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Abstract

Vehicles with different capabilities for automated driving will grad-
ually be deployed in road transportation systems over the coming
decades. Mixed traffic conditions may change the characteristics of
the traffic flow dynamics.

Microscopic traffic simulation is used for studying traffic flow dy-
namics in transportation systems. By simulating the interactions
between individual vehicles, effects caused by changes in the road
infrastructure, by road closures, or by the number and the types of
vehicles can be investigated. Impacts on traffic performance can be
analyzed in terms of travel times, travel time delays, queue forma-
tions, or vehicle throughput. To evaluate the impact of automated
driving on traffic performance using microscopic traffic simulation,
existing microscopic driving models need to be further developed to
describe automated driving.

The aim of this thesis is to investigate how to further develop
microscopic traffic simulation models for automated driving. In this
investigation, the aspects to consider in simulation experiments in-
cluding automated driving are identified. These aspects are the vehi-
cle system, the role of authorities, the role of the users, of the infras-
tructure, of connectivity features, and of the sensor-based perception
of the vehicles. A microscopic traffic simulation experiment showing
the possible effects on a motorway in terms of vehicle throughput and
travel delays is presented.

A conceptual model that describes how driving automation sys-
tems deal with the perception tasks is proposed. Future research
directions will focus on implementing this model for perception in
traffic simulation platforms and on the modeling of lateral tactical
maneuvers.
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Chapter 1

Introduction

The use of motorized vehicles was a defining feature of the 20" cen-
tury. It shaped societies, brought multiple benefits, and multiple
challenges for a sustainable development. While it enabled a more
unrestricted mobility of people and goods, it also created environ-
mental issues concerning air pollution, land use, and energy usage.
Another defining feature was, and still is, the rapid development of
electronics, and of computer and information technologies. Thanks
to the development of these technologies, many tasks and processes
are now possible to automate. Automation is desired for its potential
to improve efficiency, accessibility, and safety, for its potential to re-
duce operating costs, and to allow people to focus on more productive
tasks. The vision of automating processes within the transportation
system has existed for decades. It implies reducing the human input
to the processes involved both in the management of the system as
well as to the tasks involved in the driving activity.

Research on driving automation has been an area of growing in-
terest over the past decade. An early publication (Varaiya, 1993),
pointed out the implications of driving automation and the range of
driving functions that can be automated by decomposing them into
control tasks. The automation of the tasks would be enabled by a
combination of different technologies placed both in the vehicle and
in the road infrastructure. Over two decades later, uncertainties sur-
rounding the implications of driving automation are still in the process
of being answered and require further investigation. Some questions
that arise are to what extent the required technologies are ready to
enable automated driving, how the deployment of vehicles with these
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technologies will take place, whether the infrastructure is ready to
safely accommodate these vehicles, how other road users will adapt
to these vehicles, and how the transportation system will be altered
in terms of traffic efficiency and traffic safety.

The development of simulation tools has allowed to preemptively
address many challenges involved in managing and developing trans-
portation systems. Among these tools is traffic simulation. Micro-
scopic traffic simulation is used for transportation planning. It is
used to evaluate how changes in the infrastructure or in traffic control
strategies would affect the transport system, in terms of traffic jams,
queues, travel times, route choices, modal choices, etc. A main bene-
fit of traffic simulation is that it allows to evaluate different possible
scenarios in a safe environment and at a low cost. Traffic simula-
tion can be used to evaluate the potential impacts caused by driving
automation, and help plan for the deployment of vehicles capable of
automated driving.

Among the possible traffic simulation approaches, microscopic
traffic simulation provides a suitable platform to evaluate the effects
on traffic flow dynamics. Microscopic traffic simulation focuses on
the interactions between the different elements involved, i.e., vehi-
cles, other road users, and road infrastructure. It has been used to
assess how different driving styles affect road capacity, string stability,
and in later years to evaluate the effects of driving support systems on
traffic flow dynamics (Treiber and Kesting, 2013). The models used
in microscopic traffic simulation to describe these interactions, com-
monly referred to as microscopic models, include driving submodels
such as car-following and lane-changing models which describe hu-
man driving and are calibrated against real-world observations. In
order to describe automated driving microscopic models have been
modified focusing mainly on the car-following behavior and on the
expected capabilities of driving automation systems.

The aim of this thesis is to further develop microscopic traffic sim-
ulation models to include the different aspects involved in automated
driving. Existing microscopic driving models developed for human
driving may be suited for automated driving as longs as they are able
to describe the expected differences between automated and human
driving. Driving automation involves different technologies working
together and enable new applications like cooperative driving. Many
of these technologies are still rather new and have not yet been widely
deployed, if at all. This limits the possibility to use observations for



the calibration and the validation of any microscopic model for auto-
mated driving.

Realistic near-future scenarios including automated vehicles can
be investigated using traffic simulation as long as the tools are made
ready. The societal impacts that can be investigated using micro-
scopic traffic simulation are many: effects on traffic safety, environ-
mental effects in terms of fuel efficiency and emissions, and effects in
the traffic flow dynamics. These investigations will allow to anticipate
and mitigate potential negative effects, and to help catalyze potential
benefits of driving automation. The focus of this thesis is on the ef-
fects on traffic flow dynamics in motorway road environments during
the gradual deployment of automated vehicles. Motorways present
less complex environments compared to urban roads, and it might
be there where automated driving may first appear. The gradual
deployment of automated vehicles involves considering mixed traffic
scenarios, which include both automated vehicles and human-driven
vehicles at the same time. Automated driving is expected to grad-
ually improve, thus, another consideration is the existence of auto-
mated vehicles at different stages of development, which affects the
heterogeneity of vehicles present in mixed traffic conditions.

The following chapters provide a more detailed background for the
work presented in this thesis, which is structured as follows; chapter
2 presents a description of automated driving, the concepts and ter-
minology, and the expectations on the transportation system as a
consequence of driving automation. Chapter 3 presents an overview
of microscopic traffic simulation, microscopic models, and the com-
mon approaches to model automated driving in traffic simulations.
In chapter 4 the objective, method, delimitations, and main contri-
butions of this thesis are presented together with a summary of the
included papers and proposed future research directions.






Chapter 2
Automated driving

The development of vehicles fully capable of automated driving, i.e.,
automated vehicles, is at early stages but is expected to be further
developed over the coming years. Modern vehicles are equipped with
driver assistance systems that already provide a certain degree of driv-
ing automation. This chapter presents concepts and terminology used
in the field of driving automation, mostly proposed by the Society
of Automotive Engineers (SAE) in its Tazonomy and Definitions for
Terms Related to On-Road Motor Vehicle Automated Driving Sys-
tems (SAE International, 2021). Additionally, the expected impacts
of automated driving on the traffic flow dynamics is also presented.

2.1 Concepts and terminology

First and foremost, the term automated vehicle refers to a vehicle
capable of automated driving. Other terms commonly found in the
literature are autonomous vehicle or self-driving vehicle, other less
common terms are robotic vehicle or driverless vehicle. Terms like
connected automated vehicle or highly automated vehicle can also be
found and are used to emphasize specific features of the vehicle. The
SAE does not recommend for any of these terms, and instead clarifies
that it is the driving activity that is the object of automation and
not the vehicle. Thus, the term automated vehicle focuses on its
capability for automated driving.

The driving activity can be decomposed into different driving
tasks and categorized into three levels of skills and control as proposed
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by Michon (1985). These are strategic, tactical, and operational lev-
els as seen in Figure 2.1. The term dynamic driving task (DDT) is
used to refer to the real-time operational and tactical functions re-
quired to operate a vehicle. These include mainly the lateral and the
longitudinal motion controls, and the object and event detection and
response (OEDR).

General plans

Strategic Level
g (route choice)

{

Y

Environmental Tactical Level Maneuver decisions
_>
Input - (overtake, lane choice)
Environmental . Vehicle motion control
E— Operational Level

Input (steer, brake, accelerate)

Figure 2.1: Hierarchical structure of the driving tasks (adapted
from Michon, 1985)

The term automated driving system (ADS) refers to the hardware
and software that are collectively capable of handling the entire DDTs.
The difference with the more generic term driving automation system
is on the extent of the tasks being automated. A driving automa-
tion system automates a specific DDT, examples of these are adaptive
cruise control (ACC) or cooperative adaptive cruise control (CACC)
systems which automate the longitudinal motion control, or colli-
sion avoidance systems which automatically engage the brakes of the
vehicle when needed. The ADS centrally controls different driving
automation systems which together automate all DDTs.

The operational design domain (ODD) is defined by the SAE as the
operating conditions under which a given driving automation system
or feature thereof is specifically designed to function. These condi-
tions include environmental, geographical, time-of-day, traffic or road-
way characteristics, etc. The ODD specification is important. If the
conditions are not in place or change along the route, then a transition
of control to the driver or a controlled safe stop may be needed. The
ODD specification also determines the SAE level of driving automation
of a vehicle, these levels are described in the following section.

The concept of cooperative driving is an application domain en-
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abled by sensors and wireless communications. It involves gathering
information and sharing it between vehicles to allow them to interact
in a coordinated solution-oriented way. The most prominent goals of
cooperative driving are to increase traffic safety and improve traffic
flow performance (Herrtwich and Nocker, 2003). Although not re-
stricted to automated vehicles, the applications of cooperative driving
can easily be envisioned without the need of human intervention.

2.2 Levels of driving automation

The SAE defines five levels (1-5) of driving automation for on-road
motor vehicles SAE International (2021). The five levels of driving
automation differ in the capabilities of the driving automation sys-
tems to handle the DDTs and in the roles the driver needs to be
responsible for. In addition to the five levels, a level 0 which includes
vehicles with driving assistance systems that do not automate any
DDT is also included in the SAE categorization. Only vehicles at SAE
levels 3-5 are said to be equipped with an ADS. The following are the
main characteristics of each SAE level of driving automation.

e SAE level 0 - No driving automation
The vehicle may be equipped with driving assistance systems
that may provide warnings or momentary emergency interven-
tion. The driver is responsible for all DDTs.

e SAE level 1 - Driver assistance

The vehicle is equipped with a driving automation system which
can perform part of the DDTs, either the longitudinal or the
lateral motion control. The driver performs the remainder of
the DDTs, supervises the operation of the driving automation
system and determines whether a disengagement is appropriate.
The driver is able to disengage the driving automation system
immediately.

e SAE level 2 - Partial driving automation
The vehicle is equipped with a driving automation system which
can perform both the longitudinal and the lateral motion con-
trols part of the DDT. The driver performs the remainder of the
DDTs, supervises the operation of the driving automation sys-
tems and determines whether a disengagement is appropriate.
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The driver is able to disengage any driving automation system
immediately.

e SAE level 3 - Conditional driving automation

The vehicle is equipped with an ADS capable of performing the
entire DDTs within its ODD. The ADS determines whether the
ODD limits are about to be exceeded and issues a timely re-
quest to the driver to take over control. The driver determines
whether to engage the ADS considering the ODD, and is respon-
sible for the drive at all times, even when the ADS is engaged.
The driver needs to be receptive to a request to take over control
and act in a timely manner. Additionally, they also determine
whether the ODD limits are about to be exceeded and whether
a disengagement is appropriate. The driver is able to disengage
the ADS immediately.

e SAE level 4 - High driving automation

The vehicle is equipped with an ADS capable of performing the
entire DDTs within its ODD. The ADS will transition to a mini-
mal risk condition when approaching an ODD limit and prompts
the driver to be ready to take over control. The driver deter-
mines whether to engage the ADS considering the ODD, once
the ADS is engaged they are no longer responsible for the drive
and become a passenger. The driver may request a disengage-
ment and be given control if appropriate, after the ADS either
reaches a minimal risk condition or detects the driver ready to
take over, thus, the disengagement may be delayed.

e SAE level 5 - Full driving automation

The vehicle is equipped with an ADS with unrestricted ODD
which is capable of performing the entire DDTs under all on-
road conditions. The driver determines whether to engage the
ADS and becomes a passenger. The driver may request a dis-
engagement and be given control if appropriate, after the ADS
either reaches a minimal risk condition or detects the driver
ready to take over, thus, the disengagement may be delayed.
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2.3 Infrastructure support for automated
driving

The different elements of the road infrastructure can be categorized
into physical and digital infrastructure (Farah et al., 2018). The phys-
ical infrastructure, i.e., the road design, can affect sight distances
and the possibility to recognize different road elements. Coopera-
tive technologies could help reduce safety risks involved in driving
automation and could help improve traffic flow efficiency (Sanchez
et al., 2016). The digital infrastructure refers to the elements of the
infrastructure that enable wireless communications, sensors to moni-
tor the traffic flow dynamics, high-precision positioning systems, and
digital maps. The performance of the ADS can be improved by receiv-
ing additional information about the traffic and road conditions Five
levels of infrastructure support for automated driving (ISAD) have
been proposed by Carreras et al. (2018). The following are the main
characteristics of each ISAD level

e ISAD level E - Conventional infrastructure
The infrastructure does not provide any explicit support for
automated driving. Automated vehicles need to rely on the on-
board sensor system exclusively to recognize the road geometry
and road signs.

e ISAD level D - Static digital information
Digital map support is available at this level. The map in-
cludes detailed road geometry, road signs, and physical reference
points. Vehicles need to identify temporary work-zones, recog-
nize state of traffic lights, and interpret information in variable
message signs (VMS).

e ISAD level C - Dynamic digital information
Information of dynamic road signs, e.g. VMS or variable speed
limit (VSL), is provided as support. Warnings, notification of
incidents and weather information is available. Vehicles need
updates on a regular basis (a few seconds) in order to be able
to receive information in time.

e ISAD level B - Cooperative perception
The infrastructure is capable of perceiving detailed information
about the stream of vehicles and relay this information to the
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vehicles. In addition to the stricter connectivity requirements,
sensors (e.g., cameras, radars) need to be placed on the road.

e ISAD level A - Cooperative driving
The infrastructure is capable of perceiving vehicle trajectories
and of guiding vehicles to optimize traffic flow efficiency. Ve-
hicles exchange information with the infrastructure constantly
(milliseconds range).

( Y4 N\
é A Conventional -
Digital Infrastructure
Digital support Infrastructure
provided for s N\ aYa aYa N N
automated driving ISAD ISAD ISAD ISAD ISAD
Level E Level D Level C Level B Level A
-
Digital maps with
S e - X X X X

static road information
\

>
Dynamic road
information: incidents, - - X X X
\weather conditions

(Detailed traffic
information: vehicles’ - - - X X
\speed and positions

(Vehicle trajectories
and guidance: speed, - - - - X
\_8ap, lane advice

Figure 2.2: Levels of infrastructure support for automated
driving (1SAD) (adapted from Carreras et al., 2018)

Figure 2.2 summarizes the characteristics of the ISAD levels. The
transition towards a prevalent presence of automated vehicles may
require to upgrade the road infrastructure. The end goals of coop-
erative driving to improve traffic safety and traffic flow performance
may only be possible with support from the infrastructure.

2.4 Expected impacts of automated driv-
ing on traffic flow dynamics

Milakis et al. (2017) presents a summary of the different implications
of driving automation. These are divided into three levels. At the

10
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highest level are the societal implications involving effects on air pol-
lution, energy consumption, public health, social equity, and on the
economy. The middle level include the infrastructure, land use, and
vehicle implications. These involve impacts on road infrastructure,
on parking infrastructure, on infrastructure for non-motorized trans-
port, on vehicle ownership, and on vehicle design. At the lowest level
are the travel costs, travel choices, and implications in traffic flow
dynamics. The effects involved at this level include costs of vehicles
and of travel, effects on vehicle and public transport use, and effects
on road capacity and congestion.

Motorway capacity is expected to increase based on the assump-
tions that automated vehicles will show shorter reaction times and
keep shorter distance gaps. These assumptions however, may strongly
depend on the level of development of the ADS, and on specific con-
nectivity features. The possibility of cooperative driving is expected
to increase traffic safety and improve traffic low performance, by
performing well-planned coordinated maneuvers. These applications
depend on whether the cooperative technologies that enable them are
in place (Sanchez et al., 2016), as well as a traffic management strat-
egy that oversees the transportation system. The potential benefits
on traffic flow dynamics may only be observed after a certain market
penetration rate of automated vehicles is reached. Lastly, the behav-
ioral adaption of other road users may also play a role which may
initially cause other drivers to be more cautious around automated
vehicles, causing a decrease in motorway capacity.

11






Chapter 3

Microscopic tratfic
simulation

Microscopic traffic simulation is used to investigate the effects on traf-
fic low dynamics caused by changes in the infrastructure, to plan for
road works, increases in vehicle volume levels, or to test traffic control
strategies. Results from simulations can be shown in terms of travel
times, travel time delays, traffic jam formations, or vehicle through-
put. This chapter presents an overview of models for microscopic
traffic simulation.

3.1 Microscopic models

Microscopic models describe the motion of each individual vehicle in
the traffic stream. In contrast to macroscopic models, microscopic
models model the traffic flow through the interactions between the
particles that compose it. They can be distinguished between acceler-
ation models (car-following) which deal with longitudinal movements,
lane-changing models dealing with lateral movements, and discrete-
choice models which deal with specific on-route decisions. (Treiber
and Kesting, 2013).

Microscopic models are implemented in traffic simulation plat-
forms. There are many of these platforms available both commercial
and open-source. Detailed reviews about these platforms are pre-
sented in Barcelo (2010) and in a more recent review by Raju and

13
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Farah (2021). Examples of commercial platforms are PTV Vissim and
Aimsun, and of open-source platforms are SUMO and OpenTraffic-
Sim. Raju and Farah (2021) show that the most popular microscopic
simulation platforms used in recent scientific investigations of auto-
mated driving are PTV Vissim and SUMO.

3.1.1 Car-following models

Car-following models were developed to describe a driver’s reaction
to a preceding vehicle in terms of acceleration and in some cases
in terms of speed. These models are considered to be complete if
they describe the longitudinal motion of vehicles both under free flow
and when approaching other vehicles. Car-following models can be
categorized into safe-distance, stimulus-response, and action points
models (van Wageningen-Kessels et al., 2015; Olstam and Tapani,
2004; Brackstone and McDonald, 1999).

In safe-distance models vehicles adjust their speed in order to
keep a safe distance to the vehicle in front. The car-following model
proposed by Pipes (1953) is one such model, it is based on a suggestion
found in the California Vehicle Code and later branded as Pipes’
rule: 'A good rule for following another vehicle at a safe distance
is to allow yourself the length of a car for every ten miles per hour
you are traveling’. Another example is the model by Gipps (1981)
in which the vehicle is constrained by a desired speed when in free
flow conditions, and by a safe speed when following another vehicle.
The safe speed constraints vehicles to be able to decelerate to zero
speed without colliding with the vehicle in front if it decelerates to
standstill. In the Gipps model the speed of vehicle n at time ¢ is
calculated as

vn(t + T) = min {Udesa 'Usafe} )

where,

1-— n(t .02 n(t
Udes:vn(t)+2,5.anT( U()) 0.025 + vy, (1)

Vo Vo ’

vﬁl(t))

Vsafe = b, T + \/b%j—v2 —bp <2Sn(t) — Un(t)T — [; }

and,

Sn(t) = Tp_1(t) — zp(t) — ln—1

14



3.1.1 Car-following models

where v is the speed, n — 1 represents the vehicle in front of vehicle
n, a and b are the maximum acceleration and most severe braking a
driver wishes to undertake respectively, bn_1 is the estimated deceler-
ation of the vehicle in front, V, is the desired speed, T is the driver’s
reaction time, and s,(t) is the distance gap between vehicles at time
t, calculated by the difference between the position of the vehicles
Zp—1(t) — x5 (t) minus the length of the vehicle in front, [,,—1. An ex-
tended version of the model by Gipps was proposed by Krauss (1998).
The Krauss car-following model is the default model in the SUMO
simulation platform. Another example of a safe-distance model is the
car-following model by Newell (2002).

Stimulus-response models propose that a driver’s response, or
change in acceleration, is due to three possible stimuli, their own
speed, the distance to the vehicle in front, or the relative speed. The
Gazis-Herman-Rothery (GHR) model (Chandler et al., 1958) is one
of the earliest car-following model of this type. The model assumes
that the acceleration response at time ¢, a,(t), is proportional to the
vehicle’s own speed v,,, and to the relation between the relative speed
and the relative position to the vehicle in front. The formulation for
the acceleration is

' (U1t —=T) —vn(t —=T))
(Xp1(t —=T) —zn(t —T))"’

where «, § and «y are parameters to be determined. Another example
for a stimulus-response model is the optimal velocity car-following
model (Bando et al., 1995) in which the acceleration response is pro-
portional to the difference between an optimal velocity and the cur-
rent speed. The optimal velocity is calculated as a function of the
distance to the vehicle in front. The intelligent driver model (IDM)
(Treiber et al., 2000) is another example of this type of car-following
model. The IDM is of particular interest because it has been widely
adopted and it includes a variant describing an ACC system which is
potentially useful for modeling automated driving. The stimuli con-
sidered in the IDM are the vehicle’s own speed, the distance to the
vehicle in front, and the relative speed. The mathematical represen-
tation of the acceleration of the IDM is

o (50 (2]

15
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where

n(t) - (Un-1(t) — vn(t))

2 Omazx bcomf

s*(t) = s, + max {0, Un(t) - Tsafe +

the parameters are a maximum acceleration a,,q., a comfortable de-
celeration beor, s, a desired speed V;,, a safe time gap Ty fe, @ minimum
space gap S, and a parameter J to be determined. s,(t) is the dis-
tance gap to the vehicle in front at time ¢ and v, (t) is the speed of
vehicle n at time t.

Action point or psycho-physical models consider the finite per-
ception threshold of humans. In these models it is assumed that
drivers only react to large enough stimuli in contrast to safe-distance
and response-stimuli models in which the reactions are continuous
no matter how small the changes in stimuli are. The reactions oc-
cur only after reaching a threshold, or action point, defined in the
relative speed and distance gap domain. An example of this type of
car-following model is proposed by Fritzche (1994). In this model five
driving regimes are proposed, a danger regime in which the distance
to the vehicle in front is shorter than a risky distance, a closing in
regime in which the distance to the vehicle in front is rapidly short-
ening, a first following regime in which the distance to the vehicle is
shortening but without need for action, a second following regime in
which the distance to the vehicle in front is kept by matching its speed,
and a free flow regime. Another example of this type of car-following
models is the one by Wiedemann (1974). An implementation of this
car-following model is the default model in the PTV Vissim micro-
scopic traffic simulation platform. Therefore, it is also of interest not
only because of the wide use of this platform but also because variants
of this model have been developed and are implemented specifically
for automated driving (Sukennik, 2018). The model distinguishes
between four driving regimes shown in Figure 3.1, a free flow or un-
influenced driving regime, a regime when approaching slower vehicles,
a following regime near the steady-state equilibrium, and a critical
situation where braking is needed to avoid collisions.

3.1.2 Lane-changing models

Lane-changing models describe the processes of changing lanes in
multi-lane roads. They include both the decision process and the
execution process. Unlike car-following models, there isn’t a clear

16
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Vehicle trajectory

Free flow

Following

Approaching

Distance gap [S]

0
Relative speed [V,4-V,]

Figure 3.1: Representation of thresholds and regimes of the
Wiedemann car-following model. The vehicle trajectory is rep-
resented by the arrows. (Adapted from Wiedemann, 1974)

consensus on how to categorize existing lane-changing models. Rah-
man et al. (2013) classifies them based on the logic used to describe
the decision process into rule-based, discrete choice-based, artificial
intelligence, and incentive-based models. Zheng (2014) distinguishes
lane-changing models based on whether the focus is on either the
decision-making process or on the impacts on surrounding traffic
caused by the maneuver. Moridpour et al. (2010) presents a clas-
sification tree of models into driving assistance and driving decision
models, the latter are further classified into operational and tactical
models, and even further based on the logic and motivation for the
maneuver. Most existing lane-changing models, however, make the
distinction between mandatory lane changes and discretionary lane
changes (Kessels, 2019).

Gipps (1986) presented a framework for the decision process for
lane changes by answering three questions, whether its necessary to
change lanes, whether its desirable to change lanes, and whether its
possible to change. A main limitation of the process described by
Gipps (1986), was that necessary (mandatory) lane changes may not
always be possible and therefore not take place. This limitation was
later addressed by Hidas (2002) by including a cooperative mechanism

17
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which allowed the execution of mandatory lane changes. Thus, the
distinction between mandatory and discretionary lanes changes is also
considered by Gipps (1986) by answering the first two questions of his
framework. The third question, regarding the feasibility, focuses on
the execution of the maneuver. Different lane-changing models have
different approaches to give answer to each question. Some models
focus on the distance gap in the target lane (distance between new
leader and new follower), where the maneuver would take place if
the existing gap is large enough. Other models focus on the possible
reactions of other vehicles and of the own vehicle that would be caused
if the lane-changing maneuver takes place.

3.2 Microscopic traffic simulation of auto-
mated driving

Investigating automated driving using microscopic traffic simulations
involves not only considering the driving models but also the setup of
the experiments. The latter refers to including scenarios considering
different market penetration rates of automated vehicles (e.g., Atkins,
2016; Sukennik et al., 2018; Li and Wagner, 2019), and heterogeneity
of ADS (e.g., Mintsis, 2019; Olstam et al., 2020). The heterogene-
ity refers to the expected evolution of ADS over time and also to the
possible differences in driving styles between original equipment man-
ufacturers (OEMs). These considerations are important when focusing
on the transition towards a prevalent presence of automated vehicles.

The number of scenarios can rapidly increase by just adding a few
variables on top of the market penetration rate and the ADS hetero-
geneity. That, in addition to the required number of replications for
each scenario to gather results statistically representative, can lead
to very time-consuming experiments. Thus, the scope of each exper-
iment should be well delimited.

One approach to model automated vehicle in traffic simulation
models is by using models that describe ACC or CACC systems (e.g.,
Kesting, 2008; van Arem et al., 2006; Milanés and Shladover, 2014).
An open database with data from commercial ACC systems is avail-
able and is useful for calibration and validation of microscopic models
taking this approach (Makridis et al., 2021).

A different approach is by changing parameters in the car-following
models and extending them if necessary. This approach is taken in the
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3.2. Microscopic traffic simulation of automated driving

implementation of automated driving logics in the microscopic traffic
simulation platform PTV Vissim. The implementation is based on
the car-following model by Wiedemann (1974) and assumes a deter-
ministic driving style representing the little to no variations expected
in the reactions of ADSs. Details of the implementation of the driv-
ing logics for automated driving are given in Sukennik (2018). The
four driving logics implemented (i.e. rail-safe, cautious, normal, and
all-knowing) represent different stages of development of ADSs.
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Chapter 4
The present thesis

This chapter presents the objectives, delimitations and contributions
of this work. Summaries of the scientific papers included in the thesis
are also presented in this chapter.

4.1 Objectives

The overall aim of this thesis is to further develop microscopic traffic
simulation models to include the aspects involved in automated driv-
ing. Having microscopic models ready will help traffic planners and
transportation authorities anticipate and plan for the deployment of
automated vehicles. Additionally, automated driving will enable the
possibility for new traffic control strategies and for new applications
which can be tested using microscopic traffic simulation.

Developing and implementing simulation models is commonly done
by first observing real-world systems and identifying the factors that
determine how that system operates. Second by proposing concep-
tual models that describe the system, third by transforming these
conceptual models into simulation models and last by implementing
them into simulation platforms. Understanding this process will help
further develop microscopic models for automated driving. The fol-
lowing three research questions are formulated to achieve this.

1. What aspects determine the safe operation of auto-

mated driving?
For the microscopic modeling of automated driving we need to
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identify aspects, both internal and external to the vehicles that
influence the driving decisions of ADS. Simulation experiments
and driving models need to capture the effects of the different
aspects in the driving decisions.

2. What are the potential impacts of automated driving
on traffic performance on motorways?
Due to the less complex conditions present in motorways com-
pared to other roads (e.g. urban roads), it may be there where
automated driving is first introduced. Microscopic models for
automated driving have been proposed by adapting models orig-
inally developed to reproduce human driving. Mixed traffic con-
ditions may be soon appear on motorways and there is a need
to gain knowledge about this possible near-future scenario.

3. What differences between automated and human driv-

ing do microscopic models need to capture regarding
the perception tasks?
The perception tasks involve the sensing and understanding of
the different elements present on the road. Automated vehicles
perceive these elements through on-board sensors, connectivity
features and object recognition software while human drivers
perceive them through their senses and cognitive processes. Mi-
croscopic models should capture key differences in perception
that influence the decision processes in a way that is consistent,
sufficiently generic, accurate, and simple. There is a need to find
a modeling approach that captures these differences in a consis-
tent way and at a suitable level of abstraction for microscopic
traffic simulation.

Since there is limited possibility to observe automated driving
in current transportation systems, the main challenge for proposing
simulation models lies in identifying the possible factors involved and
how these determine the operation of automated driving. For this
reason, when proposing new microscopic models it is important to
clearly present and justify the assumptions made.

4.2 Method

To answer the research questions, the work was divided into three
sub projects with specific goals. The goal of the first sub-project
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is to identify research gaps and state of the practice when studying
automated driving using traffic simulations. A literature review was
conducted following guidelines for literature reviews for transporta-
tion research projects (Avni et al., 2015). In the second sub-project
the goal is to understand the potential impacts of automated driving
on traffic flow performance on motorways. A simulation experiment
was conducted using a commercially available microscopic traffic sim-
ulation tool. PTV Vissim was utilized since it includes driving mod-
els specifically implemented for automated driving and is a widely
utilized tool by traffic engineers and transportation planners. The
goal of the third sub-project, based on findings from the first two, is
to develop a conceptual microscopic model which describes how an
ADS performs the perception tasks. For this, in addition to looking
into existing approaches to model human perception (e.g., situational
awareness), sensor technologies, vehicular communications and the
functional architecture of ADS were studied.

4.3 Delimitation

The focus of this thesis is on microscopic models for automated driv-
ing. The focus is on motorway environments since less complex situa-
tions and interactions are expected there, it is also where automated
vehicles may be first introduced. On motorways, the interactions are
expected to be mainly between cars and lorries and not with pedes-
trians, bicyclists, parked vehicles, public transport stops, or intersec-
tions. Additionally, due to its less complex nature, motorways may
be the first road environments specified within the ODD of automated
vehicles. The type of vehicles focused are light private vehicles, i.e.,
cars, at SAE levels 3, 4 and 5 of driving automation. Vehicles at this
level of driving automation rely on the ADS to handle all DDTs, re-
moving human factors, allowing to focus solely on automated driving.
Extending the findings to other road environments and other types
of vehicles is left for future research.

The traffic simulation experiment in this thesis focus on the tran-
sition period towards a prevalent presence of automated vehicles in
the transportation system. For this reason, the experiment focus on
mixed traffic conditions by considering varying market penetration
rates and heterogeneity of automated vehicles.

The existing uncertainties in several dimensions related to auto-

23



Chapter 4. The present thesis

mated driving, which in addition to the limited possibility to validate
microscopic models, could raise questions about the trustworthy of
the forecasts presented.

4.4 Contributions

The objectives presented in section 4.1 were fulfilled with the following
contributions:

e Identified the aspects to consider for the development of micro-
scopic models for automated driving.

e Identified the state of the practice to model automated driving
in microscopic traffic simulations.

e Quantified current expected potential range of effects on mo-
torways during the transition period involving different styles
of automated driving.

e Developed a conceptual microscopic model for the perception
tasks for automated driving that is consistent about how the
perception performance influences the driving decisions.

4.5 Summary of papers

The three papers included in this thesis are summarized in this sec-
tion. In paper I, the state of the practice for modeling automated
driving in microscopic traffic simulation is presented together with
the required aspects that should be considered in microscopic models
for automated driving. In paper II results from a microscopic traffic
simulation experiment focusing the effects on traffic flow performance
caused by heterogeneity of automated vehicles in mixed traffic con-
ditions are presented. Paper III presents a conceptual model for the
perception task for automated driving.
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Paper I

Modeling Automated Driving in Microscopic Traf-
fic Simulations for Traffic Performance Evaluations:
Aspects to Consider and State of the Practice

This paper answers research question 1. The problem found after
a literature review was the lack of consistency on the modeling of
automated driving. The use of inaccurate terminology and lack of
clear descriptions of the assumptions about automated driving made
it difficult to interpret results and compare findings between studies.
The first goal was to identify what aspects should be considered for
the microscopic modeling of automate driving. Six aspects were iden-
tified, namely the role of the authorities, the role of the users, the
vehicle system itself, the vehicle sensor-based perception, the vehicle
connectivity features, and the role of the infrastructure both physical
and digital. Figure 4.1 shows how the six aspects and how they define
operational and safety constraints that determine whether automated
driving is possible given the context. These aspects would also de-
termine how automated driving should take place. The second goal
was to review the state of the practice for modeling automated driv-
ing with respect to each identified aspect and whether findings from
empirical studies were considered. The third goal was to identify the
research needs from the empirical side which would provide input for
microscopic models. The fourth and last goal was to encourage an
inclusion of more detailed description with respect to each aspect in
future traffic simulation investigations, to have a more clear frame for
the results.

The paper is co-authored by Hannen Farah, Nagarjun Reddy, Yonqi
Dong, Narayana Raju, Clas Rydergren, and Johan Olstam. The au-
thor of this thesis contributed to the conceptualization and develop-
ment, and took the leading role writing the paper.

Paper I has been submitted for journal publication.

Contents of Paper I have been presented at:

e Swedish transportation research conference (online), Malmg,
Sweden, October 2021.

e 101" Transportation Research Board Annual Meeting, Wash-
ington D.C., U.S.A., January 2022.
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Figure 4.1: Aspects (A-F) to consider for modeling of auto-
mated driving in microscopic traffic simulation.

Paper 11

Effects on Traffic Performance due to Heterogene-
ity of Automated Vehicles on Motorways: A Micro-
scopic Simulation Study

Paper II answers research question 2. Previous studies that have
used microscopic traffic simulation to investigate automated driving
have often quantified the effects on traffic performance by running
scenarios with different market penetration rates of automated vehi-
cles. The simulation experiment in Paper II includes scenarios with
different market penetration rates of automated vehicles and consid-
ered different styles of automated driving coexisting at the same time.
Three different driving styles for automated driving were used, they
developed within a previous research project and then implemented
in PTV Vissim. Effects were measured in terms of vehicle through-
put and travel time delays in a motorway network consisting of an
off-ramp and an on-ramp. Results showed that the more advanced
styles for automated driving would increase the vehicle throughput.
The more conservative automated driving style would decrease the
vehicle throughput.
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The results show no interaction effects between the different driv-
ing styles, meaning that vehicle throughput increased as the share of
automated vehicles with the more advanced driving style increased.

The paper is co-authored by Clas Rydergren, and Johan Olstam. The
author of this thesis contributed to the simulation setup and results
analysis, and took the leading role writing the paper.

Paper II has been presented at and published in the proceedings of
the 7" International Conference of Vehicle Technology and Intelligent
Transport Systems, pp.142-152, January 2021 Contents of Paper 1

have been presented at:

e Swedish transportation research conference, Linképing, Sweden,
October 2019.

Paper 111
Perception Tasks for Automated Driving: A Con-
ceptual Model for Microscopic Traffic Simulation

Paper IIT answers research question 3. In order to better understand
results from experiments similar to the one presented in Paper II, it
is necessary to take a closer look at the microscopic models and how
the assumptions behind them define these models. Among the dif-
ferences between the driving logics implemented in PTV Vissim were
parameter values that specified the number of vehicles and objects
that a vehicle would react to, as well as different values that specified
the range of detection. The assumption behind is that automated
vehicles will have different means for perception, and that more ad-
vanced vehicles would have access to more information through, for
example, connectivity features. Paper III looks deeper into this as-
sumption with the goal of proposing a more clear way to describe
the perception tasks. A conceptual model that considers the different
means of perception of ADSs and also human perception is proposed.
By proposing an endogenous model, exclusive and explicit for the per-
ception tasks we aim to capture the essential differences on these tasks
between automated and human driving. Additionally, an endogenous
model for perception solves the issue of inconsistency between micro-
scopic models (e.g., car-following, lane-changing) that is, one model
focuses on vehicles or elements ahead, other model focuses on vehi-
cles on adjacent lanes or behind, leaving no clarity about the whole
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context that a vehicle perceives. The model was developed aiming to
be generic, accurate, and simple.

The paper is co-authored by Clas Rydergren, and Johan Olstam and
is a working paper. The author of this thesis is contributing to the
conceptualization, implementation and leading role in writing the pa-

per.
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Concluding remarks and
future research

Existing microscopic models for automating driving have focused on
the vehicles’ capabilities and on describing specific driving automa-
tion systems like ACC. However, aspects should not only concern the
vehicles but also external factors that will determine how automated
driving is handled. In Paper I, six different aspects to consider for the
microscopic modeling of automated driving were proposed. The role
of the authorities, the role of the users, the vehicle system, the vehicle
sensor-based perception, the vehicle connectivity, and the role of the
infrastructure. In order to improve the study of the impacts caused
by automated driving using traffic simulation, it necessary to include
a clear description on what is considered within the transportation
system and how it influences automated vehicles. A challenge is to in-
clude these aspects into microscopic simulation platforms, which can
be by developing models that directly or indirectly impact driving
models or by considering them in the experimental setup of the simu-
lations. Input from empirical studies should be considered to reduce
the uncertainties involved.

The simulation experiment presented in Paper II considered three
ADSs each showing different driving styles in mixed traffic conditions.
Aside from showing a range of effects measured in terms of vehicle
throughput and travel delays, the experiment showed some of the
shortcomings of the microscopic models for automated driving im-
plemented in PTV Vissim. By looking at the merging maneuvers it
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is clear that effort needs to be put in the models for lateral motion
control, mandatory lane changes in some cases were just not taking
place, which the simulator solved by simply removing the vehicle from
the simulation. A large difference in vehicle throughput between the
more cautious ADS and the more advance ADSs driving logics was
measured. A difference when modeling the different ADSs was in the
range of perception and the number of objects perceived. This ap-
proach to model the perception by changing parameter values does
not capture the difference from how a human driver would perform
the perception task and it is clear that there is room for improvement.

A possible approach to model automated driving would be by
making parallels to the SAE levels of driving automation. The SAE
taxonomy is useful to describe and understand the expected evolution
of automated vehicles, and the SAE level of driving automation con-
sidered is a common inquiry when studying automated driving using
traffic simulation. However, it is important to point out that vehicles
at the same SAE level of driving automation may not necessarily have
similar driving styles, and that vehicles at different SAE level of driv-
ing automation may have similar driving styles. Thus, microscopic
models should focus on describing driving styles and not on matching
a specific SAE level of driving automation. The expected heterogene-
ity of ADSs focuses on how different ADSs perform the DDTs differently
regardless of the SAE level of driving automation.

Another possible approach to model automated driving is to di-
rectly use the software part of ADSs and use the logical processes
and algorithms involved in handling the DDTs, instead of develop-
ing microscopic models. This approach would eliminate the need for
validation as the driving logic is the same as implemented in vehi-
cles. The immediate problem with this approach is that ADSs are
currently still under development. The complexity of the algorithms
implemented in ADS is such that a powerful on-board computer is
an essential component of the ADS in able to compute the processes
involved. Microscopic traffic simulation deals not only with one, but
with a flow of several vehicles, which means that the computational
requirement might make simulation non-viable. Moreover, even with
ever-increasing computational power available, the important ques-
tion is whether such a detailed approach would be practical for the
purpose of microscopic traffic simulation. The focus of this thesis is on
using microscopic traffic simulation to study the traffic low dynamics
caused by interactions of the vehicles involved, and the hypothesis is
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that accurate results can be achieved through an adequate abstraction
of both the real-word factors and of the algorithms involved.

Yet another possible approach is by using machine learning algo-
rithms. These algorithms would utilize data in order to learn how to
handle the DDTs. It is important to distinguish between the use of
such algorithms in the real world and their use in microscopic traffic
simulations. In the real world, ADS will make use of these algorithms
to detect, classify and recognize objects and events, and possibly for
some decision making while driving. These algorithms will be trained
using data collected from real observations with the goal of guaran-
teeing a safe operation, and not necessarily to mimic other drivers.
A machine learning algorithm used instead of a microscopic model
in a traffic simulation would ultimately mimic the driving behavior
of other simulated vehicles, which are based on microscopic models.
Machine learning algorithms can be implemented in microscopic traf-
fic simulation for the purpose of testing them, but not suitable for
the purpose of studying traffic flow dynamics.

Microscopic models for human driving have been developed based
from observations on existing transportation systems. The underlying
conceptual models are based on the factors involved when drivers
operate vehicles; the desire of drivers to travel at certain speeds, to
keep certain distances and accelerations, and on their capabilities to
handle the different tasks involved in the driving activity. To further
develop microscopic models for automated driving, research can be
focused further decomposing the driving activity into individual tasks
and identify the possible factors that influence how ADSs and how
human drivers would deal with each task differently. However, due to
the limited possibility for real-world observations, conceptual models
are difficult to validate.

Another approach (presented in Paper I) to enhance the inclusion
of automated driving is to have a more explicit structure of the micro-
scopic models within microscopic traffic simulation tools. A proposed
approach is to have them organized hierarchically into tactical mod-
els, operational models, and models for other aspects to consider.

Future research will focus on simulation experiments using open-
source microscopic traffic simulation platforms, which allow to both
"look under the hood’ and tweak the microscopic models as desired.
These experiments can later be compared to the simulation experi-
ment presented in Paper II both in terms of results and in terms of
approaches to model automated driving. Tactical lateral maneuvers
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will also be in focus in future research. This topic is an often men-
tioned research gap, and is a key ingredient for achieving high levels
of driving automation (SAE levels 3-5).

Finally, improving or further developing microscopic models makes
microscopic traffic simulation an even more powerful and reliable tool
for the different stakeholders in the field of transportation. As we
move into the future and new technologies are incorporated in trans-
portation systems, new challenges will arise and automated driving is
a clear example of this. The ever-changing challenges within the field
can be more easily tackled as long as the tools are ready for them.

32



Bibliography

Atkins (2016). Research on the Impacts of Connected and Au-
tonomous Vehicles (CAVs) on Traffic Flow. Tech. rep. UK De-
partment for Transport.

Avni, A. et al. (2015). “Literature Searches and Literature Reviews
for Transportation Research Projects. How to Search, Where to
Search, and How to Put It All Together: Current Practices”. In:
Transportation Research Circular E-C194.

Bando, M., Hasebe, K., Nakayama, A., Shibata, A., and Sugiyama,
Y. (1995). “Dynamical model of traffic congestion and numerical
simulation”. In: Physical Review E 51.2, pp. 1035-1042. DoI1: 10.
1103/PhysRevE.51.1035.

Barcelo, J. (2010). Fundamentals of Traffic Simulation. New York,
NY: Springer. 1SBN: 978-1-4419-6141-9. DOI: 10. 1007 /978~ 1~
4419-6142-6.

Brackstone, M. and McDonald, M. (1999). “Car-following: a historical
review”. In: Transportation Research Part F: Traffic Psychology
and Behaviour 2.4, pp. 181-196. DOI: 10.1016/S1369-8478(00)
00005-X.

Carreras, A., Daura, X., Erhart, J., and Ruehrup, S. (2018). “Road
infrastructure support levels for automated driving”. In: Proceed-
ings of the 25th ITS World Congress.

Chandler, R. E., Herman, R., and Montroll, E. W. (1958). “Traffic
Dynamics: Studies in Car Following”. In: Operations Research 6.2,
pp. 165-184. poI1: 10.1287/opre.6.2.165.

Farah, H., Erkens, S., Alkim, T., and van Arem, B. (2018). “Infras-
tructure for Automated and Connected Driving: State of the Art

33



Bibliography

and Future Research Directions”. In: Road Vehicle Automation
4. Ed. by G. Meyer and S. Beiker. Cham: Springer, pp. 187-197.
ISBN: 978-3-319-60933-1. DOI: 10.1007/978-3-319-60934-8_16.

Fritzche, H.-T. (1994). “A Model for Traffic Simulation”. In: Traffic
Engineering and Control 35.5, pp. 317-321.

Gipps, P. G. (1981). “A behavioural car-following model for computer
simulation”. In: Transportation Research Part B: Methodological
15.2, pp. 105-111. DOL: 10.1016/0191-2615(81)90037-0

Gipps, P. G. (1986). “A model for the structure of lane-changing deci-
sions”. In: Transportation Research Part B: Methodological 20.5,
pp. 403-414. DOI: 10.1016/0191-2615(86)90012-3.

Herrtwich, R. G. and Nocker, G. (2003). “Cooperative Driving: Tak-
ing Telematics to the Next Level”. In: Traffic and Granular
Flow’01. Ed. by M. Fukui, Y. Sugiyama, M. Schreckenberg, and
D. E. Wolf. Berlin, Heidelberg: Springer, pp. 271-280. 1SBN: 978-
3-540-40255-8. DOI: 10.1007/978-3-662-10583-2_26.

Hidas, P. (2002). “Modelling lane changing and merging in micro-
scopic traffic simulation”. In: Transportation Research Part C:
Emerging Technologies 10.5, pp. 351-371. DOI: 10.1016/30968-
090X (02)00026-8.

Kessels, F. (2019). Traffic Flow Modelling: Introduction to Traffic
Flow Theory Through a Genealogy of Models. Cham: Springer.
ISBN: 978-3-319-78694-0. DOI: 10.1007/978-3-319-78695-7.

Kesting, A. (2008). “Microscopic Modeling of Human and Automated
driving: Towards Traffic-adaptive Cruise Control”. PhD thesis.
Technische Universitat Dresden.

Krauss, S. (1998). “Microscopic modeling of traffic flow: investiga-
tion of collision free vehicle dynamics”. PhD thesis. Universitét
zu Koln.

Li, D. and Wagner, P. (2019). “Impacts of gradual automated vehicle
penetration on motorway operation: a comprehensive evaluation”.
In: Furopean Transport Research Review 11.36. DOI: 10.1186/
s12544-019-0375-3.

Makridis, M., Mattas, K., Anesiadou, A., and Ciuffo, B. (2021). “Ope-
nACC. An open database of car-following experiments to study

34



Bibliography

the properties of commercial ACC systems”. In: Transportation
Research Part C: Emerging Technologies 125. DOI: 10.1016/j .
trc.2021.103047.

Michon, J. A. (1985). “A Critical View of Driver Behavior Models:
What Do We Know, What Should We Do?” In: Human Behavior
and Traffic Safety. Ed. by L. Evans and R. C. Schwing. Boston,
MA: Springer, pp. 485-524. 1SBN: 978-1-4613-2173-6. DOI: 10.
1007/978-1-4613-2173-6_19.

Milakis, D., van Arem, B., and van Wee, B. (2017). “Policy and so-
ciety related implications of automated driving: A review of lit-
erature and directions for future research”. In: Journal of Intelli-
gent Transportation Systems 21 (4), pp. 324-348. por: 10.1080/
15472450.2017.1291351.

Milanés, V. and Shladover, S. E. (2014). “Modeling cooperative and
autonomous adaptive cruise control dynamic responses using ex-
perimental data”. In: Transportation Research Part C: Emerging
Technologies 48, pp. 285-300. DOI: 10.1016/j.trc.2014.09.001.

Mintsis, E. (2019). Deliverable 3.1: Modelling, simulation and assess-
ment of vehicle automations and automated vehicles’ driver be-
haviour in mized traffic. Tech. rep. H2020 - TransAID.

Moridpour, S., Sarvi, M., and Rose, G. (2010). “Lane changing mod-
els: a critical review”. In: Transportation Letters 2.3, pp. 157-173.
DOI: 10.3328/TL.2010.02.03.157-173.

Newell, G. F. (2002). “A simplified car-following theory: a lower order
model”. In: Transportation Research Part B: Methodological 36.3,
pp- 195-205. por: 10.1016/50191-2615(00)00044-38.

Olstam, J., Johansson, F., Alessandrini, A., Sukennik, P., Lohmiller,
J., and Friedrich, M. (2020). “An Approach for Handling Uncer-
tainties Related to Behaviour and Vehicle Mixes in Traffic Sim-
ulation Experiments with Automated Vehicles”. In: Journal of
Advanced Transportation 2020. DOI: 10.1155/2020/8850591.

Olstam, J. and Tapani, A. (2004). Comparison of Car-following mod-
els. Tech. rep. VTI - Swedish National Road and Transport Re-
search Institute.

35



Bibliography

Pipes, L. A. (1953). “An Operational Analysis of Traffic Dynamics”.
In: Journal of Applied Physics 24 (3), pp. 274-281. DOI: 10.1063/
1.1721265.

Rahman, M., Chowdhury, M., Xie, Y., and He, Y. (2013). “Review
of Microscopic Lane-Changing Models and Future Research Op-
portunities”. In: IEEE Transactions on Intelligent Transportation
Systems 14.4, pp. 1942-1956. DOI: 10.1109/TITS.2013.2272074.

Raju, N. and Farah, H. (2021). “Evolution of Traffic Microsimulation
and Its Use for Modeling Connected and Automated Vehicles”.
In: Journal of Advanced Transportation. DOI: 10 .1155/2021/
2444363.

SAE International (2021). Taxonomy and Definitions for Terms Re-
lated to Driving Automation Systems for On-Road Motor Vehicles
J8016_202104. Tech. rep. SAE International.

Sanchez, F., Blanco, R., and Diez, J. L. (2016). “Better Together:
Cooperative Technologies Will Be Vital to the Development of
Highly Autonomous Vehicles Operating in Complex Urban Envi-
ronments”. In: Vision Zero International, pp. 66—67.

Sukennik, P. (2018). Deliverable 2.5: Micro-simulation guide for au-
tomated vehicles. Tech. rep. H2020 - CoExist.

Sukennik, P., Lohmiller, J., and Schlaich, J. (2018). “Simulation-based
forecasting the impacts of autonomous driving”. In: Proceedings of
the International Symposium of Transport Simulation (ISTS’18)
and the International Workshop on Traffic Data Collection and
its Standardization (IWTDCS’18), Ehime, Japan. Vol. 3.

Treiber, M., Hennecke, A., and Helbing, D. (2000). “Microscopic Sim-
ulation of Congested Traffic”. In: Traffic and Granular Flow’99.
Ed. by D. Helbing, H. J. Herrmann, M. Schreckenberg, and D. E.
Wolf. Berlin, Heidelberg: Springer, pp. 365—376. ISBN: 978-3-642-
59751-1. pOI: 10.1007/978-3-642-59751-0_36.

Treiber, M. and Kesting, A. (2013). Traffic Flow Dynamics: Data,
Models and Simulation. Berlin, Heidelberg: Springer. 1ISBN: 978-3-
642-32459-8. DOT: 10.1007/978-3-642-32460-4.

van Arem, B., van Driel, C. J., and Visser, R. (2006). “The impact of
Cooperative Adaptive Cruise Control on Traffic-flow Character-

36



Bibliography

istics”. In: IEEE Transactions on Intelligent Transportation Sys-
tems 7.4, pp. 429-436. DOI: 10.1109/TITS.2006.884615.

van Wageningen-Kessels, F., Hoogendorn, S. P., Vuik, K., and van
Lint, H. (2015). “Traffic and Transportation Simulation. Looking
Back and Looking Ahead: Celebrating 50 years of Traffic Flow
Theory, A Workshop”. In: Transportation Research Circular E-
C195.

Varaiya, P. (1993). “Smart Cars on Smart Roads: Problems of Con-
trol”. In: IEEE Transactions on Automatic Control 38.2, pp. 195—
207. po1: 10.1109/9.2505009.

Wiedemann, R. (1974). “Simulation des Strassenverkehrsflusses”. In:
Schriftenreihe des Instituts fiir Verkehrswesen der Universitdt
Karlsruhe 8.

Zheng, 7. (2014). “Recent developments and research needs in model-
ing lane changing”. In: Transportation Research Part B: Method-
ological 60, pp. 16-32. DOI: 10.1016/j.trb.2013.11.009.

37






Abbreviations

ACC adaptive cruise control

ADS automated driving system

CACC cooperative adaptive cruise control

DDT dynamic driving task

GHR Gazis-Herman-Rothery

IDM intelligent driver model

ISAD infrastructure support for automated driving
OEDR object and event detection and response
ODD operational design domain

OEM original equipment manufacturer

SAE Society of Automotive Engineers
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