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Abstract

Over the last decades, the increase in demand for road transportation has traditionally been
matched by an expansion of the road network to prevent or reduce traffic congestion. This
approach is unsustainable in the long term. A sustainable solution requires more efficient use
of the existing road network by deploying so-called Intelligent Transportation Systems (ITS).
Present day ITS implementations are generally responsible for controlling road access, incident
detection and mitigation, predicting traffic conditions and providing route guidance, with the vast
majority of these systems being deployed as part of the road infrastructure. However, the benefits
of roadside-only ITS deployments are limited as they do not address the nature of human driving,
characterized by relatively slow reaction times and competition rather than cooperation, which
leads to an underutilisation of the road surface. In parallel, car manufacturers have addressed
road safety issues by gradually shifting the control of the vehicle from the driver to the vehicle
itself, leading to the emergence of so-called intelligent vehicles (IVs). Besides increasing safety,
IVs have the potential of enabling a more efficient form of driving: vehicles equipped with sensors
can react faster than human drivers, which allows a reduction of the inter-vehicle spacing, while
vehicles equipped with communication capabilities can leverage inter-vehicle communication to
cooperate. This thesis describes an approach that combines the sensing and communication
capabilities of future IVs with roadside ITS deployments to optimise traffic on freeways. Such
approaches are commonly known as Intelligent Vehicle/Highway Systems (IVHSs).

Previous research on using IVs to optimise freeway traffic employ either a centralized or
decentralized approach. Centralized approaches exploit the fast reaction times of IVs by grouping
vehicles into so-called “platoons” inside which vehicles maintain relatively small time-headways,
thus increasing the theoretical capacity of the freeway. The platoon is employed as an interface
between individual vehicles and a traffic management system (TMS) responsible for optimising
traffic. Centralized approaches generally maintain a strong coupling between the higher-level

TMS and individual vehicles that implement the policies of the TMS, such as following a pre-
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assigned route and target speed. By contrast, decentralized approaches use local cooperation
between vehicles to achieve network-wide traffic optimisation. The optimisation task is shifted
from the TMS to the individual vehicles and emerges as a result of the cooperation strategy
employed. Both approaches have significant drawbacks. Centralized approaches — due to their
high degree of control upon vehicles — lack flexibility and scale poorly. Distributed approaches
address these issues but do not leverage the optimisation benefits of a better informed central
component that uses a global view of the road network and roadside traffic control to determine
and implement optimisation policies.

This thesis proposes a hybrid approach that addresses the drawbacks of both centralized and
decentralized approaches by introducing an abstraction layer - called a virtual slot - between the
TMS and individual vehicles. A virtual slot moves in time along the freeway with a predefined
behaviour (speed and trajectory profile). The combined behaviour of all virtual slots along the
freeway is called the slot map. The optimisation task is the responsibility of the TMS and is
implemented through the specification of the slot map. However, the TMS does not directly
influence the driving task of individual vehicles. Instead, vehicles are individually responsible
for coordinating with neighbouring vehicles in order to move into, drive within, and change
slots, altogether referred to as slot-based driving. As such, the virtual slot abstraction achieves
a loose coupling between the driving and optimisation tasks that translates into a simple set
of coordination mechanisms for IVs. This leads to a flexible and scalable traffic management
framework that also leverages the optimisation benefits of centralized management and integrates
with roadside traffic control systems. The emergent cooperative behaviour of vehicles driving in
a predefined slot map, combined with a better utilisation of the road surface due to the smaller
reaction times of IVs, helps prevent traffic congestion. Another effect of the deterministic nature
of a predefined slot map is that the travel times of IVs can be accurately estimated. This is very
useful in the context of a global economy that is becoming increasingly reliant on just-in-time
production and distribution systems that in turn depend on reliable journey-time estimation.

The main contribution of this thesis is the novel slot-based approach to optimising traffic
using IVs. This approach is implemented in the form of a TMS and a set of vehicle coordination
and control algorithms that facilitate slot-based driving. Furthermore, the slot-based approach
is applied and evaluated in a set of scenarios in which congestion commonly occurs. The results
of this evaluation indicate that the slot-based approach can be used to significantly increase the

efficiency and reliability of traffic.
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Chapter 1

Introduction

This thesis presents an approach to optimising road traffic using vehicles that are capable
of sensing their environment and of (semi-)automated vehicle control, commonly referred
to as intelligent vehicles (IVs). The novelty of this work consists in its employment of
a hybrid architecture based on an abstraction layer between roadside infrastructure and
vehicles called virtual slot. The virtual slot concept combines the superior optimisa-
tion potential of a centralized, roadside-based infrastructure with the scalability and

flexibility of distributed vehicle coordination.

1.1 Motivation

Transport represents the life blood of industrialised economies. According to the Eu-
ropean Commission (2003), in the the European Union (EU), transport provides about
10% of wealth measured in terms of gross domestic product (GDP). Among the various
modes of transportation, transport by road represents the biggest share. As of 2003,
around 80% of all passenger journeys within the EU were made by car and as much as
44% of all goods transported in the EU went by road. The increasing demand for road
transport, especially to the detriment of rail transportation, has led to an increase in
congestion: every day 7,500 kilometres or 10% of European highways experience traffic

jams.
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The increase in congestion creates problems of an environmental, financial and social
nature. Road traffic alone is responsible for 12% of the EU’s emissions of carbon diox-
ide. The transport sector is responsible for 30% of the EU’s energy consumption and
71% of all oil consumption, with road transport accounting for 60% (European Commis-
sion, 2007). From an economic point of view, congestion adds 6% to the EU’s fuel bill
(European Commission, 2003) and causes total costs of about 0.5%-1% of EU’s GDP
(European Commission, 2006). Furthermore, congestion causes driver frustration, which
can lead to accidents and so has an indirect impact on the safety of humans. Around
40,000 people die yearly on EU roads. Besides the unquantifiable human costs, road
accidents cost the EU approximately 2% of its GDP (European Commission, 2003).

The traditional approach used in the past to address the rise in demand for road
transportation was to increase road capacity by building new roads or extending ex-
isting ones. This, however, is becoming increasingly untenable due to socioeconomic
considerations: building new roads impacts the environment, is expensive and, in cer-
tain dense urban areas, virtually impossible. It is for these reasons that in the future,
the only sustainable way of reducing - or indeed preventing - congestion in the presence
of increasing demand for road transportation is through more efficient and intelligent

use of the existing road capacity.

The need for a more efficient utilisation of the road network has been recognised in
the past. Probably the first step in this direction was the introduction of the traffic light.
First deployed in 1868 at the intersection of Great George Street and Bridge Street in
London, the traffic light became popular in the US in the 1920s and was initially designed
to increase the safety of horse carriages, vehicles and pedestrians at road junctions (BBC,
2009). It took, however, until the 1960s for the first computer-controlled traffic light
system to be introduced in what is perhaps the first implementation of an Intelligent
Transportation System (ITS) aimed at increasing road traffic efficiency (Figueiredo et al.,

2001).

To this day, traffic lights have remained the dominant form of urban traffic manage-

ment. However, in the case of roads that provide uninterrupted flow such as freeways,
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further traffic control systems have been introduced such as ramp meters, dynamic route
guidance and variable speed limitation. At the core of these techniques lies the relation-
ship between traffic flow and density as described by the fundamental diagram of traffic
flow. Depicted in Fig. 1.1, the fundamental diagram of traffic flow states that as freeway
traffic density (D) increases so does the flow (v), until a certain point is reached, called
critical density (D), at which any increase in density causes a decrease in flow. The
flow achieved just before the critical density is reached is called capacity flow (vimaz)
and represents the capacity of the freeway. Roadside-based freeway traffic management
techniques ultimately aim at achieving capacity flow by maintaining a density just below
the critical density. The capacity of a freeway section depends on a multitude of factors
such as the curvature and gradient of the respective road section, as well as weather con-
ditions. For a typical free flow speed of 33.3 m/s (120 km/h), the capacity of a freeway
can be as high as 2400 passenger cars per hour per lane (pc/h/In) (Highway Capacity
Manual, 2012).

VA volume(v) - pc/h
density(D) - pc/km

(7ot | e S

stable ; unstable

oV

Fig. 1.1: Fundamental diagram of traffic flow
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1.2 The Case for Vehicle Automation

Present day ITS deployments aimed at an efficient utilisation of the road network are
almost exclusively roadside-based (i.e. there is no direct vehicle actuation). Shladover
(2009) shows that for a capacity flow of 2200 pc/In/h, with vehicles driving at an average
speed of 27.8 m/s (100 km/h) and taking into account the average size of a vehicle, the
average inter-vehicle headway under free flow conditions, as well as the typical width of
a freeway lane, no more than 5% of the road surface is occupied by actual vehicles. This
means that at its most efficient point in time, due to the large inter-vehicle space, 95%
of the road surface is not utilised. In turn, the large inter-vehicle space is a consequence
of the relatively slow reaction times of human divers (according to Maciuca and Hedrick
(1995), the delay for human drivers generally varies between 1.2 and 1.7 seconds) as well
as the competitive rather than cooperative nature of human driving (see Vanderbilt,
2009, chap. 4). To increase the utilisation of the road infrastructure beyond this 5%
these limitations need to be addressed.

In parallel to efforts from the authorities targeted towards higher traffic efficiency,
vehicle manufacturers have focused their efforts on increasing safety and fuel efficiency.
As a consequence, the control of the vehicle has been gradually shifting from the human
driver to the vehicle itself. Automatic transmission, power steering, anti-lock braking
systems (ABS) and electronic stability control are examples of widely deployed systems
where control has been handed over to the vehicle. More recently introduced systems
such as adaptive cruise control (ACC) and parallel parking take this a step closer to
completely removing the need for a human driver. With the adoption of information
technologies!, the automotive industry has seen in recent years a rapid advance towards
full vehicle automation. Probably the most prominent present-day example of full ve-
hicle automation is Google’s Self-Driving Car (Thurn, 2010), a modified Toyota Prius
which finds its roots in Stanford’s entry to the DARPA Urban Challenge?. This shift

towards full vehicle automation, driven mainly by the need to increase safety, can also

!One can expect the software running on a modern car to have over 100 million lines of code (Charette,
2009)
?http://archive.darpa.mil/grandchallenge/
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be used to address the problem of large inter-vehicle spaces required by human drivers.
Due to the considerably faster reaction times of automated vehicles, the inter-vehicle
spacing can be considerably reduced thus significantly increasing the capacity of the
freeway. Furthermore, intelligent vehicles using full vehicle automation and communica-
tion technologies can coordinate with each other, changing the nature of driving from a

competitive to a cooperative form and further increasing the overall traffic efficiency.

Fig. 1.2: Scale model of an automated highway presented at GM’s Futurama exhibition

at the World Fair in 1939

It is worth noting here that the idea of automated vehicles driving on highways is
not new: indeed, as far as at the 1939 World Fair, General Motors’s (GM) Pavilion
exhibited “Futurama”, an utopic vision of the future where, among other things, a scale
model of an automated highway (i.e. automated vehicles driving on a highway) was
presented (Fig. 1.2). It is important to note just how truly visionary this work was,

considering that, at that point in time, the US interstate freeway system did not yet
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exist. This is perhaps the first time that the potential of vehicle automation with respect
to increasing traffic efficiency was recognized. A system that uses intelligent vehicles to
optimise traffic is generally classified as an Intelligent Vehicle/Highway System (IVHS).
This thesis describes a novel approach to IVHS that addresses the limitations of previous

work.

1.3 Approach

Initial work on IVHS, performed in the mid 1990’s and early 2000, focused on the ben-
efits of vehicle automation with respect to freeway capacity and employs a centralized,
hierarchical architecture that integrates roadside-based traffic control and intelligent ve-
hicles. Vehicles are assumed to be fully automated and organised into so-called platoons
- comprising of one platoon leader and several followers - within which very small inter-
vehicle gaps are maintained. In the mid 2000’s this approach was largely abandoned,
mainly due to the fact that at that time full vehicle automation was in its infancy and
a large-scale deployment was deemed unfeasible in the short term. More recent work
on IVHS employs a decentralized approach that incrementally builds on the advances
in the state-of-the-art with respect to vehicle automation and generally investigates the
benefits of inter-vehicle cooperation. This approach is flexible and also scales well due
to its reliance on self-organisation instead of centralized management to achieve traffic
optimisation. Unfortunately, such an approach does not integrate with roadside-based
traffic control systems and as such its benefits are limited.

This thesis introduces a hybrid approach to IVHS by combining the benefits of a
centralized management architecture that integrates road traffic control systems with
the flexibility and scalability of distributed inter-vehicle coordination. To achieve this,
an abstraction layer is used, called virtual slot, that allows a loose coupling between the
traffic management system (TMS) and IVs. A virtual slot is defined by its length and
width as well as a predefined behaviour specified as a speed and trajectory profile. The
geometry of a virtual slot is such that it can accommodate a vehicle, creating a corridor

through space and time in which a vehicle can drive.
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The task of the TMS is to create a set of virtual slots in which vehicles can drive
safely and in a manner that increases the overall efficiency of traffic. This set of slots
is referred to as the slot map. The combined behaviour for all slots in the slot map
represents an optimisation solution to the current traffic conditions within the road
network. The slot map must address situations such as a decrease in the available
capacity, for example due to road works or accidents that lead to bottlenecks on the
freeway, inclement weather conditions leading to lower average speed, as well situation
where traffic demand increases above the capacity of the freeway, such as during rush
hours and special events.

The vehicles are responsible for coordinating in finding and moving into appropriate
slots in a safe manner. This means that the TMS does not directly specify the slot in
which a vehicle should drive nor directly control the throttle or steering of a vehicle.
Instead, the TMS merly specifies the slot map and provides this map (or just parts of
it) to the vehicles along with the indication that vehicles are supposed to drive within
slots.

The slot-based approach affects the critical density by addressing the limitations of
human drivers. Firstly, it addresses the problem of the slow reaction times of human
drivers by setting the distance between consecutive slots on the same lane at a value
below that of the average inter-vehicle headway and relying on the use of IVs with a
higher degree of automation to drive within closely-spaced slots. Secondly, it leverages
the use of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication
to enforce a collaborative instead of a competitive behaviour between vehicles. As such,
the slot-based approach tackles congestion by changing the nature of driving leading to
a significant increase in the value of the critical density which corresponds with a higher

capacity flow, as exemplified in Fig. 1.3.

1.4 Scope

Although the slot-based driving concept can be adapted and applied to a variety of road

types, the scope of this thesis is confined to freeways. Freeways make excellent study
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v A volume(v) - pc/h
density(D) - pc/km

Vmax

Fig. 1.3: Changing the nature of driving reflected in the fundamental diagram

candidates as they are both the least complex type of roads as well as being arguably
the most important. Optimising freeway traffic can have a considerable impact on traffic
within the entire road network.

Vehicles on present-day freeways share many features yet are far from being a ho-
mogeneous group. Large trucks and buses have large frames, slow accelerations and
relatively lower top speeds. Personal vehicles have significantly smaller frames, faster
accelerations and higher top speeds. Motorcycles further differ from both personal vehi-
cles and trucks, while even among personal vehicles considerable differences exist. This
heterogeneity considerably increases the complexity of the optimisation problem and
makes the search for a generic solution very difficult. In such cases, a classic approach
used in mathematically-oriented fields of science such as physics, chemistry, mathemat-
ical biology and astrophysics (Mitchell (2009) and Thorne (1994) describe several illus-
trious works in which this approach has been used) is to idealise the model in the hope

of finding an initial solution that can then be adapted to a more complex and realistic
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model. This work uses the same approach and simplifies the initial vehicle model to
a homogeneous set of vehicles that resembles a typical personal vehicle. The choice of
personal vehicles is based on the fact they represent the vast majority of present day
freeway traffic, e.g. in the U.S. personal vehicles represent between 88% and 90% of all

freeway traffic (Highway Capacity Manual, 2012).

The main limitation of the slot-based approach lies in its reliance on a set of require-
ments with respect to the sensing, communication and automation capabilities that all
vehicles participating in freeway traffic subject to optimisation must comply with. Nev-
ertheless, while not deployable on present day roads, the flexibility of the virtual slot
approach means that the sensing, communication and automation requirements for the
vehicles match the technology available in present day state-of-the-art vehicle prototypes.
Furthermore, once a point is reached where a minimum set of requirements is fulfilled,
any improvements in the range and precision of sensors and automation translate into

an incrementally higher utilisation of the freeway network.

Slot-based driving imposes a shift towards vehicle automation that has implications
with respect to the interaction between the human driver and the vehicle. The study of
these implications falls under the field of human-computer interaction (HCI), a discipline
at the intersection of computer science and behavioural sciences that has increased in
popularity in recent years as the advances in technology have allowed humans to com-
municate and control machines in new ways. The automotive industry has also invested
considerably in the field of HCI, especially in the context of the aforementioned switch
towards a higher degree of autonomy for vehicles. The HCI aspects of slot-based driv-
ing are not considered in this thesis and only the technical feasibility of the slot-based

driving concept is investigated.

The use of vehicular communication and automation raises new security concerns.
Ranging from privacy issues to malicious attacks that take over the control of a vehicle,
these concerns are of great importance and need to be addressed. Fortunately, existing
security concepts such as cryptographic-based authentication and encryption can be used

to address most of these concerns, while ongoing research is addressing the new type of
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security problems that are specific to vehicular communication and automation (Raya
and Hubaux, 2007).

The main contribution of this thesis to the state of the art lies in its novel slot-based
approach to optimising traffic using IVs. The virtual slots are specified by the TMS in
the form of a slot map which allows vehicles to coordinate in an efficient fashion, lead-
ing to a significant reduction in journey times. In addition, the deterministic nature of
slot-based driving leads to a reduction in travel time variability and thus, by definition
(Joint Transport Research Center of OECD and ITF, 2010), to an increase in the overall
reliability of road transport. From a non-functional perspective, the slot-based approach
is scalable due to its hybrid architectural approach based on a loose coupling between
the TMS and individual vehicles. Another important characteristic of the slot-based
approach is its flexibility. This is reflected in the lack of strict requirements imposed on
the vehicular technology used (e.g. fully-automated vehicles are not explicitly required),
enabling a trade-off between a faster route to deployment through less advanced ve-
hicular technology on one side and higher efficiency on the other side. Furthermore, it
addresses the likely reluctance of human drivers to hand over the control of the vehicle by
permitting an on-the-fly transformation from manual to slot-based driving, thus obliging
the human drivers to hand over vehicle control only when the critical density is about
to be reached. Both the functional - efficiency and reliability - and the non-functional -
scalability and flexibility - properties of the slot-based approach are a consequence of the
design decisions made in Chapter 3, and are demonstrated by the case studies presented

in Chapter 4.

1.5 Thesis Roadmap

The remainder of this thesis is organised as follows: Chapter 2 analyses the current state
of the art with respect to traffic optimisation using intelligent vehicles. Chapter 3 then
introduces the slot-based approach to IV-based traffic optimisation, as well as a set of
slot-based algorithms that address critical traffic scenarios. In Chapter 4, the design

and implementation of an evaluation framework for slot-based driving are described.
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This framework is then used to evaluate the proposed slot-based approach, and the thus
obtained results are also discussed in Chapter 4. Finally, Chapter 5 concludes this thesis,
discusses future work that needs to be addressed, and provides an outlook on the future

of intelligent vehicles and their potential to improve everyday life.
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Chapter 2

State of the Art

Freeway traffic management concerns itself with the safe and efficient operation of the
road surface. This chapter provides a review of state-of-the-art techniques aimed at
increasing the efficiency of freeway traffic and is split into two sections. Section 2.1
provides an overview of currently deployed techniques, which are based on the idea
of maintaining the density of vehicles over any section of the road below the critical
density threshold. Unfortunately, this means that they are limited by the capabilities
of human drivers: the critical density is a consequence of the slow reaction times of
human drivers and their lack of coordination. Recent advances in vehicle automation
and communication promise to address these limitations, leading to the emergence of
intelligent vehicles (IVs). While not deployed on present days roads, IVs promise to
considerably improve the efficiency of traffic. Section 2.2 provides a review IV-based

freeway management techniques.

2.1  State of Practice

Freeway traffic management is currently almost exclusively implemented using roadside
infrastructure. The techniques used are highly dependent on the sensing and actuating
capabilities deployed in the road infrastructure. Section 2.1.1 provides an overview of

the sensors and actuators frequently deployed on present days roads, which is necessary

12
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for a good understanding of roadside-based traffic management techniques.

Based on the location at which traffic management measures are applied, freeway
traffic management can be classified as either demand management or supply manage-
ment. An overview of demand management techniques is provided in Section 2.1.2, while
supply management techniques are reviewed in Section 2.1.3.

It is important to note that the scope of this section is not to provide a comprehensive
review of all freeway management systems and techniques that have been deployed but
rather to provide on overview of the state of the practice limited to the techniques that

are the most relevant from an optimisation perspective.

2.1.1 Enabling Technologies

Freeway traffic management is made possible by a variety of technologies that can be

grouped, based on their functionality, as either sensors or actuators.

Sensors

Traffic management systems use sensors to detect the presence and passage of vehicles.
Most of these sensors are roadside-based and are mounted either in the roadway or over
the roadway. In-roadway sensors are embedded in the pavement or attached to the
surface of the roadway. The most common in-roadway sensors are inductive loops and
magnetic sensors. By contrast, over-roadway sensors are mounted above the surface of
the roadway. The most common over-roadway sensors are radar-based sensors and video
image processing-based sensors.

Inductive loops are by far the most widely used sensors in present day traffic control
systems (Klein et al., 2006). The basic inductive loop system consists of a wire loop
that is embedded in the pavement and an electronic unit that energises the wire loop.
When a vehicle crosses the wire loop, electrical current is induced into the vehicle, which
increases the induction in the loop. The electronic unit detects this increase, thereby
inferring the presence or passage of a vehicle. The simple nature of the vehicle detection

provided by inductive loops means that algorithms are required to derive traffic flow

13
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parameters such as density and speed using data aggregated from a set of inductive
loops located along the freeway.

Microwave radar, laser, infrared and ultrasonic vehicle detection sensors are all based
on the same principle. A detection unit is mounted on an overhead bridge or pole and
transmits energy that is reflected back by passing vehicles. The low-level data obtained
from the energy reflected by vehicles is processed, resulting in higher-level traffic flow
data on a per-lane basis. Alternative installations on the side of the road can provide
traffic flow data across multiple lanes of the highway.

Video image processing technology has dramatically improved over the last decade.
Initially, video cameras were introduced for roadway surveillance and always included
a human operator in the loop. Nowadays, video image processors are used to detect
vehicles across multiple lanes, provide traffic flow data and even for automatic incident
detection (Shehata et al., 2008).

Besides roadside-based sensors, in recent years, due to advances in mobile commu-
nication technologies, as well as the high penetration of GPS-enabled devices, crowd-
sourcing data from mobile sensors deployed within individual vehicles has emerged as an
alternative or complementary source of traffic data. In some cases, gathering traffic data
from mobile sensors is even considered a cheaper alternative to roadside-based sensors
(Bacon et al., 2011). In general, to incentivise the crowdsourcing, drivers are in return
provided with live congestion data and estimated travel times (e.g. within INRIX!) or
even routing and turn-by-turn navigation (e.g. Google Maps for Mobile?, Waze?).

Unfortunately, none of these sensing technologies are without weaknesses. In-roadway
sensors have high installation and maintenance costs (lane closures are required). Video
image processors and some of the radar-based sensors perform poorly under certain
weather conditions (rain, snow, fog etc.). Furthermore, most radar-based sensors have
problems detecting stationary vehicles, while crowdsourcing traffic data, although show-

ing great promise and gathering momentum, is still in its infancy.

nttp://www.inrix.com

2http://googleblog.blogspot.ie/2009/08/bright—side—of—sittingrin—traffic.
html

Shttp://www.waze.com
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Actuators

While the sensing technologies used to gather data are quite diverse, the actuation
capabilities of traffic management systems are rather limited. Access to the freeway
can be controlled using traffic lights, possibly reinforced by barriers in locations such as
toll plazas or on-ramps when ramp metering is used. Variable message signs (VMSs)
indirectly influence traffic by providing indications such as speed limits, lane closures,

alternative routes and hazard warnings.

2.1.2 Demand Management

Demand management describes traffic control measures applied to vehicles before they
enter the freeway. There are two basic complementary approaches to demand manage-
ment: access control and route guidance. Access control is commonly enforced through
ramp metering and is applied to vehicles that are about to enter the freeway. Route
guidance is applied both to vehicles planning to enter the freeway as well as vehicles
on the freeway. In this regard route guidance can be considered as a hybrid between

demand and supply management.

2.1.2.1 Access Control

Empirical studies have shown that the maximum flow that can be achieved on a freeway
is subject to the critical density. The fundamental diagram of traffic flow (see Fig. 1.1 in
Chapter 1) shows that the flow increases directly proportional to the demand until the
critical density of the respective freeway section is reached. At this point, an increase in
demand causes a decrease in flow. Ramp metering is a technique that attempts to control
the demand so that the traffic density is maintained below the critical density. A meter-
ing rate defines the amount of vehicles that can enter the freeway at the an on-ramp and
is generally enforced using traffic lights. Ramp metering is popular in North America,
with around 4000 installations (California Department of Transportation, 2011), with
more recent implementations in Europe, Japan and Australia.

Ramp metering strategies can be classified as either fixed-time or reactive. Fixed-
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time ramp metering strategies are computed off-line and control the on-ramp access
based solely on historical demand data. The reliance on static data makes fixed-time
strategies vulnerable to special events such as accidents, road works and weather hazards.
Furthermore, fixed-time strategies are also vulnerable to modelling errors. Consequently,
under certain circumstances, they may lead to congestion or underutilization of the

freeway.

Reactive ramp metering strategies apply a control-theoretic approach where the goal
is to keep the traffic conditions close to a pre-specified set of values. Unlike fixed-time
ramp metering strategies, traffic demand is measured in real time. Based on the scope
of operation, reactive ramp-metering strategies can be either local or coordinated. Local
strategies use traffic measurements in the vicinity of the on-ramp, such as upstream
flow and downstream freeway occupancy to compute the ramp metering rate. Local
ramp metering is performed independently for each ramp in the network, using local
measurements. Papageorgiou et al. (2003) argue that, based on empirical evidence,
closed-loop local control approaches (i.e. approaches that use feedback from the system
output to control the input) such as ALINEA (Papageorgiou et al., 1991) outperform
open-loop approaches (i.e. approaches that do not use feedback) such as the demand-
capacity strategy (Masher et al., 1975). Unlike local strategies, a coordinated ramp
metering strategy uses all traffic data measurements in the network to determine the
ramp metering strategy of each individual ramp metering facility. Coordinated ramp
metering strategies are much harder to design and implement but they can outperform

local strategies (Papamichail et al., 2010).

For a better overview of ramp metering as well as a more comprehensive taxonomy
of ramp metering strategies see Papageorgiou and Kotsialos (2000). In general it can be
argued that ramp metering is the most efficient form of demand management deployed
on present-day roads. However, it is limited by the capacity of the respective on-ramps.
A minimum metering rate is required to prevent spillback of the queue onto the adjacent
road network. This means that ramp metering cannot prevent congestion under certain

conditions such as a high traffic demand upstream of a bottleneck.
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Another noteworthy way of controlling traffic demand is through congestion pricing
(U.S. Federal Highway Authority, 2008). This technique employs a market economics
approach to regulating demand by using a variable toll rate that increases in the pres-
ence of higher demand. Higher toll prices are generally employed during rush hours to
motivate people to use public transport or at different times of the day. Congestion
pricing is generally employed on urban roads such as in cities that are confronted with

congestion problems.

2.1.2.2 Route Guidance

The total travel time experienced by individual vehicles along the course of a journey
varies according to the traffic conditions along that route. In choosing the fastest route,
drivers need to consider a complex set of factors that influence traffic conditions across
all available routes. Driver information and guidance systems assist the driver in this
process by providing route guidance. Herbert and Mili (2008) propose a taxonomy which

classifies route guidance systems based on:
e the nature of data used to predict travel times;
e the form in which the route guidance is provided to the users;
e the user coverage.

Depending on the nature of data used to predict travel times, route guidance systems
can be classified as either static or dynamic. Static systems use historical data where
traffic demand varies according to the time of the day, day of the week and even time of
the year. Dynamic systems use real-time traffic data which includes current demand as
well as information about conditions such as road works or incidents along the freeway.
Travel-time prediction is arguably the most complex and important component of route
guidance systems. An overview of travel time prediction approaches can be found in
Lint (2004).

Route guidance can be provided to drivers either as descriptive or prescriptive guid-

ance. Descriptive guidance provides information on traffic conditions but offers no rout-
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ing recommendations. Prescriptive guidance goes one step further and provides routing
advice to drivers. In general, traffic operators as well as drivers prefer descriptive guid-
ance, as prescriptive guidance systems require very accurate predictions and are thus
hard to implement in practice (Papageorgiou et al., 2003). Route guidance information
can be communicated to drivers using VMSs or in-vehicle technology such as turn-by-
turn navigation. In Japan, the Vehicle Information and Communication System (VICS)
provides, among others, information on congestion conditions and travel times. VICS
is very popular with an estimated 30 million installations in 2010. Due to its very high
adoption rate, it is expected that VICS can also be used in the future to disperse traffic
flow and improve the general traffic fluidity (Japanese Ministry of Land, Infrastructure
and Tourism, 2008).

The number of users targeted by a route guidance system can have a significant
impact on the overall traffic flow. Users can be targeted individually, in which case the
goal is to optimise the travel time for an individual user and hence the system is called
user-optimal. When route guidance is aimed at all the users in the network with the
goal of optimising the overall traffic flow, then it is called system-optimal.

In general, route guidance is used by traffic operators and individual drivers to reduce
travel times and increase their reliability. However, the positive effects of these systems
are limited by their advisory rather than enforcing nature. System-optimal routing is
particularly hard to implement when routing decisions cannot be enforced on individual
drivers, while user-optimal routing can have a negative impact on the system-wide traffic

flow.

2.1.3 Supply Management

Supply management refers a variety of potentially complementary techniques used to
control the traffic supply along the freeway (i.e. the vehicles that have already entered
the freeway). These techniques can be applied in a proactive fashion, using historical
data, or in a reactive fashion, as consequence of an incident (e.g. a traffic accident).

This section provides an overview of the most relevant supply management techniques
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with respect to traffic efficiency.

Note that an essential component on which many supply management techniques are
based is incident detection. Incident detection systems are based on two components:
a data collection component and a data processing component. The data collection
component gathers data through a variety of sensors such as inductive loops, video
image processing for automated vehicle identification and GPS for vehicle localisation.
The thus gathered data is then processed to identify possible incidents along the highway.
The processing can be done either manually by a human operator, or automatically
by an incident detection algorithm. The development of new sensor technologies, as
described earlier in this chapter, promises to help improve the accuracy of automated
incident detection. An overview of incident detection algorithms and their respective

deployments can be found in Parkany and Xie (2005).

2.1.3.1 Variable Speed Limitation

Variable speed limitation (VSL) is a technique used to address the problem of traffic
jam propagation. This propagation can take place in time (i.e. the time required for
the congestion to dissipate), as well as in space, due to the shockwave effect, where
incrementally heavier braking eventually leads to a traffic jam that propagates upstream.
Hegyi et al. (2005) classify VSL approaches based on their goals as approaches that aim
to either achieve a homogenisation of the traffic flow or to prevent too high densities.
Homogenisation approaches use speed limits to reduce the speed differences between
vehicles. A homogenisation of the traffic flow is believed to lead to both safer driving
and more stable flows, since smaller speed differences give drivers more time to react,
minimise the impact in case of accidents and do not require excessive braking that can
cause a shockwave to propagate upstream. In general, the speed limit is set slightly
below the current average speed but above the critical speed (i.e. the minimum speed
needed to achieve maximum flow), thus slightly increasing density while maintaining
the same traffic flow. The main limitation of this approach is that it cannot suppress

existing shockwaves.
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VSL approaches that aim to prevent high densities use speed limits below the crit-
ical speed to reduce inflow into a congested areca. This means that shockwaves can be
dissipated in low density areas. See Hegyi et al. (2005) for an overview of the control

methodologies used to implement VSL.

VSL can also be used to optimise traffic flow at work zones. Lin et al. (2004) describe
two VSL algorithms, one aimed at reducing the queue upstream of the work zone and
the other aimed at increasing the throughput. The simulation-based evaluation of these
algorithms shows that VSL can be used to increase the throughput and reduce delay at

work zones.

Traditionally, VSL is implemented using VMS and therefore cannot be directly en-
forced on individual drivers. More recently, Intelligent Speed Adaptation (ISA) - a sys-
tem that allows the speed of a vehicle to be controlled externally - has been considered
as a more advanced way of implementing VSL to increase efficiency (Boriboonsomsin
et al., 2008; Liu and Tate, 2004) as well as safety (Carsten and Tate, 2005). The generic
ISA system comprises of a central traffic management component that decides the speed
limit; a communication infrastructure between the central component and vehicles on
the freeway; and vehicles equipped with GPS, digital maps and means of either com-
municating or enforcing the speed limit to the driver such as haptic feedback on the
acceleration pedal. Thus, ISA systems are generally classified based on how the speed

limit is imposed:

e Advisory: similarly to classic VSL, the speed limit is simply suggested to the driver

e Mandatory: the speed limit is enforced upon the driver

The rather complex combination of required technologies and collaboration between
vehicle manufacturers and traffic operators means that currently ISA is mostly in a trial

stage (Liu and Tate, 2004; Vlassenroot et al., 2007).
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2.1.3.2 Lane Control

A complementary approach to VSL for managing the traffic supply is lane control.
Lane control is used to either (temporarily) restrict access to a lane to only specific
vehicles or to change the direction of the traffic flow for one or more lanes. The former
is generally implemented on a freeway in the form of high occupancy vehicle (HOV)
lanes and has been deployed mainly in North America, Australia and New Zeeland.
As the name suggests, HOV lanes are dedicated lanes for vehicles with two or more
passengers which are meant to encourage carpooling leading to a more efficient utilisation
of the infrastructure. A report from the year 2000 on the efficiency of HOV lanes in
California, one of the US states with the highest number of HOV lanes, showed that
the performance of HOV lanes is mixed and that, in general, HOV lanes are being

underutilised (California, LAO, 2000).

A different approach to lane control is represented in the form of reversible lanes.
They are used to deal with an increase in demand in one traffic direction such as during
rush hours or during emergency evacuations. Reversible lanes are commonly found on

bridges and in tunnels and operate using overhead traffic lights.

2.1.3.3 Merging Traffic Control

Freeway bottlenecks are caused by a drop in capacity encountered at on-ramps, work
zones, toll plazas or at the merging point of two freeways. Under high traffic demand,
these bottlenecks cause congestion. Merging traffic control techniques addresses this
problem by attempting to maintain capacity flow through the bottleneck area. For
example, Papageorgiou et al. (2008) addressed the merging problem as a special form of
the ramp metering problem and proposed an approach based on local ramp metering,
more specifically the ALINEA algorithm. It is worth noting that for toll plazas or freeway
interchanges, the initial design of the road layout plays a crucial role with respect to the
efficiency of traffic at those sections. Aspects of road layout design are, however, outside

the scope of this work.
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2.1.4 Discussion

This section presented an overview of existing approaches to traffic management that
are aimed at increasing the efficiency of freeway traffic. Demand management strategies
generally fail in cases where traffic demand is much higher than the available supply,
e.g. ramp metering when there is the risk of spillback from the on-ramp to an adjacent
road or route guidance when all the available routes are congested. Supply management
measures on the other hand tend to be of a heuristic nature and few studies have been
conducted to quantify their impact (Papageorgiou et al., 2003). VSL cannot directly en-
force speed limits on vehicles, while the large-scale deployment of ISA requires technical

challenges to be overcome.

These approaches are generally implemented independently and the lack of coordi-
nation between the control strategies leads to suboptimal results. In the short term,
the focus should be on integrating of complementary demand and supply management
strategies into a network-wide solution. Nevertheless, the improvements that can be
achieved using roadside-only freeway traffic management with respect to traffic effi-
ciency are limited by the nature of human drivers. Due to the relatively slow reaction
times of human drivers, vehicles on freeways need to leave a safety gap. The average
lateral gap is determined by subtracting the average width of a vehicle from the width
of a freeway lane. In the US, the width of a highway is 3.5m (TRB, 2000). The width
of a personal vehicle rarely exceeds 1.8m while the width of a bus or truck, representing
5-10% of the entire freeway traffic, can reach 2.74m (Shladover, 2009). These numbers
show that a maximum of around 50% of the lateral actual width of a freeway can be
used at any time due to enforcement of lanes. Furthermore, Shladover has shown that
even when a maximum highway capacity is reached, no more than 11% of length of a
lane is occupied by vehicles (Shladover, 2009), while the remainder represents the safety
gap left by the drivers. This means that currently, due to the limitations of human
drivers, even at capacity traffic flow, only approximately 5% of the freeway surface can
actually occupied by vehicles. As such, in the face of increasing traffic demand, it is the

limitations of human drivers that will need to be addressed in the long term.
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2.2 Using Intelligent Vehicles to Optimise Traffic

The core advances in the present generation of vehicles lie in providing basic control
assistance (e.g. traction control, antilock braking system) used mainly for increasing
safety, followed by a variety of functions aimed at driver and passenger comfort. The next
generation of vehicles promises to take this a step further by using information gathered
by vehicle sensors to assist the driver. Such vehicles are generally called intelligent
vehicles (IV). While this term is rather generic and can be misleading, for the purpose
of this thesis the definition provided by Bishop (2005) is used, which states that IVs are
vehicles that “sense the driving environment and provide information or vehicle control
to assist the driver in optimal vehicle operation”. Furthermore, they “operate at the
tactical level of driving (throttle, brakes, steering) as contrasted with strategic decisions
such as route choice”. While mainly aimed at safety applications, the capabilities of IVs
can also be used to improve the flow of traffic as part of so-called Intelligent Vehicle
Highway Systems (IVHS).

This section provides an overview of the state of the art with respect to IVHS and
is organized in two parts. The first part provides an overview of advances in vehicular
technologies that are at the core of IVs and are relevant in the context of IVHS. The
second part then provides a survey of existing IVHS approaches and discusses their

benefits and limitations.

2.2.1 Intelligent Vehicles

Understanding the vehicular technologies that enable IVHSs necessitates an understand-
ing of the requirements that IVHSs impose on participating vehicles. While the exact
requirements depend on the specifics of the IVHS, a vehicle must be able to fulfil three

fundamental requirements:
e sense its environment;
e communicate with other vehicles and/or with the infrastructure;

e assist the driver by providing information and/or vehicle control.
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Vehicular technologies that address these requirements are presented in the following
paragraphs, followed by a discussion on how the current state of the art addresses the

requirements.

2.2.1.1 Sensing

Currently used to increase safety and driver comfort as well as to provide navigation
capabilities, vehicular sensing is a fundamental component of the IVHS of the future.
There is a large variety of sensors in a modern vehicle, such as sensors used to mea-
sure the exhaust, accelerometers used by airbag systems to detect when an accident
takes place, video cameras for driver face and gaze tracking and many others. Flem-
ing (2001) provides a comprehensive overview and classification of automotive sensors,

where sensors are classified based on their area of systems application as:

e Powertrain sensors, used in the engine, the transmission and to provide onboard

diagnostics (e.g. engine misfire, electronic transmission control)

e Chassis sensors, used in various vehicle dynamics aspects (e.g. ABS braking, trac-

tion control, steer-by-wire)

e Body sensors, generally used to provide user comfort (e.g. navigation, adaptive

cruise control (ACC))

The category of automotive sensors that is most relevant in the context of IVHS are
body sensors. More specifically, shifting the driving task from manual control to fully
automated control requires a very good knowledge of a vehicle’s surrounding environ-
ment. To achieve this, sensors need to be able to provide both the absolute position of
a vehicle in global coordinates, as well as the relative position of a vehicle with respect

to objects in its neighbourhood.

Absolute positioning systems provide a vehicle with its current position, in global
coordinates, and are generally available in the form of Global Navigation Satellite Sys-

tems (GNSS). The accuracy of GNSS typically ranges from a few centimetres to over ten
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meters. Broadly speaking, a GNSS consists of a set of transmitters mounted on satel-
lites in the orbit of the Earth that broadcast microwave signals towards Earth. GNSS
receivers located on or inside a vehicle triangulate these signals to determine the posi-
tion of the vehicle. The accuracy of the determined position is subject to a variety of
factors, mainly the number of satellites available, atmospheric and relativistic effects as
well as the reflection of radio waves on objects, an effect known as multipath. Only two
GNSS are currently operational: the US-owned Global Positioning System (GPS) and
the Global Navigation Satellite System (GLONASS), owned by the Russian Federation.
Further systems such as Galileo - a joint initiative of the European Commission (EC)

and the European Space Agency (ESA) - are expected to be available in the future.

The GPS is currently by far the most widely-used GNSS. Over the last decade, GPS-
based navigation devices have become increasingly popular and are used in vehicles to
provide navigation assistance to the human driver. However, the relatively poor accuracy
of standard GPS devices - 13m horizontal accuracy (Hegarty and Chatre, 2008) - means
that accuracy improvements are required to achieve the higher degree of autonomy re-
quired by intelligent vehicles. Fortunately, various approaches that improve the position
accuracy have been developed. One such approach uses differential GPS (DGPS) to
reduce spatially correlated errors. A reference receiver installed at a well-known fixed
location receives signals from the satellites and computes a differential correction, which
is then broadcast to user DGPS receivers. As the distance between the reference and the
user receiver increases, the positioning accuracy decreases. However, within a radius of
100km around the reference radius, a sub-meter accuracy has been observed (Monteiro
et al., 2005). Using a similar approach, Real Time Kinematic GPS (RTK-GPS) can
achieve centimetre-level accuracy (Lenain et al., 2003). Satellite-Based Augmentation
Systems (SBAS) such as the European Geostationary Navigation Overlay Service (EG-
NOS) or its US-equivalent, the Wide Area Augmentation System (WAAS), apply the
same technique used by DGPS to wide areas. These systems determine errors caused by
atmospheric effects (mainly ionospheric errors) and broadcast their corrections to the

receivers. SBAS are capable of reaching an accuracy of under 5m (Gauthier et al., 2001).
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Relative positioning provides a vehicle with its position relative to objects in its
neighbourhood. Different types of sensors are being used for relative positioning, of

which the most common ones are:

Ultrasound

Laser radar (lidar)

Millimetre-wave radar

Machine vision

Ultrasonic sensors are used for near-distance (a few meters) object detection (Bishop,
2005). They are low-cost, offer wide-area coverage and are generally used in parking-
assist systems. Laser and millimetre-wave radars are used for far-distance object detec-
tion, usually between 2 and 150 meters (Abou-Jaoude, 2003). In general, millimetre-wave
radars are more reliable in poor weather conditions than lidar. On the other hand, li-
dars are more accurate and provide a wider angular coverage (Fleming, 2001). Both
are commonly used to provide range and closing-rate information to ACC systems. Ma-
chine vision is probably the most multi-purpose sensor and has a variety of applications
(Zhang et al., 2011), the most widely used ones being tracking of road lane markings,

driver face and gaze tracking, and pedestrian detection.

Sensor data fusion refers to the fusing of data describing the surrounding environ-
ment as gathered by sensors into a so-called “world model”. Such a world model is
required by intelligent vehicles to be able to perform complex manoeuvres such as over-
taking a vehicle or merging into a freeway. Traditionally, sensor data fusion has been an
active research topic within the robotics community. Thurn (2002) provides an overview
of robotic mapping techniques. Such techniques have been applied to autonomous driv-
ing within the frame of the DARPA Grand Challenge* and are currently employed by
the Google Self-Driving Car (Thurn, 2010). However, the mapping approaches employed

‘http://archive.darpa.mil/grandchallenge/
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for vehicles differ slightly from the ones employed for robots. Unlike a robot exploring
an unknown environment (a problem commonly known as simultaneous localization and
mapping (SLAM)), the layout of a road is well defined and can be captured in digital
maps. Furthermore, vehicle cooperation can be employed to enhance the quality and

range of the world model, such as in Papp et al. (2008).

2.2.1.2 Communication

Vehicular communication enables a wide-range of applications both within and beyond
the scope of traffic management. It is expected that equipping vehicles with communica-
tion capabilities will provide a platform for inter-vehicle coordination that will increase
the safety and efficiency of traffic as well as provide useful traffic information and en-
tertainment to the occupants of the vehicles. In general, vehicular communication can
be classified as being either vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I) or
hybrid. The umbrella term vehicular networking is generally used to describe all forms
of vehicular communication.

Vehicular networks are inherently wireless, ad-hoc and very mobile, posing a special
set of challenges. Indeed, the reflecting nature of a vehicle’s body can impact on the
quality and strength of the signal. Furthermore, the mobile nature of vehicles and
the high speeds that they can achieve impose a very challenging set of requirements
on routing and membership protocols. These are made even more difficult when safety-
critical applications such as collision avoidance or safe overtaking are considered, as they
require both real-time and guaranteed message delivery. Finally, security in general,
and trust and privacy in particular, are crucial aspects given the safety-critical nature
of driving.

More recently, research in vehicular networking was focused on creating a set of
standards for Dedicated Short-Range Communication (DSRC) that would enable a vari-
ety of applications, mostly around increasing safety but also increasing traffic efficiency.
Standardisation efforts in Europe, US and Japan have led to the emergence of the IEEE
802.11p protocol that describes physical and data-link layers of DSRC. While the IEEE
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802.11p protocol is common to standardisation efforts in all three geographical regions,
the protocols located higher on the DSRC stack vary across the three regions. In the
US, the IEEE 1609 protocol set is used on top of IEEE 802.11p by projects such as
IntelliDrive® and California PATH®. This combination of IEEE 1609 and IEEE 802.11p
is known as the DSRC/WAVE standard. Research efforts in Europe as part of projects
such as SAFESPOT", CVIS8, CarTalk2000°, COOPERS!® and PREVENT!! have led
to the emergence of the ISO CALM protocol suite which specifies how existing wire-
less technologies such as cellular communication and 802.11p can be used by the upper
layers. Finally, in Japan, DSRC was already used in 2008 by approximately 20 million

vehicles for electronic toll collection (Karagiannis et al., 2011).

Surveys performed over the past years by Sichitiu and Kihl (2008); Toor et al. (2008);
Hartenstein and Laberteaux (2010); Karagiannis et al. (2011); Kenney (2011) indicate
that vehicular communication standards are reaching a level of maturity that would
permit the deployment of DSRC on production vehicles in the next years. Nevertheless,
Karagiannis et al. (2011) identifies several research challenges in areas associated with
vehicular communication, such as reliability, robustness, security and, in particular,
geographical addressing (i.e. addressing messages based on the position of a vehicle).
Finally, once these technical hurdles are surpassed, political and economic issues related
to the mass deployment of vehicular communication technologies will still need to be

addressed.

It is worth noting that besides new protocols such as DSRC/WAVE, which are yet to
be deployed on production vehicles, initial studies indicate that cellular communication
technologies such as 3G and the emerging LTE 4G, which have already been deployed

on a large scale, could be used for vehicular communication (Matolak et al., 2011).

Shttp://www.its.dot.gov/
Shttp://www.path.berkeley.edu/
"http://www.safespot-eu.org/
8http://www.cvisproject.org/
Shttp://www.cartalk2000.net/
Ohttp://www.coopers—ip.eu/
Uhttp://prevent.ertico.webhouse.net/
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2.2.1.3 Vehicle Control

Shifting the control of the vehicle from the human driver to the vehicle itself, as argued in
Chapter 1, can increase the utilisation of the road surface and therefore have a significant
impact on the efficiency of traffic. The following paragraphs review the state of the art
with respect to first lateral and then longitudinal control, followed by an overview of the

latest advances in autonomous driving.

Lateral control refers to the automatic control of a vehicle’s steering and builds on
the capacity of a vehicle to detect the lanes of the road. Three approaches to lane

detection have been investigated:
e magnetic markers embedded in the roadway;
e combining highly accurate GPS and digital maps;
e machine vision.

Machine vision has proven to be the most popular, mainly due to the significant efforts
required to embed magnetic markers in the roadway or to create accurate digital maps
on a large scale. Recent research efforts have addressed the early limitations (mainly
weather-related) of machine vision (Bishop, 2005).

Lane detection has been initially deployed in production vehicles as part of Lane De-
parture Warning (LDW) and Road Departure Warning (RDW) systems. These systems
assist the driver by means of audio or haptic feedback, such as simulating directional
rumble strip sounds through sounds and vibrations of the driver seat.

With both LDW and RDW systems, the control of the vehicle is fully in the hands
of the human driver. This is not the case with Lane Keeping Assistance (LKA) systems.
LKA takes the LDW concept a step further by adding an automatic steering torque to
the vehicle steering systems. The torque increases as the vehicle approaches the edge
of the lane, creating a so-called “driving in a bathtub” effect (Bishop, 2005). Note that
with LKA the attention of the human driver is still required, since LKA uses a shared

control control paradigm where 80% of the control is provided by the vehicle and 20%
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by the human driver. Initially deployed on trucks, LKA systems have been introduced
in the recent years to high-cost personal vehicles from manufacturers such as Daimler,
BMW and Toyota (Oagana, 2010).

While keeping vehicles within their lane has been subject of past research and sys-
tems like LDW and LKA are available in many vehicles, current research is focusing on
the next step of lateral control: automated lane-changing. This is applied to a variety
of scenarios such as in collaboration with V2V communication to perform vehicle pla-
tooning lifecycle operations such as leaving and joining a platoon of vehicles (Rajamani,
2000), emergency manoeuvres such as obstacle avoidance (Swaroop and Yoon, 1999) and

automating the vehicle overtaking procedure (Naranjo et al., 2008).

Longitudinal control refers to the automatic control of a vehicle’s speed and accel-
eration. Cruise control (CC) systems have been available in production vehicles starting
from the 1950s and are used to maintain a vehicle at a constant predefined speed. Present
day high-cost vehicles use ACC, a further enhancement of CC, first introduced by Toyota
in Japan in 1998 (Jones, 2001). The distance to the vehicle in front is measured by a
lidar or radar sensor and is then combined with a measurement of the vehicle’s current
speed to determine the headway. The speed of the car is controlled so that a constant
headway is maintained, as opposed to the constant speed provided by CC systems.

A survey of past research dedicated to ACC control schemes is available in Vahidi and
Eskandarian (2003). More recent research on longitudinal control has focused on further
enhancements of ACC such as cooperative adaptive cruise control (CACC) and vehicle
platooning. CACC and vehicle platooning use vehicular communication to enhance
the information available to ACC systems. Better information can be used to increase
safety and driver comfort by anticipating the manoeuvres of the leading vehicle as well

as increase traffic efficiency by enabling vehicles to drive in close formations.

Autonomous vehicles are vehicles capable of performing fully automated lateral
and longitudinal control without human intervention. To achieve this, a vehicle obtains

information from the sensors about its surrounding environment. Over the last decades,
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the concept of a fully autonomous vehicle has evolved from a futuristic vision to the
stage of working prototypes. The late 1980s and ecarly 1990s saw the first research
projects in Europe - DRIVE and PROMETHEUS (Williams, 1998), the United States -
PATH (Shladover, 2007), and Japan - DEMO 2000 (Kato et al., 2002) - that investigate
the use of autonomous vehicles to increase safety, decrease the impact of road traffic
on the environment and increase traffic efficiency. These efforts resulted in the first
demonstrators of autonomous vehicles capable of driving in platoons on highways. Over
the following years, due to practical and financial limitations at that time, focus shifted
from autonomous vehicles to driver assistance systems in general and safety applications
in particular.

Nevertheless, over the last decade research on autonomous vehicles has been reignited,
mainly due to a series of challenges sponsored by the US defence agency DARPA
that combined the efforts of researchers from automotive and robotics fields. The
DARPA Urban Challenge, the last of the three DARPA Grand Challenges, demon-
strated autonomous vehicles capable of navigating an urban environment (e.g. MIT’s
Talos (Leonard et al., 2008)). Perhaps the most advanced autonomous vehicle of present
day is Google’s Self-Driving Car, a modified Toyota Prius which finds its roots in Stan-
ford’s entry to the DARPA Urban Challenge.

Unfortunately, having fully autonomous vehicles alone is not enough to increase the
efficiency of traffic. This is because these vehicles are mainly designed around the idea
of effectively replicating the way humans currently drive, with the goal of increasing
driver safety, comfort and accessibility. To increase the efficiency of traffic, a system
that allows these vehicles to go from a human-inspired, competitive form of driving to a

collaborative one is required.

2.2.1.4 Discussion

The three fundamental requirements imposed by IVHS on IVs are addressed by next-
generation vehicular technology. The sensing technology is mature and has been widely

used in production vehicles. High-cost production vehicles use relative sensing to increase
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safety and driver comfort. Absolute positioning is generally available in the form of
GPS receivers and has been widely used in combination with digital maps to provide
navigation support to drivers. However, IVHSs assume a high degree of vehicle autonomy
and typically impose a high absolute positioning accuracy requirement that cannot be

fulfilled by standard GPS receivers. This issue is addressed by DGPS and RTK-GPS

which provide sub-meter accuracy.

Similarly to sensing, automated lateral and longitudinal control have been already
deployed on high-cost or commercial vehicles but are yet to be integrated in everyday
vehicles. To achieve this, the information received by various sensors needs to be fused
into a model of the surrounding environment - usually called a world model - to enable
the automation of complex driving manoeuvres. Systems that fuse data from various
sensors into a so-called world model are generally still in the prototype phase, as are

vehicles capable of driving autonomously.

Unlike sensing and vehicular control, vehicular communication is yet to be largely
deployed in production vehicles. This is mainly due to the fact that while sensing and
vehicle control can be used independently of other vehicles to provide increased safety and
comfort, vehicular communication requires the collaboration of several vehicles and/or
the infrastructure which is complicated by the high mobility and speed of vehicles, and
raises security and privacy issues. Additionally, a significant part of recent research into
intelligent vehicles has been ignited by the DARPA Grand Challenges, which did not
involve cooperation between vehicles. Consequently, vehicular communication was not

part of this initial effort and has been lagging behind ever since.

In conclusion, the state-of-the-art vehicular technology matches most of the require-
ments of IVHS, while the remaining issues such as accurate positioning, sensor fusion
and in particular vehicular communications are currently being addressed. Perhaps the
best showcase of the state of the art is represented by the Google self-driving car, which
has recently completed 300,000 miles on public roads without a single accident (Rosen,

2012).
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2.2.2 Intelligent Vehicle Highway Systems

Approaches that use IVs to optimise freeway traffic are generally discussed under the
umbrella term Intelligent Vehicle Highway Systems (IVHS). In the following, a survey
of IVHS is presented based on a classification that splits the relevant work into two
categories: centralized and decentralized approaches. The first represents approaches
where traffic is managed within centralized and hierarchical control frameworks while
the second category represents decentralized, self-organising techniques for managing
traffic with IVs. It is important to note that this review does not include IV-based traffic
optimisation techniques that are specific to urban roads, such as the traffic management

system proposed by Milanes et al. (2012).

2.2.2.1 Centralized Approaches

Centralized approaches are characterized by their use of comprehensive control frame-
works with a hierarchical structure. At the top of this structure lies a central component
that defines the traffic management policies which are subsequently implemented at the
lower levels. The most relevant frameworks that have been proposed are presented in

the following paragraphs.

PATH AHS

The California Partners for Advanced Transit and Highways (PATH) Program was
funded in 1986 and focused a significant part of its effort on increasing highway capacity
through automated driving, an approach that became known as Automated Highway
Systems (AHS). Experiments with vehicle automation started in the late 1980s and by
1992 the first experiments involving automated vehicle control and communication via
wireless LAN were concluded. These experiments culminated in a demonstration of a
four-vehicle platoon in 1994 and an eight-vehicle platoon in 1997. In time, the PATH
program adopted an incremental approach to highway automation and the focus shifted
on automating heavy duty vehicles such as trucks and buses first. Nevertheless, in the

process of designing an AHS, the PATH program proposed the first architecture for an
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IVHS, which proved very influential and inspired most of the following designs of IVHSs.

The first sketch of the PATH IVHS architecture was introduced in 1991 by Varaiya
and Shladover (1991). A more refined version of the same concept is described in
Horowitz and Varaiya (2000). The network of highways is modelled as a collection
of interconnected links, usually between 0.5 and 5 kilometres in length. Each link is
composed of a sequence of segments, representing a highway section delimited at each
end by an entry or exit point. Vehicles are assumed to be either free agents or followers
- when they follow a vehicle ahead - thus creating a formation known as platoon. The
PATH architecture uses a hierarchical control approach over five layers, as shown in Fig.
2.1. The lower three layers are part of a vehicle’s on-board system while the upper two

are part of the roadside traffic management system.
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Fig. 2.1: The IVHS architecture introduced by PATH (after Horowitz and Varaiya
(2000))

The physical layer deals with a vehicle’s dynamics based on commands received
from the regulation layer. It uses information from the vehicle’s sensors to control the
throttle, braking and steering. The regulation layer translates manoeuvres specified by
the coordination layer, e.g. merging into the highway, joining and spiting a platoon or

changing a lane, into lateral and longitudinal control. The manoeuvres that a vehicle
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needs to perform are determined at the coordination layer, based on the activity plan of
the vehicle as determined by the link layer and coordination with neighbouring vehicles.
The activity plan of each vehicle is computed at the link layer and communicated to
each individual vehicle. An activity plan contains information such as desired speed
and lane, as well as desired platoon size, and is determined based on the desired traffic
flow characteristics specified by the network layer. The optimisation task for the entire
network is performed at the network layer, where each vehicle or platoon is assigned a
route.

The hierarchical control over five layers was designed to create self-contained layer
with clear interfaces between them. The platoon abstraction simplified the design and
implementation of the lower on-board vehicle control layers. However, the platoon ab-
straction also enforces a tight coupling between the roadside and on-board control sys-
tems, where the link layer needs to communicate to each vehicle the desired speed profile,
route and platoon size. This tight coupling reflects negatively in the form of a complex
link layer controller, as one can observe by studying the PATH implementation described
by Alvarez and Horowitz (1997). Furthermore, the need for the link layer to commu-
nicate which each individual vehicle increases the overhead of communication while the
fact that the network layer needs to provide a route for each individual vehicle means
that the PATH IVHS architecture scales poorly with respect to the number of vehicles

in the system.

Dolphin

The first work inspired by the PATH AHS was the Japanese Dolphin framework (Tsug-
awa et al., 2000; Kato et al., 2002). The name comes from the platoon formation
adopted, which resembles the formation adopted by swarms of migrating birds, known
to be aerodynamically efficient, while dolphins also swim in this formation without col-
lisions (Kato et al., 2002). The management architecture, described by Tsugawa et al.
(2000), is composed of three layers, as shown in Figure 2.2. The vehicle control and

vehicle management layers are part of the on-board vehicle control system, while the
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traffic control layer is part of the roadside infrastructure.
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Fig. 2.2: The Dolphin architecture

The vehicle control layer is responsible for providing sensor data to the vehicle man-
agement layer and for actuating the lateral and longitudinal control based on commands
received from the vehicle management layer. The vehicle management layer determines
which movements the vehicle needs to perform based on the suggestions received from
the traffic control layer and coordinates performing these manoeuvres with neighbouring
vehicles. The traffic control layer is distributed into local traffic controllers that have a
view of the cars in their neighbourhood and provide these cars with driving instructions.

Most of the work in the Dolphin project has focused on implementing cooperative
platoon driving and culminated with the Demo 2000 demonstration of platoons driving
side-by-side and then merging. However, the interface between the traffic control layer
and the vehicle management layer is not thoroughly specified. Furthermore, to the best

of the author’s knowledge, no evaluation of the traffic control layer has been published.

Auto21

Inspired by the PATH AHS and Dolphin frameworks, the Canadian Auto2l project
developed a framework for collaborative driving which they named the Driving Agent

Architecture (Halle et al., 2004). Depicted in Fig. 2.3, the Driving Agent Architecture
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comprises of three layers: the guidance layer, the management layer and the traffic
control layer. While the guidance and traffic control layers are virtually identical to the
corresponding layers in the Dolphin framework, the core focus of this work has been on
the collaboration strategies at the management layer. The management layer is further
divided into two sub-layers: the networking layer and the linking layer. The networking
layer handles the coordination with respect to the place of each vehicle in the platoon,
while the linking layer is responsible for merging into or splitting from a platoon, based

on information received from the traffic control layer.
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Fig. 2.3: The Auto2l architecture

Using the platoon and vehicle-agent abstractions, the management layer provides
both inter-platoon as well as intra-platoon coordination. One of the characteristics of
the Auto21 research has been the multiagent systems approach to vehicle coordination.
In particular, Hallé and Chaib-draa (2005) proposed the teamwork model used in mul-
tiagent systems as a distributed coordination approach. Unfortunately, the evaluation
scope of this work has been solely on the performance on the coordination strategy with

respect to the communication and planning overhead and, to the best of the author’s
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knowledge, no results of the impact of this approach on traffic flow have been published.

Baskar et al.

Inspired by PATH, Baskar et al. (2007, 2008, 2011, 2012) proposed a hierarchical traf-
fic management framework for AHS. Similarly to previously presented frameworks, this
work uses the platoon abstraction and is structured as a hierarchy of controllers, de-
picted in Fig. 2.4, comprising a supraregional controller that supervises several regional
controllers, each in turn supervising a set of area controllers. At the other end lie the
vehicle controllers which, similarly to the previously presented frameworks, provide sen-
sor data to the upper layer while performing the lower-level actuation such as steering,

braking and controlling the throttle.
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Fig. 2.4: IV-based framework, after Baskar et al. (2012)

The core focus of this work lies in the design of the roadside and platoon controllers.
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The benefits of using automated vehicles are combined with traditional roadside-based
traffic control techniques such as variable speed limits, route guidance and ramp me-
tering into an integrated solution. Particular to this work, a model-based predictive
control (MPC) approach is used to determine appropriate speed limits and lane alloca-
tions for platoons, as well as appropriate release times for vehicles at on-ramps. While
the initial results of this work are promising, the published case studies evaluate the
approach in scenarios which show an increase in capacity that is below the potential of
vehicle automation. In Baskar et al. (2012), the capacity achieved is approximately 1850
vehicles/lane/hour, representing a capacity increase of only approximately 16%, which
is clearly below the threefold increase in capacity that vehicle automation is expected to

achieve, as argued by Varaiya (1993).

Com2React

The EU-sponsored Com2React project (Mincheva, 2009) proposed a hierarchical traffic
management framework where the role of the roadside infrastructure is limited to pro-
viding traffic information such as highway congestion data or route guidance to vehicles.
Unlike previous approaches, Com2React does not assume automated driving and relies
heavily on V2V communication to organise vehicles into clusters, referred to as virtual
sub centres (VSC). The role of these VSCs is to coordinate the sharing of information
between vehicles, as well as information coming from the roadside infrastructure, that
would help increase both safety and the overall traffic efficiency. This work is mainly
focused on communication and data aggregation aspects and, to the best of the author’s
knowledge, no results have been published of the impact this approach has on the overall

traffic efficiency.

2.2.2.2 Decentralized Approaches

The AHS concept began to decrease in popularity in the early 2000s as it became clear
that deploying such technology in the short term was not feasible. As such, research

focus shifted to the lower-levels of vehicle coordination. The resulting work generally
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employs a decentralized approach and addresses a specific problem rather than trying
to provide a more generic traffic management framework. Most of this work exploits
emerging vehicular communications and is sometimes referred to under the umbrella
term cooperative vehicles. An important observation to make is that focusing on the
lower levels resulted in a paradigm shift, with research mainly geared towards increasing
safety, while increasing traffic efficiency became a secondary target. This paradigm shift
can be easily observed in the IV-related projects that the EU funded over the last years:
SAFESPOT, CVIS, CarTalk2000, COOPERS and PREVENT all investigate coopera-
tive vehicle technologies with the main goal of increasing safety. Further works (Khan
and Boloni, 2005; Michaud et al., 2006; Bouroche et al., 2006; Tan and Huang, 2006;
Sengupta et al., 2007; Stiller et al., 2007; Frese et al., 2007, 2008; Frese and Beyerer,
2011)) address various aspects of vehicle cooperation without directly evaluating their
impact on traffic efficiency. More recent work within the framework of the Grand Coop-
erative Driving Challenge (GCDC) showcased cooperation between vehicles in real-world

conditions with automated longitudinal control (Pérez et al., 2013).

Nevertheless, there is still a considerable amount of work that employs a decen-
tralized approach to increasing traffic efficiency. The introduction of ACC systems in
production vehicles has raised the question of the impact these systems can have on
traffic flow. Answering this question quickly became an active topic of research. An
early estimation by Broqua et al. (1991) of the impact of ACC on traffic flow argued
that with a penetration rate of 40% ACC-enabled vehicles, set with a target headway of
1s, a 13% increase in throughput can be obtained. However, these results were partially
contradicted by later studies (van Arem et al., 1995; Minderhoud and Bovy, 1999) which
found that ACC-equipped vehicles had little positive impact on traffic and actually per-
formed worse than exclusively manually driven vehicles under high-density conditions

(Marsden et al., 2001).

The conclusion of this early work was that ACC systems, designed primary for driver
comfort, required a redesign of the vehicle following strategy that aims at increasing both

driver comfort and traffic efficiency. Kesting et al. (2007) used this insight to investigate
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how the following strategy of the ACC can be modified so that it has a positive impact
on traffic. The goal of this work was to increase the capacity and stability of the flow.
More specifically, the authors use a scenario where an on-ramp merging into a one-lane
road creates a bottleneck which under high traffic demand causes a traffic jam. The ACC
strategy uses a relatively small safe-time headway to increase the capacity as well as an
increase in a vehicle’s desired acceleration and a reduction in the desired deceleration to
increase the stability of the flow (Treiber et al., 2006). Using a microscopic simulation,
the authors show that even when a small percentage of vehicles are equipped with
ACC this can significantly reduce the traffic jam to the point at which a 30 % ACC-
equipped penetration rate completely prevents a traffic jam in the respective scenario.
In follow-up work, the system is generalised by extending the ACC with automatic real-
time detection of traffic conditions and the ability to adapt the driving strategy to the
respective conditions, with similar results (Kesting et al., 2008).

The emergence of CACC systems brings with it additional benefits. Ploeg et al.
(2011) show that CACC can be used to reduce the time headways to under 1s while
maintaining string stability'?, thus increasing the capacity of the freeway. Furthermore,
the potential for vehicle cooperation provided by vehicular communication can be par-
ticularly exploited in situations that require the coordination of multiple vehicles such
as merging traffic at critical zones. Past work on AHS (Kachroo et al., 1997; Uno and
Sakaguchi, 1999; Kato et al., 2002; Xu and Sengupta, 2003; Lu et al., 2004), and more
recently Milanés et al. (2011), studied the problem of an automated vehicle merging into
a platoon of automated vehicles at an on-ramp. This work focuses on low-level vehicle
control issues generally aimed at achieving a safe rather than a highly efficient merging.

Nevertheless, the question of increasing merging efficiency received considerable at-
tention. Xu et al. (2002); Xu and Sengupta (2003) compare an ACC and a CACC system
against human drivers in a scenario where on-ramp vehicles merge into an one-lane main
road. By measuring the on-ramp queue length, they conclude that ACC systems can

improve the efficiency of merging, while extending the ACC system with V2V commu-

2string stability represents a guarantee that spacing errors between vehicles are not amplified as they
propagate towards the end of the string of vehicles
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nication further increases this performance as vehicles on the main road can in advance
create gaps for on-ramp vehicles. They show that the ACC system outperforms human

drivers.

Similar results were obtained by MacNeill and Miller (2003) using the VISSIM micro-
scopic traffic simulator and a CACC emulation to evaluate a CACC strategy in on-ramp
merging and weaving scenarios. Davis (2007) proposed a cooperative merging strategy
where cars on the main road slow down to create a gap into which on-ramp cars can
merge. The throughput thus obtained was 20% larger than that of human driver simula-
tions for a medium on-ramp demand and only 5% for high on-ramp demand. Wang et al.
(2007) used a slightly different strategy in which vehicles on the main road proactively
form a merging gap into which on-ramp vehicles can merge by adjusting their speed
accordingly. As in the previous case, this approach performs significantly better under

medium and light traffic conditions than under heavy traffic conditions.

The cooperative approaches to merging generally assume a one-lane main road and
as such cannot take full advantage of the cooperation between vehicles on both main
road and on-ramp. Collaboration between vehicles on the main road aimed at increasing
traffic efficiency, in this particular case by creating more gaps on the rightmost lane for
on-ramp vehicles to merge into, has received little attention. Dao et al. (2007) use
V2V communication to implement a distributed lane allocation algorithm for individual
vehicles and later on in Dao et al. (2008) apply the same approach to platoons of vehicles.
The lane allocation algorithm is implemented in VISSIM and compared for single vehicles
and platoons against human drivers with no optimised lane allocation as simulated by
VISSIM, by measuring the average travel time. In general, a significant reduction in
average travel time can be observed when the lane allocation mechanism is used in low
and medium traffic conditions. For high traffic conditions, only the lane allocation for
vehicle platoons performs significantly better than human drivers. Unfortunately, it is
unclear how much of this improvement is due to platooning and how much due to the

lane allocation.
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2.2.2.3 Discussion

The reviewed literature was classified based on the architecture adopted by each ap-
proach into centralized and decentralized approaches. This related work can be further
compared by expanding this classification into a comprehensive taxonomy based on the

following criteria:

Structure describes the basic architectural characteristic of each approach and can

be either centralized or decentralized.

Target refers to the entity subject to control by the optimisation approach. The
approaches reviewed use either individual vehicles or platoons of vehicles as the control

target.

Automation refers to the degree of automated vehicle control. This can be either

manual, longitudinal control, lateral control, full automation or a mix of them.

Communication indicates the presence and type of communication employed. This

can be either one or a combination of V2V and V2I.

Intelligence indicates the presence of optimisation techniques at the roadside and/or

at vehicle level.

A classification of the reviewed literature based on the proposed taxonomy is shown
in Table 2.1. Several observations can be made from this classification. Foremost, the
classification emphasises the influence of PATH on all other centralized approaches. As
such, all centralized approaches use platoons as the control target, acting as an interface
between the roadside traffic management infrastructure and individual vehicles. There
are two basic arguments that motivate the use of platooning. The first is that, for

vehicles driving in a platoon, the inter-vehicle distance is reduced and thus the capacity
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Structure Target Automation Communication Intelligence
PATH Centralized Platoon Automated V2V, V21 Roadside, Vehicle
Dolphin Centralized Platoon Automated vav, V2l Roadside, Vehicle
Auto21 Centralized Platoon Automated V2V, V21 Roadside, Vehicle
Baskar et al. Centralized Platoon Automated vav, vaI Roadside, Vehicle
Com2React Centralized Platoon Manual Va2V, V21 Roadside, Vehicle
Kerstig et al. Decentralized Vehicle Manual/Longitudinal va2v Vehicle
Xu et al. Decentralized Vehicle Manual/Automated va2v Vehicle
MacNeille and Miller Decentralized Vehicle Longitudinal va2v Vehicle
Davis Decentralized Vehicle Manual/Longitudinal vav Vehicle
Wang et al. Decentralized Vehicle Manual/Longitudinal vav Vehicle
Dao et al. Decentralized Platoon, Vehicle Automated va2v Vehicle

Table 2.1: Classification of reviewed literature

of the highway is increased. In practice, however, the benefits of platooning are highly
influenced by the nature of the traffic, such as the trip distribution, which determines the
size and lifecycle management of platoons. Further work is needed - such as wide-scale
simulations with real traffic data - to tune the platoon lifecycle management approaches
and determine the actual impact of platooning on highway capacity.

The second motivation for using platooning is that it reduces management com-
plexity for the roadside infrastructure. The traffic management layers compute traffic
optimisation policies that are applied to platoons of vehicles instead of having to deal
with individual vehicles. However, the platooning interface partially shifts the com-
plexity from the management layers to the coordination layers that are responsible for
platoon lifecycle management. The amount and complexity of work dedicated to im-
plementing vehicle platooning, as it can be observed in Horowitz and Varaiya (2000),
indicates that this argument is correct. Furthermore, the lack of wide-scale simulations
also raises questions about the scalability of the platooning concept, while the need for
fully automated driving means that the concept lacks flexibility. This lack of flexibility
was largely responsible for the abandonment of AHS by PATH.

More recent work focuses almost exclusively on decentralized approaches and uses
individual vehicles as the control target, generally allowing for the coexistence of au-
tomated and manually driven vehicles. The focus of these approaches is on specific

scenarios such as on-ramp merging or lane allocations that have not been integrated
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into a common, decentralized framework. The mix of human drivers and vehicle au-
tomation means that decentralized approaches are more flexible and thus more likely
to be deployed in the near future. Nevertheless, because there is no integration with
roadside infrastructure, the decentralized approaches lack a global view of the road net-
work and, consequently, the optimisation achieved through inter-vehicle collaboration
generally has a local rather than system-wide impact. Unfortunately, the nature of free-
way traffic is such that local improvements can have a negative impact downstream or
upstream. For example, an increase in throughput over a freeway section, achieved as a
result of inter-vehicle collaboration, can have a negative impact on a downstream section
where an accident has caused a bottleneck. Instead, in such a situation one would aim to
reduce the inflow in the congested area (e.g. using VSL as described in Section 2.1.3) by
reducing the throughput on the upstream section. The lack of integration with roadside
infrastructure means that decentralized approaches can not fully exploit the potential of

IVHS.

2.2.2.4 Road transport reliability

In the context of this work, road transport reliability is measured by the consistency of
vehicle travel times. On a freeway section, traffic is considered to be reliable if there is
little variation between the travel times experienced by a vehicle travelling repeatedly
along that freeway section over a longer period of time. This is different from the concept
of average travel time, as shown in Fig. 2.5. Here, although the average travel time is
constant across the entire year, there is a strong variation in travel times experienced
at different times of the year. The three peaks observed in this figure — probably
corresponding to spring, summer and winter holidays when traffic demand is high —
negatively affect the user’s perception of the overall system performance. This makes
reliability an important performance criteria for personal road transport.

Furthermore, from a commercial perspective, in the context of a global economy that
is becoming increasingly reliant on just-in-time production and distribution systems, re-

liable road transportation plays a very important role (Joint Transport Research Center

45



2 Chapter 2. State of the Art

of OECD and ITF, 2010). More specifically, these systems depend on highly accurate

total journey time estimations.
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Fig. 2.5: Average travel times vs. Reliability (U.S. Federal Highway Authority, 2006)

Unfortunately, none of the reviewed IVHS approaches directly considers road trans-
port reliability. Whether increasing the capacity through vehicle automation, or merging
more efficiently through vehicle cooperation, all the reviewed approaches have the same
goal: increase the efficiency of road transport. However, an increase in efficiency reflected
through on average shorter travel times does not necessary imply an increase in relia-
bility, as shown previously. Increasing the reliability of traffic should be an important

feature of IVHSSs.

2.3 Conclusion

The deployment of IVs on the roads is made possible by recent advances in enabling
technologies such as sensing, communication and vehicle control. Their potential to op-
timise traffic stems from two basic properties: faster reaction times and communication
capabilities. The faster reaction times allow vehicles to reduce the headway and thus
increase the theoretical capacity of the freeway, while communication capabilities enable
vehicles to cooperate and thus increase the efficiency of manoeuvres such as merging and

overtaking.
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In the short term, distributed IVHS approaches that use vehicular communication
to promote cooperation between individual vehicles are better suited for an incremental
deployment since allow the coexistence of human drivers and (semi-)automated vehicles.
To fully exploit the potential of intelligent vehicles, however, on the long term decentral-
ized, self-organising approaches need to be integrated with roadside-based traffic control
approaches. Proposed centralized IVHS approaches integrate roadside-based traffic con-
trol, yet they lack flexibility and tend to scale poorly due to their choice of platooning
as a control abstraction. Furthermore, none of these directly address the crucial aspect
of road transport reliability.

In the next chapter a hybrid approach is proposed based on an abstraction layer
between the TMS and individual vehicles, called virtual slot, that addresses the limita-
tions of the previously proposed platooning concept. A framework is designed around
this abstraction layer and later evaluated under a set of scenarios in which congestion

commonly occurs.
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Design

This chapter describes the proposed slot-based IVHS and is organised as follows: the first
section discusses the limitations of previous work and determines a set of requirements
that an IVHS needs to fulfil. A novel IVHS is consequently proposed, which aims
at fulfilling these requirements by employing a hybrid architecture built around the
concept of slot-based driving. Section 3.2 then defines the system model within which
the slot-based IVHS is described. A detailed description of the traffic management
system employed by the proposed IVHS is provided in Section 3.3, followed in Section
3.4 by a description of how individual vehicles perform slot-based driving. In Section
3.5, the slot-based approach is applied to a set of scenarios which typically lead to traffic
congestion. Finally, in Section 3.6, the feasibility and limitations of the approach are
discussed, followed by an analysis of how the design matches the requirements set at the

beginning of the chapter.

3.1 Design Decisions

This section provides a rationale for the design decisions at the core of the IVHS proposed
in this work. The limitations of previous work, described in Section 3.1.1, result in a set of
requirements for an IVHS, described in Section 3.1.2. These requirements are addressed

in Section 3.1.3 through a set of design decisions that lead to a novel, slot-based IVHS.
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3.1.1 Limitations of previous work

The analysis of state-of-the-art freeway management techniques performed in Chapter 2
has shown that approaches to traffic optimisation which are exclusively roadside-based
are limited by the nature of human driving. Instead, they need to be complemented
by IV-based solutions, forming what is commonly referred to as an IVHS. The IVHSs
proposed in the past employed either a hierarchical, centralized approach with a TMS
coordinating the vehicles, or a fully distributed, decentralized approach, based on col-
laboration between autonomous vehicles. Each approach has its advantages and disad-
vantages. Centralized approaches generally do a good job at increasing traffic efficiency.
However, due to their high degree of direct control upon vehicles, they tend to scale
poorly. Furthermore, by relying on fully automated driving, they lack flexibility. De-
centralized approaches, on the other hand, scale well and are generally more flexible.
However, they do not fully exploit the potential of IVHS with respect to increasing effi-
ciency, due to their lack of integration with roadside infrastructure. Furthermore, none

of IVHSSs studied directly addresses the crucial aspect of road transport reliability.

3.1.2 Requirements

By analysing the advantages and disadvantages of previous IVHSs, a set of four basic
requirements are identified. Firstly, the main functional requirement of an IVHS is
to increase the efficiency of traffic. Secondly, an IVHS should also aim at increasing
the reliability of traffic flow. Furthermore, an IVHS must address two non-functional
requirements: scalability and flexibility. These four requirements are discussed in the

following paragraphs.

Increase Efficiency

The primary goal of optimising freeway traffic is to increase efficiency. Within the scope
of this work, the main indicator of efficiency is the average travel time. Average travel
time refers to the average of the times required by all vehicles to cross a section of the road

subject to evaluation. Under free flow conditions, the average travel times experienced
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by drivers are a consequence of each individual’s desired speed, vehicle capabilities, road
design and regulations governing the respective road network. This however changes
when the road network experiences congestion, which has a negative impact by reducing
the average speed and thus increasing the average travel times.This work focuses on

decreasing the average travel times experienced by drivers during high-demand traffic.

Increase Reliability

There are several ways of measuring the reliability of a road network. For the purpose
of this work reliability is quantified on the basis of one fundamental property: the
predictability of journey times across the road section subject to evaluation. Under
free flow conditions travel times can be accurately predicted due to the fairly constant
average speed. This is not the case when the road network is congested, e.g. during rush
hours when drivers can experience a high variation in journey times from one day to
another. A goal of this work is to increase the reliability of road transport by reducing

the variability of travel times under congested traffic conditions.

Scalability

Managing traffic on a road network implies dealing with both a large number of vehicles
and a large network of roads spanning potentially hundreds or thousands of kilometres.
While an IVHS system might be deployed initially for a small section of the road network
and a relatively small number of vehicles, the scalability property means that the system
must be able to maintain the same level of performance when the size of the network
and number of vehicles under management are increased. When designing an IVHS, the
choice of architecture, its degree of control upon vehicles and the way the components of
the system communicate can all have a considerable impact on its scalability. In general,
an architecture which imposes a tight coupling of its components tends to scale poorly.

These aspects need to be carefully addressed at the design of the IVHS.
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Flexibility

The review of the state of the art in vehicular technology performed in Section 2.2
indicates that, while recent advances have been made towards deploying fully automated
vehicles, this deployment will most likely be done incrementally, over a longer time period
possibly spanning several decades, by gradually shifting the driving task from the driver
to the vehicle itself. Currently, automated longitudinal control has been deployed in
systems such ACC, which are available in many high-cost vehicles. Automated lateral
control, on the other hand, has not seen the same rate of deployment, with comparatively
fewer LKA systems available. For an IVHS to be deployable in the near future, it needs
to support an incremental deployment of vehicle automation.

The state-of-the-art review identified vehicular communication as one particular area
of research and development still lagging behind other vehicular technologies. Similarly,
while sensors have been deployed in vehicles for some time, the precision and coverage of
currently-deployed sensing technologies, such as absolute and relative positioning, need
to be improved to support a higher degree of vehicle automation. An IVHS system
needs to consider the current state of the art in vehicular communication and sensing,
and function with reduced communication capabilities as well as inaccurate sensors that
potentially provide an incomplete map of the surrounding environment.

A further non-technical aspect relates to the likely reluctance of human drivers to
definitively hand over the control of the vehicle, as driving is seen by many as a recre-
ational, pleasant activity. An IVHS needs to consider this aspect and allow human
drivers to control the vehicle, when doing so does not endanger the safety, efficiency and
reliability of traffic.

Based on these, flexibility is defined as the property of an IVHS to be compatible
with an incremental use of vehicle automation, communication and sensor capabilities, as
well as allowing the use of manual driving when traffic conditions allow it. Furthermore,
a necessary characteristic of a flexible IVHS is that increases in vehicle automation,
communication and sensor capabilities are reflected in an improvement with respect to

the functional properties (efficiency and reliability) of the IVHS.
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3.1.3 A Slot-based IVHS

To address the four requirements identified in Section 3.1.2, the IVHS proposed in this
work employs a hybrid architecture that combines the advantages of centralized and de-
centralized approaches. To leverage the superior potential of centralized approaches with
respect to increasing efficiency, a global optimisation policy is determined in a hierar-
chical, centralized fashion by a Traffic Management System (TMS), which encompasses
the entire roadside infrastructure. This policy is ultimately communicated to individual
vehicles by means of road-side units (RSUs) using V2I communication. To leverage the
scalability and flexibility of distributed approaches, the vehicles implement the received
policy by coordinating in a distributed fashion. This hybrid architecture is shown in

Fig. 3.1.

& &

Fig. 3.1: A hybrid IVHS architecture
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Interface to Vehicles

Essential to implementing such a hybrid architecture is the interface between the TMS
and the vehicles. This interface must enable the TMS to influence the vehicles without
directly controlling them. It acts as an indirection layer between the TMS and the vehi-
cles that abstracts the complexity of vehicle dynamics from the TMS and decouples the
traffic optimisation task performed by the TMS from the vehicle control task performed

by vehicles themselves.

Past research on IVHS has used the concept of vehicle platooning to abstract away the
complexity of managing individual vehicles. Unfortunately, platooning enforces a tight
coupling between the TMS and individual vehicles. The high degree of direct control
the TMS has over individual vehicles (finding a route to the destination, determining
target platoons, setting the velocity of the vehicle) effectively means that vehicles are
controlled in a centralized fashion, resulting in a purely centralized architecture with its
aforementioned drawbacks.

A hybrid architecture requires an indirection layer that allows vehicles a higher de-
gree of freedom with respect to the vehicle control task. This work proposes such an
indirection layer, called a wvirtual slot (vSlot) or simply a slot. A vSlot represents an
abstraction of a vehicle that moves throughout the freeway network being managed,
with dynamics similar to that of a vehicle and a rectangular shape that can encompass
a vehicle. The set of all slots is defined by the TMS so that the combined movement
of slots in the slot map is both efficient and safe, i.e. collision free. The slots set is
then communicated by the TMS through the RSUs to individual vehicles. Because slots
mimic the dynamics of a vehicle and are large enough to surround a vehicle, vehicles
replicating the movement of these slots also yield an efficient and safe form of travel.
Consequently, the role of the TMS is limited to determining a set of slots that optimises
the flow of traffic, passing this set to the vehicle and requesting that all vehicles drive
within slots. Vehicles, on the other hand, coordinate to find empty slots, as well as to
switch slots, without interference from the TMS. From a control theoretic point of view,

the employment of this vSlot concept effectively makes this IVHS an open-loop control
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system, unlike previous centralized IVHSs which used a closed-loop control approach.
The lack of a feedback loop means that no communication link needs to be maintained
between the TMS and the vehicles. Thus, the vSlot abstracts the complexity of directly
controlling a vehicle away from the TMS and decouples the traffic optimisation task
from the vehicle control task, leading to an overall hybrid IVHS architecture that scales
with respect to the number of vehicles under management. This hybrid nature is best
observed in the way the optimisation policy is implemented: vehicles receive information
from the TMS but coordinate locally to find a slot. The use of vSlots as the interface

between TMS and individual vehicles is shown in Fig. 3.2.

Global Lo
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Fig. 3.2: Virtual slots as the interface between RSUs and vehicles

It is important to note at this point that the term “virtual slot” has been used before
in the context of IV-based traffic optimisation, albeit to describe relatively different
concepts (Morla, 2005; Ravi et al., 2007; Cahill et al., 2008). Most notably, Morla
(2005) proposed that congestion-free travel can be achieved by assigning virtual slots
to vehicles. In Morla’s vision, a virtual slot represents a time-space corridor negotiated

among vehicles without the use of roadside-infrastructure. The slot concept is thus used

54



3 Chapter 3. Design

as a vehicle’s “safe space” which cannot be entered by other vehicles. In situations where
slots could overlap, such as at merging zones, the concerned vehicles must negotiate new
slots that do not overlap and then move into these new slots. As a result, Morla’s vision
of a slot is an abstraction for vehicle coordination and is fundamentally different from
the concept presented in this thesis of virtual slots as an interface between a TMS and
vehicles. Furthermore, the work described by Morla is limited to a positio;l paper and, to
the best of the author’s knowledge, has never been followed-up by a concrete description

and evaluation of the concept.

3.2 System Model

This section presents the system model used to described the slot-based IVHS throughout
the remainder of this thesis. Although some of the concepts introduced in this chapter
can be adapted and applied to the entire road network, the scope of this work is limited
to optimising traffic on freeways. As such, the model of the system under study comprises
three basic elements: the freeway, the vehicles and the slot model. As mentioned in the
introduction, these models are simplified for the sake of reducing the complexity of the
problem, with the purpose of finding an initial solution, in this thesis, that can then be
generalized and deployed under real conditions. Note that this model and indeed the

remainder of this thesis assumes right-hand traffic.

3.2.1 Freeway Model

A freeway is defined by the Highway Capacity Manual (2012) (HCM) as a divided
highway with full control of access, with access limited to ramp locations. Freeways have
two or more lanes for the exclusive use of traffic in each direction that are continuously
separated. They provide uninterrupted flow and contain no signalized intersections. The
freeway model is simplified by assuming a perfectly straight rogg (i.e. no road curvature)
and a zero gradient (i.e. no slope). While the road curvature has generally little impact
on freeway traffic, the gradient can cause heavy goods vehicles to slow down. Such

situations are not addressed in this thesis but will need to be considered by future work.
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Furthermore, because on freeways traffic directions are separated, the freeway model
takes only one traffic direction into consideration. While the communication channel
can be affected by vehicles travelling on the opposite direction, this is an issue that
needs to be addressed by vehicular networking protocols in general and is not addressed

in this work.

Fig. 3.3: Basic segment

By definition, a freeway can have two or more lanes. Furthermore, the number of
lanes is not constant and can change along the length of the freeway. The freeway is
therefore split along its length into segments, with each segment sg characterised by its
length [ and a constant number of freeway lanes inr. Besides freeway lanes, a freeway
segment can also contain an on- or off-ramp (also referred to as exit ramp). As such, three
type of segments ty exist in the freeway model: basic, ramp-merge and ramp-diverge.

sg = (I, Inr, ty)

Fig. 3.4: Ramp merge segment

Basic segments are defined as freeway segments with a constant number of lanes,
unaffected by merging or diverging traffic. A three-lane basic freeway segment is shown
in Fig. 3.3. Ramp-merge segments represent short freeway segments where traffic on the

main road merges with traffic coming from an on-ramp. A ramp-merge segment is shown
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in Fig. 3.4. The acceleration lane is used by vehicles entering the ramp-merge segment to
accelerate from a relatively lower speed to a speed that would allow them to merge into
the first lane of the freeway without severely impacting main road traffic. Ideally, the
acceleration lane is long enough to allow a vehicle to accelerate from virtual standstill to
the speed of vehicles travelling on the first lane. The HCM specifies a default length of
180 meters for acceleration lanes, a value which is also adopted in this model. Similarly,
a ramp-diverge segment defines a freeway segment where main road traffic diverges at
an off-ramp. A ramp diverge segment example is shown in Fig. 3.5. The default value
of 42 meters specified by the HCM for declaration lanes is also adopted by this model.
Note that this simplistic freeway model does not consider weaving segments, which
are segments that consist of an on-ramp followed by an off-ramp. Future work will need
to address the specific challenges posed by weaving segments. Nevertheless, no reason

stands out as to why such segments would be incompatible with the slot-based approach.

ration lane
2m i

Fig. 3.5: Ramp diverge segment

The study of traffic optimisation techniques requires a model comprising connected
segments. A combination of consecutive connected segments is generally called a freeway
facility (Highway Capacity Manual, 2012). Fig. 3.6 shows an example of a freeway

facility comprising two basic segments, one ramp-diverge and one ramp-merge segment.

3.2.2 Vehicle Model

The vehicle model used in this thesis is a greatly simplified version of an accurate vehicle

model, in particular with respect to the vehicle dynamics. A vehicle ¢ is defined as a
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Fig. 3.6: Facility Example

tuple:

¢ = (ges Smazs Omaz; Gc, be)
where g. represents the geometry, $;,q, the top speed and 6,4, the maximum steering
angle of the vehicle. The acceleration profile is simplified, with a. and b, representing
the uniform acceleration and deceleration of the vehicle respectively. The geometry of
the vehicle g, is further defined by the tuple:

ge = (lc, we)
where [, represents the length of the vehicle and w, the width.

Vehicles participating in freeway traffic form a heterogeneous set with different ge-
ometries, acceleration and deceleration capabilities, top speed, and steering. These dif-
ferences are obvious when personal vehicles are compared with commercial vehicles such
as trucks or buses. To further reduce the complexity of the problem, as justified in
Chapter 1, the scope of the thesis is limited to a homogeneous set of personal vehicles
with identical capabilities. This means that the width, length, maximum speed and
steering, as well as acceleration and deceleration, are the same across all vehicles.

An introduction to the basics of freeway traffic flow is outside the purpose of this the-
sis. Nevertheless, for completeness, the variables which characterise freeway traffic and
are particularly relevant for this thesis are briefly introduced. The following definitions

are taken from Highway Capacity Manual (2012):

e Volume (V): “the total number of vehicles that pass over a given point or section
of a lane or roadway during a given time interval and can be expressed in terms of

annual, daily, hourly, or subhourly periods”.

e Flow rate (v): “the equivalent hourly rate at which vehicles pass over a given point

or section of a lane or roadway during a given time interval of less than 1 h, usually
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15 mint .

Average travel speed (S): the average speed of all vehicles over a certain section of

the freeway.

Free flow speed (F'FS): “average speed of vehicles on a given facility, measured

under low-volume conditions, when drivers tend to drive at their desired speed”.

Density (D): “the number of vehicles occupying a given length of a lane or roadway

at a particular instant”. It can be calculated using the formula D = %

Freeway capacity: “the maximum sustained 15-min flow rate, expressed in pas-
senger cars per hour per lane, that can be accommodated by a uniform freeway

segment under prevailing traffic and roadway conditions in one direction of flow”

Spacing: “the distance between successive vehicles in a traffic stream, measured
from the same point on each vehicle”. In practice, the average spacing (P) is used,

given by the formula P = %

Headway: “the time between successive vehicles as they pass a point on a lane
or roadway, also measured from the same point on each vehicle”. In practice, the
average headway (H) is used, and can be calculated using the formula H = g and

i

v

3.2.3 Slot Model

A vSlot is defined by its geometry and behaviour over time. These attributes are set by

the TMS, which is responsible for the creation, update and deletion of all slots. Formally,

a vSlot is defined by the tuple vs:

Vs (gvSa Lstarts tend, Py Sbases B)

where g, represents the geometry of the slot, tsqr+ and te,qg determine the time horizon

over which the behaviour B is defined, p represents the position of the slot at tstqr¢,

and Spgse represents the base speed. The geometry of a slot is defined as a flat and

rectangular surface:
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Gvs = (luss Wos)
where [,s represents the length and w,s the width of the slot. Given that vehicles
drive within slots and that the vehicle model defines all vehicles as identical, the same
geometry is used for all slots. Furthermore, as the geometry of a slot must be such that

it can encompass a vehicle, we need l,s > [, and wys > w,.

The position of a slot relies on the lack of curvature in the freeway model and is
defined by the tuple:

p = (z,In)
where x represents the longitudinal position on the freeway and In represents the lane.
Given that, to prevent accidents, slots must never overlap, each slot can be uniquely

identified using its position p at time tgqp¢.

The base speed represents the speed of the slot along the freeway and can be super-
seded by a speed specified as part of the slot behaviour. The slot behaviour is defined
over a time horizon, bounded by tst,+ and tenq, as a set of waypoints:

B =050y .10,

Each waypoint wy is defined by the tuple:

wik = (Pk, Sk, Ink)
where pj represents the position along the freeway at which the waypoint is located,
sk the new speed of the slot and In; the new lane of the slot relative to the current
lane (1 for left and —1 for right). Thus the set of waypoints define a discrete speed
and trajectory profile that a slot follows along the freeway. When driving within a slot,
vehicles must replicate the slot behaviour by following these waypoints. The TMS must
take into consideration the capabilities of vehicles when defining the behaviour of a slot
through waypoints, more specifically the acceleration, deceleration and steering angle.

Overall, this leads to a flexible definition of a slot that can change its speed and
lane, similarly to how a vehicle drives on a freeway. The TMS must ensure that slots
never overlap. Furthermore, it is the task of the TMS to define slot behaviours so that,
when vehicles drive within the respective slots, the efficiency and reliability of traffic are

increased. The next section discusses how the TMS is built to achieve these goals.
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3.3 The TMS

According to the overall design of the slot-based IVHS and the slot model, the purpose
of TMS is to increase traffic efficiency and reliability by creating, updating and deleting
the slots in which vehicles drive. In the hybrid architecture employed by the slot-based
IVHS, the TMS represents the hierarchical, centralized part, which provides the slots in
which distributed, independent vehicles drive. The TMS is designed to allow vehicles
to transition from manual driving to slot-based driving when traffic conditions require
such a transition. More specifically, under free flow conditions, the travel times are
mainly a consequence of the desired speed of each driver. This changes dramatically
under congested traffic, when the travel times increase significantly, in the process also
becoming less predictable. The TMS treats the task of creating, updating and deleting
slots regardless whether vehicles actually drive into these slots or not, and only imposes

slot-based driving when free flow conditions are under threat.

3.3.1 Architecture

The TMS has two levels of control, as shown in Fig. 3.7. At the global level, road traffic
data gathered by RSUs located along the freeway is fused together with data coming
from external sources by the Traffic View into a global view of the network. This global
view is used by the Global Controller, which coordinates with regional Slot Providers,
each responsible for creating, updating and deleting slots on a specific section of the
freeway. The freeway is split into sections within which the predicted traffic conditions
are as much as possible homogeneous. The following paragraphs provide a brief overview
of the functionality of these component.

Each individual RSU is responsible for monitoring a different road segment and,
combined with the other RSUs, cover the entire freeway network managed by the TMS.
The monitoring is achieved using currently-deployed sensing technologies described in
Section 2.1.1, such as inductive loops, radar, video cameras or in-vehicle GPS systems
and smartphones. The raw sensor data needs to be processed into macroscopic traffic

flow variables, such as average speed and density, before it can be provided to the Traffic
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Fig. 3.7: The architecture of the TMS

View component. Besides providing sensor data to the Traffic View, the RSUs are also
responsible for broadcasting the slots to the vehicles. This requires V2I communication
between the RSUs and the vehicles.

The Traffic View fuses the sensor data received from the RSUs into a global view
of the road network. External sources can also be used, such as a weather service or
information from road maintenance authorities. The resulting higher-level traffic data
contains information such as current and predicted traffic demand, weather conditions,
planned road works and road accidents that are currently causing bottlenecks.

The Global Controller uses the current and predicted traffic demand information,
provided by the Traffic View, in determining the capacity required from each freeway
section. Unlike the traffic demand data provided by the Traffic View, which measures
the number of vehicles that pass through a specific section of the road during a period
of time, the required capacity is specified in slots rather than vehicles and represents the

number of slots that must pass through a section of the road during a period of time.
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A simple approach to doing this is to set the required capacity to match the demand
on the respective road section. In practice however, the requested capacity will need to
be higher than the demand, to account for the fact that traffic is not evenly distributed

and as such not all slots can be filled by vehicles.

Congestion can occur if a Slot Provider cannot fulfil the requested capacity. In such
cases, the Slot Provider will try to minimize the consequences by providing its maximum
capacity. Besides requesting a capacity from each Slot Provider, the Global Controller
also harmonises traffic by setting the base speed to be used by all the slots on the freeway.
Individual Slot Providers can only change the speed of a slot for a finite length of the
freeway, at most equal to the length of their road section. This ensures that when slots
transit between slot providers no bottleneck will be caused at the transition point by a
mismatch in slot speeds. The significance of this restriction is that Slot Providers cannot

fulfil a requested capacity by increasing the speed of the slots on the entire section.

The Slot Providers fulfil the requested capacity by creating, updating or deleting
slots on the respective road section, in accordance to changes in the requested capacity
as well as the inflow of slots corresponding to the capacity provided by the Slot Provider
directly upstream. Each Slot Provider receives a constant demand of slots from the
upstream Slot Provider and needs to accommodate this demand. It does so by either
adding slots, if the inflow of slots is lower than the requested capacity, or by deleting

slots, if the inflow of slots is higher than the requested capacity.

The set of all slots managed by a Slot Provider is called a slot map. The Slot Provider
must ensure that the slot behaviours it specifies in the slot map can be replicated by
vehicles. For example, the Slot Provider cannot design slot behaviours in which the
speed of the slot is higher than the maximum speed of the vehicle. In addition, if semi-
autonomous driving is assumed, such as automated longitudinal control and manual
lateral control, slot behaviours should account for the slow reaction and lack of precision
of human drivers and not impose abrupt lane changes in narrow gaps. Finally, the Slot
Provider must adapt its slot map to fulfil the requested capacity while considering the

road conditions (e.g. number of lanes available, lane closure, accidents, weather) on its
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respective freeway section. The next subsection describes in detail how a Slot Provider
fulfils the aforementioned requirements. Given that the focus of this work is on traffic
optimisation through slot-based driving, rather than the detection of traffic conditions
or vehicular communication, a further description of the other components of the TMS

is outside the scope of this work.

3.3.2 Slot Provider

The Slot Provider represents the core optimisation logic of the slot-based IVHS. It is
responsible for generating a slot map, in which each slot has a slot behaviour defined for
the entire section. A Slot Provider receives a constant flow of slots from the Slot Provider
located directly upstream. Since a different slot formation could be used upstream, the
Slot Provider must first allocate a subsection of the road for transitioning the slots to
its slot map. During this transition phase the Slot Provider must also decide whether to
enforce slot-based driving on vehicles or not. This transition is discussed in the following

paragraphs, followed by a description of the slot map generation process.

3.3.2.1 Transition

As specified by the overall design of the TMS, during the transition period the behaviour
of all slots is fixed to following the base speed. The transition to a slot map must first
consider the case where the capacities of the neighbouring Slot Providers differ. If the
downstream capacity is higher than the upstream capacity, the transition period requires
the addition of slots. This can be achieved by updating the behaviour of arriving slots
to create gaps in which new slots are added. For situations in which the downstream
capacity is lower than the upstream one, the flow of slots must be decreased by deleting
a subset of the incoming slots. If slot-based driving is activated on the upstream section,
then the downstream Slot Provider needs to disable slot-based driving before it can
delete slots.

After slots are added or deleted, the behaviour of all slots, including the new ones,

is transitioned to match the slot map of the current Slot Provider. This is achieved by
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matching each incoming slot in the transition phase to its corresponding slot in the slot
map, copying its behaviour and prefixing it with a set of waypoints that smoothly adapt
the speed of the slot so that at the end of the transition period, the slot is merged into

its slot map match.

In parallel to the slot transitioning process, the Slot Provider decides whether to
enforce slot-based driving or not. If slot-based driving is enforced when vehicles are
not currently driving in slots, the transition period must allow for vehicles to move into
slots. Section 3.4 describes how this transition is performed. The decision to enforce
slot-based driving depends on whether the known capacity of the freeway section for
manual driving can accommodate the current and predicted demand. If this is not the
case, then slot-based driving is enforced and the slot map is broadcast to the vehicles at

the beginning of the transition phase.

3.3.2.2 Slot Map Generation

The effectiveness of the slot-based approach is a consequence of the combined behaviour
of all slots in the slot map. Creating and updating these behaviours needs to also consider
the fact that slots are not allowed to overlap at any point in time. If behaviours are
individually tailored for each slot in the slot map, the task of generating and updating
the slot map becomes almost as complex as that of controlling the vehicles directly. A
strategy is needed for the Slot Provider to allow a limited set of slow behaviours to be
replicated across all slots safely and efficiently. If a slot map can be fully described by a
finite set of slot behaviours, then the size of the Slot Provider’s optimisation task is with
respect to the size of the road section it manages and the number of vehicles travelling
through the respective section, making the Slot Provider scalable.

To allow the replication of slot behaviours, the Slot Provider specifies behaviours
starting after the transition period, in which the initial position of slots is arranged into
a repeatable pattern, called a slot formation. A simple example of such a slot formation
can be seen in Fig. 3.8, where slots are simply aligned across three lanes and separated

at a constant headway within the lane. This pattern can then be repeated across all
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Fig. 3.8: A simple slot formation

slots. Clearly, a slot behaviour comprising a single constant speed that is replicated
across all slots in a slot map using such a slot formation guarantees that slots do not
collide. Thus, a slot map can be described by the slot formation it uses and a finite set

of slot behaviours.

The capacity provided by a slot map is directly proportional to the slot base speed,
set by the global controller, and inversely proportional to the average inter-slot headway.
Thus, the Slot Provider achieves a required capacity by adjusting the inter-slot headway
in its chosen formation and creating a set of slot behaviours that comply with it. For
example, assuming a freeway section with a constant number of lanes and the simple
formation described above, the Slot Provider could generate a simple behaviour which
maintains the base speed and use it for all slots in its slot map. Nevertheless, such a
slot map does not suit a wide range range of scenarios, in particular scenarios in which a
lane of the freeway is blocked, or in which vehicles need to change lanes. Such scenarios

require the use of different slot formations and more complex slot behaviours.

When determining the slot map, besides the requested capacity, the Slot Provider
must also be aware of current and predicted traffic conditions, as well as the road layout
of the respective freeway section. This information can be queried by the Slot Provider
from the Traffic View. For the purpose of this thesis, the Slot Provider is designed as
a rule-based expert system that matches the current predicted traffic conditions as well
as the information about the road layout against a set of predefined scenarios. Each

predefined scenario has a corresponding heuristic that generates the slot map for the
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respective scenario. The slot map is then adapted to fulfil the required capacity by
increasing or decreasing the inter-slot headways. Section 3.5 describes a set of heuristics
that aim to increase traffic efficiency and reliability by tackling the most prominent
congestion scenarios. These heuristics provide a blueprint for how slot maps can be
generated for different scenarios and are not intended to cover an exhaustive set of

scenarios.

3.4 Slot-based Driving

The loose coupling provided by the slot abstraction relies on the ability of vehicles to
perform slot-based driving. This section describes how individual vehicles perform slot-
based driving, starting with an overview of the components involved and followed by a
detailed description of how vehicles move into slots, drive within slots and coordinate to
change slots.

The slot map specified by the Slot Provider is broadcast to the vehicles at the be-
ginning of each transition period, which then fuse this slot information with local in-
formation obtained from sensors into a so-called World Model, as shown in Fig. 3.9.
Based on the information stored in the World Model, the Slot Driving Logic controls the
vehicle, either directly by controlling the steering and throttle of the vehicle, indirectly
by assisting the human driver, or through a combination of the two (e.g. controlling the
throttle and providing advice with respect to the steering)

The World Model provides the information required by vehicles for slot-based driving.

To perform slot-based driving a vehicle needs to be aware of local information:

the vehicle’s own speed

the vehicle’s own acceleration

the vehicle’s own position

e the lane in which the vehicle is currently driving

the presence in the direct vicinity of other objects such as other vehicles
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Slot Driving

Fig. 3.9: Slot-based driving architecture

as well as slot information contained or derived from the slot map:
e the position of slots
e the size of slots
e the behaviour of slots.

Furthermore, vehicles need to be equipped with V2I communication capabilities to re-
ceive the slot map. As we will see in Section 3.5, depending on the scenario, vehicles
might also need to communicate with each other, in which case V2V communication
capabilities are required. For local information, vehicles need to be equipped with sen-
sors. The coverage that these sensors must provide depends on the specifics of the
scenario. The World Model fuses and stores slot and local information into a model of
the surrounding environment which includes both physical elements, such as neighbour-
ing vehicles, road infrastructure features and other objects, and virtual elements such

as the surrounding slots as specified by the slot map. Fusing information from different
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sources and storing it into a meaningful model of the surrounding environment is in
itself a complex research problem, as seen in Section 2.2, and is outside the scope of this
thesis. Chapter 4 describes a simplistic and idealized implementation of this component.

According to the design of the slot-based approach, vehicles are responsible for driv-
ing within the specified slots, coordinating in an efficient and safe manner. To achieve
higher flexibility, slot-based driving can be employed only when traffic conditions are
such that manual driving could lead to congestion. As such, vehicles capable of slot-
based driving need to be able to transition from manual to slot-based driving, drive
within a slot and coordinate to change slots. These tasks are accomplished by each

vehicle’s Slot Driving Logic and are described in the following paragraphs.

3.4.1 Moving into a Slot

Before a vehicle can drive within a slot, it needs to move into the slot, driving at the same
speed as the slot. This is achieved through a vehicle control algorithm, called the vehicle-
to-slot mapping (VTS) algorithm. The VTS algorithm is designed around the idea of
performing an on-the-fly transition from manual to slot-based driving, thus increasing
the overall flexibility of the slot-based approach. It assumes a starting point, when
vehicles are provided with the slot map and notified that they need to move into slots,
and an end point, where vehicles are expected to be driving within slots. The transition
from manual to slot-based driving is allocated a basic freeway segment, defined by the
start and end point of the VTS. The minimum length of this transition segment needs
to be computed by each Slot Provider by taking into consideration the average speed
of the vehicles, the capabilities of the vehicles specified by the vehicle model, as well as
the base speed of the slots and the inter-slot spacing. Using these parameters, a Slot
Provider can compute how long it would take a vehicle, with its given acceleration and
maximum speed, to move into a slot located directly ahead.

Given that the Slot Provider does not specify the precise slot in which each vehicle
should drive, the task of finding an appropriate slot is left to the vehicle itself and is part

of the VTS. Since this is performed by each vehicle individually, it is necessary that the
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algorithm is designed in a way that ensures both a safe and efficient transition. More
specifically, vehicles must not collide with each other and the transition itself must not
cause a bottleneck that can lead to congestion. The Slot Provider helps in addressing
these issues by generating slot maps where the base speed of the slots is greater than
or equal to the current free-flow average speed and the inter-slot headway is at most
equal to the average inter-vehicle headway observed on the respective freeway section.
To avoid heavy braking by individual vehicles driving at speed considerably higher than
the average speed, the slot map needs to be communicated in advance, so that faster

vehicles have enough time to reduce their speed without need for sudden braking.

The VTS is designed to use as little vehicular technology as possible, in line with
the flexibility requirement specified at the beginning of this chapter. In particular,
the use of technologies such as V2V communication, which is yet to be deployed on
production vehicles, as well as prohibitively expensive sensors such as the Velodyne 360
Lidar!, are avoided. As a consequence, the VTS algorithm assumes that vehicles are
only able to communicate with the infrastructure (e.g. using third generation cellular

communication) and have sensing capabilities limited to the area in front of the vehicle.

The VTS algorithm is presented in Algorithm 3.1. To ensure safety in the absence
of V2V communication, the VTS algorithm first prohibits any lane changes. If the
traffic load is unevenly distributed across lanes, this approach would lead to one or
more lanes being less utilised while the others could experience congestion caused by a
larger number of vehicles than that of slots. However, since the VTS algorithm is only
applied in situations where high demand could lead to congestion, and assuming that
under high-demand conditions the traffic load is evenly distributed across all lanes of the
motorway, prohibiting lane changes would not lead to an suboptimal utilisation of the
road surface. Since there are no lane changes between the start and end points of the
VTS, safety can be ensured by making each vehicle responsible for avoiding a collision

with the vehicle directly in front.

Next, vehicles must find an empty slot in their lane. The lack of V2V communication

'http://velodynelidar.com/lidar/lidar.aspx
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begin VTS
Vehicle receives slot information and the start and end points of the VTS;
Vehicle maintains the current lane;

if Vehicle can sense another Vehicle ahead then
while enough time to move into the next free slot before reaching the end point of VTS

do

| control the speed to be at exactly 1 inter-slot headway behind Vehicle in front ;
end
if the distance to the Vehicle ahead is more than 1 inter-slot headway then

| get into the first slot ahead;

end

end

else
while Vehicle cannot sense a Vehicle ahead and enough time to move into the next free

slot before reaching the end point of VTS do
accelerate to maximum speed and maintain this speed;
end

if Vehicle can sense another Vehicle ahead then
while enough time to move into the next free slot before reaching the end point of

VTS do

l control the speed to be at exactly 1 inter-slot headway behind Vehicle in front ;
end
if the distance to the Vehicle ahead is more than 1 inter-slot headway then

l get into the first slot ahead;

end

end

else

get into the first slot ahead;

end

end

end

Algorithm 3.1: VTS algorithm
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means that vehicles cannot communicate when they occupy or desire to occupy a specific
slot, and therefore a vehicle cannot know for sure whether a slot is occupied or not. This
problem is depicted in Fig. 3.10. Here, vehicle B targets a slot ahead which is currently
empty but might be targeted by another vehicle ahead. In Fig. 3.10(a) vehicle A is
between vehicle B and the target slot and could be moving forward into the target slot,
while in Fig. 3.10(b) vehicle A has passed the target slot but might move backward

(brake) into the slot.

(b)

Fig. 3.10: Is the slot ahead of B free or about to be occupied?

The VTS algorithm solves the empty slot problem by having vehicles follow the first
vehicle that they can detect ahead at a distance equal to the inter-slot headway specified
by the slot map. Assuming that a vehicle’s sensing range is larger than the inter-slot
headway?, when a vehicle cannot detect a vehicle ahead it means that at least the first
slot ahead is free, so the vehicle can target that slot. When a vehicle has moved into the
target slot, a vehicle following behind at exactly one inter-slot distance will also be in

a slot. In this way, all vehicles can safely move into slots without communicating with

2Radar sensors have a range of 150m (Abou-Jaoude, 2003), which is much more than the 40m repre-
senting the observed average inter-vehicle distance under capacity flow (Shladover, 2009)
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each other. The only exception to this is the first vehicle in each lane that needs to
move into a slot and which might have a vehicle ahead that does not perform the VTS
algorithm. In such cases the vehicle will aim to get into an empty slot either in front of
or behind it while making sure to maintain a safe gap to the vehicle ahead.

Finally, the VTS algorithm also deals with a potentially uneven distribution of ve-
hicles along the lane by making sure that each vehicle targets the furthermost empty
slot ahead as long as it cannot detect another vehicle in front, and as long as getting
into that new target slot can be achieved before the end point of the VTS. This way
vehicles driving in close formations, known as platoons or clusters, can be broken down
and evenly distributed into slots. The longer the freeway segment dedicated to the VTS
transition, the larger the size of a cluster it can break without causing a bottleneck.
It is interesting to note that in this regard the VTS algorithm somehow resembles the
leaky bucket algorithm (Turner, 1986) used to manage the bandwidth of computer and
telecommunication networks by controlling the rate at which packets enter a network.
Nevertheless, there are big conceptual differences between vehicles and data packets such
as with regard to motion dynamics, as well as the fact that vehicles cannot be dropped
from the network as data packets are when the leaky bucket is full. These conceptual
differences mean that networking techniques cannot be directly applied to road traffic
without careful consideration.

The transition performed by the VTS algorithm depends on the rate at which vehicles
arrive to the start point of the VTS, as well as the distribution of speed across these
vehicles, both of which are stochastic. This means that the efficiency with which the
VTS algorithm performs a transition from manual to slot-based driving needs to be
determined empirically using real or simulated traffic data. This evaluation is performed

in Chapter 4.

3.4.2 Driving within a Slot

For a vehicle to drive within a slot, it needs to be first positioned within the slot and

driving at a speed equal to that of the slot. This is achieved by the VTS algorithm. From
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that point onwards, to drive within the current slot the vehicle simply needs to follow
the same speed and trajectory as the slot, i.e. the behaviour of the slot. It is the task of
the Slot Provider to generate only slot behaviours that can be replicated by the vehicles,
thus making the task of driving within a slot as simple as following a predefined speed
and trajectory. Further details of how a vehicle follows its slot behaviour are available

in Chapter 4.

3.4.3 Changing Slots

Changing slots enables vehicles to enter and leave the freeway and could also be used
to prioritise emergency vehicles and optimise traffic in certain scenarios. The challenge
posed by changing slots lies in the need to determine a slot’s occupancy status before
moving into it. There are two approaches to achieving this, both with their advantages
and disadvantages.

The first is centralized in nature, where the TMS maintains a view of the occupancy
status of all the slots on the motorway. Initially, all slots are empty. When a vehicle
moves into a slot as a result of the VTS algorithm, it must inform the TMS that the
respective slot is now occupied. When a vehicle wants to change its slot, it enquires
about the status of the target slot from the TMS and upon successfully identifying an
empty target slot it informs the TMS that its target slot is now occupied and its former
slot is now free. The TMS can then accept this change, in which case the vehicle can
proceed with the slot changing manoeuvre, or reject it, in which case the vehicle needs
to roll back the slot changing manoeuvre. It is necessary to be able to reject changes at
the TMS level to address the situation in which two vehicles concurrently intend to move
into the same slot. A simple solution to this problem commonly used by databases is for
the TMS to ensure that modifying the old and new slot information takes place within an
atomic and synchronized transaction (Gray and Reuter, 1992). The centralized approach
has the advantage of relying solely on V2I communication, but has the major drawback
of having to perform a transaction each time a vehicle attempts to change slots, which

scales poorly with respect to the number of vehicles on the road. Nevertheless, this is
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diminished by the hierarchical nature of the slot-based TMS, which splits the task of
managing traffic on the freeway between multiple Slot Providers, each responsible for
a distinct freeway section. This limits the number of vehicles and slots, and thus the
number of potential slot-changing requests that a Slot Provider provider must manage.
The centralized approach can therefore be used without compromising the scalability of

slot-based driving.

The second approach is distributed in nature. Again, slots are initially empty and
vehicles move into them using the VTS algorithm. When a vehicle wants to change
slots, it coordinates this manoeuvre with neighbouring vehicles by means of V2V com-
munication to ensure that the target slot is empty and that no other vehicle is aiming
for the same slot. The distributed approach scales well and fits better within the hybrid
architecture of the IVHS system. Nevertheless, it requires the implementation of both
group communication and a complex coordination protocol (see Slot and Cahill (2011)
and Bouroche et al. (2006) for details on vehicular group communication and vehicular

coordination respectively).

Since both approaches are feasible, in this work the centralized approach was used,
due to its simplicity and consequently easier implementation within a simulation en-
vironment, as described in Chapter 4. Note that the distributed approach is likely to
be better suited for a real-world implementation, thanks to the greater scalability and

robustness of distributed communication.

The way in which slots are arranged on the freeway has an impact on the complexity
of the coordination required between vehicles to change slots. A formation with slots
aligned across lanes such as the one in Fig. 3.11(a) is not optimal for vehicles that need
to change slots. When parallel vehicles attempt to simultaneously move into distinct
empty slots ahead, their trajectories intersect, as exemplified in Fig. 3.11(b). Thus, a

complex coordination across several vehicles is required to perform the manoeuvre safely.

A better formation is shown in Fig. 3.12(a). It has the advantage that the trajectories
of vehicles moving into distinct empty slots ahead or behind do not intersect, as shown

in Fig. 3.12(b). This means that a vehicle can change slots using a simple coordination
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Fig. 3.11: The parallel formation

mechanism to determine that no other vehicle is currently targeting the same empty

slot. This formation is called the chessboard formation.

3.4.4 Swapping Slots

Swapping slots is a special form of slot changing that is sometimes necessary to allow
vehicles that are not located on the rightmost lane to leave the freeway. Additionally, it
can also be used to prioritise certain vehicles, such as emergency vehicles. Slot swapping
requires vehicles to communicate, agree on a slot swap and perform the manoeuvre in
a safe fashion. As in the case of changing slots, the slot formation used affects the
complexity of the coordination between vehicles. Consequently, some slot formations
are better suited for slot swapping than others.

The chessboard formation is particularly suited to slot swapping. Using the chess-
board formation, a slot swapping mechanism can be devised that requires little coordi-
nation between vehicles. Vehicles are only allowed to swap slots with vehicles in adjacent
lanes, located either in front or behind. This guarantees that upon agreeing on a slot

swap, two vehicle performing the swap will not collide with other vehicles changing or

76



3 Chapter 3. Design

(b)

Fig. 3.12: The chessboard formation

swapping slots. The slot swapping mechanism using the chessboard formation is pic-
tured in Figure 3.13. It shows which vehicles are allowed to swap slots. One can observe
that, thanks to the chessboard formation, the trajectories of vehicles swapping slots
never intersect with the trajectories of other vehicles changing or swapping slots. The
chessboard formation thus enables two adjacent vehicles to swap slots without having

to coordinate with other vehicles on the freeway.

3.5 Case studies

This section describes a set heuristics used by the Slot Provider to tackle the most
prominent causes of congestion. This requires an understanding of what the sources
of congestion are. Traffic congestion can therefore be classified based on its occurrence
as either recurring or non-recurring. Recurring congestion is typically experienced by
drivers as “rush hour” traffic, where high demand leads to volumes beyond the normal
capacity of the road. Non-recurring congestion on the other hand is due to special
circumstances that can be split into two categories: events that lead to a reduction of
the normal road capacity, such as road works, accidents or inclement weather conditions
(e.g. snow or fog), and special events that lead to an exceptional increase in demand,

such as sport events, concerts or emergency evacuations (e.g. a natural disaster such as

7



3 Chapter 3. Design

Fig. 3.13: Swapping slots within the chessboard formation

a hurricane). This classification is shown in Fig. 3.14.

According to the US Federal Highway Administration (FHWA), in the US recurring
congestion is responsible for approximately half of the total congestion, road accidents for
25%, bad weather for 15%, and finally road works for 10% (Federal Highway Authority,
2012). Note that while poor road design can also be a contributing factor to occurrence
of congestion, addressing poor road design is outside the scope of this work. In the
following, in line with the rule-based design of the Slot Provider, a heuristic in the form
of a slot map, described by a finite number of slot behaviours and a slot formation, is
proposed for each of these congestion sources. These solutions are grouped based on the
cause of congestion into heuristics that address the reduction of capacity and heuristics

that address an increase in demand.
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Fig. 3.14: Classification of congestion by its root cause

3.5.1 Addressing Reductions of Freeway Capacity

According to the classification of congestion shown in Fig. 3.14, reductions in traffic
capacity can be caused by road works, accidents and inclement weather. Road works
and accidents affect the capacity of the road by blocking one or more lanes, thus creating
a bottleneck. Inclement weather conditions such as snow, ice and fog cause a reduction

in average travel speed and, in extreme cases, can also lead to accidents.

Bottlenecks

First, the case is discussed where a reduction in capacity due to road works or an accident
leads to a bottleneck. A scenario is devised using a simple model of a freeway facility
composed of two segments of m lanes each, where m € N* and a segment of n lanes,
where n € N* and n < m. The n-lane segment is located between the two m-lane
segments, thus causing a bottleneck. Such bottlenecks can lead to congestion due to a
combination of high traffic demand on the respective facility, as well as inefficient merging
from m to n lanes performed by human drivers. As such, due to inefficient merging,
congestion can arise even if the demand on the section is lower than the capacity of the
n lanes section. A slot-based lane merging algorithm (LMA) is proposed, that addresses

both of these issues.

The LMA assumes vehicles are already driving in slots. If this is not the case, then
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the LMA needs to be preceded by a transition from manual to slot-based driving, which
is achieved using the VTS algorithm, described in Section 3.4. For simplicity, during
the course of the LMA, vehicles are prohibited from changing slots. This means that
while slots do change lanes during the course of the LMA, a slot map which guarantees
that slots never collide means that no collisions will take place between vehicles driving
within these slots during the merging procedure. The prohibition on changing slots is
only applied to the small section of the freeway on which the LMA is applied. The
LMA is designed to be used with automated longitudinal control and manual steering
assisted by a driver information system, as well as fully automated longitudinal and

lateral control.

The core idea of the LMA is to maintain the capacity of the freeway through the
bottleneck area by reducing the inter-slot headway. The slot map specified by the LMA
comprises a slot formation where slots are aligned across all lanes and a slot behaviour
for each slot in the formation, so that, when combined, these behaviours perform the
merging of slots from m to n lanes. The vehicles replicate the behaviour of the slot
they are currently driving in, thus performing a coordinated merging procedure that,
as shown later in Chapter 4, is more efficient than the competitive merging procedure

performed by human drivers. This hypothesis is tested in Chapter 4.

The merging procedure specified by the LMA is described on a 3-to-2 lane merging
scenario, as this is arguably the most common case. A set of predefined slot behaviours
are specified which together perform an efficient merging procedure. The steps involved
in this procedure are shown in Fig. 3.15. The behaviours are classified in two main
categories: A and B. Category A slots are followed, within the same lane, by category B
slots. Each of the two categories has three subcategories, numbered 1, 2 and 3 according
to the lane in which the slots are initially moving. This results in six slot behaviours that
are replicated across subsequent slots, as shown in Fig. 3.15. At the starting point of the
LMA, the slots are aligned and have a base speed equal or higher than the average travel
speed observed at that time downstream of the bottleneck. As a result of the transition

to slot-based driving, all vehicles at the starting point are driving within these slots,
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Fig. 3.15: Visualisation of the lane merging algorithm

although not all slots have to be filled by vehicles. From this position the B-slots reduce
the headway to A-slots, leaving a larger empty space between these newly formed pairs
(Phase 1). This space is then used by A2 slots to move to lane 1 (Phase 2). Similarly,
A3 and B3 slots use the remaining space to change to lane 2 (Phase 3), leaving no slot
and thus no car on lane 3. The combined behaviour of these slots is a merging procedure
during which the speed of all slots never goes below their initial speed, meaning that the
LMA achieves the same capacity on the two-lane bottleneck section as on the three-lane
highway. Since the speed of the slots at the starting point of the LMA is set to be
equal or greater than the average travel speed observed at that point in time, the LMA
effectively prevents a reduction in capacity.

The LMA defines start and end points for each of the three phases, which are de-
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termined based on the specifics of the slot base speed specified by the Global Controller

and the capabilities of the vehicles specified by the vehicle model, in particular the ac-

celeration, maximum speed and maximum steering angle. The pseudocode for LMA is

shown in Algorithm 3.2 from the perspective of a vehicle following the behaviour of its

slot.

end

end

begin LMA
while Vehicle has not reached the end point of the LMA do
if Vehicle is within Phase 1 then

end

else

end

else

end

end

if Vehicle is in a slot of category B then

end

else

end

if Vehicle is in a slot of category A2 then

end

Follow the speed of the slot to reduce the gap to the slot ahead to a predefined

headway;

| Maintain speed ;

if Vehicle is within Phase 2 then
Follow the speed and trajectory of the slot and change to lane 1;
if Vehicle is within Phase 3 then

if Vehicle is in a slot of subcategory 3 then

Follow the speed and trajectory of the slot and change to lane 2;

Algorithm 3.2: Lane merging algorithm

The six slot behaviours specified by the LMA are defined by the following sets of

waypoints in line with the slot model defined in 3.2:

e Al={} (maintain the base speed of the slot and don’t change lanes)
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Bl:{{phase]-startv Sbase 1 4, O}v {phaselenda Sbase 0}}

A2:{{pha3623mrt, Sbase T T, —1}, {phase?end, Sbases O}}

B2:{{phaselstart, Sbase + ¢, O}v {phaselend7 Shase O}}

A3:{{phase3starta Sbase T T, _l}a {pha563endv Shases 0}}

B3:{{phaselstart1 Sbase T 4, 0}7 {phaselendv Sbase; 0}7 {pha'563start» Sbase T T, ‘l}a
{phase3end7 Shases 0}}

where ¢ causes a small increase in speed that allows a slot to reduce the gap to the slot
ahead. Similarly, r causes a small increase in speed needed when a slot changes lanes.
Notice how in fact the slot behaviours B1 and B2 are identical, meaning that there are
only 5 distinct behaviours in the slot map. The two behaviours were presented distinctly
to better describe the way in which the LMA works.

The same idea behind the 3-to-2 LMA can be applied to any variation of m to n
merging. Vehicles on the lanes that are not blocked downstream make space for vehicles
on lanes that are blocked. However, the feasibility of LMA decreases proportionally
with the value of 7. More specifically, an m to n merging requires the capacity of the
remaining n lanes to increase by a factor of (% — 1). The LMA relies on the ability
of vehicles to perform automated longitudinal control to achieve this capacity increase.
Shladover (2009) uses measured freeway data to show that, for an observed maximum
capacity of 2200 vehicles per lane per hour driving at 100 km/h, the average inter-vehicle
headway is 1.63s, or 40.5 m, which represents 8 vehicle lengths. Assuming a theoretical
best-case scenario where automated longitudinal control would allow vehicles to drive
with virtually no inter-vehicle gaps, the capacity increase provided by vehicle automation
compared to manual driving would be approximately 9-fold. This means that, for LMA,
the theoretical limit for 7+ is 10.

In practice, the limit for 7 is likely to be considerably smaller than 10, due to
the larger than zero gaps required by automated longitudinal control, but also due to

the gaps required by vehicles to change lanes during the respective LMA phases. For
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manual steering, which is supported by the LMA, these gaps are significantly larger
and subject to the human perception of the critical gaps, which has been subject to
extensive research over the last decades due to its practical applications in the design of
microscopic traffic simulators. While opinions vary on the distribution of the critical gap,
field measurements have shown that, when the relative speed is close to zero, drivers are
more likely to accept very short gaps, sometimes no more than 1 to 2 meters to the front
vehicle (Hidas, 2002), which for vehicles driving at 100km /h corresponds to a headway of
less than 0.1s. While this value can be seen as rather extreme, it shows that the impact
of using manual steering in LMA does not drastically limit the capacity. In conclusion,
the applicability of LMA depends on the values for m and n, as well as the vehicular
technology available.

The LMA is preemptive in nature, to be used before congestion arises. While this
works well for road works, which are typically known in advance, in the case of accidents
sometimes congestion cannot be prevented. In such cases the LMA can be adapted to
include a technique currently used on freeways. When an accident takes place, traffic
operators often use variable speed limits to reduce the speed of the vehicles upstream
of the accident, thus allowing the accident area to clear of vehicles. Similarly, the LMA
can be applied upstream of the accident area with an initially lower slot base speed for
upstream slots. Once the accident area has cleared, the base speed of the upstream slots
can be increased. Increasing the speed of the slots beyond the free flow speed would
allow to increase the throughput and dissipate the potential congestion caused by the
initial slower speeds. Nevertheless, the initial slower speed can cause disruptions on the

upstream sections, which is a limitation of this approach.

Inclement Weather

Inclement weather conditions such as fog, ice and snow cause vehicles to slow down, thus
reducing the capacity of the road. While in some situations such as icy roads this might
be inevitable due to the severe speed limitations, in other situations a combination of

sensors and actuators can be used to assist the driver and maintain the same average
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speed. For example, applying vehicular technologies used by slot-based driving such as
sensors that detect neighbouring vehicles and a heads up display that can project this
information to the driver can combat the poor visibility effects of fog. Dealing with

inclement weather conditions is outside the scope of this work.

3.5.2 Demand Increase

During rush hours or special events, congestion typically occurs due to an increase in
demand leading to densities larger than the critical density of the respective freeway
section. At such high densities, the effects of the slow reaction times and inability to ac-
curately estimate distances and speed as well as to properly coordinate, characteristic of
human drivers Vanderbilt (2009), are amplified. Human drivers are more prone to brake
unexpectedly under high density conditions, causing traffic shockwaves that propagate
upstream and eventually can lead to stop-and-go traffic. In such situations, slot-based
driving can be used to prevent sudden braking and shockwaves. Clearly, a slot map in
which all slots have a constant speed is string stable, and, as long as a vehicle performing
slot-based driving does not cause another vehicle to brake, so is the traffic composed of
the vehicles driving within these slots.

While the LMA enforces slot-based driving for a relatively short section of the road,
during high-demand traffic slot-based driving will need to be enforced over considerably
larger freeway sections. This raises the problem of vehicles joining the freeway at on-
ramps and in particular leaving the freeway at exit ramps. During the entire duration of
the LMA vehicles maintain their slot and follow its behaviour, possibly changing lanes in
the process. For larger freeway sections, a different approach is proposed, with a single
slot behaviour describing a constant speed for all slots in the slot map. Slots maintain a
predefined speed and lane and vehicles change slots according to their necessities, such
as when aiming to change lanes in order to exit the freeway. The rules governing the
changing of slots must ensure that a vehicle changing his slot does not cause another

vehicle to have to brake to avoid a collision, thus ensuring that no shockwaves can occur.

Since slot-based driving is likely to be imposed for a longer part of the freeway during
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high-demand traffic, vehicles will need to be able to change and swap slots, particularly
to be able to enter and leave the freeway. In such scenarios, to simplify the coordination
required for these manoeuvres, the slot map uses the chessboard formation, introduced
in Section 3.4. To achieve such a formation, slots on even lanes (lanes 2, 4, 6 etc.) need
to be generated with half-headway offset relative to the slots on odd lanes (lanes 1, 3, 5
etc.). The behaviour of slots in this slot map is set to maintain their base speed. The
following paragraphs discuss a scenario where vehicles enter the freeway at an on-ramp
during high-demand traffic. This is then extended to include vehicles exiting the freeway

at an off-ramp.

On-ramp Merging Algorithm

From a slot-based driving perspective, merging vehicles at on-ramps in an efficient way
requires on-ramp vehicles to move into slots without disrupting the main road traffic.
Such slots must be empty and located on the first lane of the motorway. Furthermore,
at the time of selection, the distance between the chosen slot and the actual point
where the roads merge must be large enough to allow an on-ramp vehicle to move
into the slot, while driving at a speed equal to that of the slot, before the end of the
acceleration section is reached. This can be calculated based on the speed of the slot,
the maximum acceleration and the speed specified by the vehicle model and the length
of the acceleration lane, which at a minimum must allow a vehicle to accelerate from
virtual standstill to the speed of the slot.

Determining such a slot can be achieved using V2I communication with a RSU
located near the on-ramp and acting as a proxy between the vehicles on the main road
and the on-ramp vehicles. The RSU is able to sense the location of vehicles on the main
road and can coordinate with them by using V2I communication and a copy of the slot
map to determine suitable slots. When such slots are found, the RSU lets the vehicles
on the main road know that the respective slots are occupied, effectively blocking any
attempt of any vehicle on the main road to move into that slot. On-ramp vehicles

communicate with the RSU using V2I communication and request a slot. Once the RSU
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finds an available slot, it communicates the slot information to the on-ramp vehicle.

(c) Vehicles moves into the original slot

Fig. 3.16: On-ramp merging

After the on-ramp vehicle has received a suitable slot, the moving into the slot phase
commences. For this purpose, the vehicle targets a copy of the slot which moves in
parallel to the original target slot along the acceleration lane. The vehicle then moves
into the on-ramp slot, using a mechanism described in Section 3.4. Just before reaching
the merging point, the vehicle moves into the original slot by performing a lane change
towards the first lane of the main road, finishing the on-ramp merging procedure. This
process is visualised in Fig. 3.16.

This simple algorithm merges on-ramp vehicles into free slots on the first lane of the
motorway. However, in doing so, it does not take advantage of free slots on the other
lanes of the motorway. This can be achieved with a basic optimisation, based on the
ability of vehicles to change slots, which is described in detail in Section 3.4. Vehicles

driving in slots are aware that they are approaching an on-ramp (e.g., using information
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available in digital road maps or communicated by the RSUs) and as such target free
slots to the left front of the current slot, if such slots are available. This is shown in Fig.
3.17. The result of this optimisation is an increase in the number of free slots on the

first lane which enables a higher throughput of vehicles on the on-ramp.

1omim

Fig. 3.17: Moving to free slots to the left-front of the current slot

The on-ramp merging algorithm resembles ramp metering in the way it forces vehicles
to wait at the on-ramp until the main road traffic conditions are deemed appropriate.
Although the on-ramp merging algorithm can achieve a high throughput, as shown later
in Chapter 4, there is still the theoretical possibility that a queue of vehicles will form on
the on-ramp which is large enough to spill back onto the adjacent road network. While
unlikely, in such situations a trade-off exists between maintaining slot-based driving and
thus free flow on the freeway while allowing traffic to spill back into the adjacent network
or disabling slot-based driving on the freeway and allowing vehicles to freely merge into
traffic in the hope that a spill back can be avoided, which will likely lead to congestion

on the freeway.

Exit Ramps

The chessboard formation is also useful when vehicles need to exit the freeway. In order
to do so, a vehicle which is not located on the rightmost lane must move from its current
lane onto the rightmost lane. When driving within slots arranged in the chessboard
formation, this means that the exiting vehicle will need to move into a slot on the
rightmost lane before the targeted exit ramp is reached, assuming it has not already got
one. The chessboard formation is designed to facilitate a vehicle moving “diagonally”
from its current slot into an adjacent slot. In some cases it could be that none of the

adjacent slots are free. In such cases, vehicles need to coordinate to swap slots, so that
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vehicles that travel further and are located to the right front or right back of a vehicle
looking to exit the highway earlier will swap slots with it. This is shown in Fig. 3.18

and uses the slot swapping mechanism described in Section 3.4.

Fig. 3.18: Swapping slots with a vehicle targeting another off-ramp

Nevertheless, there might be cases where a simple slot swap is not possible. Fig.
3.19(a) illustrates such a situation, in which vehicle A, aiming to leave the freeway at
the next exit ramp, cannot swap slots with vehicles B and C as they also target the
next exit ramp. In such cases, vehicles B and C reject a swap and consequently are
not allowed to leave their slots. Knowing this, vehicle A can merge between vehicles B
and C if the inter-slot gap is large enough. When this is not the case, as well as in odd
pathological cases such as the one in Fig. 3.19(b), in which vehicle D is blocked by E
and F which in turn are blocked by vehicles G, H and I from exiting the freeway, then
vehicles A, D and potentially E and F might not be able to leave the freeway at their
desired exit point. After the exit point, the previously occupied slots on the rightmost
lane are now free and the vehicles which missed their exit can move into these slots and
take the next exit. Nevertheless, this is a clear limitation of the chessboard formation,

as in some cases not being able to take the desired off-ramp exit is not acceptable.

Other slot formations can be used to address the aforementioned limitation. For ex-
ample, the chessboard formation can be modified to ensure that vehicles D, E and F in
the previous example can leave the freeway. This is illustrated Fig. 3.20, in which a for-
mation similar to the chessboard formation is applied to a three lane freeway. However,

in this modified formation every second rightmost slot is removed. Furthermore, this
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(a) Vehicle A is blocked by vehicles B and C

(b) Vehicle D is blocked by vehicles E and F, which are blocked by vehicles G,H and I

Fig. 3.19: Vehicles cannot exit the freeway

formation imposes a minimal inter-slot gap which allows a vehicle to merge in-between
slots, thus ensuring that vehicles D, E and F can leave the freeway at the next exit ramp
by merging into the rightmost lane. Nevertheless, using such a formation with its inter-
slot space restrictions and reduced number of slots relative to the chessboard formation
has an negative impact on the overall capacity, which is reduced by at least 16%. This
leads to a trade-off between being able to offer stronger guarantees with respect to ve-
hicles exiting the freeway at their desired off-ramp and maximizing capacity. A decision
for one or the other can be taken based on the required capacity as well as upon a careful
analysis of the probability of pathological cases occurring. Further coordination between
vehicles along the freeway can be used to minimise this probability, such as avoiding to
swap slots with a vehicle on the left lane if the left vehicle targets an exit located further
away than the one targeted by the right vehicle, or by actively promoting vehicle swaps

when the right vehicle is targeting an exit ramp located before the exit ramp of the left
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vehicle.

Fig. 3.20: Improved exiting probability through reduced capacity

3.6 Discussion

This chapter introduced a novel slot-based approach to optimising freeway traffic using
intelligent vehicles. The IVHS designed relies on the ability of vehicles to perform slot-
based driving. This section investigates the feasibility of slot-based driving with respect
to the state of the art in vehicular technology as described in Chapter 2. This is then
followed by an analysis of how the IVHS requirements set at the beginning of this chapter
are fulfilled by the slot-based approach, as well as a discussion of the limitations of the

proposed designed.

3.6.1 Feasibility of the Slot-based Approach

For a vehicle to be able to perform slot-based driving, it has to rely on information
about the surrounding environment obtained from sensors augmented with the slot map
communicated by the TMS. This information is processed by the vehicle’s Slot Driving
Logic, which then controls the vehicle either directly or indirectly by assisting the hu-
man driver. A feasibility analysis needs to consider three areas of vehicular technology:

sensing, communication and vehicle control.
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Sensing

A vehicle’s sensors need to provide the World Model with information about the vehicle’s
own speed, acceleration, position and the presence of other objects on the road. Sensors
measuring the vehicle’s speed and acceleration are already available on virtually all

modern vehicles and are known to be accurate (Bishop, 2005).

For positioning, a large number of vehicles are already equipped with GPS receivers,
embedded either in the vehicle itself or as part of a third-party navigation device or
smartphone. The poor accuracy of standard GPS receivers (Hegarty and Chatre (2008)
measured it at 13m horizontal accuracy) can be partially compensated by increasing the
length of the slots to ensure that, for example, even if the positioning measurements of
a vehicle driving within a slot are inaccurate the vehicle is still positioned within the
slot. Nevertheless, the width of a slot cannot be increased beyond the width of the lane
(3.5m for US freeways) which means that the vehicle must use an additional sensor to
determine its current lane. Stereo vision cameras have been used for this purpose on
high-cost personal vehicles and trucks, generally as part of a LKA system. Increasing
the length of the slots would, however, negatively impact the overall performance of the
IVHS as it will increase the average inter-vehicle headway which directly impacts the
theoretical capacity. To increase this performance, vehicles would need to be equipped
with more precise positioning technologies. Fortunately, GNSS technologies such as
differential GPS and RTK-GPS have already been tested in vehicles and can provide
sub-meter accuracy. A combination of very accurate positioning and digital maps can
also be used to detect the current lane such as stereo vision cameras.

Slot-based driving also requires a vehicle to be able to sense its local environment.
In particular, the VTS algorithm requires that vehicles are able to sense the space ahead
of them beyond the maximal inter-slot distance, meaning that vehicles can always sense
if the space to the first slot ahead contains a vehicle or not. This can be achieved using
sensors such as lidar or radar which have already been deployed in systems such as ACC.
More advanced sensors such as the Velodyne 360 Lidar can extend the sensing range but

are generally more useful in situations in which vehicles are fully autonomous such as
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Google’s Self-Driving Car.

Communication

The slot information is provided by the TMS and needs to be communicated to the
vehicle. Thus, vehicles need to be equipped with V2I communication capabilities. In
most cases, the slot map can be provided to vehicles in advance, before the start point of
the VTS. In these cases the V21 communication does not need to be real time and can be
implemented using already widely deployed 3G networks, as well as 4G technologies such
as WiMAX3 and LTE? that are currently being deployed on a wide scale. Nevertheless,
in some cases, e.g. when a vehicle’s malfunction is putting the safety of other vehicles
is at risk, the communication needs to take place in real time. Furthermore, changing
slots requires vehicles to be equipped with real-time V2V communication capabilities to
be able to coordinate. As seen in Chapter 2, a considerable research effort is currently
targeting the development of real-time vehicular communication but such technology
is yet to be deployed in production vehicles. For this reason the design of the slot-
based approach employs an incremental approach with respect to its use of vehicular
communication and, when possible (e.g. VTS and LMA algorithms), attempts to limit

the use of vehicular communication.

Vehicle Control

The Slot Driving Logic processes the information in the World Model and controls the
vehicle accordingly. This control can be direct, meaning that the vehicle drives au-
tonomously; indirect, by assisting the driver to perform the driving task; or a combina-
tion of the two where part of the driving task is performed by the vehicle itself and part
by the driver.

Fully autonomous driving is the most efficient form as it addresses the issue of slow
reaction times of human drivers. It has already been implemented on research vehicles

but is yet to be available in production vehicles. While the technical feasibility has been

Shttp://www.wimaxforum.org/
4http ://www.3gpp.org/Technologies/Keywords—-Acronyms/LTE
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demonstrated by projects such as Google’s Self-Driving Car, where autonomous vehicles
have driven in total more than 300.000 miles, legal and moral issues (e.g. the issue of
liability in case of an accident or dealing with situations where a possibly fatal accident
is unavoidable) are yet to be addressed.

Indirect vehicle control can be used for slot-based driving, for example by assisting
the driver via a heads-up display (HUD) that indicates both the slot in which the vehicle
needs to drive, as well as the current and future speed and trajectory. HUD systems have
already been deployed successfully on some high-cost vehicles (Brandon, 2012). While
indirect vehicle control would increase the cooperation between vehicles, it cannot take
full advantage of the potential of slot-based driving, as the slow reaction times of human
drivers would need to be accommodated in the inter-slot distance, which would affect
the theoretical capacity of the road.

Finally, mixing direct and indirect control would result in a form of semi-autonomous
driving, where part of the driving task is performed by the vehicle itself and part by the
human driver. For example, automated longitudinal control that can be overridden by
the human driver - much like presently deployed ACC systems - could be combined with
manual lateral control. The lateral control would be assisted by a HUD system that
indicates the current and future trajectory that the vehicle must follow.

In conclusion, all these forms of vehicle control are feasible and have been made
possible by recent advances in vehicle automation. Incrementally increasing the degree
of automation from indirect control to full automation would result in improved traffic
efficiency. While semi-autonomous driving is likelier to be deployed in the short-term
to medium-term and can yield a significant increase in traffic efficiency, for the long-
term fully autonomous driving will be needed to achieve the full potential of slot-based

driving.

3.6.2 Matching the Requirements

At the beginning of this chapter four basic requirements where set for the slot-based

IVHS. The following paragraphs analyse how the design of the IVHS matches these
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requirements.

Scalability

The slot abstraction provides a loose-coupling between the TMS and individual vehicles,
which is critical to the scalability of the IVHS. The decoupling of the traffic optimisation
task from vehicle control, combined with the ability of Slot Providers to design a slot
maps with a limited number of slot behaviours replicated among all slots, allows the
TMS to scale with respect to the number of vehicles and the size of the network under
management. Furthermore, slot-based driving solely depends on sensing the local envi-
ronment and, if necessary, negotiating with other vehicles in the neighbourhood. This
means that the complexity of slot-based driving does not depends on the size of the
road network or the number of vehicles. Overall, this means that the slot-based IVHS

is scalable, which can also be observed from the experiments performed in Chapter 4.

Flexibility

Flexibility was defined as the property of an IVHS to be compatible with an incremental
use of vehicle automation, communication and sensor capabilities as well as allow manual
driving as long as it does not threaten the free flow of traffic. These requirements were
considered in the overall design of the IVHS, and in particular in the slot map design
in Section 3.5 as well as in the specifics of slot-based driving in Section 3.4. Scenarios
such as using the LMA do not require full vehicle automation or V2V communication
and work with limited and inaccurate sensing capabilities, e.g. by compensating the
lack of accuracy in absolute positioning of a vehicle with an increase in the size of a slot.
Furthermore, the VTS allows vehicles to switch between manual and slot-based driving
on the fly, which means that slot driving can be enforced only when needed, leaving
drivers the ability to drive manually if that is desired. Finally, the slot-based IVHS is
designed in a way such that improvements in sensing and full vehicle automation lead

to an increase in efficiency by further reducing the safe inter-vehicle gaps.
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Efficiency

Slot-based driving addresses the limitations of human drivers by both allowing vehicles
to drive in slots at close distances thanks to the employment of vehicle automation.
Furthermore, the slot map also aims at coordinating the vehicles in a more efficient way
than the competition that characterizes human driving. The hypothesis that addressing
these limitations will yield an increase in traffic efficiency is validated empirically in

Chapter 4.

Reliability

Similarly to efficiency, the insight is that the predefined nature of the slot behaviours,
and thus the slot map, will lead to a reduction in the variability of journey times.
Based on the definition of reliability (see Section 2.2.2.4), this will consequently lead to
more reliable traffic. Nevertheless, this hypothesis must be validated empirically. This

validation is performed in Chapter 4.

3.6.3 Limitations

Given the complexity of designing a complete IVHS solution, the design of the proposed
slot-based approach uses a simplified system model. In particular, the vehicle model
is limited to personal vehicles with identical capabilities and a constant acceleration,
while the road model does not include gradients and curvatures. This, however, does
not capture scenarios in which heavy goods vehicles driving up a slope cannot keep up
with the speed of their slot. Additionally, situations in which vehicles do not comply
with the rules specified by the slot map and the rules of slot-based driving in general
are not explicitly addressed by this design. While safety can be ensured by equipping
each vehicle with a safety controller that can override the slot-based driving controller
whenever it detects a vehicle which does not comply to the rules, minimising the impact
of such rogue vehicles will need to be addressed before a slot-based IVHS can be deployed.
This includes addressing issues such as a security, communication reliability as well as

malfunctioning vehicle control.
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The fact that a base speed is shared by all slots can seem a limitation at a first glance,
given that vehicles that want to drive faster are not allowed to do so. However, one of the
core ideas of the slot-based approach is to only enforce slot-based driving when free flow
conditions cannot be maintained by human drivers, which would drastically limit the
speed of vehicles in the first place. Furthermore, the slot-based approach allows priority
vehicles to drive on average at a speed higher than the slot base speed by changing and
swapping slots.

Finally, the heuristics proposed a blueprint for generating slot maps while specifically
addressing the most prominent causes of congestion. However, they do not cover an
exhaustive list of scenarios that can occur on freeways as well as the impact of severe

weather conditions on slot-based driving.

3.7 Conclusion

In this chapter, a novel IVHS approach was introduced, based on the concept of slot-
based driving. The proposed design uses a simplified system model to fulfil the require-
ments: scalability, flexibility, increased efficiency and reliability. The analysis of the
feasibility of the proposed slot-based driving system with regard to the current state of
the art in vehicular technologies shows that, thanks to the flexibility of the slot-based
approach, slot-based driving can be implemented using technologies that have already
been deployed in production vehicles. Furthermore, incrementally adding technologies
that are currently under development, such as employing more precise sensing, V2V
communication or full vehicle control, would yield improvements in the efficiency of the
IVHS. Issues related to driver compliance, such as when driving in a semi-autonomous
mode, are not addressed in this work.

The design of the slot-based IVHS matches the scalability and flexibility requirements
set at the beginning of this chapter, without sacrificing efficiency and reliability. The
impact of slot-based driving on traffic depends on an efficient mapping of vehicles to
slots, which in turn is subject to the distribution of traffic. To determine the efficiency

and reliability of the slot-based approach, an empirical evaluation that takes into account
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the stochastic nature of traffic flow needs to be carried out. The next chapter addresses
this by providing a testbed implementation and evaluation of the slot-based approach

in scenarios that replicate the main sources of congestion.
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Evaluation

This chapter describes the evaluation of the proposed slot-based approach to optimis-
ing freeway traffic. The scope of this evaluation is limited to the scenarios discussed
in Section 3.5, and includes a stand-alone evaluation of the efficiency of transitioning
from manual, human driving, to slot-based driving, as described by the VTS algorithm

proposed in Section 3.4.

Evaluating the slot-based approach in the aforementioned scenarios requires the im-
plementation of a Slot Provider within a testbed comprising of a dedicated freeway
section and a large number of vehicles, capable of performing slot-based driving and
implicitly of communicating with each other and with the Slot Provider. Unfortunately,
the costs of setting up such a testbed make testing in real-world conditions infeasible.

Instead, a traffic simulator was used to evaluate the slot-based approach.

The reminder of this chapter is organised as follows: Section 4.1 describes the design
and implementation of an evaluation framework, built around the VISSIM traffic simu-
lator. This framework is then used in Section 4.2 to evaluate the impact of the slot-based
approach on traffic efficiency and reliability, using the heuristics defined in the previous
chapter for a bottleneck scenario which requires vehicles to merge from three to two
lanes, as well as a high-demand scenario in which vehicles merge from an on-ramp into

freeway traffic.
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4.1 Evaluation Framework

The core of a traffic simulator lies in the way in which it models the flow of traffic. Over
the last fifty years, significant effort has been invested in traffic flow modelling (for a
detailed review see Hoogendoorn and Bovy, 2001). Based on their level of detail, these
models can be classified into three categories: microscopic, mesoscopic and macroscopic
traffic flow models. Microscopic traffic flow models describe the behaviour of individual
vehicles under the influence of neighbouring vehicles. A high level of detail is used to
describe this behaviour, such as the speed, acceleration and lane changing manoeuvres
of individual vehicles. Unlike microscopic models, macroscopic models describe traffic
flow using cumulative traffic characteristics such as flow, density and average speed
and do not represent individual vehicle manoeuvres. Finally, mesoscopic traffic models
combine the properties of microscopic and macroscopic models to describe the behaviour

of individual vehicles at a lower level of detail using aggregated data.

A high level of detail is required to simulate slot-based driving. The manoeuvres
performed by individual vehicles during slot-based driving depend on the behaviour of
neighbouring slots specified by the slot map, as well as the interaction with neighbouring
vehicles (e.g. when changing or swapping slots). This high level of detail means that, to
accurately simulate slot-based driving, a microscopic traffic model is necessary. For this

work, VISSIM!, a well-established microscopic traffic simulator, was used.

VISSIM uses a car-following model developed by Wiedemann (1974) that attempts
to replicate the physical and psychological behaviour of drivers. A further adaptation of
this model to the characteristics of freeway driving is provided by VISSIM in the form
of the so-called “Wiedemann ’99” model. To evaluate the impact of the slot-based IVHS
on traffic efficiency and reliability, VISSIM was extended with the ability to simulate
slot-based driving. The following paragraphs describe the design and implementation of

a framework built around VISSIM to evaluate the slot-based IVHS.

lhttp://www.ptvgroup.com
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Fig. 4.1: Evaluation framework built around VISSIM

4.1.1 VISSIM integration

VISSIM is a microscopic, time-stepped and behaviour-based traffic simulator. The de-
fault driver model uses a stochastic distribution of speed and headway thresholds as
parameters to the core car-following model to replicate the characteristics of individual,
human drivers. These thresholds and several other parameters can be calibrated to im-
prove the accuracy of the simulation provided by VISSIM. Most importantly, VISSIM
offers the ability to completely replace this embedded driver model with an external
driver model. The evaluation framework is built on this ability, which enables the im-
plementation of slot-based driving as an external driver model for VISSIM.

The evaluation framework architecture is shown in Fig. 4.1. The VISSIM component
provides the core traffic simulator functionality, while the External Driver Model replaces
the built-in car-following model with slot-based driving. Inside the External Driver
Model, there are two distinct component types: the Slot Provider, who is responsible
for generating slots, and the Vehicles, who are responsible for driving within the slots
generated by the Slot Provider. The functionality of each Vehicle is provided by a
combination of three subcomponents: Control, World Model and Slot Driving Logic.

When VISSIM starts, it loads the External Driver Model and the Scenario parameters
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defining the simulation. These Scenario parameters contain information such as the
freeway section model, the vehicle model used, the simulation period as well as the
traffic demand over that period. Additionally, these parameters specify the heuristic to
be used by the Slot Provider to generate the slot map for the respective scenario, as well
as whether slot-based driving should be enabled or not. Finally, the scenario parameters
specify the performance metrics to be measured during the simulation.

VISSIM is implemented in C/C++ on top of the Microsoft Windows OS platform.
When VISSIM is configured to use the external driver model instead of its own embedded
driver model, it does so by calling a dynamic-link library (DLL). VISSIM specifies an
interface containing three functions that the external driver model DLL must implement.
Thus, the interaction between the individual components of the External Driver Model
is determined by the specific design of this interface. VISSIM provides a stub of the
external driver model interface, written in C/C++. A bridge from this C/C++ stub to
the more modern C# programming language was implemented, with the goal of easing
and speeding-up the development process. Thus, the entire implementation of slot-based
driving within VISSIM was done using C# and as such all code extracts shown in this
thesis are in C#.

The signatures of the three functions that must be implemented by the External

Driver Model, are shown in Listing 4.1.

Listing 4.1: Interface for the External Driver Model DLL

int DriverModelExecuteCommand(long number); //command code number

int DriverModelSetValue (long type, //indicates the data item
long indexl, //index for data item
long index2, //additional index for data item
long long_value, //value for type
double double_value, //value for type
char *string_value); //value for type

© N O Ok W

—
o

int DriverModelGetValue (long type, //indicates the data item
long indexl, //index for data item
long index2, //additional index for data item
long *long_value, //plaholder for type value
double *double_value, //plaholder for type value
char xxstring_value); //plaholder for type value

e e e
O R W N =

During a simulation, VISSIM provides the External Driver Model with information

102



4 Chapter 4. Evaluation

about each Vehicle, such as the vehicle’s speed, current lane, acceleration and relative
steering, as well as information about each of the vehicle’s neighbours, such as relative
distance and speed. The task of an External Driver Model is to compute and return to
VISSIM values such as the desired speed, steering and target lane for each vehicle. In this
way the external driver model can control both the longitudinal and the lateral driving
tasks of a vehicle. VISSIM calls the priverModelSetvalue and DriverModelGetValue
functions, to respectively send and receive information from the External Driver Model.
The function briverModelExecuteCommand is called by VISSIM to execute one of the four

commands:

® DRIVER_COMMAND_INIT
® DRIVER_COMMAND_CREATE_DRIVER
® DRIVER_COMMAND_MOVE_DRIVER

® DRIVER_COMMAND_KILL_DRIVER

which are called respectively when the simulation environment is initialized, each time
a vehicle is created in the simulation, each time a vehicle is about to be moved in the

simulation, and each time a vehicle is removed from the simulation.

The interface between VISSIM and the External Driver Model imposes a specific
interaction between the individual components of the framework. This interaction is
described by the sequence diagram show in Fig. 4.2. The bpriverModel represents
the interface between VISSIM on one side, and the slotProvider and vehicles on the
other side. When the simulation is initialised, the priverModel creates and initialises
the siotpProvider. Similarly, when VISSIM calls for a new driver to be created, the
DriverModel creates and initialises a new vehicle instance. VISSIM moves a vehicle
in the simulation by calling the move command (via the DriverModelExecuteCommand
function) on the priverModel, preceded by a call to the briverModelSetvalue function
and followed by a call to the DriverModelGetvalue function. When the move command
is called, the priverModel asks the venicle to update its worldModel with the latest in-
formation (e.g. current position, speed, neighbouring vehicles) and determine its future

driving behaviour (e.g. desired speed and lane). Finally, when a vehicle leaves the simu-
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Fig. 4.2: Vehicle lifecycle within VISSIM

lated road network, VISSIM removes it from the simulation by calling the kill command
(again via the DriverModelExecuteCommand function) on the DriverModel, which in turn
destroys the respective vehicle instance.

The priverModel class implements the entire External Driver Model interface. List-
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ing 4.2 shows only the implementation of the priverModelExecuteCommand within the
DriverModel class and follows the interaction described in Fig. 4.2. The full implemen-
tation of the External Driver Model interface is shown in full in Appendix A. A list of
the data items that are communicated between VISSIM and the External Driver Model

is available in the description of VISSIM’s optional external driver model DLL.

Listing 4.2: Extract from DriverModel.cs showcasing the commands

1 public int DriverModelExecuteCommand (int number)

2505

3 switch ( number )

4 {

5 case DRIVER_COMMAND_INIT:

6 _slotProvider = SlotProvider.getInstance();

7 _slotProvider.Initialize();

8 return 1;

9

10 case DRIVER_COMMAND_CREATE_DRIVER:

17 _activeVehicle.Initialize (_vehicles, _slotProvider.Conf, "
vehicleconfig.xml");

12 return 1;

13

14 case DRIVER_COMMAND_KILL_DRIVER:

15 _activeVehicle.Destroy () ;

16 _vehicles.Remove ( _activeVehicle.Id );

17 return 1;

18

19 case DRIVER_COMMAND_MOVE_DRIVER:

20 _activeVehicle.RunWorldModel ( _time );

21 _activeVehicle.DetermineDrivingBehaviour ( _time );

22 return 1;

23

24 default:

25 return 0;

26 }

275

The siotProvider is initialized when the pRIVER_coMMAND_INIT command is called
(lines 5-8). This command is called only once, at the beginning of the simulation. The
vehicles are created and initialized when the DRIVER_COMMAND_CREATE_DRIVER command
is called (lines 10-12), as instances of the venicle class. They are stored as values
in a dictionary (_vehicles), with their corresponding unique identifiers provided by
VISSIM as keys, and are later destroyed and removed from the dictionary when the
DRIVER_COMMAND_KILL_DRIVER command is called (lines 14-17), corresponding to a vehicle
leaving the simulation. Finally, the desired steering, speed and acceleration of each

vehicle are computed when VISSIM calls the DRIVER_COMMAND_MOVE_DRIVER command,
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which in turn updates the world model and calls the peterminedrivingBehaviour ()
method of the respective vehicle (lines 19-22).

The time-stepped nature of the VISSIM simulation means that, at each time-step,
the DRIVER_COMMAND_MOVE_DRIVER command is called for each vehicle in the simula-
tion. The variable _activevehicle points to the vehicle for which the command was
called. The value of this variable is set during the call of priverModelSetvalue func-
tion preceding the move command, by retrieving the respective vehicle instance from
the _vehicles dictionary. Additionally, while calling the briverModelsSetvalue function,
VISSIM passes relevant data to the External Driver Model. For example, before mov-
ing the vehicle, VISSIM provides the External Driver Model information such as the
speed of the current vehicle and the relative position of neighbouring vehicles. When
the DRIVER_COMMAND_MOVE_DRIVER command is sent, the task of the external driver model
is to process the data provided by VISSIM into driving decisions. Finally, the computed
driving decisions are queried in DriverModelGetvalue by VISSIM. When moving a ve-
hicle, such driving decisions would include the desired speed and acceleration of the
vehicle, as well as any possible lane change.

The reminder of this section describes the implementation of the Slot Provider, used
to generate slots, as well as the implementation of slot-based driving by the Vehicle and

its subcomponents.

4.1.2 Slot Provider

The Slot Provider is responsible for generating the slots within which vehicles drive. Its
functionality is implemented by three classes: Slot, SlotProviderConfiguration and
SlotProvider. The relationship between these classes in shown in the class diagram
depicted in Fig. 4.3.

The slotDrivingLogic class represents the interface between a Vehicle and the Slot
Provider. A consequence of this design is that the communication between individual
vehicles and the Slot Provider is implemented using shared memory, meaning that the

communication will occur with no packet loss and minimal latency. The use of shared
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Fig. 4.3: Slot Provider Class Diagram

memory is made possible by the fact that the entire simulation runs on a single computer.
Consequently, for the purpose of this evaluation, the specifics of vehicular communication
are not taken into consideration. For the slot-based IVHS, the fact that vehicles are
always able to communicate with the infrastructure without the occurrence of any errors
means that manoeuvres that require vehicular communication to coordinate, such as
changing or swapping slots, are accomplished faster in the simulated environment than in
real-world conditions. The implementation can be adapted to account for communication
latency in real-world conditions by simply increasing the time/space available to perform

a certain manoeuvre.

The siot class represents an implementation of the slot model described in Chapter
3. An extract of the siot class is shown in Listing 4.3. The shared memory approach to
communication can be observed in the attributes of a slot, such as its occupancy status

(line 10) or the status of a proposed slot swap (lines 12-15). The slot () constructor
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(lines 17-28) is used by the Slot Provider to generate slots. The slots are defined by their
initial position (including the lane number), time stamp, base speed and length.
VISSIM dictates the global time used by the Slot Provider and all the Vehicles in
the framework. The current position of a slot can be computed by a vehicle using the
current time, the slot’s initial position and timestamp, and the predefined behaviour
(speed and trajectory profile over time). Note that this behaviour is not specified in the
slot model’s implementation. Instead, for coding convenience, the slot behaviours for

each scenario are encoded in the Slot Driving Logic.

Listing 4.3: Extract from Slot.cs showcasing the slot model

1 public class Slot

23w

3 private double _positionXcoordinate;

4 private double _positionYcoordinate;

5 private double _timeStamp; //created using the time from the VISSIM
simulation

6 private double _speed;

i private double _length; //width is irrelevant here, the slot is as
wide as the lane

8 private int _laneNr;

9

10 private Boolean _isOccupied; //is the slot currently occupied by a
car

11 //when a vehicle currenttly driving in a different slots wants to swap
to this slot (currently occupied)

12 //it sets this value to point the vehicle’s current slot

13 private Slot _proposedSlotSwap;

14 //when a vehicle accepts a proposed slot swap it sets the value of
this o ktsicurrent slok

15 private Slot _confirmedSlotSwap;

16

17 public Slot ( double timeStamp, int laneNr, SlotProviderConfiguration
COTE)

18 {

19 //determine initial X coordinate

20 _positionXcoordinate = conf.DeterminelInitialXCoord() ;

21 //emulate Y coordinate, not relevant for current implementation

22 _positionYcoordinate = laneNrx2-1;

23 _timeStamp = timeStamp;

24 _speed = conf.SlotSpeed;

25 _length = conf.SlotLength;

26 _laneNr = laneNr;

27 _isOccupied = false; //at the time or creation no slot is occupied

28 }

2070

The Slot Provider is implemented as a singleton in the siotProvider class. An ex-

tract from this class is shown in Listing 4.4. It showcases the attributes and methods
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relevant for the creation (lines 19-25) and update (lines 27-38) of the slot map. The
SlotProviderConfiguration class (lines 1-9) encodes the slot formation as well as the
algorithm that specifies the slot behaviour that will be used in the respective scenario.
This configuration is loaded from an external file, allowing it to plug-in different slot
formations and behaviours without having to modify the source code. The correspond-
ing slot map is encoded in the form of an array of linked lists, with each linked list
corresponding to a lane in the freeway. The step() method updates the slot map at

each time-step according to the slot formation.

Listing 4.4: Extract from SlotProvider.cs showcasing the slot map generation

1 public class SlotProviderConfiguration

204

3 double _slotGenerationFrequency;

4 double[] _headwayOffsets;

5 double[] _phaseLengths;

6 double _algorithmID;

T double _slotSpeed;

8 double _slotLength;

g}

10

11 public class SlotProvider

12)

13 private Slot newSlot;

14 private LinkedList<Slot>[] _linkedListOfSlotsOnLanes;

15 private Boolean _wasPreviousSlotLeader;

16 private SlotProviderConfiguration _conf;

1 private double _lastSlotGenerationTimestamp;

18

19 public void Initialize()

20 {

21 for (int i = 0; i < _linkedListOfSlotsOnLanes.Length; i++)

22 {

23 _linkedListOfSlotsOnLanes[i] = new LinkedList<Slot>();

24 }

25 }

26

27 public void Step (double time)

28 {

29 //generate new slots for each lane only when the time has changed

30 //and at intervals of _conf.SlotGenerationFrequency seconds

31 if (time!=_lastSlotGenerationTimestamp && time != 0 && (time %
_conf.SlotGenerationFrequency == 0))

32 {

33 _lastSlotGenerationTimestamp = time;

34 for (int i = 0; i < _linkedListOfSlotsOnLanes.Length; i++)

35 {

36 newSlot = new Slot (time+_conf.HeadwayOffsets[i], 1 + 1,

iconf);
37 _linkedListOfSlotsOnLanes[i] .AddFirst (newSlot) ;
38 }
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39 }
40 }
PRSI,

The slot information is queried by vehicles directly from the Slot Provider through a
vehicle’s Slot Driving Logic, rather then being available locally. Since shared memory is
used to pass data between components, this decision is made to simplify the implemen-
tation and has no further impact on the accuracy of the simulation. The siotProvider
provides a set of helper methods used to query the slot map. These methods, shown
in Listing 4.5, are used by vehicles during slot-based driving to determine a target slot,
change the current slot or swap slots with an adjacent vehicle, and represent implemen-

tation of the respective mechanisms described in Section 3.4.

Listing 4.5: Extract from SlotProvider.cs showcasing the query methods

public Slot getFirstSlotForLane (int laneNr)
{

return _linkedListOfSlotsOnLanes([laneNr-1].First.Value;
}

public Slot getSlotInFront (Slot currentSlot)
{
if (currentSlot == null)
return null;
10 return _linkedListOfSlotsOnLanes[currentSlot.LaneNr - 1] .Find/(
currentSlot) .Next.Value;

© 0 N O W N =

TRk

13 public Slot getSlotInTheBack (Slot currentSlot)
14 ]

15 if (currentSlot == null)
16 return null;
12 return _linkedListOfSlotsOnLanes[currentSlot.LaneNr - 1] .Find(

currentSlot) .Previous.Value;
LR

20 public Slot getSlotAheadOfMe (double posRelativeToVISend, int myLaneNr,

double time)
P, S |
22 Slot currentSlot = getFirstSlotForLane (myLaneNr) ;
28 while (posRelativeToVTSend > (time - currentSlot.TimeStamp) =
currentSlot.Speed)
24 {
25 currentSlot = getSlotInFront (currentSlot);
26 }
27 return currentSlot;
28}
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Fig. 4.4: Interaction between the individual components of a vehicle

4.1.3 Vehicle

Each Vehicle is responsible for performing slot-based driving, using local information it
receives from VISSIM through the Driver Model as well as slot information it queries from
the Slot Provider. The Vehicle components achieves this together with three other sub-
components: World Model, Slot Driving Logic and Control. The interaction between
these components, as well as the interaction with the Slot Provider, is shown in the

sequence diagram depicted in Fig. 4.4.

The local information from VISSIM is forwarded by the priverModel and stored by

the vehicle. When the DriverModel receives a move command from VISSIM, it asks
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the venicle to update its WworldModel. The WorldModel processes the lower-level local
information stored by the vehicle and makes the obtained higher-level local information

(e.g. distance to the first vehicle ahead) available to the siotDrivingLogic.

After the worldModel is updated, the briverModel asks the vehicle to determine its
driving behaviour for the next time step, i.e. determined it’s desired speed, acceleration,
steering and target lane. This request is accomplished by the siotDrivingLogic, which
uses the higher-level local information in the worldModel in combination with the slot
information it queries from the siotProvider to make high-level driving decisions, such
as selecting a target slot to move into, changing or swapping slots. These decisions
are then processed by the control component into low-level vehicle control instructions,
such as desired speed, acceleration, steering and target lane. The control instructions
are then stored in the venicle and retrieved by the priverModel. VISSIM then uses this

information to move each vehicle in the simulation.

The class diagram depicted in Fig. 4.5 shows the implementation of these compo-
nents as classes, and the relationship between them. The venicleConfiguration class is
used to model and store scenario-specific static attributes shared by all vehicles in the
simulation, such as maximum speed and acceleration, radar range and others. The vrs
class represents a subcomponent of the Slot Driving Logic that isolates the implemen-

tation of the VTS algorithm from the scenario-specific slot driving.

Each vehicle in VISSIM is represented by an instance of the vehicle class. An
extract of the vehicle class is shown in Listing 4.6. It stores local information received
from VISSIM (lines 9-14), as well as control instructions (lines 16-17) which are used
by VISSIM to move the corresponding vehicles in the simulation. Furthermore, it is
characterised by the following attributes: an instance of SlotDrivingLogic (line 19),
which handles slot-based driving aspects; an instance of worldModel (line 20), which fuses
information about the surrounding environment and provides methods for querying this
information; and an instance of control (line 21), which handles the low-level aspects
of vehicle control. The remainder of the code extract shows how a vehicle instance is

created (lines 23-27) and initialised (lines 29-39), as well as the implementation of the
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Fig. 4.5: Vehicle class diagram

DetermineDrivingBehaviour () (lines 41-44) and RunworldModel () (lines 46-49) methods,

which are called by the priverModel when VISSIM sends it a move command.

Listing 4.6: Extract from Vehicle.cs

1 public class VehicleConfiguration

2

3 double _radarRange,_maxSpeed,_minSpeed,_acceleration,_deceleration;
4

5

6 public class Vehicle

e

8 //information from VISSIM

9 public int Id { ‘get; set;'}

10 public int Currentlane { get; set; }

11 public double ElapsedDistance { get; set; }

12 public double XCoordinate { get; set; }

13 public double YCoordinate { get; set; }

14 public List<NeighbourVehicle> Neighbours { get; set; }
15 //information for VISSIM
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16 public double DesiredVelocity { get; set; }

17 public int RelativeTargetLane { get; set; }

18

19 private SlotDrivingLogic _vehicleBehaviour;

20 private WorldModel _worldModel;

21 private Control _control;

22

23 public Vehicle ()

24 {

25 _worldModel = new WorldModel () ;

26 _control = new Control();

27 }

28

29 public void Initialize(SlotProviderConfiguration spconf, string
configfile)

30 {

31 _worldModelWrapper.Initialize (this);

32 VehicleConfiguration vehConf = VehicleConfiguration.Deserialize (

configfile);

33 _driving.Initialize(this, vehConf);

34 if (spconf.AlgorithmID==LMAConstants.ALGORITHM_ID_LMA)

35 {

36 _vehicleBehaviour = new SlotDrivingLogic (spconf, vehConf);

37 _vehicleBehaviour.Initialize (_worldModel, _control);

38 }

39 }

40

41 public void DetermineDrivingBehaviour (double time)

42 {

43 _vehicleBehaviour.DetermineVehicleActions (time) ;

44 }

45

46 public void RunWorldModel (double time)

47 {

48 _worldModelWrapper.Update( time );

49 }

50 }

The abstract class slotDrivingLogic implements the basic slot-based driving func-
tionality. A code extract from the SlotDrivingLogic class is shown in Listing 4.7. The
information from VISSIM regarding the current state of the vehicle and its neighbours
is stored in the worldModel instance (line 3), and updated at each time-step. When the
DetermineVehicleActions () method (line 28) is called, the siotbdrivingLogic uses the
local information, combined with the slot information it queries from the Slot Provider,
to make high level driving decisions. These high level driving decisions result in a
_targetsSlot in which the vehicle should drive. The performvrs() method (lines 30-33)
shows how the vTs subcomponent of the siotDrivingLogic, represented by the _vts

attribute (line 6), is used to determine the initial _targetsiot. Finally, the _control
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attribute (line 4) of the siotDrivingLogic class represents an instance of the control
class, and is used to transform these high-level decisions into low-level vehicle control
data, such as desired speed, acceleration and target lane. This data is used by VISSIM

to move the vehicle in the simulation.

Listing 4.7: Extract from SlotDrivingLogic.cs showcasing the basic functionality

1 public abstract class SlotDrivingLogic

e

3 protected WorldModel _wm;

4 protected Control _ac;

5 protected VehicleConfiguration _vehConf;

6 protected VTS _vts;

7 protected Slot _targetSlot;

8 private static SlotProviderConfiguration _spConf;

9

10 public SlotDrivingLogic (SlotProviderConfiguration spconf,
VehicleConfiguration vehconf)

11 {

12 _vehConf = vehconf; //for a heterogenous set of vehicles

13 _vts = new VTS (_vehConf);

14 if (_spConf==null)

15 {

16 _spConf = spconf;

17 }

18 }

19

20 public void Initialize (WorldModel wm, Control c)

21 {

22 _wWm = wm;

23 Laen=c

24 _targetSlot = null;

25 _wte.Initialize( wn, _ac):

26 }

27

28 void DetermineVehicleActions (double time);

29

30 void performVTS (double time)

31 {

32 _targetSlot = _vts.Perform(time);

33 }

343

The basic slot-driving functionality implemented by the siotbrivingLogic is shown
in Listing 4.8. Here, the implemented utility methods for moving into an empty slot
(lines 1-7) and swapping slots with another vehicle using a three-way handshake (lines
9-35) are shown. These utility methods are made available to be used within the
DetermineVehicleActions () method implemented by the concrete subclasses specific to

each scenario. As such, creating a scenario-specific subclass is simply a matter of com-
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bining these methods according to the slot behaviour and scenario-specific optimisations
reflected through slot changing and swapping. To simplify the implementation, the slot
behaviour specific to each scenario was encoded within the beterminevehicleActions ()
method, rather than communicated by the Slot Provider as specified by the slot model
in Chapter 3.

Listing 4.8: Extract from SlotDrivingLogic.cs showcasing changing slots

1 protected void moveToEmptySlot (Slot newTargetSlot)
2051

3 //no risk of race conditions due to the segential nature of VISSIM
4 _targetSlot.IsOccupied = false;

5 _targetSlot = newTargetSlot;

6 _targetSlot.IsOccupied = true;

T,

8

9 protected void initiateSlotSwap (Slot newTargetSlot)
1044

11 if (newTargetSlot.ProposedSlotSwap == null)

12 newTargetSlot.ProposedSlotSwap = _targetSlot;

TR}

15 protected void acceptSlotSwap ()
16t

17 if (_targetSlot.ProposedSlotSwap != null)

18 {

19 Slot tmpSlot = _targetSlot.ProposedSlotSwap;

20 _targetSlot.ProposedSlotSwap.ConfirmedSlotSwap = _targetSlot;
21 _targetSlot.ProposedSlotSwap = null;

22 _targetSlot = tmpSlot;

23 }

O

26 protected void acknowledgeSlotSwap ()

Bl

28 if (_targetSlot.ConfirmedSlotSwap != null)

29 {

30 Slot tmpSlot = _targetSlot.ConfirmedSlotSwap;
31 _targetSlot.ConfirmedSlotSwap = null;

32 _targetSlot = tmpSlot;

83 return;

34 }

3580}

The VTS algorithm, introduced in Chapter 3, is performed by each vehicle at the
beginning of each scenario. An extract from the vrs class, which provides the implemen-
tation of this algorithm within VISSIM, is shown in Listing 4.9. This extract showcases
the procedure of getting into an empty slot. Based on the position of a vehicle relative

to the vehicle ahead as well as the end point of the VTS, a vehicle’s control performs
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one of the following:
e accelerate to maximum speed to break potential vehicle clusters (line 26)

e control the speed to be at exactly one inter-slot headway behind vehicle in front

(line 38)

e move into the first slot ahead (lines 30 and 43)

Listing 4.9: Extract from VTS.cs showcasing getting into an empty slot

1 public Slot Perform(double time)

2

3 if (_targetSlot == null)

4 {

5 _targetSlot = determineSlot (time) ;

6 }

7 if (_targetSlot != null)

8 {

9 GetIntoSlot (SlotUtils.currentPositionOfSlot (_targetSlot, time) -
_wm.GetCoordinates () .X, time);

10 _targetSlot.IsOccupied = true;

11 }

12 return _targetSlot;

18 )

15 Slot determineSlot (double time)
167 =

17 Slot tSlot!= null;

18 _wm._vehicle.ActiveLaneChange = 0; //don’t change lanes during VTS

19 _wm._vehicle.DesiredLaneAngle = 0;

20 //if car can’t sense a vehicle ahead

21 if (_wm.GetDistanceToVehicleAhead() >_vehConf.RadarRange)

22 {

23 if (_vtsEndPosition - _wm.GetCoordinates().X >
_minDistanceToGetIntoSlot)

24 {

25 //no car ahead and enough space to get into a slot, get to max

speed

26 _ac.SetTargetSpeed (_vehConf .MaxSpeed) ;

27 }

28 else

29 {

30 tSlot = _slotProvider.getSlotAheadOfMe (carSlotPosition(), _wm.

GetLaneNr (), time);

31 }

32 }

33 else

34 {

35 if (_vtsEndPosition - _wm.GetCoordinates () .X >
_minDistanceToGetIntoSlot)

36 {

37 //still enough space to get into a slot so maintain or close

the gap
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38 createInterSlotGap (_wm.GetDistanceToVehicleAhead());

39 }

40 else

41 {

42 //need to get into a slot now, the firs slot ahead is free

43 tSlot = _slotProvider.getSlotAheadOfMe (carSlotPosition(), _wm.
GetLaneNr (), time);

44 ¥

45 }

46 return tSlot;

473

The remaining subcomponents of the Vehicle, represented by the worldModel and
control classes, are simply modelled after the way in which VISSIM send and receives
data from the External Driver Model. No further description of these is provided as

they are specific to VISSIM.

4.1.4 Summary

This section provided a general description of the framework developed for evaluating
the slot-based IVHS. As can be observed from the above paragraphs, the implementation
is specific to the VISSIM traffic simulator. While some aspects such as vehicles dynamics
are considered in the implementation of slot-based driving, others such as sensing and
communication errors are not. The goal of this implementation is not to demonstrate
how slot-based driving would be implemented in the real-world but rather to provide a
framework in which the impact of slot-based driving on traffic can be evaluated.

The code extracts shown in the above paragraphs are part of the entire code base of
the framework and have been selected to showcase the design employed in building an

evaluation framework around VISSIM’s external driver model.

4.2 Case Studies

The slot-based IVHS aims at fulfilling four requirements: scalability, flexibility, effi-
ciency and reliability. As argued in Chapter 3, the hybrid architecture of the proposed
system, based on the slot abstraction, explicitly addresses the scalability and flexibility

requirements. This section discusses the efficiency and reliability of the system. For this
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purpose, efficiency is measured using two performance metrics:

e Throughput, measured as the number of vehicles that travel during the course of

an hour through a freeway section.

e Average delay, measured as the difference between the average travel time and the
ideal travel time on a freeway section (i.e. the time required by a single vehicle to

travel the respective section with no other vehicles around)
while reliability is measured using:

e Standard deviation of delays across repeated measurements of the same scenario

using a random seed

Using the evaluation framework described in the previous section the throughput, av-
erage delay and standard deviation of average delay are measured for slot-based driving.
The results are than compared against those obtained for human drivers as emulated
by VISSIM’s “Wiedemann’99” model, which has been used extensively to model driver
behaviour on freeways (Moen et al., 2000; Bloomberg and Dale, 2000; Fellendorf and Vor-
tisch, 2001; Park and Schneeberger, 2003; Gomes et al., 2004; Chitturi and Benekohal,
2008).

The remainder of this section is organised as follows: Section 4.2.1 describes the
testbed used for running the simulations, including the vehicle and slot model param-
eterisation. The efficiency of the VTS algorithm is then discussed in Section 4.2.2,
followed by an evaluation of the scenario-specific heuristics proposed in Chapter 3 with
respect to their efficiency (Sections 4.2.3 and 4.2.4) and reliability (Section 4.2.5). The

chapter is concluded by a discussion of the evaluation results.

4.2.1 Testbed

The simulations were performed using a single workstation, equipped with an Intel
Core i7 CPU with 4 cores running at a clock speed of 2.93GHz and 8 GB of RAM.
The evaluation framework uses VISSIM 5.20 and runs on a 64-bit version of Microsoft

Windows 7.
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All vehicles in the simulation have identical dynamics, in line with the system model
described in Chapter 3. The desired speed of manually-driven vehicles as well as the base
speed of all slots across all case studies were set at 30m /s, which is a reasonable estimate
of the average free-flow speed on freeways based on the data provided by the Highway
Capacity Manual (2012). The acceleration that can be achieved by a vehicle at any time
is constant at 4m/s? ( typical of higher-end vehicles), while the deceleration is constant at
-6m/s? (which would be experienced as fairly hard braking). These rather extreme values
for acceleration and deceleration were chosen to reduce the time required for manoeuvres
such as getting into a slot or changing slots, thereby reducing the overall size of the road
model required to simulate these manoeuvres in VISSIM. A more realistic acceleration
model does not affect the feasibility of slot-based driving and simply requires the slot
behaviours and transition periods to be adapted accordingly. The maximum speed a
vehicle and thus a slot can achieve was set to a conservative 40m/s, while the average
inter-vehicle headway was set to 1.5s, which is typical of high-demand traffic. The slot
length is set at 5m, which is slightly larger than the length of a personal vehicle in
accordance with the car model used by VISSIM, and is shared by all slots across all case
studies. Finally, an inter-slot headway of 1s is used across all case studies, corresponding

to a capacity of 3600 slots/lane/hour.

In the design chapter, the vehicle model was limited to personal vehicles with identical
driving capabilities and geometries. Since the slot model is designed to match the vehicle
model, this raises the question of whether the slot-based approach can be applied to the
more general case of heterogeneous vehicles with different dynamics and geometries. As
argued in the previous paragraph, the slot model is flexible with respect to the driving
capabilities of a vehicle. However, the fixed geometry of a slot, and in particular the
length of a slot (set to 5m, i.e. slightly larger than the typical length of a personal
vehicle), is not large enough to encompass all types of vehicles, such as buses or trucks.

This is clearly a problem, as slot-based driving assumes vehicles are driving within slots.

To study the effects of vehicle length on slot-based driving, the simplified vehicle

model — described in Chaper 3 — was extended to include vehicles with a length
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of over 10m. For this purpose, the VISSIM Heavy Goods Vehicle (HGV) model was
used. The scope of this was to study the effects of vehicle length, rather than other
dynamic aspects such as weight or engine power. To isolate the effect of vehicle length,
the VISSIM HGV model was modified to use the same vehicle dynamics (maximum
speed and acceleration profile) as personal vehicles. The case studies presented in the
following paragraphs describe how slot-based driving was adapted to account for HGVs
in the respective scenarios.

Finally, because the evaluation is performed using a traffic simulator, slot-based
driving cannot be evaluated using semi-autonomous vehicle control, as the behaviour
of human driving assisted by the vehicle cannot be simulated in a realistic fashion. As

such, only fully autonomous slot-based driving is evaluated.

4.2.2 Moving Vehicles into Slots

One of the four requirements addressed by the design of the slot-based driving system
is flexibility. As shown in Chapter 3, core to the flexibility of the slot-based IVHS is the
ability to enforce slot-based driving only when traffic conditions on the freeway are such
that the free flow is under threat. This on-the-fly switch from manual, human driving,
to slot-based driving, is achieved through the VTS algorithm, described in Section 3.4.
The VTS algorithm must be employed, at the latest, when traffic demand is nearing the
capacity of human drivers on the respective freeway section.

The VTS algorithm uses slots that are large enough to encompass a personal vehicle
but not large enough to encompass a HGV. Since increasing the size of the slots so that
they can encompass HGVs would result in a large amount of unused freeway space, the
VTS was adapted to cater for HGVs by allowing them to occupy two consecutive slots.
Vehicles that are located directly behind a HGV detect that the vehicle ahead is a HGV,
which will occupy two slots instead of just one, and adapt their target slot accordingly.

It is essential that the VTS algorithm achieves an efficient transition of vehicles to
slots and does not in itself cause a bottleneck. While the Slot Provider generates slots

with an inter-slot headway lower than the current average inter-vehicle headway (for
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this evaluation 1s and 1.5s respectively), a bottleneck can still occur when clusters of
vehicles driving close to each other arrive at the beginning of the transition. The VTS
algorithm specifically addresses these situations by covering any empty gaps ahead of
a vehicle during the transition period. The effect of this is a more even distribution of

traffic that helps break out vehicle clusters.

For the purpose of this evaluation, a three-lane freeway section with a length of
2500m is used, at the end of which vehicles will be driving in slots. A longer road
section is not needed due to the fact that vehicles driving in slots at a constant speed
cannot have an impact on upstream traffic. When choosing the length of the freeway

section, the same thinking applies to all other scenarios evaluated in this thesis.

Vehicles enter the freeway travelling at a desired speed averaging approximately
30m/s, and are controlled, during the first 300m, by VISSIM’s human driver emula-
tion. When slot-based driving is employed, the next 2200m are used for transitioning
from manual to slot-based driving. Knowing the maximum vehicle speed of 40m/s, the
constant acceleration of 4m/s?, and the constant slot speed of 30m/s, and assuming a
vehicle enters the transition period driving at 30m/s and the space ahead of it is free
of any vehicles, this vehicle can reach the end point of the transition approximately
540m ahead of a slot entering the transition period at the same time. Knowing the
length of a slot is 5m and the inter-slot headway is 1s, this means that at a maximum
a vehicle can pass 15 empty slots during the transition period. For vehicles driving in
close formations, this means that during the 2200m of transition, the VTS algorithm
can accommodate a maximum cluster size of 15 vehicles without causing a bottleneck,
assuming that there are no other vehicles 540m ahead of this cluster. While such uneven
distributions of traffic are unlikely, especially in free flow conditions, this analysis shows
that a transition length of 2200 is large enough to break clusters of average sizes, while

in the same time small enough to make its employment feasible.

To determine the impact of the VTS algorithm on traffic, the throughput achieved
on a three-lane freeway section was measured in a scenario where the VTS algorithm

is applied. This was then compared against the throughput achieved by human drivers
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(simulated by VISSIM) on the same road, without applying the VTS algorithm. The
evaluation is performed using a penetration rate of HGVs of 0%, 10% and 20% of the
total number of vehicles. According to the Highway Capacity Manual (2012), the av-
erage penetration of HGVs on freeways is currently around 10%, meaning that these
penetration rates represent best-case, average-case and worst-case scenarios. Combined,
this results in 6 different test cases. Each test case received 10 VISSIM simulation runs
using a random seed. The results shown in Fig. 4.6 represent the average throughputs

over the 10 simulation runs for each of the 6 cases.
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Fig. 4.6: Manual vs. VTS throughput on a three-lane freeway section

For the case with no HGVs, the average throughput achieved by human drivers over
the three lanes is approximately 6150 pc/h (or 2050 pc/h/In), which closely resembles
the typical freeway capacity values specified by the Highway Capacity Manual (2012).
When HGVs are introduced in the simulation, their presence has a negative impact on
the throughput achieved. Nevertheless, the most important observation that can be
made here is that the VTS algorithm outperforms the manual drivers, independently of
the HGV penetration rate. This shows that the VTS algorithm does not cause a bot-
tleneck when applied in heavy-traffic conditions and thus performs an efficient mapping
of vehicles to slots. Note that the higher throughput achieved by the VTS compared

to manual drivers is due to its strategy of breaking vehicle clusters by having individ-
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ual vehicles accelerate into empty spaces ahead. Furthermore, since the VTS scenario
includes an initial phase of manual driving followed by a transition from manual to slot-
based driving, the overall throughput achieved by the VTS is limited by the throughput
achieved by human drivers during this initial phase, rather than the transition to slots.
The experiments described in the remainder of this chapter show that, by merging ve-
hicles into empty slots at on-ramps, slot-based driving can achieve an overall higher

throughput than that achieved by the VTS algorithm alone.

4.2.3 Lane Merging

As seen in Chapter 3, a sudden reduction in capacity caused by road works or accidents
represents one of the main causes of congestion on freeways. The algorithm proposed
in Section 3.5.1 deals with such cases by performing a merging from m to n lanes using
slot-based driving. To evaluate the efficiency of slot-based driving in such a situation, a
bottleneck scenario was set-up in VISSIM in the form of a three-lane freeway segment
merging into a two-lane segment. This capacity drop from three to two lanes can be
caused by either road works or accidents and creates a bottleneck which, under high
traffic conditions, will cause congestion. In this scenario, the lane merging algorithm is
preceded by the VTS transition. Follower vehicles close the gap to leader vehicles to a
headway of 0.5s, leaving a headway of 1.5s between the follower and the next leader. At
a slot base speed of 30m /s this represents a gap of 45m, which is large enough for two
personal vehicles with a length of 5m to move into.

In this VISSIM model, vehicles join the highway at the beginning of a three-lane
section, which is 2500 meters long. This section then merges into a 235 meters long two-
lane section. The length of the three-lane section was chosen to sufficiently accommodate
both the transition to slots performed by the VTS algorithm as well as the merging
procedure performed by the lane merging algorithm. When vehicles join the freeway,
their behaviour is controller by the Wiedemann ’99 driver model. After 300 meters, the
VTS algorithm takes control. Based on empirical evidence from previous experiments,

a length of 1200 meters was this time deemed sufficient for accommodating the VTS
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Fig. 4.7: Delay for 3-to-2 lane merging with no HGVs

algorithm. 1500 meters after joining the highway, vehicles start the LMA procedure,
which is easily accommodated, given the vehicle and slot model parameters, over a 1000
meters-long stretch of the freeway.

The efficiency of the LMA was evaluated under increasing demand conditions. Slot-
based driving was evaluated against VISSIM’s Wiedemann '99 driver model, using the
average delay as a performance metric. For the bottleneck scenario, a high delay is also an
indicator that congestion has formed and therefore the throughput has dropped. Initially,
all vehicles in the simulation are personal vehicles with identical capabilities. The average
delay of human drivers and slot-based driving are compared as the incoming demand of
traffic is gradually increased in the following simulation runs. The demand is initially
set at 500 vehicles/hour, representing low traffic conditions, and increased at each new
simulation run with an additional 500 vehicle/hour until a demand of 6000 vehicles/hour
is reached, which represents the upper bound as it is limited by the throughput of the
VTS algorithm over three lanes, as seen in Section 4.2.2. This results in 12 simulation

runs, each with the duration of 1 hour of simulation time. The results of this evaluation
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are shown in Fig. 4.7.

Even at relatively low-traffic conditions, slot-based driving outperforms human drivers.
This is partially due to the nature of the VTS algorithm, in which vehicles attempt to
close empty gaps ahead by accelerating to their maximum speed and maintaining this
speed until they either sense another vehicle ahead or they approach the end of the VTS
transition, leading to an overall higher average travel speed on the respective freeway
section. However, as the demand is increased and traffic becomes more dense, these
situations occur more rarely and the average speed converges towards that exhibited by
human drivers. Nevertheless, the difference in average delay continues to increase, with
slot-based driving clearly outperforming human drivers. A dramatic increase in delay for
human drivers can be observed between 3500 and 4000 vehicles/hour. The explanation
for this is that as traffic demand nears the capacity of the two-lane section, the effects of
the inefficient merging performed by human drivers are amplified, eventually leading to
congestion which is reflected by an increased average delay from a relatively low 6.3s to
20s which represents an increase of over 300%. Once congestion arises, any increase in
demand leads to an exponential increase in delay experienced by human drivers. These
delays of over 100s cannot be captured meaningfully and are therefore not shown in Fig.
4.7. By comparison, the delay experienced by slot-based driving is relatively stable in
the face of increased demand, increasing steadily to reach 4s by the time the maximum

observed throughput of the VT'S over three lanes is reached, as seen previously.

Slot-based driving relies on the idea that a virtual slot surrounds each vehicle. Be-
cause the LMA merges slots in the empty space between two other slots, the notion of
slot length is particularly critical. In Section 4.2.2, we have seen how the VTS algorithm
was adapted to accommodate HGVs. While the size of the slot was kept to m, the
VTS was modified to map HGVs to two consecutive slots. During the LMA, consecu-
tive slots on a lane might find themselves on different lane, as dictated by the merging
procedure. The only exception are the slots on the rightmost lane. As such, the LMA
can be adapted by first constraining HGVs to the rightmost lane. Furthermore, because

vehicles moving from the second into the first lane do so between a follower slot located
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Fig. 4.8: Delay for 3-to-2 lane merging with 10% HGVs
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Fig. 4.9: Delay for 3-to-2 lane merging with 20% HGV
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directly in front and a leader slot located directly at the back of the merging vehicle, to
avoid vehicles attempting to move in between two slots occupied by a HGV, the first of
the two consecutive slots occupied by a HGV must be a leader slot. This means that the
space available for a HGV is equal to the sum of the two slot lengths plus the inter-slot
space. Given a slot length of 5m, a base slot speed of 30m/s and a reduced inter-slot
headway between a follower and a leader slot of 0.5s, this results in 25m available for

HGVs, which is large enough to fit even the largest HGVs?.
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Fig. 4.10: Impact of HGVs on the lane merging algorithm

To evaluate the impact of HGVs on slot-based driving, the same simulations were
repeated using a 10% and 20% penetration rate of HGVs. The results of this evaluation
are shown in Fig. 4.8 and Fig. 4.9 respectively, with the delay of human drivers compared
against the delay experienced by slot-based driving. Similarly to the previous evaluation,
slot-based driving clearly outperforms human drivers. For human drivers, an increase

of over 100% in delay is observed between 3000 and 3500 vehicles/hour for a 10% HGV

2Some exceptions exist, with some countries in Europe, as well as Australia, allowing HGVs as large
as 25.25m and 26m respectively, which would require a slight increase in the minimum headway used
during the lane merging algorithm
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penetration rate, while for a 20% HGYV penetration rate the delay increases by almost
150%. Just as in the case with no HGVs, from the point congestion arises any increase
in demand results in an exponential increase in delay for human drivers. Unlike human
driving, slot-based driving performs well for both 10% and 20% HGV penetration rate,
reaching a maximum delay of 7.2s and 7.3s respectively. Fig. 4.10 shows the impact
of HGVs on slot-based driving, where 10% and 20% HGVs penetrations are compared
against the case with no HGVs. The fact that the increase in delay when HGVs are
used is under 4s shows that the impact of HGVs on slot-based driving is rather minimal,

demonstrating the flexibility of the slot-based approach.

4.2.4 On-ramp Merging

Out of the main causes of congestion presented in Chapter 3, recurring congestion caused
by high traffic demand, commonly known as “rush hour” traffic, is responsible for ap-
proximately half of the total congestion. In Chapter 3, an on-ramp merging heuristic
was proposed, followed by a discussion on how the slot formation used impacts on the
ability of vehicles to exit the freeway. The following paragraphs discuss the performance
of the aforementioned heuristic using the chessboard formation. For this purpose, the
road model initially considers no exit ramps. This is later extended to include an exit-
ramp in the vicinity of the on-ramp. Unlike the previous scenarios, in this scenario the
vehicle model does not include HGVs, as they do not complicate the merging procedure

and their impact on throughput is already known from Section 4.2.2.

On-ramp merging without considering exit ramps

In this scenario, the road model only consists of a three-lane freeway section followed by
a four-lane on-ramp section. The on-ramp merging procedure, described in Chapter 3,
is shown again in Fig. 4.11, for the sake of completeness. The main road of the freeway
has a total length of 3000m. Similarly to the previous scenario, the first 1500m are
used by the VTS algorithm to allow vehicles to transition to slot-based driving. When

inter-vehicle cooperation is employed, the second part of the road before the on-ramp
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is used by vehicles to move into free slots located to the left front of the current slot, if
such slots are available. At 2600m, the main road merges with the on-ramp. The length
of the on-ramp’s acceleration lane is 180m, which is the default value suggested by the
Highway Capacity Manual (2012). The RSU is located at 300m from the merging point
and only assigns on-ramp vehicles with empty slots which are located further away from
the merging point than the RSU, at the time of the assignment. The ramp length of
180m is larger than the 112.5m required by a vehicle to accelerate from virtual standstill
to 30m /s, which represents the speed of the main road slots. Furthermore, the minimum
120m distance between the assigned slot and the on-ramp vehicle ensures that, during
the 7.5s required by the vehicle to accelerate to 30m/s, the slot cannot overtake the

vehicle.

(a) Vehicle asks the RSU for a free slot

(c¢) Vehicles moves into the original slot

Fig. 4.11: On-ramp merging

A centralized approach based on V2I, described in Chapter 3, was used to implement

the inter-vehicle cooperation, due to its relatively simple implementation within the sim-
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ulation environment. The slots are generated by the Slot Provider using the chessboard
formation proposed in Chapter 3 with a headway of one second. The chessboard pattern
is achieved by generating slots on odd lanes with a timestamp that is 0.5 seconds earlier
than that of their counterparts on even lanes. The Slot Provider communicates the slot
information to the vehicles and marks slots as free or occupied when vehicles move out of
or into slots. For the on-ramp merging scenario, the Slot Provider performs the task of
the RSU and assigns free slots on the first lane to on-ramp vehicles entering the freeway.

The slot-based merging algorithm was evaluated with and without the optimisation
proposed in Chapter 3, which involves vehicles moving into free slots located to the
left-front of the their current slot in order to free-up slots on the rightmost lane for
on-ramp vehicles. The results of slot-based driving with and without this optimisation
are compared against those of human drivers as simulated by VISSIM.

The efficiency of merging is evaluated with respect to:

e Throughput: the number of vehicles that merge from the on-ramp into the main

road within an hour;

e Delay: the average delay experienced by vehicles on the on-ramp;

under:

e Medium traffic conditions: main road demand of 3600 vehicles/hour;

e Heavy traffic conditions: main road demand of 4700 vehicles/hour.

The throughput on the on-ramp was measured for human drivers as well as slot-based
driving with and without the optimisation provided by the cooperation of vehicles on the
main road. Each of these three was evaluated under medium and heavy traffic conditions.
The results of this evaluation are shown in Fig. 4.12. Under medium traffic conditions,
the slot-based driving without cooperation achieves a 41% increase in throughput when
compared to human drivers. Slot-based driving with cooperation performs better and
achieves a 106% increase in throughput compared to human drivers. The two algorithms
perform even better under heavy traffic conditions compared to human drivers: 230%

and 452% increase for slot-based driving without and with cooperation respectively.
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Fig. 4.12: Maximum on-ramp throughput

These results show that the throughputs achieved by both slot-based driving algo-
rithms clearly outperform the throughput of the merging performed by VISSIM’s emu-
lation of human drivers. As expected, cooperation between vehicles on the main road
has a positive effect and increases the throughput on the on-ramp. Furthermore, the
slot-based driving algorithms perform even better under heavy traffic conditions when
compared to human drivers. It is worth noting that heavy traffic causes a decrease of
on-ramp throughput across all three merging approaches when compared to medium
traffic. However, for human drivers the throughput under heavy traffic decreases by
64% when compared against medium traffic, compared to 17% and 4% for slot-based

driving without and with cooperation respectively.

The on-ramp delay was measured under medium and heavy traffic conditions on the
main road. Fig. 4.13 and Fig. 4.14 show the delay for human drivers, slot-based driving
and slot-based driving with cooperation under medium and heavy traffic conditions
respectively. The on-ramp traffic demand was gradually increased from 200 vehicles/hour
to 2000 vehicles/hour which corresponds to very heavy on-ramp traffic conditions. We
can observe that, for human drivers, the delay increases exponentially with respect to
the on-ramp demand. For the two slot-based driving algorithms the delay remains small
and slightly increases as the on-ramp demand increases. The traffic demand on the

main road increases the delay for human drivers but has very little effect on the other
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two approaches, thanks to the high throughput and efficient merging of the slot-based

approach.
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Fig. 4.13: On-ramp delay under medium traffic conditions on the mainroad

Note that in Fig. 4.14, the measured delay for 500 vehicles/hour is smaller than
the delay obtained for 400 vehicles/hour. This result shows that there are other factors
that can influence the manual merging procedure such as the distribution of vehicles
across both main road and on-ramp. For example, a cluster of vehicles on the main
road reaching the merging point at the same time as a cluster of vehicles on the on-
ramp can have a significant impact on the merging. This is not a problem for slot-based
driving since the VTS algorithm was designed to break-up such clusters when vehicles

are mapped to slots, as shown previously.

The impact of exit ramps on on-ramp merging

Given the nature of “rush hour” traffic, slot-based driving will possibly need to be

employed over a large portion of a freeway and not only bottleneck segments as was
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Fig. 4.14: On-ramp delay under heavy traffic conditions on the main road

the case in the lane merging scenario. This raises the issue of vehicles needing to exit
the freeway. This can be achieved using the slot-changing and slot-swapping procedures
presented in Chapter 3. Vehicles located on the left lanes change or swap slots in order
to move to the rightmost lane. Most commonly, exit ramps precede on-ramps. This has
a positive effect on the performance of the on-ramp merging procedure as more slots will
become free on the rightmost lane after the exit ramp. However, in the rather uncommon
case of an exit ramp located downstream, and at a relative close distance to the on-ramp,
this can have a negative effect on the performance of the on-ram<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>