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Abstract

Recent news events and statistics demonstrate the frequent occurrence of pile-up crashes
on highways. A predominant reason for the occurrence of such crashes is that cur-
rent vehicles (including those equipped with an Automatic Cruise Control system)
do not provide the driver with advance information of events occurring far ahead of
him/her. The use of inter-vehicular communication to provide advance warnings to
enhance automotive safety is therefore being actively discussed in the research com-
munity. In this thesis, we investigate scenarios wherein only a subset of the vehicles
in a multi-vehicle stream, are equipped with such advance warning capabilities. These
vehicles (equipped with the capability to receive far-ahead information) are arbitrarily
distributed among other unequipped vehicles that are capable of receiving only local,
near-neighbor information. It is seen that there are conditions wherein even a partial
equipment of the system can be beneficial (to both the equipped and the unequipped
vehicles in a mized vehicle stream). We demonstrate this through both simulations
and a theoretical analysis. Towards this end, two distinct modeling approaches are
adopted: microscopic and macroscopic.

The microscopic modeling approach uses ordinary differential equations to model
each driver-vehicle unit and its interactions with its neighbors. A single-lane model
is employed; and the problem is formulated as a collision avoidance problem. Suf-
ficient conditions on the number of equipped vehicles, as well as their distributions
in a mized vehicle string are obtained; under these conditions, it is guaranteed that
collisions do not occur. The macroscopic modeling approach, on the other hand, uses
partial differential equations that govern the average behavior of groups of vehicles. In
this approach, a multi-lane formulation is employed. This thesis examines the influ-
ence of partial equipment of the advance warning system on some of the wave effects
that are known to exist in traffic flows, in particular, shocks and large negative veloc-
ity gradient waves that travel unattenuated or get amplified as they pass through the
traffic. We examine the influence of the equipped vehicles in attenuating such waves.
The resulting velocity gradients are parametrized as a function of the percentage of
equipped vehicles. A prototype of an advance warning system was also developed and
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road tests were conducted to test the concept. These road tests have demonstrated the
system’s performance to be satisfactory, subject to good communication links, for the
class of scenarios tested.

Thesis Supervisor: Eric Feron

Title: Visiting Professor of Aeronautics and Astronautics, MIT
Dutton/Ducoffe Professor of Aerospace Software Engineering,
Georgia Institute of Technology
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Chapter 1

Introduction

1.1 Background and Motivation

Rear end collisions are a major cause of multiple car crashes, especially during bad
weather conditions [1, 2, 3, 4]. According to statistics released by the NHTSA (Na-
tional Highway Transportation Safety Administration) (Figure 1-1) there were over
ten thousand fatalities in each of the years 1999 and 2000 occurring due to vehicular
collisions. Further NTSB (National Transportation Safety Board) statistics reveal
that, in the US there were 1.848 million crashes for the year 1999 alone. In response
to these events, the US Department of Transportation has plans to equip at least
10-25% of all vehicles with an advanced warning system by the year 2010 [81].

The major cause for such crashes is that often each driver gets warned of an
impending slowdown ahead only when the brake-lights of the car/group of cars im-
mediately in front of him/her turn on. This is particularly true during bad weather
conditions, or while driving behind a large vehicle (which obstructs a driver’s field
of vision) which is when a driver is unable to look as far ahead, as he/she otherwise
normally would have. This is also true in the context of current highly inhomogenous
vehicle fleets that comprise cars, trucks, SUVs, etc. So, if we consider a platoon of cars
travelling along, and the lead car executes an abrupt deceleration, this information is
propagated from car to car in a staggered fashion (Figure 1-2(a)), as the brake-lights

of each car come on, one after the other. There is an associated delay 7 for each car
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Figure 1-1: NHTSA Statistics indicating the occurrence of fatalities due to crashes

as the information propagates through the line of cars, (this delay typically comprises
of the time it takes for each driver to realize that the front car’s brake-lights are on,
and to react with a corresponding deceleration that turns his/her own brake-lights
on. It is a random variable with a typical value of around 0.5-1 seconds). Thus if
car 1 (i.e. the lead car) poses a hazard by a sudden deceleration that turns on its
brake-lights at time ¢ = 0, then the kth car (k > 2) gets warned of the slowdown
ahead at t = (k — 2)7, and turns on his/her own brake-lights (k — 1)7 seconds after
the first generation of the hazard. In this way, the driver’s reaction time gets con-
tinuously accumulated as the information propagates through the line of cars. This
illustrates how this mode of transmission of information of a slowdown (from car to
car as in Figure 1-2(a)) can often be too slow, and does not allow the drivers that are
far behind in the platoon, sufficient time to react. Car pile-up crashes are the result.

There exists an important analogy between the occurrence of car pile-up crashes
and the shock waves occurring in compressible flow dynamics. Shock waves in traf-

fic flow dynamics have been discussed in the literature. The earliest known work
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Figure 1-2: Schematic showing information propagation in different modes. (a) All ve-
hicles are unequipped. (b) All vehicles are equipped. (c¢) Some vehicles are equipped.
Equipped vehicles are shown in red.

appeared in [5].

The use of inter-vehicle communication for enhancement of vehicle safety is being
discussed in the literature, e.g., in [6, 12, 13, 7, 9, 10]. Researchers discuss concepts
such as vehicular ad-hoc networks (VANETS) through which information can propa-
gate in a wireless mode. For instance, if we consider a scenario wherein information of
a hazard ahead can be transmitted wirelessly through a multi-vehicle stream; and if
we assume that all the vehicles in the stream are equipped to receive such information,
then this information propagation occurs as in Figure 1-2(b).

In a real-life scenario, however, it would be unrealistic to assume that all the cars
in a platoon will indeed be equipped with inter-vehicular communication capabilities.
In the context of vehicular safety, for example, it is reasonable to envisage scenarios
wherein some vehicles are equipped to receive advance warning information, while
others are not. Indeed, the long lifetime of passenger cars and other road vehicles
guarantees that, at least for a while, not all cars will be equipped with advanced

computation and communication capabilities. In addition, the appearance of such
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capabilities is likely to be slower on low-end models than high-end models. It is
pertinent therefore to examine the influence of an advance warning system, when
only a (randomly selected) fraction of the total number of cars in the platoon are
equipped with the system. In this case, information is propagated as in Figure 1-2(c).
Thus if car 1 transmits a warning signal at time ¢ = 0, then since cars 2 and 4 are
equipped with the warning system, both of them receive the warning signal at ¢ = 0
(if we assume infinite communication speeds). Furthermore, the unequipped cars 5
and 6 now receive (indirect) information of the slowdown at 7 and 27, respectively,
which contributes significantly to safety improvement, as compared to the case in
Figure 1-2(a) when cars 5 and 6 receive the warning information only at t = 37
and 47, respectively. Even if we assume finite propagation speeds (of the slowdown
information through the equipped cars), the unequipped vehicles still benefit, because
they receive indirect information of the slowdown ahead, earlier than they otherwise
would have. The effects of this kind of partial deployment are studied in this thesis.
We show that, in many cases, even if only a fraction of the cars are equipped, their
influence on the traffic flow can be sufficient to alleviate the possibility of crashes even
in the unequipped cars.

The goal of this research is to describe how an advance warning system enables
pileup crashes to be averted, even in a mixed sensing environment wherein only a
small number of vehicles are equipped with the warning system. This area of work
can also be related to other more general problems of how a minority of informed
individuals influence group behavior. For instance, biologists have long theorized
that when a flock of birds are migrating from one place to another, it is actually
only a small minority of the birds in the flock who have a clear idea of their final
destination [28]. The other ‘uninformed’ birds merely follow the ‘informed’ birds in
a follow-the-leader policy. In this way only a minority of informed birds are able to
influence the overall behavior of the group. Likewise, in a vehicular traffic context,
we examine how only a few equipped vehicles are able to modify the behavior of the

overall multi-vehicle stream.
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1.2 Overview of Related Research

The fast growing number of vehicles on networks of roads constantly motivates intense
research activity in the field of traffic flow modeling [54]. Traditionally, there have
been three approaches to describe the dynamics of traffic flow. The first and the
most basic one is the microscopic modeling approach or the car-following modeling
approach, which concerns the dynamic description of individual vehicles [16, 17, 18,
19]. In the microscopic modeling approach, the response of an individual vehicle to its
predecessor is modeled using ordinary differential equations. A typical example is the
follow-the-leader model [16], where the acceleration of each vehicle is assumed to be
proportional to the difference in speeds between itself and its immediate predecessor.
More sophisticated nonlinear models have also been synthesized [19].

The second approach for modeling traffic flow is the macroscopic modeling ap-
proach, which refers to the derivation of evolution equations for various macroscopic
observable quantities of the vehicle flow, based on conservation equations. In macro-
scopic models, one does not look at the dynamics of the individual vehicles compris-
ing the traffic flow. Instead, traffic is described (using partial differential equations -
PDEs) as a compressible fluid formed by a multi-vehicle continuum. Analogs of the
continuity and momentum equations used in fluid dynamics are then used to model
the traffic.

The use of macroscopic models for studying traffic flows has a fairly long history.
The Lighthill-Whitham-Richards (LWR) model [5, 29] represents the earliest use of
macroscopic models to represent traffic flow. The LWR model is basically a first-
order model that is based on a gas-dynamics-like continuity equation (representing
the conservation of cars). Subsequently, second-order models have been developed
by Payne-Whitham (30, 31] and also Phillips [72]. There has been some controversy
in the past about the viability of second order models in general [32], and attempts
have been made to address some of them in [34, 40].

The kinetic modeling approach, which is based on Boltzmann-type kinetic equa-

tions, represents an intermediate step between the microscopic and macroscopic mod-
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els. Here, the traffic is treated as a gas of interacting particles. These interactions
are described by an integro-differential dynamic equation in phase space that is the
analogue of the Boltzmann equation in the kinetic theory of gases. Kinetic models in
traffic flows were originally introduced by Prigogine and Herman [50], who proposed
the use of a kinetic term to account for the vehicular interactions. These models have
been further refined by Paveri-Fontana [51]. Based on Paveri-Fontana’s equations,
Helbing then derived a (gas dynamic based) third-order macroscopic traffic model
[40] (this model included an equation for the velocity variance), and also a second
order traffic model [41], that is anisotropic in nature. Helbing also derived a two
species traffic model where the two species were cars and trucks [41], as also did
Hoogendoorn and Bovy [43]. There have also been second-order models developed by
Aw and Rascle [34, 35, 36] - these models however, are not based on gas-dynamics
foundations.

The above models have been used extensively for the analysis of multi-vehicle
systems. Using microscopic models, a multi-vehicle system has been treated as a
countably infinite interconnection of nonlinear systems. Concepts of string stability
8, 20, 61, 62] have been extensively studied and even applied to design controllers for
automatic vehicle-following systems. Similarly, macroscopic models generated using
PDEs have also been studied for kinematic waves [31], shock waves [5] and traffic
propagation stability (63, 64].

The use of inter-vehicle communication for enhancement of vehicle safety is being
actively discussed in the literature. Publications in this regard include [6, 7, 9, 10,
80, 13]. The use of vehicle-to-vehicle networks in a ”Cooperative Adaptive Cruise
Control” scheme, which uses communicated information to improve on ordinary cruise
control systems, is discussed in [6, 7]. In [80], the notion of safety of a string when the
lead vehicle undergoes an emergency deceleration is formulated; and necessary and
sufficient conditions for the safety of the string are determined, when the following
vehicles are notified of this deceleration. In [13], safety of automated and manual
highway systems with respect to resulting rear-end collision frequency and severity,

is compared.
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There has also been work done on mixed systems in the recent past [14, 15].
These papers study mixed systems comprising of semi-automated and manual ve-
hicles, wherein the semi-automated vehicles are equipped with an ICC (Intelligent
Cruise Control). These mixed systems are analyzed in the contexts of string stability
(for the purposes of pollution emission) and shock waves. The mixed systems studied
in these papers, however, do not assume inter-vehicle communication.

A considerable amount of work remains to be done, on the use of inter-vehicle
communication for enhancement of vehicle safety, in a mired sensing environment.
Such an environment is comprised of a mixture of vehicles, some of which possess
the capability of inter-vehicle communication, while others do not. Some of the key
questions that need to be addressed involve determining the minimum percentage
(or market penetration) of the equipped vehicles that are required to prevent pileup
crashes and alleviate shock waves. We therefore believe that there is value in the
analysis of mixed systems with partial inter-vehicle communication, involving infor-
mation propagation as in Fig. 1-2(c). This thesis is a step in that direction, and

addresses the specific issues of car pile-up crashes, shock waves and their alleviation.

1.3 Thesis Outline

In this thesis, we discuss a means to alleviate the possibility of car pile-up crashes.
For this, we discuss a slowdown warning concept, whereby cars are equipped with
a slowdown warning system. A car equipped with such a system has the ability
to (i) Automatically transmit a slowdown warning signal whenever it decelerates
abruptly, or its velocity becomes dangerously low for highway driving conditions, and
(i1) Receive a slowdown warning signal, and alert the driver accordingly, if it deems
the signal to be relevant. With such a system, information of a slowdown can be
propagated at a much higher speed to all the cars (compared to when they are all
unequipped) (as in Figure 1-2(b)). This allows sufficient time for the car drivers to
react appropriately to avoid the crash. A schematic representation of our proposed

slowdown warning system concept is shown in Figure 1-3.
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The system comprises of a GPS receiver, a wireless transceiver, as well as a lap-
top computer. Using the GPS receiver, a car equipped with the warning system can
determine its position and speed. The computer analyzes this information, and in
the event of any abrupt deceleration or abnormally low speed, it transmits a warning
signal to the other cars through a wireless transceiver. Each recipient car then deter-
mines whether the signal is indeed relevant to it and if so, it issues a warning signal
to the driver, alerting him/her of the impending slowdown. On the other hand, if the
computer deems the warning signal to be irrelevant to the car it resides in, then no

warning is issued to the driver.

- i\_? GPS satellite

Measure
position &
speed

G . S

Determine whether ~ a warning sinal  Issue a warning alarm

hazard is expected through to driver
wireless

communication

Figure 1-3: Schematic view

The role of the slowdown warning system in enhancing vehicular safety (in a
scenario wherein only a partial subset of vehicles are equipped with the system) is
studied along two distinct, parallel paths: (a) Using Microscopic models (b) Using
Macroscopic models. In the first part, we use microscopic models to model each driver-
vehicle system. The individual vehicles (and their interconnections) are modeled by
ordinary differential equations (ODEs) and the problem is formulated as a single-lane
problem. The notion of safety is defined as one of collision avoidance. In other words,
we examine the role of the slowdown warning system in alleviating the collisions that

can occur when a car executes an abrupt deceleration. The question that we seek
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to address is the determination of the required number of equipped vehicles (in a
mixed vehicle stream) that can guarantee zero collisions. We define multiple modes
of behavior of the driver (Figure 1-4). In particular, we define two modes of driver
behaviour: one before the alerting signal is broadcast, and one after the driver receives
the alerting signal. We define each of these states as a discrete state in the hybrid
control system - associated with each of these states is a different human driver model.
In the recent past, collision detection and resolution schemes for aircraft in Free Flight

have been studied in this framework [22, 23].

o:Y(z,u) <0

Cautious mode
Dynamics :
& = fa(z,u)
Invariant :
(z,u) <0

Normal mode
Dynamics :
& = f1(z,u)
Invariant :
Y(z,u) >0

o:Y(z,u) >0

Figure 1-4: Vehicle driving modes

In the macroscopic modeling approach, on the other hand, we examine the average
behavior of groups of vehicles. In this approach, the multi-vehicle system is modeled
by partial differential equations (PDEs) and the problem is formulated as a multi-lane
problem with the objective of alleviating large negative velocity gradients occurring
on the highway. When a car executes an abrupt decleration, it initiates a compression
wave that passes through the line of cars behind it. This compression wave then can
(under some conditions) become stronger and stronger and eventually develop into a
shock wave. As this shock wave passes through the line of cars, successive cars have
to slam on their brakes and this increases the possibility of collisions. The presence

of a few equipped vehicles, however, can help in smoothening the traffic flow, and
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reducing the intensity of the shocks/large negative velocity gradients in the traffic.
In this part of the work, we examine the role of the slowdown warning system in
alleviating shocks/large negative velocity gradient waves in the traffic. Some of the
questions that we seek to address include the determination of the required number
of equipped vehicles (in a mixed vehicle stream) that will sufficiently weaken the
negative velocity gradients.

This thesis is organized as follows. Chapter II discusses the microscopic modeling
approach, wherein the safety problem is formulated as a collision avoidance problem,
and the role of the slowdown warning system is to alleviate collisions. The problem
formulation in the microscopic modeling approach assumes a single lane. We see
how the phenomenon of string instability (viz., amplification of intervehicle spacing
errors along a line of cars subsequent to an abrupt deceleration by the lead car) can
lead to pileup crashes. We then see how equipping all the vehicles with a slowdown
warning system can lead to a situation of string stability. We then demonstrate how
equipping a few cars with a slowdown warning system leads to a situation of mixed
string stability, which can still have a beneficial effect on the overall safety of the
interconnected system of vehicles. We demonstrate this through both simulations
and a theoretical analysis.

Chapter III then discusses the macroscopic modeling approach, wherein the safety
problem is formulated as a shock alleviation problem, and the role of the slowdown
warning system is to minimize/eliminate the strength of shocks/large negative velocity
gradient waves on the highway. The problem is formulated as a multi-lane problem
in this approach.

A prototype of the slowdown warning system was built, and we conducted actual
road tests to test the efficacy of the system. These are discussed in Chapter IV, which
discusses the system architecture and some of the communication and algorithmic
issues involved. We also discuss details of related road tests that were performed
after equipping a few cars with such a system. Finally, Chapter V presents the
conclusions.

A brief summary of the main contributions of this thesis are as follows :
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e In the microscopic modeling approach (discussed in Chapter II), this thesis
studies the phenomenon of mixed string stability in the context of collision
avoidance; and identifies certain sufficient conditions on the number and dis-
tribution of equipped vehicles, that will guarantee zero collisions in a mixed

vehicle string.

o In the macroscopic modeling approach (discussed in Chapter III), this thesis
arrives at a model for advance information propagation through a mixed vehicle
scenario; studies the phenomenon of shocks in such a scenario; and parametrizes
the shocks/negative velocity gradient waves for prototype initial conditions, as
a function of the extent of equipment and signal transmission range in a mixed

vehicle string.

o In the experimental section (discussed in Chapter IV), this thesis presents a safe
method to test the slowdown warning concept for a specific class of pileup crash
scenarios; and the results obtained using this method. These demonstrate driver

behavior in cars unequipped and equipped with a slowdown warning system.
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Chapter 2

Microscopic Modeling Approach

In this chapter, each individual driver-vehicle unit and its interactions with its neigh-
bors is modeled using ordinary differential equations. A single-lane model is assumed.
It is demonstrated how a scenario of all vehicles unequipped could lead to a situation
of string instability; while equipping all vehicles with the slowdown warning system
could lead to a situation of string stability. It is then demonstrated how a scenario
of having some vehicles equipped could lead to a situation of mized string stability.
Sufficient conditions on the number and distribution of equipped vehicles (within a
mized vehicle string) are obtained, under which it is guaranteed that zero collisions

occur. A lower bound on the probability of obtaining zero collisions is presented.

2.1 Introduction

In this chapter, we use microscopic models to demonstrate the benefits that accrue
from a slowdown warning system. We formulate the problem as a collision avoidance
problem; in other words, we see how the presence of a slowdown warning system
can help alleviate collisions, that otherwise would have occurred. We first give a brief
description of a finite state model of a human driver with/without a slowdown warning
system, and then present simulation results that demonstrate the beneficial aspects of
a slowdown warning system even in situations of partial equipment. These simulations

demonstrate the possible occurrence of string instability under some initial conditions,
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that can lead to pile-up crashes. It is then seen how equipping all the vehicles with
a slowdown warning system can lead to a situation of string stability. We then see
how a situation wherein there is a partial equipment of vehicles with the slowdown
warning system, can lead to a scenario of mixed string stability (which means that
some parts of the vehicular string are string stable, while other parts are not string
stable) whereby as long as the equipped vehicles are present in a sufficient number, and
their distributions lie in a defined set of possible distributions, then collisions will not
occur even in the unequipped vehicles. We then perform a theoretical analysis that
demonstrates certain sufficient conditions under which it is guaranteed that collisions

cannot occur.

2.2 Finite state model of a driver

To account for the change in driver behavior in response to brake lights and/or ad-
vance slowdown warnings, we assumed the driver to be a finite-state system (ref Figure
1), whereby he could be in one of three different modes. Modeling the driver as a
finite state system has been done before, for eg., [18]. Before we go into a discussion
of the modes, we briefly introduce some nomenclature.

There are N vehicles in a platoon, numbered 1,2, ...., N, with car 1 being the lead
car, and ¢ denoting the ith vehicle. Some of the cars are equipped with the slowdown

warning system, while the others are not. Define :

e E : The set of vehicles that are equipped with the slowdown warning system.

o U : The set of vehicles that are not equipped with the slowdown warning system.

e sl rec(i) = A flag indicating whether a vehicle ieE (i.e. an equipped car) is

currently receiving a slowdown warning. A value of 1 indicates that a warning
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is being received, while 0 indicates otherwise.

e b.i(i) = A flag indicating whether a vehicle ¢ (which may be equipped or un-
equipped) currently has its brake lights on. A value of 1 indicates that its brake
lights are on, while 0 indicates otherwise.

The velocities of the cars are denoted by Vi, V2, ..., Vv while the inter car sepa-

rations are denoted by s12,523,...., SN—1,N-

At time t = 0, it is assumed that all the n cars are travelling at equal velocities, and
the inter car separations are all equal. The lead car then suddenly decelerates, and
emits a slow-down warning signal that is received by all the equipped cars behind
it. The instant the equipped cars receive this signal, the drivers of these cars go into
an alert mode and smoothly increase the distance between themselves and the car
immediately in front of them. The unequipped cars, on the other hand, receive no
such signal - only when the brake-lights of the car immediately in front of them come
on, do these drivers go into an alert mode. However, they do not have the time to
increase the distance between themselves and the car in front. We assume that the
distance a car maintains to his/her immediate predecessor is equal to the product of
the velocity of the following car and a quantity referred to as the time headway.
Thus, at any given time, the driver of the ith (following) car can be in one of three
modes, viz. g1, ¢z or g3, and he/she transitions from one mode to another, depending

on the flags sl_rec(i) and b_I(i — 1). The descriptions of the modes are as follows :

1. Mode ¢;: This is the initial mode in which all the drivers reside, when both the
flags sl_rec(i) and b.I(i — 1) are zero. This mode is characterized by ‘normal’
driver dynamics, manifested by ‘normal’ time delays. We denote the driver
dynamics in this mode by # = fi(z,u). A driver can reside in mode ¢; for
long periods of time. In this mode, he/she tries to maintain a ‘normal’ distance
between his car and the one immediately ahead of him/her (this distance is

characterized by shorter time headways).
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b I1(i-1) =1
OR sl rec(i) =1

sl_rec(i) = 0O

sl_rec(i) =1

mode q1

& = f1(z,u)

u = d;(t) — d;(0)

ieF

b_I(i-1) = 0

sl_rec(i) =1

bi(i-1) = 1

mode q3

mode q1

@ = fa(z,u)

u = d;(t) — d;(0)

z = fa(z,u)
u = d;i(t) — d;(0)

T = fl(.’L‘,’u)
u = d;(t) — d;(0)

1elU 1eF

1eU

AND d; > d;(0)

Figure 2-1: Finite state model of a car driver

2. Mode ¢o: Only the drivers of the equipped cars can be in this mode. These
drivers transition from mode ¢; to ¢ if and only if they receive a slowdown
warning signal. This mode is characterized by (a) Faster driver dynamics, man-
ifested by shorter time delays compared to g; (it is denoted by the equation
i = fao(z,u)) and (b) A higher value of reference distance/time headway dyes(7),

compared to g;. Mode g is a high alert mode, in which a driver resides for only

a short duration, before reverting back to ¢;.

3. Mode g3: The drivers of both the equipped as well as the unequipped cars can

reside in this mode. The drivers of the unequipped cars transition from ¢; to g3
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if and only if the brake-lights of the car ahead of them come on, while the drivers
of the equipped cars transition from ¢; to gs if and only if the brake-lights of
the car ahead of them come on, and additionally, they are not in receipt of a
slowdown warning. This mode is characterized by the faster driver dynamics,
represented by & = fo(z,u) and the ‘normal’ reference distance (with a shorter

time headway). A driver resides in mode g3 only for a short duration of time.

Each of these modes, and the transitions thereof, are schematically represented in
Figure 1, for equipped and unequipped cars. Note that this figure holds for all

following cars.

2.3 Numerical Simulations

Before we theoretically analyze the effect of slowdown warning systems on the safety
of traffic flow, we demonstrate the results of numerical simulations as an introduction
of our proposed concept. Consider a string of cars driving on a single-lane highway.
We assume that at t = 0, they are all driving with equal speeds and equal inter-car
distances. The string of cars is modeled as an inter-connected system, with each car-
driver system forming one element of the inter-connected system. The acceleration

response of the driver of the ith car is modeled by the following equation, presented

in [17], [18]:

iil’é_fl = Ky (st —7) = Tui(t— 7))+
Ky (Uit — 7) — vt — 7)),
dsl%dltz(tl = v;-1(t) —u(?) (2.1)

where v; indicates the velocity of the ith car and s;_; ; represents the inter-car distance
between the sth and the (i — 1)th cars, with car 1 being the lead car. 7 indicates
the response delay of each car-driver system. K, represents the sensitivity of each

driver to the velocity difference between his/her car and the one immediately ahead
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while K is the sensitivity to the difference between the desired inter-car distance
and the true inter-car distance. The desired inter-car distance of each driver (to the
car ahead) is proportional to his/her own velocity, with the proportionality constant
being T (the time headway). We work with a simplified model in which we assume
all the drivers to possess identical dynamics.

Consider the following scenario, in which all the cars are initially travelling at
typical highway speeds of about 30 meters/sec, (i.e. 67.5 mph), with the inter-car
distance being 36 meters (i.e. T = 1.2sec). We assume 7 to be a ball-park value of 0.6
seconds, and then determine K; and K such that it ensures stable, non-oscillatory
behavior for each two-car system. (These were obtained using guidelines available, for
example, in [21]). At t = 5sec, the lead car begins to execute an abrupt deceleration,
and decelerates continuously for 5 seconds. We now present simulations showing
the effect of the lead car’s deceleration (on the cars behind), when information of
this deceleration is transmitted in each of the modes demonstrated in Figure 1-2 of
Chapter 1.

Refer to Figure 2-2, which shows the velocity and inter-car distance profiles of 10
cars, when the information of the lead car’s deceleration is transmitted from car to
car, as in Figure 1(a). It can be seen that the values of the minimum car velocity and
minimum inter-car distance keep decreasing with increasing car index, until car 6 is
rear-ended by car 7, and crashes occur for all the cars behind. It can be seen from
the figure that if there were more cars behind car 10, they too would all collide, thus
leading to a pile-up. This is the phenomenon of string instability [20], [14].

String instability refers to the amplification of velocity errors as these errors
travel along a string of vehicles. If we define €;(t) = Vi(t) — Va(t), ex(t) = Va(t) —
Vs(t), ... ,en—1(t) = Vv_1(t) — Vi (t), then a string of vehicles is said to be I, stable
if :

lex(®)llp < llea(®)llp < v < llex(®ly

where p indicates the pth norm. In the context of pile-up crashes, we are interested
in the amplification (or otherwise) of the co norm of the velocity errors, i.e. we are

interested in I, string stability.

29



[}
o

[22]
o
T

Velocity (MPH)
D
o

20+ i
0 1 1
0 5 10 15 20 25 30
Time (sec)
(@
60 . T T T T
"

H
o
T
&
ES
I

Inter car distance (meters)

e Se, |
20 o s::
- T Sse  H
0 1 1 i\ sy f@(\ I — S0
0 5 10 15 2 25 30
Time (sec)
®)

Figure 2-2: All cars unequipped

The occurrence of such a pile-up can be attributed to the following reason : with
all cars maintaining initially shorter time headways, information of the deceleration
of the lead car is transmitted from car to car in a staggered fashion, viz., by the
brake-lights of the successive cars coming on one after the other, and this rate of
information travel is too slow to give the driver sufficient time to react to avoid the
imminent collision. It can also be inferred that the higher the value of 7, the smaller
is the car index from which pile-up crashes begin to originate. In general, the shorter
the time headway maintained by a vehicle (to the one ahead of it), the more likely
the onset of string instability; at higher time headways, string instability does not
manifest.

Now, consider a scenario when all the 10 cars are equipped with the slowdown
warning system, and the lead car executes an identical deceleration profile. In this
case, all the cars get informed of the slowdown ahead, near simultaneously, from the
instant the lead car begins to decelerate (i.e. information of the lead car’s deceleration
is propagated as in Figure 1-2(b) of Chapter 1). They are therefore able to react much

earlier (car 10, for example, is able to react 7 seconds after the lead car begins to
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decelerate, as opposed to 97 seconds that it would otherwise have taken, if all cars were
unequipped). We make the reasonable assumption that on receipt of the slowdown
warning signal, the driver of each equipped car transitions to a slightly lower value
of 7 than when he was unequipped (in these simulations, we assume 7 = 0.4 sec for
an equipped car - this signifies the increased alertness of the driver on receipt of the
warning signal). Furthermore, the driver of each equipped car attempts to increase
his/her time headway to the car in front of him/her, in anticipation of the imminent
slowdown. The result is shown in Figure 2-3, where, on receipt of the warning signal,
each driver tries to increase the time headway to the car immediately ahead (from the
original T = 1.2sec to T' = 1.65sec). The trend of decreasing values of the minimum
car velocity and minimum inter-car distance (with increasing car index) is no longer
seen. This would be true even for any arbitrary number of cars behind car 10, if they

too were equipped.
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Figure 2-3: All cars equipped

As mentioned earlier, it is unreasonable to assume that in a real-life scenario, all
the cars would indeed be equipped with a slowdown warning system. It is pertinent,

therefore, to examine the influence of the system when only a fraction of the cars are
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equipped. In other words, only some cars possess long distance sensing capabilities,
while other cars possess only local (i.e. near neighbor) sensing capabilities. It turns
out however, that in many cases, even if a fraction of the cars are equipped, this can
still be sufficient to break the trend of decreasing intervehicle spacings as it propagates
down the line of cars, and this can prevent pile-up crashes. This is illustrated in Figure
2-4, where only cars 7 and 9 are equipped. It is seen that after the lead car decelerates,
there is an onset of decreasing intervehicle spacings in cars 2 to 6. However, the fact
that car 7 is equipped breaks this trend, and in fact, the minimum value of V7 (as also
Zg) is higher than Vg (respectively, x5). Furthermore, since car 8 is unequipped, it
re-initiates the trend of decreasing intervehicle spacings and therefore the minimum
value of V3 (as also z7) is indeed lower than that of V7 (respectively, z¢); yet it is higher
than that in the case when car 7 was unequipped (see Figure 2-2). Similarly, since
car 9 is equipped, not only is the minimum value of zg high enough, but also that of
Tg is higher than what it was when car 9 was unequipped. Consequently, no crashes
occur. This shows that it is possible that even if a fraction of the cars are equipped,
they are able to ensure the safety of not only themselves, but the unequipped cars as

well.

2.4 Pileup crash: Mathematical definition and con-
ditions for Safety

We use the following notation : F and f represent the same signal (or system)
in the frequency and time domain, respectively, i.e., F(s) = L(f) = T f(t)e stdt.
The symbol s represents the Laplace variable. | f||., denotes supsso|f], 0While 1Fl
denotes supyso [F(jw)|. Bothl||f||; and || F||, denote Tlf (t)| dt.
Consider a string of N vehicles driving on a single(ila,ne with the dynamics of each
vehicle defined by
Vi(s) = Gi(s)Viei (s) (2.2)

for all i € N, where V; represents the longitudinal velocity of the ith vehicle. G; (s) is
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Figure 2-5: Interconnected system of vehicles

33

30



the transfer function connecting the velocity response of the ith vehicle to that of the

(2 — 1)th vehicle (See Figure 2-5). While the simulation results of Section II (that use
K, + 3K,
, the
s2es” + s(K T + K») + K,
statements made in this section are true for arbitrary G;(s). We assume that all the

Equation 2.1) assume a G;(s) of the form G;(s) =

vehicles in this interconnected system are driving with equal initial speeds and equal
initial intervehicle spacings. The lead vehicle then executes an abrupt deceleration
(possibly in response to some hazard ahead of it) and this induces a chain reaction
that leads to a pileup crash in the system. Our objective in this section is to determine
the conditions under which the pileup crash occurs/can be avoided.

Definition 1 A pile-up crash is said to occur in the interconnected system of vehicles,

if there exists a time ¢ and an index n such that

J)z(t) — .’L‘i+1(t) <0Oforn<i< N, (23)

where z; is the position of the ith vehicle (z; is the position of the lead vehicle) and z;
are measured in a direction such that z;(0) > z;+1(0)Vi. The condition in Equation

2.3 is equivalent to

A (@i — Zig1)]loo > 2:(0) — 2441(0) for n <i < N, (2.4)

where A (z;(t) — zi41(t)) = (xi(t) — zi+1(t)) — (2:(0) — ;41(0)) represents the fluctua-
tion in the intervehicle spacing between the ith and (i+1)th vehicles and z;(0)—x;,1(0)
represents the corresponding initial intervehicle spacing. The above condition implies
that a crash between two adjacent vehicles occurs when the maximum fluctuation of
the spacing between them exceeds its initial value. On the other hand, there will be

no pileup crash in the interconnected system of vehicles, if

A (2 — Zig1)ll oo < 2i(0) — 2441(0) for all 4. (2.5)

Lemma 1 For an interconnected system of vehicles in Equation 2.2, the fluctuation
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of the intervehicle spacing A (z; — z;+1) can be written as

A(X;—Xip1) [1=Gin ~
A(Xi1 — X)) [ 1-G; ¢ ¢ (26)

Also, A (z; — z;11) can be written in terms of the velocity of the lead vehicle V; as

A(Z; — Tin) = {[H(;k] = Gini)y, } (2.7)

k=2

Proof : Equations 2.6 and 2.7 can be easily derived using

A.’IJ]

21(8) — 2(0) = L1 { %vl} and (2.8)
AX, = GiAXi_l = GiGi_lAX'_Q =

- ‘..=[ﬁGk}AX1.

k=2

The condition for a pileup crash can be described in terms of @i, as shown in the
following theorem.
Theorem 1 Consider an interconnected system of N vehicles governed by Equation
2.2, with all vehicles driving with equal initial speeds and equal initial intervehicle
spacing sg. Then, if the lead vehicle executes an abrupt deceleration, it is guaranteed

that there will be no pileup crash if
L. |gi(t)|l, £ 1 for all i, and
2. [[A(z1 = 22)|l < 50

Here, g; represents the impulse response of the transfer function @

Proof : Since A (X; — X;41) = @A (Xi—1 — X;) from Equation 2.6, we have

(A (@ = Zir1)lloo < Gill; 1D (®i1 — 7)o - (2.9)

Therefore, if ||g;]|; < 1 for all 4, we see that ||A (z; — i41)|| o, < |A (@i—1 — )|, for

all 4, which implies that the maximum fluctuation of intervehicle spacing decreases
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with increasing car index. Under this condition, it is evident that if | A (21 — z2)|, <

g, then ||A (z; — Zi41)]|, < So for all i. This satisfies the condition for no pileup crash

lloo
occurrence by Equation 2.5. Therefore, if ||g;(t)||; < 1 for all ¢, and |A (z1 — z2)||, <
S0, it is guaranteed that there will be no pileup crash in the system.

The condition in Theorem 1 is equivalent to the condition for [, string stability
of the interconnected system [20], [14].

We should note that the condition ||gi||; > 1 for some i does not necessar-
ily imply that there will be a pileup crash in the interconnected system, because
A (2 — it1)

the same time however, if ||g;||, > 1, then in the absence of further knowledge of the

can be smaller than ||A (z;_; — z;)||, even when |g;||; > 1. At

”oo oo?

deceleration profile of the lead vehicle, one cannot guarantee the absence of a pile-up
crash. (This statement is particularly true for large deceleration magnitudes of the
lead vehicle). Note however that the system satisfying the condition in Theorem 1

will never have a pileup crash in any event.

2.5 Influence of a slowdown warning system

In this section, we investigate the role of the slowdown warning system in mitigating
the generation of a pileup crash in a mixed sensing environment. In order to describe
the effect of the slowdown warning system, we propose to model the dynamic behavior
of a vehicle using a finite number of operating modes. We assume that all drivers are
initially driving in a ‘normal mode’, and on receipt of a slowdown warning signal, the
drivers of all the equipped cars transform to a ‘cautious mode’. In this context, we
therefore assume that, on receipt of a slowdown warning signal, G; (s) can be either

U(s) or E(s), i.e.,

U(s)V;_1, if ith vehicle is unequipped
v = (s)Vim1 quipped (2.10)
E(s)Vi_1, if ith vehicle is equipped

In general, U(s) is characterized by high values of 7 accompanied by small values

of T'; while E(s) is characterized by low values of 7 accompanied by high values of T
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In other words, a driver in an equipped vehicle, on receipt of the slowdown warning
signal, becomes more alert and increases his/her time headway to the car in front of
him/her. The differences between U(s) and E(s) (for the driver dynamics presented
in Equation 2.1) are clearly seen in Figure 2-6. In this figure, the frequency response
of the vehicle dynamics is plotted for different values of T" and 7. It can be seen that
for a given value of T', as 7 increases, it has the effect of increasing the magnitude of
the frequency response. At the same time, for a given 7, as T increases, this has the
effect of decreasing the frequency response magnitude.

Using the above guidelines, we assume that U(s) and E(s) have the following

characteristics.

L |U@s)|l, > land |U(0)=1 (2.11)
2. |[E@s)|l, = |EQ)|=1,ande(t)>0Vt>0,

where e(t) is the impulse response of F(s).

We believe that the models for U(s) and E(s) correctly reflect the behaviors of
drivers of unequipped vs. equipped cars. In particular, the presence of resonant
peaks generated by long reaction delays (when they are accompanied by short time
headways) is such that, for long car streams, avoidance of pile-up crashes cannot
be guaranteed. This can be seen as follows. If all the vehicles are unequipped, i.e.
G;(s) = U(s) Vi, then G;(s) = U(s) Vi by Equation 2.6, and therefore, lg:ll, =
lu(z)]l; > 1 Vi. By the analysis in Section III, we have seen that this condition on
|g:]|; is indicative of the possibility of occurrence of a pileup crash.

On the other hand, the assumption on E(s) in Equation 2.11 is imposed to guar-
antee that there is no pileup crash in the interconnected system when all vehicles
are equipped with the slowdown warning system. That is, when all the vehicles
are equipped, we have ||g;||; = |le(t)||; = 1 Vi (.- G; (s) = E(s) Vi), and therefore,
A (z; — ziy1)]l,, < So for all 4, which satisfies the condition for no pileup crash

occurrence.

Figure 2-7(a) shows an example of a velocity profile, wherein a car decelerates
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Figure 2-6: Frequency responses of U(s) and E(s)

sharply from an initial velocity of 30 meteres/sec and comes to a complete stop over
a time span of a little more than one second. The corresponding Fourier Transform
of this signal is shown in Figure 2-7(b), from which it can be seen that there is
substantial magnitude content of the signal at the frequency wy shown in Figure 2-6.

Figure 2-8 shows the impulse responses of U(s) and E(s) for different values of T
and 7. Smaller values of T', accompanied by larger values of 7 (that characterise U(s))
lead to oscillatory impulse responses (with the amplitude of oscillation decreasing with
decreasing 7). On the other hand, larger values of 7', accompanied by smaller values
of 7 (that characterise E(s)) lead to non-oscillatory responses.

Figures 2-6 and 2-8 indicate that in the case of an equipped vehicle, the larger
the increase in the time headway T that a driver attains (subsequent to the receipt of
a slowdown warning signal), the greater the attenuation that that equipped vehicle
exerts on the errors propagating through the mixed string of vehicles. This fact is
also brought out in the following ten car simulation, in which cars 7,8,9 and 10
are equipped. In this simulation, three different scenarios of headway increase are
considered, viz. T = 1.65,1.8,2 seconds. It can be clearly seen that the larger

the headway increase, the higher the higher are the minimum values of velocity and
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inter-car distance (to the car ahead) of the equipped cars.
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Figure 2-9: Effect of varying headway increases of an equipped vehicle on receipt of
the slowdown warning signal

We now consider a mixed sensing environment in which only a small number of

vehicles are equipped with the slowdown warning system. The following theorem
provides a sufficient condition that guarantees that a pileup crash does not occur in
the system of vehicles.
Theorem 2 Consider an interconnected system of N vehicles governed by Equation
2.2, with all vehicles driving at equal initial speeds with equal intervehicle spacing so,
and L out of N vehicles are equipped with the slowdown warning system. Assume
that the lead vehicle executes an abrupt deceleration, such that when all vehicles are
unequipped, a pileup crash is initiated at the nth vehicle (i.e., [|A (z; — Zi41)]l o > S0
for n < i < N —1). Then, under the same deceleration profile of the lead vehicle,
there will be no pileup crash if

L>M, (2.12)

where M = N —n—+1 is the number of vehicles that would have crashed if all vehicles
were unequipped.

Proof : First, we consider the nth and (n — 1)th vehicle (note that under the
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assumptions made in this Theorem, there is no collision between these two vehicles).

When all vehicles are unequipped, Equation 2.7 gives

Aens —an) =17 {2 =i (213)
and therefore,
IA (@n-1 = Za)lloe < a|lu®)IT™ , (2.14)
where ,
a= / (v1(t) — u(t) * v1(t)) dt“ . (2.15)
0 o0

Here, ‘' is a convolution integration in the time domain, i.e. (u*v;)(t) = fot u(t —
T)vi(7)d7. Now, if we have

o [lu(@)]F7* < s (2.16)
then from Equations 2.14 and 2.16, we see that
1A (Zp-1 = 2n) oo < @ [lu®)]l7 ™ < so (2.17)
oo 1
is true. This will ensure that
A (Zn-1 = 2n) |l < S0 (2.18)

is true. Equation 2.16 thus guarantees that there will be no collision between the
n — 1th and nth vehicles for any deceleration profile of the lead vehicle (Note that
this is only a sufficient condition for there to be no collision between the n — 1th
and nth vehicles. Due to this assumption, the results presented in this Theorem are
conservative).

Next, we show by induction that
A (Task—1 — Tntk)|oo S @ ”u(t)“?—z ’ (2.19)

is true for k = 1,2,...,N — n + 1, if there are at least k equipped vehicles among
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them, which will prove that there will be no pileup crash among the vehicles for
1< i< (n+k—1). It is obvious that if L > M, there are at least k equipped vehicles
for I<i<(n+k—1).

1. For £ =1 (i.e., there is one equipped vehicle among 1< i < n).

In this case, we only need to show that ||A (2, — Zn+1)||,, < So because we have

lloo
assumed that the deceleration of the leading vehicle does not cause any crash

among the vehicles for 1 <4 <n — 1. Since

A (@ — Tns1) = L { [ﬁ G,] (1—_-%"“—)1/1} (2.20)

=2

:L_l {Un—2E(1;U)I/1} ,

we have,

1A (@ = Zn)lloo < @ [u@T™ [le(®)]]; (2.21)
=au(®);™
¢ le@®ll, = 1)

< s8¢ (from Equation 2.16).
Therefore, there would be no pileup crash among the vehicles for 1 < i < n, if
there is one equipped vehicle among them.

2. For k =m (i.e., there are m equipped vehicles among 1 <i <n+m —1).
Now, we assume that the theorem is true for kK = m, i.e., that there will be no
pileup crash among the vehicles for 1 < ¢ < (n+m —1), if there are m equipped

vehicles among them. In other words, we assume

A (zi — zi1)]| o < Soforall 1<i<n+m-—1. (2.22)

Under this condition, we will show that the theorem is true for k = m + 1, i.e.,

there will be no pileup crash among the vehicles for 1 < i < (n + m), if there
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are m + 1 equipped vehicles among them. Here, we only need to show that
|1A (Zntm — Tntm+1)lloo < So because the condition in Equation 2.22 has been

assumed to be true. Since

A (Zpim — xn+m+1) (2.23)

=2
Lt {U"—%z«;""ﬂ—(1 ; U)Vl} :

we have

1A @ntm ~ Tnsmer)lloo < @ u@®I77 lle@IT (2.24)
= a )y

< 3¢ (from Equation 2.16).

Therefore, there would be no pileup crash among the vehicles for 1 < i < n + m,
if there are m + 1 equipped vehicles among them, which proves the theorem for
k=m+1. If weselect k=M £ N —n + 1, it is obvious that there would be no
pileup crash among the vehicles for 1 < ¢ < N, if there are M equipped vehicles
among them. Il

In the above theorem, it should be noted that there is no constraint on the distri-
bution of the equipped vehicles within the N vehicle system. In other words, as long
as L > N —n + 1, there will be no pileup crash in the entire interconnected system,
for any distribution of the equipped vehicles.

For example, assume that N = 100 and M = 20. That is, consider an intercon-
nected system comprising of 100 vehicles driving with equal initial speeds and equal
initial intervehicle spacings. Assume that, when all vehicles are unequipped, the lead
vehicle decelerates so as to induce a chain reaction that causes a pileup crash from the
81st vehicle onwards (the last 20 vehicles crash). In this case, a pileup crash could be

completely avoided if we arbitrarily equip 20 of the 100 vehicles with the slowdown
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warning system.

The theorem in Equation 2.12 is a sufficient condition to avoid a pileup crash.
In other words, there could be situations where the number of equipped vehicles is
smaller than M, but this is still adequate to avoid the pileup crash completely. The
condition for no pileup crash in Theorem 2 is conservative, because we have assumed
that Equation 2.16 needs to be satisfied to guarantee that there is no collision between
the (i — 1)th and the ith vehicles. However, even if Equation 2.16 is violated, it
does not necessarily mean that the (i — 1)th vehicle collides with the ith vehicle.

For the same reason, the condition [|A (Zp+m — Zntm+1)lle, < 80 in Equation 2.24

lloo
could be achieved, even when a ||u(t)||?> > so. However, Theorem 2 cannot provide
information about what happens when L < M.

In order to investigate the occurrence of a pileup crash for L < M and derive a
condition for no pileup crash that is less conservative condition than Equation 2.12,
we make another assumption on the dynamics of the interconnected vehicle system
and the deceleration profile of the lead vehicle. That is, we assume that G(s) and
V1 satisfy the following inequality,

A (i = Tit1) |l < @ (2.25)

Il
k=2

[e <]

Clearly, the condition in Equation 2.25 is not guaranteed in general. However, Equa-
tion 2.25 turns out to be true for the Gi(s) represented by Equation 2.1 and a V;
representing a typical deceleration. Using the assumption in Equation 2.25 allows us
to derive a much less conservative condition (for pileup crash avoidance) than the one
in Equation 2.12.

While a formal proof that demonstrates that Equation 2.25 holds true (in the
scenarios of interest in this paper) is yet to be shown, we believe the following sim-
ulations will convince the reader of its correctness. We first performed the simula-
tions with three unequipped cars. In these simulations, the lead car was assumed
to have a velocity profile of the form shown in Figure 2-10, and simulations were

performed with variable AV and AT, with AV and AT representing the quantities
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shown in the figure. For each different (AV,AT) combination, we determine the

. It turns out that the condition ”A(”;z:’)” < ||Gal|,, is al-

value of |A(zz — x3) ||
ways satisfied for the different (AV, AT') combinations considered (see Fig. 9). Thus,
we numerically verified that Equation 2.25 is satisfied for the case i = 2. We then
further verified (again, numerically) that Equation 2.25 is satisfied for general i. A
typical result supporting this is given in Fig. 10, wherein, for a specific (AV,AT)
and o H ﬁ Gk

k=2 oo

ically representative of the trend shown by the left and right hand side quantities of

are shown. This plot is typ-

combination, plots of ||A(z; — @i+1) ||«

Equation 2.25 (for a lead vehicle decleration profile of the form in Fig. 2-10), and
thus show that Equation 2.25 is satisfied, at least in our context (though it is not
true in general).

The less conservative condition (obtained as a consequence of using 2.25) is given

in the following theorem.

Velocity profile of lead vehicle

Time

Figure 2-10: Typical velocity profile of lead vehicle

While Figure 2-11 shows the relation between the amplification factor, ||U||; and
|U]|, for a single value of 7 = 0.6 seconds, Figure 2-13 then shows the corresponding
relation for varying values of 7. The relation for 7 = 0.2, 0.4, 0.8, 1 second are shown

in the figure. It can be seen that with increasing values of 7, the amplification factor
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Figure 2-12: Results of numerical simulations that verify Equation 25
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increases (as was also evidenced from Figures 2-6 and 2-8); yet, at the same time, the

amplification factor remains consistently lower than ||U]| .
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Figure 2-13: Effect of varying 7 on the relation among ||U||;, ||U||.,, and actual
amplification factor.

Theorem 3 Consider the same situation as in Theorem 2, i.e., there are N vehicles
driving with equal initial speeds and equal intervehicle spacing so, L out of N vehicles
are equipped with the slowdown warning system, and the lead vehicle decelerates
abruptly such that (when all cars are unequipped) a pileup crash is initiated at
the nth vehicle, i.e., ||A (z; — i1)]l, > So for n <4 < N — 1. Let Ly be the
number of equipped vehicles between the first and the (n + k — 1)th vehicle (by
definition, Ly_n+1 = L). Under the same deceleration profile of the lead vehicle and
the assumption in Equation 2.25, there will be no pileup crash in the interconnected
system, if

Ly > |kA] for 1<k<N-—-n+l, (2.26)
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where

- % . (2.27)
Here, 8 = ||U(s)|l, = |U (jwo)| > 1, wo is the frequency at which |U (jw)| is maxi-
mum, v = |E (jwo)| < 1, and |z| denotes the smallest integer greater than z. (Figure
2-6 demonstrates 3 and «y for a representative choice of U(s) and E(s)). Therefore,
the total number of equipped vehicles L should be greater than | M| to guarantee
that there will be no pileup crash, where M = N —n + 1 is the number of vehicles
that would have crashed if all vehicles were unequipped.

Proof : Basically, we follow the same procedure used for the proof in Theorem 2.

When all vehicles are unequipped, Equation 2.7 gives
A(Zp_y —x,) =L {U""2(—1;SQVI} , (2.28)
and therefore we have from Equation 2.25,
A (Zn-1 — 2n) |l < af"?. (2.29)
As in the previous proof, we assume
af*? < sp (2.30)

so that the condition ||A (z,—1 — Z,)||,, < So is always achieved for any deceleration

oo

of the lead vehicle. Now, we will show that

"A ($n+k—1 - -73n+k)||oo < 04/3”_2, (2-31)

is true for k = 1,2,...,N — n + 1, if Equation 2.26 is satisfied (i.e., there are at least
|kA| equipped vehicles among them). This will prove that there will be no pileup

crash among the vehicles for 1< ¢ < (n+ k — 1). We will prove this by induction.

1. Fork=1

In this case, there should exist at least one equipped vehicle 1 < i < n because
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A is always less than one. Under this condition, we have

A (@ — Tnpn) = L2 { [ﬁ G,] “'sﬂvl} (2.32)

=2
1—
— L—l {Un—2E( - U)‘/l} ,
which will yield
|A (zn — Zni1)|lo S @ ||U"_2EH(X(from Equation 2.25) (2.33)

<af" 2y
<af*? (rv <)

< s¢ (from Equation 2.30).

Therefore, there would be no pileup crash among the vehicles for 1 < i < n, if

there is one equipped vehicle among them.

2. For k =m (i.e., there are [mA| equipped vehicles among 1 <i<n+m —1).
Now, we assume that the theorem is true for k& = m, i.e., that there will be
no pileup crash among the vehicles for 1 < i < (n+m — 1), if there are [m)|

equipped vehicles among them. In other words, we assume
A (z; — zi1)|| o < soforall 1<i<mn+m-—1. (2.34)

Under this condition, we will show that the theorem is true for k =m +1, i.e.,
there will be no pileup crash among the vehicles for 1 < i < (n + m), if there
are | (m + 1) A\] £ p equipped vehicles among them. Here, we only need to show

that |A (Tpem — Tnim+1)]l < So because the condition in Equation 2.34 has
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been assumed to be true. Since

A (xn+m - $n+m+1) (2'35)
n+m

_r-1 . (1 B Gn+m+1)

<[] ===t

=L {U'“L"“I'I’E”——(1 —SU)Vl} ,

we have

1A @i = Taemi) oo < [V 2B (2:36)

S aﬁn-i—m—l (%)p .

Since 2 < 1 and (m + 1) A < p, we have

B
B e

Using Equation 2.36 and 2.37, we have

1A (Zatm = Tram+1) oo < af™tmIgT T < a7 (2.38)

< sp (from Equation 2.16)

Therefore, we see that there would be no pileup crash among the vehicles 1< ¢ < n+m,
if there are p equipped vehicles among them, which proves the theorem for £k = m+1.
If we select k = M & N —n + 1, it is obvious that there would be no pileup crash
among the vehicles for 1< ¢ < N, if there are | M| equipped vehicles among them.
|

It should be noted that the new condition L > | MA] to avoid a pileup crash is
much less conservative than the condition L > M, because A < 1. For example, the

vehicle dynamics used in the simulation in Section 2.3 give 8 = 1.12 and v = 0.85,
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which yields A = 0.41. Therefore, the number of equipped vehicles that will enable
a pileup crash to be averted when N = 100 and M = 20 is |20 x 0.41] = 9. That
is, a pileup crash can be averted if we ‘reasonably’ distribute 9 equipped vehicles in
the 100 vehicle stream with the slowdown warning system. Here, we use the term
‘reasonably’, in the context that the distribution of the equipped vehicles should
satisfy the condition in Equation 2.26 of Theorem 3. Theorem 3 implies that when
L < M, then in order to guarantee avoidance of a pileup crash, along with the
condition L > [ M|, at least |kX]| equipped vehicles need to be present between the
first and the (n + k£ — 1)th vehiclefor 1< k< N-n+1,.

However, it was found that the probability of satisfying the condition in Equation
2.26 (and thus avoiding a pileup crash completely) is quite acceptable in most cases.
The probability of averting the pileup crash as N varies from 10 to 50 and A = 0.5 is
given in Figure 2-14, in which we assume for each N that 20% of vehicles crash when
none are equipped (i.e.,M=|0.2N|), and we equip L = |[ M| of the N vehicles. For
example, when N = 20, M and L become M = |0.2N| = 4, and L = [M)\] = 2,
respectively, and the probability of satisfying the condition in Equation 2.26 can be

computed as

Number of combinations of at least one vehicle equipped

between 1-17 and the other one equipped between 1-19

Number of combinations of 2 out of 20 vehicles equipped
(17 x 18) /2

(220) = 0.8053, (2.39)
where (2) represents the number of combinations of n objects taken k at a time.
Proceeding in the manner outlined in Equation 2.39, we can compute the probability
of averting a pileup crash for general N, M and L. It can be seen from Figure 2-14
that there is a high probability (above 65%) of completely avoiding the pileup crash
if we equip about 10% of the total number of vehicles. Of course, the pileup crash is

guaranteed to be averted if we equip 20% of the vehicles.
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Figure 2-14: Probability to avoid a pileup crash completely for L = [0.1N].
2.6 A summary of what we have learnt

How are pileup crashes caused ?

While there could be several ways in which pileup crashes could be caused, it seems
intuitive to think that large time delays accompanied by short following distances
could act as a trigger to initiate pileup crashes. We see that large time delays and small
time headways can indeed lead to the phenomenon of string instability - which implies
amplification of velocity and inter-vehicle spacing errors, as these errors propagate
through a line of vehicles. Thus, if a string is large enough, then these errors continue
to amplify till they exceed a certain threshold, and this leads to pileup crashes.
Conversely, short time delays accompanied by large time headways result in string
stability. This phenomenon is brought out in Figures 2-2, 2-3 and 2-6.

What role can partial equipment of an advance warning system play in averting pileup
crashes ?

When a driver receives an advance warning, it is reasonable to assume that he
exhibits shorter time delays when responding to the vehicle ahead. We also make the
reasonable assumption that he attempts to increase his following distance (i.e. time

headway) to the car ahead. These two effects combine to make that portion of the
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vehicular string that include him and his predecessor, string stable. If all the vehicles
in a string are equipped, then the entire string is string stable. If only some vehicles
are equipped, then there occurs the phenomenon of mixed string stability. It can be
intuitively seen that even in situations when there are only some equipped vehicles in
a string, then as long as the equipped vehicles are present in a sufficient number, and
are well distributed in the vehicular string, then they can serve to keep the level of
amplification of the velocity/inter-car distance errors below the threshold that would
lead to pileup crashes. This phenomenon is demonstrated in Figure 2-4.

How many equipped vehicles need to be present in a given string, in order to alleviate
a pileup crash completely, i.e. have zero collisions ?

In this thesis, this number is presented as a function of the number of vehicles

that would have crashed, if all vehicles were unequipped. The statement of this re-
sult is given in Theorems 2 and 3. Note however, that this number is a conservative
estimate. Furthermore, while Theorem 2 guarantees zero collisions under any arbi-
trary distribution of equipped vehicles, Theorem 3 guarantees zero collisions if the
distribution of equipped vehicles belongs to a set of defined distributions given in the
Theorem.
Given a string where the equipped vehicles are present in the requisite number stated
by Theorem 3, but are otherwise arbitrarily distributed, what is the probability that
they will lie in the set of requisite distributions (specified by Theorem 3), that will
result in zero collisions ?

This is presented in Figure 2-14. Figure 2-14 thus gives the proability of zero
collisions, as a function of the total number of vehicles. Note however that since this
figure is based on the statement of Theorem 3, and Theorem 3 itself is conservative,
therefore this probability curve represents a lower bound on the probability of zero

collisions.
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Chapter 3

Macroscopic Modeling Approach

In this chapter, the average behavior of groups of vehicles is studied using partial dif-
ferential equations. A multi-lane model is assumed. It is demonstrated how scenarios
when all vehicles are unequipped can lead to situations wherein large negative velocity
gradients travel unattenuated or get amplified as they propagate along the highway. It
is then demonstrated how the presence of a few equipped vehicles can attenuate these
velocity gradients. The resulting velocity gradients are then parametrized as a func-
tion of the extent of equipment, in a mized vehicle string. For a prototype Reimann
Problem, it is demonstrated that about 15% equipment accompanied by a signal trans-
mission range of 500 meters can lead to over 50% reduction in the velocity shock

magnitude, as compared to when all vehicles are unequipped.

3.1 Introduction

In this chapter, we use macroscopic models to demonstrate the benefits that accrue
from a slowdown warning system. Partial Differential Equation (PDE) based models
are used, and a multi-lane scenario is assumed. We examine the influence of par-
tial equipment of the slowdown warning system on some of the wave effects that are
known to exist in traffic flows, in particular, shocks/large negative velocity gradient
waves that travel unattenuated/get amplified as they pass through the traffic. We

formulate the problem as a shock alleviation problem; in other words, we see how
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the presence of a slowdown warning system can help alleviate/minimize the pres-
ence of large negative velocity gradients on the highway, that otherwise would have
occurred. Furthermore, in this chapter, we assume a finite speed of propagation of
the slowdown warning communication wave, as it travels through a line of vehicles.
The PDE models used are based on gas dynamics foundations. We first explain the
underlying Boltzmann equation that is used in a single species situation, i.e., when
all vehicles are unequipped, and then illustrate the derivation of the macroscopic
equations by taking moments of the Boltzmann equation. We then use DSMC (Di-
rect Simulation Monte Carlo) methods to explain the link between the underlying
Boltzmann equation (that essentially represents microscopic models of vehicles) and
the macroscopic model. We then explain how the Boltzmann equation gets modified
in a two species situation, when the two species assumed are cars and trucks. We
then illustrate how this two species equation gets further modified when we assume
that one of the species (i.e. the equipped vehicles) receives advance information of
the slowdown ahead/degraded velocity conditions ahead, via a communication wave
propagating with a finite speed through the equipped vehicles. With this model, we
then present results that parametrize the strength of the velocity gradient waves, as
a function of the percentage of equipment for different initial conditions - a Reimann
Problem and initial conditions with negative velocity gradients that grow steeper and

steeper as time evolves (when all vehicles are unequipped).

3.2 Derivation of macroscopic equations for a sin-

gle species - all vehicles unequipped

3.2.1 The underlying Boltzmann Equation

Consider a system of vehicles, indexed by a, with a = 1,2,....N, as represented
schematically in Figure 3-1. Let the state of vehicle « at time ¢ be defined by X, (t) =
[Za(t), va(t), v°(t)], where z4(t), va(t) and v°,(t) represent the position, velocity and

desired velocity, respectively of particle . The dynamics of particle o are governed

55



by the following state space equations :
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Figure 3-1: Schematic multi-vehicle scenario

While the meaning of equation (1) is obvious, equation (2) indicates that the
acceleration/deceleration behavior of each driver-vehicle unit « is comprised of three
factors :

(a) The desire of the driver to attain his desired velocity v2. It is assumed that he/she
tries to attain this desired velocity at an exponential rate, with time constant 7.
(b) The interaction effects due to the presence of other vehicles. f,s indicates the
interaction effect (i.e. the slowing down effect) of vehicle 8 on . It comes into play
when a vehicle 8 is driving ahead of vehicle «, with a velocity vg < v,, and « is
unable to overtake 3 (by passing). It is explained in more detail further below.

(c) The acceleration noise, represented by &,(t) for vehicle . This noise is assumed
to be Gaussian white noise, i.e. it has zero mean with specified co-variance as follows:

<&(t)>=0 V a (4)

< &at)E5(r) >= 2D8ag8(t — 7) (5)

where < h > indicates the expected value of h. Finally, equation (3) indicates
that the desired velocity of each driver is a constant for all time. Note that this does

not necessarily mean that all the drivers have the same desired velocity.
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We define j(x, v, v°,t) as the phase space density - in other words it is a multivari-
able probability density function (in three dimensions) such that p(z, v, v°, t)AzAvAv°®
represents the average no. of particles present in the interval [z — Az/2,z + Az/2],
with velocity in the interval (v — Av/2,v + Av/2], and desired velocity in the interval
[v° — Av°/2,v° + Av°/2], at a time t' € [t — At/2,t + At/2].

’UO

A

(¥
Figure 3-2: Illustration of the phase space

Thus, if An(z,v,v° ') represents the number of vehicles in the box schematically

shown in Figure 3-2 at some time ¢/, then

p(z,0,0°,t) = oroaony tf’j'ﬁt'}/zz An(z,v,v°,t')dt (6)

In order for p(z,v,v°t) to indicate a meaningful average, the averaging lengths
Az, Av and Av° are important. For p(z,v,v° t) to indicate a meaningful average of
a specific single traffic situation, it is necessary that the lengths Az, Av and Av° be
microscopically large, but macroscopically small. On the other hand, for p(z,v,v°,t)
to be meaningful in the limit of Az — 0, Av — 0, Av°® — 0, it has to be constructed
as an ensemble average of macroscopically identical (but microscopically distinct)
traffic scenarios.

If we define % = UOT—_U, then one can write the evolution of p(z,v,1°t) as gov-

erned by the continuity equation in phase space density as follows (this has analogies

to the Boltzmann equation in gas dynamics) :
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o 0 .dr. 0, db, 9 , dv°, p 8(sD)
% T TR T e P ) = (50 T o (M)

It can be seen that the terms on the left hand side of the above equation arise

due to the time variation of 5 as well as the convection of p in phase-space. On
the right hand side, (%)mt represents the instantaneous changes in the phase space
density that occur due to the slowing down interactions between the vehicles. This
is given by the Boltzmann interaction term. The interaction term can be thought of

as comprising two parts :

0p opt  op~
it = ==+ 8
G =5 % ®)
opT . . - P~
where 5 represents the effect of an instantaneous increase in p(-), and %

represents the effect of an instantaneous decrease in 5(.).

We first consider events that lead to an instantaneous increase in p(z,v,v°,t).
Consider two distinct velocity classes v and w, where it is to be understood that a
vehicle belonging to velocity class v has its velocity in the range [v— Av/2, v+ Av/2];
and a vehicle belonging to velocity class w has its velocity in the range (w—Aw/2,w+
Aw/2]. Assume w > v. Then when a faster vehicle belonging to velocity class w
encounters a slower vehicle belonging to velocity class v and travelling ahead of it,
then either of two events could occur :

a) The faster vehicle overtakes the slower vehicle (by passing). Such an event is
assumed to occur with a probability p; and if it occurs, it occurs instantaneously, and
with no change in the velocities of either of the two vehicles.

b) The faster vehicle does not pass the slower vehicle, but instead adapts its
velocity instantaneously to that of the slower vehicle. Such an event occurs with
probability (1 —p). Occurrence of this event leads to an instantaneous increase in the
number of vehicles of class v, accompanied by an instantaneous decrease in the number
of vehicles of class w. In other words, if we assume for instance that both vehicles
belong to the same desired velocity class v°, then this event leads to an instantaneous
increase in j(z,v,v°t), accompanied by an instantaneous decrease in p(z,w,v°,t).
The rate at which this event occurs is obtained from the following reasoning :

Consider a single stochastic vehicle A, belonging to velocity class v, and desired ve-
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locity class v°. Then, we can see that : Number of interactions that vehicle A encoun-
ters with all vehicles belonging to the (slower) velocity class w and desired velocity
class w° in time dt = Number of vehicles belonging to velocity class w and desired ve-
locity class w® that the vehicle A encounters, in time dt = j(z, w, w®, t)dwdw®|v—w|dt.

Therefore, number of interactions that vehicle A encounters with vehicles belong-
ing to all other slower velocity classes, in time dt = [ dw® [

we AWA(T, w, w°, t)|v —
w|dt.

Number of interactions of all vehicles of velocity class v and desired velocity class
v° with vehicles belonging to all other slower classes, in time dt = Number of vehicles
of velocity class v and desired velocity class v° at x X Number of interactions that a
single vehicle in velocity class v and desired velocity class v° encounters
= p(z,v,v°, t)dzdv [ dw’ [ _

= p(z,v,v°, t)dzdvdt [ dwe [

w<v

dwp(z, w,w, t)|v — w|dt
dwp(z,w,w,t)|v — w|
Multiplying the above by (1 —p) which indicates the probability of not overtaking,
we finally get that %-‘-, which is actually the number of interactions of vehicles of
velocity class v and desired velocity class v° with vehicles belonging to all other slower
classe§+computed per unit time, per unit length and per unit velocity is given by :
%’% = (1-p)p(z,v,v°t) [ dw° [, . plz, w,w’t)|v—w) (9)
In a similar fashion, one can see that if the slower vehicle of velocity class w is
travelling in front of the faster vehicle of velocity class v, (i.e. w < v) (and both
vehicles belong to the desired velocity class v°); then if the faster vehicle adapts its

velocity instantaneously to that of the slower vehicle, it leads to an instantaneous

decrease in p(z,v,v° t). By an analogous reasoning, one can obtain that :

%’;—) = —(1-p)p(z,v,v°,t) [ du® [ . dwp(z,w,wt)|v—w| (10)

After substituting eqns. (1),(2),(3) (9) and (10) into equation (7), we get the
following :

op 0 ,. 0, v—v b o0

I —_— —_ — 1_ o — ~ o ~ o —

5 P05 ) = (1=p) [ dw [ dwrlo—ulato, w, w0z, 0,0% )
(=) [ dw [ dwrhw ol 0,0, 05, 0,0%,0) + 202 (1)

0 0

We then integrate both sides of the above equation with respect to dv°. Doing so,

and defining [ dv°p(z,v,v°,t) = p(z,v, ), eqn. (11) takes the form :
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% Loy + 202 = - [ dulo — wlpta,w, 050, 0.8) - (-
P) /0 dwlw — v|p(z, w, )p(z, v, 1) + ag;z; ) (12)

We will revisit the above formula in Section 4 of this Chapter, when we perform

molecular simulations using the DSMC Method.

3.2.2 Method of moments to obtain Macroscopic Equations

Multiplying both sides of Equation (11) by v*(v°)! and then integrating with respect to
dv°dv, one gets the following two equations for the zeroth and first velocity moments

(and the zeroth desired velocity moment) respectively :
amo,o 8m1,0

= 1
% oz ° (13)
Omio %+l(m —mg,1) = MMy — M2oem (14)
5 o ~(mao 0,1) = M1,0M10 2,0M0,0
where my,; is defined as
myy = [ [ dvedov®(v°) (z, v, v°, t) (15)

with m_;; = 0 by defintion.

It can be inferred from (15) that mg represents the average spatial density p(z,t) as

follows :

mop = [ dv°® [ dvp(z,v,v°t) = [dvp(x,v,t) = p(z, t) (16)
Similarly, it can be inferred from (15) that m, is given by :

mio = [ dv° [vdvp(z,v,v°,t) (17)

Le., mio = p(.’L’,t)V(.’L‘, t)

where V' (z,t) represents the average velocity defined by:
J dv° [ vdvp(z,v,v°,t)

V(z,t) =<v>= @) (18)
It can also be inferred from (15) that meyg is given by :

Moo = [ dv°® [ vidvp(z,v,v°,t) (19)
Le. mag = p(z,t)(V(z, 1) + 0(z,t)) (20)
where 6(z,t) represents the velocity variance defined as :

0(5.t) =< (v — V(z,0))? fdv Jlv = V(z,t)Pdvp(z, v,v°, t) (1)

p(z,1)
Substituting for mg o, M1, and mey in equations (13) and (14), the following macro-

scopic equations are obtained :
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where V,(z,t) represents the average equilibrium velocity and is given by :
Ve(z,t) =V° — (1 —p)prf (22)

Equations (20), (21) and (22) represent the form of macroscopic equations that
can be derived from the work done by [50], [51], [72]. These equations however do
into take into account two aspects: (a) The assumption that vehicular interactions
are inherently anisotropic, i.e. that a vehicle responds to the traffic situation ahead
of it, and not to the situation behind it; (b) The fact that each vehicle has non-zero
length and that vehicular braking interactions occur when there is still a finite space
between two vehicles.

The above two aspects were treated in [41], and using an Enskog-like approach,

the following Boltzmann equation was arrived at:
A o __ _ 00 1 - v
% 9 9 50 v) = (1=p) / dw[v—w|p‘a(a:,w,t)ﬁ(x,v,t)—M/ dw|w—
p v p 0
(23)

5;4‘5;(/3””3;(/0
o(pD)

ov?

(The above equation may be compared with Equation 12). This Equation removes

v|p(z, w, t)pulz,v,t) +

the isotropic nature inherent in Equation (12) by defining a quantity g,(z, v, t), which
is essentially the same as j(z,,v,t), where z, = z + (I + VT). By defining g,(z,v,t)
in the RHS of the Boltzmann Equation, Equation (23) is modeling the fact that the
average vehicle responds to the traffic situation occurring at a distance [ + VT ahead
of it. [ represents the average vehicle length, and is given by | = ;:1‘;, while T
represents the average time headway maintained by a vehicle to the vehicle in front
of it (in the high density limit). ppq; represents the maximum possible vehicular
density that occurs, when all vehicles are lined up bumper to bumper.

Equation (23) also incorporates the finite space requirements for vehicular in-
teractions by the insertion of the term % that premultiplies the RHS of the original
Boltzmann Equation (12). Since p is inherently a probability-like number, it is always

less than or equal to 1, and consequently Equation (23) leads to an increase in the

number of vehicular interactions (as compared with the gas-dynamic like interaction
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term given in Equation (12). By subsequently further defining p as a function of p
(discussed below), Equation (23) also ensures that with increasing vehicular density,
the number of vehicular interactions increase, as well as the probability of overtaking
decreases; both of which make sense from a physical standpoint.

By taking the first and second moments of Equation (23), we again obtain Equa-
tions of the form (20) and (21), but this time, the expression for the equilibrium
velocity V. turns out to be of the form :

Ve(z,t) = V° — P(p,)Bpt(6 + 6,)/2. (24)

In the above, p, and 6, represent the density and velocity variance computed
at an interaction point z,, in other words, p, = p(2,), 8, = 6(z,). Obtaining an
expression for equilibrium velocity of the form given in Equation (24) required the
assumption of a Gaussian velocity distribution, in other words, it assumes that the
velocity distribution at any z,t¢ is always Gaussian. More precisely, it makes the

assumption that :

plz,v,t) = p(a, t)e(v—V(x,t))2/(27r6(x,t))' (25)

The pre-factor P = (i—_i) (which takes into account both - the probability of
not overtaking, as well as tzile finite space requirements of vehicles) is given by the
expression :

P(p) = 1= p(p) _ VopT? . (26)

p(p) TAmax(]- - (p/pmaw)z)
The above expression is obtained by assuming that at equilibrium, in the high

density limit, vehicles try to maintain (on the average) a time headway of T to the
vehicle ahead of them. The from of P(p) is graphically depicted in Figure 3-3.

From the above, one can also represent p(p), which represents the probability of
overtaking, as in Figure 3-4. It can be seen that the model inherently assumes that
the probability of overtaking decreases with increasing density of vehicles/km/lane.

The factor B (in Equation 24) that takes into account the anisotropic interaction
effects, is given as

B(6,) = 5&73—;2 +(1482) [ dye:;:_:. (27)

where 6, = (V — V,)/v/8 + 8, with V, and 6, representing the average velocity

and velocity variance computed at the interaction point z,.
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Figure 3-3: Profile of P as a function of p
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Figure 3-4: Profile of p as a function of p
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One can see that Equations (13) and (14) (as also Equations (20) and (21)) repre-
sent a non-closed system of equations. Equations (13) and (20) governing the average
density (which represents the zeroth velocity moment) depend on the average velocity
(which is the first velocity moment). Equations (14) and (21) governing the average
velocity in turn depend on the velocity variance (which is the second velocity mo-
ment). If we were to write down the PDE governing the evolution of the velocity
variance, we would find that it depends on the skewness of the velocity distribution
(which is the third velocity moment), and so on. In short, one gets a non-closed hier-
archy of equations. An assumption of a Gaussian velocity distribution (as mentioned
above and shown in Equation (25)) is used in conjunction with a closure expression
for the velocity variance, (which is discussed below) to close the system of equations.
Note that while eqn. (20) is already written in its conservative form, eqn. (21) can

also be written in its conservative form as :

oV) O(pV2+p0) _ VeV

ot oz - T (28)

Equations (20) and (28) represent the form in which the continuity and momentum

equations are used for their numerical solution.

3.3 Numerical data assumed

The following values have been assumed for the numerical data (when all vehicles are

unequipped):

o Average desired velocity Vo = 110 km/hour. When all vehicles are unequipped,
it is assumed that this velocity is set by the prevailing speed limit on the high-
way. In other words, it is assumed that all vehicles would like to drive at their
maximum possible velocity, and the reason that they are unable to actually do

so, is the presence of other vehicles on the highway.

o Average relaxation time 7 = 15 sec. This represents the average time constant

of the exponential rate with which vehicles attain their desired velocity.
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e The velocity variance §(x,t) is assumed to be of the form § = A(p)V(z,t)?,

where V(z,t) represents the average velocity. A(p) is a density dependent pre-

factor, that has been experimentally evaluated in [39], and found to be of the

form :

A(p) = Ao+ AA(tanh((p - po)/Ap) +1)

where Ao = 0.008; AA = 2.540;p, = 0.27ppur; Ap = 0.050m4z; AMmaz

A(pmaz) = 0.048. This form of the velocity variance pre-factor is shown in

Figure 3-5.
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Figure 3-5: Variance Pre-factor Profile
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e Maximum vehicle density pmq; = 160 vehicles/km. This represents the maxi-

mum possible vehicle density when all the vehicles are at a standstill.

e Average time headway maintained T' = 1.5 sec.

Using the above expressions, we get the profile of the average equilibrium velocity

V. as a function of p to be as given in Figure 3-6. Similarly, the velocity variance 6

as a function of p is given in Figure 3-7.
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Figure 3-7: Velocity variance as a function of density
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3.4 Demonstration of the link between the dis-
crete and continuum models through DSMC

The aim of this section is to demonstrate the link between the discrete model adopted
in Equations (1)-(3), along with the Boltzmann Equation, with the continuum model
represented in Equations (20) and (28). In this section, we characterize the evolution
of a set of particles from an arbitrary initial condition to an equilibrium condition.
The equilibrium condition is defined by steady state, homogenous values of average
velocity and velocity variance, for a given density.

Initial Conditions at the Discrete Level:

For the purposes of this section, we assume a circular highway of length 10 km
with two lanes (with vehicles on both the lanes travelling in the same direction). The
assumption of a circular highway allows us to ensure that vehicles exiting the highway
at one point, re-enter the same highway. We do the demonstration for a vehicular
density of p = 20 vehicles/km/lane. We therefor have a total of 400 vehicles on the
10 km length, two lane highway stretch. The initial positions of the vehicles are
randornly determined as follows :

i (nn) = mup /20 — 0.01 4 0.02 % rand(1)

Ten(Mpn) = npp /20 — 0.01 + 0.02 * rand(1),
where rand(1) indicates a random number uniformly distributed in [0,1]. ny €
[1,200], n.; € [1,200] indicates a vehicle index number in the left and right lanes
respectively; while xy,(ny,) and x5 (n,,) indicate the vehicle positions of the corre-
sponding vehicle (in km). The initial velocities of the vehicles are randomly picked
from a Gaussian distribution of specified mean and variance. In this section, we will
consider two different initial conditions - these are as represented in Figure 3-8. Fig-
ure 3-9 shows one such sample of random initial distribution of velocities (these have
been extracted from the second macroscopic intial condition shown in Figure 3-8),
while Figure 3-10 represents one such sample of random initial inter-vehicle positions.

Through the run of the entire simulation, we also assume the presence of a vehicu-

lar acceleration noise. As indicated in Equations (4) and (5), this noise is assumed to
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Figure 3-8: Representation of the two macroscopic initial conditions on velocity from
which microscopic velocity samples are extracted
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Figure 3-9: Initial Distribution of vehicular velocities
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Initial distribution of inter vehicle positions chosen from a
unlform distribution with mean 50 meters
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Figure 3-10: Initial Distribution of inter vehicular distances

be zero-mean, white noise with specified co-variance. The co-variance 2D of the noise
is itself a function of the vehicular density (in accordance with the experimental data
given in Figure 3-7. We have the relation . = C' — PprI'/2+ D7 as a representation
for the equilibrium velocity variance. In this relation, C represents the covariance
of the velocity and the desired velocity of all the vehicles, and we can set this to
be zero by setting the desired velocity of all the vehicles to be identical. With the
further assumption of an equilibrium Gaussian velocity distribution, we can obtain
the following figure of D vs. p, as given in Figure 3-11. In the simulations, we convert
this acceleration noise to an equivalent velocity noise. The standard deviation o of
this velocity noise depends on the time step At. Figure 3-12 shows how the standard
deviation of the velocity noise varies as a function of density and time step At. In our
simulations, we use a time step At = 0.05 seconds, and for p = 20 vehicles/km /lane,
this leads to ¢ = 0.57, as can be seen from Figure 3-12. Figure 3-13 then shows the
velocity profile of a single driver driving on an empty stretch of a highway, with an
assumed average velocity of 100 kmph , over a time span of 10000 seconds.
Discussion of the DSMC Method

We use DSMC (Discrete Simulation Monte Carlo) Methods to explain the link
between the discrete vehicular model and the continuum model. The DSMC Method
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Figure 3-11: Variation of D as a function of p

was originally conceived by Bird to simulate molecular dynamics in gas flows. After
the initialization process, the method postulates the following two operations to be

performed, in sequence, in each time step At :

d d
1) Update the position and velocity of each vehicle according to d_:: =37 d_: =
Ve —w

+ &(t). This is the ‘collisionless’ process, wherein vehicular interactions are

not considered.

2) Then, determine the number of vehicular interactions required to take place during
that time step. Randomly, choose the vehicle pairs required to interact using an
acceptance-rejection method (discussed below), so as to eventually process the total
number of interactions required to be processed during that time step. Update the
velocities of those vehicles that have interacted, by changing the velocity of the faster
vehicle to equal that of the slower one, and leaving the velocity of the slower vehicle
unchanged. Carry the left over fraction of unprocessed interactions to the next time
step.

The reason that the process can be split into two steps is now discussed. The
Boltzmann Equation can be written, using a shorthand notation, in the following
form :

op
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where H is an operator that represents the effects of changes occurring in p due to
its convection in phase-space (i.e. the ‘collisionless’ process), and J is an operator
that represents the effects of changes occurring in j due to vehicular interactions (the
‘collision’ process). Then, we can write:

0p(, gt v°, 1) oAt

= p(z,v,v°, At) = p(z,v,v°,0) — Hp(z,v,v° 0)At + Jp(z,v,v°,0)At
= p(z,v,v°, At) = (1 — HAt + JAt)p(z,v,v°,0).

Pz, v, v, AL) = plz,v,v°,0) +

This in turn can be written as :

p(z,v,v°, At) = (1 — HA)(1 + JAt)j(z,v,v°,0) (30)
by ignoring the second order terms in the above equation. The above equation thus
states the principle of uncoupling the collisionless process from the collision process.
In the first step, p undergoes a change due to the operator H, and in the second

stage, it undergoes a change due to the operator J.

35 T T T T T T

At=1,05,04,03;0.25, 0.1, 005 sec

Figure 3-12: Standard deviation of vehicular noise as a function of density for varying
At

In order to visualize the collision (i.e. vehicular interaction) process, we look at
a pair of cells on the space-velocity plane, as shown in Figure 3-14. The number of
collisions taking place between particles in a v cell and particles in a w cell (with
both the velocity cells in the same z cell, and with w < v) during a time step At is

obtained from the interaction terms of the Boltzmann equation (23) as :
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Figure 3-14: The space-velocity plane
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Q#ﬁ(m, v,8)p(z, w, t)|w — v|AtAzAv (31)

where Az represents the width of an x cell and Awv represents the width of a velocity
cell.

The total number of collisions taking place between particles in a v cell and par-
ticles in all the other velocity cells (lying in the same z cell, and with velocities less
than v) during a time step At is then given as :

(1— P(P))ﬁ(x’ v,8)(0.5Zy<ph(z, w, t)|w — v|) AtAzAv (32)

where flgg )summation sign is indicative of the trapezoidal integration being performed.
Note that in the above collisions, the particles in the v cell represent the impeded
particles, while the particles in all the other velocity cells with velocities less than v
represent the impeding particles.

The total number of collisions taking place in a z cell during a time step At is
then given by :

g——(@(o.ﬁ]vﬁ(ax v, 1) Av(0.5Z <0 p(z, w, t)|w — v])) AtAzAv (33)

Onz():epwe compute the total number of collisions to take place in a time step, it still
remains to choose the particles that should actually collide (i.e. interact). Note that
the probability of a collision between two particles is proportional to their relative
velocity, i.e. a pair of particles with a higher velocity difference, is more probable to
collide than a pair of particles with a lower velocity difference. In other words, given
a pair of particles chosen at random, and given that their velocities are v and w, the
probability of them having a collision is given by

Py = |w —v|/(0.5E,p(z,v,t) Av(0.5Z y<y Avp(z, w, t) lw — v|)) (34)

To suitably choose the particles that need to collide, we utilise an acceptance
rejection procedure as follows: Pick two particles at random, and then compute P,
for that pair of particles. Pick a random number uniformly distributed in [0, 1]. If the
number is less than P, then accept the pair as a collision candidate; on the other
hand, if the number is greater than P,,;, then reject the pair as a collision candidate.
Continue this process until all the collisions in the cell have been processed.

Results of the Discrete Simulations

Figure 3-15 shows the velocity distribution of all the vehicles at time ¢ = 300
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Figure 3-15: Velocity distribution of all the vehicles at t = 300 seconds
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Figure 3-16: Velocity profile of a single vehicle picked at random
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seconds, after they have evolved from the first initial condition given in Figure 3-8.
Figure 3-16 shows the velocity profile of a randomly chosen vehicle, as a function of
time. This figure clearly brings out all the different aspects of an individual vehicle’s
behavior - the desire to attain his chosen velocity v°, the velocity reductions required
to be performed everytime a slower vehicle is present in front that the trailing vehicle
cannot overtake, as well as the velocity noise that is an intrinsic feature of every

driver’s behavior.
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Figure 3-17: Relaxation of average velocity to its equilibrium value for 5 different
simulations (i.e. 10 lanes) from different microscopic initial conditions that are derived
from a single macroscopic initial condition

From data such as that given in Figure 3-15, and by evaluating this data at each
time instant, we can compute the average velocity and velocity variance. Figure 3-17
shows the evolution of the average velocity of all the vehicles, as a function of time,
from the first initial condition given in Figure 3-8. The five thin lines represent the
average velocities obtained from five different simulations (with each simulation com-
prising of an average taken over two lanes). It can be seen that in each of the five
simulations, the average velocity converges to an equilibrium value, and this conver-
gence occurs at an exponential rate, and with a time constant of about 15 seconds.
Furthermore, even though the five simulations are from the same macroscopic initial

condition (given in Figure 3-8), they are from different microscopic intial conditions
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(as explained earlier). The thick line then shows the average velocity after it has
been further averaged over the five simulations. It can be clearly seen that the final
average velocity very closely approximates the value given in the average equilibrium
velocity vs. density diagram of Figure 3-6 (this figure shows an average velocity of

about 95 kmph for the density of 20 vehicles/km/lane).

Velocity Variance (kmph2)

1 1 i 1
) 50 100 150 200 250 300
Time (sec)

Figure 3-18: Relaxation of velocity variance to its equilibrium value for 5 different
simulations (i.e. 10 lanes) from different microscopic initial conditions that are derived
from a single macroscopic initial condition

From the same initial conditions used to obtain the results of Figure 3-17, we
then look at plots of the evolution of velocity variance as a function of time. These
are shown in Figure 3-18. In the case of velocity variance, the fact that there is
convergence to an equilibrium value is not immediately apparent, when one looks
at just a single simulation run. However, when we obtain the variance from the
five simulation ensemble (as given by the thick line in the figure), one can begin to
see convergence toward some sort of an equilibrium. Again, the relaxation to this
equilibrium occurs exponentially. If we then take the time average of the velocity
variance represented by the thick line, after it has relaxed to equilibrium, we find this
value to very closely approximate the value given in the velocity variance vs. density
diagram of Figure 3-7 (this figure shows a velocity variance of about 71 kmph? for

the density of 20 vehicles/km/lane).
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We then repeat the simulations for a second set of initial conditions, that are
extracted from the second macroscopic initial condition shown in Figure 3-8. Figure
3-19 shows the relaxation of the average velocity to its equilibrium value, while Figure
3-20 shows the relaxation of the velocity variance to its equilibrium value. Again,
while the relaxation of the average velocity to its equilibrium is visually apparent
from a single simulation; the relaxation of velocity variance to an equilibrium becomes
apparent only after extracting the variance from an ensemble of several simulations.
These values are quite commensurate with the values obtained from the first initial
condition. This is also brought out in Figures 3-21 and 3-22.
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Figure 3-19: Relaxation of average velocity to its equilibrium value for 5 different
simulations (i.e. 10 lanes) from different microscopic initial conditions that are derived
from a single macroscopic initial condition

3.5 Derivation of macroscopic equations for two

species - some vehicles equipped

3.5.1 The underlying Boltzmann Equation

Consider a system of equipped and unequipped vehicles, randomly mixed among each

other, as shown in Figure 3-23. The unequipped vehicles are indexed by a subscript
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Figure 3-20: Relaxation of velocity variance to its equilibrium value for 5 different

simulations (i.e. 10 lanes) from different microscopic initial conditions that are derived
from a single macroscopic initial condition
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Figure 3-21: Relaxation of average velocity to its equilibrium value as obtained from
an ensemble of 5 simulations (i.e. 10 lanes) from two different initial conditions
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Figure 3-22: Relaxation of velocity variance as obtained from an ensemble of 5 sim-
ulations (i.e. 10 lanes) to its equilibrium value from two different initial conditions

u, while the equipped vehicles are indexed by a subscripte e. The state space vector
of each unequipped vehicle is defined by X, (t) = [zu(t), vu(t), v°(t)], where z,(t),
v,(t) and v°,(t) represent the position, velocity and desired velocity, respectively of
the unequipped vehicle. Similarly, the state space vector of each equipped vehicle
is defined by X,(t) = [@e(t),ve(t), v°(t)], where z(t), ve(t) and v°(t) represent the
position, velocity and desired velocity, respectively of the equipped vehicle. The

dynamics of u and e are then given by the following state space equations :
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Figure 3-23: Schematic multi-vehicle scenario comprising of unequipped and equipped
vehicles
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dv, VS —u,

dt = + 2:fu'u, + Z:feu + €u(t) (36)
e
v
U 37
ddt 0 (37)
X
d e o - e
He Ve 7% L S e+ Sfe + &(1) (39)
dt Te
Ve = Vjnitials t <to
Ug = U}”inal’ t2> to (40)

where t, indicates the time instant at which the slowdown warning signal was received
by that vehicle. Note that the time at which the warning is received, is different for
different vehicles (owing to the finiteness of the signal transmission speed that we will
implement in this formulation - we discuss this later).

In the above, X f,,, represents the interaction effects caused to an unequipped vehi-
cle due to the presence of other unequipped vehicles, while X f,. represents the inter-
action effects caused to an unequipped vehicle due to the presence of other equipped
vehicles. Similarly, X f.. represents the interaction effects caused to an equipped ve-
hicle due to the presence of other equipped vehicles, while X f,, represents the inter-
action effects caused to an equipped vehicle due to the presence of other unequipped
vehicles. 7, and 7, represent the average relaxation times of the unequipped and
equipped vehicles respectively; while &, and &, represent their respective acceleration
noise. The acceleration noise of each vehicle is again assumed to be Gaussian white
noise, with zero mean, and covariances given by D, and D, respectively.

We define g,(x,v,v° t) and g.(z,v,v° t) as the phase space density of the un-
equipped and equipped vehicles, respectively.

The Boltzmann equations for the unequipped and equipped vehicles are then given

by an analogous reasoning as in the single species case :

O, 0, .dz. 8 _db. D _dv  8p, 0(puDu)
o "o T ) T e ) = (50t o (41)
8p. 0 ,_dx o, 8, _dv®. .9p, 8(p.D.)

+ ﬁe(x,v, t) (Ufinala.’lfv ) ; (U,-m-tial,x, ) (42)

It can be seen that the above two equations are very similar in form to the Boltz-
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mann equation for the single species (Equation (7)). The interaction terms however
need to be modified to take care of cross-species interactions. It can be seen that we
have
(ap") =(1-p) [°dw [ dw’lv — w|g,(z, w,w’, t)pu(z,v,v°t)
- (1 —p) fo dw [° dwelw — v| gy (z, w, w°, t) g, (z, v,v°,1)
—p) [° dw [° dwlv — w|pe(x, w,w’, t)fu(z,v,v°t)

-(1-p fo dwfo dwl|w — v|fe(x, w, w®, ) pu(z, v,v° 1) (43)
and analogously
6 ~e (o o] (o 0] ~ ~
( 5; )int =1-p) [Tdw [ duw’lv —w|pe(z, w,w’ t)fe(z,v,v° 1)

- (1 - p) fov dw f0°° dwolw - 'Ulﬁe(.’lf, w, wo’ t)ﬁe(x’ v, ,Uo, t)
+(1-p) fvoo dw fooo dw®|v — w|gy(z, w, w’, t)pu(z,v,v°t)
-1 —p) [y dw [;° dw°|lw — v|pu(z, w, w®, t)pu(z, v, v°, 1) (44)
and imposing the anisotropic and finite space requirements (as in the single species
case), the above equations assume the form :
Opu
( 8t )int
- (ITTP) fov dw fooo dwolw - vlﬁu(xa w, wo’ t)p;a(xa v, ,Uo, t)
+ (i;l) fv°° dw fo°° dw|v — w|pea(z, w, w, t)p,(z,v,v°,t)

= % L7 dw f0°° dw°|v — w|pga(z, w,w°, t)pu(z, v,v°,t)

— (—1;&) Jo dw [;° dwelw — v|p.(z, w, w°, t) pra(z, v, v°, 1) (45)
and analogously
0p. _ - ~
(%)mt = (IJTP) L7 dw [° dwl|v — wlpia(z, w,w°, t)5e(z, v, v°, 1)

- —(1?) Jo dw [ dwllw — v|pe(z, w, w°, ) pza(z,v,0°, t)
+ (1;1)2 fvoo dw fo°° dw° v — wpng(z, w, w, £) gy (z, v,0°, 1)
= 2[5 dw 57 dwllw ~ vlu(z, w, v, t)pra(, v, 07, ) (46)

where pue(z,v,v%t) = pu(Ta,v,v°,t) and peq(z,v,v°,t) = pe(zq, v, v, t).

3.5.2 Macroscopic Equations and modeling the effects of a

finite communication transmission speed

We define the following macroscopic quantities :

The average spatial densities of the unequipped and equipped vehicles (viz. p,(x,t)
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and p(z,t) respectively) are defined as :
pu(z,t) = [ dv° [ dvp,(z,v,v°,t) (47)
pe(z,t) = [ dv° [ dvpe(z,v,0° 1) (48)
The average velocities of the unequipped and equipped vehicles (viz. V,(z,t) and
Ve (x t) respectively) are deﬁned as :
Pu(z,v,1°t)
A 49
~ fawe foanPE 0 (49)
pe(w v,v°%,t)
Ve(z,t) = [ dv° [ vdv—""—— 50
] pe(z, ) (50)
The velocity variances of the unequipped and equipped vehicles (viz. 6,(z,t) and

0e(z,t) respectively) are defined as :

bu(z,t) = [ duv° f[vu—Vu(m,t)]Zdv%D— (51)
= [ dv® [[v, — Vil t)]2dv %ﬂ (52)

Usmg the method of moments as in the single species case, the following macroscopic

equations are obtained :
9pu , 3puVa)

i ol ”
5 ’ % 231 B(ouf) VY, o
T RN reak (55)
% + e% = ;—ja(gfe) + V:QT_ Ve (56)

where V,29(x, t) represents the average equilibrium velocity of the unequipped vehicles
and is given by :

Ver(w,8) = V2 = PBuuput(Bu + 610)/2 — PBueper (B + 0ea) /2 (57)
where V#9(z,t) represents the average equilibrium velocity of the equipped vehicles
and is given by :

Vel(z,t) = Vo — PBeupuT(0e + 0ua) /2 — PBeepeT(Be + Oee) /2 (58)
In the above, By, Bee, Bey, By, have the same form as Bin Equation (27) except
for the fact that we now have B,. = B(0vye); Buu = B(0vyy); Bew = B(6vey); Bee =
B(60ce);, where 8vye = (Vi — Vea)/v/(Ou + 8ea); 80ew = (Ve — Viia) /v/ (B + bua); 60, =
(Vie = Vaa) / /(8 + 0ua); 60ec = (Ve ~ V) // (e + bca)-

Note that while eqns. (53) and (54) are already written in conservative form, eqns.
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(55) and (56) can also be written in its conservative form as :

2 eq _
0(p.V2) + 0(puVi + pubu) _ puVu Va (59)

V) BVt ps)  valy,
(peVe) (pee+pee)=ee_e (60)
ot ox ( T -
_ PutpPe av (B
In the above, we have P = T (Ut e o)) and V3, = (0uVi+ peVe)/(pu+

pe)- It is assumed that 6, = A(p, + p.)V,2 and 6. = A(pe + pe)V.2.
Equations (53), (54), (59) and (60) represent the form in which the continuity and
momentum equations are used for their numerical solution.

The above equations are similar to the equations used in [41] when the two species
of vehicles assumed were cars and trucks, and in that context, it was assumed that
the desired velocities of the cars and trucks remained constant for all time. In the
context of this work however, we assume that the equipped vehicles change their
desired velocities instantaneously on receipt of the communication wave - we therefore

define an additional variable v(z,t) and add in the following additional equations:

Ig = 7(3:1;, t)Ve‘}mal + (1 = v(z, ) Venitiau (61)
Y v
ot % = °

where 7(z,t) is a Heaviside step function defined such that v(z,t) = 0 for that z
(part of the highway that has not received the communication wave by time t), and
v(z,t) =1 for all other z. Equation (61) thus implies that the moment an equipped
vehicle at z receives the slowdown warning signal at a time ¢, its desired velocity

changes instantaneously from its initial value V2

o nitiar (Which is assumed to be the

same as V7 - the desired velocity of the unequipped vehicles) to a final value of V%,
(which is assumed to be approximately equal to the average velocity occurring at the
degraded point far ahead, where a hazard has occurred). Equation (62) is a PDE that
postulates the evolution of y(z,t) and in which a < 0 represents the communication
speed. The boundary condition y(10,t) = 1 is imposed.

We note that alternative formulations are also possible. For instance, if we assume
that information of the location of the hazard is also broadcast to the equipped
vehicles (along with the warning signal), then it is reasonable to assume that the

driver of the equipped vehicle will adapt his desired velocity (as a function of distance

to the hazard) so that he attains his final desired velocity by the time he reaches the
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location of the hazard. In this case, we could rewrite Equation (61) as

.Veo = ’Y(‘T’ t) [(1 - Ot(fl’,', t))‘/e‘.’final + a(x’ t)‘/e‘;nitial] + (1 - 7(‘777 t)) e?m'tial (63)

where oz, 1) is a function that evolves according to the PDE

Oa Oa V.

— 4V === 64

ot " o T do (64)

with dy representing the average distance of an equipped car to the location of
the hazard, when it first received the warning signal, and the initial condition on « is

specified such that a(z,0) =1 for all z to the left of the hazard, and a(z,0) = 0 for
all z to the right of the hazard. The boundary condition on a would be «(0,%) = 1.

3.6 Discussion of the initial conditions used

A good prototype of an initial condition used to test the influence of the slow-
down warning system in a mixed equipment scenario, is the Reimann Problem. The
Reimann Problem represents an initial condition comprising of a left state and a right
state joined by a discontinuity, in each of the dependent variables, with the discon-
tinuity occurring at the same spatial location for both variables. The left states are
denoted by pr and V., while the right states are denoted by pg and Vg respectively.
Schematically, such a condition is represented as shown in Figure 3-24.

In the Reimann Problems that we will consider, we will assume that p;, < pg and
VL > Vg. It can be seen that a large drop in average velocity, occurring over a short
distance (in other words, a large negative spatial velocity gradient) is indicative of a
potentially unsafe driving situation. We choose p, = 15 vehicles/km/lane and pr =
140 vehicles/km/lane. We assume that p changes from p;, to pg over a length of 200
meters, which appears as a shock over a length scale of 10 km. Additionally, we will
assume that the left and right states are both in their respective equilibrium (when all
vehicles are unequipped). From Figure 3-6, it can be seen that this implies that Vi, =
105.67 kmph and Vz = 3.17 kmph. Using the representation for velocity variance
given above, we see that at the microscopic level, (with all vehicles unequipped),
such a condition is indicative of a driver having to perform an instantaneous velocity

change from an initial value that lies in the velocity probability density function P(V.)
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to a final value that lies in the velocity probability density function P(Vz). P(Vi)

and P(Vg) are represented in Figure 3-25. We use boundary conditions as follows :

p(0, t) = p(07 0); V(O’ t) = V(07 0).

P

t PR
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=
A
Vi,
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» L
Figure 3-24: Reimann Problem
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Figure 3-25: Initial conditions

150

A second initial condition of interest is one that is initially continous, but then

propagates with time, in a manner such as to eventually form a shock. In other words,

the initial (decreasing) average velocity profile steepens with time. It is of interest
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to see how a partial equipment of the slowdown warning system can help arrest the
wave steepening scenario that can exist (when all vehicles are unequipped), and to
then parametrize this effect as a function of varying equipment.

For this purpose, we invoke an initial condition with identical left and right states
as before, i.e. p;, = 15 vehicles/km/lane, pr = 140 vehicles/km/lane and V, = 105.67
kmph, Vi = 3.17 kmph; but instead of joining them by a discontinuity, we now join
pL to pr by a gradual transition, so that the average density increases from py, to pr
over a span of 2 km. The average velocity varies from V7, to Vg in a manner so that

the average velocity is in equilibrium with the average density at each z.

3.7 PDE Solution Method used

The solution method used to solve the system of PDEs is the Lax Method (for the
hyperbolic part) combined with an Implicit Euler Method (for the forcing function

part). Given a system of PDE’s of the form
ou L OF(U) _ o
ot or
where U(z,t), F(U) and H(z,t) are vectors. The above representation assumes that

the equations are written in conservative form, i.e. F(U) represents the flux. Over

each time step At, we first solve the system

oU OF

) + 5:17— =0 (65)
using the Lax Method to obtain U*, and then solve

oUu

= =H (66)

using an Implicit Euler Method to obtain U(z,t + At).

The Lax scheme is of the form

U = U~ $4{Ry” By @
Ai
where F 1" = 0.5(F™ + F ™) — E(Ui+1n -U") (68)
oF
and /\z = max[i,,-.,.l] % (69)

Ai denotes the magnitude of the largest eigenvalue of the Jacobian Matrix g—g, com-
puted over the ith and (i + 1)th cells.

After obtaining U}, the same is then updated by an Implicit Euler Method as follows.
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U,;n+1 i .
_—At_z— = H(U) (70)

3.8 Simulation results

Evolution of Initial Conditions when all vehicles are unequipped:

Figure 3-26 then shows the average density and average velocity profiles (for the
Reimann Problem) as a function of space and time, when all the vehicles are un-
equipped. It can be seen that the initial large negative velocity gradient propagates,
almost unattenuated, backwards along the highway. The wave speed at which it
propagates is found as L‘;ﬁfﬁ;& = —9.1kmph. Figure 3-27 shows the average driver
trajectories on a space-time plane. On this figure too, the shock-like behavior is
clearly seen.

The presence of a large negative gradient on an initial velocity condition can also
be seen as a large negative perturbation on g—‘;. As can be seen from Figure 3-37, with
all vehicles unequipped, % attenuates in magnitude initially for a short while, only
very slightly, and then propagates along unattenuated. If we define ||g—‘; [loo = max, ‘Z—‘;
at a given time ¢, then the time history of ||$% || is shown in Figure 3-38. In the
next section, we will analyze how the same initial condition evolves in a situation of
partial equipment with the slowdown warning system.

Figure 3-28 then shows the average density and average velocity profiles as they
evolve with time, from the second initial condition. It is seen that the top portion of
the velocity wave (and the bottom portion of the density wave) move forward relative
to the highway, i.e. they have positive wave velocity; while the bottom portion of the
velocity wave (as also the high density part of the density wave) move backwards, with
a negative wave velocity. This kind of wave motion (wherein different parts of the
wave have wave velocities of opposite signs), leads to further and further steepening
of the wave, until eventually a shock is formed, that then moves backwards as a
whole. The evolution of ||%¥||oo showing the gradual steepening of the wave is given
in Figure 3-44, while Figure 3-43 gives the magnitude of AV, which represents the

velocity change that occurs over the region where the value of %‘g is less than —100
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Figure 3-26: Average Velocity and Density profiles (All vehicles unequipped)
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Figure 3-27: Average Vehicle trajectories on the x-t plane (All vehicles unequipped)
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Figure 3-28: Average velocity and density profiles (all vehicles unequipped) for a
continous initial condition

kmph/km. It is seen that over a span of approximately 5 minutes, AV increases to
almost 100 kmph, which makes it almost identical to the initial condition of the first
case we explored.

Evolution of First Initial Condition when some vehicles are equipped:

We now intend to test the above two initial conditions in a scenario of mixed equip-
ment, schematically depicted in Figure 3-23. To this end, we assume that at ¢ = 0,
the average velocity of the equipped vehicles is identical to that of the unequipped ve-
hicles. p,(z,t), Vu(z,t) are used to represent the average density and average velocity
of the unequipped vehicles, while pe(z,t) and V.(z,t) represent the average density

and average velocity of the equipped vehicles. To test the effect of varying equipment,

Pe(T)

Tolortpe(@ lepresents the percentage of equipment at each

we vary p, and pe, so that
x, and we keep py,(z,0) + pe(z,0) = a constant which is equal to the density of vehi-
cles when they were all unequipped. In other words, p,r(z,0) + per(z,0) = pr(z,0);
pur(Z,0) + per(z,0) = pr(z,0); Vur(z,0) = Ver(z,0); Vur(z,0) = Ver(z,0), where
the values for pr, pr, Vz and Vg correspond to the values when all vehicles were
unequipped (as discussed in the previous section).

For the first initial condition, we assume an average communication speed of 25

kmph, relative to the highway, and moving backwards. Such a communication speed

can be achieved from an initial velocity of about 100 kmph, if the velocity threshold
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is approximately 25 kmph, coupled with a transmission range of about 500 meters. In
other words, everytime an equipped vehicle (that is travelling at an initial velocity of
around 100 kmph) receives the warning signal and begins to slow down (in anticipation
of the hazard ahead); and then throws the signal back by 500 meters once its velocity
falls below a threshold of 25 kmph; then this will result in a communication wave

travelling backwards at around 25 kmph (on an average), relative to the highway.

erage Velocity Profiles of Equipped and Unequipped Vehicles (5% equipage)
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Figure 3-29: Average Velocity profiles of Equipped and Unequipped Vehicles (5%
equipment)

Figure 3-29 shows the average velocity profiles of the equipped and unequipped
vehicles respectively (for a 5% equipment scenario), while Figure 3-30 shows the
average density profiles of the same. It can be seen that as the communication wave
propagates through the equipped vehicles, causing them to slow down, the unequipped
vehicles are also forced to slow down earlier than they otherwise would have (they
thus receive indirect information of the hazard ahead). The wave velocity of the top
portion of the average velocity of the unequipped vehicles has now become negative
(it was formerly positive when they had no equipped vehicles among their midst); and
this in turn has led to a lower magnitude of the average velocity shock experienced
by the unequipped vehicles. Figure 3-31 shows the average vehicle trajectories of

the equipped and unequipped vehicles, on a x — ¢t plane. The propagation of the
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Figure 3-30: Average Density profiles of Equipped and Unequipped Vehicles (5%
equipment)

communication wave is also seen.

Figure 3-34 then demonstrates the average velocity profiles of the unequipped
vehicles, for varying degrees of equipment, while Figure 3-36 demonstrates the mag-
nitude of the velocity shock as a function of time, for the different equipments. It
is seen from Figure 3-36 that the largest reduction in AVthat can occur with a 5%
increase in equipment, occurs in the 0 — 5% range. With 10% equipment, the ve-
locity shock magnitude in the unequipped vehicles is reduced almost by a factor of
one-half, for equipments above 15%, the magnitude of benefit obtained (as measured
from the reduction in shock strength of the unequipped vehicles per unit increase in
the density of the equipped vehicles), is not significantly increased. This behavior is
also manifested in Figure 3-37 as also Figure 3-38, which demonstrates || %% ||, as a
function of time.

Evolution of Second Initial Condition when some vehicles are equipped:

After our discussion on the Reimann Problem, we now direct our attention to-
wards the second initial condition studied earlier, i.e. a situation wherein an initially
continuous condition, evolved with time, to get progressively steeper and eventually

appear like a discontinuity. In this case, we test two different scenarios : in the first,
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Figure 3-31: Average Vehicle trajectories of Equipped and Unequipped Vehicles on
the x-t plane (5% equipment)
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Figure 3-32: Average Velocity profiles of Equipped and Unequipped Vehicles (30%

equipment,)
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Figure 3-33: Average Density profiles of Equipped and Unequipped Vehicles (30%
equipment)
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Figure 3-34: Average Velocity profiles of unequipped vehicles with varying levels of
equipment
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Average Vehicle Trajectories on the x-t plane with varying equipages
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Figure 3-35: A comparison of the average driver trajectories of the unequipped vehi-
cles on the x-t plane with varying levels of equipment
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Figure 3-36: Magnitude of AV for different percentages of equipment
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Figure 3-37: FVZL for varying levels of equipment for the Reimann Problem
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Figure 3-38: ||3||. for varying levels of equipment for the Reimann Problem
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we assume that information of the existence of a velocity gradient is made available
to the equipped vehicles residing to the left of the point x = 6km, at ¢t = 0; while
in the second, we assume that information of low velocity conditions ahead is made
available to the equipped vehicles residing to the left of the point = 8km. Again,
in either case, the communication wave is assumed to travel at a constant speed of
25 kmph, in the backward direction; this time originating from z = 6km, at t = 0
(in the first case) and originating from z = 8km, at ¢ = 0 in the second. The reason
that this case is interesting is because it enables us to see if and how varying levels
of equipment can arrest the formation of the discontinuity, before it has developed.
Figure 3-41 shows the average velocity profiles of the equipped and unequipped
vehicles for the first scenario (assuming 30% level of equipment). It is seen that
the top portion of the average velocity (which had positive wave velocity when all
vehicles were unequipped, i.e. it was moving forward relative to the highway), now
immediately begins to move backwards as the communication wave passes through
the equipped vehicles. This arrests the wave steepening effect that was present in
the case of no equipment; and consequently the equipped vehicles do not experience
any abrupt velocity gradient, while the unequipped vehicles experience a significantly

reduced magnitude of negative velocity gradient, than they otherwise would have.
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Figure 3-41: Average velocity profiles of equipped and unequipped Vehicles (30%
equipment) for the continous initial condition (first information propagation scenario)

Figure 3-42 demonstrates the average velocity profile of the unequipped vehicles for
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varying levels of equipment, while Figure 3-43 shows the time history of the magnitude
of AV for the unequipped vehicles, with AV representing the average velocity change
of the unequipped vehicles over the region where %‘;ﬂ is smaller than —100 kmph/km.
It is seen from Figure 3-42 that again a 5% equipment causes greatest reduction in
AV and that above an equipment of 15%, the benefit obtained per unit increase in
percentage equipment, is not significantly greater. The same effect is manifested in

Figure 3-44 that shows || 5% ||.
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Figure 3-42: Average velocity profiles of unequipped Vehicles for varying levels of
equipment for the continous initial condition(first information propagation scenario)

Figure 3-45 then shows the average velocity profile for the same initial condition,
but for the second scenario, i.e. we now assume that information of the low velocity
originates from x = 8km, and this travels backwards at the communication speed of
25kmph. In this case, it is seen that the wave does steepen for a while - both the
equipped and unequipped vehicles experience increasingly sharper negative velocity
gradients for close to 3 minutes, before the smoothening effect of the slowdown warn-
ing system sets in. The reason that they experience the wave steepening for a while
can be attributed to the fact that the top (high velocity) portion of the velocity wave
continues to move forward for a while, before the communication wave comes upon

it. This effect is also seen in Figures 3-46 and 3-47. This thus demonstrates that for
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Figure 3-43: Magnitude of AV, for varying levels of equipment for the continous
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Figure 3-44: ||%‘;u||oo for varying levels of equipment for the continous initial condi-
tion(first information propagation scenario)
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this initial condition, a communication speed of 25 kmph is adequate if it originates
from the left end of the velocity gradient (as in the first scenario), but it is inadequate

if it originates from the right end of the velocity gradient (as in the second scenario).
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Figure 3-45: Average velocity profiles of equipped and unequipped Vehicles (30%
equipment) for the continous initial condition(second information propagation sce-
nario)

Results assuming an endogenous communication wave:

The preceding results have all been generated assuming an exogenous communi-
cation wave, i.e. the communication wave travels through the equipped vehicles at
a pre-specified average rate a (which we took to be 25 kmph). In this section, we
investigate the use of an endogenous communication wave in the model. We assume
that whenever the average velocity of the equipped vehicles V,(z,t) at a point falls
below some pre-specified threshold Vi, then the warning signal is thrown backwards
from that point on through a distance Trange (Trange thus specifies the transmission
range of the warning signal). We investigate the use of variable values of Ty4nge for a
given V4, and parametrize the velocity gradients of the unequipped vehicles %‘;l as
a function of both the percentage of the equipped vehicles, as well as T}qn5.. We do
this for the Reimann Problem.

Figure 3-48 shows the average velocity profiles of the equipped and unequipped
vehicles (for a 30% equipment scenario), when we assume an equipped vehicle average

velocity threshold of 25 kmph accompanied with a transmission range of 400 meters.
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Figure 3-46: Average velocity profiles of unequipped Vehicles for varying levels of
equipment for the continous initial condition(second information propagation sce-

nario)

20
0

]

age

ipage

T

. 36%-equﬁ':a'ge b

L L it

L
150 200 250 300 350
Time (sec)

Figure 3-47: Magnitude of AV, for varying levels of equipment for the continous
initial condition(second information propagation scenario)
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As can be seen from the figure, while the shock magnitude of the equipped vehicles is
considerably weakened (as compared to the case when all vehicles were unequipped,
see Figure 3-26), it is not weakened as significantly as in Figure 3-32. In the case of

the unequipped vehicles, the shock magnitude is hardly reduced, if at all.
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Figure 3-48: Average velocity profiles of the equipped and unequipped vehicles for
the Reimann Problem for an endogenous communication wave generated using Vg
= 25 kmph and Tr4nge = 400 meters

However, if we increase the transmission range to 500 meters, then (using the same
equipped vehicle average velocity threshold as before), a considerable weakening of
the shock magnitudes of both the equipped and unequipped vehicles is seen. This is
brought out in Figure 3-49, which shows the average velocity profiles for this situation.
Figure 3-50 shows a comparison of AV, for the two different values of T,454e, While
Figure 3-51 shows a comparison of %‘;“. It can be clearly seen that the benefit obtained
with a transmission range of 400 meters is not significant, whereas that obtained
with a range of 500 meters is. The reason for this is that the larger range of 500
meters (when accompanied by a average velocity threshold of 25 kmph) enables the
communication wave to travel backwards faster than the shock would have propagated
when all vehicles were unequipped. If we use a higher average velocity threshold, then
a smaller tranmission range would have been adequate. A higher average velocity
threshold however, would increase the probability of false alarms.

Figures 3-48, 3-49, 3-50, 3-51 have all been generated for a 30% equipment sce-
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Figure 3-49: Average velocity profiles of the equipped and unequipped vehicles for
the Reimann Problem for an endogenous communication wave generated using Ve,
= 25 kmph and T}4nge = 500 meters
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Figure 3-50: A comparison of AV, for the Reimann Problem assuming 30% equipment
and an endogenous communication wave generated using Ve, of 25 kmph
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Figure 3-51: A comparison of ‘%‘;’L for the Reimann Problem assuming 30% equipment
and an endogenous communication wave generated using Vi, = 25 kmph

-200 T T T T T T

%
Transmission range = 500 neters

-800

<1000 * “Transmission rangs = 400 mélers

(kmph/km)

g~1200

1400 2 S B o R

V /3 x|

3

-1600

22000 | 4¢svisoassin e ! Ay, et

i i i i
0 50 100 150 200 250 300 350
Time (sec)

Figure 3-52: A comparison of H%‘;ﬂ || for the Reimann Problem assuming 30% equip-
ment and an endogenous communication wave generated using V., = 25 kmph
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nario. Since they bring out the fact that the transmission range of 400 meters is
inadequate for the 30% equipment scenario, it is clear that this value of T}qnge would
also be inadequate for lower values of equipment. Figure 3-53 shows the behavior
of the velocity gradient waves for varying percentages of equipment, while assuming
Trange = 500 meters. It demonstrates that a transmission range of 500 meters, with

about 15% equipment appears to be adequate for this prototype Reimann Problem.
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Figure 3-53: A comparison of AV, for the Reimann Problem for varying equipment
assuming an endogenous communication wave generated using V. = 25 kmph and
Trange = 500 meters

3.9 A summary of what we have learnt

What constitutes an ‘unsafe’ driving situation, when viewed in a macroscopic (PDE-
based) setting ?

Since macroscopic equations are generated by considering average behaviors of
groups of vehicles, it is difficult to detect actual vehicular collisions in this setting.
Large negative average velocity gradients are unsafe, because they mean that several
vehicles (possibly across several lanes) have all performed a large velocity decrease
over a short distance, and all at the same time. There are several ways in which these
large gradients could arise:

1) An initial condition comprising discontinuities, such that these discontinuities prop-
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agate (almost unchanged) along the highway - a type of Reimann Problem (Figures
3-26 and 3-37). 2) A continous initial condition with a gradual velocity gradient,
that however progressively steepens with time, and eventually forms a discontinuity
(Figures 3-28 and 3-44). The situation in Figure 3-28 is one wherein the high ve-
locity portion of the wave moves forward while the low velocity portion of the wave
moves backwards; till they eventually meet to form a discontinuity. However, other
situations wherein all parts of the velocity wave move forward but at unequal wave
velocities, such that the high velocity portion of the wave moves faster than the low
velocity portion of the wave, can also lead to eventual discontinuities.

What role does partial equipment of an advance warning system play in attenuating
these negative velocity gradient waves ?

We assume that along with the warning signal, the driver also receives information
of the magnitude of the reduced average velocity occurring at the far-ahead location;
and he subsequently attempts to reduce his desired velocity from its original value
to that at the far-ahead location. As the equipped vehicles reduce their velocity, the
unequipped vehicles either slow down or attempt to overtake the equipped vehicles
(by passing). However, if the number of equipped vehicles/lane is large enough,
then these unequipped vehicles that initially pass will still encounter other equipped
vehicles; and eventually be forced to slow down. In this way, the average velocity of
the unequipped vehicles gets reduced before the shock hits them.

What is the appropriate PDE model that represents a mixed communication environ-
ment, wherein far-ahead velocity information is transmitted at a finite communication
speed ?

The relevant equations are Equations (53-58),(61-62). If we assume that informa-
tion of the (closest) location of occurrence of the degraded velocity condition is also
transmitted, then the relevant equations are Equations (53-58),(62-64).

If the advance warning propagates at a finite speed along the highway, what should
be the minimum transmission range ?

The minimum transmission range would be established in conjunction with the

average velocity threshold of the equipped vehicles, needed to trigger the warning
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system. For a velocity threshold of 25 kmph, a transmission range of 400 meters
would be inadequate, while one of 500 meters would be adequate (Figures 3-50, 3-51,
3-52). The value of the pair comprising the threshold and the transmission range,
should be such that they generate a communication speed that propagates at about
twice the value of the wave speed of the velocity wave.

What is the minimum level of equipment required in order to significantly weaken
the velocity gradients ?

For a 50% reduction in the velocity change occurring across a discontinuity (as
compared to when all vehicles were unequipped), about 15% equipment appears to
be adequate (Figures 3-36, 3-38, 3-40, 3-44). Beyond this, the benefit obtained in
terms of shock magnitude reduction per unit rise in density of equipped vehicles, is

not significant.
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Chapter 4

Experimental Results

A prototype system to test the slowdown warning concept was built. In this chapter,
details of road tests that were performed to test a class of pileup crash scenarios,
are discussed. The road tests were performed both before and after equipping a few
cars with the system; and in each case, the driver response is evaluated. These tests
demonstrate the satisfactory working of the slowdown warning concept, at least for

this class of scenarios.

4.1 Prototype System

We have developed a prototype of the slow-down warning system. The system ar-
chitecture is as shown in Figure 4-1, while a schematic is given in Figure 1-3. From
a research standpoint, we wanted to have a low-cost test bed. We have therefore
chosen a system comprising off the shelf components : a GPS receiver, a wireless
transceiver, as well as a laptop computer. Using the GPS receiver, a car equipped
with the warning system can determine its position and speed. (When used in a dif-
ferential/ WAAS enhanced mode, the errors in position and velocity are small enough
for our purposes). The computer analyzes this information, and in the event of any
abrupt deceleration or abnormally low speed (assumed to be 20 mph for the road
tests, but is subject to refinement), it transmits a warning signal to the other cars

through a wireless transceiver. Each recipient car then determines whether the sig-
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nal is indeed relevant to it (i.e. whether the slowdown is occurring in the same lane
as the one it is travelling in, how far ahead the slowdown is occurring, etc). If the
computer determines that the warning signal it has received is indeed relevant to the
car it resides in, then it issues a warning signal to the driver, alerting him/her of the
impending slowdown. On the other hand, if the computer deems the warning signal

to be irrelevant to the car it resides in, then no warning is issued to the driver.

Main computer

Wireless transceiver

GPS receiver

Figure 4-1: Prototype system

The above situation is illustrated through an example in Figure 4-2, which shows
several cars A, B,C,D,E,F,G,H and J. Assume car A causes a hazard and there-
fore broadcasts a warning signal. Assuming the communication channel in the air
to be homogeneous and isotropic, this signal transmitted by car A travels in an om-
nidirectional fashion, and thus all the cars within the communication range (viz.
cars B,C, D, F,G, H and J) receive the warning signal. However, even though cars
D,F,G,H and J receive the warning signal, the algorithms resident in these cars
should be able to determine that the current received warning is not relevant to
them, and there is therefore no need to broadcast an alert to the driver. For instance,

there is no reason for the driver of car D to be alerted (even though car D has received
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the warning signal) since it is too far away from car A. Similarly, the hazard caused
by car A does not pose a threat to cars F,G and H, because car F is ahead of car
A while car G is not in the same lane as car A. Car J is travelling in a direction
opposite to that of car A, and therefore its driver also should not receive an alerting
signal. If we define the warning zone as the zone in which all equipped cars (upon
receipt of the warning signal), issue an alert to the driver, then this example is an
illustration of the importance of a judicious design of the warning zone (as a subset
of the transmission range). The warning zone should not be ahead of the car that has
broadcast the signal; it should not encroach upon other lanes (if there is no reason
to do so0), and even in its own lane, it should be neither too large nor too small. Too
large a warning zone will broadcast unnecessary false alerts to cars far behind, while

too small a warning zone will not provide significantly enhanced safety.

Communication range

Warning Zone

« Car A transmits a warning signal.

e Car B and C receive a warning signal, and issue a warning sign to drivers
because they are in the warning zone.

* Car D, F,H,J, G receive a warning signal, but do not issue a warning sign
to drivers because they are not in the warning zone.

* Car E cannot receive a warning signal because it is far way from Car A.

Figure 4-2: Illustration of the warning zone

We implemented algorithms wherein the warning signal includes information of the
vehicle’s past trajectory and speed. In our current prototype, a car that broadcasts

a slowdown warning signal, also broadcasts information of its trajectory and velocity
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for the past 450 meters of its travel. Consider the schematic scenario represented in
Figure 4-2 wherein vehicle A is transmitting a warning signal, with a transmission
range R. In addition to the warning signal, Vehicle A also transmits its position and
velocity vector information at the GPS update rate (which can be as high as 10Hz),
for the last 450 meters of its travel. If we assume the first transmission of the warning
signal by A to occur at a time ¢ = ¢;; then the information content transmitted by A

at t = t1, is as follows :
Time East & North Posn. Co-ord. Velocity Vector

on Horizontal Plane

t Ea(t1), Na(t) Va(t)
(t, — At)  Ea(ty — At), Na(t; — Ab) Valty — At)
(ty — 2At)  Ea(ty — 2At), Na(t; — 2At) Va(ty — 2A¢)
(t, — 3At)  Ea(ty — 3At), Na(t; — 3At) Via(t; — 3At)

(t, —nAt)  Ea(t; — nAt), Na(t, — nAt) Va(t: — nAt)
where n is such that

(Baltr) = Balt —nADY + (Naltr) = Na(t: — nAD)?)

= 450 meters. V) represents the velocity components of A in the North and East

directions.

At time #;, (when B, H and J receive the warning signal), let their correspond-
ing data be Ep(t1), Np(t1)&Va(t1); Eg(ty), Na(t)&Vi(ty); Es(ty), Ns(t)&V;(t;) re-
spectively.

When J receives the warning signal, it is able to determine that the warning is not
relevant to it as follows : it computes the inner product of its own horizontal velocity
vector Vj(t,) with that of the transmitting vehicle V(t;). When it determines that
this inner product is negative, it is able to infer that the warning is not relevant to
it. The one-sigma velocity error of GPS is 5 cm/sec in each axis [68], and this error
is small enough for our purposes.

For vehicles B and H, the procedure to determine the relevance (or otherwise) of
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the warning signal it receives from A involves the use of relative trajectories : Vehicle
B computes the trajectory of A for the time interval [t; — nAt, ], relative to B’'s
position at £,; and vehicle H computes the trajectory of A for the same time interval,
relative to H's position at ¢;. A schematic of these trajectories is given in Figure 4-3.

Figure 4-3 demonstrates that since vehicle B is travelling on the same lane as
vehicle A, therefore, the trajectory of A relative to B passes close to the origin;
on the other hand, since vehicle H is travelling on a different lane, therefore the
trajectory of A relative to H is further away from the origin. By constructing a
circle around the origin (whose radius is equal to the typical width of a lane), and
then determining whether the closest distance of the trajectory from the origin is less
than the radius of this circle, it is possible to determine whether the recepient vehicle
is travelling on the same lane as the transmitting vehicle. The typical width of a
highway lane is 12 feet [65], which is 3.67 meters. The one-sigma relative position
error in a differential GPS system is about 3.0 meters, of which a large contributor is
multi-path reflection (1.4 meters) [66]. It is to be observed that a major contributor
to multi-path reflection errors is the presence of buildings; and since there are not
too many buildings found close to the highways, errors due to multi-path reflection
will be much smaller, and this in turn, would lead to smaller errors in computation
of the relative trajectories discussed above. [67] has reported obtaining centimeter
level relative position accuracies by using a differential carrier phase GPS system
on a highway. Furthermore, [69] reports the use of a Nationwide Differential Global
Positioning System (NDGPS) that currently provides 1-3 m navigation accuracy, and
is developing a future system called High-accuracy NDGPS which will provide 10
centimeter level accuracy or better.

In our currently developed prototype, the area of the warning zone is constant
and equal to 450m. This number was decided as follows. We assumed a nominal
vehicle speed of about 65 miles per hour (which corresponds to a little under 30
meters/sec). If we conservatively assume a GPS update rate of 1 Hz (although GPS
updates at rates as high as 10 Hz are currently available), then that would imply that

a vehicle would have travelled about 30 meters before a fresh update on its position
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and velocity would be available. We took the warning zone to be a little more than
one order of magnitude higher than this number. Eventually however, the warning
zone should be optimally determined in real time depending on various factors, such
as traffic conditions, weather, inter-car distance, actual car velocities, etc., and we
intend to extend our current technical capabilities to address this problem. Since the
amount of information propagating increases with increasing numbers of equipped
cars, and since the capacity of the communication system is limited, it is important
to strike the right balance between transmitting too little information and too much
information. The warning information transmitted by each car should comprise the
minimum possible information that will just enable the recipient vehicles to determine

whether the warning signal is relevant to them or not.

Nz(ti)-Na(t) Nu(t)-Na(®)

/ S Eg(t))-EA(t) En(t))-Ea(t)
Trajectory of A relative Trajectory of A relative
to B’s position att, to H’s position at t,

Figure 4-3: Schematic relative trajectories

4.2 Other pile-up crash scenarios

The specific scenario that we have considered in the preceeding simulation and anal-
ysis sections is as represented in Figure 4-4. The schematic shows a string of cars
moving along with equal initial velocities and equal initial inter-car distances when
one of the cars in the string (say car B in the figure) has to execute an abrupt decel-
eration (for whatever reason - say because of a deer crossing the road in front of it);
and this leads to a chain reaction in all the cars driving behind car B - resulting in a

pileup crash.
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Figure 4-4: Multi-vehicle scenario 1

It is easy to see that this is not necessarily the only initial condition that could
lead to a pileup crash. For instance, consider the schematic represented in Figure
4-5. In this schematic, A represents a car that has already met with an accident and
has come to a stop. Car B (accompanied by a string of cars behind it) is initially
at a fairly large distance behind car A (say about 500 meters or more); while all the
cars behind B are again driving at equal initial velocities and equal initial inter-car
distances. Then, under poor visibility conditions, it is quite possible that car B may
not see (or anticipate) the stopped car A, until it is too late, i.e. B is almost upon
A, at which time B has to execute a sharp deceleration in order to stop before it hits
A. This may then induce a chain reaction in all the cars driving behind car B; and

this could result in a pileup crash too.

o “«— © ® ® Y.
A B C D E

Figure 4-5: Multi-vehicle scenario 11

In each of the above two scenarios, the slowdown warning system could come into
play in a different way. In the first scenario, (assuming car B to be equipped), the
warning system would be triggered owing to the abrupt deceleration of car B (i.e. the
system would be triggered on the basis of a deceleration threshold). In the second
scenario however, (assuming car A to be equipped), the warning system would be
triggered owing to the zero velocity of car A (i.e. the system would be triggered on
the basis of a velocity threshold); and the warning system would actually be warning
the other cars behind so that they do not slam into the stopped car and create a
pile-up. Of course, if car A is unequipped, then the system would again be triggered
on the basis of the abrupt decleration of car B, and the warning triggering scenario
would then become identical to the first one.

While it is the first scenario that has been addressed in Chapter 2 of this thesis,
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it is hard to test this scenario on the road since it is dangerous for a string of cars
to actually do very sharp decelerations on the road. In fact the only possible way
to test this scenario might be on a driving simulator. In an attempt to test the
second scenario, however, we conceived a road test experiment (discussed below). We
then interspersed the road test results with simulations, to demonstrate the effects of
having all unequipped/all equipped/some equipped vehicles when the second scenario

above is encountered.

4.3 Discussion of the road test experiments

After developing ten prototype units of the slow-down warning system, we installed
them in cars and conducted experiments on the highway to test the system. The
drivers for these tests were chosen randomly (on a volunteer basis). They were given
no prior instructions, other than being told to drive normally; and on receipt of the
warning signal, to become more alert. We chose the Route 1 highway (North and
South) since it is very well suited for these experiments. (See Figure 4-6, which shows
the map of Route 1 highway. There are many spaces alongside this route that serve
as good starting and ending points for the experiments).

Two-car road test experiments:

The initial experiment involved two cars, numbered 1 and 2, with car 1 being
the lead car. The experiment was conducted at night to simulate the effect of low
visibility. The experiment would commence with car 1 getting onto the highway, and
car 2 also getting onto the highway a couple of minutes after car 1. Thus car 2 did
not have car 1 in its field of vision, as car 1 had already traveled well ahead. Also,
there were several other cars interspersed between cars 1 and 2. (These interspersed
cars were regular cars driving on the highway and were oblivious of the conduct of
this experiment). The cars were traveling at typical highway speeds.

The first car would then get off the highway at some random point, and park
at some adjoining spot. As soon as it would slow down (in order to get off the

highway), it would begin to emit the warning signal. If car 2 could locate car 1 and
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Figure 4-6: Route 1 highway in MA where the road tests were conducted

park alongside it, it was deemed to have avoided an accident, while if it overshot
the location where car 1 was parked, it was deemed to have had an accident. The
idea behind the experiment was that once car 1 begins to emit the warning signal,
car 2 should receive the signal and get cued to slow down thus enabling it to locate
car 1 and be able to park alongside it. The purpose of the experiment was two fold
: The first was to see how reliably the slowdown warning equipment hardware and
algorithms functioned (in warning the driver early enough), and the second was to
use the driver responses (both with and without the warning system) as inputs to
simulations that would test the second pile-up crash scenario discussed above.
Figure 4-7 shows the results of one such two-car road test. In this figure, the
time history of the car velocities and the absolute position trajectory of the cars (as
obtained from GPS) have been plotted. As can be seen from the figure, car 1 is
initially traveling at about 50 mph, and then gets off the highway at about t = 100
sec, and parks at some adjoining spot. When its speed has reduced below 20 mph,
it begins to emit the warning signal from t = 107 sec onwards. The (GPS obtained)
location of car 1 at the instant it begins to transmit the signal, is also shown in the
figure. Car 2 then begins to receive the signal when it comes to within about 350

meters of car 1 (which happens at about t = 220 sec). The instant car 2 receives
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Figure 4-7: Road test with two cars

the signal, it immediately gets cued to slow down (as can be seen by the drop in its
velocity), and this enables it to locate car 1.
Six-car road test experiments:

After the two-car road test, we conducted a series of six-car road tests, with
varying degrees of equipment of the warning system. Figure 4-8 shows the results of
a six-car road test, when all the cars were unequipped. It is seen from Fig. 4-8(b)
that while car 6 could not locate car 1 at all, cars 2 and 3 actually located car 1 only
after overshooting it. Thus, for the purposes of this experiment, cars 2, 3 and 6 were
deemed to have collided with car 1. Cars 4 and 5, on the other hand, in spite of being
able to locate car 1, had to execute very sharp decelerations the instant they actually
spotted car 1.

The abrupt deceleration of car 4 in the road test is also shown on the phase plane
in Figure 4-9. This plot serves as a good representation of what happens when a car
driving along on the highway (with no other cars in the driver’s immediate field of
vision), suddenly comes upon the site of a stopped car. To demonstrate the chain
reaction and the consequent pile-up crash that could be initiated on a string of cars

driving behind it, we resort to simulations (since it is obviously dangerous to test
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Figure 4-8: Road test with no cars equipped

such a scenario on the road). We use the approximation to the road test result of
Figure 4-9 (also shown in the figure), as the velocity profile of the lead car in a 10
car simulation. The following (simulated) cars are all driving along at equal initial
velocities and equal initial inter-car distances.

Figure 4-10 demonstrates what happens to the nine unequipped cars behind (that
are assumed to be driving with an initial time headway of T' = 1.3sec). The abrupt
deceleration of the lead car in the simulation (which is akin to car B in Figure 4-5)
initiates a chain reaction in all the following nine cars; and all of them slam into the
lead car with high velocities at impact; and thus generate a pile-up crash.

Reverting this discussion back to the road tests, we then conducted a six-car road
test with all cars equipped. Again, these cars were not driving as a string, i.e. each car
started only a couple of minutes after the preceeding car had left, and therefore did
not have the preceding experimental car in its field of vision. Again, car 1 would get
off the highway at a random point; but this time it would begin to emit the warning
signal (to mimick the event that car A in Figure 4-5 is now equipped). The objective

of this experiment is to see if the slowdown warning equipment functions efficiently
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enough to warn the drivers of cars 2-6 (each of which independently mimicks car B
in Figure 4-5), once they enter within the transmission range of car 1; and also to
use the typical velocity profile of cars 2-6 to simulate what would happen if there
were actually a string of cars (of varying degrees of equipment) driving behind the
mimicked car B.

Figure 4-11 then shows the results of a road-test experiment with all six cars
equipped. Figure 4-11(a) also shows the time instants when each car began to receive
the warning signal, while Figure 4-11(b) also shows the location of each car at that
time. It can be seen that all the cars began to receive the warning signal sufficiently
early, and that enabled them to slow down well in advance, and locate car 1 success-

fully. Thus in this experiment, all the cars were deemed to have avoided colliding

with car 1.
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Figure 4-11: Road test with all cars equipped

The gradual deceleration of car 4 in the road test (when equipped) is shown on a
phase plane in Figure 4-12. It can be seen that due to the early warning it receives, it
begins to slow down earlier (than it otherwise would have, if it were unequipped); and
the consequence is that it executes a far smoother deceleration profile (than when it

was unequipped). From the road test experiments, it was observed that there could
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be either of two typical phase plane plots of an equipped vehicle - one denoted as
Profile A and the other denoted as Profile B. Qualitatively, Profile B constitutes a
continous decrease in velocity by the equipped car till it reaches close to the location
of the accident. Profile A constitutes first a velocity decrease till the car reaches an
intermediate velocity; the car then travels at this velocity for a short distance before
it performs a second velocity reduction that brings it to rest just before the accident
location.

We again use an approximation to the velocity response of this car and use this
approximation as the velocity of the lead car in a 10-car simulation, with all the
following cars equipped. The results of this simulation using Profile A are shown in
Figure 4-13, while that using Profile B are shown in Figure 4-14. All the equipped
cars are able to take anticipative action (by increasing their time headways), and
thereby avoid collisions, as indicated by the fact that their velocities drop smoothly

to zero simultaneously with their inter-car distances dropping to zero.
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Figure 4-12: Typical phase plane plot of equipped car

Figure 4-15 then shows the result of having only the first five cars of the string
equipped and the last five cars of the string unequipped, and with the lead car having

executed a velocity reduction of the form of Profile B, on receipt of the warning
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signal. It can be seen that the presence of the first five equipped cars enables even
the unequipped cars behind to slow down early enough to avoid an accident. Figure 4-
16 again shows the responses corresponding to a different equipment scenario. Figure

4-17 shows the responses when the lead car performs a velocity reduction of the form

of Profile A.
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Figure 4-15: Results of a 10-car simulation (some equipped) with velocity profile of
the lead car being as in Profile B

Figures 4-18 and 4-19 then consider the scenario when the car in the pre-existing
accident is unequipped, and therefore does not broadcast a warning signal. The
equipped cars behind the lead car then get warned only on the basis of the sudden
deceleration of the lead car (i.e. on the basis of a deceleration threshold). Figure 4-18
shows the situation when all the cars (with the exception of the car in the pre-exisiting
accident) are equipped, and Figure 4-19 shows the corresponding situation when only
some cars (again, barring the car in the pre-existing accident) are equipped.

The next experiment was conducted to test the effect of partial equipment. Only
cars 1, 2, 4 and 6 were equipped. In this experiment, after car 1 left, car 2 started
after about 50 seconds, and all of cars 3-6 followed behind car 2 almost immediately.
Also, for this experiment, no other highway cars were allowed to come in between cars

2 to 6. The idea behind this was to test if the unequipped cars (viz. cars 3 and 5)
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could get cued into slowing down by the brake-lights of the equipped car immediately
ahead of them (viz. cars 2 and 4, respectively) sufficiently early, to enable them to
locate car 1 successfully.

The results are shown in Figure 4-20, from which it can be seen that this was
indeed the case. Even the unequipped cars could locate car 1 successfully, along with

the equipped cars. Thus, in this experiment too, all cars were deemed to have avoided

colliding with car 1.
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Figure 4-20: Road test with some cars equipped

Figure 4-21 then shows a comparative study of the deceleration behavior of car 4 in
two different experiments, one in which the car was unequipped and one in which the
car was equipped. These are plotted on a phase portrait showing the velocity of car
4 versus the distance to car 1. It is seen that in the case when car 4 was unequipped,
even though it was actually able to locate car 1, it had to decelerate very sharply at
the last possible moment. The same car, when it was equipped however, was able to
execute a more gradual deceleration when it began to receive the warning signal.

Figure 4-22 shows a similar comparative study of car 5 in three different experi-
ments: (a) Car 5 was unequipped and there was no equipped car ahead of it. (b) Car

5 was equipped. (c) Car 5 was unequipped but car 4 (immediately ahead of it) was
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equipped. It is seen that in case (a), car 5 overshot the location of car 1 (and was
therefore deemed to have collided with car 1). In case (b), it received the warning
signal early enough to enable it to decelerate gradually and locate car 1. In case
(c), car 5 got cued into slowing down by the brake-lights of car 4 (which itself was
equipped) about 450 meters from car 1, and this enabled it to begin to decelerate

early enough, and again locate car 1.
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Figure 4-22: Phase Portrait of car 5 for different experiments
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Chapter 5

Summary and Future Work

5.1 Summary and Conclusions

In this thesis, we deal with the problem of safety of an automotive multi-vehicle
system in a mixed communication environment. This mixed environment comprises
of some vehicles specially equipped to receive advance information of a hazardous
situation occurring far ahead on the highway (and beyond the driver’s visual range),
randomly mixed amongst other unequipped vehicles that are capable of receiving
only local, near-neighbor information. The specific safety problem that we deal with
concerns the alleviation of pile-up crashes on the highway - with the equipped vehicles
being alerted to the possibility of the occurrence of a pile-up crash, by means of a
slowdown warning system, that informs them of the presence of a hazard ahead. We
use both microscopic and macroscopic models, in which we study the effects of varying
information content communicated to the driver of an equipped vehicle.

In the microscopic modeling approach, the problem is formulated as a single lane
problem, and the notion of safety is defined as one of collision avoidance. It has
been discussed in the literature, that there exist some initial conditions under which
string instability can occur, and the occurrence of string instability is a factor that
can lead to pile-up crashes. It is assumed that besides transmitting the warning of an
impending slowdown ahead, no further information is made available to the driver of

an equipped vehicle. Furthermore, the alerting information is transmitted at a near
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infinite speed. We make the reasonable assumption that in such situations, the driver
of an equipped vehicle, on receipt of a warning, increases his time headway to the
vehicle ahead. If all the vehicles are equipped, then the trend of string instability
can be totally eliminated; whereas if some vehicles are equipped, then there is the
prevalence of mixed string stability - in which scenario, some parts of the vehicular
string are stable, while others are not. It is demonstrated how the presence of a few
equipped vehicles can serve to keep the level of string instability below the threshold
that would lead to pile-up crashes. Furthermore, certain sufficient conditions are
determined, under which it can be guaranteed that pile-up crashes would not occur.
These sufficient conditions govern both - the minimum number of equipped cars
required to be present in the string; as well as the set of precise distributions of
equipped cars required to be present in the string.

In the macroscopic modeling approach, the problem is formulated as a multi-lane
problem, and the notion of safety is defined as one of attenuating large negative
velocity gradients/shocks on the highway, that otherwise pass through unattenu-
ated/amplified (when all vehicles are unequipped). In this approach, we assume
that in addition to the alerting signal, the driver of an equipped vehicle also receives
information of the velocity conditions occurring far ahead. However, the alerting sig-
nal is assumed to be propagate through the equipped cars, at a finite propagation
speed. Different initial conditions, such as a Reimann Problem which comprises of an
initially discontinous condition; and an initially continous condition that propagates
with time to evolve into a discontinuity (when all vehicles are unequipped) are stud-
ied. The evolution of the shock/velocity gradients, for different levels of equipment
are parametrized.

A prototype of a slowdown warning system was built. Road tests to verify the per-
formance of the slowdown warning concept, as well as evaluate the driver response to
an accident scenario, both with and without the system, were conducted. The results
of these road tests, demonstrating satisfactory performance of the slowdown warning
equipment hardware (subject to good communication links) are also presented in this

thesis.
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5.2 Future Work

The results obtained using microscopic models in Chapter II, assume simplified driver-
vehicle models that possess identical dynamics. Future work could include using more
sophisticated models wherein the vehicles in a string do not all have the same dynam-
ics. Furthermore, while the current model assumes that, on receipt of a slowdown
warning signal, only the time delay and time headway of a driver switches to a new
set of values; subsequent work could involve switching the driver gains as well (since
this too could be considered a reasonable modeling assumption). The current model
also assumes deterministic values of the model parameters; establishing theorems that
govern the required number and distribution of equipped vehicles in a string, so as
to result in zero collisions with stochastic model parameters could be explored. An
extension of the microscopic model to a multi-lane scenario can also be explored.

The results obtained using macroscopic models in Chapter III use a separate
continuity and momentum conservation-like equation for each of the equipped and
unequipped vehicles, with a closing expression for the velocity variance. Future work
could include using a dynamic equation for the velocity variance for the equipped
and unequipped vehicles respectively. It could also include removing the assumption
that along with the warning signal, the value of the degraded average velocity at the
far-ahead point is transmitted; this assumption could be replaced by one wherein the
equipped vehicles increase their time headways in response to a warning signal (as
has been done in the microscopic analysis).

The experimental results in Chapter IV test the slowdown warning concept only
for a particular class of pileup crash scenarios. Methods would have to be devised
that enable testing of the warning concept for a larger class of pileup crash scenarios.

On a broader scale, this thesis explores situations wherein some agents that have
access to non-local information are mixed with other agents that have access to only
local information. In this thesis, the motion dynamics of the agents evolve along
one spatial dimension. Attempts could be made to generalize this work to situations

where the agent dynamics evolve in two or even three dimensions.
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