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Abstract

Cellular automata (CA) model was first proposed by Nagel and Schreckenberg in 1992
to simulate the highway traffic. The core logic was to introduce several simple update rules
for vehicle movement in computer programs :to._efficiently simulate the complicated
interactive traffic behaviors. A considerable number of revised or extended CA models have
been developed to date, most of which only focused on pure traffic with coarse cell units in
the simulations. Very little has devoted to the heterogencous traffic situations and/or mixed
traffic contexts, which comprise different types of vehicle..This research aims to develop
advanced CA models to simulate the spatiotemporal-behaviors under heterogeneous mixed
traffic contexts on freeway.

Firstly, a basic CA model is developed to explore the fundamental traffic features.
Generalized definitions of traffic variables, in spatiotemporal sense, and a new concept of
common unit (CU) for gauging non-identical vehicle sizes and various lane widths are
presented. Pure light vehicle and pure heavy vehicle experiments are tested on a two-lane
freeway context. Vehicular trajectories, flow-occupancy diagrams, and spatiotemporal
traffic patterns under deterministic and stochastic conditions are displayed. The results show
that abrupt speed drops occasionally emerge during the simulations.

To resolve this shortcoming, this study continues to propose a revised CA model,
which considers the anticipation effect, velocity-dependent randomization, slow-to-start,
lane change, and interaction among vehicles. The effects of both stationary and
slow-moving bottlenecks on global traffic are examined using this revised CA model.
Vehicular trajectories, flow-occupancy, and spatiotemporal traffic patterns are displayed.
The results reveal noticeable traffic patterns with free flow, wide moving jam and
synchronized flow phases, suggesting that the revised CA model is capable of capturing the
essential features of traffic flows.



Finally, this study further proposes a refined CA model using the rationale of Forbes’
car-following concept with a piecewise-linear movement mechanism, which aims to rectify
the common defect of abrupt deceleration existent in most conventional CA models. The
proposed CA model is validated in a two-lane freeway mainline context. It shows that this
refined CA model can fix the unrealistic deceleration behaviors, thus can reflect the genuine
driver behaviors in real world. The model is also capable of revealing Kerner’s three-phase
traffic patterns and phase transitions among them. Furthermore, the refined CA model is
applied to simulate a highway work zone wherein traffic efficiency (maximum flow rates)

and safety (speed deviations) impacted by various control schemes are investigated.

Keywords: Heterogeneous Traffic, Mixed Traffic, Cellular Automata, Spatiotemporal

Traffic Features, Freeway.
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Chapter 1 INTRODUCTION

1.1 Background

Cellular automaton (CA), a newly developed microscopic traffic stream modeling
approach, is a powerful tool to describe the phenomena of real traffic flows characterized
with complex dynamic behaviors. Different CA models have been developed to describe the
basic phenomena of real traffic flows characterized with complex dynamic behaviors over
the past two decade. Nagel and Schreckenberg (1992) proposed a minimal model (hereafter
NaSch model) of vehicular traffic on idealized single-lane highways to reproduce the basic
features of real traffic. In NaSch model, the road is divided into cells of length 7.5 meters.
Each cell can either be empty or occupied by at most one car. The space, speed, acceleration
and even the time are treated as discrete variables. The state of the road at any time-step can
be obtained from that at any one time-step ahead by applying acceleration, braking,
randomization, and driving rules for all cars at the same time (parallel dynamics). Obviously,
such a description is an extreme simplification of the real world conditions. Therefore, a

considerable number of modified NaSch CA models have been extended.

For instance, Rickert et al. (1996) examined a simple two-lane CA model and pointed
out important parameters defining the shape of the fundamental diagram (flow-density).
Chowdhury et al. (1997) generalized the NaSch model by introducing a particle hopping
model for two-lane traffic with two different vehicle speeds (fast and slow). Barlovi¢ et al.
(1998) introduced a velocity-dependent randomization (VDR) parameter, in contrast to the
constant randomization in the NaSch model. The VDR model is a simple generalization of
the NaSch model leading to a completely different jam dynamics, i.e., the existence of wide
phase separated jams and metastable free-flow states. Wang et al. (2000) introduced
Fukui-Ishibashi (FI) model to investigate the asymptotic self-organization phenomena of
one-dimensional traffic flow. From the point of view of practical applications, modeling
vehicular traffic on multi-lane highways are more relevant than that on idealized single-lane
highways, which are, nevertheless, interesting from the point of fundamental understanding
of true non-equilibrium phenomena in driven-diffusive lattice gases (Chowdhury et al.,
2000). Rickert et al. (1996) examined a simple two-lane CA model and pointed out
important parameters defining the shape of the traffic fundamental diagram. Chowdhury et
al. (1997) generalized the NaSch model by introducing a particle hopping model for
two-lane traffic with two speed types (fast and slow) of vehicles. Nagel (1996, 1998)
employed the concept of stochastic traffic cellular automata (STCA) and treated each

particle with randomized integer speed between zero and maximum speed. Nagel et al.
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(1998) proposed a simple lane-change model — if vehicles are fulfilled both incentive
criterion and safety criteria, they will change the positions to the available adjacent

lane(s).

Using CA simulations to explore the formation of traffic patterns, including the
vehicular trajectories, flow-occupancy fundamental diagrams, spatiotemporal traffic
features associated with stationary and moving bottlenecks, among others, is a challenging
task. But it can provide with more insightful information to help understand the formation
of traffic phenomena so as to evaluate the effectiveness of any promising control or
management tactics. Many scientists have been searching for the fundamental principles
governing the dynamics of traffic flow. Treiterer (1975) used a series of aerial photography
to analysis phantom jams, which may be induced due to spontaneous velocity fluctuations
or lane changes. Hermann and Kerner (1998) applied CA technique and self-organization
process to explore the formation of traffic congestion. Knospe et al. (1999) dealt with the
effect of slow cars in two-lane systems and found. that even few slow cars can initiate the
formation of platoons at low densities.” Wolf (1999)-employed a modified NaSch model to
address the metastable states at the jamming transition in detail. Research to improve the
behavior of CA models by finer discretization of cells was carried out by Knospe et al.
(2000). Pottmeier et al. (2002) studied the impact of localized defect in a CA model for
traffic flow exhibiting metastable states and phase separation. Kerner (2002; 2002; 2004)
introduced a three-phase traffic theory which consists-of free flow, synchronized flow and
wide moving jam phases. The later two phases eXist in congested states where downstream
front of the synchronized flow phase is often fixed at a bottleneck but the wide moving jam
will propagate through the spatial locations of the bottleneck. To explore the emergence of
such traffic patterns, Kerner and partners have shown complex spatiotemporal behaviors
based on empirical freeway traffic analysis. (e.g., Kerner et al., 1996, 1998, 2002, 2004).
Bham and Benekohal (2004) developed a high fidelity traftic simulation model based on CA
and car-following concepts, which had been satisfactorily validated at the macroscopic and

microscopic levels using two sets of field data.

Most of the aforementioned conventional traffic flow models are based on the
assumption of the homogeneity of traffic flow. In addition, recent CA models are mainly
developed assuming identical vehicle parameters. These models can be used to simulate the
interactions of individual vehicles in traffic vehicular system; however, they cannot
demonstrate the real vehicle traffic conditions due to the lack of consideration of the driver

heterogeneity in individual characteristics and driving behaviors. Except for Lan and



Chang’s works (2003, 2005), few have devoted to mixed traffic flows, composed of
different vehicle types. In reality, mixed traffic is prevailing around the world either in
developed or under developing countries. For instance, bicycles, motorcycles, rickshaws or
tricycles, cars, vans, mini-buses, regular buses and even articulated buses are ubiquitous in
urban streets. Cars, coaches, trucks, trailers and even twin-trucks are very popular in
freeways. Some of such different-dimensioned vehicles, with different in length and width,
may share the same lane while moving (e.g., a motorcycle and a car can move together in
one single lane that is used by a bus). Moreover, these vehicles also move with different
parameters (e.g., different acceleration/deceleration rate, desired speed and different safe
driver speeds). There are heterogeneous behaviors across drivers (e.g., aggressive or timid
driver) with very different characteristics. For the purpose of planning, design and
operational control, it is always important to capture the traffic flow features so that more
realistic traffic flow models can be developed to better represent the prevailing traffic

situations.

To accommodate different vehicle types moving on the surface streets, Lan and Chang
(2005) first developed inhomogeneous CA models to elucidate the interacting movements
of cars and motorcycles in mixed traffic contexts.-The car-and motorcycle are represented
by non-identical particle sizes that respectively occupy 2x6.and 1x2 cell units; each cell is
of 1.25x%1.25 meters. To accommodate ‘different vehicle types moving on the freeways, Lan
and Hsu (2005, 2006 and 2007) first introduced generalized definitions of spatiotemporal
occupancy, flow and speed to precisely capture the collective behavior of traffic features.
They further introduced a common unit (CU) of 1.25x1 meters to represent a “fine cell” and
a “fine site” that can satisfactorily gauge the non-identical vehicle sizes and the
non-identical lane widths, respectively. The concept of CU has major advantages for CA
simulations in describing the different vehicle sizes moving on non-identical lane widths

existent in different roadways.

1.2 Motivation

The core logic of CA modeling was to introduce several simple update rules for vehicle
movement in computer programs to efficiently simulate the complicated interactive traffic
behaviors. A considerable number of CA models have been developed to date; most of them,
however, only focused on pure traffic (single type of vehicle) with coarse cell units in the

simulations. Very little has devoted to the heterogeneous traffic situations (vehicles of the



same type moving in different speeds, accelerations, and decelerations) and/or mixed traffic
contexts, which comprise different types of vehicle (e.g., light and heavy vehicles). This
study, therefore, will develop CA models to look into the spatiotemporal behaviors for

heterogeneous mixed traffic on freeway.

In the well-known NaSch (1992) CA model and the subsequent modified NaSch
models, the road is divided into squared cells of length 7.5 meters. Obviously, such a coarse
description of cells is an extreme simplification of the real world conditions. Therefore, this
study motivates to refine the cells so as to capture the sizes of different vehicle types in a

more realistic manner.

The slow down rule of NaSch’s model will lead to abrupt speed drops occasionally
emerged during the simulations. The acceleration rule proposed by Knospe et al. (2000) and
Jiang and Wu (2003) still exhibited the _deficit of.abrupt change in speed at the upstream
front of traffic jam. This study therefore motivates to rectify the abrupt speed drops by
introducing limited deceleration capabilities when vehicles are confronted with stationary

obstacles, traffic jams or signalized intersections.

The refined model is developed to explore pure-homogeneous, mixed-homogeneous,
pure-heterogeneous, and mixed-heterogeneous traffic. The empirical traffic flow features,
such as the traffic hysteresis and capacity drop can also be reproduced by mixed traffic,

even no randomization is considered.

1.3 Research Objectives

This study proposes CA models for heterogeneous traffic flow with consideration of
the heterogeneity of drivers’ characteristics and driving behaviors. There are some

objectives in this research:

1. Introduce a concept of “common unit (CU)” to represent a “fine cell” and a “fine site”
that can satisfactorily gauge the non-identical vehicle sizes and the non-identical lane
widths, respectively. The concept of CU has major advantages for CA simulations in
describing the different vehicle sizes moving on non-identical lane widths existent in

different roadways.



2. Redefine the traffic variables in the spatiotemporal (3-D) domain so as to precisely

capture the collective traffic behavior and to reveal the traffic features.
3. Propose basic CA rules to explore the fundamental traffic features.

4. Propose revised CA rules, including anticipation effect, slow-to-start, lane change, and

interaction among vehicles to explore the fundamental traftfic features.

5. Propose refined CA rules using Forbes’ car-following concept associated with a
piecewise-linear movement to rectify the abrupt deceleration existent in conventional
CA models.

6. Exploring the discrepancy among the different fundamental diagrams that derived from
various traffic scenarios (pure-homogeneous, mixed-homogeneous,
pure-heterogeneous, and mixed-heterogeneous), especially those profiles in the

congested traffic flow phases.

All of the proposed CA models in this study will be limited in the freeway contexts.

1.4 Chapters Organization

Given the objectives, the research framework was. illustrated in Figure 1-1. The
research is organized as follows. Chapter one introduces the background of the research.
Chapter two discusses literature review. Chapter three defines the “common unit” used in
this study, the global traffic variables including occupancy, speed and flow, and the local
traffic variables are defined. Chapter four develops a basic CA model with applications on
the fundamental diagrams and the speed distributions at specific instantaneous time-steps
and at two specific locations in pure traffic contexts. Chapter five develops a revised CA
model with applications on moving and fixed bottlenecks in heterogeneous mixed traffic
contexts. Chapter six proposes a refined CA model to rectify the abrupt speed drop existent
in most previous CA models. Chapter seven concludes this research with some future

research recommended.
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Chapter 2 LITERATURE REVIEW

The conventional traffic flow models have three different conceptual frameworks. The
macroscopic traffic stream models, the traffic is view as a compressible fluid, are mostly
devoted to elucidating the relations between speed, density and flow in various traffic
conditions (e.g., free flow, capacity flow, jammed flow) and roadway environments (e.g.,
tunnel, freeway, urban arterial) (May, 1990). The fluid-dynamical description models
analogize vehicular flows to fluids by assuming the aggregate homogeneous behavior of
drivers. The microscopic traffic flow models, in contrast, describe the interrelationship of
individual vehicle movements with other vehicles. In the microscopic theories vehicular
traffic is treated as a system of interacting particles driven far from equilibrium (Chowdhury,
Santen, and Schadschneider, 2000). A third approach of traffic stream models is mesoscopic
models that fill the gap between the macroscopic traffic stream models and the microscopic
ones (Daganzo, 1994, 1995, and 1999). Recently, various cellular automata (CA) models,
comprehensive based on the aforementioned conventional traffic flow theory, have been
developed to describe the phenomena of real traffic flows characterized with complex

dynamic behaviors.

The chapter consists of three sections. Section 2.1 addresses the macroscopic models
of the conventional traffic flow theory. Section-2.2 discusses the microscopic models-
car-following theory. Section 2.3 ‘addresses the related vehicular traffic of cellular
automata models.

2.1 Macroscopic approaches

Lighthill and Whitham (1955) and Richard (1956) treated the flow (vehicles per hour)
as function of only the local density (vehicles per miles) and developed the most
well-known one-order fluid-dynamical (LWR) models. The shock wave theory used by
LWR model was to explain many traffic phenomena such as congested traffic upstream of a
freeway bottleneck. Other researchers such as Payne (1971), Liu et al. (1998) and Zhang
(1998) derived high-order similar models. Wong and Wong (2002) formulated a multi-class
traffic flow model as an extension of LWR model with heterogeneous drivers. The main
concepts are described as follow:

2.1.1 Conservation law equation

When viewing from an aircraft at a freeway, one can imagine the vehicular traffic flow

is regarded as a stream. Due to this analogy, traffic is explained in relationship of flow,



density, and speed. For a road section with an upstream and downstream observing station

(as shown in Figure 2-1), the conservation law can be simply formulated as the equations
(2-1~2-3) (Kiihne, 1998):

ag =" (2-1)
Akz_(NZA;Nl) (2-2)
%+%:o (2-3)

where N; represents the incoming vehicles amount passing station 1 for a period of
time, Az. N, is the outgoing vehicles amount passing station 2. Ax is the distance between
these two stations. g represents the flow and %, the density.

Nip: incoming§ —> §N22 outgoing
amount amount
b Ax >
Station 1 Station 2

FIGURE 2-1 An illustration for the road section with two observing stations.

For a freeway with entering or exiting traffic, the continuity of the traffic flow can be
formulated as the equation (2-4). The k(x, t) represents the density and g(x, ?) is the flow at
location x at instant of time 7. (Chowdhury et al., 2000):

i Gour
Ok(x, 1) + 9q(x, 1) :zai(‘x_xi’t) _Zlﬁ(x—x‘,t) (2-4)
ot Ox = = '




Gin
where the first term on the right hand side, Zai (x—x,,t) represents entering sources
i=1

at the g;, on-ramps located at x; (i=1,2,...,¢qin). The next term on the right hand side,

Gout
Z p ; (x—x 5 t) takes care of exiting sinks, the g, off-ramps located at x; (j=1,2, ..., qou).
=l

The above equation (2-4) can be further simplified, if it reflects a highway with no
entries or exits ramp. Under such special circumstances the equation (2-4) reduces to the
simpler form (Lighthill and Whitham, 1955) as the following equation (2-5).

op(x,1) N 9q(x,1) _ 0 (2-5)
ot ox

2.1.2 LWR model ( Lighthill-Whitham-Richards model)

Lighthill and Whitham (1955) and Richards (1956) used the hypothesis about the

fundamental diagram. The flow rate ¢ is a function of the yehicle density p:

q=q(p) (2-6)

Using equation (2-6), the balance equation (2-5) takes the form as equation (2-7):

op(x,1) . 0q(p(x,1) _ (2-7)
ot Ox

Therefore, there is now only one independent variable in the equation (2-7), the
vehicles density p (Figure 2-2). This makes it possible to solve this equation if initial and
boundary conditions are given. Thus, the application of the hypothesis about the

fundamental diagram leads to a solvable traffic flow model.
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FIGURE 2-2 The theoretical fundamental diagram.

Solutions of the Lighthill-Whitham-Richards (LWR) model, equation (2-6), (2-7) are

kinematic waves moving with the velocity.

Kinematic Waves (KW) ¢ = 94(p) (2-8)

The KW velocity is a function of the density as shown in equation (2-8). The KW
velocity is positive on the part of the flow-density diagram where the flow rate increases
with density, and it is negative on the part of the flow-density diagram where the flow rate
decreases with density. Equation (2-8) would leads to turnover of the KW front in some
conditions. Then a shock wave is formed (figure 2-3). This shock wave would propagate at
the KW velocity (May, 1990).

q,=ViPy, 4, =V,0, (2-9)
y, =4P)=d(p) (2-10)
Pr = P
Shock wave Flow rate a
q1
qz, p:2
" q:
qi1, pP1
| .
X9 Location x Pi Density P2

FIGURE 2-3 Representation of a shock wave in space and in the fundamental

diagram.
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2.2 Microscopic approaches

The microscopic models, on the other hand, describe the interrelationship of individual
vehicle movements interacted with other vehicles. These models of vehicular traffic
attention are focused on individual vehicle each of which is represented by a “particle”.
Car-following models are the most pertinent ones to explicate the one-dimensional
movements in a longitudinal lane such that the following vehicle adjusts its speed to
maintain desirable or safe distance headways with the lead vehicle. Stimulus-response
model is perhaps the most prominent type developed in the 1950s and 1960s by the General
Motors (GM) research group, which is still being applied or extended (Rothery, 1998;
Brackstone, and McDonald, 1999; Chakroborty, and Kikuchi, 1999; Lan, and Yeh, 2001).

The main concepts are described as follows:
2.2.1 Stimulus-Response model

The concept of car following on a motorway indicates a driver reacts to the altering
headway with his predecessor the behavior of a driver. The main idea is that a driver will
through control of the vehicle deceleration and acceleration to maintain a suitable distance
and time gap between it and the vehicle that precedes it in'the same lane. Many studies have
been devoted to find mathematical formulas to descript the following behavior of the
individual driver. The starting point of define the equation of motion is usually the analogue
of the Newton’s equation for-each individual vehicle. In Newtonian mechanics, the
acceleration of the vehicle may be considered as the vehicle response to stimulus from other
vehicle. This approach assumes within a-range of distance, a stimulus-response relationship

exist. The basic stimulus-response equation'can be expressed as follows:

[response], = Ax[stimulus], (2-11)

where n represents number of vehicle. /1 is a proportionality factor.

The stimulus function can be composed of many factors: the speed of the vehicle,
distance headway (spacing), relative speed, etc. Each driver can respond to the surrounding
traffic conditions only by accelerating or decelerating the vehicle. Different forms of the
equations of motion of the vehicles in the different versions of the car-following models
arise from the differences in their postulates regarding the nature of the stimulus. The

equation can be expressed as follow:

[response], (t) =a,(t) =X, (t) (2-12)
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where x,(¢) is the location of the n™ vehicle at time z. The stimulus-response
relationship can be further expressed as follow equation (2-13):

jén :fsti(vn’Axn’Avn) (2_13)

where the function f,, represents the stimulus by the n” vehicle. v, is the speed,

Ax, represents the distance headway (spacing), Av, represents relative speed of the n”

vehicle, accordingly.

2.2.2 Follow-the-leader model

Chandler et al. (1958) proposed the first follow-the-leader model, the different in the
velocities of the following n” and the leading n+I” vehicles was supposed to be the
stimulus for the n” vehicle as shown in equation (2-14). It was assumed that every driver be
likely to keep with the synchronized velocity as that.of the front vehicle. Joining the

equation (2-12) into equation (2-14), the stimulus-response relationship becomes equation
(2-15):

[stimulus], (t+T) =v, 5, (t) = v, () (2-14)

X,(+T)=A[%,,(0)-x,)] (2-15)

where T'is a response time.

2.2.3 Pipes car-following model

Pipes (1953) car-following theory is a linear model that depicts vehicular traffic
behavior. The equation is derived by differentiating from equation (2-15) with respect to
time. The first term of equation (2-16) in right hand side means that with the purpose of
avoid crash with the leading vehicle, each driver must keep a safe distance ((Ax)s) from
the leading vehicle. The second term of equation (2-16) in right hand side represents that: if
the velocity of the n™ vehicle is higher, the spacing to its leading vehicle needs to keep
larger. It can be further explain that drivers obey the driving laws recommended in the
California Motor Vehicle Code, leave one car length in front for every 10 miles per hour of

speed increase. The equation can be expressed as the form:
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Ax, (1) = %, (1) =X, (1) = (A%) i +7 %, (2) (2-16)

safe

where 7 sets the time scale.

Forbes et al. (1958, 1963) proposed that the reaction time, 1, is larger when the
distance headway increases and vice versa. The main concepts of Forbes’s car-following

model can be expressed as equation (2-17).
. 1, . .
xn(t)=;(xn+1(t)—xn(f)) (2-17)

2.2.4 GM Models

A series of models have been developed in the 1950s and 1960s by Herman and his
colleagues at the General Motors Research Laboratories (Chandler, Herman, and Montroll,
1958; Gazis, Herman, and Potts, 1959; Gazis, Herman, and Rothery, 1961) to address
microscopic approaches that focused on describing the driver car-following behaviors. Five
generations of the GM car-following models are recognized and they provided an essential
contribution to realize the traffic flow. Nowadays they are still applied in various aspects,
including traffic stability and safety studies, level of service and capacity analysis, driver’s

reaction times, etc.
X+ =alx, () —x,,0)] < (m=0,l=1) (2-18)

where a is the sensitivity coefficient, a experimental constant independent of #, and «
varies from 0.17~0.74.

X+ D) =a [x,(0-%,,@)] (m=0,[=1) (2-19)

where a; is the coefficient for driving in platoon; a; is the coefficient for driving not in

platoon.
.. _ L . . _ _ )
Fp (04T = Lﬂ Do (t)} [5,() =%, (0] (m=0,=1) (2-20)
v _ aoxm (t+T) . o — — _
X ,(t+T)= [—xn O-x.. (t)} [x,()—x,,@®] m=1LI=1) (2-21)

a,, (%X, +T)"
(x, () = x,, (1)

X, (+T)= { } [x, (@) = x,,, ()] (2-22)
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2.2.5 Car-following theory for multiphase

Zhang and Kim (2005) hypothesize that drivers drive differently in different traffic
situations and present a new car-follow theory that can reproduce both the capacity drop and
traffic hysteresis, two prominent features of multiphase vehicular traffic flow. Conventional
car-following models treat both drivers and roads as homogeneous entities—that is, they are
modeling identical drivers who travel on homogeneous roads (Figure 2-4 (a)). The traffic
that produces capacity drops and hysteresis loops, on the other hand, comprises diverse
groups of drivers who travel on inhomogeneous roads and may behave differently under
different driving conditions. A plausible car-following theory that explains these nonlinear
phenomena must consider these inhomogeneities (Figure 2-4 (b)).

(a) (b)
2500 T T T T T T T T )
flow flow
N Greenbarg
00  — Newsll
e pragent model
1500 | I p
1000} / q
.;:_-.h:: q
W
500 ¢ I : :
1
1
LI |
1 1 1 1 1 1 1 1 p p-, l:l p
] 40 80 120 160 b a k2 Fy i o
density (vehkm) { } dansity

(Source: Zhang and Kim, 2005)

FIGURE 2-4 Comparison the homogeneous and inhomogeneous car-following models

with fundamental diagrams.

2.2.6 Optimal velocity (OV) models

The main concept of the optimal velocity models is depicted the driving strategy of the

driver when following the leading vehicle. The formulas can be expressed as equation
(2-23):

i, (r)%[V;’“‘”" (O)—v, (0] (2-23)

14



where V" is the desired speed of the n™ vehicle at time . In the equation (2-15) of

follow-the-leader model, driver tends to keep the same speed of the leading vehicle,

v ()= x,_ (t). The optimal velocity models assume that ¥,“"* depends on spacing,

Ax, of the n™ vehicle as shown in equation (2-24). A more realistic model that driver can
keep optimal velocity based on corresponding spacing are shown in equation (2-25). (Bando
et al., 1994; Bando et al., 1995; Nakanishi et al., 1997; Sugiyama and Yamada, 1997;
Chowdhury et al., 2000)

5,(0) = L[V (A, (1)) — v, ()] (2-24)
T
0 for Ax<Ax,
VP (AX) =1 f Ax for Ax, <Ax<Ax, (2-25)
\Z for Ax, < Ax

max

The presentation of OV model depends mtensively on the proper decision of the
optimal velocity function. Through introduction of appropriate optimal velocity, some
important macroscopic characteristics, such as traffic jam and hysteresis effects can be

observed.

2.2.7 Traffic hysteresis models

Newell (1965) supposed that drivers react to a stimulus in a different way in their
acceleration and deceleration behaviors (Figure 2-5(a)) and developed the hysteresis loop.
Treiterer and Myers (1974) first propose the apparent experiment proof of the traffic
hysteresis effect. In real traffic environment, the traffic metastable phases have been
confirmed to exist, and to be the derivation of the traffic hysteresis. Since the traffic
metastable phases, the relationship of traffic flow and density will not be one-to-one
association. Koshi et al. (1983) analyzed empirical traffic data and proposed the well known

flow—density diagrams (Figure 2-5(b)).
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FIGURE 2-5 The relationship of drivers react to a stimulus.

2.2.8 Gap acceptance models

Gap acceptance models have shown success to.capture drivers' decision to carry out
various maneuvers (e.g. Mahmassani and Sheffi (1981), Hamed et al., (1997), Polus et al.,
(2003)). These models suppose ‘the-existence of a latent space, which is the value where
drivers are unresponsive. More recently, Sheu (2008) proposed to introduce the theorem of
quantum mechanics in optical flows to explain the motion-related perceptual phenomena
and to model the induced car-following while vehicles-approach the incident site in adjacent

lanes.

2.3 Related CA approaches

Cellular automaton (CA) is a powerful tool to describe the phenomena of real traffic
flows characterized with complex dynamic behaviors. Nagel and Schreckenberg (1992) first
proposed the renowned NaSch model to reproduce the basic features of real traffic. In their
model, the road is divided into squared-cells of length 7.5 meters. Each cell can either be
empty or occupied by at most one car. The space, speed, acceleration and even the time are
treated as discrete variables. The state of the road at any time-step is derived from one
time-step ahead by applying acceleration, braking, randomization and driving rules for all
cars at the same time (i.e., parallel dynamics). Obviously, their coarse description of cells is
an extreme simplification of the real world conditions. Therefore, a considerable number of
modified NaSch CA rules have been found in the past decade (for instance, Nagel et al.
(1996, 1998); Rickert et al. (1996); Chowdhury et al. (1997); Barlovi¢ et al. (1998)). Other

related works that improved NaSch coarse cells with finer cells have also been found (for
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instance, Knospe et al. (2000); Bham and Benekohal (2004); Lan and Chang (2003, 2005);
Larraga et al. (2005)). In addition, Wolf (1999) employed a modified NaSch model to
address the metastable states at the jamming transition in detail. Wang et al. (2000)
introduced NaSch model and Fukui-Ishibashi model to investigate the asymptotic
self-organization phenomena of one-dimensional traffic flow. Pottmeier et al. (2002) studied
the impact of localized defect in a CA model for traffic flow exhibiting metastable states

and phase separation.

2.3.1 NaSch model

NaSch model was proposed by K. Nagel & M. Schreckenber in 1992. Capable of
reproduce important entities of real traffic flow, e.g. density-flow relation. Model
description, one-lane traffic, divided into cells of length 7.5 m. Each cell can either be

empty or occupied by at most one car with discrete velocity: v={0, ..., vy} (Figure 2-6).

The state of road at time ¢+/ can_be obtained from that at time ¢ by applying the

following forward rules:
Step 1 : Acceleration v, =min (v, + 1, Vi) (2-26)
Step 2 : Braking v, =min (v, d, - 1) (2-27)
where d, is the distance-headway to next vehicle ahead:

Step 3 : Randomization with probability p
v, = max (v, - 1, 0) (2-28)

Step 4 : Driving Xn=Xp+ vy (2-29)

. .. h .
where x,, is the position of n” vehicle.

The NaSch model is a minimal model in the sense that all the four steps are necessary
to reproduce the basic features of real traffic; however, additional rules need to be

formulated to capture more complex situations.
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FIGURE 2-6 The action of a single-lane NaSch cellular automaton model.

2.3.2 Velocity-Dependent Randomization (VDR) Model

Barlovic, et. al. (1998) based on the original NaSch model, for sake of simulating the
phase separation phenomena in real world (Figure 2-7). The randomization parameter is set
as:

B, for =~ v=0, ie.outflow from jam

ﬂ(v»:{ (2-30)

P for ~v>0, ie. flowinmetastablestates

n

Usually Py < P, , as to reflect'the fact that when driving out from the downstream of
jams, drivers are more likely to postpone acceleration. This is the so-called slow-to-start case.

The state of road at time #+/ can be obtained from that at time ¢ by applying the
following rules:

Step 0 : randomization parameter P, = P(v,) (2-31)
Step 1 : Acceleration vy =min (v, +1, Vi) (2-32)
Step 2 : Braking vy, =min (v, ,d, -1) (2-33)
Step 3 : Radomization with probability p,
max(v, —1,0 with probability P
K {vn o withirobabil:‘[}]y _p
Step 4 : Movement x, = x,+ v, (2-35)
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FIGURE 2-7 Space-time diagram and fundamental diagram of a spontaneously

emerging jam.

2.3.3 Comfortable Driving (CD) Model

Knospe, et al. (2000) based-on original VDR model and the following driving strategy.
At large distances the cars move (apart from fluctuations) with their desired velocity v,,,. At
intermediate distances drivers react to velocity changes of the next vehicle downstream, i.e.
to ‘brake lights’. At small distances the drivers adjust their velocity such that safe driving is

possible. The acceleration is delayed for standing vehicles and directly after braking events.

Randomization parameter P is decided through equation (2-36):

p, 1ifb  =landt, <t
P, ()b, ,()=<F ifv,=0 (2-36)
P, inall other cases

where Py, P; and P, depends on the current velocity v, and b, is the status of the brake

light (on (off)—b, =1 (0)). b, ,(t) is the status of the brake light of preceding vehicle

n+l

n+1" attime t. d, =x,, —x, —I is the gap between consecutive cars (where / is the length

of the cars). t,=d, /v, (t) is the temporal headway; ¢, =min(v,(¢),h) is the safety time

s

headway required; # determine the range of interaction with brake light.
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Step 0 : Randomization parameter P, = P(v,(¢),b,.,) (2-37)

Step 1 : Acceleration if(b,,,=0&b, =0)or ¢, >¢,

n+l

then v (t+1)=min(v, (¥)+1,v . ) (2-38)
Step 2 : Braking v,t+1) =, (),d")
if v (t41)<v, (f)then b =1 (2-39)

N — . - mi
Where d: - dn + maX(vanti — gap, 0) 2 Vanti - mln(anrl 2 dn+l)

Step 3 : Randomization if (rand()<P) then v, (t+1)=max(v, (¢+1)—1,0)

if P= P} ,then b,=1. (2-40)
Step 4 : Movement x,(t+D)=x,@)+v, (t+1) (2-41)
3000 T T T T T T T T
A
__. 2000 8
£
~ 1000 .
0

o 20 40 &0 80

P [veh/km]
(Source: Knospe, et al., 2000)
FIGURE 2-8 Comparison the CD model simulation result (left) with empirical data
(right).

The simulation results of the approach show that the empirical data are reproduced in
great detail (Figure 2-8).

2.3.4 Three-Phase traffic Theory

Boris Kerner (2004), a German traffic physician, introduced a three-phase traffic
theory which consists of free flow, synchronized flow and wide moving jam phases. The
later two phases exist in congested states where downstream front of the synchronized flow
phase is often fixed at a bottleneck but the wide moving jam will propagate through the
spatial locations of the bottleneck.
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To explore the emergence of such traffic patterns, Kerner and partners have shown
complex spatiotemporal behaviors based on empirical freeway traffic analysis (Figure 2-9)
(see, for example, Kerner and Rehborn (1996); Kerner (1998); Kerner and Klenov (2002);
Kerner et al. (2002); Kerner and Klenov (2004)). The effect of slow cars in two-lane
systems was further studied by Knospe et al. (1999) who found that even few slow cars
could initiate the formation of platoons at low densities.

Moreover, Kerner (2005) also compared the congested pattern control approach with
the free flow control approach at an on-ramp bottleneck with ramp metering. It was found
that the congested pattern control approach has higher throughputs on the main road
downstream of the bottleneck and considerably lower vehicle waiting times at the light
signal on the on-ramp. The upstream propagation of congestion does not occur even if large
amplitude perturbations appear in traffic flow.

Flow

1 i L
J — - J
£ L -
~ 2000 E
- 0 i 1
Synchronized - Phase £ L .
i i ]
0 1500 Co )
G S— Q. - . -
| Wide - Moving - Jam 0 : ’ :
! =~ 1000+ -
: @ - 1
E O = -
! - [ ]
i 3 500+ -
\. (o] : h
i — b
iFI\‘\' - Flow Uy - i
! T ol 1]

. Rl 0 20 40 60 80

occupancy [%]
(Source: Barlovi¢, 2003) (Source: Nagel and Schreckenberg, 1992)

FIGURE 2-9 Comparison the fundamental diagrams of three-phases interpretation

and real traffic.
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2.4 Summary

Most of the aforementioned conventional traffic flow models are based on the
assumption of the homogeneity of the system. In addition, recent CA models are mainly
developed assuming identical vehicle parameters. These models can be used to simulate the
interactions of individual vehicles in traffic vehicular system; however, they cannot
demonstrate the real vehicle traffic conditions due to the lack of consideration of the driver
heterogeneity in individual characteristics and driving behaviors. In reality, mixed traffic is
prevailing around the world either in developed or under developing countries. Some of
such different-dimensioned vehicles, with different in length and width, may share the same
lane while moving. Moreover, these vehicles also move with different parameters (e.g.,
different acceleration/deceleration rate, different desired speeds and safe driver speeds).
There are heterogeneous driving behaviors across drivers with very different characteristics.
It is always important to capture the traffic flow features so that more realistic traffic flow

models can be developed to better represent the prevailing traffic situations.
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Chapter 3 DEFINITIONS

This chapter introduces the definitions applied in this research. Section 3.1 addresses
the common unit for cells and sites; the global traffic variables are introduced in Section 3.2;
the local traffic variables are introduced in Section 3.3, followed by a summary in Section
3.4.

3.1 Common Unit for Cells and Sites

Lan and Chang (2005) first developed inhomogeneous CA models to elucidate the
interacting movements of cars and motorcycles in mixed traffic on surface roads. The car
and motorcycle in their study are represented by non-identical particle sizes that occupy 6x2
and 2x1 cell units, respectively. Each cell is a squared grid of 1.25x1.25 meters, which is
regarded as a “common unit (CU)” of the non-identical vehicle sizes. The concept of CU
has advantages of describing the inhomogeneous vehicle sizes and of accommodating
non-identical lane widths in various roadway environments, while CA simulations are
performed. This research continues to use the word “cells” to describe the vehicles but will
use the concept of CU to gauge the different vehicle types. In line with the physical
dimensions and their required clearances for safe-movement, for instance, a bicycle or a
motorcycle can be defined as a small-sized particle of 2x1 CUs. A car can be defined as a
median-sized particle of 6x2 CUS. A single-unit-truck or a regular bus can be defined as a
large-sized particle of 12x3 CUs. ‘Of course, other types of vehicles, such as rickshaw or
tricycle, semi-trailer, trailer, twin-truck, and articulated bus, can also be defined in terms of

different common units of cells.

To accommodate different vehicle types moving in various widths of lanes or
roadways, this research uses another term, “sites,” to represent the two-dimensional
roadway space. This research propose the CA traffic simulation models to elucidate the
behavior of vehicles moving in a longitudinal (X) direction and transverse (Y) direction of a
two-dimensional (2-D) roadway space. The dimensions of sites, cells and the rules of
vehicle movements are defined in such a way that they can best conform to the mixed traffic
context. The roadway is composed of numerous identical “sites,” each of which is also a
squared grid of 1.25x1.25 meters, which has exactly the same size as one cell, the basic CU
in gauging the vehicles. Thus, each “site” in this study will be exactly occupied or
unoccupied by a “cell.” A 3.75-meter (12-feet) standard freeway lane is equivalent to a lane
width of three sites. Likewise, a 2.5-meter urban narrow street lane can be regarded as a
lane width of two sites. The vehicle sizes and roadway spaces defined by a common unit
(CU) were depicted in Figure 3-1.
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To further reflect the situations for Taiwan freeways where speed limit is 110 kph, this
study continues to use the concept of CU proposed by Lan and Hsu (2005, 2006), but will
reduce the CU size to a grid of 1.25x1.0 meters. Therefore, the maximum speed of CA
simulations can be set equal to 31sites/sec (111.6 kph), very close to the speed limit (110
kph), and the incremental speed for vehicles is 1 meter per time-step (3.6 kph). Since each
“site” will also be exactly occupied or unoccupied by a “cell,” the dimension of a “site” in
this study must be defined as a grid of 1.25x1.0 meters. A 3.75-meter (12-feet) standard
freeway lane is equivalent to a lane width of “three sites.” Likewise, a 2.5-meter urban
narrow street can be regarded as a lane width of only “two sites.” Accordingly, a car is
defined as a median-sized particle of 2x6 cells whereas a twin-truck is defined as a super
large-sized particle of 3x24 cells. Of course, other types of vehicles, such as motorcycle,

bus, and single-unit truck can also be defined in terms of different common units of cells.

| isie el RIX: light vehicle (62 CUs) | 2 - heavy vehicle (1253 CUs)

FIGURE 3-1 Heterogeneous vehicle sizes and roadway spaces defined by a common
unit (CU) of grid-cell and grid-site.

3.2 Global Traffic Variables
3.2.1 Generalized Traffic Variables
1. Density

The conventional density at a specific time ¢ over a road section of length L is defined
as the number of vehicles n(#) observed in a photograph of the section at the given time
divided by the length of the section, expressed in first term of eq. (3-1). Multiplying the
numerator and denominator of this expression by a small time interval, Az, the average
density over a thin vertical rectangular region L XAt formed by the dotted lines of Figure 3-2
can be defined as “the ratio of total time spent in time-space region (e.g., veh-hrs.) to the
area of that time-space region (e.g., mile-hrs.),” also expressed in eq. (3-1), see, for example,
Daganzo (1997).
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LAt 3-D

The density over a large rectangular region A4, of length L and width 7 formed by the
bold lines of Figure 3-2, k(4), can therefore be defined as:

> n(t)At
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where #(A) is the total time spent in 4 and |4| denotes the area of 4.
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FIGURE 3-2 An illustration of generalized definition of density over a space-time

rectangular region.

2. Flow

The conventional flow rate at a specific stationary location x over a period of observed
time 7 is defined as the number of vehicles m(x) passing through that stationary location
divided by the period of time, expressed in first term of eq. (3-3). Likewise, multiplying the
numerator and denominator of this expression by a small distance interval, Ax , the average
flow over the thin horizontal rectangular region 7xAx formed by the dotted lines of Figure
3-3 can be defined as “the ratio of total distance traveled in time-space region (e.g.,
veh-miles.) to the area of time-space region (e.g., mile-hrs.),” also expressed in second term

of equation (3-3).

m(x)  m(x)Ax
T  Thx

g(x) = (3-3)
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Thus, the flow over the same rectangular region A4, of length L and width T formed by

the bold lines of Figure 3-3, g(A4) , can be defined as:

Zm(x)Ax i
_ & _d(4) )

where d(A4) represents the total distance traveled in 4.
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FIGURE 3-3 An illustration of generalized definition of flow over a space-time
rectangular region.

3. Space-mean-speed

The ratio of eq. (3-4) to eq. (3-2) becomes the space-mean-speed in 4, which can be
further reduced to “the ratio of the total distance traveled to the total time spent by all

vehicles in 4,” as expressed in eq. (3-5):

_q(4) _d(4) (3-5)

A= T

3.2.2 Spatiotemporal Traffic Variables

The above generalized density, flow and speed are defined on vehicle (or particle)
basis over a 2-D time-space region (Daganzo, 1997). Such definitions may not exactly
depict the collective behaviors of traffic moving over a 3-D domain, including 2-D for the
roadway (longitudinal and transverse) and 1-D for the time. To be precise in the CA
simulations, this research need to redefine the traffic variables in a 3-D spatiotemporal

domain on site or cell basis, not on vehicle basis. Therefore, the study proposes new
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definitions of traffic variables in spatiotemporal sense so as to precisely facilitate the

following simulations on various sizes of vehicles sharing the same “lane” in mixed traffic

contexts.

To regard a vehicle as several cells and to reflect the realistic traffic movement in a
2-D road, this study defines the instantaneous approach-based occupancy (p(?)) , a proxy of
instantaneous density, as:
Z NOAy (t)

_No(t)_Ay -
plt) === == (3-6)

where the denominator N stands for the total number of sites in road and the numerator
Ny(t) represents the total number of sites occupied by cells of vehicles at instantaneous time
¢t in road. Hence, N-N(f) represents the instantaneous total number of empty (unoccupied)
sites in road. Na,(?) represents the total number of sites occupied by cells in the specific
transverse slice Ay at instantaneous time ¢ . Figure 3-4 and figure 3-5 illustrate the
instantaneous approach-based occupancy that is summation all the specific transverse slice

Ay at instantaneous time .

=

« length (site) —
:
NECEENNER  AEW

%
AR
S

)f?.
\

O
S
Ny

<

 J

01 ¢ time (timestep) T

FIGURE 3-4 Vehicular trajectories over a specific transverse slice in a spatiotemporal

domain enclosed by LxAyXxAt.
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FIGURE 3-5 Vehicular trajectories over a specific transverse slice in a spatiotemporal
domain enclosed by LxWxAt.

Figure 3-6 illustrates the trajectories of three light vehicles (each represented by 6x2
CUs) in a specific transverse slice (e.g.,Ay =1) of a spatiotemporal domain S enclosed
by L xW x T , where L denotes the longitudinal length (Ax=1,2,3,..., L), W the transverse
width (Ay=1,2,3,..,W ) of a roadway, and T the number of observed time-steps
(At =1,2,3,...,T). In this spatiotemporal domain S-enclosed by L xWxT, if one repeats the
same procedure from eq. (3-1) to eq. (3-2), a similar but more generalized definition of

occupancy over this spatiotemporal domain S, p(S) , can be defined as eq. (3-7):

D N, (At
_ = _U(S) ]
PLS)= S NAt S| G

where #(S) is the total time spent by all cells in S; #(S) = > Ny(¢H)At. |S| represents the
‘volume’ of this spatiotemporal domain S. Likewise, a more generalized definition of flow

in the spatiotemporal domain S can be defined as eq. (3-8):

D M, (x)Ax
_ = _d(S) ]
q(S) = STac (3-8)

where Mj(x) is the total number of sites occupied by cells of vehicles at a specific

location x in road. d(S) is the total distance traveled by all cells of vehicles in the space S;
d(S) =Y, My(x)Ax.
28



=

length (site)
_\ \

=
T

Qulil / :
~ /| 7
it . Ay
1’ - - // ‘ ‘ y
0,

01

time (timestep) ‘ T

~ -

FIGURE 3-6 Vehicular trajectories over a specific transverse slice in a spatiotemporal
domain S enclosed by LxWxT.

The ratio of eq. (3-8) to eq. (3-7) defines the generalized space-mean-speed in S, which
can be further reduced to the ratio of the total distance traveled to the total time spent by all

cells in S, as expressed in eq. (3-9):

_4(s) _d©) )
p(S)  «S)

The above generalized definitions. of average-spatiotemporal occupancy, flow and
speed of “cells” moving over 3-D (2-D sites plus 1-D time-step) spatiotemporal domain, as
expressed in egs. (3-7), (3-8) and (3-9), are used in the following CA simulations to describe

v(S)

the collective behaviors of traffic flow patterns.

3.3 Local Traffic Variables

The localized definitions of occupancy, flow and speed of “cells” moving over a virtual
detector, as expressed in equations. (3-10), (3-11) and (3-12), are used in the following CA

simulations:
1. Occupancy

Flow rate, g(L), is total number of “cells” counted, N, in the transverse width W (Ay=1,
2,..., W) in each time-step.

N
q(L) = W (3-10)
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2. Occupancy

Occupancy (proxy of density), p(L), is the portion of this time-step that “cells” are over

the virtual detector on road.

N

L)= 3-11
p(L) v, (-1D)
3. Speed
Speed, v(L), is average the actual speed of the n-th vehicle.
1
viL)y=—)>v 3-12
()= D (3-12)

3.4 Simulation setting

The simulations in the following chapters are performed on a closed track containing
6x1,800 site CUs, which represents a two-lane freeway mainline of width 7.5 meters and
length 2,250 meters (length of site«1.25 m) or 1,800 meters (length of site 1 m). We
simulate various occupancy scenarios for-600 time-steps.Initially, all the vehicles are set
equally spaced or line up from .end of road section on the- circular track, with speed 0 at
time-step 0. To avoid the initial settings biasing the simulated results, the first 30 time-steps
are viewed as the warm-up period. Thus, the average occupancy, flow and speed over a
spatiotemporal domain are calculated from the 31st/time-step to the end at the 630

time-step (Figure 3-7).
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FIGURE 3-7 An illustration of setting the simulation parameters.
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3.5 Summary

Most of the previous traffic flow models present the “density” by calculating how
many vehicles existent in a specific road. As the distinction of “occupied areas” for different
vehicles can be large (e.g., a heavy vehicle can be three times of the occupied area of a light
vehicle), using the conventional density concept to elucidate mixed traffic flow will not
capture the full traffic features. The generalized spatiotemporal definitions of traffic
variables which can better measure the traffic flow features in the contexts of mixed traffic
traveling in multi-lane roadways. A concept of “common units” (CUs) is introduced to
gauge the non-identical vehicle sizes as well as the various roadway lane widths, in which
vehicle are represented by cells and roadways are denoted by sites. Each site or cell is
exactly the same size as one CU, a much finer squared grid than most previous CA models
(7.5%7.5 meters). As such, a two-cell wide car may move at an arbitrary location of a
three-site lane at any arbitrary instant of time. This undertaking will not change the freeway
capacity analysis; however it has greatly improved over the previous CA models that fail to
explain the real situations that some motorcycles share the same lane with adjacent cars on
the surface streets. With our finer-cell definition, study of small-sized vehicles, such as
motorcycles, moving alone with other vehicles, such as cars, in urban streets would become

much easier and more realistic.

Previous studies measuring traffic features with density, flow and speed are defined on
vehicle basis over a 2-D time-space region (Daganzo, 1997). Such definitions may not
exactly depict the collective behaviors. of traffic moving over a 3-D domain, including 2-D
for the roadway (longitudinal and transverse)-and 1-D for the time. This research redefines
the traffic variables in a 3-D spatiotemporal domain on site or cell basis, not on vehicle

basis.
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Chapter 4 BASIC CELLULAR AUTOMATON MODEL

This chapter demonstrates the basic cellular automaton rules applied in this research.
Section 4.1 addresses the forward rules. The lane-changing rules are introduced in Section
4.2. The framework of the CA rules was introduced in Section 4.3. The pure traffic
simulation results are presented in Section 4.4. This chapter ends with a summary in Section
4.5.

In this basic CA model, both deterministic and stochastic CA traffic simulation models
are developed to elucidate the behavior of vehicles moving in a longitudinal (X) direction
and transverse (Y) direction of a two-dimensional (2-D) roadway space. The dimensions of
sites, cells and the rules of vehicle movements are defined in such a way that they can best
explain the mixed traffic in multi-lane contexts. Figure 4-1 illustrates a mixed traffic with
two types of vehicles (light and heavy) moving in a two-lane freeway. In terms of CUs, it
becomes easier to measure the relative distances of any specific vehicle to its nearby
vehicles. Corresponding to different vehicle types and different roadway conditions, the CA
rules, including moving forward and lane-changing, are respectively established to govern
their movements over a 3-D space. The updated rules will renew the velocity (also termed
as speed in this research) and position of each vehicle in parallel in every time-step. The
vehicles may have “vehicle-following” ‘and “lane-changing” behaviors, determined by a
given probability of perturbation in the randomization step. This model sets the time step
At as one second, thus the positions-and.speeds for-all vehicles are updated in parallel per
second. A much finer discretization of cell is defined in this basic model, rather than the

coarse cell used in most previous CA literature.
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FIGURE 4-1 The relative distances of any specific vehicle to its nearby vehicles.
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4.1 Forward Rules

The mixed flow condition leads to the necessity to partition the vehicles into cell units
to clearly define the corresponding traffic variables. In the previous 1-D CA models, the
forward rules depend on the gap, which is simply defined as the number of sites between
the head of a vehicle to the rear of its preceding. The forward rules in this CA model are
based on 2-D mixed traffic prerequisites; thus, a gap in this model is defined as the
“minimum number of sites” between the head cells of a vehicle and the tail cells of all its
preceding vehicles. For instance, if two motorcycles (2x1 CUs) moving in parallel (one is a
little behind the other) in front of a car (6x2 CUs), the gap should be measured from the tail
of the behind motorcycle to the head of that car. In addition, since all vehicles may move at
different speeds, the closest preceding vehicle of a vehicle may vary over time-step.
Consequently, the calculation of a gap is a dynamical process in this model. Since only light
and heavy vehicles are considered in the present paper, we will check the distances (in terms
of number of sites) from each cell head of a vehicle to its preceding occupied sites and

choose the minimum one as the gap.
Similar to the NaSch model, the'forward rules comprise four successive steps:

1. Step 1: Acceleration: increase vehicle velocity by 1 if the vehicle velocity is lower than

the desired velocity.

Acceleration :if ., (¢t +1) >, (¢) then v, (t+D)=min[v, , (1) + LV, u] (4-1)

2. Step 2: Slow down: decrease vehicle velocity if the minimum distance to the preceding

vehicles ahead at the next time-step is not larger than vehicle velocity.

Slow down :if d (t+1)<v,  (¢t) thenv,, (t+1)=min[v, , (1), d:" (1 +1)] (4-2)

3. Step 3: Randomization (perturbation): with probability R the velocity of a vehicle is

decreased by 1 at the next time-step.

Randomization :if rand () < R then v, , (¢ +1) =max[v, (¢ +1)—1,0] (4-3)

4. Step 4: Update position: move a vehicle in accordance with the calculated velocity.

Mathematically, these four steps are expressed as follow.

Update position:x, , (t+1)=x, , (1) +v,,(t+]) (4-4)

where 7 is the number of vehicle. k represents different types of vehicles (k=1 for light

vehicle, k=2 for heavy vehicle). v, x(¢) denotes the vehicle velocity at time-step ¢ and v,k max
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1s the maximum velocity. This basic model sets v, ; mq =16 sites/time-step for light vehicles
and v, 2 max =14 sites/time-step for heavy vehicles. d,"(¢+1) refers to the clear gap of the
n™ vehicle at time step ¢+1. It is the minimum number of sites between the head of a vehicle
and the cell tails of all its preceding vehicles at time step 7+1. Namely, d,, " (¢+1) = d,1(7) +
max[v,’ ' (t) — Gsafe » 0] , where d,, . (f) represents the minimum gap of a vehicle, which is to
check the number of sites from the cell heads of a vehicle to its preceding occupied sites at
time step t. gy 1s the safe gap, which is to reflect the drivers’ anticipation. va! (¢) is the
expected velocity of the front vehicles at time step ¢. It is the minimum of dn,kf (¢) and vn,kf

(7). Namely, v,/ () = min [d,.¢” (?), vui” ()]

4.2 Lane-Changing Rules

The basic CA model proposes new lane-change rules to accommodate the mixed traffic
contexts. Previous two-lane CA models considered only the coherence of changing lane in
the subject lane rather than the transverse width of the lane. The present model simulates the
two-lane freeway of lane width 3 CUs, thus a light vehicle (with width 2 CUs) will occupy
two-thirds of the transverse width of a'lane and a heavy vehicle (with width of 3 CUs) will
occupy the entire width of a lane. Figure 4-2-demonstrates. the possible lane changes for a
light vehicle on a two-lane freeway. With the restriction that vehicles are not allowed to
travel above the lane “marking;” a light vehicle on the left lane (lane;) may have four
lane-change scenarios, including 13, 1—4, 2-—3, and 2—4, depending on its original and
final positions. The fundamental principles of the lane-change rules contain the following

four steps.

1. Step 1: Vehicle orientation: for example, if a light vehicle is on the left lane of a
two-lane road, the four possible lane-changing scenarios are 1—3, 1—4, 2—3, 2—4 and

vice versa.

2. Step 2: Check incentive criterion: estimate the clear gaps on its lane and the other lane at
the next time-step. If the clear gap on the other lane is larger than its own lane, it means
that the other lane would have higher degree of freedom, thus the vehicle has incentive

to change lane.

3. Step 3: Check clear gap ahead: estimate its current speed and the clear gap at the next
time-step. If the clear gap is smaller than its current speed, it means someone is in your

way.

4. Step 4: Check safety criterion: estimate the gap between the vehicle and its frontal
vehicle on the other lane at the next time-step. If the gap on the other lane is larger than

its frontal vehicle’s velocity, it means that a safe lane change can be performed without
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cutting in someone else’s way. However, in real situations, not all drivers will make the
lane changes. Thus, in the stochastic CA simulations, this paper assumes that with

probability R the drivers will remain in-lane even if the above lane change rules are met.

Taking light vehicle lane-change 2—3 and 2—4 for examples, the above four-step

rules can be further expressed as:

LC*7:0F [di2 (t+1) < v, (£)]
and [di? (¢ +1) <di e (£ +1)]

and [a’R @ D(t) > vR @ (1]
then change lane from L(1,2) to R(2,3) (4-5)

LCP L0 [dy 2 (t+1) <v,,(0)]
and [d " (t+1) <d, " (t+1)]

and [a’R () > vR L ®)]
then change lane from L(1,2) to R(1,2) (4-6)

If LC* and LC*”* istrue
and [d" (t+1) 2d " (E+1))]
then change lane from L(1,2) to R(2.3) (4-7)

If LC*® and LC*™* istrue
and [d79 (t+1) <o (¢ +1)]

n,l

then change lane from L(1,2) to R(1,2) (4-8)

LC*™ denotes the lane change from location 2 to location 3. L(1,2) represents a

vehicle occupying site 1 and 2 of /ane;, is the clear gap of the vehicle on site 1 and 2 of

lane, at time-step t+1. d ®¥(r) is the minimum gap between the vehicle on lane; and its

upstream vehicle on laneg occupying site 2 and/or 3 at time-step #; v¥ @¥(¢) is the velocity

of its upstream vehicle on /aner occupying site 2 and/or 3 at time-step ¢. Therefore, the
trajectory of the vehicle will move from L(1,2) to R(2,3) in one time-step if LC*™ rules
are met. Furthermore, whenever any two of the aforementioned rules are met, the vehicle is
to choose the one with larger gap because a rational driver is presumed to move with higher
degree of freedom.
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FIGURE 4-2 Lane changes for a light vehicle on a two-lane 7.5-meter width roadway.

The lane-change rules for heavy vehicles are much simpler, as demonstrated in Figure

4-3. Similarly, any heavy vehicle is not allowed to drive above the lane “marking.” In the

same two-lane freeway context, a heavy vehicle on the left lane (laner) can only have one

lane-change scenario 1—2 from lane; to laneg. The above-mentioned four-step fundamental

Accordingly, the following

principles also apply for heavy vehicles® lane  changes.

conditions can describe the lane change behaviors for a heavy vehicle:

clr,
n,2

LC7* I [d

(t+1)<v,,®]

(t+1) <dZ(t+1)]

clry,
n,2

and [d,

and [dX, (£)> V5, (0)]

(4-9)

then change lane from L to R.

LCP7:0f [dF(t+ D) <v,,(1)]

P+ <d (t+1)]

n,2

and [d

and [d"(6) > V%) (0)]

then change lane from R to L.
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FIGURE 4-3 Lane changes for a heavy vehicle on a two-lane 7.5-meter width roadway.
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4.3 Framework

The states of vehicles in the CA model are updated once per each time-step (1 second)
according to the above forward and lane-change rules. The framework of the CA rules is
depicted in Figure 4-4. The current velocity of each vehicle is checked at each time-step. A
vehicle will fulfill the forward rules if its clear gap is larger than its current velocity;
otherwise, the vehicle will undertake the lane-change rules. If the state of a vehicle cannot
fulfill the lane-change rules, the vehicle will take the slow-down step in the forward rules.
In the stochastic CA simulation (with traffic perturbation), the randomization will be applied
to both forward rules (with probability R the velocity of a vehicle is decreased by 1 at next
time step) and lane-change rules (with probability R the vehicle will keep in-lane even if the

lane-change rules are met) to reflect the heterogeneous drivers.

Moving forward  rules

acceleration update | | update
}randomization |1 speed position
- slow down
no
Jomizati yes lane
randomization change

FIGURE 4-4 The framework of this proposed CA model.
4.4 Pure Traffic Simulation Results
4.4.1 Light Vehicles

The initial condition (at time-step 0) for each occupancy scenario is to set all the
vehicles equally-spaced over the circular track with velocity 0. Figure 4-5 presents the
fundamental (flow-occupancy) diagrams, speed-occupancy diagrams and speed-flow
diagrams, with different settings of safe gaps (g,,+=0, 4, 8, 16) without perturbation (R=0).
Different safe gaps represent the driver population with various degrees of aggressiveness
or conservativeness. The more aggressive the drivers are the shorter safe gaps they will keep.
Note from Figures 4-5(a) to 4-5(c) that as the safe gap gets larger (more conservative drivers), the
maximum flow drops off and the “critical occupancy” (i.e., an occupancy corresponding to the

maximum flow) also decreases.
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FIGURE 4-5 The simulation results for light vehicles without traffic perturbation.

Figure 4-6 compares the simulation results between.a deterministic condition (without
traffic perturbation, R=0) and a stochastic condition (with traffic perturbation R=0.4) given
that the safe gap is fixed at g=8: Obviously, traffic perturbation will reduce the maximum
flow and critical occupancy. For-instance, The dotted circle-in Figure 4-6(c) indicates that
the collective behavior of maximum flow 1s g(S)=3.51 cells/time-step under a deterministic
condition; whereas the solid circle'shows that ¢(S) would drop to 2.96 cells/time-step under
that specific stochastic condition. It ‘suggests that the capacity-drop due to traffic
perturbation can be significant (a 15.7% drop off in case of perturbation R=0.4).
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FIGURE 4-6 Comparison of simulation results for light vehicles with and without
traffic perturbation (safe gap fixed at 8).
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Figure 4-7 demonstrates the vehicular trajectories and the formation of traffic flow
patterns under deterministic and stochastic conditions. The vertical axis in Figures 4-7(a)
and 4-7(b) represents the distance (vehicles moving from bottom to top) and the X axis
represents the time (progressing from left to right). As anticipated, without traffic
perturbation all vehicular trajectories are parallel in Figure 4-7(a), indicating that all
vehicles travel with constant velocity (equal to the slopes of trajectories). This corresponds
to a free-flow phase shown in Figures 4-7(c) and 4-7(e). With traffic perturbation, however,
the vehicular trajectories in Figure 4-7(b) have revealed quite complex behaviors with
noticeable propagation of backward shock waves. These shock waves have formed
so-called “wide moving jams,” also propagating backward to bottom and continuing from
the top, as shown in Figures 4-7(d) and 4-7(f). Note that the right and left lanes have
slightly different traffic flow patterns due to the random term. The rise and fall of velocities
in Figures 4-7(d) and 4-7(f) show that most vehicles travel at nearly maximum speed in free
flow phase but their velocities can significantly drop to nearly zero in wide moving jam
phase. In the congested traffic, there exists so-called ‘“synchronized flow phase” where
vehicles may travel at various speeds. from thigh speed (stable state) to low-speed
(metastable state).

(a) Vehicular trajectories (R=0) (b) Vehicular tfaj ectories (R=0.4) .'
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(c) Left lane (R=0) (d) Left lane (R=0.4)
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FIGURE 4-7 Vehicular trajectories and traffic patterns for light vehicles with and
without traffic perturbation.

To further investigate how vehicles traveling in the above three traffic phases, Figures
4-8 and 4-9 demonstrate the speed distributions at two specific instantaneous (200" and
400™) time-steps and at two specific: stationary (600" and 1200") sites, respectively. In
Figure 4-8, the instantaneous-time-step-speeds have revealed that vehicles can travel at
free-flow (maximum) constant speed without perturbation but they are profoundly
influenced by wide moving jams with traffic perturbation. The abrupt speed drop to nearly

zero indicates that three wide moving jams have emerged in-the simulation.

Similarly, in Figure 4-9, the stationary-site speeds have indicated that wide moving
jams propagate backward at the stationary: sites with traffic perturbation. The speed
distributions over the simulated spatial sites in Figure 4-8 and over the temporal instants in
Figure 4-9 clearly signify the existence of synchronized flow phase in congested condition,
in which stable and metastable traffic patterns emerge. These traffic patterns can support

Kerner’s three-phase traffic theory.
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FIGURE 4-8 Speed distributions for light vehicles at two instantaneous time-steps.
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FIGURE 4-9 Speed distributions for light vehicles at two stationary sites.
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3.3.2 Heavy Vehicles

Figure 4-10 displays the flow-occupancy, speed-occupancy and speed-flow curves for
heavy vehicles under the conditions of different safe gaps (g...=0, 4, 8, 12, 14) without
perturbation (R=0). Similar to the light vehicles, as the safe gap gets larger, the maximum flow
drops off and the critical occupancy also decreases. It is interesting to compare the simulation
results between these two types of vehicles. As what we anticipated, in the light-vehicle
case, the maximum occupancy p(S) equal to 0.67 represents that all light vehicles have
formed two platoons, bumper-to-bumper without gap, on the two-lane track. The simulation
results agree to the generalized spatiotemporal definition of occupancy because each light
vehicle (2 CUs wide) takes only two-thirds of one lane-width (3 CUs) and all the vehicles
obey the lane marking while moving forward. In the heavy-vehicle case, because a heavy
vehicle (3 CUs wide) takes away the entire lane width, thus the maximum occupancy p(S) is

equal to 1, which also agrees to the generalized spatiotemporal definition of occupancy.
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(a) Flow-occupancy curves (b) Speed-occupancy curves  (c) Speed-flow curves

FIGURE 4-10 The simulation results for heavy vehicles without perturbation.

Figure 4-11 compares the simulation results for heavy vehicles between a deterministic
condition (R=0) and a stochastic condition (R=0.4) at a fixed safe gap g=8. Similar to the
light-vehicle case, traffic perturbation can also reduce the maximum flow and critical
occupancy. For instance, The dotted circle in Figure 4-11(c) indicates that the collective
behavior of maximum flow is ¢(S)=7.21 cells/time-step under a deterministic condition;
whereas the solid circle shows that ¢(S) would drop to 6.72 cells/time-step under that
specific stochastic condition (a 6.8% drop off). Compared with light vehicles under the
same traffic perturbation, the capacity-drop for heavy vehicles due to traffic perturbation is

less significant.
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FIGURE 4-11 Comparison of simulation results for heavy vehicles with and without

traffic perturbation (safe gap fixed at 8).

Figure 4-12 displays the vehicular trajectories and the formation of traffic flow patterns
for heavy vehicles under deterministic and stochastic conditions. Like the light-vehicle case,
without traffic perturbation all the héavy vehicles move with constant velocity (trajectories
are parallel in Figure 4-12(a), corresponding to a free-flow phase shown in Figures 4-12(c)
and 4-12(e). With traffic perturbation, however, the vehicular trajectories in Figure 4-12(b)
have revealed wide moving jams; also propagating backward-to bottom and continuing from
the top, as shown in Figures 4-12(d) and 4-12(f). The variation of velocities in Figures
4-12(d) and 4-12(f) show that most heavy vehicles travel at nearly maximum speed in free
flow phase but their velocities significantly drop to nearly zero in wide moving jam phase.

The synchronized flow phase also exists here.

(a) Vehicular trajectories (R=0) (b) Vehicular trajectories (R=0.4)
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FIGURE 4-12 Vehicular trajectories and traffic patterns for heavy vehicles with and

without traffic perturbation.

Figures 4-13 and 4-14 demonstrate the speed distributions of heavy vehicles at two
specific instantaneous (200™ and 400™) time-steps and at two specific stationary (600" and
1200™) sites, respectively. The instantaneous-time-step speeds in Figure 4-13 reveal that
heavy vehicles can travel at free-flow (maximum) constant speed without perturbation but
their speeds are greatly affected by wide moving jams with traffic perturbation. In Figure
4-14, the stationary-site speeds disclose that wide moving jams propagate backward at the
stationary sites under traffic perturbation (R=0.4). Both Figures 4-13 and 4-14 have
indicated the existence of synchronized flow phase in congested condition, which also

supports the three-phase traffic theory.
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FIGURE 4-13 Speed distributions for heavy vehicles at two instantaneous time-steps.
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FIGURE 4-14 Speed distributions for heavy vehicles at two stationary sites.
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4.5 Summary

This basic CA model proposes generalized spatiotemporal definitions of traffic
variables which can better elucidate the traffic flow features in the contexts of mixed traffic
traveling in multi-lane roadways. A concept of “common units” (CUs) is introduced to
gauge the non-identical vehicle sizes as well as the various roadway lane widths, in which
vehicle are represented by cells and roadways are denoted by sites. Each site or cell is
exactly the same size as one CU, a much finer squared grid (1.25%1.25 meters) than most of
the previous CA models (7.5%7.5 meters). As such, a two-cell wide car may move at an

arbitrary location of a three-site lane at any arbitrary instant of time.

Our basic CA model follows NaSch’s slow down rule, thus abrupt speed drops
occasionally emerge during the simulations (Figure 4-14 dotted line circles). The
shortcoming can be resolved by introducing maximum deceleration rates into the slow
down rule. Another shortcoming of this basic CA model is incapable of capturing the
essential features of traffic flows. In the next chapter, a revised CA rules will be proposed to
improve this shortcoming, and simulations with-more vehicle types are also attempted. The

effect of stationary bottlenecks (such‘as work zones) can be examined.
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Chapter 5 REVISED CELLULAR AUTOMATON MODEL

This chapter proposes a revised CA model to overcome the shortcomings found in the
basic CA model presented in Chapter 4 so as to reflect the real driver behavior. The
medications are discussed in Section 5.1. Some validation and comparison with empirical
data are discussed in Section 5.2; and the effects of stationary and moving bottlenecks are

presented in Section 5.3. This chapter ended in a summary in Section 5.4.

5.1 Modification
5.1.1 Revised common unit size

To further reflect the situations for Taiwan freeways where speed limit is 110 kph, this
revised model continues to use the concept of CU, but will reduce the CU size to a grid of
1.25%1.0 meters. Therefore, the maximum speed of CA simulations can be set equal to
31sites/sec (111.6 kph), very close to the speed limit (110kph), and the incremental speed
for vehicles is 1 meter per time-step (3.6 kph). Since each “site” will also be exactly
occupied or unoccupied by a “celly” the dimension of a “site” is also defined as a grid of
1.25%1.0 meters. Consequently, a 3.75-meter(12-feet) standard freeway lane is equivalent
to a lane width of “three sites.” ‘Likewise, a 2.5-meter urban narrow street can be regarded
as a lane width of only “two sites:”

5.1.2 Forward rules

Basically the renowned NaSch model iis utilized. However, some modifications are
introduced, in accordance with the scheme proposed by Knospe et al. (2000) and Jiang et al
(2003), into the new CA models to reflect the real driver behavior to the extent as possible.
These include the anticipation effect, the velocity-dependent randomization (VDR) concept
(Barlovi'c, 1998), and the delay-to-start phenomena, etc. The forward rules used in this

study can be described as the following seven steps.

1. Step 1: Determination of the randomization probability. Three possibility values are
introduced, P,-which considers the impact of decelerating vehicle in close front, Py -
which reflects the delay-to-start behaviors of some vehicles located on downstream
front of traffic jam, and P, -the probability for all the other situations.

p,: ifS ., =1 and ¢, <t
pv,(),t,,t.,S (&)=p,: ifv,=0 and ¢, 2> bee (5-1)

st —

p, . inallother cases

where ¢, =d, /v, (t), t, =min(v,(¢),h,)
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t, denotes the time the vehicle stops. Only when the car has stopped for a certain time

tr.. does the driver become less sensitive. d, =x,,, —x, —[ 1is the gap between consecutive
cars (where / is the length of the vehicles). #,=d,/v,(¢) is the temporal headway;

t,=min(v,(¢),h) 1is the safety time headway required; # determine the range of

interaction with brake light.

2. Step 2: Acceleration. Determine the speed of vehicles in next time step. Here the status
identifier, S, (), is also taken into consideration. The value of §,(?) 1s determined in Step
5.

if (S,,,(t)=0and S, () =0)or (1, > t,) then v, (¢t +1) = min(v, (t) + @, ,V; ;0 )
elsev, (t+1)=v,(?) (5-2)

where vimq and a; are the maximum speed and. acceleration capacity of vehicle,

respectively.

3. Step 3: Deceleration. Set velocity restriction-'when the vehicle in front is too close, thus

locates within the effective distance (d ) defined by Knospe (2000).

v (t+1)=min(d? v (t+1)) (5-3)

n

4. Step 4: Randomization. In real situations, not all drivers or vehicles of the same type are
identical. Therefore, in stochastic CA simulations, we assume with probability p that
determined in step 1, the velocity of a vehicle will not accelerate or with smaller

acceleration at the next time-step.

if (rand () < p ) then v (t+1)=max(v, (¢ +1)—10) (5-4)

5. Step 5: Determination of vehicle status identifier S, () in next time-step.

0 ifv({+D)>v(2)
S (+)=38, if v(t+1)=v (2) (5-5)
1 if v (t+1)<v, (¢)
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6. Step 6: Determination of time () stuck inside the jam.

st

t,=t,+1 if v (t+1)=0
= . (5-6)
t,=0 if v (t+1)>0

7. Step 7: Update position. Move vehicle in accordance with the calculated velocity.

x,(t+D)=x,@)+v, (t+1) (5-7)

5.1.3 Lane-change rules

According to the lane-change rules of the basic model present in Chapter 4, the

following criteria are considered to make a lane-change more realistic.

1.

Step 1: Vehicle orientation. For example, if a vehicle is on the left lane of a two-lane
road, the possible lane-changing scenarios are 1—2—3, 2—3, and vice versa,
depending on its original locations, as demonstrated in Figure 5-1. Vehicles locate
randomly on either inner or outer side within each lane before lane change. However,
for simplicity it is assumed that €ach lane change will be accomplished within 1 time

step (1 second), regardless of the initial;locations of vehicles.

Step 2: Check incentive criterion. If there is long time headway (7,) in front, say, larger
than 10 second, there is no incentive for taking lane change. If #, is not larger than 10
seconds, determine whether the vehicle in front on the other lane moves with higher
speed than that of the vehicle 1n right front. If yes; the vehicle has incentive to change

lane.

Step 3: Check effective distance ahead. When there is no peer vehicle locates aside on
the other lane, estimate the front effective distance at the next time-step. If it is too small,
then check the effective distance between the vehicle and its downstream vehicle on the
other lane to determine if it allows for a not-decreasing movement when performing a

lane-change in the next time-step.

Step 4: Check safety criterion. Estimate the gap between the vehicle and its upstream
vehicle on the other lane. If the gap on the other lane is larger than its upstream vehicle’s
velocity in next time-step, it means that a safe lane-change can be performed without

cutting in someone else’s way at the next time-step.

Step 5: Randomization. In real situations, not all drivers will make the lane changes
even if the above lane-change rules are satisfied. Thus, in stochastic CA simulations,
this paper assumes that with probability R=0.4 the drivers will remain in-lane provided

all lane-change rules are met.
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FIGURE 5-1 New lane-change ways for a light vehicle on a two-lane roadway.
The lane change rules can be recapped as:

LC™ I v () > v, (1)
and v,(¢)>v,,(?)
and d77(t)>min(d? ,v,(t+1))

n 2

and g[, (1) > V], (t+1) (5-8)

LC™ 2 Of vy, () > v, (1)
and v, (¢)>v,, ()
and d;7"' (1) >min(d? v, (1+1))

n

and g/, (1) > Vi, (L% 1) (5-9)

where, superscript 7 / represent the rightlane and the left lane, suffix (b, n) means the
vehicle nearby upstream and (/,.m) represents the leading vehicle (vehicle in front) of

vehicle n, g means the gap.

5.2 Validation
5.2.1 Fundamental traffic features

All the vehicles are set in the front end of the circular track with velocity 0 as the initial
condition (at time-step 0). First, for validating our models, both the deterministic (i.e. all the
probability parameters in equation (5-1) are set as zero, suggesting that all the drivers have
identical driving behaviors) and stochastic CA simulations with different occupancy
scenarios are implemented. The maximum speed has been defined in accordance with the
regulatory speed limits of Taiwan Freeways, that is, 31cells/sec (111.6 kph).

Figure 5-2 presents the flow-occupancy relations (fundamental diagrams) for the
deterministic and stochastic models where the maximum acceleration is set as 3
sites/(time-step)” , or equivalently, 3 m/sec>. For clearer description, the flow rate q(S) is

converted from cells into number of vehicles and occupancy p(S) is converted into vehicle
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per kilometer, as the flow-density relations shown in Figure 5-3. It is noted that, for
deterministic model, the max flow rate can reach approximately 5,670 veh/hr, or 2,836
veh/hr/lane, which is higher than 2,400 veh/hr/lane in HCM2000. A reasonable
interpretation for this is that the randomization effect, representing the heterogeneity among
drivers, has been completely ignored throughout the deterministic simulations, thus
significantly diminishing the perturbations between vehicles and leading to such a
theoretical maximum flow rate. In other words, this derived maximum flow rate may be
deemed as the envelope for the following stochastic simulations. As for stochastic
simulations, due to the randomization effect, maximum achievable flow rate is reduced to
about 4,480 veh/hr, or 2,240 veh/hr/In. This is consistent with the empirical data (for
example, Chapter 13, HCM2000).
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FIGURE 5-2 Flow fundamental diagrams in deterministic and stochastic vehicular
traffic (counted in cells/time-step).
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Secondly, from global point of view, the shape of this simulated flow-density result is
neither a linear line nor a curve but in a form of coarsely dispersion within a certain area.
Repeated simulations are conducted and it reveals that deterministic CA simulations always
outcome with identical results. However, due to randomization effect, slight difference
always exists for each separate CA stochastic simulations, even with completely identical
parameters settings.

Thirdly, we also check the average vehicle speeds throughout the entire simulations
and find it reasonably acceptable. For example, in free stream regime where occupancy is
low, vehicles are sparely dispersed and thus can move with maximum speeds. The
calculated slopes of Figure 5-2 and 5-3 in this regime imply the maximum speeds, i.e.,

109.07kph, which locates in the ballpark of the preset one, as mentioned above.

5.2.2 Spatiotemporal traffic patterns

Figures 5-4(a-1), (b-1), (c-1), (d-1) and (e-2) demonstrate the space-time trajectories of
vehicles of our stochastic modeling, in which Y-axis represents the vehicles moving from
bottom to top and X-axis represents the time advancing from left to right. Figures 5-4(a-2),
(b-2), (c-2), (d-2) and (e-2) are the associated spatiotemporal speed patterns. As shown in
Figures 5-4(a-1) and (a-2), when with low occupancy, vehicles are sparely distributed, only
few interactions among vehicles are expected. Accordingly, free-flow traffic pattern prevails.
However, aware that due to stochastic effect, vehicles will occasionally decrease speeds;
henceforth, a small region of perturbation can be found. This is so-called “synchronized
flow phase” where vehicles may travel at various speeds from high speed (stable state) to
low-speed (metastable state). This synchronized traffic region will gradually enlarge and
reoccur intermittently downstream and become much clearer as long as occupancy increases,
as shown in Figures 5-4(b-1) and (b-2).

As the occupancy (density) increases, furthermore, the platoon preset at t=0 will
become more difficult to disperse because vehicles in the upstream will arrive more
frequent the rear of platoon to maintain a jammed queue. Quite complex behaviors with
noticeable propagation of backward shock waves, or the so-called “wide moving jams,” can
be observed. Figures 5-4(c-1) and (c-2) has clearly depicted this phenomenon. Note that
the upstream and downstream front of wide moving jam are in the form of parallel lines,
moving upstream with the same speed v, =15.6 kph, again very close to a well-known
empirical speed-15 kph evidenced by Kener (2004). Also note that upstream speed of the
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downstream front of wide moving jam keep almost identical even when the occupancy
continuously increases, as can be seen in Figure 5-4(d-1) and Figure 5-4(e-1). The major
traffic pattern change coupled with increasing occupancy is that the considerable extension

of both synchronized flow and moving jam region.
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FIGURE 5-4 Vehicular trajectories and traffic patterns for different occupancies.
(a) p(S)=0.020, (b) p(S)=0.113, (¢) p(S)=0.200, (d) p(S)= 0333, (e) p(S)= 0.400.

5.3 Effects of Stationary and Moving Bottlenecks

This section further explores more interesting and diversified traffic patterns by
introducing a slowly moving vehicle into simulation. We deliberately add one twin-truck
into different occupancies. To initiate the simulation, this twin-truck is placed near the
middle of the right lane and it will keep remaining on the right lane throughout the
simulation (i.e., no lane-change for this twin-truck). In the following, the maximum speeds
of this twin-truck will be set equal to zero to represent a stationary bottleneck and equal to
10 and 20 sites/time-step ( 36 kilometer/hour and 72 kilometer/hour ), respectively, to serve
as moving bottlenecks. The simulated fundamental diagrams are enclosed as in Figure 5-5
(counted in cell/time-step) and Figure 5-6 (counted in vehicles/hour), to show the impact
arouse since. As anticipated, this slow moving vehicle impairs the whole traffic capacity and
as a consequence noticeably decreases the maximum flow rate. It is due to the fact that a

bottleneck would inevitably restrain the road capacity. Besides, one may tell that along
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with lower twin-truck speed, the achievable maximum flow rate also declines. When a fix
bottleneck is set on the middle of the road, the traffic capacity would reduce to only about

1,000 vehicles/hours/lane, namely, about 55% of the capacity would be lost.
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Another point worthy mentioning is that when introducing a bottleneck, stationary or
moving, there is a plateau existent in the fundamental diagrams in the neighborhood of the
optimum flow point, with densities ranging from 20 to 90 vehicles/km. A more detailed
check of our simulation data reveals that the lane-change rate will be increased, as shown in
Figure 5-7. It is obvious that when noticing a bottleneck in front, the drivers will tend to
overtake that bottleneck if possible.
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FIGURE 5-7 Variation of lane-changing rate with moving bottlenecks.

The impacts of moving bottlenecks to the originally formed synchronized flow and
moving jam can be described through the vehicular space-time trajectories. Figure 5-8
depicts the flow pattern changes aroused since under different occupancies. The left panel of
Figure 5-8 represents the original flow pattern, while the right panel indicates the variation
when moving bottleneck is brought in. First, even at low occupancy, a moving bottleneck
can incur small platoon in behind, as shown in Figure 5-8(a-2). This is consistent with the
previous surveys. As occupancy increases, the slow moving vehicle would raise the
possibility of the emergence of synchronized region, as shown in Figure 5-8(b-2). However,
its impact to the originally existing wide moving jam is quite different. Our simulation
shows that a slowly moving vehicle tends to reduce the lifetime of existing moving jam.
Since the direct influence of it is to restrain the traffic capacity and reflect in lower flow,
vehicles will arrive at the rear of platoon with less frequency, thus accelerate the dissipation
pace of moving jam, as shown in Figures 5-8(c-2), (d-2) and (e-2).
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FIGURE 5-8 Vehicular trajectories and traffic patterns with a moving bottleneck of
speed 36 kph (a) p(S)=0.020, (b) p(S)=0.113, (c) p(S)=0.200, (d) p(S)= 0333, (e) p(S)=
0.400.

The effect of stationary bottleneck, on-the other hand, is shown in Figure 5-9. It
expresses quite different phenomena as compared with the moving bottlenecks. First, one
may identify that the front of the synchronized flow is fixed at the stationary bottleneck.
Besides, as occupancy increases, a synchronized flow region grows gradually behind the
bottleneck and eventually leads to the emergence of narrow moving jam (Figures 5-9(b) and
5-9(c)). These narrow moving jams further extend and merge with each other to transform
into wide moving jams. Our simulation result at this point is consistent with that proposed
by Kerner (2004).

(a) p(S)=0.113 (b) p(S)=0.200

58



(c) p(S)=0.333 (d) p(S)= 0.400

FIGURE 5-9 Vehicular trajectories and traffic patterns with a stationary bottleneck (a)
p(S)=0.113, (b) p(S)= 0.200, (c) p(S)= 0333, (d) p(S)= 0.400.

5.4 Summary

The revised CA model has .introduced the. generalized spatiotemporal definitions for
occupancy, flow and speed to precisely capture the collective behaviours of traffic features.
They also introduced a refined common unit (CU) system to represent a “fine cell” and a
“fine site,” which can respectively gauge the non-identical vehicular widths and lengths (to
more accurately explicate the spatiotemporal traffic features in mixed flow contexts) and the
non-identical lane widths (to more accurately reflect distinct lane widths in different
roadway systems such as freeway and urban narrow street). One important advantage of the
refined CU system is that the “resolution” of the simulation results has been largely raised.
Hence, the variation of vehicular speed as well as the coupled position update can be
revealed more precisely. Also the effects of both vehicle width and lane width on traffic

characteristics, besides the effects of vehicle length, can be accounted for.

The simulation results have demonstrated that this revised CA models are capable of
capturing the essential features of traffic flows which were also found in previous works
(for instance, Nagel et al, 1992; Barlovi¢, et al. 1998; Knospe et al, 2000; Jiang et al, 2003;
Kerner, 2004). However, the deficit of abrupt change in speed at the upstream front of
traffic jam still existed, as shown in Figure 5-10 dotted line circles (enlarged from Figure
5-9(a) dotted line square). It therefore needs further modification to reasonably elucidate the

limited deceleration capabilities.
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FIGURE 5-10 Abrupt change in speed at the upstream front of traffic jam.
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Chapter 6 REFINED CELLULAR AUTOMATON MODEL

Since the revised CA model in chapter 5 basically followed the acceleration rule
proposed by Knospe et al. (2000) and Jiang and Wu (2003), the deficit of abrupt change in
speed at the upstream front of traffic jam still existed. This chapter attempts to further
proposes a refined CA model. First, we revise the particle-hopping velocity variation as
piecewise-linear to more realistically reflect the genuine vehicle movement. Upon this, the
limited deceleration of vehicle is introduced. Section 6.1 discusses the limited deceleration
algorithm, which is in essence an extension of the early car-following models proposed by
Pipes (1953) and/or Forbes et al. (1958). Some validation and comparison with the
conventional CA model are addressed in Section 6.2. To demonstrate the applicability, the
refined CA model is further implemented into the traffic simulation at a highway work zone.
Variable speed control schemes applied to the upstream subsegments of the work zone are

investigated in Section 6.3. This chapter ends with a discussion in Section 6.4.

6.1 Refined Rules

Simulation through the above mentioned CA updated rules has shown its success in
capturing essential features of traffic flows that were also found in previous works.
However, it is found that although the idea of limited acceleration is implemented (refer to
Chapter 5 equation (5-2) hereinabove); deceleration limitation has seldom been considered.
In fact, most CA models have considered a collision-free criterion explicitly by imposing
arbitrarily large deceleration rates (refer to-Chapter 5 equation (5-3) hereinabove), which
can be far beyond the practical braking capability under prevailing pavement and tire
conditions. Consequently, most previous CA simulations have revealed that, for sake of
collision prevention, a vehicle can take as short as 1 second to come to a complete stop,
even from a full speed (e.g., 100 kph), apparently exceeding the vehicular deceleration
capabilities. Such unrealistic abrupt deceleration can be easily identified via checking the

vehicular speed profiles in the front of traffic jams or stationary obstacles.

The revised CA model in Chapter 5 has led to reasonable outcomes if only long-term
average traffic features are concerned or only macroscopic traffic phenomena or global
traffic parameters are examined because the effects of locally realistic deceleration have
been smoothed out. However, if we scrutinize in detail the microscopic traffic parameters or
the neighborhood of some unexceptional scenarios, such as an accident vehicle or a work
zone blocking the partial lanes, it is evident that the deceleration rule in the revised CA

model in Chapter 5 requires further improvement.
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As mentioned by Lee et al. (2004), however, when setting limited deceleration into
simulations, the bounded braking capability would change the collision-free mechanism
entirely. In addition, discrete variations of traffic parameters that are essentially the nature
of CA model would exaggerate the consequence further. If one characterizes vehicles with
finite deceleration capability, the simulations by prevailing CA models would reveal that
with high probability vehicles will collide with the front vehicle that is stationary or rapidly

decelerated.

Krauss and Wagner (1997) was perhaps the first effort introducing the limited
deceleration capability into CA modelling. The so-called “safe speed” was defined through

the following concept.

VOO L X () < g X (3,,) (6-1)

where,
g, 1s the space gap.

a(a—1)
2

represents the expected distance traveled with original speed u and deceleration rate b.

X,(u)=u—-br)+u—2br)+..4 pbr=br (aff + )

0% =0 Y p=g  + stands for the safe time gap for drivers.
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FIGURE 6-1 A sketch diagram of the safety condition for vehicles motion.

Lee et al. (2004) further introduced the limited capabilities of acceleration (@) and
deceleration (D) in their model and proposed the following safety criteria for vehicle

movement; which is in effect similar to that proposed by Krauss et al. as cited above.

1
tr(ey™h) 7 (V1)

xp+ A+ Y (e =Diy<xy, + Y (vi,, —Di) (6-2)
i=0 i=1
where,
n(n+1): denotations of follower (leader).

c!*': safe speed at time ¢+1.

x' . (vi.)) : location (speed) of leader at time #

x: (v!): location (speed) of follower at time .

7,(z,): time steps required for follower (leader) decelerate to complete stop.

i=0,1,.. 17, forfollower and

;
i=1 2, .. 1 forleader.

D : maximum braking capacity.

A : minimum clearance of the follower.

Both of the aforementioned modifications are established under the assumption that the
following driver will always be aware of the speed of lead vehicle and hence will
continuously maintain adequate distance to prevent collision in case that the preceding
vehicle in next time step decelerates to a complete stop. However, it is argued that the

following vehicle always taking caution to maintain adequate distance to the lead vehicle is
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over-conservative. Drivers can easily sense the relative speeds to, rather than the absolute
speeds of, the front vehicles. In other words, drivers would be able to tell they are
approaching vehicles in front, primarily due to the changes in apparent size of the vehicles,
by perceiving relative speed changes. Only with positive relative speeds to the front
vehicles would the following drivers take caution for collision prevention. Based upon this,

we propose the following modifications:

Particle-hopping variation
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FIGURE 6-2 Different definitions of vehicular speed update: particle-hopping
variation.
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FIGURE 6-3 Different definitions of vehicular speed update: piecewise-linear

variation.

Firstly, revise the discrete speed variations to become piecewise-linear in each
time-step. The particle-hopping manner, as shown in Figure 6-2, adopted by most existing
CA models, is over-simplified. Therefore, we alternatively suggest that vehicles will
smoothly vary their speeds from the original ones at the beginning to the desired speed by
the end of each time-step, as shown in Figure 6-3. Thus more realistic
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accelerating/decelerating behaviors of vehicles can be generated. Secondly, only upon this
revision and coupled with the refiner cell/site system can the Newton’s kinematics to

determine the appropriate deceleration being introduced.
. 1. .
x,(t) = ;[xm (0)-x,@)] (6-3)

Thirdly, as regard to the Ilocation update, since vehicular speed varies
piecewise-linearly within each time-step, through basic integral calculation one may find
the movement of vehicle is simply the average of the existing speed and the desired speed
by the end of each time-step. However, the derived average requires rounding off to the
nearest integer since, by nature of CA modeling, vehicles still move on cell/sites basis. This
approximation is deemed acceptable when the refined cell/site system is implemented. In
this chapter we deliberately choose the truncated integers to ensure that no collision with the

front vehicles would be incurred.

Upon the above illustrations, “Chapter 5 equation (5-3) Step 3: Deceleration” and
“Chapter 5 equation (5-7) Step 7: Update position”. of the former CA updated rules are

respectively revised as follows:

1. Revised Step 3: Deceleration. If v'fi<v:" check the following safety criteria to
determine speed at the next time step.
ey G
XA+ z (¢ = Di)<x'"V 4 Z v (6-4)
i=1 i=1

where,
n(n+1): denotation of the follower (leader).

t+1
n

¢ : safe speed of the follower at time ¢+1.

x!* (V")) : anticipated location (anticipated speed) of the leader at time ¢+1.

n+l

x; (v)): location (speed) of the follower at time .

x!*' : location of the follower by end of time #+1.

t+1
n+l *

7, : time steps required for the follower at time #+7 with ¢! decelerating to v

D: maximum braking capability; based on our field observation, it is set as 6 m/s* for light

vehicles.
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2. Revised Step 7: Update position.

t t+1
X = X' + roundoff (%) (6-5)

6.2 Validation

The validation simulations are performed for pure traffic context. Initially, all the
vehicles are set equally spaced or line up from end of road section on the circular track, with
speed 0 at time-step 0. We simulate for 600 time-steps. The maximum speeds are defined in
accordance with the prevailing speed limits (110 kph) on Taiwan’s freeways, that is, 31
cells/time-step (111.6 kph). Maximum acceleration is set as 3m/s® whereas maximum

deceleration as -6 m/s”.
Three criteria are selected for validating the refined CA model:

1. According to the field observation, the backward speed of downstream front of traffic

jam should be around 15 kph.

Figure 6-4 and 6-5 depict the simulated x-t diagrams’ of scenarios with different preset
densities, in which vehicles line. up from the end of road section when the simulation
initiates. According to the simulations, the backward speed of downstream front of traffic

jamis 14.7 kph, very close to the field observation, 15 kph.
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FIGURE 6-4 Simulated x-t diagram, the horizontal axis represents the time passed
whereas the vertical axis represents the locations of vehicles (p=40 veh/km/lane).
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FIGURE 6-5 Simulated x-t diagram, the horizontal axis represents the time passed
whereas the vertical axis represents the locations of vehicles (p=50 veh/km/lane).

2. The speed drop near upstream front of stationary bottleneck should cope with limited

deceleration capability.

Figure 6-6 displays the zoom-out plots. of vehicle trajectories when they approach
upstream front of traffic jam under different update CA rules. It reveals that the unrealistic
abrupt speed drop has been rectified when revised update rules are implemented. Figure 6-7
provides clearer picture of speed variations when vehicles.reaching the traffic jam. Here
the speed variations of few consecutive running vehicles are selected for elucidation. One
could easily tell that the revised CA model has successfully fixed the above mentioned

unrealistic deceleration behaviors. Vehicles decelerating in timely manner thus can reflect

the genuine driver behaviors in real world.
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(b) Refined CA Model
traffic jam.
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FIGURE 6-7 Comparison of speed variations when approaching upstream front of




3. The transition among global traffic patterns, as shown in distance-time (x-f) diagram,

should be reasonable.

Figure 6-8 further demonstrates the influence of limited deceleration to the x-t diagram.
In the beginning of simulations, vehicles are equally spaced in accordance with different
preset traffic density values. One may find that, as compared with the original model, the
revised model can more precisely reproduce the synchronized flow region, as prevailed in
real world. One may also find that some clustered traffic patterns frequently emerge in the
original model, even with the refiner cell/site system and low traffic density settings. This is
mainly incurred by the unlimited deceleration equipped with vehicles. In contrast, due to the
limited deceleration, in the revised model, vehicles operate with moderate speed variation
and consequently, the clustered traffic patterns disappear; instead, some wide-dispersed
synchronized flow regions can be identified, which are more in line with the field
observation.

In addition, through the revised model, the self-induced traffic moving jams can be
located as the traffic density increases and exceeds 70 veh/km/lane. 1t is, however, very
difficult to appear such moving jams when implementing original CA model, no matter
whatsoever the traffic density is. <The retro-transitions between traffic patterns, even the
parallel moving of traffic jams can also be effectively simulated through the revised CA
model.

(a) p=30 veh/km/lane

(b) p=50 veh/km/lane
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We compare the simulated results between the revised model and the refined model.
Figure 6-9 presents the global flow-occupancy relations (fundamental diagrams) where
maximum acceleration for vehicles is set as 3 sites/(time-step)’, or equivalently, 3 m/sec’.
Besides, according to the field observation, maximum deceleration is set as -6
sites/(time-step)’. For clearer description, the flow rate ¢(S) is converted from cells into
number of vehicles and occupancy p(S) is converted into vehicle per kilometer, as the
flow-density relations shown in Figure 6-10. It is noticed that due to randomization effect,
slight difference always exists but would disperse within a certain area for each separate CA
simulation run, even with completely identical parameters settings. Therefore, Figure 6-9

and 6-10 can be deemed as just the typical representative of simulated results.
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FIGURE 6-9 Comparison of simulated global flow fundamental diagrams of revised

model and refined model (Counted in cells/time-step).
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FIGURE 6-10 Comparison of simulated global flow fundamental diagrams of revised

model and refined model (Counted in vehicles/hour).
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From global point of view, the shapes of simulated flow-density results are principally
similar, though the revised model demonstrates lower maximum traffic flow rate-around
2000 vehicles/hour/lane. As mentioned above, due to randomization effect, slight difference
always exists for each separate CA simulation. It is interesting, nevertheless, to find that
occasionally a higher traffic flow rate can still be sustained at the traffic density around 32
vehicles/kilometer. This can be interpreted through the derived x-t diagram, as shown in
Figure 6-11. Figure 6-11(a) is the ideal, but seldom derived, case in which vehicles move
smoothly and basically no complicated interference among them. In this special case, the
simulated traffic flow will approach the ideal value—2350 vehicles/hour/lane. In contrast,
Figure 6-11(b) represents the typical, and the frequently derived, case. In this typical case
vehicles also move with no fluctuation first but later start to alter speeds in accordance with
the preset deceleration rule when a small perturbation is introduced. This also triggers
dramatic traffic pattern change and thus outcomes with less traffic flow rate. This
phenomenon is consistent with field observations, for example, those provided by Kerner
(2004), that the maximum traffic flow (2400 vehicles/hour/lane, as proposed by 2000HCM)
is rarely found since it is based upon an ideal condition that there are minimum interactions
among vehicles. Accordingly, in most-cases maximum traffic rates around 2000~2200

vehicles/hour/lane are usually identified.

(a) The ideal case (b) The typical case

FIGURE 6-11 The simulated x-t diagrams of same parameters setting (traffic density
32 veh/km) but with different outcomes: (a) The ideal case, interference among
vehicles can hardly be observed. (b) The typical case, small perturbation incurs

dramatic traffic pattern change.
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6.3 Application

This section further explores more interesting and diversified applications by
introducing a twenty-meter long work zone, serving as a stationary bottleneck into the
refined CA simulation. This work zone is located in the outer lane, middle of the simulated
track. Next, various traffic control schemes (e.g., variable speed limits) within the restriction
area (upstream of work zone) are implemented. We will impose various speed limits at
different upstream locations—129, 258 and 516 meters from the work zone (hereinafter
refer to as “reduced speed” RS region), as demonstrated in Figure 6-12. The local flow rate
nearby downstream of bottleneck is measured under different densities to determine the

optimum control strategy that has smallest impact on the nearby traffic capacity.

I
" Length=516M |+~ 2586M ~ o~ 00—

Both lanes restricltion
|

Outer-lane restriction
|

! E
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i e
| f
|

| 3

FIGURE 6-12'A simulated scenario for work zone.

First, the effect of RS length is investigated. Figure 6-13, 6-14, 6-15, and 6-15 present
the simulated fundamental diagrams (FD) by setting different RS lengths on both lanes and
solely on outer lane, respectively, with a speed limit 17 cell/sec (61.2 kph). It should be
noted that we slightly modify the lane-change rules, i.e., when vehicles enter the RS region,
if situation allows, vehicles in the outer lane will eventually shift to the inner lane with
possibility equal to unity. This reflects the fact that when approaching the bottleneck, people
will do all their best to overtaking the bottleneck. For clearer description, the global flow
rate ¢(S) is converted into number of vehicles and occupancy p(S) into vehicle per kilometer,
as shown in Figure 6-14 and Figure 6-16. The RS length is determined through the
algorithm defined by Taiwan Roadway Traffic Signal, Sign, and Marking Design Standards.
It stipulates that for a highway, the sign notifying the drivers with road width reduction in
front of work zones should be located through the formula 0.625V*W, where V' is the speed
limit, measured in kph and W is the reduced road width, measured in meter. According to
this formula, coupled with the normal speed limit 110 kph and the lane width 3.75 meter, we
select the simulated RS lengths as 129, 258 and 516 meters, respectively.
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FIGURE 6-13 Fundamental diagrams (FD) with different RS lengths on both lanes.
(Counted in cells/time-step).
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FIGURE 6-14 Fundamental diagrams (FD) with different RS lengths on both lanes.
(Counted in vehicles/hour).
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FIGURE 6-15 Fundamental diagrams (FD) with different RS lengths on outer lane

only. (Counted in cells/time-step).
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FIGURE 6-16 Fundamental diagrams (FD) with different RS lengths on outer lane

only. (Counted in vehicles/hour).

Next, we evaluate the effect of different speed limit settings. Here we fix the RS zone
length as 516-meter, the optimum .value from the above analysis. Different speed limits
within the RS zone such as 14 cell/sec (50.6 kph), 17 cell/sec (61.2 kph), and 23 cell/sec
(82.8 kph) are attempted. Figure-6-17 and Figure 6-18 show the simulated results of setting
such various speed limits on both lanes. According to Figure 6-17 and Figure 6-18, it can be

found that reduced speed limit has negative effect on the maximum flow rate. As speed limit
decreases further, the traffic flow rate also declines.

1.6 r No_restriction
-1 eeee Speedlimit=50.4kph
""""" Speedlimit=61.2kph
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FIGURE 6-17 Fundamental diagrams (FD) with different speed limits on both lanes.

(Counted in cells/time-step).
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FIGURE 6-18 Fundamental diagrams (FD) with different speed limits on both lanes.

(Counted in vehicles/hour).

Figure 6-19 and Figure 6-20 present the simulated results for the scenarios of RS zone
being restricted to outer lane only. It is found that only little influence can be identified.
However, setting the speed limit 61.2 kph within the RS zone can somehow have slight gain
in traffic flow, especially in the neighborhood of maximum flow rate where the density is 32
veh/km/lane, as compared with the no-restriction scenario. It implies that raising the speed
limit does not guarantee a higher flow rate. However, for heavy or light traffic (density

larger than 50 veh/km/lane or lower than 30 veh/km/lane); no significant effect on the flow
rates can be identified.

1.6 No_restriction
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FIGURE 6-19 Fundamental diagrams (FD) with different speed limits on outer lane

only. (Counted in cells/time-step).
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FIGURE 6-20 Fundamental diagrams (FD) with different speed limits on outer lane

This research further inspect the standard deviation of speed variations (an index of
safety) among different control schemes—no restriction, RS zone on both lanes, and RS
zone on outer lane only—under the optimum simulated condition, that is, RS length equal to
516-meter and speed limit equal to 61.2 kph. The results are displayed in Figure 6-21. It can
be found that setting restriction zones on both lanes will impair the flow efficiency, but the
speed variations will dramatically drop to about a half, compared with the no restriction
case. This should be regarded as a gain of safety:-at the work zone since vehicles move with

more homogeneous speed, thus in turn end up with" fewer conflicts (lower collision

possibility).
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FIGURE 6-21 Comparison of standard deviation of speed variations with different
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control schemes.
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Moreover, we evaluate the capacity loss due to work zone introduced. Figure 6-22 and
Figure 6-23 show the comparison between the scenarios with and without work zone. The
selected control schemes are: RS lengths equal to 258 and 516-meter whereas speed limit
equal to 61.2 kph. According to Figure 6-22 and Figure 6-23, we find that about 43 percent
of the capacity has lost to the work zone introduced. Besides that, a plateau regime can
easily be identified at density ranging from 30 to 90 veh/km. Our simulation results are
consistent with the newly published effort by Zhu et al. (2009), who found that when an
accident car is introduced, a plateau will emerge in the simulated fundamental diagrams.
The coupled induced capacity loss for pure traffic (vehicle of single type) is approximately
45 percent, very close to our simulation results (43 percent loss). This also confirms the

validity of our revised CA model.
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FIGURE 6-22 Traffic capacity loss induced by work zone. (Counted in cells/time-step).
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FIGURE 6-23 Traffic capacity loss induced by work zone. (Counted in vehicles/hour).
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6.4 Traffic Feature Explorations

In this section we will discuss the discrepancy among the different fundamental
diagrams that derived from various traffic scenarios, especially those profiles in the
congested traffic flow phases. First the pure traffic (comprised by only one vehicle type) is
discussed and followed by discussion of mixed traffic (comprised by two vehicle types)

scenarios.

1. Pure-Homogeneous traffic patterns in Free Flow

We first check the simplest case- free flow phase of homogeneous traffic (no
perturbation is considered), for both pure and mixed traffic scenarios. Figure 6-24 is the
simulated outcome wherein Figure 6-24(a) is the simulated FD diagrams whereas Figure (b),
(c) and (d) display the wvehicular trajectories of various traffic conditions for
Pure-Homogeneous Light Vehicles (PH-LV), Pure-Homogeneous Heavy Vehicles (PH-HV)
and Mixed-Homogeneous Light Vehicles -andrHeavy Vehicles (MH-LHV, mixed traffic
under L:H=5:1 ratio) respectively. Likewise the PH-LV case, when no traffic perturbation is
considered all light vehicles move ‘with constant velocity (i.e., all vehicular trajectories
remain parallel, as shown in Figure 6-24 (b)). When introducing into the FD diagram, it
transforms into the orange line segment with positive slope, as shown in Figures 6-24(a).
Similarly, the PH-HV free-flow phase (Figure 6-24(¢)) can be represented by the blue line
segment of Figures 6-24(a). Besides, Figure 6-24 (d) represents the MH-LHV traffic flow
pattern. Since in free flow only low traffic density is considered, all the light vehicles and

heavy vehicles move with constant velocity.

2. Pure-Homogeneous traffic patterns in Congested Flow

Next, we analyze the congested flow phase of homogeneous traffic, as shown in Figure
6-25. Again, Figure 6-25 (a) depicts the FD diagram, Figure 6-25 (b) and (c) display the
vehicular trajectories of two different occupancies (p,=0.34, pp=0.15) for PH-LV. The
revealed traffic flow patterns for PH-LV can be interpreted as free flow and wide moving
jams phase, respectively. In contrast, Figure 6-25 (d) displays the vehicular trajectories for
PH-HV and similar traffic patterns. Since all vehicles are setting homogenization (without
random term effect), one may easily find that all vehicles travel at nearly maximum speed in
free flow phase however their velocities drop significantly to nearly zero when arriving the
upstream front of traffic jams. According to Figure 6-25(b), (c) and (d), it is can be
identified that traffic jams propagate upward to bottom and thus lead to the so called “wide

moving jam” phenomena. Using Figure 6-25 (b) for further explanation, it is found that
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vehicles embarked from the initial platoon will first travel in free flow phase till they reach
the upstream front of traffic jam to form a backward shockwave, vy;;). Vehicles will remain
stationary when stuck in the traffic jam. When reaching the downstream front of traffic jam,
vehicles will accelerate again and thus aggregate another backward shockwave, vy3). It is
worthy mentioned here that the shockwave vy, and vys3;) are parallel since they have
almost identical slope. This means the inflow rate inside traffic jam equals to the outflow
rate leaving thereof. This feature remain valid for all densities simulated, regardless with the
preset occupancies (p4 or pp) or scenarios simulated (refer to Figure 6-25(b), (¢) and (d) for
detail). However, since no randomization is introduced, some important traffic features,
such as traffic hysteresis and capacity drop in the neighborhood of maximum flow rate, can
be reproduced as shown in Figure 6-25 (a).

o == Pure-Homogeneous LV~ | .|
5000 ==Pure-Homogeneous iV~ .~
54000 W (b) Pure-Homogeneous LV(PHLV)
23000
T
32000
WL
1000
0 -
0 30 60 90 120 150 180 -
Density k (veh/km) b

(a) Pure-Homogeneous traffic- Free Flow (d) Mixéd—Homogeneous LHV(L:H=5:1 )Il.

FIGURE 6-24 Pure-Homogeneous traffic patterns in Free Flow and their

corresponding lines in FD diagram.
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FIGURE 6-25 Pure-Homogeneous traffic patterns.in Jam Flow and their

corresponding lines in FD diagram.
3. Pure-Heterogeneous traffic patterns

As mentioned above, the hysteresis effect-can not be exhibited if no randomization is
considered. Therefore, as the following survey we further introduce the perturbation term
into our simulation, as shown in Figure 6-26. Similarly, Figure 6-26(a) serves as the FD
diagram and the left panels represent the derived X-t plot for some preset densities. For
comparison, we also present one simulated result of one existing study (Benjamin et al.,
1996, as Figure 6-26(b)). In our simulations, all the vehicles are set equally spaced on the
circular track when simulations start. According to Figure 6-26(c), one can found that a
triangle area emerges somewhere in the middle region of x-t plot where traffic jam is
triggered owing to the introduction of randomization.. The zoom-out plot of this triangle
area, Figure 6-26(d), reveals that there are high inflow rate and lower outflow regarding the
emerged traffic jam. This phenomenon agrees with the existing study (Benjamin et al.,
(1996), Figure 6-26(b)). Figure 6-26 (a) presents the flow-occupancy relations (fundamental
diagrams) for both PLV and PHV scenarios, either from deterministic or stochastic
viewpoints. According to Figure 6-26(a), one may find that introduction of heterogeneous
effect will significantly deteriorate traffic capacity since the congested traffic lines shift
downwards. Both PLV (from orange dotted line to coffee line) and PHV (green line)
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simulations reveal similar result. Besides, the empirical traffic flow features, the traffic

hysteresis and capacity drop are successfully reproduced.
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FIGURE 6-26 Pure-Heterogeneous traffic patterns and their corresponding lines in
FD diagram.

4. Mixed-Homogeneous traffic patterns

As mentioned, hysteresis effect can be reproduced if randomization is introduced.
However, we found that the hysteresis effect can also be gauged via mixed traffic simulation,
even no randomization is considered. According to Figure 6-27(c) and (d), it is found that as
adding vehicles of different characteristics (larger size, lower maximum speed), another
flow-occupancy curve that reflect the hysteresis effect can be derived, as shown in Figure
6-27(a). Besides, according to Mixed-Homogeneous Light & Heavy Vehicles (MH-LHV)
simulations (Figure 6-27 (c) MH-LHV (L:H=5:1) and Figure 6-27 (d) MH-LHV (L:H=3:1)),
the mixed traffic effect contributes the increment of variance to vehicular speeds and thus
leads to lower traffic flow. This can be supported by the downwards shift of g-k line in
Figure 6-27 (a), from orange dotted line to purple line. Accordingly, the empirical traffic
flow features, the traffic hysteresis and capacity drop can also be reproduced, even no
randomization is considered.
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FIGURE 6-27 Mixed-Homogeneous traffic patterns and their corresponding lines in
FD diagram.

5. Mixed-Heterogeneous traffic patterns

As the final survey, we check the most complicated case-mixed traffic with
perturbation introduced. Figure 6-28 shows the simulated result for different preset densities.
As shown in Figures 6-28 (a), when with low occupancy, since vehicles are sparely
distributed, only few interactions among vehicles are expected. Accordingly, free-flow
traffic pattern prevails. However, due to heterogeneous effect, occasionally vehicles will
decrease speeds; henceforth, a small region of perturbation can be found. This is so-called
“synchronized flow phase”. This synchronized traffic region will gradually enlarge and
reoccur intermittently downstream and become much clearer as long as occupancy increases,
as shown in Figure 6-28 (b). As the occupancy (density) increases further, the platoon preset
at t=0 will become more difficult to disperse because vehicles in the upstream will arrive
more frequent the rear of platoon to maintain a jammed queue. Quite complex behaviors
with noticeable propagation of backward shock waves, or wide moving jams can be

observed. Figures 6-28 (c) has clearly depicted this phenomenon. Our simulation shows
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the flow of MHe-LHV traffic is larger than PHe-HV but smaller than PHe-LV. This
phenomenon is consistent with Wang et al., (2007) (Figure 6-29).
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FIGURE 6-29 Comparison of fundamental diagrams for Mixed-Heterogeneous traffic

with existing study.
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6.5 Summary

This research proposes a new refined CA model with piecewise-linear speed variation
as well as limited deceleration capability. The experimental simulations show that it
successfully fixes the unrealistic abrupt deceleration behavior found in most previous CA
models, thus can reflect the genuine driver behaviors in real world. It is also capable of
capturing some important traffic patterns such as the self-induced traffic jams, the transition

among traffic patterns, etc.

However, since in this study pure-homogeneous, mixed-homogeneous, and
mixed-heterogeneous traffic scenarios are simulated, for simplicity it is assumed that each
lane change will be accomplished within 1 time step (1 second), regardless of the initial
locations of vehicles. It is still acceptable in accordance with the study by Nagel ez al. (1998)
that in spite of the differences among various lane change rules, similar and realistic results
are generated. The proposed refined CA model is further implemented to traffic simulation
at a highway work zone. Various reduced speed limits in conjunction with different reduced
speed zone lengths are simulated to identify the optimum traffic control scheme. It is found
that setting reduced speed limit on‘both lanes of the work zone will impair the traffic
capacity but can significantly gain the traffic safety by smoothing out the speed deviations.
However, the effect of both speed limit and length-of reduced speed zone can yet be clearly

concluded so far since no solid evidences have been materialized from this study.
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Chapter 7 CONCLUSIONS AND RECOMMENDATIONS

This research proposes CA modeling for heterogeneous mixed traffic simulations to
explore traffic patterns in freeway context. The contributions and findings are concluded in

Section 7.1. Recommendations for further research were addressed in Section 7.2.
7.1 Conclusions
The contributions and findings in this study are summarized in the following points:

1. The previous CA Model, no matter basing on the single-lane or multiple-lane
simulation environment, takes only one-dimension forward movement on the lane into
consideration. This study introduced “common unit (CU)” to represent a “fine cell”
and a “fine site” to facilitate the CA simulations in describing the different vehicle
sizes moving on non-identical lane widths existent in different roadways. The vehicles
are represented by a group of cells depending on their dimensions required for
movements and roadway spaces are denoted by sites. Each cell or site is exactly the
same size as one CU, which is a much finer squared grid (1.25%1 meters) than most of
the previous CA models (7.5%7.5 meters). With® our finer-cell definition, study of
small-sized vehicles moving alone with other large-sized vehicles would become much
easier and more realistic. In view that different vehicle types will occupy different
space areas, for instance, a.bus may take three times of the space area that a car will
occupy. Therefore this research proposes the generalized definition of the traffic stream
variables in spatiotemporal sense to precisely capture the collective traffic behavior

and to reveal the traffic features.

2. The basic CA model utilizing the generalized spatiotemporal definitions of traffic
variables can better elucidate the traffic flow features in the contexts of mixed traffic

traveling in multi-lane roadways.

3. The revised CA model -considering anticipation effect, velocity-dependent
randomization, slow-to-start, lane change, and interaction among vehicles has
successfully explored the fundamental traffic features. The effects of both stationary
and slow-moving bottlenecks on global traffic are examined. Vehicular trajectories,
flow-occupancy, and spatiotemporal traffic patterns under deterministic and stochastic
conditions are displayed. The results reveal noticeable traffic patterns with free flow,
wide moving jam and synchronized flow phases, suggesting that the revised CA model

is capable of capturing the essential features of traffic flows.

4. The refined CA model using Forbes’ car-following concept associated with a
piecewise-linear movement can satisfactorily rectify the abrupt deceleration found in

most existent CA literature. The refined CA model is capable of revealing Kerner’s
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three-phase traftic patterns and phase transitions among them. The refined CA model is
also applied to simulate a highway work zone wherein traffic efficiency (maximum
flow rates) and safety (speed deviations) impacted by various control schemes are

examined.

7.2 Recommendations

Although this study has taken a step forward in developing more advanced CA models,

some avenues for future studies are identified as follows.

1. In the future study, simulations on three- or more-lane freeway with more vehicle types
can be performed. Besides, the traffic features under various mixed ratios deserve to
explore. The effects of diverse lengths of stationary bottlenecks at construction work
zones and the effects of slow vehicles management tactics can be examined using our
proposed CA models. Moreover, in surface street environments, bicycles and
motorcycles can be added to the mixed traffic simulations. The formation of traffic
patterns due to pedestrian or vehicle crossing, bus stop or curb parking, and signal

control are also interesting and challenging for further explorations.

2. To define the optimum traffic control scheme at the highway work zone, it is
recommended that more sophisticated human factors be introduced into the future CA
simulations, including the in-homogeneity among drivers and among vehicles. In
addition, real-time intelligent traffic.controls, based on local traffic conditions at the
work zones, can also be introduced into the CA simulation. Trade-off between traffic
safety (speed deviations) and traffic efficiency (capacity) at the highway work zones is

a challenging topic worthy for further exploration.

3. In this study, each car away from the lane markings needs to take 2 time-steps to make
a lane-change. This is perhaps an over-conservative restriction. Besides, each vehicle
only evaluating the surrounding traffic conditions for the next one or two time-steps is
perhaps also beyond reality. One future avenue is the introduction of anticipation of
surrounding conditions with more extended time-steps. The effect of various maximum

speeds for slow vehicles can be considered in the further study.
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