boomerang” behavior of the growing disturbance in metastable free flow with respect
to wide moving jam formation [60, 63, 69]. Vehicle density development in space and time. Sim-
ulations of a Payne-like model (10.23), (10.25), (10.26): (a) Homogeneous road. (b) On-ramp
bottleneck

ing to do with the boomerang effect. Recall that in Fig. 7.7 (a, b) of Sect. 7.2 we
have presented and discussed a sequence of F—S—1] transitions, specifically MSP
formation at an off-ramp bottleneck (F—S transition) with the subsequent transfor-
mation of the MSP into a wide moving jam (S—1J transition) that occur between
the off-ramp bottleneck and an upstream on-ramp bottleneck. The same measured
traffic data® as that shown in Fig. 7.7 (b, c) has been explained in [70, 71] by the
boomerang effect, i.e., “growing perturbations on a homogeneous freeway section
without on- and off-ramps” (caption to Fig. 1 of [70]) leading to an F—J transition
without bottlenecks. As follows from the discussion of this data made in Sects. 7.2.1
and 7.2.3

3 It should be noted that for the same road section of the freeway A5-South in Germany the origin
of the axis for road locations was chosen differently in [70,71] and in [28] (see section schemes
shown in Fig. 2 of [71] and Fig. 2.1 of [28], respectively). For this reason, the location x = 0 km in
Fig. 7.7 is related to the location x = 465.1 km in Figures of [70,71]. Road detectors on this road
section are labeled by S1, S2, ..., in Fig. 2 of [71] and the same detectors are labeled, respectively,
by D1, D2, ..., in Fig. 2.1 of [28].
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e the conclusion of [70, 71] that in this empirical data the boomerang effect is
observed as well as the resulting conclusion about the observation of a direct
spontaneous F—] transition are invalid.

This invalid conclusion about the boomerang effect, which occurs without bottle-
necks [70], and the resulting incorrect statement that in the empirical data shown
in Fig. 7.7 (b, 0)4 a direct spontaneous F—J transition is observed [70, 71] can be
explained by the ignoring in [70] of the empirical result [28] that an F—S transition
occurs at the off-ramp bottleneck upstream of the off-ramp due to lane changing of
vehicles going to the off-ramp.

It should be noted that at the same flow rate on the main road upstream of the
bottleneck as that used for the simulation of the boomerang effect shown in Fig. 10.5
(b) and a greater flow rate to the on-ramp a sequence of wide moving jams emerges
spontaneously (Fig. 10.6) [20,51,63, 66,67].

The conclusion of Ref. [60, 63] that an instability of free flow leads to an F—J
transition is the general one for all models of the GM model class, which shows
this instability (e.g., [19-22]). In particular, F—J transitions at the bottleneck for
the NaSch CA model (Fig. 10.6 (e, f)) and for Wiedemann’s model (Fig. 10.6 (g, h))
show qualitatively the same features of spontaneous wide moving jam emergence
as those in a version of the Payne-like model of Ref. [60,63,67] (Fig. 10.6 (b, ¢)).

This general result of the models of the GM model class [20-23,51,60,61,63,66,
67,70,72] (Fig. 10.6) that free flow instability, which should explain traffic break-
down, leads to an F—1] transition is inconsistent with real measured traffic data:

e Rather than the F—]J transition, in real free flow an F—S transition governs traffic
breakdown at a bottleneck (Sect. 3.1.3).

e As a result, the traffic flow models with free flow instability of the GM model
class reviewed in [4-6,9, 11-14, 18-23, 26] cannot be used for a description of
traffic breakdown at the bottleneck as observed in measured traffic data.

10.3.8 Wide Moving Jam Propagation

This critical conclusion about the GM model class does not concern characteris-
tic parameters of wide moving jams (Sect. 2.5) firstly found out in the Kerner-
Konhauser theory of wide moving jam propagation [60] and later incorporated in a
huge number of different traffic flow models (see, e.g., the review by Helbing [20]).
The empirical evidence of the characteristic parameters of wide moving jam propa-
gation have been found in [73].

To explain the characteristic parameters of wide moving jam propagation, the
mean time delay in vehicle acceleration 1:(521)_ m at the downstream front of a wide
moving jam (Sect. 2.5.1) should be longer than the time delay in vehicle accelera-
(a)
(3

tion 7, at higher speeds in traffic flow. This is now known as a slow-to-start rule

4 This critical conclusion is also related to the analysis of all other data measured on this road
section and shown in Figs. 1 and 2 of [70] and Figs. 3 and 4 of [71].
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(a-c) macroscopic Payne-like model
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(d-f) NaSch CA model
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Fig. 10.6 Traffic breakdown at on-ramp bottleneck in the GM model class with free flow instabil-
ity [20,51,63]: Wide moving jam formation in free flow in a Payne-like model of Ref. [60] (a—c),
in the Nagel-Schreckenberg (NaSch) CA model (d—f), and in Wiedemann’s model (g, h). (a, d)
Fundamental diagrams of the Payne-like model (a) and the NaSch CA model (d); dashed parts of
the diagrams are related to unstable states. (b, c, e, f-h) Average speed in space and time. Taken
from [54]
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in traffic flow modeling [48, 74]. In the theory of wide moving jam propagation de-
rived in [60, 61] from a numerical study of the macroscopic model (10.23), (10.25),
(10.26), the slow-to-start rule has been simulated through the use of the fundamen-
tal diagram (10.26) in which there is a wide density range in a neighborhood of
the jam density within which Vy(p) = 0 (Fig. 10.6 (a)). As a result, vehicles could
not almost accelerate from the initial speed v = 0 within the jam before the density
decreases considerably, i.e., the mean space gap between vehicles increases. Thus

(a)

only after a relatively long mean time delay in vehicle acceleration ngl, jam
vehicles escape from the jam.

Rather than the implicit simulation of the slow-to-start rule through the use of
a special form of the fundamental diagram discussed above, another mathemat-
ical idea of simulation of slow-to-start rule firstly introduced by Takayasu and
Takayasu [74] has been used in a further development of the NaSch CA model [48].
Recall that in the NaSch CA model probability of fluctuations p simulates the time
delay in acceleration in accordance with (10.34). Thus to simulate the slow-to-start
rule, this probability has been taken considerably greater at v =0 than at v > 0 [48]:

could

| p1 forv, =0,
pv) = {p2 for v, > 0, (10.40)

where p1, py are constants, p; > ps.

10.3.9 Why Wide Moving Jams do not emerge spontaneously in
Empirical Free Flow at Bottleneck

To explain the critical conclusion about the GM model class made in Sect. 10.3.7,
we consider the following hypothesis of three-phase traffic theory [75-78]:

e At any density of free flow at which an F—1] transition and an F—S transition are
possible, a nucleus required for the F—S transition is considerably smaller than
that required for the F—1J transition.

To understand this hypothesis, we should compare two driver behavioral effects
in free flow: the speed adaptation (Sect. 3.2.2) and over-deceleration effects. As the
speed adaptation effect, the over-deceleration effect occurs also within a local speed
disturbance within which the speed is lower and the density is greater than in an
initial free flow.

According to the over-deceleration effect, a driver approaching a slower preced-
ing vehicle decelerates stronger than is required to avoid collisions. As a result, the
speed of the driver becomes lower than the speed of the preceding vehicle. This
can occur with a great probability if an initial space gap is small enough. If all
following vehicles move initially also at small enough space gaps, then due to over-
deceleration they decelerate stronger than is required to avoid collisions. Then the
speed of each following vehicle decreases up to zero — wide moving jam emerges.
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Thus for the nucleation of a wide moving jam in free flow, most of the drivers should
decelerate to a lower speed than the speed of the associated preceding vehicle.

According to the speed adaptation effect, however, a driver, who moves initially
in free flow, while approaching a slower preceding vehicle, begins to decelerate
within a synchronization space gap. The synchronization space gap is great enough.
For this reason, the driver will not necessarily decelerate to a lower speed than
the speed of the preceding vehicle; this driver has enough time to compensate the
driver’s reaction time and to adjust the speed to that of the preceding vehicle. Thus
the necessary condition for an F—1J transition — the over-deceleration effect, which
can occur only at small enough initial space gaps between vehicles following each
other, is much harder to satisfy than the necessary condition for an F—S transi-
tion — the speed adaptation effect, which occurs within the synchronization gap.
This driver behavior — speed adaptation within the synchronization gap explains the
above hypothesis of three-phase traffic theory and empirical observations in which
the F—S transition governs traffic breakdown.

10.3.10 Homogeneous Congested Traffic

In Payne-like macroscopic models (e.g., [60, 67]), the Aw-Rascle model [65], OV
models (e.g., [41,42]), the IDM [20, 51] as well as some other traffic flow mod-
els (see references in [20]), the density region at the fundamental diagram, within
which traffic flow is unstable, can be limited at greater densities: flow states at the
fundamental diagram are unstable only within the density range (dashed part of the
fundamental diagram in Fig. 10.6 (a)):

p& <p <pf. (10.41)
In other words, within the density range
P& " < p < Prmax (10.42)

homogeneous model states of congested traffic are stable with respect to small am-
plitude fluctuations.

e These model states of congested traffic upstream of an on-ramp bottleneck in
which the speed, density, and flow rate are homogeneous in space and time-
independent have been found out in model simulations by Helbing et al. [20, 66]
and called homogeneous congested traffic (HCT) [20,51,51,66,67] (Fig. 10.7).

e In accordance with these traffic flow models [20,66,67], the more the density in
HCT exceeds pC(rH CT), the more stable is HCT with respect to non-homogeneous
speed disturbances. This means that

— the smaller the flow rate and the lower the speed within HCT, the more homo-
geneous in space and time should be HCT at a highway bottleneck and
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— independent of how great density, low speed, and small flow rate are within
HCT there should be no flow interruption within HCT, i.e., HCT is associated
with non-interrupted traffic flow.

These model features of HCT [20, 66, 67]5 are inconsistent with empirical obser-
vations in which very non-homogeneous and complex in space and time congested
patterns are observed, when the vehicle density in congested traffic is great enough,
respectively, the average flow rate in congested traffic is small enough. An empirical
example of such a congested pattern has been shown in Fig. 7.12.

S £
E =% 100
=100 52
9, =2 0
8 o 10 z2= 0 10
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10 soncramp O = on-ramp

time [min] 20" distance [km] time [min] 20 o distance [km]

Fig. 10.7 Simulations of HCT at on-ramp bottleneck: Speed (figures left) and vehicle density
(right) in space and time. Payne-like model (10.23), (10.25), (10.26) of Ref. [60]

In contrast with empirical non-homogeneous congested patterns observed at a
great enough vehicle density in congested traffic (Fig. 7.12), in Ref. [51, 70, 71]
congested traffic states have been published, which should prove the existence of
HCT in measured traffic data. Based on the measured data used in Ref. [70], let us
show that this empirical proof is invalid.

In Fig. 10 of Ref. [70], spatiotemporal speed distributions within two congested
patterns are shown to be homogeneous during congested pattern existence. The av-
erage speed within the associated patterns is very low. It must be stressed that these
results of Ref. [70] have been derived with an adaptive smoothing method of data
processing discussed in [70], i.e., with processed data sets. In contrast, our Fig. 10.8
shows real unprocessed raw measured data for one of these congested patterns re-
lated to Fig. 10 (a) of Ref. [70].

To explain real measured data shown in Fig. 10.8, we should note that already
in raw unprocessed data there is a large error in the average speed, when very low
speeds are measured; if speeds v of all vehicles that have passed a detector during
a I-min interval are within the range 0 < v < 20 km/h, then the road computer sets
the average speed to 10 km/h. Only if no vehicle passes a detector during a 1-min
interval the speed (and flow rate) is zero. This explains why in the speed data shown

3 It must be noted that HCT is not a general result of traffic flow models of the GM model class.
No HCT appears independent of the density, for example, in the NaSch CA model or in Krau3’s
model: beginning from the critical density pép, all states of congested traffic at the fundamental
diagram in these models are also unstable up to the jam density (Fig. 10.6 (d)).
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Fig. 10.8 Measured unprocessed flow rate (solid curves) and speed (dashed curves) at two de-
tector locations within a congested pattern that has been presented in Fig. 10 (a) of Ref. [70]
as “homogeneous congested traffic” (HCT). The locations x = 469.9 km for the detector S4 and
x =470.7 km for the detector S5 are chosen in accordance with the freeway section sketch shown
in Fig. 6 of Ref. [70]. The raw data is 1-minute averaged data. Taken from [54,79]

in Fig. 10.8 there are mostly two speed values, zero and 10 km/h. Only when average
speeds are higher than 30 km/h, the speed can be used in deciding whether the speed
distribution is really a homogeneous one or not.

We see that for low speeds based on this data no conclusion about features of
a spatiotemporal pattern can be made from an analysis of speeds only, as made
in [70,71]. This critical conclusion is independent of a method used for the further
processing of the data.

Rather than the average speed, the flow rate is measured with a sufficient accu-
racy at any density. We can see from the flow rate distribution shown in Fig. 10.8
that there are extremely complex spatiotemporal flow rate changes both in space and
time between zero and 8 vehicles/min. This explains that in contrast with the state-
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ment of Ref. [70], the congested pattern is extremely non-homogeneous in space and
time. Note that features of such complex spatiotemporal congested patterns occur-
ring at heavy bottlenecks caused for example by accidents or bad weather condition
have been discussed in Sect. 7.2.5.

Thus in reality the congested pattern shown in Fig. 10 (a) of Ref. [70] has no
relation with HCT. The same critical conclusion can be made about the congested
pattern shown in Fig. 10 (b) of Ref. [70] and in Fig. 6 of [71], which should be
another “empirical” example of HCT.

3000 —
2 % 2000
@ 3
S 5
= ES 1000 —
0 ‘ |\ |
0 / 100 150
(HCT)" J(HCT) P max
Per P
density [vehicles/km]
free flow free flow
T J(HCT) (b) j J(HCT)

= HCT g

£ 100 %

[}

=
2, 10 20 57 20
20 100n-ramp 100n-ramp
time [min] distance time [min] distance
. [km] . . [km]
jam A jam B jam A jam B

Fig. 10.9 Simulations of HCT model solutions and wide moving jam propagation: (a) Fundamen-
tal diagram with HCT taken from Fig. 10.6 (a) together with the lines J and J (HCT) that represent
in the flow—density plane the downstream fronts of two wide moving jams denoted by “jam A”
and “jam B,” respectively in (b). (b) Propagation of two wide moving jams when downstream of
the jams either free flow (“jam A”) or HCT (“jam B”) occur, respectively; speed (left) and density
(right) in space and time. Payne-like model (10.23), (10.25), (10.26) of Ref. [60]

Another point of the criticism of the HCT model solutions is as follows. In all
known empirical observations, the downstream front of a wide moving jam prop-
agates through any dense congested traffic and bottlenecks while maintaining the
mean velocity of the front vg (Sect. 2.5). In other words, the empirical feature [J]
of wide moving jams is independent of the state of traffic flow downstream of the
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jam. However, traffic flow models with the HCT model solutions [20,51,66,70,71]
cannot satisfy this very important characteristic empirical feature of traffic.

To illustrate this, we consider features of wide moving jam propagation in these
models with an example of the fundamental diagram shown in Fig. 10.9 (a). We find
that the characteristic jam feature [J] in these models is satisfied when free flow is
downstream of the jam (wide moving jam labeled by “jam A” in Fig. 10.9) [60]. In
contrast, the jam feature [J] does nof remain when an HCT model solution is down-
stream of a wide moving jam (the jam labeled by “jam B”). This because rather than

the line J, the downstream front of the “jam B” propagates with a negative velocity

v(gHCT) that is associated with a line JHCT) in the flow—density plane between the

state within the jam with the jam density pnax and a point at the fundamental dia-
gram for an HCT solution (with a density p(MCT) in Fig. 10.9 (a)). As a result, the

absolute value of the downstream front velocity of the “jam A” | v | is considerably

greater than the one for the “jam B” | v<gHCT) |. Moreover, the greater the density

pHCT) of the HCT, the smaller | véHCT) |. As abovementioned, this is inconsistent
with measured traffic data of wide moving jam propagation. Studying traffic flow
models with HCT model solutions with various fundamental diagrams we can make
the following general conclusion:

e HCT model solutions of Ref. [20, 51,66, 70,71] are not consistent with the em-
pirical feature [J] of wide moving jam propagation through any dense congested
traffic while maintaining the mean velocity of the jam front. For this reason, the
features of these HCT model solutions have no sense for real traffic flow.

10.3.11 Oscillating Congested Traffic

Due to the existence of HCT model solutions, the traffic flow models mentioned
in Sect. 10.3.10 exhibit also model solutions called oscillating congested traffic

(OCT) [20,51,66,67,70-72] (Fig. 10.10). OCT appears in a neighborhood of the

critical density pc(f{ D for an instability of HCT: when the density in HCT decreases

and it approaches the critical density pcg-l CT), then due to HCT instability, OCT oc-

curs. Thus OCT model solutions result from the existence of HCT model solutions
in these models, i.e., as HCT, OCT model solutions have no relation to real traffic
flow.

It must be noted that by a choice of the flow rate go, one can find model solutions
with a “spatial combination” of HCT and OCT [20,51,70,71] (Fig. 10.11). In these
model solutions, the HCT is just upstream of the bottleneck, whereas due to an
instability of the HCT further upstream of the bottleneck the HCT transforms into
an OCT of a large amplitude. In other words, this spatial combination of the HCT
(near the bottleneck) with the OCT (further upstream of the bottleneck) looks like
an GP found in empirical observations [75].

A model solution with a “spatial combination” of HCT and OCT (Fig. 10.11)
presented solitary from other model solutions and regardless of its features is often
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Fig. 10.10 Simulations of OCT at on-ramp bottleneck: Speed (figures left) and vehicle density
(right) in space and time. Payne-like model (10.23), (10.25), (10.26) of Ref. [60]
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Fig. 10.11 Simulations of model solution with a spatial combination of HCT and OCT at on-ramp
bottleneck: Speed (figures left) and vehicle density (right) in space and time. Payne-like model
(10.23), (10.25), (10.26) of Ref. [60]

used [20,51,70] as a “proof” that traffic flow models with HCT and OCT are able
to describe the GP found in real measured traffic data: the HCT and OCT shown in
Fig. 10.11 are associated in [20, 51,70, 71] with the pinch region of synchronized
flow and region of wide moving jams of the GP, respectively.

The main question to the model solution with a spatial combination of HCT and
OCT (Fig. 10.11) is whether this model solution exhibits the fundamental empirical
features of GPs? These GP features are as follows [28]:

e The greater the bottleneck strength, the greater the mean frequency of moving
jam emergence within the GP and the smaller the mean width of the region of
synchronized flow upstream of the bottleneck (the smaller the mean width of the
pinch region) of the GP.

To prove that the model solution with a spatial combination of HCT and OCT
(Fig. 10.11) does not exhibit these empirical GP features, we consider this model
solution under increase in the flow rate to the on-ramp g, (Fig. 10.12). We find that

e the greater the flow rate to the on-ramp qo, (i.e., the greater the bottleneck
strength), the smaller the mean frequency of moving jam emergences and the
greater the mean width of the region of HCT (Fig. 10.12).

This is inconsistent with real measured traffic data.
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10.3.12 Diagrams of Congested Patterns

In accordance with criticisms of the GM model class made above, we should also
mention that congested pattern diagrams, which describe different types of con-
gested traffic patterns in these models [20,21,51,63,66,67,72,80], have no relation
to real traffic. This criticism includes also earlier results of the author et al. [63, 80]
made in the context of the fundamental diagram approach.

e The main point of the criticism of any congested pattern diagram at a bottleneck
in the framework of the GM model class firstly derived from numerical simula-
tions by Helbing et al. [66] and later developed in [20,21,51,67,70,72] is that
at a great enough flow rate in free flow on the main road upstream of the bot-
tleneck a transition from free flow to a congested pattern is associated with an
F—1] transition, i.e., with wide moving jam emergence in free flow at the bot-
tleneck (Fig. 10.6). In contrast with this model result, in real traffic the onset of
congestion is governed by an F—S transition (Chap. 3).

e In addition, at a great bottleneck strength (in particular, a great flow rate to the
on-ramp), OCT and HCT model solutions appear in the diagrams of some of
these models [20,51, 66,67, 70]. However, as shown above features of the OCT
and HCT model solutions have no relation to real traffic flow.

10.4 Common Features of earlier Traffic Flow Models

10.4.1 Models Combining LWR and GM Approaches

Considering wide moving jam emergence in the GM model class, we have above
assumed that the critical density pg) for the instability leading to F—1J transitions is
related to free flow, specifically, the condition

) < po (10.43)

pd
is satisfied, where the density py is associated with the maximum flow rate at the
fundamental diagram.

However, parameters of many traffic flow models of the GM model class can also
be chosen in the way that the critical density pég), at which steady speed states on
the fundamental diagram become unstable as the density increases, is greater than
the density po (Fig. 10.13 (a, b)):

'S po. (10.44)

J

pé

Thus by changing of model parameters in some of the models of the GM model
class, a model can exhibit qualitatively different conditions for congested traf-
fic occurrence depending on whether condition (10.43) (Fig. 10.6), or condition
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Fig. 10.13 Traffic breakdown and congested patterns at on-ramp bottleneck in models combining
the LWR and GM approaches under condition (10.44): (a, b) Two types of fundamental diagrams;
dashed parts show unstable flow states. (¢) Propagation of shock waves under condition (10.9) that
is the same as that in Fig. 10.4 (d). (d) Spontaneous moving jam emergence in dense traffic in (c)

when the on-ramp inflow rate increases and the density approaches the critical density pﬁp. At
t = to on-ramp inflow is switched on. Taken from [52]

(10.44) (Fig. 10.13) is satisfied, or else at any density there cannot be model in-
stability leading to wide moving jam emergence at all, i.e., when the model ex-
hibits qualitatively the same features as those of the LWR model (Fig. 10.4). This
conclusion is related to all earlier traffic flow models that the author knows (see,
e.g., [4-27,37,38,40-51,56-67]).

In particular, when the shape of the fundamental diagram is chosen, then such
transitions from condition (10.43) to condition (10.44) and, finally, to the LWR
model class occur in the OV model (10.17) by a gradual decrease in the model
parameter Ty, in a version of Payne’s model (10.23), (10.25), (10.26) by a grad-
ual increase in the model parameter cg, in the IDM (10.21), (10.22) by a gradual
increase in the model parameter c;.

10.4.2 Summary of Features of earlier Traffic Flow Models

The above consideration of earlier traffic flow models in the framework of the fun-
damental diagram hypothesis shows that stability features of steady state model
solutions determine most of the qualitative features of the onset of congestion and
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resulting congested patterns. For this reason, it turns out that mathematically very
different traffic flow models, which exhibit qualitatively the same stability features
of steady speed states at the fundamental diagram, show also qualitatively the same
features of traffic congestion. This leads to the traffic flow model classification made
above and to the following conclusions about common features of earlier traffic flow
modeling approaches:

®

(i)

(iii

Most of the traffic flow models used by traffic researches are based on funda-
mental diagram hypothesis. These models can be classified into two main classes.
The first model class is associated with the classic LWR theory. The basic idea
of the LWR theory is that the maximum flow rate associated with the maximum
point at the fundamental diagram determines free flow capacity at a bottleneck.
Thus if the flow rate upstream of the bottleneck exceeds the capacity, then traffic
breakdown should occur. The second model class is associated with the basic
idea of the GM model: beginning at a critical density there is an instability of
free flow caused by a driver time delay.

(a) The LWR theory and all traffic flow models based on this theory cannot
show and predict the fundamental empirical features of traffic breakdown as
well as empirical spontaneous moving jam emergence.

(b) The instability of free flow beginning at a critical vehicle density incorpo-
rated in models and theories in the context of the GM model approach leads
to an F—J transition. In contrast, in empirical observations, traffic breakdown
is associated with an F—S transition. Thus the models cannot explain traffic
breakdown observed in real traffic flow.

These traffic flow models are basic traffic flow models for simulations of free-

way control and dynamic management strategies. However, we have to conclude
that the related simulations of the control and dynamic management strategies
cannot predict many of the freeway traffic phenomena that would occur through
the use of a dynamic management strategy.
) It must be stressed that the above criticism of the earlier traffic flow modeling
approaches does not diminish the following achievements of these approaches
and associated models, which are also used in three-phase traffic theory and the
related three-phase traffic flow models:

(a) Inaccordance with empirical results, there are characteristic parameters of
wide moving jam propagation (Sect. 2.5), which have been firstly discovered
in [60] and later incorporated in a huge number of traffic flow models of the
GM model class [13,19-23]. One of these characteristic parameters is that the
downstream front of wide moving jams propagates on average steadily along
a road.

(b) Classic ideas of traffic flow theories introduced and developed within the
fundamental diagram approach about different driver time delays, various
mathematical descriptions of driver acceleration and deceleration as well as
safety conditions are also very important elements used in three-phase traf-
fic flow models, which overcome drawbacks of the earlier modeling ap-
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proaches to traffic congestion (item (i) and (ii)). In particular, pertinent pi-
oneering ideas, which were introduced in earlier models and theories by Her-
man, Montroll, Potts, Rothery, Gazis [36, 37], Kometani and Sasaki [56],
Newell [38], Gipps [46], Payne [43,44], Nagel, Schreckenberg, Schadschnei-
der, and co-workers [47,48], Bando, Sugiyama, and colleagues [41], Takayasu
and Takayasu [74], Krau$} er al. [49], Nagatani and Nakanishi [58] and by
many other groups (see references in [4-6, 8,9, 11-14, 16-23, 27]), are also
very important elements of three-phase traffic models discussed in Chap. 11.

10.5 Empirical Tests of earlier Traffic Flow Models

Obviously, traffic flow theories must be based on real behavior of drivers in traffic,
and their solutions should show phenomena observed in traffic flow. For this reason,
an empirical test of a traffic flow theory is of great importance. There are several
approaches to perform such a test:

(1) Vehicle speeds, time headways, and accelerations measured in a car-following
experiment are compared with that, which a model shows (e.g., [4]).

(ii) Spatiotemporal evolution of speed (or density) associated with a process-
ing of real empirical data made for example through the use of adaptive smooth-
ing methods are compared with results of numerical simulations of congested pat-
terns [51,70,71].

(iii) The empirical fundamental diagram for traffic flow (flow—density relation-
ship) associated with measurements made at a road location are compared with a
theoretical fundamental diagram for traffic flow used in a model or that results from
the model (e.g., [29-31,83-91]).

(iv) Time headway distributions, optimal velocity (OV) functions, and some other
single vehicle characteristics that are measured at a road location or result from data
aggregation are compared with the associated model results (e.g., [29-31]).

(v) Traffic variables (e.g., flow rate and average speed) are measured at three or
more different freeway locations. Traffic data measured at two road locations, which
are the farthest upstream and downstream, are used as upstream and downstream
boundary conditions for a model, respectively. The model calculates spatiotempo-
ral distributions of traffic variables between these two locations. The distributions
should correspond to empirical data measured at the locations, which have not been
used as the boundary conditions for the modeling (e.g., [12,92,94,95]).

In all these cases, model parameters are chosen to have the best agreement with
the associated empirical data.

As explained above, past traffic flow theories and models reviewed in [13,17-22,
26] cannot explain and reproduce empirical features of traffic breakdown. Neverthe-
less, some of these models can show a good correspondence with empirical data in
the above empirical test approaches (i)—(v).

To explain this, we should note that empirical data used in the tests (i)—(iv) does
not contain important empirical features of spatiotemporal traffic dynamics consid-
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ered in Part I. To study these fundamental features (traffic breakdown and resulting
spatiotemporal congested patterns), real unprocessed measured data, which should
include spatiotemporal distribution of synchronized flow within a congested pattern
(see Sect. 2.4.11 of the book [28]), should be studied.

In particular, due to smoothing and/or selection of data in the empirical test
(i) [51,70,71], important characteristics of congested patterns can get lost resulting
in invalid analysis and classification of empirical congested traffic states. A charac-
teristic example of such invalid analysis of empirical features of traffic congestion
and the associated test of simulation results made in [51,70, 71] has been consid-
ered in Sect. 10.3.10 (Fig. 10.8). Another characteristic example of the analysis of
empirical features of traffic congestion made in [70, 71], which results in the incor-
rect statement about the empirical observation of the boomerang effect, i.e., a direct
spontaneous F—J transition, has been discussed in Sect. 10.3.7.

The fundamental diagram, OV functions as classified in [29-31], time headway
distributions, and other macroscopic and single vehicle characteristics of traffic flow
used up to now in empirical tests (iii) and (iv) are associated with an averaging of
spatiotemporal traffic pattern characteristics. For this reason, important features of
spatiotemporal congested patterns and phase transitions in traffic flow are lost in
these characteristics. Thus in contrast with [29-31] it is not justified to use these
macroscopic and microscopic characteristics as the solely empirical basis for a de-
cision whether a traffic flow model can describe real traffic flow or not.

These critical conclusions explain why the NaSch CA models [47,48] and their
further developments including a CA model with “comfortable driving” [96] show
empirical fundamental diagrams, empirical OV functions and time headway distri-
butions satisfactory [31], even though these CA models [47,48,96] as found in [97]
(see explanations to simulation results of the NaSch CA model with “comfortable
driving” [96] presented in Figs. 20-23 of Ref. [97]) cannot show and predict the
main empirical spatiotemporal features of phase transitions and synchronized flow.

Moreover, as explained in [93], a criterion for the definitions of synchronized
flow and wide moving jam of Ref. [29-31], which is based on a comparison of the
flow—density correlations within empirical data associated with congested traffic,
is invalid. As shown in [81, 93, 98], this is associated with a large systematic error
in calculations of the vehicle density within wide moving jams made in Ref. [29-
31] from empirical data (for a more detailed consideration see Ref. [93]). For this
reason, empirical tests of the CA traffic flow models made in Ref. [29-31] are also
invalid.

In addition, it should also be noted that in empirical tests of the CA traffic flow
models made in Ref. [29-31], simulations of spatiotemporal congested patterns
shown by the CA traffic flow models are made for a spatially homogeneous road,
i.e., the road without bottlenecks. In contrast, measured data used for these tests
are related to congested traffic occurring due to bottlenecks. It should be noted that
the traffic dynamics at a bottleneck makes the greatest influence on spatiotemporal
congested patterns occurring in simulations performed at the bottleneck [28]. This
means that for an adequate empirical test of traffic flow models rather than sim-
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ulations on the homogeneous road [29-31], model simulations of spatiotemporal
congested patterns should be made at bottlenecks [81, 82].

In empirical test (v), firstly congested traffic is measured at a road location. Then
measured traffic variables associated with this congested traffic are used at the down-
stream boundary of a traffic flow model. In other words, at this boundary traffic vari-
ables are given as time functions associated with congested traffic measured at the
road location related to this model boundary. As a result, in simulations congested
traffic given at the model boundary propagates further upstream. If the characteristic
features of wide moving jam propagation can be shown by the model (as explained
above, this is the case for many models of the GM model class [20-22]), then the
downstream jam front velocity can be chosen close to an empirical one. For this
reason, an approximate correspondence between model and some empirical traffic
variable functions is possible [92,94,95], although the models [20-22] cannot show
and cannot reproduce empirical traffic breakdown and many resulting empirical spa-
tiotemporal congested patterns.

This is because the test (v) is inconsistent with the “open character” of non-linear
dynamic process, “traffic”’. As mentioned, in this test congested traffic is often given
at the farthest downstream boundary of a freeway network model. This is not the
case for real traffic, in which congestion occurs spontaneously within a real freeway
network, mostly at a bottleneck. This bottleneck cannot be the farthest downstream
boundary of this network. To simulate the open traffic process adequately with real
traffic, vehicles should leave freely the farthest downstream boundary of a network
model. This means that free flow conditions should be given at the farthest down-
stream boundary of the network model.

10.6 Applications of Highway Capacity Definitions in
Transportation Engineering

In each field of science, the choice of a term for a phenomenon observed in mea-
sured data should reflect features of the phenomenon. It can turn out that the mea-
sured data has been understood many years later after the phenomenon has been
firstly observed and, consequently, the term chosen does not reflect the empirical
features of this phenomenon. Unfortunately, this is very often the case in traffic sci-
ence and transportation engineering. This is because that measured data for the most
of macroscopic spatiotemporal phenomena have been understood only recently [28].

This can explain why invalid terms can lead (and they do lead) to invalid methods
for dynamic freeway traffic management, control, and dynamic traffic assignment
widely used in transportation engineering.
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10.6.1 Highway Capacity as a Particular Fixed or Stochastic Value

Traffic breakdown at a bottleneck limits a highway capacity in free flow at the bot-
tleneck (Chap. 4). In the Highway Capacity Manual, highway capacity is defined
as the maximum flow rate downstream of a bottleneck that can be observed in free
flow. As mentioned in Sect. 2.2.3, recently Elefteriadou ez al. [99] have found out
that highway capacity exhibits a probabilistic behavior: At a given flow rate traf-
fic breakdown can occur but it should not necessarily occur. Thus on one day traffic
breakdown occurs, however, on another day at the same flow rates traffic breakdown
is not observed. Moreover, Persaud et al. found [100] that empirical probability of
traffic breakdown at a bottleneck is an increasing flow rate function (Fig. 2.6).

These empirical findings have led to the definition of highway capacity as a
stochastic variable (stochastic or probabilistic capacity) [99, 101, 103, 103, 104]. As
in the former capacity definition, in this probabilistic (stochastic) highway capac-
ity definition is assumed that there is a particular highway capacity. However, in
contrast with the definition of highway capacity as a fixed (deterministic) value, a
particular probabilistic (stochastic) highway capacity cannot be exactly known at a
given time instant, specifically, the capacity is known with some probability only.
This probability is associated with probability of traffic breakdown at the bottleneck.
The probability as a flow rate function can be found based on observations of many
days (and years) when traffic breakdown occurred at the bottleneck.

Thus independent of whether highway capacity is defined either as a fixed (de-
terministic) or probabilistic (stochastic) value, in these capacity definitions it is as-
sumed that at each time instant there is a particular highway capacity of free flow
at the bottleneck.

e If the existence of the particular highway capacity is assumed, it can further be
assumed that the capacity can be used as a control parameter for dynamic traffic
management and control methods.

In contrast, in three-phase traffic theory is assumed that there are the infinite number
of highway capacities of free flow at the bottleneck (Chap. 4).
In this context, the following question seems to be reasonable:

e Why highway capacity of free flow at the bottleneck cannot be defined as a par-
ticular either fixed or stochastic value?

Naturally, one can define the highway capacity as a particular value, however, only
as long as the capacity definition is not applied for traffic control, dynamic traf-
fic assignment, dynamic routing, and for other dynamic management methods and
strategies. This is because the use of a particular (fixed or stochastic) highway ca-
pacity as a control parameter in dynamic traffic management and control methods
is inconsistent with the fundamental empirical feature of traffic breakdown at the
bottleneck (Chap. 3):

e There can be either spontaneous or induced traffic breakdown at the same bottle-
neck.
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Indeed, let us assume that there is a particular (fixed or stochastic) highway ca-
pacity of free flow at a bottleneck. Then at any flow rate in free flow downstream of
the bottleneck that is smaller than the particular capacity at a time instant no traffic
breakdown could be induced at the bottleneck. This is inconsistent with empirical
observations in which traffic breakdown is induced at the bottleneck (for example,
through the propagation of a moving synchronized flow pattern shown in Fig. 3.2)
at the flow rate at which free flow is observed at the bottleneck.

e Highway capacity of free flow at the bottleneck cannot depend on whether there
is a congested pattern, which has occurred outside of the bottleneck and indepen-
dent of the bottleneck existence, or not.

The contradiction between the feature of highway capacity associated with an in-
duced traffic breakdown at the bottleneck and the definition of the capacity as a
particular (fixed or stochastic) value can be solved by the following assumption of
three-phase traffic theory (Chap. 4):

e The infinite number of the flow rates in free flow downstream of the bottleneck at
which traffic breakdown can be induced at the bottleneck are the infinite number
of highway capacities of free flow at the bottleneck.

Note that the minimum and maximum capacities, which limit the range of the
infinite number of highway capacities of free flow at the bottleneck, do not depend
on whether there is a congested pattern that propagates through the bottleneck, or
not:

e If the flow rate in free flow downstream of the bottleneck is smaller than the
minimum capacity, then no traffic breakdown is possible at the bottleneck: Traffic
breakdown does not occur at the bottleneck, even if a localized congested pattern
(e.g., a wide moving jam or an MSP) has passed through the bottleneck.

o If the flow rate in free flow downstream of the bottleneck is greater than the max-
imum capacity, then traffic breakdown does occur at the bottleneck. This traffic
breakdown at the bottleneck does not depend on whether a congested pattern
propagates through the bottleneck, or not.

Summarizing results of this discussion of highway capacity definitions, we can
make the following conclusion. The qualitative difference between two approaches
to the highway capacity definition as a particular stochastic value or as the infinite
number of values is as follows:

e The definition of highway capacity as a particular stochastic value assumes that
at each time instant there is a highway capacity of free flow at the bottleneck but
we do not know its value; this is probably because the capacity value depends
on traffic parameters, like weather, the percentage of long vehicles, etc., which
change randomly over time in real traffic. If the existence of such a particular
stochastic capacity is assumed, we could further assume that through measure-
ments of traffic parameters the capacity can approximately be estimated as a
time-function and, therefore, be used as a control parameter for dynamic traffic
management and control methods.



208 10 Earlier Theoretical Basis of Transportation Engineering

e In contrast, the definition of highway capacity as the infinite number of values
assumes that even when each of the traffic parameters were known and time-
independent, there are the infinite number of highway capacities between the
minimum and maximum capacities®.

10.6.2 Capacity Drop

Just after traffic breakdown has occurred, the discharge flow rate can be smaller than
the pre-discharge flow rate (Sect. 2.2.2). This decrease in the flow rate in free flow
downstream of the bottleneck just after traffic breakdown has occurred has been
called capacity drop [105].

The term capacity drop assumes that there is a particular capacity of free flow at
the bottleneck [5,7,99,101,102,104]. However, in accordance with the fundamental
empirical features of traffic breakdown discussed in Sect. 3.1.3, in three-phase traffic
theory there are the infinite number of capacities of free flow at a bottleneck and,
therefore, the term capacity drop is not used in this theory.

10.6.3 Capacity Definitions based on earlier Traffic Flow Models

There can be two definitions of highway capacity, i.e, capacity of free flow at a
bottleneck associated with the two model classes, the LWR and GM model classes.

In the LWR model, capacity of free flow at a bottleneck (bottleneck capacity) is
equal to the flow rate gc,p downstream of the bottleneck (10.1): if the sum of flow
rates upstream of the bottleneck exceeds gcap, which is the maximum flow rate at
the fundamental diagram, then traffic breakdown should occur leading to congested
traffic upstream of the bottleneck.

Note that a random choice of g, (to satisfy probabilistic features of traffic break-
down, see Sect. 10.6.1) changes none of qualitative features of the onset of conges-
tion in the LWR theory shown in Fig. 10.4; as explained in Sect. 10.2, these LWR
theory features are, however, inconsistent with the fundamental empirical features of
traffic breakdown. Thus even under assumption about a random character of gc,p in
the capacity definition (10.1), the definition is not associated with empirical results.
Therefore, dynamic traffic management methods based on this capacity definition
are also not consistent with real traffic features [107-111].

In the GM model class, the maximum bottleneck capacity can be defined to be
equal to the flow rate downstream of the bottleneck at which free flow instability
occurs in a traffic flow model. However, as shown in Sect. 10.3 in this model class
the instability leads to an F—]J transition. This is inconsistent with the empirical
fact that traffic breakdown is governed by an F—S transition. For this reason, the

6 Note that the theoretical basis of ANCONA on-ramp metering method (Sect. 9.2) is consistent
with this capacity definition.
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definition of free flow capacity made within the framework of the GM model class
does not satisfy the empirical features of highway capacity (Sect. 3.1.3).

10.6.4 Transportation Engineering and Highway Capacity

Most known methods and models for dynamic traffic management like on-ramp me-
tering, speed limit control, dynamic traffic assignment, etc. are based on the basic
assumption that there is a particular (deterministic or stochastic) highway capacity
of free flow at a bottleneck (Sect. 10.6.1). In particular, on-ramp metering methods
try to control on-ramp inflow making the flow rate downstream of the bottleneck
as close as possible to highway capacity. In many methods for dynamic traffic as-
signment is assumed that between a link travel time and a link flow rate there is a
relationship characterized by highway capacity.

In these and other methods of dynamic traffic management, there are many ap-
proaches for a choice of highway capacity based on an analysis of measured data.
However, the critical consideration made above about highway capacity as a partic-
ular value (Sect. 10.6.1) leads to the subsequent critical conclusion that independent
of the choice of highway capacity for a dynamic traffic management method, the
method is inconsistent with the fundamental empirical features of traffic breakdown.

10.6.5 ALINEA On-Ramp Metering Method

Traffic flow models discussed in the previous section are standard ones for vali-
dation of freeway traffic control, dynamic traffic management, and dynamic traffic
assignment. Because these models cannot show empirical features of traffic break-
down, the related simulations of freeway control and dynamic management strate-
gies based on these models cannot predict many of freeway traffic phenomena that
would occur through the use of a control strategy. In this section, this critical com-
ment, which can be applied for all freeway traffic flow control strategies’ simula-
tions that the author knows of, is illustrated for the well-known ALINEA method
of Papageorgiou et al. for feedback on-ramp metering [112—-118]. There are at least
two reasons for the choice of the ALINEA method: (i) Various ALINEA strategies
are used in many real on-ramp metering installations. (ii) The theoretical basis of
ALINEA does clearly follow from the LWR theory.

10.6.5.1 Theoretical Basis of ALINEA

The ALINEA control rule, which determines the flow rate of vehicles that can merge

onto the main road from the on-ramp qf)flom) at each time tg, 1t = Toys, s = 1,2, ...,

i.e., during the time interval f; <t <t reads as follows [112-115]:
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Fig. 10.14 Explanation of ALINEA [112-118]: (a) Scheme of ALINEA application. (b) Funda-
mental diagram. (c) Three possible locations of feedback control detectors

g™ (1) = g8 (1 1) + Ko (058 — ooV (1)), (10.45)

where Ty, (e.g., Toy= 1 min) is the averaging time interval for data measured by

feedback control detector (labeled “detector for feedback control” in Fig. 10.14 (a));

ogu?n) is a chosen optimal (target) occupancy; ogum )(ts) is occupancy measured via

the feedback control detector and averaged during the time interval t,_1 <t < f;

K, is constant. To measure the occupancy ogum )(tg) associated with the sum of the

flow rates gin + ¢gon and to avoid the influence of disturbances due to vehicle merging
within the on-ramp merging region, the feedback control detector in ALINEA of
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Ref. [112-114] is located at some distance downstream of the end of the on-ramp
merging region (detector location x(ldet) in Fig. 10.14 (a)).

The theoretical basis of ALINEA [112-114, 116-118] is associated with the
LWR theory [8, 33] that the capacity downstream of the bottleneck gc,p is found
from (10.1), i.e., the capacity is related to the maximum point of the fundamental di-
agram for downstream free flow at the bottleneck (Fig. 10.14 (b)). Following [116],
we denote the critical occupancy associated with this capacity gcap by ocr (Fig. 10.14
(b)). In accordance with these assumptions [8,33,116], traffic breakdown should not
occur as long as downstream occupancy oéﬁ?;“) does not exceed critical occupancy
o¢r (Fig. 10.14 (b)). Thus in (10.45) the condition

o) < 0y (10.46)

should be satisfied [116].
To prevent congestion emergence at the bottleneck at the highest possible through-

put downstream of the bottleneck with the ALINEA rule (10.45), the optimal occu-

pancy ogﬁfﬁ) should be chosen as close as possible to o¢ [116]:

(opt)
Ocr — Osum

(opt)
Osum

< 1. (10.47)

Through the use of ALINEA, occupancy oﬁﬁ?;“) (ts) measured downstream of the bot-
tleneck can change over time, however, this occupancy should be in a neighborhood

of oéﬁﬁf) (labeled by black point in Fig. 10.14 (b)) [116]. One might indeed conclude
that ALINEA strategy ensures the highest possible throughput downstream of the
bottleneck and it maintains free flow at the bottleneck.

However, this theoretical basis of ALINEA — traffic breakdown at the bottleneck
does not occur as long as condition (10.46) is satisfied (Fig. 10.14 (b)) — is incon-
sistent with the empirical features of traffic breakdown (Sect. 3.1.3).

10.6.5.2 Traffic Breakdown under ALINEA Application

For simulations of the ALINEA rule (10.45), we choose an optimal occupancy

ogﬁ?ﬁ) that satisfies conditions (10.46) and (10.47). In this case, when the flow rate
to the on-ramp g,y increases slowly (Fig. 10.15 (a)), traffic breakdown occurs un-
der ALINEA application (Fig. 10.15 (b)). Later, an GP is formed upstream of the
bottleneck. Thus ALINEA cannot prevent traffic breakdown and upstream propa-
gation of a congested pattern occurring due to traffic breakdown. This failure of
ALINEA to prevent traffic breakdown is explained based on empirical features of
traffic breakdown as follows. In an initially free flow downstream of the bottleneck,
traffic breakdown occurs with a probability that is greater than zero within a flow

rate range (3.25), i.e.,

4% < Gom < gliiee®), (10.48)



212 10 Earlier Theoretical Basis of Transportation Engineering

and the associated occupancy range in free flow downstream of the bottleneck sat-
isfying conditions (Fig. 10.16)
B), (B free B
o (qy)) < ol < ourlgma *)- (10.49)
Probability of traffic breakdown is equal to zero only when the flow rate downstream

of the bottleneck satisfies condition (4.4), respectively the associated occupancy

satisfies condition
o) < oP. (10.50)
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Fig. 10.15 ALINEA cannot prevent traffic breakdown and upstream congestion propagation. At
t =ty on-ramp inflow is switched on. Taken from [28, 106]

This is a qualitative difference between theoretic basis of the ALINEA rule
(10.45) discussed above (Fig. 10.14 (b)) [112-114,116, 117] and three-phase traffic
theory (Fig. 10.16). In three-phase traffic theory, under conditions (10.46), (10.47)
for ALINEA performance the probability of traffic breakdown at the bottleneck
is close to one (Sect. 3.3). This explains the result presented in Fig. 10.15 (b):
firstly, traffic breakdown occurs under ALINEA application, then emergent con-
gestion propagates upstream that can affect other upstream bottlenecks in a freeway
network.

The above simulations of ALINEA method (10.45) have been made for locations
of feedback control detector downstream of the effective bottleneck location as ini-
tially introduced in Ref. [112—114]. In this case, ALINEA can reliably perform only
at the target occupancy satisfying condition (10.50), when traffic breakdown proba-
bility is zero. However, in this case no on-ramp metering is needed.

10.6.5.3 Influence of Feedback Detector Location on ALINEA Performance

An influence of a location of feedback control detector on ALINEA performance in
the whole possible detector location range (Fig. 10.14 (c))

xgde[) <x< xEde[) (10.51)

)
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maximum highway
capacity, q..

Is R?.S_S_i_l?l?./

traffic breakdown
e

\

flow rate, q

minimum highway

capacity, qEE )

occupancy

Fig. 10.16 Explanation of failure of ALINEA to prevent traffic breakdown. Taken from [28, 106]

i.e., between a road location x%det) downstream of the effective bottleneck location

and a location xédet) upstream of the bottleneck have been studied in Ref. [28, 106].

When feedback control detector in ALINEA is downstream of the beginning of
the on-ramp merging region, however, the detector is located upstream of the effec-
tive bottleneck location (specifically upstream of the road location at which traffic
breakdown can firstly be measured in a neighborhood of the on-ramp bottleneck)

(xgdet) in Fig. 10.14 (c)) [118], then, as stressed in [28, 106], such an ALINEA ap-
plication can suppress traffic congestion, i.e., maintain free flow at the bottleneck’.

The same conclusion has been made in [109, 110] about an ALINEA applica-
tion called UP-ALINEA [116] in which the detector is upstream of the beginning
of the on-ramp merging region, i.e., upstream of the on-ramp bottleneck (xgdet) in
Fig. 10.14 (¢)).

However, these applications of ALINEA and UP-ALINEA suppress congestion
at the bottleneck only at the expense of extremely rapid growth of the vehicle queue
at the light signal and the associated growth of travel time (waiting time) [28, 106].
This conclusion can be explained as follows®. The ALINEA rule (10.45) is a linear
controller. In contrast, traffic breakdown exhibits a discontinues character, i.e., it
is fundamentally a non-linear effect. This explains why independent of the choice
of a location for feedback control detector and target occupancy (within the range

7 For a more detailed consideration of this ALINEA application, see Sect. 3.3 of [106].

8 As shown in [108], other ALINEA variants like ALINEA/Q [116] do not solve this problem:
ALINEA/Q cannot prevent traffic breakdown with subsequent congested pattern upstream propa-
gation.
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(10.49)), the ALINEA method is inconsistent with the non-linear character of traffic
breakdown and non-linear features of resulting traffic congestion.

10.7 Comparison of Feedback On-Ramp Metering Methods

Here, based on numerical simulations we discuss briefly results of a comparison
of ANCONA (Sect. 9.2) with ALINEA and UP-ALINEA applications in which
feedback control detector is located upstream of the effective bottleneck location

(detector locations x(det) <x< x(det) in Fig. 10.14 (c)). Therefore, these ALINEA
and UP-ALINEA apphcatlons can suppress traffic congestion, i.e., maintain free
flow at the bottleneck”.

A comparison of ANCONA with ALINEA in which feedback control detector
is located upstream of the effective bottleneck location however, downstream of
the beginning of the on-ramp merging region (x2 ) in Fig. 10.14 (¢)) is shown in
Fig. 10.17. We can see that the waiting time at light signal in ANCONA (curve 1 in
Fig. 10.17 (b)) is considerably shorter that that is in ALINEA (curve 2).

= (a) on-ramp lane g (b)  on-ramp lane
E 1000 1 > 40 2

S £ <

= = 1

) &0

il 0 I T 2 T 1 E 0 I T T T 1
5. ol 60 g 0 60

o time [min] time [min]

Fig. 10.17 Comparison of ANCONA with ALINEA at detector location x(2 Y'in Fig. 10.14 (c) at
the same flow rates giy, gon and bottleneck model in both methods. In (a, b), curves 1 for ANCONA
and curves 2 for ALINEA. At ¢ = fp on-ramp inflow is switched on. Taken from [28]

In UP-ALINEA [116], feedback control detector is upstream of the bottleneck

()c3det in Fig. 10.14 (c)) as that in ANCONA (Fig. 9.7). In this case, UP-ALINEA
can also suppress any congested pattern and maintain free flow at the bottleneck
(Fig. 10.18) [108]. However, UP-ALINEA exhibits a considerably longer waiting
time at light signal than is the case under ANCONA application during the same
time interval (curve 1 for ANCONA and curve 2 for UP-ALINEA in Fig. 10.18
(d)). Thus UP-ALINEA suppresses congestion at the bottleneck only at the expense
of extremely rapid growth of the vehicle queue at the light signal and the associated
growth of waiting time.

9 A more detailed comparison of ANCONA with ALINEA at different locations of control detector
and values of optimal occupancy can be found in [28, 106, 109, 110].
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The crucial difference between queue length growths at light signal in the on-
ramp lane over time under ANCONA applications (curves 1 in Figs. 10.17 (b)
and 10.18 (d)) and applications of ALINEA or UP-ALINEA (curves 2) can be ex-
plained as follows. Because in the case under consideration feedback control de-
tector is upstream of the effective bottleneck location, ALINEA and UP-ALINEA
suppress any congested pattern at the bottleneck (Fig. 10.18 (b)). At chosen great
enough flow rates gin, gon used in simulations at which an GP is formed without on-
ramp metering (Fig. 9.8), congestion suppression via ALINEA and UP-ALINEA
can be achieved only if these methods decreases the average flow rate of vehicles
that merge onto the main road from the on-ramp to very small values (curves 2 for

g™ (1) in Figs. 10.17 (a) and 10.18 (c)).

(a) ANCONA
() on-ramp lane

600

speed [km/h]

0t 60 120

to
time [min]

time[min] 1200 distance [km]

q“™[vehicles/h]
3
2

(b) UP-ALINEA (d) on-ramp lane

gy

t
time [mm]

20
on-ramp

10
distance [km]

speed [km/h]
waiting time [min]

time[min] 120 0

Fig. 10.18 Comparison of ANCONA with UP-ALINEA at the same flow rates giy, gon and bottle-
neck model in both methods. (a, b) Speed in space and time for ANCONA (a) and UP-ALINEA

(b); at t =ty on-ramp inflow is switched on. (c, d) Time dependences of the flow rate qoflom (c)
and waiting time at light signal in the on-ramp lane (d); curves 1 for ANCONA and curves 2 for
UP-ALINEA. Taken from [109]

In contrast, ANCONA is based on the fact that traffic breakdown is associated
with an F—S transition at the bottleneck. It is also taken into account that through
the use of ANCONA a return phase transition from synchronized flow to free flow

(S—F transition) can be achieved at the bottleneck. This S—F transition can lead to

synchronized flow dissolution. ANCONA decreases the flow rate q(()ff)m) only after

traffic breakdown has occurred at the bottleneck. This leads to a considerably greater
qo?m (curves 1 in Figs. 10.17 (a) and 10.18 (c)) in comparison with ALINEA and
UP-ALINEA (curves 2). This explains why the vehicle waiting time at the light
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signal under ANCONA application (curves 1 in Figs. 10.17 (b) and 10.18 (d)) is also
considerably shorter than under ALINEA and UP-ALINEA applications (curves 2).
For this reason, simulations show [106, 109] that ANCONA exhibits considerably
greater throughputs than ALINEA and UP-ALINEA.

Thus ANCONA exhibits the following benefits in comparison with ALINEA and

UP-ALINEA methods:

(a) Greater throughputs on the main road and on-ramp.

(b) Considerably shorter vehicle waiting times at light signal in the on-ramp lane.
(c) The upstream propagation of congestion does not occur even if a congested
pattern occurs at the bottleneck: the congested pattern is spatially localized in the
vicinity of the bottleneck.
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Chapter 11
Three-Phase Traffic Flow Models

11.1 Overview of Three-Phase Traffic Flow Models

Three phase traffic theory is a qualitative theory. Many different mathematical
three-phase traffic flow models can be developed in the framework of three-phase
traffic theory. The first microscopic three-phase traffic flow model that can repro-
duce empirical features of traffic breakdown and resulting spatiotemporal congested
patterns was developed by Kerner and Klenov in 2002 [1]. Some months later,
Kerner, Klenov, and Wolf developed a cellular automata (CA) three-phase traffic
flow model (KKW CA model) [2]. Later other traffic flow models in the framework
of three-phase traffic theory have been developed: Davis [3] as well as Kerner and
Klenov [4] have proposed different three-phase microscopic deterministic models;
Jiang and Wu [5], Lee et al. [6], and Gao et al. [7] have developed various CA
three-phase traffic flow models; Laval [8] and Hoogendoorn et al. [9] have devel-
oped macroscopic three-phase traffic flow models. Features of phase transitions and
congested patterns that these models exhibit are similar to those found in 2002 in
the Kerner-Klenov stochastic and KKW CA models. Recent simulation results in
the framework of three-phase traffic theory can be found in Ref. [10-23]".
In this chapter, we consider different classes of three-phase traffic flow models:

(i) An acceleration time delay model [4] (ATD model for short) in which rules
of vehicle motion are deterministic ones.

(ii) A stochastic three-phase traffic flow model, in which a variety of driver time
delays is simulated through the use of model fluctuations [1,28].

(iii) The KKW CA model [2].

' Note that the use of only some of the hypotheses of three-phase traffic theory in a traffic flow
model does not ensure that the model can show empirical phase transitions in vehicular traffic.
An example is Colombo’s continuum model [24] that consists of Eq. (10.2) in which dependence
O(p) is associated with the fundamental hypothesis of three-phase traffic theory (Fig. 5.2) [25-27].
However, solutions of Colombo’s model [24] can show none of the empirical features of F—S and
S—1J transitions because in this model other hypotheses of three-phase traffic theory needed for the
description of phase transitions in real traffic flow have not been taken into account.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_11, (© Springer-Verlag Berlin Heidelberg 2009
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However, rather than a detailed description of these models and their solutions,
we focus only on the incorporation of hypotheses of three-phase traffic theory about
2D-region of steady states of synchronized flow and the over-acceleration effect into
these models?.

This allows us in next Chap. 12 to show that by the ignoring of these hy-
potheses, the ATD model transforms into a deterministic model of the GM model
class (Sect. 10.3.1), the stochastic three-phase traffic flow model transforms into
Krauf3’s model (Sect. 10.3.6), and the KKW CA model transforms into the Nagel-
Schreckenberg (NaSch) CA model (Sect. 10.3.5). On the one hand, this will show
the linking between three-phase traffic flow models and earlier traffic flow models;
on the other hand, this will explain why these and other earlier traffic flow models
and theories have failed in explaining of empirical features of traffic breakdown and
many resulting congested patterns.

It must be noted that in addition to the incorporation of the hypotheses of three-
phase traffic theory, in the three-phase traffic flow models many ideas about simula-
tions of the driver behavior introduced in earlier traffic flow models have also been
used. In particular, simulations of the over-deceleration effect due to a driver time
delay firstly introduced by Herman, Gazis, Kometani, Sasaki, Newell et al. [30-35]
(Sect. 10.3.1), simulations of driver time delays through the use of models fluctu-
ations introduced by Nagel and Schreckenberg [36], simulations of slow-to-start-
rules introduced by Takayasu and Takayasu [37], Kerner and Konhauser [38],
Barlovié et al. [39] as well as simulations of safe speed in traffic flow introduced
by Gipps [40] and KrauB er al. [41] are also very important elements of these three-
phase traffic flow models.

11.2 Deterministic Acceleration Time Delay Three-Phase Traffic
Flow Model

11.2.1 Rules of Vehicle Motion

The Kerner-Klenov ATD model for identical vehicles and drivers reads as fol-
lows [4]:

dx
— = 11.1
7" (11.1)
dv
— = 11.2
primke (11.2)

2 A detailed consideration of these models and their solutions, which explain the fundamental em-
pirical features of traffic breakdown as well as all known empirical features of resulting congested
patterns, can be found in [4] for the ATD model, in [28,29] for the stochastic model, in [2] for the
KKW CA model, and in Ref. [23] in which a theory of traffic congestion at heavy bottlenecks has
been presented.
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" (a(free) —a)/Tgei(v, a) at g > G and g > gr(%iT),
2 = @ —a)/7a(v, @) atg < Gand g > gl (11.3)

(a(jam) — a)/Tdel(‘G a) at O S g S gr(i]lir;)7

where a is a vehicle acceleration (deceleration); x is the vehicle space co-ordinate;
g =xy—x—d is a space gap to the preceding vehicle, d is the vehicle length; the

lower index ¢ marks variables related to the preceding vehicle; g,%i? is the max-
imum space gap within a wide moving jam (Fig. 11.1 (a)); G(v, v¢) is a dynamic
synchronization gap (Table 11.1); Tq is a driver time delay; a(fe®), a(5¥) and qUam)
are desirable vehicle accelerations (deceleration) in the free flow, synchronized flow,
and wide moving jam phases, respectively, which are found from the condition

phase) phase)

al = min(max(d< ; Gmin); dmax, Gsafe)s (11.4)
the superscript “phase” in (11.4) means either “free”, or “syn”, or else “jam” for the
related traffic phase; apyin and dmax (@min < 0, amax > 0) are, respectively, the mini-
mum and maximum accelerations for cases in which there are no safety restrictions.
In (11.4), functions Ez(f‘ee), d(sy“), and @iam) associated with driver acceleration (de-
celeration) within the related traffic phase — free flow, or synchronized flow, or else

wide moving jam — are determined as follows:

a™e) (g, v, vp) = A(V(g) —v) + KAv, (11.5)
a™ (g, v, v¢) = Amin(V(g) —v, 0) + KAv, (11.6)
Gliam) (V) _ _K(jam)v, (11.7)

asafe 18 a vehicle deceleration related to safety requirements taken as

Agaf
Asafe = e (g - gsafe) + Kgafe AV, (11.8)
safe
where
Av=v,—v (11.9)

is the speed difference between the speed of the preceding vehicle v, and the ve-
hicle speed v; ggafe is a safe space gap, gsafe = VTsafe, Tsafe 1S @ safe time headways;
A, K, K(jam), Agafe> Ksafe are dynamic coefficients; V(g) is a gap-dependent speed
(Fig. 11.1 (a) and Table 11.1).

In Egs. (11.3), the driver time delay 741 (v, @) is defined as follows:

Tl — { Treac At dgare < min(0, max(@P"®) api), a), (11.10)

T4e1 Otherwise.
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Fig. 11.1 Model steady states for ATD model: (a) In the space-gap—speed plane. (b) In the flow—
density plane. 2D-dashed regions are related to steady states of synchronized flow. Taken from [4]

Table 11.1 Functions and parameters of ATD model as well as on-ramp bottleneck model used in
simulations [4]

Functions

(acc)
K tv <,
G(v, ve) =vmax (0, 16 (v) + k(v, vo) (v—vr)), K(v,v) = { ldec) Zt:> :ﬁ

K@) aty < vy,
KWe0) aty >y,
KO () = K19 (1= 2 () + KA (0), A(v) = (1+exp((v/ve = 1)/€)) 5
Vi) = voramh (552 550 = {037 Sty ™00 = {037 e
Asafe (W) = Aigzefsafe(rsafe + Vé/(2bsafe))7l 5
Kiafe (VZ) = Aggge (TO + Vé/(stafe) (Tsafe + VZ/(stafe))71 .
Model of on-ramp bottleneck (Fig. 11.2)

6 (v) = 7 (1-0.85(v/Vo)2); K(v, ve) =

vehicle merging rules: g7 > VW Tufe, § > YV Toates
the vehicle speed after merging: ¥ = min(v*, v +Av§1));
superscripts + and — are related to the preceding and

trailing vehicles in the target lane on the main road, respectively.

Parameters

Vo=120km/h, T =09s,g0=2m,d=75m A= 055!, K@) = 085!,

KUam) = 1571 k(%9 = 095571 k%) = 048 57!, v = 15m/s, e = 0.15, 1) = 2.5 5,
K@) = 0.5 52/m, k(%) = 05552 /m, gl = 0.95m, 7% = 15, 7\ =075 s,
Treac = 0.4'S, amax = 1 rn/sz, Amin = —1 m/sz,Aigze = 12551 bgpe = 2 m/sz,

Tate = 18, Ty = 0.42 8, Ly = 300 m, Ly = 500 m, 7= 0.2, Av{") = 8 m/s, viree on = 90 km/h.
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Here, Tcac is a driver reaction time that must be taken into account in the cases
when the driver should decelerate unexpectedly to avoid collisions; Ty is the time
delay in other traffic situations, which is chosen different depending on whether the
vehicle accelerates or decelerates:

=(a)
R (11.11)
1o ata <0.
In turn, %(52 and %((121) in (11.11) depend on the acceleration (deceleration) a:
. (a) (phase)
%(EZI) = T%gl inter) aas a ’ (11.12)
Thel otherwise,
(d) (phase)
=) _ ) Tiei ata>a ,
¢4 . (11.13)
del ng]’ inter) otherwise.
The sense of these mean driver time delays is as follows:
. T(ggl’ inter) i< the mean driver time delay in interruption or reduction of driver decel-

eration that corresponds to situations in which a driver decelerates currently but
wants either to stop the deceleration or to reduce it. The time delay is responsible
for the over-deceleration effect discussed in Sect. 5.2.2.
o 7'% is the mean driver time delay in decelerati ing in drivi ituati
el y eceleration occurring in driving situations
in which the driver starts to decelerate or wants to decelerate harder in cases in
which the driver approaches a region of a lower speed downstream.

(a)

° ngl is the mean time delay in acceleration occurring in driving situations in which
the driver starts to accelerate or wants to increase vehicle acceleration. To satisfy
the slow-to-start rule, in the ATD model the mean driver time delay in accelera-

(a) (a)

. . . . a . a
t1f)n at the downstream front of a wide moving jam Tgel, jam 19 longer than 7, at
higher speeds.

° Téii inter) i< the mean driver time delay in reduction of acceleration that corre-
sponds to situations in which the driver accelerates currently but wants either to

stop vehicle acceleration or to reduce it.

In the ATD model, at any vehicle speed the driver reaction time Ty i shorter than
(d, inter)

the time delay in interruption or reduction of driver deceleration 7y (v). In turn,
Tc(lgf inter) is shorter than the safe time headway Tfe, i.€.,
d, inter
Tate > T ™0 (1) > Treae. (11.14)

Taking into account (5.4), we can write relations between some important driver
time characteristics of the ATD model for lower synchronized flow speeds as fol-

lows:

(

6> 1, ) (d, inter)

a
el, jam > Tsafe > Tdel

(V) > Treac- (11.15)
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From (11.3)—(11.7) we can see that if the condition
g>G (11.16)

is satisfied, then a vehicle moves in accordance with the rules for free flow; under
condition )
g <g <G, (11.17)

the vehicle moves in accordance with the rules for synchronized flow; when
g < g, (11.18)

the vehicle decelerates within a wide moving jam.

)ion ;on ¢‘on X
Qon ™ _____ |
L, L.

Fig. 11.2 Model of on-ramp bottleneck on two-lane road. Taken from [29]

A model of an on-ramp bottleneck used in simulations of the ATD model
(Fig. 11.2) consists of two parts: (i) A part of the on-ramp lane of length L,
(ngl) < x < Xon) in which vehicles move in accordance with the model (11.1)-
(11.13), however, at another maximum speed Ve on- (i1) A merging region of length
Ly (xon <x < x(()i)) in which vehicles, which move in the on-ramp lane in accordance
with (11.2)—(11.13), can merge from the on-ramp lane onto the main road; formulae
for this vehicle merging and model parameters are given in Table 11.1.

11.2.2 Speed Adaptation Effect

If the condition
g>G (11.19)

is satisfied and @™®) < gy, dgafe, then from (11.3), (11.4) it follows that the vehi-
cle accelerates (labeled by “acceleration” in Fig. 11.3) with acceleration found from
the equation

da

= = (@™ —a)/7a, (11.20)
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(free)

where d is given by (11.5).

50 — G
£l KAv
&
en
o
2
&
g safe
0 T

20 speed [km/h] 50

Fig. 11.3 Explanation of speed adaptation in ATD model. A part of steady states of synchronized
flow for ATD model at lower speeds taken from Fig. 11.1 (a)

In contrast, if the condition
8 < &safe (11.21)

is satisfied, the vehicle is not slower than the preceding vehicle, and agp <
max(d(free)7amin), then from (11.3), (11.4) it follows that the vehicle decelerates
(labeled by “deceleration” in Fig. 11.3) with deceleration found from the equation

da
a (asafe — a) / Tael, (11.22)

where dg,ye is given by (11.8).
A different vehicle behavior we find within a 2D-region of steady states of syn-
chronized flow (2D-dashed region in Fig. 11.3) that satisfy conditions

8safe <& < G. (11.23)

Indeed, at vehicle speeds v in synchronized flow, which are lower than the speed
V(g), formula (11.6) yields

Ay = KAy, (11.24)

where K > 0. If in (11.24) anin < KAV < amax, dsafe, then from (11.3), (11.4),
(11.24) we find that the vehicle acceleration (deceleration) is found from the equa-

tion
da

dt

where a*¥") is given by (11.24). Thus when a driver cannot pass the preceding ve-
hicle moving at a synchronized flow speed, the driver adapts its speed to the speed

= (@™ —a) /141, (11.25)
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of the preceding vehicle at any space gap within the space gap range (11.23), i.e.,
without caring what the precise space gap to the preceding vehicle is. When Av # 0,
then as follows from (11.24), the vehicle accelerates when it is slower than the pre-
ceding vehicle, and decelerates when it is faster than the preceding vehicle (labeled
by “speed adaptation” in Fig. 11.3).

11.2.3 Simulation of Over-Acceleration Effect

A mathematical simulation of a discontinuous character of probability of over-
acceleration like shown in Fig. 3.6 can be performed even without any vehicle lane
changing through the choice of some model characteristics. Such an implicit sim-
ulation of the over-acceleration effect, which should not necessarily be associated
with a realistic driver behavior, can nevertheless show all fundamental empirical
macroscopic features of traffic breakdown at a bottleneck?. The value of such traffic
flow simulations is the simplicity of the model.

speed gap
-« >

ver- F
Z 50 0
o,
5 speed
g adaptation
& Esafe
0 I
50 100
speed [km/h]

Fig. 11.4 Explanation of competition of over-acceleration and speed adaptation effects in ATD
model. Parts of steady states of synchronized flow for ATD model at higher speeds (dashed region)
and free flow speed (F) taken from Fig. 11.1 (a)

In the ADT model, an implicit simulation of the over-acceleration effect is
made through the use of a model speed gap between steady states of synchronized
flow (dashed region in Fig. 11.4) and free flow states (F). To simulate this speed
gap, we use the synchronization space gap for steady states of synchronized flow
G(v) = vig(v) (see the synchronization time headway 7g in Table 11.1) that be-
gins to decrease at higher speeds as shown in Figs. 11.1 (a) and 11.4. This leads to

3 An explicit simulation of the over-acceleration effect based on lane changing to a faster lane
appears in Sect. 11.3.3.
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a speed gap between states of free flow and steady states of synchronized flow of
higher speeds (labeled by “speed gap” in Fig. 11.4).

This speed gap simulates a discontinuous character of over-acceleration needed
for simulations of traffic breakdown (Sect. 3.2.3) as follows. In a dynamic model
state of traffic flow, which lies within this speed gap, condition (11.16) is satisfied.

Therefore, in accordance with (11.3)—(11.5) in the dynamic flow state a driver
accelerates to a gap-dependent free flow speed V (g). This driver acceleration, which
is determined by the first term in the right side of formula (11.5), i.e.,

A(V(g)—v) >0, (11.26)

can be considered over-acceleration with probability that is a great enough value (la-
beled by arrow “over-acceleration” in Fig. 11.4). In contrast, when a dynamic state
of traffic flow is associated with synchronized flow, i.e., the condition (11.16) is not
satisfied, then in accordance with (11.3), (11.4), and (11.6) there is no driver accel-
eration to free flow at all. This can be considered over-acceleration with probability
that is equal to zero. This model feature simulates a discontinuous drop in probabil-
ity of over-acceleration from the great enough value under condition (11.16) to zero
that occurs when condition (11.16) is not valid.

Vehicle deceleration to a lower speed of the preceding vehicle within a local
disturbance in free flow, i.e., the speed adaptation effect (labeled by arrow “speed
adaptation” in Fig. 11.4) is simulated through the second term in the right side of
formula (11.5), i.e.,

KAv < 0. (11.27)

A competition of the over-acceleration and speed adaptation effects within this dis-
turbance in free flow simulates traffic breakdown.

11.3 Stochastic Three-Phase Traffic Flow Model

As in the ATD model (Fig. 11.1), in the Kerner-Klenov stochastic three-phase traffic
flow model [1,28] steady states of synchronized flow cover a 2D-region in the space-
gap—speed and flow—density planes (Fig. 11.5). A difference between the steady
states in these models is that in the stochastic model there is no speed gap between
free flow states and steady states of synchronized flow (Fig. 11.5) as that used in
the ATD model for a simulation of the over-acceleration effect (Fig. 11.4). This is
because in the stochastic model we use other mathematical approaches for simu-
lations of the over-acceleration effect, in particular, an explicit simulation of the
over-acceleration through lane changing to a faster lane.

Another difference between the ATD model and the stochastic model is as fol-
lows. In the ATD model different mean driver time delays are explicitly simulated in
dynamic equations of vehicle motion. In contrast, in the stochastic model driver time
delays associated with different driving situations are simulated as collective effects
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Fig. 11.5 Steady states for a stochastic three-phase traffic flow in the space-gap—speed (a) and
flow—density planes (b). Taken from [29]

through the use of model fluctuations that change randomly vehicle acceleration and
deceleration with some given probabilities.

11.3.1 Rules of Vehicle Motion

Update rules of vehicle motion in the stochastic model are as follows [1,28]:
Vn+1 = max(O, min("frem Vntl + én,vn ~+ Gmax Tstep, Vsafe,n))a (11.28)

Xpt1 = Xp + Vit Tstep (11.29)

where a discrete time ¢ = nTyep is used, the index n = 0,1,2,..., Tyep is time step;
vy is the vehicle speed at time step 7, Ve 1S the maximum speed in free flow that is
constant, x,, is the vehicle co-ordinate, the lower index ¢ marks functions and values
related to the preceding vehicle, amax is the maximum acceleration; vg,fe , is a safe
speed; &, is a random speed change (model fluctuations), ¥, is the speed without
model fluctuations &, given by the equation

Vng 1 = max (0, min(vree, Ve Vsafe,n)), (11.30)

_ ) Vnt+anTsep At §n > Gy
Ven = {Vn+An at g, < Gn, (1131)
A, = max(—by, Tyeep, Min(a, Totep, AVn)), (11.32)
Avy =V, — vy, (11.33)

8n = X, — X, —d is the space gap, d is the vehicle length; b, and a, are random
deceleration and acceleration, respectively; G, is a synchronization space gap that
depends on the vehicle speed v, and on the speed of the preceding vehicle vy,

Gp=G(n,ven), (11.34)
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where the function G(u,w) is chosen as
G(u,w) = max(0, KTyeptt + amagtu( —w)), (11.35)

k > 1 is constant (Table 11.2); random deceleration and acceleration &, in (11.28)
are applied depending on whether the vehicle decelerates or accelerates, or else
maintains its speed:

&y if Sy = —1
Ei=1 & ifS, =1 (11.36)
0 ifS, 1 =0,
where S in (11.36) denotes the state of motion (S,+; = —1 represents deceleration,

Sn+1 = 1 acceleration, and S, 11 = 0 motion at nearly constant speed)
—1 ifﬁn+1 <v,— 0
Spr1=< 1 ifv>v,+0 (11.37)
0 otherwise,

where 8 is constant (6 < dmax Tsiep),

éb = amasztep@(pb - r)> (11.38)
P is probability of random deceleration, ©(z) =0 atz <0 and ©(z) =1 at 7 > 0,
r=rand(0,1), &, is defined in Sect. 11.3.3.

Table 11.2 Functions and parameters of stochastic model as well as on-ramp bottleneck model
used in simulations [28]

Functions

po(v) = 0.575+0.125min(1,v/10) (v in m/s),
p2(v) =0.48+0.320(v—15) (vin m/s).

Model of on-ramp bottleneck (Fig. 11.2)

P = max (0, min(veee, v, +Av§2)));

the vehicle speed after merging: ¥, = min(v;", v, + Avp));

vehicle merging rule (x): g > min(v, Tyep, G, g, > min(v, Tyep, G, ), Where
Gt =G(vn,vy), G, =G(vy, ,vy), G(u,w) is given by (11.35),

vehicle coordinates just before and after merging are equal to each other;

vehicle merging rules (x*): x} —x, —d > g[(;?égz =Av; +d and

the vehicle passes the midpoint between two neighboring vehicles in the target lane,
after merging the vehicle coordinate is equal to the coordinate of this midpoint;
superscripts + and — are related to the preceding and

trailing vehicles in the target lane on the main road, respectively.

Parameters

Tafe = Tstep = 1 8, d = 7.5 M, Viree = 108 km/h, @max = 0.5 m/s%, b= 1m/s?, k=3,
6=0.01m/s, p; =0.3, p, =0.17, p, =0.1, § = 1 m/s, p. = 0.2, L = 0.75, Ly, = 300 m,
Ly = 500 m, Viree on = 80 km/h, Av{") =10 m/s, Av!? =5 m/s, Av() =2 m/s.
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Random deceleration and acceleration b,, and a,, in (11.31) and (11.32) are taken
as
bn:amax@(Pl_rl); (11.39)

an:amax@(PO_rl)y (11.40)

ri =rand(0, 1), P, and Py are probabilities of random deceleration and acceleration,
respectively:

_ poif S, # 1

PO_{I ifS, =1, (11.41)
_pifS, # -1

Pl_{pzifs,,z—l, (11.42)

where po(vy), p1, and pa(vy) are probabilities (Table 11.2).
The safe speed vgafe , in (11.30) is chosen in the form

Vsafen = min (v;safe) s gn/fstep + Véa) )a (11.43)
where v,(lsafe) — y(safe) (8n, Vi) is taken from Krauf’s model (10.37), (10.38); vza) is

an “anticipation” speed of the preceding vehicle at the next time step that is chosen
as
(a) (safe)
W

vy =max(0,min(v,, ", Ve, &0n/ Tstep) — Gmax Tstep)» (11.44)

véssfe) and gy, are the safe speed and space gap for the preceding vehicle, respec-
tively.
In the on-ramp lane at ngl) < x < xon (Fig. 11.2) vehicles move in accordance with

(11.28)—(11.44), however, at another maximum speed Vfee on. In the on-ramp lane at

Xop < X < x(()i), vehicles move in accordance with Eqs. (11.28)—(11.44), however, in
Egs. (11.31)—(11.34) the speed and coordinate of the preceding vehicle are replaced
by values ¥, and x;|, respectively, which are given in Table 11.2; in addition, for
vehicle merging onto the main road rules (x) or (xx*) are used (Table 11.2).

11.3.2 Speed Adaptation Effect

We consider lower vehicles speeds (Fig. 11.6) that satisfy the condition
0 < vy < Viree- (11.45)

If the condition
gn > Gy (11.46)

is satisfied and v, + @, Tseep < Vsafens Veree» then from (11.28), (11.30), (11.31),
(11.36), (11.37), (11.40), (11.45) it follows that

Vp+1 = Vn + anTstep, (1 147)
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i.e., with some probability vehicle accelerates (labeled by “acceleration” in Fig. 11.6)
with the maximum acceleration apyx.
If the condition

8n < &safen (11.48)

is satisfied, where a safe space gap gafe,, 1S determined from the equation

Vn = Vsafe,n (gn; Vé'.,mV;a)) (11.49)
in which g, should be replaced by ggafe . then the speed is higher than the safe
speed:

Vi > Vsafe,n- (11.50)

Then from (11.28), (11.30) we find that the vehicle decelerates (labeled by “deceleration”
in Fig. 11.6).

space gap [m]

speed [km/h]

Fig. 11.6 Explanation of speed adaptation in stochastic model. A part of steady states of synchro-
nized flow associated with (11.45) taken from Fig. 11.5 (a)

A different vehicle behavior we find within a 2D-region of steady states of syn-
chronized flow (2D-dashed region in Fig. 11.6) that satisfy conditions

8safe.n < &n < G- (11.51)
Under conditions (11.51) with some probability, when
| Av, |§ Amax Tstep; dn = by = amax, Vn+ A+ &n < min(vsafe,n; Vn + amasztep)7
(11.52)
from (11.28), (11.30)—(11.32) we get
Vil = Vp+Av, +&,. (11.53)

This means that the vehicle acceleration (deceleration) is equal to

(Avi +&4) / Tstep- (11.54)
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This formula explains the speed adaptation effect in the stochastic model (labeled
“speed adaptation” in Fig. 11.6): As in the ATD model (11.25), within the space gap
range (11.51) the speed difference Av, in (11.54) describes speed adaptation to the
speed of the preceding vehicle that occurs without caring what the precise space gap
to the preceding vehicle is. In addition to this deterministic effect, in the stochastic
model there is a random speed change &,, which leads to a stochastic behavior of
speed adaptation in the model. This model feature is used for simulations of driver
time delays in acceleration and deceleration.

11.3.3 Simulation Approaches to Over-Acceleration Effect

Vehicle acceleration is often only a part of a variety of driver maneuver of the over-
acceleration effect (Sect. 3.2.3), which can include various driver behavior, like lane
change for passing or temporary closing to the preceding vehicle. For example, if a
driver believes that she/he can overtake a slow moving preceding vehicle that does
not accelerate, the driver can accelerate in an initial road lane before lane change.
However, it can turn out that although the driver accelerates, nevertheless she/he
cannot change lane and pass. In this case, the driver must decelerate to the speed of
the preceding vehicle and wait for another possibility to pass. This vehicle acceler-
ation with the subsequent deceleration to the speed of the preceding vehicle can be
repeated several times before the driver can pass.

In the stochastic model, there are several different mathematical approaches for
the simulation of the over-acceleration effect. In each of these approaches, a dy-
namic speed gap appears (gray region labeled by “dynamic speed gap” in Fig. 11.7)
between free flow (line F) and steady states of synchronized flow of lower speeds.
Within this dynamic speed gap, initially steady states of synchronized flow of higher
speeds are destroyed and no long-time living synchronized flow states occur.

Thus rather than the use of a model speed gap between steady states of syn-
chronized flow and free flow states as this made in the ATD model (Fig. 11.4), in
the stochastic model a discontinuous character of over-acceleration discussed in
Sect. 3.2.3 is modeled through the occurrence of the dynamic speed gap caused
by stochastic model dynamics that destroys initially steady states of synchronized
flow of higher speeds (gray region in Fig. 11.7). A competition between the speed
adaptation and over-acceleration effects (labeled by “speed adaptation” and “over-
acceleration” in Fig. 11.7), which occurs within a local disturbance in free flow, is
associated with this dynamic speed gap. This simulates all fundamental empirical
features of traffic breakdown.
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Fig. 11.7 Explanation of competition of over-acceleration and speed adaptation effects in stochas-
tic model. Parts of steady states of synchronized flow at higher speeds (dashed region) and free
flow speed taken from Fig. 11.5 (a). Gray region shows qualitatively a dynamic speed gap in which
steady states of synchronized flow are destroyed and no long-time living synchronized flow states
occur

11.3.3.1 Implicit Simulation of Over-Acceleration Effect through Driver
Acceleration

The dynamic speed gap between states of free flow and synchronized flow resulting
in a discontinuous character of over-acceleration can be simulated through driver
acceleration even without vehicle lane changing. Under condition (11.51), the func-
tion &, in (11.36) is taken as [28]:

éa = amasztep@(pa - l’), (11.55)

where p, is probability of random acceleration, r = rand(0, 1). In accordance with
(11.36), these model fluctuations are applied only if the vehicle should accelerate
without the fluctuations.

11.3.3.2 Simulation of Over-Acceleration Effect through Combination of
Lane Changing to Faster Lane and Random Driver Acceleration

The discontinuous character of over-acceleration can also be simulated through the
use of a combination of an implicit simulation through a random driver acceleration
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(11.55) and an explicit simulation based on lane changing to a faster lane [28]. Rules
for lane changing to a faster lane can be as follows.

If necessary lane changing rules together with some safety conditions are satis-
fied, a vehicle changes lane with probability p.. For lane changing from the right
lane to the left lane (R — L) and a return change from the left lane to the right lane
(L — R) lane changing rules are as follows

R—L: v, >v,+86 and v, > vy, (11.56)

L—R: v, >v,+8 orv, >v,+8. (11.57)

The safety conditions for lane changing are given by the inequalities:
g > min(v, Tyep, Gyf ), (11.58)

g, > min(v, Tuep, Gy,), (11.59)

where functions G,‘f, G,, are given in Table 11.2; superscripts + and — in variables,
parameters, and functions denote the preceding vehicle and the trailing vehicle in
the “target” (neighboring) lane, respectively (the target lane is the lane into which
the vehicle wants to change); 0; is constant (Table 11.2).

11.3.3.3 “Boundary” Over-Acceleration

In addition with the over-acceleration effect within a local disturbance in free flow
discussed above that can be called as “bulk” over-acceleration, there can also be
“boundary” over-acceleration. In contrast with bulk over-acceleration, boundary
over-acceleration occurs at the downstream disturbance front within which a vehi-
cle accelerates from a lower free flow speed to a higher one. Indeed, at the front the
vehicle can reduce the time delay in acceleration due to passing of the preceding ve-
hicle, i.e., due to over-acceleration. The lower the speed and the greater the density,
the smaller the over-acceleration probability, i.e., the smaller the time delay reduc-
tion due to over-acceleration. Thus a boundary over-acceleration can be described
by a decreasing speed function of the mean driver time delay in vehicle acceleration

7:521) within a speed range between speeds in free and synchronized flows.

11.3.3.4 Explicit Simulation of Over-Acceleration Effect through Lane
Changing to Faster Lane

Simulations show that the discontinuous character of over-acceleration can be simu-
lated explicitly through lane changing to a faster lane only, i.e., when no other math-

ematical formulations for over-acceleration are used, specifically, when in (11.55)

pa = 0 and the time delay in acceleration rézl) does not change within a speed range

between speeds in free and synchronized flows.
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To reach this goal, we use much weaker safety conditions for lane changing in
comparison with (11.58) and (11.59). In particular, when (11.58) and (11.59) are not
satisfied, then under condition (11.56) or (11.57) a vehicle can nevertheless change
to a faster lane with the abovementioned given probability p., if the following safety
conditions are satisfied. The space gap between two neighboring vehicles in the
target lane should satisfies the condition

X =, —d > g, (11.60)
where )
g = v +d, (11.61)

A is constant. In addition to (11.60), the condition that the vehicle passes the mid-
point between two neighboring vehicles in the target lane should be satisfied. After
lane changing, the coordinate of the vehicle is set to this midpoint and the vehicle
speed vy, is set to ¥y,:

P, =min(v;, v, + vy, (11.62)

where Av() is constant that describes the increase in speed after lane changing
(Table 11.2).

11.4 Cellular Automata Three-Phase Traffic Flow Model

Basic driver behavioral assumptions of the Kerner-Klenov-Wolf (KKW) CA model [2]
are similar to those of the stochastic model [1,28] discussed in Sect. 11.3. In partic-
ular, steady states of synchronized flow cover a 2D-region in the space-gap—speed
and flow—density planes (Fig. 11.5); however, these states do not form a continuum
because the speed v and space gap g are integers in CA models. The rules of vehicle
motion in the KKW CA model are as follows:

Vil = max(O, min(vfree>‘7n+1 + Amax TstepTln, Vi + amax Tstep s Vsafe,n))a (11.63)
Xn+1 = Xn + Vit 1 Tsteps (11.64)
V1l = max(O, min(vfreea Veons Vsafe,n))a (11.65)
Vn + Gmax Tstep at g, > Gy,
Ven = . 11.66
o { Vn + amasztepSIgn(A vn) at g, < Gy, ( )

where sign(x) = 1 for x > 0, 0 for x =0, and —1 for x < 0; a synchronization space
gap G, is taken as
G(Vn) = kVnTstep» (11.67)

k > 1 is constant; as in the Nagel-Schreckenberg CA model (Sect. 10.3.5) [36], a
safe speed is equal to
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Vsafe.n = gn/Tstep; (11.68)

accordingly, a safe space gap gsafe,» and a safe time headway Tg,fe are

&safe;n = TstepVn,  Tsafe = Tsteps (11.69)

random acceleration and random deceleration are simulated by adding of a random
term dmax Tstep N tO vehicle speed,

—lifr < py,
Me=q 1 ifpy<r<pp+pa, (11.70)
0 otherwise,

pa and py, are probabilities of random acceleration and deceleration, respectively
that are speed functions, p, + pp < 1, r =rand(0, 1); designations of other variables
and functions are the same as those in Sect. 11.3.

In the KKW model, qualitatively the same approaches to simulations of speed
adaptation and over-acceleration are used as those in the stochastic model discussed
in Sects. 11.3.2 and 11.3.3.

11.5 Methodology of Empirical Test

For an adequate comparison of empirical and theoretical dynamic nonlinear features
of spatiotemporal congested patterns in freeway traffic, the following methodology
of the empirical test is used [29].

As in real traffic, in a model of a road with on-ramp and off-ramp bottlenecks ve-
hicles appear at the upstream road boundary of the main road and of an on-ramp(s).
In this open traffic process, all traffic variables downstream result from traffic de-
mand at the upstream road boundary and on-ramp(s) as well as drivers’ destinations
(whether a vehicle leaves the main road to the off-ramp or it further follows the
main road). At the downstream model boundary, free flow conditions are given.
Spatiotemporal congested patterns emerge, develop, and dissolve in this open free-
way model with the same types of bottlenecks as those in empirical observations.

The spatiotemporal dynamics of traffic breakdown and resulting congested pat-
terns found in simulations should be compared with the associated spatiotemporal
dynamics found in empirical observations. Only after the fundamental spatiotem-
poral features of traffic have been simulated and compared with the empirical data,
secondary characteristics associated with these spatiotemporal patterns, which in-
clude for example fundamental diagrams, time headway distributions, speed and
flow—density correlation functions and OV functions, can be compared with the as-
sociated empirical characteristics.

Such an empirical test made in [20-22] shows that three-phase traffic flow mod-
els can reproduce and predict all known microscopic and macroscopic empirical
features of traffic breakdown and resulting congested traffic patterns.
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11.6 What Three-Phase Traffic Flow Model is better to Use?

The following questions are often discussed when traffic flow models are compared:

e Does deterministic or stochastic microscopic traffic flow model describe better
real traffic flow characteristics?

e Do explicit or implicit simulations of driver behavior describe better real mea-
sured traffic flow characteristics?

e Can nucleation features of traffic breakdown and moving jam emergence be sim-
ulated through the use of model instability with respect to infinitesimal fluctua-
tions (so-called “linear” instability)?

11.6.1 Deterministic or Stochastic Models?

In deterministic microscopic traffic flow models, each driver can exhibit individual
driver time delays in various traffic situations as well as individual lane changing
and merging behavior on multi-lane roads with bottlenecks. In other words, driver
behavioral characteristics can find a clear individual description in such a model.

In contrast, in stochastic microscopic traffic flow models that include also CA
traffic flow models, many of driver behavioral characteristics are simulated on aver-
age, in particular, through the use of model fluctuations.

These model fluctuations have often no clear correspondence with driver behav-
ioral characteristics. In particular, for simulations of driver time delays in various
traffic situations with CA models, vehicles should decelerate randomly and some-
times without any obvious reason, for example when the space gap to the preceding
vehicle is greater than the safe one and the preceding vehicle moves with a time-
independent speed. Moreover, model fluctuations in vehicle deceleration and ac-
celeration take often large non-realistic values for the current driving situation. For
these reasons, the stochastic microscopic traffic flow models might seem to be much
less applicable for the description of real traffic flow characteristics.

However, a high opinion about the deterministic traffic flow models and low or
negative opinion about the stochastic models have no real reasons. This is because
in reality, each individual driver exhibits stochastic driver characteristics, which can
be simulated by none of the deterministic traffic flow models, which the author
knows. For example, each of the driver time delays in acceleration and deceleration
rather than a constant value is a stochastic variable, which takes different random
values even in the same driving situation. In other words, in the deterministic models
individual driver characteristics can be considered only as mean values, whereas all
effects associated with real stochastic individual driver characteristics are neglected.

Thus the criterion like “clear mathematical description of an individual driver be-
havior” that is usually used to prefer a deterministic traffic flow model to a stochas-
tic one does not necessarily ensure that the deterministic model can simulate spa-
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tiotemporal features of measured traffic patterns better than the stochastic traffic
flow model.

In contrast, in many cases a stochastic traffic flow model, in which non-realistic
driver acceleration and deceleration are used, can show empirical phase transitions
and resulting congested patterns much more realistic than the deterministic one.
One of the reasons for this is that in “pure” deterministic models none of the real
stochastic driver behavior characteristics is taken into account.

11.6.2 Explicit or Implicit Simulations of Driver Behavior?

A similar question arises about a value of implicit simulations of driver behavior
in comparison with explicit simulation approaches. An example is an explicit sim-
ulation of over-acceleration with lane changing to faster lane (Sect. 11.3.3) and an
implicit simulation of over-acceleration through a speed gap between states of free
flow and steady states of synchronized flow (Sect. 11.2.3).

In the first case, over-acceleration exhibits a discontinuous character because at a
given density the resulting probability for lane changing to a faster lane in free flow
is greater than that in synchronized flow.

In the second case, qualitatively the same discontinuous character of over-
acceleration is simulated directly through the use of the speed gap, i.e., the dis-
continuity in speed at a given density. Although this direct simulation of the discon-
tinuous character of over-acceleration is only a mathematical method, which is not
related to the physical reason of the discontinuous character of over-acceleration,
this mathematical method does lead to qualitatively and quantitatively (at an appro-
priate choice of model parameters) the same simulation results for spatiotemporal
features of congested traffic patterns.

11.6.3 About Mathematical Approaches for Simulations of
Nucleation of Traffic Breakdown and Moving Jam
Emergence

In accordance with three-phase traffic theory, traffic breakdown in an initial metastable
free flow can occur, if a nucleus required for traffic breakdown appears in the free
flow (Chap. 3). The nucleus is associated with the occurrence of a local disturbance
in free flow. Within this disturbance, i.e., within the nucleus the speed is lower than
a critical speed (density is greater than a critical density) required for traffic break-
down in free flow. This critical speed is usually considerably lower than the speed
(critical density is considerably greater than the density) is in the initial free flow.

In three-phase traffic theory is further assumed that wide moving jam emergence
in an initial metastable synchronized flow can occur, if a nucleus required for wide
moving jam emergence appears in synchronized flow (Chap. 5). The nucleus is as-
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sociated with the occurrence of a local disturbance in the synchronized flow. Within
this disturbance, i.e., within the nucleus the speed is lower than a critical speed (den-
sity is greater than a critical density) required for wide moving jam emergence in the
synchronized flow. This critical speed is usually considerably lower than the speed
(critical density is considerably greater than the density) is in the initial synchro-
nized flow.

These assumptions made in three-phase traffic theory [25-27] about the nucle-
ation nature of traffic breakdown and wide moving jam emergence in free and syn-
chronized flows, respectively, are confirmed by all known up to now real measured
traffic data:

e in the data traffic breakdown and wide moving jam emergence have always been
nucleated by the occurrence of great enough disturbances in initial free and syn-
chronized flows, respectively.

In three-phase traffic theory, there are three mathematical approaches for simu-
lations of the nucleation nature of traffic breakdown and moving jam emergence:

1. The use of discontinuities in speed and/or density between steady states for
free flow, synchronized flow, and wide moving jam incorporated in a traffic flow
model. An example is a speed gap between steady states of free flow and syn-
chronized flow incorporated in the ATD model (Fig. 11.4)*.

2. An explicit simulation of driver behavior. An example is the explicit sim-
ulation of the over-acceleration effect through lane changing to a faster lane
(Sect. 11.3.3.4).

3. The use of model instabilities with respect to infinitesimal disturbances (fluc-
tuations).

At the first glance, an instability of traffic flow with respect to infinitesimal distur-
bances in traffic flow incorporated in a traffic flow model should be inconsistent with
the abovementioned empirical results in which traffic breakdown and wide mov-
ing jam emergence have always been nucleated by the occurrence of great enough
disturbances. Nevertheless, three-phase traffic flow models that incorporate model
solution instabilities can simulate the nucleation effects as this is observed in real
traffic [29]. This statement is independent of whether these model instabilities have
a sense for real traffic or not.

This “paradox” can be explained as follows. Through an appropriated choice of
a mathematical description of model instabilities, a three-phase traffic flow model
can simulate both metastable states of free flow and metastable states of synchro-
nized flow. If in addition, models of multi-lane roads with highway bottlenecks are
associated with real roads, then traffic simulations show that there are always local
disturbances in free and synchronized flows of great enough amplitudes. For this
reason, none of instabilities with respect to infinitesimal disturbances incorporated
into mathematical rules of the model plays a role for traffic breakdown and result-
ing congested traffic patterns [4,29]. This is because due to these large local distur-
bances, nuclei for traffic breakdown and wide moving jam emergence occur in free

4 Other examples appear in Sect. 12.1 (Fig. 12.1 (a, b)).
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and synchronized flows before a threshold for a model instability with respect to in-
finitesimal fluctuations can be reached in simulations. Thus such model instabilities
are associated only with a mathematical method for simulations of metastable free
and synchronized flows observed in real traffic. In other words, the model instabil-
ities have nothing to do with the question whether a traffic flow theory can explain
traffic phenomena based on traffic flow instabilities or not.

Summarizing results of the discussion made in this section, we can conclude that
rather than questions about (i) deterministic or stochastic models, (ii) explicit or
implicit simulations of driver behavior, (iii) a correspondence to real traffic of an
instability incorporated into mathematical rules of a model, the important question
is what driver behavioral characteristics should be taken into account in a traffic
flow model to call the model as the model for traffic flow. This means that the model
must describe traffic breakdown at a bottleneck and resulting congested patterns as
found in real measured traffic data. Only after driver behavior characteristics needed
for the description of these real measured spatiotemporal traffic flow characteristics
have been identified, the choice of a deterministic or stochastic model or else explicit
or implicit simulations of these driver behavior characteristics is determined by the
objective of traffic flow modeling. Examples of such objectives are macroscopic and
microscopic traffic flow characteristics, motion of a specific vehicle in traffic flow,
effectiveness and reliability of methods for traffic flow control or dynamic traffic
assignment.
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Chapter 12

Linking of Three-Phase Traffic Theory and
Fundamental Diagram Approach to Traffic Flow
Modeling

12.1 Three-Phase Traffic Models in the Framework of
Fundamental Diagram Approach

A link between three-phase traffic theory and the fundamental diagram approach to
traffic flow modeling can be created through the use of the averaging of an infinite
number of steady states of synchronized flow shown in Figs. 11.1 and 11.5 to one
synchronized flow speed for each density. In this case, we should find rules for
vehicle motion in a traffic flow model whose steady states are associated with a
fundamental diagram, however, the model should show the free flow, synchronized
flow, and wide moving jam phases as well as the F—S—1] transitions.

Recall that three-phase traffic theory is a qualitative theory. For this reason, the
fundamental hypothesis of this theory is associated with features of hypothetical
steady states of synchronized flow that should cover a 2D-region in the flow—density
plane. Rather than a hypothesis about model steady states of synchronized flow, the
fundamental hypothesis of a mathematical three-phase traffic flow model can be a
hypothesis about some specific dynamic model features.

Although such three-phase traffic flow models are possible to develop, however,
through the replacing of a 2D-region for steady states of synchronized flow by a 1D-
region, i.e., by a curve in the flow—density plane, these three-phase traffic flow mod-
els lose a possibility of the description of very important features of synchronized
flow found in empirical observations. This emphasizes the sense and importance of
2D steady states of synchronized flow for the development of a three-phase traffic
flow model. We illustrate these general conclusions below through a brief discussion
of speed adaptation (SA) three-phase traffic flow models [1].

In contrast with the deterministic ATD and stochastic three-phase traffic flow
models discussed in Chap. 11, which incorporate the fundamental hypothesis of
three-phase traffic theory (Figs. 11.1 and 11.5), in the SA models hypothetical
steady states of synchronized flow are associated with a curve (curves S in Fig. 12.1),
i.e., they cover a 1D-region in the flow—density plane.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_12, (© Springer-Verlag Berlin Heidelberg 2009
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The basis hypothesis of the SA models is associated with the F—S—] transitions
of three-phase traffic theory. Based on an implementation of this hypothesis into
the SA models, the models can show and explain both traffic breakdown (F—S
transition) and moving jam emergence within synchronized flow (pinch effect and
associated S—1J transitions) [1] as found in empirical observations [2].
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Fig. 12.1 Steady states for three different SA three-phase traffic flow models with discontinuity

(a, b) and instability (c) of steady speed solutions between free flow (curves F’) and synchronized
flow states (curves S). Taken from [1]

Traffic breakdown is simulated in the SA models through the use of one of the

following features of states in a neighborhood of the maximum point on the funda-
mental diagram:

(i) A discontinuity of states on the fundamental diagram between free flow and

synchronized flow states (Fig. 12.1 (a, b)). This discontinuity determines the
maximum (limit) point of free flow (q,(ﬁgie), pg£§e>) on the fundamental diagram,
i.e., at the densities p > péf;ie) an F—S§ transition should occur.

(i) An instability of states on the fundamental diagram within a density range
(péf;ie), pr(;i{ln)) (curve FS in Fig. 12.1 (c)). This instability determines also the

maximum (limit) point of free flow (q[(ll;ffxe)7 pr([gie)) on the fundamental diagram,

i.e., at the densities p > pl(nf;ie) an F—S§ transition should occur.
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In addition, a feature of vehicle motion is incorporated into the SA models that a
vehicle tries to adjust the speed to the speed of the preceding vehicle while ap-
proaching synchronized flow states. This simulates the speed adaptation effect in
synchronized flow. However, in contrast with three-phase traffic flow models dis-
cussed in Chap. 11, a driver adapts the speed to the speed of the preceding vehicle
at a particular space gap associated with the fundamental diagram for synchronized
flow (curves S in Fig. 12.1).

An S—]J transition is simulated in the SA models through an instability of states
of synchronized flow on the fundamental diagram whose density is greater than
some critical density pc(rl) (Fig. 12.1): at each density p > pc(rj) synchronized flow is
unstable (dashed parts of curves S in Fig. 12.1).
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Fig. 12.2 Explanation of simulations of sequence of F—S—1J transitions in the context of the
fundamental diagram approach. Gray regions illustrate density ranges of traffic breakdown (labeled
by F—S) and wide moving jam emergence (labeled by S—1J), respectively. Fundamental diagram
is taken from Fig. 12.1 (a). Taken from [1]

Thus the SA models exhibit the following features [1]:

e there are two separated density regions on the fundamental diagram in which
phase transitions occur (Fig. 12.2);

e in accordance with these two regions, there are two different critical densities on
the fundamental diagram:

— the critical density pr(nf;ie) for traffic breakdown (F—S transition) and

— the critical density pég) for an S—J transition, i.e., for wide moving jam emer-
gence in synchronized flow (Fig. 12.1).

In other words, traffic breakdown is simulated in a density range in a neighborhood
of the maximum point on the fundamental diagram, whereas the S—J transition is
simulated at greater densities of synchronized flow (Fig. 12.2). This allows us to
overcome drawbacks of earlier traffic flow models with the fundamental diagram in
description of traffic breakdown and the pinch effect (Chap. 10).
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On the one hand, the SA models are able to show and predict the F—S—] tran-
sitions. On the other hand, due to the averaging of the infinite number of steady
states of synchronized flow to one synchronized flow speed for each density, the
SA models are not able to show important features of synchronized flow as well as
many features of coexistence of the free flow, synchronized flow, and wide moving
jam phases found in real traffic [1]. These drawbacks of the SA models associated
with the ignoring of the fundamental hypothesis of three-phase traffic theory are
illustrated below.
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Fig. 12.3 Explanation of drawbacks of SA models: (a, b) A three-phase traffic flow model with
2D-region of steady states for synchronized flow. (c, d) SA models (Fig. 12.1). Taken from [1]

In accordance with empirical results [2], three-phase traffic flow models with a
2D-region of steady states for synchronized flow can show and predict both free flow
and synchronized flow between wide moving jams (Fig. 12.3 (a, b)). In contrast, for
the SA models, whose fundamental diagrams are shown in Fig. 12.1, only free flow
can occur between wide moving jams, when the jams are moving at large enough
distances from each other (Fig. 12.3 (c, d)).

To explain this, note that if a three-phase traffic flow model exhibits a 2D-region
of steady states for synchronized flow (Fig. 12.4 (a)), in the wide moving jam out-
flow either a state of free flow with the density ppni, or any state of synchronized
flow from the infinite number of synchronized flow states that lie on the line J is
possible. In contrast, there is only one unstable steady state of synchronized flow
that lies on the intersection of the line J and curve S in the case of the SA models
(Fig. 12.4 (b)). For this reason, when distances between wide moving jams are great
enough, free flow can be formed in the jam outflows only (Fig. 12.3 (c, d)).
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Fig. 12.4 Steady states for synchronized flow and line J for two classes of three-phase traffic flow
models: (a) ATD model of Sect. 11.2. (b) SA model. Taken from [1]

We can conclude that

e the fundamental hypothesis of three-phase traffic theory about a 2D-region for
steady states of synchronized flow permits the infinite number of synchronized
flow states on, above, and below the line J. This allows us to simulate different
synchronized flow states in a variety of diverse combinations with wide moving
jams and free flows, as observed in empirical data. This is not possible to do based
on the SA models with a fundamental diagram for steady states of synchronized
flow.

12.2 What Features of Three-Phase Traffic Theory are Missing
in Earlier Traffic Flow Theories and Models?

12.2.1 Common Missing Features

12.2.1.1 The Failure of Earlier Theories to Explain Traffic Breakdown:
Missing Discontinuous Character of Over-Acceleration

Firstly, we should note that

e none of earlier traffic flow models [3-24] discussed in Chap. 10 exhibits a dis-
continuous character of over-acceleration.

Probably the discontinuous character of the over-acceleration, i.e., the discontinuous
character of probability of passing is one of the most important features of three-
phase traffic theory [25, 26], which is missing in all these traffic flow theories and
models. The importance of this model feature is explained as follows: a competition
between the over-acceleration effect, which exhibits the discontinuous character,
and the speed adaptation effect incorporated in three-phase traffic models explains
all fundamental empirical features of traffic breakdown at a highway bottleneck
listed in Sect. 3.1.3 (see, e.g., numerical simulations of traffic breakdown with three-
phase traffic flow models shown in Figs. 3.17, 3.18, and 4.2).
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Thus we can make the following conclusion:

e The missing of a discontinuous character of passing probability, i.e., the dis-
continuous character of over-acceleration probability introduced in three-phase
traffic theory [25,26] is probably the main reason why none of the earlier traffic
flow theories and models [3-24] can explain traffic breakdown at the highway
bottleneck as observed in real measured traffic data.

12.2.1.2 The Failure of Earlier Theories to Explain The Coexistence of Free
Flow, Synchronized Flow, and Wide Moving Jams: Missing of
2D-Region of Steady States of Synchronized flow

Another common feature of three-phase traffic flow models of Chap. 11 is that these
models exhibit a 2D-region of steady states of synchronized flow in the flow—density
plane (Figs. 11.1 and 11.5). In contrast, earlier traffic flow models assume the exis-
tence of a fundamental diagram. From the analysis of the SA models of Sect. 12.1
we can conclude that

o traffic flow models in the framework of the fundamental diagram fail to explain
the coexistence of free flow, synchronized flow, and wide moving jams as ob-
served in real measured traffic data.

12.2.2 From Three-Phase Traffic Flow Models back to GM Model
Class

Traffic flow models in the framework of the LWR-theory take into account none of
driver time delays, which are important for simulations of phase transitions in traffic
flow. For this reason, we compare three-phase traffic flow models of Chap. 11 with
some traffic flow models of the GM model class.

12.2.2.1 From ATD Model to Deterministic Models of GM Model Class

To come from the ATD three-phase traffic flow model of Sect. 11.2 to a deterministic
traffic flow model of the GM model class, we neglect the following features of the
ATD model:

e A speed gap between states of free and synchronized flows (labeled by “speed
gap” in Fig. 11.4) that simulates a discontinuous character of over-acceleration
in the ATD model.

e A 2D-region of steady states of synchronized flow and a synchronization space
gap G of the ATD model (Fig. 11.1).
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In this case, the ATD model transforms into a version of the GM model like given
by Eq. (10.14).

12.2.2.2 From Stochastic Three-Phase Traffic Flow Model to Krauf3’s Model

The stochastic three-phase traffic flow model of Sect. 11.3 transforms into Krauf3’s
stochastic traffic flow model (10.35)—(10.37) [27] of the GM model class, when in
the stochastic model (11.28)—(11.44) the following changes are made:

e A discontinuous character of over-acceleration of the stochastic three-phase traf-
fic flow (Sect. 11.3.3) is neglected.

e A synchronization space gap G is not taken into account. As a result, a 2D-
region of steady states of synchronized flow (Fig. 11.5 (b)) transforms into the
fundamental diagram of Krauf3’s model consisting of the line F for free flow and
the line with a negative slope for congested traffic determined by the safe speed
equation (10.37).

Firstly, we neglect the second term v, + A, in formula (11.31), consider the first
term in (11.31) independent of the space gap, and replace a random acceleration a,,
by the maximum one anm,x. This yields

Vc,n =Vn + amaxrstep~ (121)

Secondly, we replace model fluctuations (11.36) of the stochastic three-phase traffic
flow model by a random vehicle deceleration used in Eq. (10.35) of Krauf3’s model.
Then Egs. (11.28)—(11.30) transform into Eq. (10.35) of Krauf3’s model.

In KrauB3’s model, when the speed is higher than the safe one, i.e., v, > Vgage n»
then a vehicle decelerates. In contrast, when the speed is lower than the safe one,
then from Eq. (10.35) it follows that vehicle acceleration is equal to dmax(1 — r).
Thus there is no discontinuous character of over-acceleration in this model. For
these reasons, Krauf3’s model cannot describe traffic breakdown and synchronized
flow as found in empirical observations.

12.2.2.3 From KKW CA Three-Phase Traffic Flow Model to
Nagel-Schreckenberg CA Model

To come from the KKW CA model (11.63)—(11.68) to the Nagel-Schreckenberg
(NaSch) CA model (10.28)—(10.30), firstly, we neglect in Eq. (11.66) of the KKW
CA model the second term v, + amax Tstepsign(A v,) and assume that the first term in
this equation is applied independent of the space gap. Secondly, we ignore random
driver acceleration of the KKW CA model, i.e., neglect the second term in (11.70)
for model fluctuations of the KKW CA model. Then rather than (11.70) we get

[ —lifr<pp
M= { 0 otherwise. (12.2)
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If we use the maximum acceleration @max, time step Tsep, and probability p, = p
the same as those of the NaSch CA model, then model fluctuations in deceleration
—&, of the NaSch CA model (10.30) coincides with model fluctuations 7, given
by (12.2). As the consequence, Egs. (11.63) and (11.65) of the KKW CA model
transform into Eq. (10.28) of the NaSch CA model [28].

In the NaSch CA model, when the speed is higher than the safe one, i.e.,
Vo > gn/ Tstep» then a vehicle decelerates. In contrast, when the speed is lower than
the safe one, then the vehicle accelerates or maintains the speed. Thus there is no
discontinuous character of over-acceleration in this model. This is due to the ig-
noring of random driver acceleration and the synchronization distance of the KKW
CA model (11.63)—(11.68). For these reasons, the NaSch CA model cannot describe
traffic breakdown and synchronized flow as found in empirical observations.
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Chapter 13
Conclusions and Outlook

Freeway traffic flow can be free or congested. There are two phases in congested
traffic, synchronized flow and wide moving jams. Thus there are three traffic phases:
1. Free flow. 2. Synchronized flow. 3. Wide moving jam. The synchronized flow
and wide moving jam traffic phases are defined through spatiotemporal empirical
criteria associated with propagation characteristics of the downstream fronts of these
phases.

Empirical traffic breakdown at a highway bottleneck, i.e., the onset of congestion
in an initial free flow at the bottleneck is associated with a phase transition from
free flow to synchronized flow (F—S transition). At the same bottleneck, traffic
breakdown can be either spontaneous or induced.

Traffic breakdown at the bottleneck is associated with a competition of the speed
adaptation effect, which discribes a tendency towards synchronized flow, and the
over-acceleration effect, which describes a tendency towards free flow. This com-
petition occurs within a local disturbance in free flow at the bottleneck. Probability
of over-acceleration exhibits a discontinuous character. This discontinuity of over-
acceleration explains the fundamental empirical features of traffic breakdown.

Wide moving jams can emerge in synchronized flow (S—1 transition). Thus wide
moving jams emerge spontaneously due to a sequence of the F—S—1J transitions
associated with a double Z-characteristic for these phase transitions. Wide moving
jams do not emerge spontaneously in free flow, i.e., spontaneous F—J transitions
are not observed in real traffic flow.

The most of earlier traffic flow models used by traffic researchers are based on
the fundamental diagram hypothesis. These models can be classified into two main
classes referred to the classic LWR and GM models. None of the earlier traffic flow
theories and models can explain and predict traffic breakdown at the bottleneck as
observed in real measured traffic data. These traffic flow models are basic traffic
flow models for simulations of freeway control and dynamic management strate-
gies. However, we have to conclude that the related simulations of the control and
dynamic management strategies cannot predict many of the freeway traffic phenom-
ena that would occur through the use of a simulated dynamic management strategy.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_13, (© Springer-Verlag Berlin Heidelberg 2009
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In contrast with the traffic flow models and theories, three-phase traffic theory can
explain the empirical features of traffic breakdown and resulting congested patterns.
For this reason, traffic flow models in the framework of this theory should be used
for simulations of control and dynamic management strategies in freeway traffic
before they are introduced to the market.

In the book, we explain why the application of a particular (either fixed or
stochastic) highway capacity of free flow at the bottleneck as a control parame-
ter for traffic control, dynamic traffic assignment, dynamic routing, and for other
dynamic management methods and strategies is not consistent with features of real
traffic. For this reason, qualitatively new methods for traffic control and dynamic
traffic assignment in the context of three-phase traffic theory should be developed
in the future.

Empirical microscopic features of synchronized flow and phase transitions in
freeway traffic have not been sufficiently understood. Traffic flow models in the
framework of three-phase traffic theory are only at the beginning of their devel-
opment. There are almost no analytical results within the context of this theory.
Although the FOTO and ASDA models for tracking of spatiotemporal congested
patterns based on three-phase traffic theory are already successfully used in on-line
installations and there are ideas about applications of the theory for feedback on-
ramp metering, speed limit control, cooperative driving and adaptive cruise control,
many other useful engineering applications can be expected. These and many other
unsolved problems are an interesting and important field of the future empirical and
theoretical investigations.
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Bottleneck The breakdown phenomenon leading to the onset of traffic congestion
occurs mostly at a highway bottleneck. The bottleneck can be a result of road works,
on- and off-ramps, a decrease in the number of road lanes, road curves and road
gradients, etc. At great enough flow rates upstream of the bottleneck, it introduces
a permanent disturbance in free flow, specifically, the disturbance is localized in
a neighborhood of the bottleneck. On average the speed is lower and density is
greater within this disturbance than these traffic variables are in free flow outside of
the disturbance.

Catch Effect The catch effect is an induced traffic breakdown at a bottleneck
caused by the propagation of a spatiotemporal synchronized flow pattern (SP) to
the bottleneck. The term catch effect emphasizes that the initial SP is usually caught
at the bottleneck as a result of the induced traffic breakdown. The catch effect can
occur only, if free flow conditions have been at the bottleneck before the SP reaches
it.

Characteristic Parameters of Wide Moving Jam Propagation Characteristic
parameters of the propagation of a wide moving jam are traffic variables and jam
parameters associated with the jam that do not depend on traffic variables in traffic
flow upstream of the wide moving jam. The characteristic parameters are the flow
rate, density, and speed in free flow formed in the jam outflow, the mean velocity of
the downstream jam front as well as the jam density; the characteristic parameters
are the same for different wide moving jams. However, the characteristic parameters
can depend considerably on traffic parameters (weather, road conditions, etc.).

Congested Traffic Congested traffic can be defined as a state of traffic in which
the average speed is lower than the minimum average speed that is still possible in
free flow.

Congested Traffic Pattern A congested traffic pattern (congested pattern for short)
is a spatiotemporal traffic pattern within which there is congested traffic.

B.S. Kerner, Introduction to Modern Traffic Flow Theory and Control,
DOI 10.1007/978-3-642-02605-8_BM2, (©) Springer-Verlag Berlin Heidelberg 2009
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Criteria [S] and [J] for Traffic Phases Criteria (definitions) [S] and [J] for traffic
phases are spatiotemporal macroscopic criteria for traffic phases in congested traffic
that define the synchronized flow and wide moving jam traffic phases, respectively.

Critical Speed and Density for Traffic Breakdown Critical speed and critical
density required for traffic breakdown are, respectively, the vehicle speed and den-
sity within a local disturbance occurring in metastable free flow at which the ten-
dency towards free flow due to the over-acceleration effect is on average as strong
as the tendency towards synchronized flow due to the speed adaptation effect. It is
equivalent to consider either the critical speed or critical density required for traffic
breakdown in metastable free flow.

Critical Speed and Density for Wide Moving Jam Emergence A critical speed
and critical density required for wide moving jam emergence (S—1J transition) in
metastable synchronized flow are, respectively, the vehicle speed and density within
a local disturbance occurring in this flow at which the tendency towards a wide
moving jam due to the over-deceleration effect is on average as strong as the ten-
dency towards synchronized flow due to the speed adaptation effect. It is equivalent
to consider either the critical speed or critical density required for wide moving jam
emergence in metastable synchronized flow.

Effective Location of Effectual Bottleneck After traffic breakdown has occurred
at an effectual bottleneck, synchronized flow is forming at the bottleneck. An ef-
fective location of the effectual bottleneck is a road location in a neighborhood of
the bottleneck at which the downstream front of synchronized flow is fixed (effec-
tive location of bottleneck for short). The effective location of the bottleneck can
be different from the location at which traffic breakdown has occurred leading to
congested pattern emergence. Moreover, both location of traffic breakdown and ef-
fective location of the bottleneck are probabilistic values in real traffic. Even for the
same type of congested pattern the effective location of the bottleneck can randomly
change over time.

Effectual Bottleneck An effectual bottleneck (bottleneck for short) is a bottleneck
at which traffic breakdown most frequently occurs on many different days.

Expanded Traffic Congested Pattern (EP) An expanded traffic congested pattern
(EP) (expanded pattern for short) is a congested traffic pattern whose synchronized
flow affects at least two effectual adjacent bottlenecks. An EP can be either an SP
or an GP. The term expanded pattern emphasizes only that rather than the SP or GP
occurs at an isolated effectual bottleneck, synchronized flow of the SP or GP affects
two or more effectual adjacent highway bottlenecks.

First-Order Phase Transition in Vehicular Traffic A first-order phase transition
is a phase transition occurring in a metastable state of an initial traffic phase. Exam-
ples of first-order phase transitions are F—S and S—1J transitions. An F—S transi-
tion can occur in metastable free flow with respect to traffic breakdown. An S—J
transition can occur in metastable synchronized flow with respect to wide moving
jam emergence.
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Free Traffic Flow Free traffic flow (free flow for short) is usually observed, when
the vehicle density in traffic is small enough. The flow rate increases in free flow
with increase in vehicle density, whereas the average vehicle speed is a decreasing
density function. The increase in the flow rate with the density increase in free flow
has a limit. At the associated limit (maximum) point of free flow, the flow rate and
density reach their maximum values while the average speed has a minimum value
that is still possible in free flow.

Front of Traffic Pattern 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). There are downstream front and
upstream fronts of the traffic pattern. The downstream pattern front separates the
pattern from other traffic patterns downstream. The upstream pattern front separates
the pattern from other traffic patterns upstream.

F—S transition In all known observations, traffic breakdown is a phase transition
from the free flow phase to synchronized flow phase called an F—S transition. The
terms traffic breakdown and an F—S transition are synonyms related to the same
phenomenon of the onset of congestion in free flow.

Fundamental Diagram Approach to Traffic Flow Theory and Modeling The
fundamental hypothesis of the fundamental diagram approach to traffic flow the-
ory and modeling assumes that steady states of both free flow and congested traffic
lie on a one-dimension curve(s) (i.e., on a theoretical fundamental diagram of traf-
fic flow) in the flow—density plane. At each given time-independent speed of the
preceding vehicle, the theoretical fundamental diagram determines a single desired
space gap at which a vehicle moves with this time-independent speed while follow-
ing the preceding vehicle. This model vehicle behavior is related to a steady state of
traffic flow associated with a hypothetical noiseless and acceleration less (decelera-
tion less) model limit.

Fundamental Diagram of Traffic Flow The fundamental diagram of traffic flow
is a relationship between the flow rate and density in vehicle traffic. Because the
flow rate is the product of the average speed and density, the fundamental diagram
is associated with a relationship between these traffic variables. In accordance with
an obvious result of traffic measurements, on average the speed decreases when the
density increases. Thus in the flow—density plane, the fundamental diagram should
pass through the origin (when the density is zero so is the flow rate) and should have
at least one maximum. The fundamental diagram gives also a connection between
the average space gap (net distance) between vehicles and average speed.

Fundamental Hypothesis of Three-Phase Traffic Theory In contrast with the
fundamental diagram approach, the fundamental hypothesis of three-phase traffic
theory assumes that in synchronized flow, at each given time-independent speed of
the preceding vehicle, there are the infinite number of space gaps to the preced-
ing vehicle at which a vehicle can move with this time-independent speed, while
following the preceding vehicle. Thus hypothetical steady states of synchronized
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flow cover a two-dimensional (2D) region in the flow—density plane, i.e., there is
no desired space gap in hypothetical steady states of synchronized flow. Each of the
steady states describes a hypothetical non-disturbed and noiseless vehicle motion in
synchronized flow.

General Congested Traffic Pattern (GP) A general congested traffic pattern (GP)
(general pattern for short) is a spatiotemporal congested pattern within which con-
gested traffic consists of the synchronized flow and wide moving jam phases.

Highway Capacity of Free Flow at Bottleneck Highway (freeway) capacity of
free flow at a bottleneck (called also bottleneck capacity) is limited by traffic break-
down, i.e., an F—S transition at the bottleneck. Highway capacity in free flow is
equal to the flow rate downstream of the bottleneck at which free flow remains at
the bottleneck with probability, which is less than one, during a given averaging time
interval for traffic variables. There are the infinite number of highway capacities of
free flow at bottleneck associated with different probabilities that free flow remains
at the bottleneck during the averaging time interval for traffic variables.

Induced Traffic Breakdown (Induced F—S transition) at Bottleneck An in-
duced traffic breakdown in metastable free flow at a bottleneck is traffic breakdown
that is induced at the bottleneck by the propagation of a moving spatiotemporal
congested traffic pattern. This congested pattern has occurred earlier than the time
instant of traffic breakdown at the bottleneck and at a different road location (for
example at another bottleneck) than the bottleneck location. When this congested
pattern reaches the bottleneck, the pattern induces traffic breakdown at the bottle-
neck.

Induced Wide Moving Jam Emergence In contrast with spontaneous wide mov-
ing jam emergence in synchronized flow, induced wide moving jam emergence is
caused by the upstream propagation of a moving jam, which has initially occurred
within a different link of a road network connected with the road under considera-
tion. Another peculiarity of induced wide moving jam emergence is that it can occur
in either synchronized flow or free flow on the road, if the flow is in a metastable
state with respect to wide moving jam emergence.

Line J The line J is a characteristic line in the flow—density plane representing a
steadily propagation of the downstream front of a wide moving jam. The slope of the
line J is determined by the mean velocity of the downstream jam front. All infinite
number of states of traffic flow in the flow—density plane that lie on the line J are
threshold states for wide moving jam existence and emergence. The line J separates
all steady states of synchronized flow in the flow—density plane into two qualita-
tively different classes: (i) States below the line J are associated with homogeneous
synchronized flow in which no wide moving jam can emerge spontaneously and per-
sist. (ii) States on and above the line J are associated with metastable synchronized
flow in which a wide moving jam can emerge and exist.

Metastable Free Flow with respect to Traffic Breakdown (F—S Transition)
Metastable free flow with respect to traffic breakdown is free flow in which small
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enough speed (and density) disturbances decay over time, i.e., the small disturbances
cause no traffic breakdown. In contrast with stable free flow with respect to traffic
breakdown, metastable free flow is characterized by a critical speed (critical density)
required for traffic breakdown: if in metastable free flow a local disturbance occurs
within which the speed is lower than the critical speed (density is greater than the
critical density), then the disturbance grows leading to traffic breakdown.

Metastable Synchronized Flow with respect to Wide Moving Jam Emergence
(S—J Transition) Metastable synchronized flow with respect to wide moving jam
emergence is synchronized flow in which small enough speed (and density) dis-
turbances decay over time, i.e., the small disturbances cause no wide moving jam
emergence. In contrast with stable synchronized flow with respect to wide moving
jam emergence, metastable synchronized flow is characterized by a critical speed
(critical density) required for wide moving jam emergence: if in metastable syn-
chronized flow a local disturbance occurs within which the speed is lower than the
critical speed (density is greater than the critical density), then the disturbance grows
leading to wide moving jam emergence.

Microscopic Criterion for Wide Moving Jam Within wide moving jams, there
are regions in which traffic flow is interrupted: the inflow into the jam has no in-
fluence on the jam outflow. The flow interruption effect determines the microscopic
criterion for the wide moving jam phase. If in measured data congested traffic states
associated with the wide moving jam phase have been identified, then with certainty
all remaining congested states in the data set are related to the synchronized flow
phase.

Moving Jam A moving traffic jam (moving jam for short) is a congested traffic
pattern of great vehicle density spatially limited by two jam fronts. Within the down-
stream jam front vehicles accelerate escaping from the jam; within the upstream jam
front, vehicles slow down approaching the jam. The jam as a whole localized struc-
ture propagates upstream in traffic flow. Within the jam (between the jam fronts)
vehicle density is great and speed is very low (sometimes as low as zero).

Narrow Moving Jam A narrow moving jam is a moving jam, which consists of
the jam fronts only. Narrow moving jams are associated with the synchronized flow
phase. This is because there is no traffic flow interruption interval within a narrow
moving jam; therefore, the narrow moving jam does not exhibit the characteristic
jam feature [J]. The narrow moving jam can be considered a state of the synchro-
nized flow traffic phase. During the upstream propagation of a narrow moving jam
it can be surrounded upstream and downstream either by free flow or by other states
of synchronized flow. A growing narrow moving jam can transform over time into a
wide moving jam, i.e., the growing narrow moving jam is a nucleus for wide moving
jam emergence.

Nucleus required for Moving Jam Emergence A nucleus required for wide mov-
ing jam emergence in metastable synchronized flow is a local speed (density) dis-
turbance in the synchronized flow within which the speed is equal to or lower than
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the critical speed (density is equal to or greater than the critical density). A grow-
ing nucleus for wide moving jam emergence that propagates upstream in metastable
synchronized flow is also called a growing narrow moving jam.

Nucleus required for Traffic Breakdown A nucleus required for traffic break-
down in metastable free flow is a local speed (density) disturbance in free flow
within which the speed is equal to or lower than the critical speed (density is equal
to or greater than the critical density).

Over-Acceleration Effect An over-acceleration effect is driver maneuver leading
to a higher speed from an initial car-following at a lower speed, i.e., when the ve-
hicle has initially been within the synchronization space gap. The over-acceleration
effect is an opposite effect to the speed adaptation effect. In particular, following a
slow moving preceding vehicle on a multi-lane road, a driver searches for the oppor-
tunity to accelerate and to pass. In this case, the over-acceleration effect is vehicle
acceleration for passing in car-following, i.e., lane changing to a faster lane.

Over-Deceleration Effect An over-deceleration effect is as follows. If a vehicle
begins to decelerate unexpectedly, then the following vehicle starts deceleration with
a time delay. When this time delay is long enough, the driver decelerates stronger
than it is needed to avoid collisions. As a result, the speed becomes lower than
the speed of the preceding vehicle. If this over-deceleration effect is realized for
the following drivers, a wave of vehicle speed reduction appears and increases in
amplitude over time.

S—J Transition An S—1J transition is a phase transition from the synchronized
flow phase to wide moving jam phase.

Spatiotemporal Traffic Pattern A spatiotemporal traffic pattern (traffic pattern
for short) is a specific distribution of traffic flow variables in space and time. To find
real features of the spatiotemporal traffic pattern, a simultaneous measurements of
traffic flow variables in space and time should be available. Examples of the traffic
flow variables are the flow rate, speed, density, occupancy, space gaps and time
headways between vehicles.

Speed Adaptation Effect An speed adaptation effect is vehicle speed adaptation
to the speed of the preceding vehicle occurring usually when the vehicle cannot pass
a slower moving preceding vehicle. The speed adaptation effect occurs within the
synchronization space gap without caring, what the precise space gap is, as long as
the gap is not smaller than a safe space gap.

Spontaneous Traffic Breakdown (Spontaneous F—S transition) at Bottleneck
If before traffic breakdown occurs at a bottleneck there is free flow at the bottleneck
as well as upstream and downstream in a neighborhood of the bottleneck, then traffic
breakdown is called spontaneous traffic breakdown (spontaneous F—S transition)
at the bottleneck.

In three-phase traffic theory, a spontaneous traffic breakdown occurs, if a nu-
cleus required for traffic breakdown appears at the bottleneck. There can be various
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sources for the occurrence of such a nucleus leading to spontaneous traffic break-
down: unexpected braking of a vehicle in free flow, lane changing on the main road
leading to time headway reduction (and as a result, to local speed reduction), fluctu-
ations in flow rates upstream of the bottleneck, vehicle merging onto the road from
other roads in the bottleneck neighborhood (e.g., at on-ramp bottlenecks), etc.

Spontaneous Wide Moving Jam Emergence in Synchronized Flow Sponta-
neous wide moving jam emergence in metastable synchronized flow is a phase tran-
sition from the synchronized flow phase to wide moving jam phase occurring due to
the growth of a nucleus required for moving jam emergence that appears within the
synchronized flow. There can be various sources for the nucleus required for moving
jam emergence in metastable synchronized flow: unexpected braking of a vehicle in
synchronized flow, lane changing on the main road leading to time headway reduc-
tion (and as a result, to local speed reduction), fluctuations in flow rates, vehicle
merging from other roads, etc.

Stable Free Flow with respect to Traffic Breakdown Stable free flow with re-
spect to traffic breakdown is free flow in which any time-limited speed (density)
disturbances decay over time, i.e., no traffic breakdown (no F—S transition) can
occur.

Stable Synchronized Flow with respect to Wide Moving Jam Emergence Stable
synchronized flow with respect to wide moving jam emergence is synchronized flow
in which any time-limited speed (density) disturbances decay over time, i.e., no wide
moving jams can emerge or persist over time (no S—1J transition can occur).

Steady States of Traffic Flow Steady states of traffic flow are hypothetical states
of homogeneous (in time and space) traffic flow of identical vehicles (and identical
drivers) in which all vehicles move with the same time-independent speed and have
the same space gaps.

Synchronized Flow Traffic Pattern (SP) A synchronized flow traffic pattern (SP)
is a spatiotemporal congested pattern in which congested traffic consists only of the
synchronized flow traffic phase.

Synchronized Flow Traffic Phase In three-phase traffic theory, the following def-
inition (criterion) [S] of the synchronized flow phase (synchronized flow for short)
in congested traffic is made. In contrast to the wide moving jam phase, the down-
stream front of the synchronized flow phase does not maintain the mean velocity of
the downstream front. In particular, the downstream front of synchronized flow is
often fixed at a bottleneck. In other words, synchronized flow does not exhibit the
characteristic jam feature [J].

Synchronization Space Gap and Safe Space Gap The lower boundary of the 2D-
region of steady states of synchronized flow in the flow—density plane is associated
with a synchronization space gap: if the space gap is greater than the synchroniza-
tion gap, the vehicle accelerates. The upper boundary of the 2D-region of steady
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states of synchronized flow is associated with a safe space gap determined by a safe
speed: if the gap is smaller than the safe gap, the vehicle decelerates.

Traffic Breakdown Traffic breakdown is the phenomenon of the onset of con-
gestion in free flow. In all observations, traffic breakdown is an F—S transition.
The terms F—S transition, breakdown phenomenon, traffic breakdown, and speed
breakdown are synonyms related to the same effect: the onset of congestion in free
flow.

Traffic Flow Model A traffic flow model is devoted to the explanation and simula-
tion of traffic flow phenomena, which are observed in measured data of real traffic
flow, and to the prediction of new traffic flow phenomena that could be found in real
traffic flow. First of all, a traffic flow model should explain and predict empirical
(measured) features of traffic breakdown.

Traffic Parameters Traffic parameters are those parameters of the dynamic spa-
tiotemporal process “vehicular traffic,” which can influence on traffic variables and
traffic patterns. Examples of traffic parameters are a traffic network infrastructure
(including, e.g., highway bottleneck types and their locations), weather (whether
the day is sunny or rainy or else foggy, dry or wet road, or even ice and snow on
road), percentage of long vehicles, day time, working day or week-end, other road
conditions, and vehicle technology.

Three-Phase Traffic Flow Model A three-phase traffic flow model is a mathemat-
ical traffic flow model in the framework of three-phase traffic theory, i.e., the model
that is based on the spatiotemporal criteria [S] and [J] for traffic phases as well as
on hypotheses of three-phase traffic theory.

Three-Phase Traffic Theory In the author’s three-phase traffic theory, besides the
free flow phase there are two phases in congested traffic, the synchronized flow and
wide moving jam phases. The synchronized flow and wide moving jam phases in
congested traffic are defined through the use of empirical spatiotemporal criteria
(definitions) [S] and [J], respectively. Three-phase traffic theory is a qualitative the-
ory that explains traffic breakdown and resulting congested traffic patterns based on
the criteria (definitions) [S] and [J] for traffic phases as well as on hypotheses of this
theory.

Wide Moving Jam Traffic Phase In three-phase traffic theory, the following def-
inition (criterion) [J] of the wide moving jam traffic phase (wide moving jam for
short) in congested traffic is made. A wide moving jam is a moving jam that main-
tains the mean velocity of the downstream jam front, even when the jam propagates
through any other traffic states or bottlenecks. This is the characteristic feature [J]
of the wide moving jam phase.



Index

2D-region for synchronized flow states, 47

ALINEA on-ramp metering method of
Papageorgiou et al., 209, 214

ANCONA on-ramp metering method, 151, 214

average vehicle speed, 12

averaging time interval for traffic variables, 10

Aw-Rascle macroscopic model, 184

Bando et al. optimal velocity (OV) model, 183
bottleneck, 14, 255

bottleneck capacity, 73, 206, 258

bottleneck strength, 107

breakdown phenomenon, 21, 262

capacity drop, 208

car-following, 49

car-following model of Herman, Gazis et al.,
182

car-to-car communication, 162

catch effect, 43, 255

cellular automata (CA) model, 186, 237

characteristic jam feature [J], 20, 262

characteristic parameters of wide moving jam,
26, 255

congested pattern transformation, 129

congested traffic, 13, 255

congested traffic pattern, 14, 255

cooperative driving, 159

criteria [S] and [J] for traffic phases, 20

criterion for flow interruption, 31

critical density for S—]J transition, 87, 256

critical density for traffic breakdown, 55, 256

critical density for wide moving jam
emergence, 87, 256

critical speed for S—1] transition, 87, 256

critical speed for traffic breakdown, 55, 256

critical speed for wide moving jam emergence,
87,256

Daganzo’s cell transmission model, 179

definitions [S] and [J] for traffic phases, 20

detector for measurements of traffic variables,
10

deterministic disturbance at bottleneck, 57

deterministic disturbance at off-ramp
bottleneck, 60

deterministic disturbance at on-ramp
bottleneck, 57

diagram of congested patterns, 108, 200

discharge flow rate, 16

discontinuous character of over-acceleration,
52

double Z-characteristic for phase transitions,
95

downstream front of congested pattern, 14

downstream front of synchronized flow, 20, 63

downstream front of traffic pattern, 9

downstream front of wide moving jam, 20

downstream jam front, 15

driver behavior, 159

driver time delay in acceleration, 28

duration of wide moving jam, 31

dynamic synchronization space gap, 49

effective location of bottleneck, 21, 63, 256
effective location of off-ramp bottleneck, 63
effective location of on-ramp bottleneck, 63
effectual bottleneck, 21, 256

expanded congested pattern (EP), 127
expanded general pattern (EGP), 128
expanded synchronized flow pattern (ESP),

128

F—1J transition, 188

263



264

F—S transition, 21, 257, 262

F—S—17 transitions, 24, 81

first-order phase transition, 102

flow interruption, 31

flow interruption effect, 31

flow interruption interval, 31

flow interruption region, 33

flow rate, 11

foreign wide moving jam, 126

FOTO and ASDA models, 143

free flow, 13, 257

front of traffic pattern, 9, 257

fundamental diagram approach, 175, 257

fundamental diagram of free flow, 13

fundamental diagram of traffic flow, 173, 257

fundamental hypothesis of three-phase traffic
theory, 46, 257

General Motors (GM) model, 182

general pattern (GP), 26, 147

general pattern with non-regular pinch region,
122

Gipps’s equation for safe speed, 187

growing narrow moving jam, 88

heavy bottleneck, 117

highway capacity, 73, 206, 258
homogeneous congested traffic (HCT), 193
homogeneous synchronized flow, 83

induced phase transition, 103

induced traffic breakdown, 41, 258

induced wide moving jam emergence, 90, 258

infinite number of highway capacities, 73

intelligent driving model (IDM) of Treiber et
al., 184

intelligent transportation systems, 159

isolated bottleneck, 107

Kerner-Klenov ATD model, 222

Kerner-Klenov stochastic model, 230

Kerner-Konhauser theory of jam propagation,
190

KKW cellular automata model, 237

Krauf’s stochastic model, 187, 251

lane changing, 69, 90

Lighthill-Whitham-Richards (LWR) model,
178

Lighthill-Whitham-Richards (LWR) theory,
177

limit (maximum) point of free flow, 13

line J, 29

local disturbance in free flow, 55

Index

local disturbance in synchronized flow, 86
localized synchronized flow pattern (LSP), 109

macroscopic characteristics of traffic pattern,
10

macroscopic traffic variables, 10

maximum flow rate for traffic breakdown, 66

maximum highway capacity, 76

mega-jam, 124

mesoscopic description of traffic phenomena,
10

metastable free flow, 66

metastable synchronized flow, 83

metastable traffic flow, 102

metastable traffic state, 102

methodology of three-phase traffic theory, 18

microscopic criterion for wide moving jam, 32,
259

microscopic description of traffic patterns, 10

microscopic driver navigation, 161

microscopic structure of wide moving jam, 37

microscopic traffic variables, 10

minimum highway capacity, 75

moving blank within wide moving jam, 37

moving jam, 15, 259

moving synchronized flow pattern (MSP), 109,
116

Nagel-Schreckenberg (NaSch) cellular
automata (CA) model, 186, 251

narrow moving jam, 33, 81, 88, 259

nature of traffic breakdown, 45

Newell’s optimal velocity (OV) model, 183

nucleation nature of S—J transition, 88

nucleation nature of traffic breakdown, 56

nucleation of phase transition, 103

nucleation-interruption effect, 133

nucleus for phase transition, 102

nucleus for S—1J transition, 88

nucleus for traffic breakdown, 56, 260

occupancy, 12

off-ramp bottleneck, 60

on-ramp bottleneck, 57

onset of congestion in free flow, 21, 262
optimal velocity (OV) function, 183
oscillating congested traffic (OCT), 197
oscillations in congested traffic, 105
over-acceleration effect, 50, 228, 260
over-acceleration probability, 50
over-deceleration effect, 86, 260

passing probability, 50
Payne’s macroscopic model, 184



Index

phase transition nucleation, 102

pinch effect in synchronized flow, 81

pinch region of synchronized flow, 81

pre-discharge flow rate, 16

prevention of moving jam emergence, 161

prevention of traffic breakdown, 159

probabilistic (stochastic) highway capacity,
206

probabilistic highway capacity of Elefteriadou
et al., 206

probability of traffic breakdown at bottleneck,
75

road detectors, 10

S—17 transition, 24, 260

safe space gap, 47, 261

safe time headway, 47

scattering of empirical data, 46

shock wave in traffic flow, 181

shock wave velocity, 178

single vehicle data, 10

single vehicle speed, 11

slow-to-start rule, 190, 192

space gap between vehicles, 10

spatiotemporal traffic pattern, 9, 260

speed adaptation effect, 49, 260

speed breakdown, 21, 262

spontaneous phase transition, 103

spontaneous traffic breakdown, 41, 260

spontaneous wide moving jam emergence, 90,
261

steady state of synchronized flow, 45

steady states of traffic flow, 261

265

Stokes’s formula for shock wave velocity, 181
stop-and-go traffic, 105

synchronization space gap, 47, 261
synchronization time headway, 47
synchronized flow, 22, 261

synchronized flow pattern (SP), 25, 109

three-phase traffic theory, 262

threshold flow rate for traffic breakdown, 66

time headway between vehicles, 10

traffic breakdown, 21, 262

traffic breakdown probability of Persaud et al.,
17, 206

traffic flow model, 178, 182, 222, 245, 262

traffic parameters, 9, 262

traffic pattern, 9, 260

traffic phase, 20

traffic phase nucleation, 103

traffic variables, 9

triggering of phase transition, 103

upstream front of congested pattern, 15
upstream front of traffic pattern, 9
upstream jam front, 15

vehicle density, 12

vehicle over-acceleration, 50, 260
vehicle over-deceleration, 260
vehicle trajectories, 10, 69, 90

wide moving jam, 23, 116, 262

widening synchronized flow pattern (WSP),
109

Wiedemann’s psychophysical model, 185



	front-matter.pdf
	Preface
	Contents
	Acronyms and Symbols

	fulltext.pdf
	Introduction
	References


	fulltext_001.pdf
	Definitions of The Three Traffic Phases 
	Traffic Variables, Parameters, and Patterns 
	Free Flow (F) and Congested Traffic
	Methodology of Three-Phase Traffic Theory 
	Two Traffic Phases in Congested Traffic: Wide Moving Jam (J) and Synchronized Flow (S)
	Characteristic Parameters of Wide Moving Jam Propagation 
	Microscopic Criterion for Traffic Phases in Congested Traffic 
	Motivation for Traffic Phase Definitions 
	References


	fulltext_002.pdf
	Nature of Traffic Breakdown at Bottleneck
	Induced Traffic Breakdown 
	Explanation of Nature of Traffic Breakdown at Bottleneck through Fundamental Hypothesis of Three-Phase Traffic Theory 
	Nucleation Features of Traffic Breakdown at Bottleneck 
	Dual Role of Lane Changing in Free Flow: Maintenance of Free Flow or Traffic Breakdown 
	References


	fulltext_003.pdf
	Infinite Number of Highway Capacities of Free Flow at Bottleneck
	Definition of Highway Capacity of Free Flow at Bottleneck 
	Characteristics of Highway Capacities 
	References


	fulltext_004.pdf
	Nature of Moving Jam Emergence
	Pinch Effect in Synchronized Flow 
	Nucleation Features of Wide Moving Jam Emergence in Synchronized Flow 
	Dual Role of Lane Changing in Synchronized Flow: Maintenance of Synchronized Flow or Wide Moving Jam Emergence  
	Comparison of FS and SJ Transitions
	Empirical Double Z-Characteristic for Phase Transitions in Traffic Flow
	References


	fulltext_005.pdf
	Origin of Hypotheses and Terms of Three-Phase Traffic Theory
	Hypotheses of Three-Phase Traffic Theory as The Result of Empirical Criteria for Traffic Phases 
	Are Terms of Natural Science used in Three-Phase Traffic Theory Needed for Transportation Engineering? 
	References


	fulltext_006.pdf
	Spatiotemporal Traffic Congested Patterns
	Simplified Diagram of Congested Patterns at Isolated Bottleneck
	Variety of Congested Patterns at Isolated Bottleneck 
	Complex Congested Patterns at Adjacent Bottlenecks 
	References


	fulltext_007.pdf
	Introduction to Part II: Compendium of Three-Phase Traffic Theory 
	References


	fulltext_008.pdf
	Freeway Traffic Control based on Three-Phase Traffic Theory
	Reconstruction and Tracking of Congested Patterns 
	Feedback On-Ramp Metering 
	Speed Limit Control 
	Cooperative Driving for Improving of Traffic Flow and Safety 
	Traffic Control based on Wireless Car Communication 
	Adaptive Cruise Control 
	References


	fulltext_009.pdf
	Earlier Theoretical Basis of Transportation Engineering: Fundamental Diagram Approach 
	Traffic Description and Control based on Fundamental Diagram of Traffic Flow
	Congested Traffic Description in the Framework of Lighthill-Whitham-Richards (LWR) Traffic Flow Theory 
	Traffic Breakdown Description through Free Flow Instability in General Motors (GM) Model Class
	Common Features of earlier Traffic Flow Models 
	Empirical Tests of earlier Traffic Flow Models 
	Applications of Highway Capacity Definitions in Transportation Engineering 
	Comparison of Feedback On-Ramp Metering Methods 
	References


	fulltext_010.pdf
	Three-Phase Traffic Flow Models 
	Overview of Three-Phase Traffic Flow Models
	Deterministic Acceleration Time Delay Three-Phase Traffic Flow Model
	Stochastic Three-Phase Traffic Flow Model 
	Cellular Automata Three-Phase Traffic Flow Model 
	Methodology of Empirical Test 
	What Three-Phase Traffic Flow Model is better to Use?
	References


	fulltext_011.pdf
	Linking of Three-Phase Traffic Theory and Fundamental Diagram Approach to Traffic Flow Modeling
	Three-Phase Traffic Models in the Framework of Fundamental Diagram Approach
	What Features of Three-Phase Traffic Theory are Missing in Earlier Traffic Flow Theories and Models?
	References


	fulltext_012.pdf
	Conclusions and Outlook

	back-matter.pdf
	Glossary
	Index



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




