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.
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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]).
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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
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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
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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].
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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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