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ABSTRACT
SPEED DISTURBANCE, ABSORPTION AND TRAFFIC STABILITY
By

Ruihua Tao

Speed disturbance is a natural phenomenon of human-controlled vehicles. When
vehicles follow one another the response action of a following vehicle to a speed
disturbance from the lead vehicle can vary. The following vehicle may respond to a
speed disturbance by reducing its speed immediately if following very close, or may
respond to it at a later when the spacing between them is reduced to a certain level, or
may not respond to it by its speed reduction but just reduce the spacing between the two
vehicles. In the cases when the following vehicle does not respond to a speed
disturbance immediately, a speed disturbance can be absorbed (completely or partially)
through the reduction of spacing (i.e., distance headway). Limited research has been
found on the issue of absorption of a speed disturbance and the effects on traffic
stability as a result of speed disturbance absorption.

The work explores driver behavior in a car following mode in response to a
speed disturbance from the lead vehicle, and develops a concept of Expected State-
Control Action Chains. Afterwards, the study identifies three scenarios of car-following
behavior in response to a decrease in the speed of the vehicle immediately downstream.
The impact of the responding behavior of the following vehicle on dynamic spacing
between the lead-following vehicle pair was analyzed and minimum dynamic spacing

for each scenario were obtained. The research conducted as part of this study first



demonstrates the existence of an upper boundary on the magnitude of a speed
disturbance that can be absorbed by a single spacing, or by multiple spacings if the
speed disturbance is propagated backward through a line of following vehicles.
Mathematical models were developed to enable the calculation of the upper limit of
speed disturbance absorption. The conditions for local and asymptotic stability were
also determined. Results from two simulation experiments confirm the boundary
conditions proposed by the mathematical models.

The work presented here sheds some light on the effect that a single speed
disturbance of a lead vehicle has on the spacing and speed of the following vehicle in a
car-following mode at the microscopic level. This establishes the foundation for further
research on multiple speed disturbance absorption and its impact on traffic stability at

the macroscopic analysis level.
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CHAPTER 1 INTRODUCTION

1.1 Background

It has long been recognized that the breakdown of traffic flow is a direct
consequence of high traffic volume. In the Highway Capacity Manual (HCM, 2000),
capacity is defined as “the maximum sustainable flow rate at which vehicles or persons
reasonably can be expected to traverse a point or uniform segment of a lane or roadway
during a specified time period under given roadway, geometric, traffic, environmental,
and control conditions.” The definition of capacity implies that a breakdown occurs
immediately after the capacity has been reached. However, numerous field observations
confirm that breakdown does not always occur at the highest flow rate observed, nor
does a speed drop always correspond to the highest observed flow. Another
phenomenon observed in the field is that speed sometimes does not drop, even when
flow is at a high rate. These phenomenon supports the hypothesis that breakdown is a
probabilistic event (Elefteriadou 1995). If this is accepted, there is a need to determine
what random factors can be used to describe the observed traffic behavior.

A study by Hall et al. (1993) examined the three types of speed drops suggested
in previous studies of Athol, Banks and Koshi (Athol 1965, Banks 1989, Koshi 1983),
and concluded that the speed drops seem to be related to the data collection locations or
to environmental conditions. The data in Hall’s study were collected at different
locations in the vicinity of congestion, and support his conclusions. His study provides
an explanation of different types of breakdown. However, his study does not explain the

phenomenon that speed sometimes does not drop, even when the flow rate is quite high.



Therefore, there must exist some other factors that affect speed drop under such
conditions.

Many previous spot speed studies suggested that speed drop is not a continuous
process. However, individual vehicular speed change is a continuous process both on
the dimensions of time and distance. When a vehicle follows another vehicle closely,
the individual vehicular speeds affect each other. A speed drop of a vehicle in a traffic
stream can be propagated upstream, if vehicles in a traffic stream are close enough to
one another. On the other hand, if Frafﬁc is not heavy, the following vehicles do not
necessarily respond to temporary speed changes of leading vehicles, and small speed
disturbance can simply be absorbed by the traffic stream. Lorenz and Elefteriadou
provide the evidence of this phenomenon through their field observations (Lorenz and
Elefteriadou 2000). The phenomenon and the evidence lead us to consider speed
disturbance as a possible random factor leading to a breakdown. In this respect, two
questions are raised: a) Does there exist an upper limit on the magnitude of a speed
disturbance that can be absorbed by traffic at a certain flow rate without causing a
breakdown, and b) if it does, what is it? This study addresses these issues through
exploring driver’s behavior in response to a speed disturbance from a vehicle in the
front and defines the upper limits on the magnitude of a speed disturbance that a single
space ( or multiple spaces) can absorb, without causing a breakdown, and the conditions
for local or asymptotic stability.

1.2 Literature Review
Car-following theories were first introduced in 1950’s and still provide a good

way to model speed and space interaction between vehicles. Most engineering-inspired



car-following studies model car following behavior first and then analyze the conditions
for model’s stability. As Boer (2000) comments, those models presumed that driving is
equivalent to the continuous application of a single control law in a series manner.

The earlier car-following models discuss speed-spacing relationships from a
Newtonian kinetic point of view. For example, the car-following model in the Highway
Capacity Manual (FHWA 1950) suggests a minimum spacing between two vehicles as
the sum of a vehicle length, the distance that a following vehicle travels during the
driver’s reaction time and the stop distance of the following vehicle. The car-following
models proposed by Pipes (1953) and Forbes (1958) define a minimum headway
between two consecutive vehicles as the sum of reaction time plus the time required for
the following or lead vehicle to travel a distance equivalent to its length.

A breakthrough in car-following theories took place when human factors were taken
into account in stimuli-response car following models first proposed by the General
Motor (GM) researchers (Chandler et al. 1958, and Herman et al. 1959). Chandler
considered the car-following law to be

E,(t+ A1) = A, , (1) - %,()] 1-1
where X, (¢ + Ar) = the acceleration of the following vehicle at time ¢ + At,

x,.(t), x,(t) =speeds of vehicle n+1, vehicle n, and A = a constant.

Model 1-1 implied a velocity-headway relation of v = A(k -k ,,) where k is the

concentration and k;,, the jam concentration. This shows that for AAr > 3 any initial

disturbance of an equilibrium state will grow in time as it passes down a line of vehicles

and, for a sufficiently long line of vehicles, will create stop-and-go conditions.



However, this stability criterion was “slightly violated” in some cases when traffic
should have been stable. Ferrari (1994) showed that when the flow is unstable,
instability may take too long to manifest itself and the flow to break down, which partly
demonstrates Hall’s conclusion (1993) described in the Section 1.1.

Herman et al. (1959) continued the investigation of the stability of Chandler’s

model and concluded that: for AAt < e, an initial disturbance is non-oscillatory and

exponentially damped; for e™' < AAf < % the initial disturbance is oscillatory with
exponential damping; for AAt = % the initial disturbance is oscillatory with constant

amplitude; and for AAt > 7 the initial disturbance is oscillatory with increasing

amplitude. Figure 1-1 shows the stability of Chandler’s model for three values of C

=AAt
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Figure 1-1 Stability of Chandler’s Model (Herman et al.1958)




Following the GM pioneers, Gazis et al. and Edie explored the sensitivity parameter
in the GM models (Gazis et al. 1959, Edie 1961, and Gazis et al. 1961) and proposed
non-linear car-following models. To represent quicker reactions for denser traffic, Gazis
et al. suggested that

. A ]
x,,(t+At)—xn(t)_xm(t)[xm(t) x,(0] 1-2.

k;
This equation leads to the velocity-headway relationship v = lln(T’) , which is

identical to Greenberg’s flow-concentration curve (Greenberg, 1959). Edie found that
another amendment should be made to the sensitivity constant, namely, the introduction
of the velocity dependent term. This produced a new model of the form

/Ixnﬂ(t)
[x,(®) - x,,, @)

i, (t+An = [%,,,(1) - %, ()] 1-3

which can be integrated to give a velocity-headway relationship as v =v, exp(%’i)

where v, = free flow speed and k, = density at maximum flow. Further, Gazis et al.
introduced the general scaling constant m and [ to investigate the sensitivity of their
macroscopic relationships to variations in the magnitude of the v and the x,(¢) - x,,,(?)
terms respectively

X (t ) : = (t) [ X (t) X (I)] l
X +At) = X X, 4.
" [‘rn (t) ;tn+| (t)]l " "

1-m

1
: : : : AQ-1Dp" |
The integration of 1-4 produces a velocity-headway function v =| ————+¢

where c = a constant of the solution of the differential equation 1-4. The stability



condition of this model is the same as for Chandler’s model i.e., for A'At < % , the

system is stable (Holland, 1998).
Newell (1961) considered consequences of non-linearity and postulated that the

velocity of vehicle n+1 is some nonlinear function of the headway
. A
X, +A)=V|l-ex —V(x,,(t)—x,,,,(t))—d 1-5

where V = maximum velocity or free flow speed of vehicle n+1, and
d = minimum headway of vehicle n+1.

Equation (5) implies a velocity-headway relationship of the form

A
V= V[l - exp[V (k -k, )]:]

Newell analyzed the stability of this system and found that for AAr > % , the system

was unstable and the behavior was diffusive under stable conditions.

After Newell’s work the engineering-inspired car-following models were less
and less investigated until 1995 when Bando et al. (1995) suggested a new car-
following law

X, +A)=alV(x,, (t)—x, (@) - x,(2)] 1-6
where a = an acceleration constant,

V = alegal velocity which is a function of following distance of the preceding

vehicle.



Equation 1-6 leads to a velocity-headway relationship of v = tanh(k —2) + tanh(2) and
the similar stability condition for the system a > 2V'(k,), where tanh(k) represents V(k)
and k, a concentration at steady state flow.

With the exception of the recent work of Bando, all other models imply different
velocity-headway relationships, but conclude the same criterion AA? <% for traffic

stability. The definition of A in these models vary, but basically it is regarded as a
driver-behavior-related parameter, which makes it difficult to envision what the 4
exactly represents in car-following theories. As mentioned at the beginning of this
literature review, all of the models previously reviewed presupposed that driving is
equivalent to the continuous application of a single control law in a series manner.
Therefore it is not surprising that there is a single criterion for traffic stability for all
models. However, it is commonly acknowledged that drivers use different criteria in
different situations when carrying on a single-lane car following task, which inspired
researchers to think beyond engineering models.

In 2000, Boer’s commentary pointed out that that some important issues that
characterize driver behavior are still ignored in engineering car-following models. This
position ignited a debate between researchers. The issues raised by Boer include the
following: (1) car following is only one of many tasks that drivers perform
simultaneously and receives therefore only intermittent attention and control, (2) drivers
are satisfied with a range of conditions that extend beyond the boundaries imposed by
perceptual and control limitation, and (3) in each driving task drivers use a set of highly

informative perceptual variables to guide decision making and control. On the basis of



these three issues, Boer proposed a framework that seeks to depart from determinism
and presents two approaches to further develop the area, namely satisfying behavior and
task scheduling. The problem with this approach, as Brackstone and McDonald pointed
out (2000) is obtaining data with which to calibrate the model. Since it is a new concept
in modeling car-following behavior, more development is expected as the development
of the conjunctive field of traffic psychology progresses.

In the debate, Van Winsum (2000) showed how psychological knowledge about
car following behavior by human drivers could be applied in a mathematical model that
can be used in traffic engineering. Based on a wide variety of behavior studies, (Van
Winsum 1998, Heino 1996, Van der Horst 1999, Fuller 1981, Steven 1957, Schiff and
Detwiler 1979, McLeod and Ross 1983, Cavallo et al. 1986, and Van der Horst 1990),
Van Winsum established his human element-based model that describes the relation of
psychological factors (time headway, distance headway, and deceleration) used by the
driver in car following. Van Winsum’s model is established upon three rationales: (1)
drivers use time headway as a safety margin; (2) if distance to the lead vehicle is larger

than the preferred distance headway that drivers try to maintain (D, ), there is no

safety-related reason for the driver to decelerate until the preferred distance headway is
reached; and (3) the deceleration initiated by the driver is a function of the Time-to-
Collision (TTC) parameter,

X, =cITC,, +d +¢€,withd <0, 1-7

where: TTC,,, =1.04TTC""*, the TTC as estimated by the driver,

¢ and d, constants; and £, a random error term.



Back in the late 1950’s, Helly (1959) used a criterion similar to the second
rationale of Van Winsum to develop a model conceptually close to the risk-threshold
model of driving behavior. Both models have flaws in their methods to estimate actual
distance headways. Helly’s model compares the driver’s estimation of spacing with the
actual spacing, presumably not directly available to the driver. The truthfulness of the
assumption of constant time headway proposed in Van Winsum’s model, which is the
key variable in calculating distance headway, was also questioned. Similar to Boer’s
model, Van Winsum’s model has not been tested with data.

The debate between traffic engineering and psychology researchers finally
focused on the question posed in the discussion of Hancock (2000) of whether car
following is the real question and if equations are the answer. The answers to both
questions by Brackstone (2000) are negative, however it has been acknowledged that
the car following concept provided an acceptable tool for the job and equations are the
most suitable answers for the task at hand. Brackstone’s statements concur with
Ranney’s (2000) who also suggests that the development of better models of car-
following behavior that are applicable to a well-defined situation is probably a more
worthwhile approach to follow.

The review of the literature clearly shows that both psychological and
Newtonian kinetic principles play important roles in car-following theories. Although,
the needs of traffic psychologists and traffic engineers have not yet met in a satisfactory
manner, both groups agree that an effort should be made to consider both aspects in

developing more understandable car-following models under well-defined situations.



1.3  Objective

The thesis presented here is an attempt to consider both the psychological and
engineering aspects in modeling car-following behaviors. This effort explores driver’s
behavior in response to a speed disturbance from a vehicle in the front and defines the
upper limits on the magnitude of a speed disturbance that single space or multiple
spaces can absorb, without causing a breakdown, and the conditions for local or

asymptotic stability.

1.4  Contributions and Contents

The major contributions of this work are the findings of the upper boundary
theory of speed-disturbance absorption and the formulas to calculate this upper
boundary. The thesis focuses on the boundary conditions when a speed disturbance
occurs. This work is different from previous studies in that it starts from Boer’s
psychological hierarchical framework to develop a well-defined problem questioned in
Section 1.1, and then uses the Newtonian principle in the defined problem to establish
equations that lead to the calculation of the boundary conditions of speed disturbance at
the levels of either local or asymptotic stability.

The thesis consists of five parts.

Chapter 1 provides an introduction and a discussion of relevant literature.

Chapter 2 discusses salient performance aspects of the human elements in
carrying out the car following tasks in the defined problem. By exploring the discrete
components of Boer’s hierarchically psychological model, including monitoring and

controlling processes, perceptual variables and expected state in car following, the

10



chapter discusses the transiting chain of expected states and then obtains three scenarios
in car following for further analysis. The chapter focuses on the characteristics of
population and propounds a Normative Behavior Hypothesis, and also discusses the
error of human beings in the assessment of the perceptual variables and control skills.

Chapter 3 discusses the localized behavior of the following vehicle in response
to a change in speed of the vehicle immediately in front and its direct impact on the
dynamic spacing between them. Minimum dynamic spacing for each scenario defined
in Chapter 2 is obtained, which establishes the fundamental work for the next chapter.

Chapter 4 develops the concepts of speed disturbance absorption, and
establishes an upper boundary theory of speed disturbance absorption. It presents the
speed disturbance absorbed by a single spacing, and speed disturbance propagation and
cumulative absorption by multiple spacing in a traffic stream. Mathematical models are
developed that give descriptions on the upper limit of speed disturbance that a single
spacing or multiple spacing can absorb. Furthermore the conditions for local and
asymptotic stability are determined.

Chapter 5 summarizes results from the use of simulation data to test the
validation of the models obtained in Chapter 4.

Chapter 6 briefly states the most important findings from the study and offers

recommendations for further research.
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CHAPTER 2 HUMAN BEHAVIOR IN SINGLE-LANE CAR FOLLOWING

Drivers generally engage in multiple tasks on roads, such as lane changing, car
following, over-taking, etc. In 1999, Boer attempted to consider elements of human

decision-making and action-taking in the development of a hierarchical driver-modeling
framework as shown in Figure 2-1.

N

Strategic Strategy Selection
v

Route
A

Performance

4
Situatio

RON
2 8

Tactical
Task Scheduler/Attention Manager

Figure 2-1. Hierarchical Driver Modeling Framework (Boer 1999)

Operational

i

Each vehicle control task consists of two processes, namely monitoring and
controlling. The monitoring process once initiated by the attention manager is
decomposed into several stages: (1) pay attention to the perceptual variables that
characterize a particular task in the form of the present state, (2) use those variables to
evaluate current and expected future states, (3) assess whether the present performance
will most likely remain acceptable for a certain amount of time, and if so (4) determine

when attention should be given to the task again. If the present performance is not
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satisfactory, then the task scheduler initiates the appropriate control process that
employs a suitable skill to bring the vehicle within a limited time into an acceptable
state that is expected to remain acceptable for some time (Boer 2000).

Consistently, the conventional control theory describes the car-following task as
a process where drivers dynamically and interactively carry out perception and
information collection, which is equivalent to the aforementioned stage (1), as well as
decision making and execution tasks while following another vehicle in a single lane,
which is equivalent to the stages (2) and (3). A detailed generalization of car following
from the perspective of a conventional control theory is illustrated in Figure 2-2

(Gartner et al. 2000).

Error Driver Output cammands Following

Y .

) . Vehicle

1 | Vehicl
Lead Perception & Decision ' D;n:nfics State
Vehicle Information Making & - >
State Collection Execution

(Feedback Loop)

Figure 2-2. Detailed Generalization of Car Following from Conventional Control

Theory

2.1 Perceptive Variables and Expected States in Single-Lane Car Following
When carrying on a single-lane car following task, drivers pay attention to two
major perceptual variables: spacing and speed. Drivers evaluate their current and
expected future states by using these perceptual variables to assess whether they are
acceptable. During the assessment process drivers do not always give an equal priority

to each of them. If the degree of unacceptability of the spacing perceptual variable is
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greater than the target risk level, which gives drivers a signal of an oncoming collision,
this signal overwhelms speed perceptual variables and triggers the task scheduler to
initiate an immediate brake-control action without evaluating speed satisfaction. For
example, when following a vehicle in close proximity and observing a brake signal
from the vehicle in the front, the driver of the following vehicle responds by applying
the brakes immediately without thinking about speed. Sometimes the spacing perceptual
variable is unacceptable but not at the target-risk level, and drivers apply comfort
deceleration instead of reacting to an emergency. In this case, a new standard of
satisfactory speed is adopted. The spacing perceptual variable is improved by trading
off the satisfaction of speed. When the spacing perceptual variable is acceptable, drivers
adopt a satisfactory speed and keep the current state until a new state emerges. Figure 2-

3 illustrates this interactive process.

Evaluate the perceptual variables

Unacceptable at
target risk level

not at target risk level Acceptable

A 4 L Y
Immediate Acceleration Comfortable Monitoring
control action deceleration, or process
»! adoption of new
satisfactory speed
l

Figure 2-3. Interactive Perception and Reaction Process of Single-Lane Car Following
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The assessment of the perceived spacing variable produces three expected states
that call for different mental models and control skills. An unacceptable state (at the
target risk level) calls for an emergency-response model and skill. An unacceptable
state, but not at the target risk level uses a mental model that predicts its new state based
on its current state and decides when to take an action to achieve the new state. An
acceptable state does not invite any controlling actions, just the monitoring process. The
three expected states of the spacing perceptual variable can be represented by the
following three spacing limits: a) minimum safety spacing between two consecutive

vehicles, S, , that requires an emergency-response model, b) a spacing that calls for a

comfortable control skill, and c) a spacing that invites only the monitoring process.
Unlike the spacing perceptual variable, the speed perceptual variable is assessed

by different criteria in different states. A satisfactory speed in one state may not be

satisfactory in another, as drivers adopt different satisfactory speeds based on their

situation.

2.2  Expected State-Control Action Chains in Single-Lane Car Following

Process

For convenience, the discussion in this section starts at the time point ¢,. At ¢,
the lead vehicle is traveling at a speed x, (#,) and starts to reduce its speed. This vehicle
needs a period of time, denoted as T, to recover its speed (X, (t, +T) = X,(t,) ) as shown

as in Figure 2-4. During T, there exist two phases: the speed disturbance development

phase that extends from ¢, to ¢, and the recovery phase, from ¢, to 1, +T.
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Figure 2-4. Speed Diagram of Lead Vehicle and Its Two Phases of Speed Disturbance

Evidence indicates that speed choice is fairly consistent over time for an
individual driver (Haglund and Aberg, 2000). If the original speed that the driver of the
lead vehicle adopts is x(#,) in a given situation before a speed disturbance, the desired
speed after the speed disturbance is recovered ( x, (¢, + ') ) is most likely to be identical
to x,(t,) in the same situation. Thus to simplify the discussion, we assume that the

speed of the vehicle that develops a speed disturbance will be recovered to its original
level (Figure 2-4).

At ¢, when the speed disturbance is initiated, the following vehicle could be at
any of the three states previously described. The states of the following vehicle could
either change or remain unchanged during T as the two consecutive vehicles interact
with each other, which forms state-control chains. On one hand, if at ¢, the initial state
of the perceptual variables of the following vehicle is acceptable and it remains
acceptable during 7, then the following vehicle keeps its original speed unchanged, as
illustrated in Figure 2-5. On the other hand, it is possible that at 7, the initial state of the

perceptual variables is acceptable and during T the state of the spacing perceptual

variable becomes unacceptable due to the speed drop of the lead vehicle (Figure 2-6).
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In this case, a control action of deceleration is initiated to bring the unacceptable state
of the spacing perceptual variable back to an acceptable level. The perception of
acceptable or unacceptable for the spacing perceptual variable varies from driver to
driver. The drivers who would like to use controlled deceleration may adopt a larger
spacing as an acceptable threshold than the drivers who choose to hit the brake pedals
harder. The braking action of the driver of the following vehicle can start as early as
when the driver perceives the speed drop of the lead vehicle to as late as when he/she
has reached the minimum braking distance to avoid collision. Moreover, the adoption
of deceleration rates would differ by drivers. Some may just release the gas pedal to
reduce the vehicular speed in response to the speed drop of the lead vehicle when a
large enough spacing is available. Other drivers may apply “controlled braking” to
control their speed and the spacing between the two vehicles, whereas some drivers
may choose to brake at the last minute with “maximum braking force.” The reaction of
the following vehicle to the speed disturbance from the lead vehicle varies with respect
to time from the earliest to the latest possible action time, the region for the speed
reduction, from the minimum to maximum, is shown by the dash-dot lines in Figure 2-

6. If at ¢, the initial state of the perceptual variables of the following vehicle is

unacceptable and at target risk level, an appropriate control action is immediately taken
to bring them away from the target risk. In this case the interactive speeds of the two
vehicles are shown in Figure 2-7.

Through the above analysis, there are three basic Expected State-Control Action
Chains: acceptable-acceptable, acceptable-unacceptable-control action-acceptable, and

unacceptable at target risk level-control action-acceptable. Single-lane car following is a
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process consisting of any combination-or repetition of these three basic chains. The
basic Expected State-Control Action Chains are summarized in Table 2-1 along with the

actions of the following vehicle in response to a speed reduction from the lead vehicle.

Speedx x,,.(1)
X, (t), X, (%) I h 4 : _f
s L
@i A a l
: : L RO
o L t,+T time

Figure 2-5. Interactive Speeds of Following Vehicle with the State of Perceptual

Variables Acceptable from ¢, through T

Speed x

i..(to),fcm(fo)T

L 0. t+T  time
Figure 2-6. Interactive Speeds of Following Vehicle with the States of Perceptual

Variables Acceptable at 7, and Becoming Unacceptable at Sometime between time ¢,

and ¢, +T
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Figure 2-7. Interactive Speeds of Following Vehicle with the States of Perceptual

Variables Unacceptable at ¢,

Table 2-1 Basic Expected State-Control Action Chains and Three Scenarios

Action of the following vehicle
Basic Expected State-Control Action Chains

Control action Control action time
Acceptable-Acceptable No action N/A
Acceptable-Unacceptable-Control action- Minimum < ¥;,, < T < J <latest
Acceptable maximum possible action
time
Unacceptable at target-risk level-Control X7, < maximum T
action-Acceptable

2.3  Normative Behavior Hypothesis

Drivers have the tendency to react to speed disturbance when following another
car. The predisposition of reacting behavior is assumed to be determined by individuals’
attitudes towards that behavior (Parker et al., 1992; Rothengatter, 1993). The
personalities of human beings result in a variety of attitudes towards car following
behaviors. Not every driver follows a vehicle in front in accordance to normative

behavior nor tends to willingly deviate from that behavior. Although the modern
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attitude theories assume a causal relation between attitudes and behaviors, only
normative behavior is possibly describable for every given situation and every given
interaction (Mcknight et al., 1970; Mcknight et al., 1971). In addition, normative
behavior represents the behavior of the majority of the drivers. Therefore, it is assumed
in this work that the drivers respond to a speed disturbance in single lane car following
in a normative manner and have the tendency to react to specific situations predictably

(Rothengatter, 1999).

24. Deviance of Assessment and Control Skill

The normative behavior hypothesis establishes a ground for the further
discussion. However, the hypothesis does not mean that the exact same values are
produced in the perceptual variable assessment and control actions. Errors in both the
assessment and skills are unavoidable due to the difference of physical and intelligence
capabilities of human beings.

Drivers estimate the distance and relative speed from the vehicle ahead through
the visual angle change. Human visual angle transition changes from near linear to
geometric in magnitude as an object is approaching at a constant velocity. As the rate of
change of the visual angle becomes geometric, the perceptual system triggers a warning
that an object is going to collide with the observer, or, conversely, that object is pulling
away from the observer. This looming phenomenon is a function of distance from the
object. If the rate of the change of visual angle is irregular, that provides information to
the perceptual system that the object in motion is moving at a changing velocity (Schiff,

1990).
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Human visual perception of acceleration of an object in motion is very gross and
inaccurate; it is very difficult for a driver to discriminate a speed change from constant
velocity unless the object is observed for a relative long period of time — 10 or 15
seconds (Boff and Lincoln, 1988).

The delta speed threshold (i.e., change in relative velocity of the lead vehicle
and the following vehicle) for detection of an oncoming collision or pull-away has been
studied in collision-avoidance research. Drivers can detect a change in distance between
the vehicles they are driving and the one in front when it has varied by approximately
12% (Mortimer, 1988). Mortimer notes that the major cue is rate of change in visual
angle. This threshold was estimated in one study as 0.0035 radians/sec (Gartner, 2000).
This would suggest that a change of distance of 12 percent in 5.6 seconds or less would
trigger a perception of an approach or pulling away. Mortimer concludes that: ...
unless the relative velocity between two vehicles becomes quite high, the drivers will
respond to changes in their headway, or the change in angular size of the vehicle ahead,
and use that as a cue to determine the speed that they should adopt when following
another vehicle.” This study implies that the perception time 7' of the following drivers
during which the driver becomes aware that the distance between his/her vehicle and
the vehicle in front is decreasing, depends on the spacing between them and the relative
speed of the two vehicles. If we assume that the speed of the following vehicle is kept in

a stable state during 7' the relative speed is determined by the speed of the lead vehicle.

t
The speed of the lead vehicle at time point ¢ € [¢,,7']is X, (¢,) + j x,(1).

Rothery (1968) revisited the speed curves obtained by Ohio State University in

their steady-state car following study (Todosiev, 1963) and concluded that the
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acceleration/deceleration rate can be considered roughly to be constant (Gartner, 2000).
Therefore, the integration equation above can be rewritten as

t
£ (1) + jx (t)=x,(1,) + %A, At =t —t,. The dynamic distance S(r) between two

to

consecutive vehicles is as follows:
S(t) = S(t,) + x,(t,)At + —;—X"Azt - x,,,(t,)At .

The relative spacing change

S(t)-S@) _ 1
SE) S

[=%, (1,)Af - %x ()N + %,,,(t,)At] 2-1.

Based on Mortimer’s results, drivers can detect a change in distance between their own
vehicle- and the one in front when it has varied by approximately 12%. Based on this
observation we set Equation 2-1 equal to 0.12. The time that allows the driver of the
following vehicle to become aware the speed change of the lead vehicle can be obtained

as follows

I CAOEE ML VG (1) = %, (8))? — 2% 0.12%,8(2,)

- 2-2.
xn(t())
If we assume that at ¢, x,(,) = x,,,(¢,),
-2x0.12%, S(¢
po ¥22 12%,500) _ 4 4599 [SCo) 2.3,
X, - X,

Driver’s input to a planned braking situation approximates a “ramp” function
with the slope determined by the distance to the desired stop location or steady-state
speed in the case of a platoon being overtaken (Gartner, 2000). The driver applies pedal

pressure to the brakes until a desired deceleration is obtained. The maximum
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“comfortable” braking deceleration is generally accepted to be in the neighborhood of -
0.30 g, or around 3 m/sec’ (ITE, 1992). Wortman and Matthias observed a range of -
0.22 to - 0.43 g with a mean level of - 0.36 g (Wortman and Matthias, 1985). Hence,
“comfortable” braking performance that yields a g force of about - 0.2 would be a
reasonable lower level, i.e. almost any driver could be expected to change the velocity
of a passenger car by at least that amount, while a “typical” level would be around -
0.35 g. If a driver responds to the speed disturbance by removing his or her foot from
the accelerator pedal, dragging and rolling resistance produce deceleration at about the
same level as “unhurried” acceleration, approximately 1 m/sec’. Drivers use controlled
braking skills to respond to an unexpected braking situation or an anticipated one when
they are unsure of when it would happen. The empirical data collected on drivers in
their own vehicles show a wide variation ranging from —0.46 g to —0.7 g with a mean
level of —0.55 g for “unexpected” situations and —0.45 g for “anticipated but unsure
when” situations (Fambro, 1994). In general, the deceleration rates can be from 1
m/sec’ to 3.6 m/sec’ with a reasonable low rate of 2.2 m/sec’ for a “planned” situation,
from 4.6 m/sec’ to 7.0 m/sec’ with a mean rate of 5.5 m/sec’ for an “unexpected”
situation, and from 2.4 m/sec’ to 6.6 m/sec? with a mean rate of 4.5 m/sec? for
“anticipated but unsure when” situation. Therefore the deceleration rates of a following
vehicle could be from the minimum of 1.0 m/sec’ to the maximum of 7.0 m/sec’. The
driver’s braking behaviors under the three situations discussed above are summarized in

Table 2-2.

25



Table 2-2. Driver’s Braking Behaviors under Three Situations

“Anticipated but
Situations “Planned situation” unsure when” “Unexpected”
Deceleration 1- 3.6 m/sec” 2.4 - 6.6 m/sec” 4.6 — 7.0 m/sec”
Rate Range (3- 12 f/sec?) (8-22 f/sec?) | (15.3—23.3 fsec?)
Mean of 2.3 m/sec” 4.5 m/sec” 5.5 m/sec’
Deceleration (8 f/sec?) (15 f/sec?) (18 f/sec?)
Rate

The amount of time required to make the braking input movement (M7) was
also investigated in three studies that proposed mean times ranging from 0.20 — 0.26
sec. Research indicates that the relationship between perception-reaction time and MT is
weak to nonexistent. That is, a long perception time does not necessarily predict a long
MT (Berman, 1994). Thus, the earliest possible time at which the speed of the following
vehicle is expected to be reduced is the sum of the perception time, 7' plus the braking-

input time as follows

£ =+ MT = 04899 |20, pr 2-4.

— x"
The values of 7 as a function of (S(t,), X, ) for the spacing from 100 m to 10 m

and deceleration rate from 1.0 m/sec’ to 7.0 m/sec? with MT = 0.2 seconds are

calculated in Table 2-3.
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Table 2-3. Earliest Perception-Reaction Time as a Function of Spacing and Deceleration

Rates

Spacing (m) T

Original | Reduced | ¥=1.0 [ ¥=20 [ ¥=3.0 | ¥=40 | £=50 | =60 | i=70
spacing | spacing | my/sec’ | m/sec’ | m/sec’ | m/sec’ | m/sec’ | m/sec’ | m/sec’
1000 | 88.0 | 510 | 3.66 | 3.03 | 265 | 239 | 220 | 2.05
900 | 792 | 485 | 349 | 288 | 252 | 228 | 2.0 | 1.9
80.0 | 70.4 | 458 | 330 | 273 | 239 | 216 | 1.99 | 1.86
700 | 61.6 | 430 | 3.10 | 257 | 225 | 203 | 1.87 | 1.75
60.0 | 528 | 399 | 288 | 239 | 210 | 190 | 1.75 | 1.63
500 | 440 | 366 | 265 | 220 | 1.93 | 175 | 161 | 151
400 | 352 | 330 | 239 | 199 | 1.75 | 159 | 146 | 137
300 | 264 | 288 | 210 | 175 | 1.54 | 1.40 | 180 |
200 | 17.6 | 239 | 1.75 | 146 fﬁ__E_T
10 8.8 175 | 130 | 109 | 097 | 089 | 083

EEE

‘When following very closely, the driver of the following vehicle is alerted,

b their of the perceptual variable has been near the threshold of the
target risk level. Therefore, a braking signal of the lead vehicle could trigger the driver’s
reaction to the signal almost immediately. There is no specific study of the response lag
to a braking signal. However, studies at signalized intersections suggested that the

average driver’s response lag to a signal change (time of change to onset of break

4 1

lamps) is 1.3 and is so! ic with respect to distance from the signal
at which the signal state changed (Chang, 1985 and Wortman, 1983). If we assume a
value of brake response lag to a braking signal of the lead vehicle similar to the

h

p lag to in signal indication at intersections, then the earliest time that
the following vehicle starts to reduce its speed after receiving a brake signal would be

1.3 seconds. It is worth noticing that the times shaded in Table 2.1 are times needed by
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a driver to recognize a spacing change under certain circumstances. Some of these times
are shorter than 1.3 seconds, the time lag for a driver to respond to a signal change. In
those cases, the drivers could use their brake at anytime when they recognize the
distance change, which could be less or more than 1.3 seconds.

Drivers control their vehicular speeds by the skills of speed keeping,
accelerating and decelerating. Under steady-state car following conditions, the range of
speed-control error was estimated to be no more than +/- 1.5 m/sec (Evans and Rothery,
1973). The acceleration rates, particularly in a traffic stream as opposed to a standing
start, are typically much lower than the performance capabilities of the vehicle. Drivers
under “unhurried” circumstances use approximately 65% of the maximum acceleration
for the vehicle, or approximately 1 m/sec’ (ITE, 1992). AASHTO places the nominal
range for “comfortable” acceleration at speeds of 48 km/h and above to 0.6 to 0.7
m/sec’ (AASHTO, 1990). In steady-state car following circumstance, the arcs of
relative speed versus spacing are approximately parabolic implying that
acceleration/deceleration can be considered roughly to be constant (Barbosa, 1961).
Overall, the acceleration/deceleration rates for an individual vehicle could be constant,
for the vehicles in a traffic stream however, the rate could range from a maximum of 1.5
m/sec’ to 0.6 m/sec’.

2.5 Summary

Through exploring the hierarchical driver modeling framework proposed by
Boer, this chapter developed the concepts of Expected State-Control Action Chains and
further obtained the three scenarios of the car-following process when a lead vehicle has

a speed disturbance. On the basis of previous studies on driver’s behavior in perceiving
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and reacting to a speed change of the lead vehicle, we proposed the possible control-
action time and control strategies that could be used by the driver of the following
vehicle to respond to a speed disturbance from the lead vehicle. They are summarized in

Tables 2-2 and 2-3 and will be used in Chapter 5.
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CHAPTER 3 SINGLE SPEED DISTURBANCE AND DYNAMIC SPACING

Error and deviation of speed in manual controlled vehicles is common. The
speed of a human-controlled car usually fluctuates around desired value that the driver
adopts. Therefore, speed disturbance is a natural phenomenon of traffic flow. The speed
disturbance could be large or small in value, long or short in duration, could occur
under various traffic conditions and has various degrees of impact on traffic stability.
The response of the following vehicle to a speed disturbance of a lead vehicle can be
very different depending on the characteristics of the disturbance.

This chapter discusses the localized behavior of a following vehicle in response
to a fluctuation in the motion of the vehicle directly in front and the dynamic spacing
between the two vehicles. Formulas to calculate minimum dynamic spacing for each of
the scenarios of speed disturbance defined in Chapter 2 are obtained in this chapter.

For the readers convenience, the notations used in the following discussion are
defined as:

n: lead vehicle

n+1: the first following vehicle

Iy: beginning time point of the scenario,
t: time variable ,
L time point at which vehicle n starts to accelerate,

At: time interval variable,
o: time point before which vehicle n+1 travels at its original speed,

o':  time point at which vehicle n+1 completes its speed reduction,
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T: time period during which vehicle n completes its speed recovery,

x,(¢) : speed of vehicle n (lead vehicle) at time t,

x,,,() :speed of vehicle n+1 (following vehicle) at time t,

X' acceleration rate of vehicle n, roughly to be constant (Rothery 2000),

X, :  the deceleration rate of vehicle n, roughly to be constant (Rothery 2000),

xn+l :

the deceleration rate of vehicle n+1, roughly to be constant (Rothery 2000),

S minimum safe distance headway for following vehicle, and

safe :
S(t): distance headway between vehicles n, and n+1 at time ¢.

As assumed in Section 2.3, vehicles n and n+1 are in an acceptable car-
following mode which is considered to be the beginning state of the system, and the

original speeds of the two vehicles are roughly the same. At ¢,, vehicle n develops a
speed disturbance and starts to recover it at #,. At 7, +T the vehicle n completes its

speed recovery. During the development and recovery of a speed disturbance the
following vehicle may not reduce its speed to respond to it or may respond to it with
different rates of deceleration depending on the assessment of perceptual variables and
the Expected State of the following vehicle as seen in Figure 2-5, 2-6 and 2-7. In the

period of [¢t,,7, + T] the dynamic spacing between the two vehicles can vary greatly but

will follow the law

S(t) = S(t)+ [ , (s - ji,,ﬂ(t)dt 3-1.

to fo
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3.1 Dynamic Spacing with Acceptable-Acceptable Expected States
As illustrated in Figure 2.5, during the lead vehicle speed disturbance the
following vehicle does not need to take any control action to respond to the speed

disturbance, therefore, x

(@) =0 forte[t,,t,+T].
In the time interval [¢,,1,] vehicle n reduces its speed and a speed disturbance is

developed. According to Rothery’s conclusion (Gartner et al. 2000) in reexamining the
data obtained in the studies by Todosiev (1963) and Rothery (1968), the deceleration

rate of an individual vehicle can be assumed as almost constant. Thus Equation 3.1

becomes:
S@) = S(t0)+%,‘f; X(t—1,)’ where X, < 0,t€ [f,,1,] 3-2.
. ds@) _ ... . . .
Since ” =X (t—t,)<0, the S(z) in the equation 3-2 monotonically decreases

and has its minimum value as shown in Equation 3-3 below:
Minimum S(t)=S(@,) = S(t,) +%5c'; Xt —1,)*, at t =t 3-3.

In the time interval (z,,¢, + T] vehicle n increases its speed and the speed

disturbance is being recovered. The dynamic spacing between the two vehicles

becomes:

S() = S(t,)+ji,.(x)dt-—jx,,+,(t)dt te [t +T) 34

h

where S(t,)=S(@t,)+ %x X (1 —t,)°,

xn(tl)zxn(t0)+x; x(’l —to),

x.nﬂ(t) = ).Cnu(to)’ and
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x,(1)=x,(t,)+ I;f,,(r)dt =X () + X, (1, —1,) + J'x'; (t)dr

4
= %, (1) + X, X(t, — 1)+ X} x(t—1,)

Equation 3-4 can be reorganized and simplified as follows:

S@) = S(t,) +%x’;x(r, —1,)* + X X (1, -xo)x(x-z,)+%x; X(t—1,)* 3-5.
2
Since s _ X X (t, —t,)+ % (t—1) and d Sz(t) =X, >0,the S(f)hasa
dt dt
minimum value in (¢,,¢, +T]. Let ase =0, we solve
-1, =—',t+;(t,—t(,)=ﬁg°)"_+—i(tﬁ=(to+T)—tl 3-6.
xll n

The S(t) has a minimum value:

Minimum S(t)=S(zo+T)=S(t0)+-;-x;x(r,—:o)zx[l—f—z], att=1,+T 3-1.

n

Comparison of Equations 3-3 and 3-7 shows that, since (1 —f—’;] >1and X (1)<

0, S(t, +T) < S(#,) . Thus in this scenario during the entire period of [¢,,7, + T] S(z) has

a minimum value of

Minimum S(t)=S(t,+T)=5@t,)+ -;-x Xt —t,)* X[1- ch—] 3-8.

3.2 Dynamic Spacing with Acceptable-Unacceptable-Acceptable Expected
States
In this scenario, as illustrated in Figure 2-6, during the lead vehicle speed

disturbance the expected states of the following vehicle changes from acceptable to
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unacceptable, and it would take a speed control action from the following vehicle to
keep a safe spacing. A control action can be taken as early as at time ¢, + Perception-
Reaction Time to the time at which the driver of the following vehicle is required to
reduce its speed to avoid a collision. The deceleration rate as analyzed in Chapter 2 can
be as small as 1 m/sec to a 7 m/sec. If & represents the beginning time of a control
action and &' its ending time, there exist three cases to be discussed: Case 1) § < ¢, and
0'>1,Case2) 6 <t and d'<t,, and Case 3) J >r,and &'>¢,. They are illustrated in

Figure 3-1.

[}
[ ]
H i

o'ty 86 8 t,+T time
Figure 3-1. Possible Control-Action Strategies that Following Vehicle Can Take with
Expected States of Acceptable-Unacceptable-Acceptable

Case 1. § <t and 6'> ¢,
In [1,,d], the following vehicle keeps its original speed and the dynamic spacing

between it and the vehicle in front follows the same way as described in 3-2, and
Minimum S(t) = S(9) = S(t,) +%j€; x(d-t,)° 3-9.

In (d,1,], the following vehicle reduces its speed to keep a safe distance from

the vehicle in front. The dynamic spacing between them is:

36



S@) = S(8)+ [ %,y - [ %,,,(0)dt 3-10.
') )
where S(5) = S(t,) +%5E; x(8-1,)°,
Ep () = %,,(8) + [ %,,(0dt = %, (1) + %, % (¢ - ), and
5

3,0 = %,(8) + [ %,(0)dt = %,(1) + ¥, X (5~ 1) + [ %rdt = %,(1,) + X, x (1= 1,),
5 s

Equation 3-10 can be rewritten and simplified as:

S@) = S(to)+%5é;x(t—t°)2 —%x;ﬂx(x-a)z 3-11.

as(@)
dt

= % X (t—1,) - ¥

+1

X (t — 8) < 0, which means that 3-11 monotonically
decreases and has its minimum value at ¢ = ¢, as:
Minimum S(t) = S(t,) = S(1,) +%x‘;(z, -1,)° —%5&;,(:, -9)? 3-12.

In (t,,0'], the following vehicle n+1 keeps reducing its speed and the lead

vehicle n recovers its speed. The dynamic spacing between them is:

@) = S()+ [%,(0)dt — [ %,.,, ()t 3-13.

If substitute S(z,), x, (1) = x,(t,) + X, X(t, —1,) + X, (1 —¢,), and

X, @) =x,,,(t,)+ X, X - 90)+ X, (t —t,)into Equation 3-13, it becomes:

S@) = S(t0)+-;-5c';x(t, —1,)2 + % Xt —1,) X (¢ —t,)+%5é; x(t-t)*

- %5&;, Xt -8 —x, X, —é‘)x(t—t,)—%jé;“ x(t-1)° 3-14.

Since in the time interval of ¢ € (z,,0'] the differentials of Equation 3-14 are:

37



ds as@) _

XX —t)+i x(@—t)-%X, x(t,-8)-%X,xt-1) =x@)-x,,(#)<0,

as*@) ..
dtz = xn n+l

>0, and S(¢) is continuous on ¢, Equation 3-14 has its minimum
value at t = &' as:

S0 =S8@,)+ %5&; X (8, —1,)" + X, X (8, — )X (8'1,) +%:€; X(8'-1,)* -—%,, X (6'-5)

n+l

=S(ro)+%5c‘;x(t,—to)(é"—to)— b L () (X)) 3-15.

At t = ¢', the speed of the vehicle n+1 is reduced to roughly the same speed as
that of the vehicle n and in the period (6",t, + T] this vehicle keeps following the lead
one at roughly the same speed. Therefore the spacing in this time interval can be
roughly regarded as constant.

If subtract Equation 3-9 from 3-12, we have:

St)-S(0) =X, x(1, —5)x(5—t0)+-;-;r‘; X(t, - 8) —=x.,, x(t - 6)*

n+l

_()

[k, (1,) - %,,,(t) + ¥ x (5 —1,)] <0,

which means that in the time interval of (¢,,¢,] Minimum S(t) = S(t,).

Again, if subtract Equation 3-12 from 3-15, we have:

X X (4 = O)6'-1) ——X,, X (6"1)]

n+l

S0 -8@) = (d"1)[x, x(, to)+;x x(d'-t)-%

. Since x,(8") = x,,,(J") as assumed in the definition of this scenario, i.e.,

X, () + X, X(1, = 1) + X, X(O0'-1)) = x,,,(t,) + X, X (1, - ) + X,,, X ("-1,) , and

n+l

x,(t,) = x,,,(), S(0") - S(1,) can be rewritten and simplified as:
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) -S(t) = %(8—:.)[:2" 1) %,.,(t)] <0,

which means that in the time interval of (t,,8'] Minimum S(t) = S(6") . Thus in this
scenario
Minimum S(t) = S(J") 3-16.
Case2. § <t,and d'<1,
In [z,,8], the following vehicle keeps its original speed and the dynamic spacing

between it and the vehicle in front follows the same way as described in 3-2. In this

time interval
Minimum S(t) = S(8) = S(to)+%5é; x(8-1,)° 3-17.

In (4,8'], the speed disturbance is continuously developed and vehicle n+1

reduces its speed starting at ¢ = § to keep a safe distance space in front until ¢ = 4" at
which time its speed is reduced to about the same as that of vehicle n. The dynamic

spacing between them is:

S() = $(8)+ [ %,(0ds - [ %,,,(t)dr 3-18
5 5

where S(5) = S(z,) +%x’; X(6—1,)%,
Epa (D) = 5, (8) + [ %, (0)dt = %,,,(6) + %, X (¢t~ §) , and
s

5,(1) = 5,(8) + [ %,(0)dt = = %,(5) + 5, X (8~ 1) + ¥, X (1= 8) .
5

If substitute them into Equation 3-18, we have:

St) =S+ X, x(6—-t)x(t— 6)+%5&; x(t - 8)* -%x;*, x(t - 8)* 3-19.
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Since in the time interval of ¢ € (J,d'] the differentials of Equation 3-19 are:

8@ _ X0 —-t)+ X x(t-8)-%,, x@t-06) = x,@t)-x,,,) <0,
as*e) .. .. . . . o
o =X, —X,, >0,andS(?) is continuous over ¢, Equation 3-19 has its minimum

value in the time interval of (&,d'] as:
Minimum S(t) = S(8") = S(1,) +%5c'; x(8'-t,)? —%5&;“ x(8'-8)*,att =" 3-20.

In (6,1, + T], the following vehicle keeps roughly the same speed profile as that
of the vehicle directly in front. The dynamic spacing between them can be regarded as
constant. Therefore, the minimum value of dynamic spacing in this scenario is:

Minimum S(t) = S(5").

Case3. 6 >t,and §'>1,

In [z,,,], the following vehicle keeps its original speed and the dynamic spacing
between it and the vehicle in front follows the same way as described in 3-2 and reaches

its minimum value at ¢ =¢,, i.e.,
Minimum S(t) = S(t,) = S(to)+—;-5c';x(t, -1,)’ 3-21.

In [1,,6], vehicle n recovers its speed. The Expected States of vehicle n+1 have

been kept acceptable and the following vehicle travels at its original speed until £ =6 .

The dynamic spacing between the two vehicles is:
t

S(t)=S@t,)+ jx (B)dt — [ %,,,()dr 3-22.

h ]
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As we did above, substitute x,(t) = x,(t,) + X, (¢t —t,) and x,,,(t) = x,,,() + X, ,,( —1,)

into Equation 3-22, we have:
n

() =S(to)+%5€; X (1, —1,)? + % x (¢, —zo)(z—z,)»%x* x(t—t,)? 3-23.

Since =X, X(t, —t,)+ X, x(t—1,) <0 the S(¢) in this time interval

as(t)
dt

monotonically decreases and has its minimum value at 1 = J as:

Minimum S(t) = S(t,) +%x; Xt —1,) + X x(t, —t, )5 —1,) +%:r': x(6-t,) 3-24.

In (4,9'], vehicle n continuously recovers its speed and vehicle n+1 reduces its

speed to keep a safe distance headway from the vehicle in front. The dynamic spacing

is:
S(t) = S(8)+ [, (Ode - [ £, ()dr 3-25.
5 5

Since x,(t) = x,(8) + X, x(t -8) =%,(t,) + X, X(t, —t,) + X, X(t—1t,), and

X, =x,,, )+ X%, x(-J), the above equation can be rewritten and simplified as:
1 ot 2 l o 2 e 1 e 2
S(@) =S(to)+-£x" x(-t,) +5xn X(t, —1,)" + %, x(1, —to)(t-t,)—ixm x(t—-06)*3-26

It is:

és——(t—)=i; X(E—t)+X X(t, —ty) - %, Xt -8) =% x(t—-98")-%,, x(t-0")

n+l

=(5"-t)(x,, —%))<0.
The S(t) monotonically decreases and reaches its minimum value at ¢ = §'as:

Minimum S(t) =S(8') =
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=S(t0)+%5é; X(8'-1,) + %x Xt —t,) + X x(t, —t, )(5'-11)-%55;, x(8'-8)* 3-27.

In (8,1, +T], the two vehicles keep the same speed profile and the spacing
between them is roughly constant.
If subtract Equation 3-21 from 3-24, we have:

S(0)-S8@t,) = (0 —1)[x, x(t, —t0)+%5€': x(-1)

< (F-t)x; x(t, —t,)+ X, x(5-1,) <0, i.e., S(O)<S().
Subtract Equation 3-24 from 3-26, then we have:

S(0)-S(")
= (0 -t)[x, x(t, —1,) +%x'; X (8 =)+ (0"-1)[%;,, x (6-9)] -%x; x(0'-t,)

<8 —1))[%, X (@, —ty) + X, X (6 —1))]+(8"-1,)[%,,, X(6'-8)] —%i: x(6'-1,)

<0,i.e., S(O')<S() 3-28.

Thus in this scenario, Minimum S(t) = S(J").

3.3  Dynamic Spacing with Unacceptable Expected State at Target-Risk Level
Under this scenario, as described in Figure 2-7, the driver of the following

vehicle is alert at all times and would take control action when receiving any stimulus,

such as brake signals from the vehicle in front. In this case the control action occurs as

soon as t =t + 7. There are two cases in this scenario: ">, and d'<t,, shown in

Figure 3-2.
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Speed

———— Fo-

1: Case 1

2: Case 2

Lt L
"'t &'  t,+T time

% [N S,

t, T
Figure 3-2. Possible Control-Action Strategies that Following Vehicle Can Take with
Expected States of Unacceptable at Target-Risk Level

Case 1. 0>,

This case is similar toCase 1 in Section 3.2 except for the beginning time of a
control action of the following vehicle. In this case the beginning time of a control
action ist = 7, while in the Case 1 of Section 3.2 the beginning time of a control action
ist=0.1If J isreplaced by 7, the equations in the Case 1 of Section 3.2 are

applicable in this case. Therefore the minimum spacing in this case becomes:

Minimum S(1) = S(8") = S(t,) +%5z; X(t, —1,)2 + 5 X (t, —1,) X (5'~t,) +%x; x(&'-1,)?

-—;—55;“ X (6'—1')2 3-29.

Case 2. 0'<

This case is similar to the Case 2 in Section 3.2. As pointed out in the above
case that the beginning time of a control action of the following vehicle in this case is
t=7,instead of t =& . If §is replaced by 7, the equations derived for the Case 2 in
Section 3.2 are applicable in this case. Therefore the minimum spacing in this case

becomes:
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Minimum S(t) = S(8") = S(t,) + %x x(8'—t,)* - %x;#, x(8'-7)* at t = &' 3-28.

34  Summary

Localized behavior of the following vehicle, in response to a speed disturbance
of the vehicle directly in fro.m, changes the spacing in a continuous and dynamic
manner. Minimum values of the dynamic spacing for each case analyzed in Sections
3.1, 3.2 and 3.3 have been derived and are summarized in Table 3-1. These values are
of interest in the discussion of upper boundary conditions for stabilities. This discussion

is presented in detail in Chapter 4.
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CHAPTER 4 SPEED DISTURBANCE AND STABILITY

During the interaction of the following vehicle in response to a speed
disturbance the minimum dynamic spacing is a key restrictive parameter to safely carry
out a single-lane car-following task. Therefore it becomes of interest to discuss the
upper boundary conditions for speed-disturbance absorption and stability. On the basis
of the Chapter 3, the existence of an upper boundary will be demonstrated and the
magnitude of a speed disturbance that a single spacing can absorb will be quantified.
Moreover, the conditions for local and asymptotic stability will be discussed.

The following definitions will be found useful for the discussion that follows.

Definition 4-1: The value of a speed disturbance is expressed as

A%, = %,(t) - £,(8) = |%;

Xt —t,).
Definition 4-2: A generated speed disturbance is defined as the speed reduction

of the following vehicle in response to the speed disturbance of the vehicle direct in

front. It can be quantified by

Ax,,, =|¥.,[|x(6-6).

Definition 4-3: The amount of a speed disturbance absorbed by the spacing
between the lead vehicle n and the following vehicle n+1 is defined as
A%, - A, =|5]x (1) - |57, x (5-6).

n+l

Obviously, Ax, —Ax,,, is a function of the speed change of the two vehicles,

and the control-action time of the following vehicle.

46



Definition 4-4: The upper boundary on the magnitude of a speed disturbance

that a single spacing can absorb is defined as

AX? = Maximum(Ax, - Ax,,,) = Maximum{ XX (6'-0)}.

xX|x@ —t,)—
4.1 Value of Upper Limit of A Speed Disturbance that a Single Spacing Can
Completely Absorb

As illustrated in Figure 2-5, when a speed disturbance from a lead vehicle
occurs. the following vehicle may not need to reduce its speed in response to it during
the period of the speed disturbance development and recovery. In this case, the speed
disturbance does not have any impact on the speed of the following vehicles, but
reduces the spacing between them. In other words, the speed disturbance is completely
absorbed by the single spacing. The minimum dynamic spacing in this scenario is at
t=t,+T as

Minimum SH)=St,+T) = S(to)+%5c‘; X (4 —to)zx{l-f—",]-
X

The above equation has to be equal to or greater than a minimum safe distance,

S » for safety reason, i.e.,

4-1.

safe

S(to) + =5 Xt ~ 1) X[1 - 2] > §
2 X

n

Equation 4-1 can be rewritten as

S(te) =S, 2 -%x; X (1, —t5)> X[1- 2]

n
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xll
ot
n

=%A5cnx(t, —t,)X[1-22].

S(ty) =S, = %Aic" X (t, = ) X[1 = 22].

n

Solving the above equation, we get

< 2[S(t,) - S,f,f,]

Ax, — 4-2.
X
(0 —1)1-7]
xll
Since t, —t, = —=, we can substitute into 4-2 Equation and obtain
x’l
Ai < -2x[S (t?.).— S.ore] < 2[S (t;,) - Slmf, ] 43
|- \J T
X, X, X,

One can easily find that the upper boundary on the magnitude of a speed
disturbance that a single spacing can completely absorb, denoted as Ax?, can be
obtained when

Mo _ 2[S(t0) - S.m/e ] 4-4.

" 1 1
| s
x'l 'xn

Equation 4-4 gives the upper boundary on the magnitude of a speed disturbance
that a single spacing can completely absorb. It confirms that when the acceleration and

deceleration rates are chosen, a larger spacing absorbs greater speed disturbance.
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4.2 Value of Upper Limit of A Speed Disturbance that A Single Spacing Can

Partially Absorb
When a speed disturbance is larger than Ax° in Equation 4-3, the spacing

between the two vehicles cannot completely absorb the speed disturbance. The
following vehicle reduces its speed at sometime 7 = § to maintain an acceptable

spacing in front. When taking a control action, the driver will decide when and how to

do this, i.e., will decide on & and ¥;,,. If a control-action strategy is denoted by Q it
can be described by Q(%;,,, 9).

Definition 4-5: A control-action strategy Q( X;,,,0 ) is feasible if its
corresponding dynamic spacing defined in Section 3.2 is equal to or greater than S, , .
Theory 4-1: For any control-action strategy Q( X;,, ,d ) there exists an

equivalent control-action strategy Q (X.,,,8 ) where X_,,= ¥; such that the
Ax,,, = Ax, .
Proof: By definition, Ax,,, 5 X_,, | X(6,'-4,) . When Q(%_,,,d) is given,

Ax,,, =| %;,, | x(6,'-8,) is determined. For a given Ax

n+l

due to the contiguity of
Ax,,, on both ¢ and the deceleration rate X,, , one can always finda Q (¥, ) such that
| %5, |X(8'=8)=| ¥, | x(8'-6).

n

Now we come to prove the feasibility of Q (X, ), i.e., its Minimum S(t)

safe *
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Case 1 in Section 3.2

a. First we consider the case when X, ,=|% | >|%,,|

The minimum dynamic spacing for the control strategy Q (%, & ) can be

determined by Equation 3-15 as

Minimum S(t) = S(to)+%5c'; x (1, —to)(5'—to)—%5é;+, x(8-0)(t, — )
= S(t,) +%x; x(1, -r(,)(S'-z(,)-%je;+l x(6'-6)t,-J)

= S0y) =3 85, X Fty) + 2 84y X, B) 4s.
Likewise, the minimum dynamic spacing for the control strategy Q ( X;,,,0) is

Minimum S(t) = S(t,) + %5&; X (t, —1,)(0"—t,) - %X;ﬂ X (0'-0)(t, - 0)
= S(1,) + %x X (t, =, ((O'—t,) — %x';ﬂ x(8'-8)(t, - 6)

= S(t,) —%Ax,, X (8'-1,) + %Afc“, x(t, = 0) 4-6.

If the control-action time of Q (x,, o ) starts at O=0its ending time will be

d'< &'. Then Equation 4-5 can be rewritten as

Minimum S(t) = S(t,) ~%Ax" X (&'~t,) +%A5cn+, x(t, - 6)

>S(:o)—-;-A5cn x(6‘—t°)+-;—A5c x(t, - &) 4-7.

n+l

Since the control-action strategy Q (X,,,,0 ) is feasible Equation 4-6 > S, . Thus,

safe

Equation 4-5 2 Equation4-5 2 S_ ..
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b. Secondly consider the case when ¥,,=|%;| < | ¥, |-
If we let the control-action Q (¥, d ) end atd', the starting time 6 < & . The

minimum dynamic spacing for Q (x,, d)is

Minimum S(t) = S(t,) —%Ay'c,, X (6'~t,) +%A5cn“ x(t, - J)

=5(t,) —%Afc,, X (d'-t,) +%A5c,,+, x(t, - 8) 4-8.

Since d < 8, (1, -8 ) > (1, - & ). Equation 4-8 > Equation4-7>S__,i.e.,

safe

Minimum S(t) = S(t,) - %Ax X (8'-,) + %Aim x(t,-8)=S§

safe *

Thus, the existence of Q (¥;,d ) is true for the situation of Case 1 in Section 3.2.

Case 3 in Section 3.2

If we replace the § in Equation 4-6 by 7, the Proof that Theory 4-1 is true for
the Case 3 is similar to that for Case 1.

Case 2 in Section 3.2

In Case 2, all of the control-action strategies start and end before ¢,. If

Q(X,,,,0) is a control-action strategy defined in Case 2 and X;,, > X, , its minimum

dynamic spacing can be determined by Equation 3-20 as shown below
Minimum S(t) = S(6") = S(t,) +%5€; X (8'-t,)’ —-;—5:’;” x(6'-0),att=4" 4-9.

Equation 4-9 must be greater than S_ , otherwise, the speed reduction of the following

safe

vehicle, Ax,,, should equal the speed reduction of the lead vehicle, Ax, , which is not a

case defined in this scenario.
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Now let us keep X,,, unchanged but increase & . As ¢ increases, the §' and the
(J'- 9) increase, but Equation 4-9 is monotonically decreases if ' < ¢,. During the

increase of § Equation 4-7 cannot become equal to S, , before ' becomes greater

safe
than ¢, since it is not a case defined in this scenario. Therefore, the increment of J until
J’ becomes greater than ¢, results in either Case 1 or Case 3. For both of these cases it
has just been proven that there exists an equivalent control-action strategy Q ( X, 5)
such that | X,, | X(6'-8) =| X | x(8'-F) .

Thus, Theory 4-1 is true for the all of cases in this scenario.

Definition 4-6: For any given X;,,, a control-action strategy Q (X,,,,d;) is

superior than another control-action strategy Q; (x,,,d;) if A;x},, < A Xn» and

subject to Minimum S(t) > S

safe
Lemma 4-1: For any given X,,, there exists a control-action strategy
Qo(X;,, ., ) such that

Axo

n+1

< {Ax,, |Qi(%,,,0),i=123,....., Minimum S(t) 2 S_, }.

Proof:

Case 1 and Case 3 in Section 3.2

As illustrated in Figure 4-1, for the given X_,, , the speed reduction of the

following vehicle is A x,,, = X,,, |X(d,'-d,)=X%, x(t, +T -98,"),wherei=1, 2, 3,.......
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x.n ('o)’ jrH»I(toJ

to n 80,0,

Figure 4-1 Absorption of speed disturbance with a certain X_,, but different &

n+l

Since the X¥_

n+l

and X, can be regarded as constants (Rothery 2000) and as J,'
increases, the (J,'-J, ) decreases, and A, x,,, =| ¥,, | X(8,'-8,) monotonically decreases.
The minimum dynamic spacing for the any control-action strategies in Case 1 and Case

3 discussed in Section 3.2 is continuous on & and decreases as J increases and

(8,'-6,) decreases. Thus there must exist a J, such that

Minimum S(t) =S and

safe *
ARL,, = Minimum { Ax,,, | Q(%,,,8:),i=1,2,3,......, Minimum S(t) = See }-

Similar to the analysis in Theory 4-1 for Case 2, any control-action strategies in Case 2
can be either transferred to an equivalent one in either Case 1 or Case 3. Therefore
Lemma 4-1 is true for all of the cases in this scenario.

Definition 4-7: A control-action strategy is optimal if its

Ax,, = Minimum { Ax,,, }.
According to Lemma 4-1, for any given X;,, there will be a Q(X;,,,d o) such

that Ax°

O = Minimum { Ax,,, | Q(%,,.83),i=12.3......, Minimum S(t) = S, .. }. Thus,

safe
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an optimal control-action strategy must be one among the control-action strategies of

Q(%,,,00), and the Ax’,  of which is minimal of the all Ax°

n+l

. If we denote an optimal
control-action strategy as Qo( ¥;,,,0 o) and its speed reduction in response to a speed

disturbance from the lead vehicle as A,x°,, respectively, then

-0
Ayx

0 .= Minimum { A%, }.

Theory 4-2: If Qo( X, ,J o) is optimal, its equivalent control-action strategy
Q (%;,6 ) is also optimal and | X, | X(6'-8) =| X | X(5'-6) =A%, .

Proof: We use the method of reduction to absurdity. We assume that the
equivalent control-action strategy Q (x,, 8 ) is not optimal.

If the Q@ (%, S ) is not optimal, the Q (x,, S ) is not a control-action strategy of
Q(X;,0 ) that belongs to {Q(%,,,,d )| for any given X_,, }. Otherwise, the assumption
at the beginning of the proof is not correct, and the Theory 4-2 is true.

If the Q (x,, o ) is not a control-action strategy of Q( X, , J o) that belongs to
{Q(%;,,,J 0)| for any given ¥_,, }, according to the Lemma 4-1 there exists an
Q (%, J o) such that
AL, = | X | X(8,'-8,) = Minimum { Ax,,, | for allQ (%, ,8) and subject to Minimum

S(t)> S,,, }. Thus there exists a Q (] ,6 o) such that | ¥, | x(8,'-8,) < | ¥, | x(8'-8) =

safe

| %,, | X(6'-8) , which is contradictory to the assumption at the beginning that the

n+l

equivalent control-action strategy Q (x,, &8 ) is not optimal. Thus, the equivalent

control-action strategy  ( X, &8 ) is also optimal and the Theory 4-2 is true.
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According to Definition 4-4,
A%} = Maximum(Ax, - Ax,,,)
= Ax, - Minimum { Ax,,, }.
Theory 4-1, Lemma 4-1 and Theory 4-2 demonstrate not only the existence of

an upper limit on the magnitude of a speed disturbance that can be absorbed but also

indicate that this upper boundary condition can be obtained by discovering an optimal
control-action strategy of Q( X, ,J o) . Therefore the discussion regarding the finding of
an upper boundary on the magnitude of a single speed disturbance that spacing can
absorb is simplified to the condition when X, = X_,, .

Case 1 in Section 3.2

If X, = X_,,, the minimum dynamic spacing given in Equation 3-15 can be

simplified as
Minimum S(t) = S(t,) + %k’; X(t, —t,)(0"—1,) - ?12-55;, X (8'-9)(t, - 9)

=S(to)-5—t°

X (Ax

n+1

+Ax) 4-10.

As shown in Figure 4-2, Line cd is parallel to the Line hg and Line bd is parallel

to Line eg. Thus, the length of Line bd is equal to the length of Line eg which is equal

to Ax, — Ax,,,. Since X, = X_,,, it is easy to calculate that the length of Line c-b =
Ax"—-:_f‘x”*—' and the length of Line b-a =%-;&’-'- . Therefore we get
i %
1 1 . .
5—t0=(b—a)+(c—b)=(7;—7:)x(Axn—-Ax,m) 4-11.
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1, ) t,

Figure —4-2 control-action strategy of the following vehicle with X, = x

n+l

If we substitute Equation 4-11 into 4-10, we get

Minimum S(8) = S(,) -2 =" x (A%, + A%
1. 1 1 . \2 . \2
=S(to)——2-x(T—_.—_)x[(Ax,,) -(Ax,,)°1=S,,. 4-12.
By solving Equation 4-12, we obtain
S(t,)—-S
(Mn)2 = 2[ (10) 1mf¢] +(Mn+l)2 4-13.
F

Equation 4-13 suggests that square of the single speed disturbance produced by
the lead vehicle n is composed of two parts, one of which is absorbed by the single
spacing and another that is transmitted backward through the speed reduction of vehicle

n+1. If we let the Ax,,, =0, the speed disturbance that the single spacing absorbs is

[2AS(t) =S, ]

.0 - -
Ax, T 1 4-14
X

which is concurrent to the Equation 4-3.
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Case 3 in Section 3.2

If X, =X,

n+l?

the minimum dynamic spacing given in the Equation 3-27 can be

simplified as follows

Minimum S(t)

=S(to)+%5c"' x(8'-t,)* +%,’f; Xt —t,) + ¥, x(¢, —to)(J'—t,)—%i' x(8'-0)?

n n+l

=S(1,) + %5&; X(t, —t,)(d'1,) - %k‘;ﬂ X (8"-0)(t, - 9)

=S(t,) - X (Ax,

n+l

i +A%) 4-15.
2
This is exactly the same as in Equation 4-10. Therefore its solution is the same

as the Equation 4-13.

4.3  Local Stability
According to the definition of Rothery (Gartner, 2000), local stability is
concerned with the response of a following vehicle to a fluctuation in the motion of the

vehicle directly in front. Equation 4-3 shows that an initial speed disturbance

oo < [ =S55]
B S T 5
\ ¥ %

will be absorbed by the spacing and the localized interaction of car-following is stable.
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44  Asymptotic Stability for a Single Speed Disturbance

Asymptotic stability is concerned with the manner in which a fluctuation in the
motion of any vehicle, say the lead vehicle of a platoon, is propagated through a line of
vehicles (Gartner, 2000).

When a speed disturbance cannot be absorbed, it is propagated backward
through the speed reduction of the following vehicles. This generated speed reduction
has an impact on the vehicle following the following vehicleas shown in Figure 4-3.

n+2 n+l n

i, D

I Sn+l(t0) I Sn(to) |

Figure 4-3  Illustration of car following of the next-nearest coupling vehicle

According to the analysis in Section 4.2 if the generated speed disturbance is

. 2’[SM'I(IO) - S.mfel
Ax . <
n+l = l 1 ’

e

et
\ Xne1 Xnsl

the spacing between vehicle, n+1, and its following vehicle, n+2, can absorb the rest of
the speed disturbance originally produced by vehicle n and propagated through the

speed reduction of the vehicle n+1, Ax,,,. Otherwise, the vehicle n+2 has to reduce its
speed to respond to the generated speed disturbance Ax,,,.and in this way the original

speed disturbance produced by the vehicle n is further transmitted backward through
speed reductions of vehicle n+1 and its next nearest coupling vehicle n+2. The
propagation of the generated speed disturbance is similar to that analyzed in Section

4.2, thus
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Sn(®)—S
(a5, = 2 "*1'(°)l ZLN 4-16.

cad e

X X

n n+l

If we substitute Equation 4-16 into 4-15, the original speed disturbance produced by the

vehicle n is

S(i)-S S,a)—-S
(Axn)Z = 2[ (10) lsnfe]+2[ rHil(O) N saj¢]+(Mn+2)2 4_17.
P X

Likewise, if the spacing behind vehicle n+2, S, ,,(#,), cannot absorb the speed

disturbance propagated by vehicle n+2, the transmitting process will be carried on

backward resulting in
(Ax )2 = 2[S(t0) - ssafel + 2[Sn+l(t0) - S.mfe] + 2[Sn+2(t0) - Ssajel +oo. 4'18
" 1_1 1_1 1_1

If we assume that there are N vehicles in a vehicular platoon, the upper
boundary on the magnitude of the single speed disturbance produced by the leading

vehicle that a vehicle platoon can absorb is

. 2_ il <0 2_ ul 2[Sj(t0)_ssq'¢]
(&%) -Z(Axi) -Zl; T

4-19.

XX

Therefore, Equation 4-19 gives the upper boundary condition of asymptotic

stability for a single speed disturbance.

4.5  Summary
The existence of the upper boundary on magnitude of a speed disturbance has

been demonstrated by means of the minimum dynamic spacing obtained in Chapter 3.
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here, we obtain the formulas required to calculate the upper boundary of the magnitude
of a speed disturbance that a single spacing (or multiple spacings) can completely

absorb. Moreover, the conditions for local and asymptotic stability are provided.
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CHAPTER 5 MODEL VERIFICATION

The results obtained in Chapter 4 can be tested by field, laboratory or
simulation experiments. The verification of the model requires dynamic data
including individual vehicular speed, spacing, and acceleration/deceleration data. In
order to capture the entire process of the interaction of a following vehicle to a
speed disturbance of its lead vehicle, data need to be collected over a sufficient
length of a segment of a roadway and over a sufficient time period and on a group
of vehicles that are following one another without lane-changing. To meet the data
requirements of a model demonstration, a field or a laboratory experiment would
require specialized equipment and be very costly and time consuming to perform.
Therefore, a simulation approach is used.

5.1  Description of the Experiments

The simulation software used for the experiments was Traffic Simulation
Integrated System (TSIS) Version 5.0 published by the FHWA in March 2001.

Two experiments were conducted. All input parameters for the two
experiments were the same except the ratio of Driver Type.

The experimental site was a one-mile long, straight, level, single-lane basic
freeway segment with dry concrete or dry asphalt pavement. A passenger car was
selected as the test vehicle type with an average occupancy of 1.3 persons per car.

Simulated drivers were grouped into 10 types by their driving behavior from
the least aggressive (ranked as 1) to the most aggressive (10). A variety of car-

following sensitivity multipliers were assigned to different types of drivers with less
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sensitivity and larger following headways assigned to less aggressive drivers and
more sensitivity and smaller following headways assigned to more aggressive
drivers. The first experiment used the default values of the sensitivity factors, which
assigned a ratio of 10% to each of the 10 Driver Types. To obtain a better
observation of car-following behavior at the boundary conditions discussed in the
previous chapters, the second experiment was conducted with the percentage of
aggressive drivers increased. The distributions of Driver Types in the two
experiments are summarized in Table 5-1.

Table 5-1 Percentage of Driver Types in Two Experiments

Percentage of Driver Types
Lease aggressive More aggressive

DriverTypes | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 10

Experiment1| 10 | 10 | 10 ( 10 { 10 | 10 | 10 | 10 | 10 | 10

Experiment2 | 0 0 0 0 10 | 10 | 10 | 20 | 20 | 30

Vehicles were generated by the simulation program with a Pearson I
distribution and discharged into the experimental segment through an entry link.
The hourly vehicle discharge rate was 2400 vph and the free flow speed was set at
88 ft/sec (60 mph).

Vehicle performance in acceleration/deceleration was determined according
to the values for driver braking behavior under three situations (planned, anticipated
but unsure when, and unexpected situations) given in Table 2-2 in Section 2.5.
When the driver of a following vehicle anticipates its Expected State is unacceptable

and takes a control action, the driver is most likely to perform an “anticipated but
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unsure when” control action. Therefore according to Table 2-2 the average
deceleration rate of 15 ft/sec? for the “anticipated but unsure when” is used as the
deceleration rate of a following vehicle in response to a speed disturbance. When a
vehicle develops a speed disturbance of its own, the driver is most likely to perform
a “planned” braking. Thus, according to Table 2-2 a deceleration rate 8 ft/sec® for a
“planned” situation was assigned.

To obtain as-detailed-as-possible dynamic data, the time interval for a single
step was set as 0.3 sec in the first experiment. Since the program updates speed and
acceleration/deceleration data every second, to record more vehicular data the second
experiment uses one second as the time interval of a single step. The total time of the
simulation for each experiment was 15 minutes (900 sec).

5.2 Data

TSIS does not provide step-by-step individual vehicular spéed, spacing, and
acceleration and/or deceleration data in the reports. To meet the data requirement
for the model verification, data were recorded manually.

5.2.1 Experiment One

During the 15 minutes of the simulation period 519 vehicles entered the
experimental site. Each vehicle had at least 150 step-by-step records. Each record
has three data values, namely speed, position, and acceleration/deceleration rate. If
all of the vehicles are recorded the total data that needs to be recorded would be at
least 519*150*3 = 233,550, which is difficult to record by hand. Therefore, a
vehicle ID (number 166) was randomly selected. The dynamic movement of vehicle

166 and its following vehicles were monitored. The observation of the vehicle
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movements showed that vehicle 167 responded to a speed disturbance of vehicle
166. Moreover, vehicle 168 responded to the speed disturbance of vehicle 167 and
so on until vehicle 171. Vehicle 171 was not in a car-following state with vehicle
170 and never responded to the speed change of vehicle 170. To obtain a picture of
the car-following behavior of the vehicles following vehicle 171 (that are not in a
car-following state) with the vehicle in front, three additional vehicles (172 through
174) were also monitored. Therefore, the speed, position and
acceleration/deceleration of vehicle 166 through vehicle 174 were recorded in a
step-by-step manner (Appendix 1).

The step-by-step spacing between each pair of vehicles, the step-by-step time
headway of each vehicle, the minimum time headway of each vehicle during the 15-
minute simulation, and the minimum safe distance headway maintained by the
vehicles were calculated by:

Spacing = position of the lead vehicle — position of the immediately following
vehicle (ft) 5-1

Time headway = spacing /speed (sec) 5-2

Minimum time headway for each vehicle during the simulations

= Minimum {Time headways of the vehicle} (sec) 5-3

Minimum distance headway maintained by each vehicle during the simulations

= the minimum time headway * the speed 5-4.

The driver type and the minimum time headway of each vehicle during the
first experiment are listed in the Table 5-2. The speed interactions between each pair

of adjacent vehicles are illustrated in Figure 5-1 at the end of the chapter.



Table 5-2. Driver Type and Minimum Time Headway of Each Vehicle in Experiment

One
Vehicle ID
166 167 | 168 | 169 | 170 | 171 | 172 | 173 | 174
Driver Type 7 7 7 5 10 2 2 10 7
Minimum Time
Headway during the | Unknown | 0.88 | 0.90 | 1.15 | 0.61 | 2.31 | 1.48 | 0.65 | 0.92
Simulation (sec)

5.2.2 Experiment Two

During the 15 minute period of the experiment two, 597 vehicles entered the
experimental site. Since the experiment two took 1 second as a single step, each
vehicle took approximately 50 steps to travel through the site. A sample size of 30
vehicles was selected starting from a randomly selected vehicle ID 69. The speed,
position, acceleration/deceleration rates of vehicle 69 through 98 were recorded in a
step-by-step manner and the spacing between each pair of adjacent vehicles was
calculated by using Equation 5-1 (Appendix 2).

The observation of the 30 vehicle movements showed that vehicles 69, 70, 77,
81, 90, 93, 94, 96, and 97 had roughly stable speeds, kept relatively large spacing from
the vehicles in front, and did not respond to any speed disturbances from the leading
vehicles. Their approximately constant speeds, Driver Types, and minimum time

headway during the simulation are listed in Table 5-3.
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Table 5-3 Driver Types, Approximately Constant Speeds, and Minimum Time

Headway of Vehicles 69, 70, 77, 81, 90, 93, 94, 96, and 97 during the Simulation

Vehicle ID

69 70 | 77 | 81 | 90 | 93 | 94 | 96 | 97
Driver Types 7 7 7 7 8 9 8 8 7
Approximately 86 8 | 86 | 86 | 89 | 94 | 89 | 89 | 83

Constant Speed (ft/sec)

Minimum Time Unknown | 2.28 | 4.06 | 2.42 | 1.10 | 0.86 | 1.28 | 1.57 | 1.40
Headway during
Simulation (sec)

Vehicles 71 through 76 followed one another during the simulation. Each of

them kept small gaps from the vehicle immediately in front once it entered a car-

following mode and responded to a speed disturbance from its leading vehicle. The

driver types and the minimum time headways during the simulation are listed in Table

5-4.

Table 5-4 Driver Types and Minimum Time Headways of Vehicles 71 through 76

Vehicle ID
71 72 73 74 75 76
Driver’s types 9 9 9 10 9 9
Minimum time headway 0.70 0.76 0.76 0.64 0.76 0.73
during the simulation (sec)

Vehicle 78 developed speed disturbances of its own and vehicle 79 responded

to them, which transmitted the speed disturbances from vehicle 78 backward. Vehicle

80 responded to these generated speed disturbances from vehicle 79 when the spacing

between them became small. Vehicle 82 followed Vehicle 81 closely and developed



speed disturbances that were transmitted backward through vehicles 83, 84, 85, 86 and
87. Vehicle 88 maintained a stable speed and large spacing from vehicle 87 until step
66 when the spacing became small. Vehicle 89 developed a speed disturbance when it
moved closely to vehicle 88. The driver types and the minimum time headways of
vehicles 78 through 80 and vehicles 82 through 89 are listed in Table 5-5.

Table 5-5 Driver Types and Minimum Time Headways of Vehicles 78 through 80 and

Vehicles 82 through 89

Vehicle ID

78 | 79 | 80 | 82 | 83 | 84 | 85 | 86 | 87 | 88 | 89

Driver Types 8 9 8 9 10 ( 10 | 10 | 10 | 10 9 10

Minimum Time
Headway during | 0.86 | 0.75 | 0.85 | 0.76 | 0.66 | 0.50 | 0.59 | 0.62 | 0.52 | 0.71 | 0.64
Simulation (sec)

Vehicles 91 and 95 developed speed disturbances of their own. Vehicle 92
responded to the speed disturbance from vehicle 91when the spacing between them
was reduced to less than 75 feet, but vehicles 96, 97 and 98 did not respond to the
speed disturbances from vehicle 95 because of a large spacing. The driver types and
the minimum time headways of vehicles 91, 92 and 95 are listed in Table 5-6.

Table 5-6 Driver Types and Minimum Time Headways of Vehicles 91, 92, and 95

Vehicle ID
91 92 95
Driver Type 9 9 9
Minimum Time 0.73 0.75 0.73
Headway during
Simulation (sec)
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The speed interactions between each pair of the adjacent vehicles except
vehicles 69 and 70, and vehicles 93 and 94 are illustrated in Figure 5-2 at the end of
the chapter.

5.3  Case Study

By examining Figure 5-1 and Figure 5-2 thoroughly, one can find some cases
in the experiments in which speed disturbances were absorbed completely or partially.
They are identified and listed in Table 5-7 and will be discussed in the case study
sections of 5.3.1, 5.3.2, and 5.3.3.

Table 5-7 Cases in which Speed Disturbances Were Absorbed Completely or Partially

Case for Scenario 1 | Case for Scenario 2 | Case for Scenario 3
Experiment One Figure 5-2 ¢ Figure 5-2 a Figure 5-2d
Experiment Two Figure 5-3 k Figure 5-3 i Figure 5-3d
Figure 5-3 y Figure 5-3 q Figure 5-3 e
Figure 5-3n

5.3.1 Cases for Scenario 1 - Acceptable-Acceptable Expected State

This scenario describes a car-following behavior under which the lead
vehicle has a speed reduction and its nearest following vehicle does not take any
control action to respond to it. Thus a reduction of the spacing between the two
vehicles takes place. Therefore, the speed disturbance is completely absorbed by the
spacing between the first two vehicles.

In Experiment One, Figure 5-1 e shows that vehicle 170 developed speed
disturbances at steps 66-76, 82-93 and 111-118 and vehicle 171 did not respond to

any of them. In Experiment Two, Figures 5-2 k and y show that vehicles 80 and 95
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developed speed disturbances at steps 34-37, 43-47, 51-55, and at steps 56-58, 65-
67, and 78-80. Vehicles 81, 96 did not reduce their speed to respond to them. Those
speed disturbances were completely absorbed by the spacing between the vehicles.
Table 5-8 summarizes the values of the speed disturbances developed by vehicle
170 in Experiment One, and by vehicles 80 and 95 in Experiment Two, the average
acceleration/deceleration rates in each speed disturbance, and the spacing between
vehicles 170 and 171, 80 and 81, and 95 and 96 at the beginning of the speed
disturbances, the minimum distance headways during the experiments, and the
upper boundary condition for speed absorption in Scenario 1 obtained by Equation
4-16. From Table 5-8 one can confirm that the speed disturbances discussed in this

section are less than the upper boundary conditions calculated by Equation 4-16.
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Table 5-8 Case Study for Scenario I - Acceptable-Acceptable Expected State

Experiment, Vehicle ID, and Speed Disturbance
Summary of Fata
1 2 3
Steps in which a speed disturbance took | 66-76 | 82-93 | 111-
place 118
Minimum distance headway of vehicle 198 198 198
o 171 (ft)
& Acceleration (ft/sec’) 20 3.0 1.0
= Deceleration (ft/secz) 1.5 4.0 1.3
g 170
§ Initial spacing between 170 and 171(ft) 467 467 467
el
- Speed reduction (ft/sec) 40 5.0 1.0
Upper speed reduction boundary 22.0 30.0 17.4
condition for speed absorption (ft/sec)
Steps in which a speed disturbance took | 34 -37 | 43-47 | 51-55
place
Minimum distance headway of vehicle 208 208 208
81 (ft)
Acceleration (ft/sec’) 4.0 3.5 4.0
Deceleration (ft/sec?) 2.0 2.0 1.7
80
Initial spacing between 80 and 81(ft) 334 334 334
Speed reduction (ft/sec) 4.0 4.0 4.0
o
[E Upper speed reduction boundary 29.0 29.0 28.1
= condition for speed absorption (ft/sec)
[V
B Steps in which a speed disturbance took | 56 - 58 | 65-67 | 78 - 80
& place
0 Minimum distance headway of vehicle 139 139 139
96 (ft)
Acceleration (ft/sec”) 1 2 1.0
Deceleration (ft/secz) 1.5 2 1.5
95
Initial spacing between 95 and 96 (ft) 181 181 181
Speed reduction (ft/sec) 1.0 1.0 1.0
Upper speed reduction boundary 7.0 9.0 7.0
condition for speed absorption (ft/sec)
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5.3.2 Cases for Scenario 2 - Acceptable-Unacceptable-Acceptable Expected State

As defined in Chapter 2 this scenario describes a car-following behavior
such that when the lead vehicle has a speed disturbance (speed reduction), the
Expected State of its following vehicle is acceptable, but during the recovery of this
speed the Expected State of the following vehicle becomes unacceptable and the
following vehicle takes a control action until the Expected State of the following
vehicle returns to acceptable. In this speed interaction, the following vehicle
generates a speed disturbance in response to the speed disturbance of the lead
vehicle. In this case a speed disturbance of the lead vehicle can only be partially
absorbed by the spacing between the first and second vehicle.

Figure 5-1 a of Experiment One shows that vehicle 166 developed a speed
disturbance at steps 49-63. After a two-second delay vehicle 167 responded to it at
steps 55-66. Figures 5-2 i and q of Experiment Two also show that vehicle 79 and
vehicle 87 developed speed disturbances at steps 37-40, and 63-70 respectively.
After a time delay vehicle 80 and 88 responded to them respectively at steps 40-42,
and 65-72. From the figures one can see that the speed disturbances identified in this
section were partially absorbed and partially transmitted backward. Table 5-9
summarizes the acceleration/deceleration rates, the minimum distance headways
during the experiments, the spacing, the speed reductions and the upper boundaries
on the magnitude of a single speed disturbance that a single spacing can absorb
obtained by Equation 4-17. For reader convenience in locating the cases, Table 5-9
also gives the steps during which the speed disturbances took place and the steps

during which they were responded to by the following vehicles.
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Table 5-9 Case Study for Scenario 2 — Acceptable-Unacceptable-Acceptable Expected

State
Experiment, Summary of Data
Vehicle ID
Steps in which a speed disturbance took place 49-63
Steps in which the speed disturbance responded 55-66
v 66 Minimum distance headway of vehicle 167 (ft) 77
1
% Acceleration (ft/sccz) 1.5
E Deceleration (ft/sec?) 20
g
¥ Initial spacing between vehicles 166 and 167 (ft) 84
»
M Speed reduction of 166 (ft/sec) 2.0
Upper speed reduction boundary condition for 4.0
Partial absorption of speed disturbance (ft/sec)
Steps in which a speed disturbance took place 37-40
Steps in which the speed disturbance responded 40-42
9 Minimum distance headway of vehicle 80 (ft) 73.1
Acceleration (ft/secz) 4.0
Deceleration (ft/secz) 35
Initial spacing between vehicles 79 and 80 (ft) 77
Speed reduction of 80 (ft/sec) 4.0
<
[_3. Upper speed reduction boundary condition for 4.0
g Partial absorption of speed disturbance (ft/sec)
E Steps in which a speed disturbance took place 63-70
;% Steps in which the speed disturbance responded 65-72
87 Minimum distance headway of vehicle 88 (ft) 60.0
Acceleration (ft/secz) 33
Deceleration (ft/sec?) 4.3
Initial spacing between vehicles 87 and 88 (ft) 80
Speed reduction of 88 (ft/sec) 13
Upper speed reduction boundary condition for 133
Partial absorption of speed disturbance (ft/sec)
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From Table 5-9 one can find that in each case the upper boundary on the
magnitude of a speed disturbance which can partially be absorbed by a single
spacing obtained by Equation 4-17 is larger than the corresponding speed
disturbance. The values of the speed disturbances developed by vehicles 166, 79,
and 87, the values of the speed disturbances absorbed by the spacing, the values of
the speed disturbances propagated through their immediately following vehicles,
and the upper boundary conditions for each case calculated by Equation 4-17 are
listed in Table 5-10.

Table 5-10 Values of the Developed, Absorbed, Propagated, and Calculated Speed

Disturbance
Vehicle Speed Disturbance
ID Developed Propagated Absorbed Calculated
(ft/sec) (ft/sec) (ft/sec) (ft/sec)
166 20 20 0.0 40
79 4.0 1 3.0 4.0
87 13.0 11.0 2.0 133

5.3.3 Cases for Scenario 3 - Unacceptable Expected State at Target-Risk Level

Scenario 3 defined in Chapter 2 describes a situation where a vehicle follows

its lead vehicle at a minimum headway and the driver of the following vehicle is

always alerted and can be triggered to take an immediate control action at anytime

once receiving a brake signal from the vehicle in front.

By observing Figures 5-1 and 5-2, one can find that when a vehicle is

following its leading vehicle at a minimum headway, most of the time it responded to
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a speed disturbance from its leading vehicle with a larger speed reduction than that of
the leading vehicle. In those cases Equation 4-17 can always be met.

Four cases in the simulations were found where the following vehicles
followed the leading vehicle at approximately minimum time headway and
responded to a speed disturbance with one-second perception-reaction delay and
their speed reductions were either less than or equal to that developed by their
leading vehicles. In Experiment One, Figure 5-1 d shows that when vehicle 169
developed a speed disturbance at steps 64-75 vehicle 170 maintained a small
spacing from it and responded to it at steps 67-76, with a one-second perception-
reaction delay. In Experiment Two, Figures 5-2 d, e, and n show that vehicles 74, 75
and 84 developed speed disturbances at steps 33-36, 40-49, and at steps 35-39 and
43-47. Vehicle 75 kept the spacing from vehicle 74 almost at its minimum safe
headway and responded to the speed disturbance at steps 34-37. Vehicle 76 and
vehicle 85 kept small spacing and responded to the speed disturbances at steps 42-
50, and at steps 36-41 and 44-49. The perception-reaction delay for vehicles 170,
75, 76, and 85 was one second. The features of the speed disturbances and the speed
interaction between vehicles 169 and 170, 74 and 75, 75 and 76, 84 and 85 and the
boundary conditions calculated by Equation 4-17 are listed in Table 5-11. From
Table 5-11 one can find that in each case the speed reduction is less than the

corresponding upper boundary conditions calculated by Equation 4-17.
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Table 5-11 Case Study for Scenario 3 - Unacceptable Expected State at Target-Risk

Level
Vehicle ID Summary of Data
Steps in which a speed disturbance took place 64-75
g Steps in which the speed disturbance responded 67-76
= Speed reduction of 169 (ft/sec) 3.0
qs’ 169 Acceleration (ft/sec?) / Deceleration (ft/sec?) 2.0/3.0
é Initial spacing between vehicles 169 and 170 (ft) 58
i) Minimum distance headway of vehicle 170 (ft) 53
Upper boundary condition for Speed absorption (ft/sec) 4.6
Steps in which a speed disturbance took place 33-36
Steps in which the speed disturbance responded 34-37
74 Speed reduction of 74 (ft/sec) 4.0
Acceleration (ft/secz) / Deceleration (ft/secz) 3.0/40
Initial spacing between vehicles 74 and 75 (ft) 68
Minimum distance headway of vehicle 75 (ft) 65
Upper boundary condition for Speed absorption (ft/sec) 4.5
Steps in which a speed disturbance took place 41-48
Steps in which the speed disturbance responded 42-50
75 Speed reduction of 75 (ft/sec) 7.0
Acceleration (ft/sec?) / Deceleration (ft/sec?) 1.8/3.0
o) Initial spacing between vehicles 75 and 76 (ft) 77
é Minimum distance headway of vehicle 76 (ft) 63
g Upper boundary condition for Speed absorption (ft/sec) 7.0
5 Steps in which a speed disturbance took place 35-39
[%‘ Steps in which the speed disturbance responded 36-41
Speed reduction of 84 (ft/sec) 6.0
84 Acceleration (ft/sec?) / Deceleration (ft/sec?) 32/32
Initial spacing between vehicles 84 and 85 (ft) 64
Minimum distance headway of vehicle 85 (ft) 53
Upper boundary condition for Speed absorption (ft/sec) 7.7
Steps in which a speed disturbance took place 43-47
Steps in which the speed disturbance responded 44-49
Speed reduction of 84 (ft/sec) 8
84 Acceleration (ft/sec?) / Deceleration (ft/secz) 40/3.7
Initial spacing between vehicles 84 and 85 (ft) 66
Minimum distance headway of vehicle 85 (ft) 53
Upper boundary condition for Speed absorption (ft/sec) 9.2
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5.4 Summary

Two experiments of car-following behavior were simulated by using TSIS.
The dynamic speed, position and acceleration and/or deceleration data of randomly
selected lines of individual vehicles were collected in a step-by-step manner. The
cases in which speed disturbances were absorbed completely or partially by spacing
were identified from the experimental data and studied. The upper boundary on the
magnitude of the speed disturbance that the spacing can absorb in each case was
calculated by either Equation 4-16, or 4-17. The cases studied verified the models

obtained in Chapter 4.
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Figure 5-1 Speed Interaction between Vehicles in Experiment One
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Figure 5-1 Speed Interaction between Vehicles in Experiment One (continued)
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Figure 5-1 Speed Interaction between Vehicles in Experiment One (continued)
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Figure 5-1 Speed Interaction between Vehicles in Experiment One (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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Figure 5-2 Speed Interactions between Vehicles in Experiment Two (continued)
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CHAPTER 6 FINDINDS AND RECOMMENDATIONS

6.1 Findings

The study discussed the single-lane car following behavior when a speed
disturbance from a lead vehicle occurs. A concept of Expected State-Control Action
Chains and three scenarios of single-lane car-following behavior situations were
developed (Table 2-1). The minimum dynamic spacing for each scenario was analyzed
and defined (Table 3-1). The existence of an upper boundary of a speed disturbance
that a spacing can absorb was proved through Theory 4-1, Lemma 4-1 and Theory 4-2.
The mathematical models were obtained to calculate the upper boundary of the
magnitude of a speed disturbance that a single spacing or multiple spacings can absorb
(Equations  4-4, 4-13. Moreover, the conditions for local and asymptotic stability
were determined (Equations 4-16 and 4-17). Two simulation experiments were
conducted and studied. The cases identified from the experimental data verified the
models obtained in Chapter 4. The most important findings of this work are
summarized in Table 6-1.

The findings of this work demonstrate that speed fluctuations of individual
vehicles do play a role in traffic stability, and can be used in car-following analysis to

find upper boundary conditions for the stability at the microscopic level.
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Table 6-1 Summary of Findings

Findings

Reference Numbers of Figures,

Tables, or Equations in the Contents

Concept of Expected State-Control Action Table 2-1
Chain (Car-Following Prcess)
Minimum Dynamic Spacing Table 3-1

Existence of an Upper Boundary of a Speed

Disturbance that a Spacing Can Absorb

Definitions 4-1 through 4-6

Theories 4-1 and 4-2, Lemma 4-1

Mathematical Models to Calculate an Upper
Boundary of the Magnitude of a Speed

Disturbance that a Single Spacing Can Absorb

Equations 4-4, 4-13

Conditions for Local and Asymptotic Stability

Equations 4-16 and 4-17

Model Verification

Sample Cases from the Two

Simulation Experiments

6.2 Recommendations for Further Research

This work discussed a single speed disturbance and its absorption at

microscopic level. The findings established a basic framework for the research on

multiple speed disturbances and their absorption. As we pointed out in Chapter 2,

errors and deviation from the assessment or control skill of human beings are

unavoidable. When a following vehicle, n+1, reduces its speed in response to a speed

disturbance from the lead vehicle, n, vehicle n+1 may create a speed disturbance of its
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own because of the errors. In other words the speed reduction of a following vehicle
includes two parts: speed reduction in response to the speed disturbance from the lead
vehicle and speed disturbance from its assessing and/or controlling errors. The errors
of assessment and/or control can be regarded as a speed disturbance produced by the
following vehicle n+1. Therefore, further research is needed to understand the
phenomenon of multiple speed disturbances and their absorption in a group of vehicles
that follow one another. The upper boundary conditions of multiple speed disturbances
that can be absorbed by a vehicular platoon will result in a macroscopic model for

traffic stability.
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APPENDIX 1 DATA OF EXPERIMENT ONE
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