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ABSTRACT

Vehicle platooning, first studied as an application of Intelligent Transportation
Systems (ITS), is increasingly gaining attention in recent years as autonomous driving
and connected vehicle technologies advance. When being platooned, vehicles
communicate within the platoon and operate with coordination to maintain a relatively
steady state status with each other and with the outside. The major goal of this study is
to build a conceptual simulation framework to help with exploring the impacts of
connected and autonomous vehicle platoons on the existing traffic. The first part of this
work effort is reviewing autonomous and connected vehicle technologies for depicting
the functional structure of a platooning-ready connected and autonomous vehicle
(CAV) platform. Then models and simulation tools are reviewed to break down the
simulation framework into two levels — vehicle level and traffic level. The vehicle-level
model provides in-depth modeling of CAVs and platooning modules. The traffic-level
simulator provides the simulation of the existing traffic with the built CAV platoons.
The simulation framework has been developed by integration and usage of GIS,
MATLAB/Simulink, SUMO, and OMNeT++. GIS tools are used to gather the
necessary traffic data. MATLAB/Simulink serves as the platform for vehicle-level
modeling and simulation. SUMO and OMNeT++ are used to build the traffic and
communication simulations, respectively. The completed model was used to conduct
two case studies based on a section of the US Interstate Highway in order to explore the
impacts of CAV platoons on existing traffic. The results indicate that, with the existing
traffic pattern and infrastructure design, traffic can be improved after the introduction
of CAV platoons, even after taking into consideration the rate of traffic growth.

Moreover, deploying dedicated lanes and separating CAV platoon traffic from the non-

Xi



platooning traffic can benefit the traffic using such output as the travel speed/time and
delay measures. However, using such new traffic patterns and infrastructure designs is

not recommended for a low percentage of CAV platoon traffic.
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Chapter 1

INTRODUCTION AND BACKGROUND

In the last decade, the development of autonomous vehicle technologies has
become one of the most popular and studied topics in the transportation field. The safety
benefits of autonomous vehicles and eliminating human errors have been vastly reported
in literatures [e.g., 1, 2, 3]. Meanwhile, as the field of wireless communication advances,
connecting vehicles in an optimized manner seems to become more achievable than ever
before [4], [5], [6]. Instead of treating these technologies as two parallel paths to the
future, researchers have started combining the two types of technologies to improve the
overall performance of the traffic stream [7], [8], [9], [10]. Platooning connected and
autonomous vehicles (CAVS) is one such combination. Some of the benefits of CAVs
reported in the literature include improving safety, reduction in energy consumption and
pollution, mitigating human errors, and increasing the capacity of the overall
transportation system [11], [12], [13]. Back in the 1990s, the leading Intelligent
Transportation System (ITS) program - the California Partners for Advanced Transit
and Highways (PATH), sponsored many studies focusing on vehicle platooning [14],
[15]. Nowadays, benefiting from advanced technologies, vehicle platooning under
connected and autonomous vehicle environments has become an application with great
potential.

The ultimate goal of an Automated Driving System (ADS) is to replace the
human driver thoroughly. Prior to exploring the ADS technologies, a simple review of

what a driver needs to handle while driving could help us to understand what



functionalities the ADS needs to deliver. Assuming a trip is planned, after buckling up,
drivers need to observe the surrounding environment of the vehicles as well as assess
the status of the vehicles. Drivers need to keep their vehicles moving safely. By turning
the steering wheel and applying the brake or gas pedal, the drivers operate the vehicles
to complete the planned trips. From another perspective, no matter if it’s based on
personal experiences, signs or maps, the drivers need to understand what the traffic
environment is, in order to make sure they can arrive at the destination at the expected
time point, with some uncertainty, since the traffic can be much worse than the driver’s
expectation. However, besides gathering information visually or aurally, mobile apps or
installed navigation functions on vehicles provide drivers with detailed information
about the traffic.

Based on the scenario described above, the three main tasks of an ADS can be
deduced. The first is to see and understand both the environment and the vehicle itself.
The next task is to make decisions to guarantee the vehicle runs on the planned route
with safety, comfort, and efficiency. The last task is to generate control commands
according to the driver’s decisions and execute them to maintain and change the speed
and direction of the vehicle. Thus, this study adopts a functional architecture of AV
technologies which commonly consists of three parts: i) perception, ii) planning, and
iii) control [16]. A more detailed review of these technologies is presented in the second
chapter.

Facilitating connecting vehicles and transmitting information among them
requires many different technologies. Inter-vehicle communication (IVC) is one of
those. IVC was considered an essential part of the ITS technologies back in the 1990s

[17], [18]. It was believed that it could help drivers and vehicles with “seeing” further



and broader. Recently, as the internet of things (IOT) concept has received a great deal
of attention, connected vehicle technologies have advanced substantially in the last two
decades. The three common phrases used in connected vehicle environments are
vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), and vehicle-to-everything
(V2X) communication. V2V communication indicates the data exchange among
vehicles. It enables vehicles to perceive the driving environment with better extension.
V2l communication means the vehicle is connected to devices installed on
infrastructures and receives proper information [17]. For example, the traffic light with
Infrastructure-to-Vehicle (12V) devices can broadcast the time remaining on the green
light phase, so approaching connected vehicles can make decisions more effectively
depending on the remaining time for a safe passage. If the answer is no, the vehicle can
smooth its deceleration and improve both safety and comfort. Reversely, the traffic light
control system can be optimized by gathering states (e.g., position and speed) of
approaching CAVs [19]. Both in the United States and Europe, V2V and V2I have
designated licensed spectrums. The corresponding bandwidths for communications are
from 5.850 to 5.925 GHz and from 5.855 to 5.905 GHz [20], [21], [22]. V2X
communication is a broader concept that is used to describe the communications
between a vehicle and all other entities that may influence mutually or one-sidedly [23],
[24]. V2X communications include vehicle-to-pedestrian (V2P) communication,
vehicle-to-grid communication (V2G), vehicle-to-cloud (V2C) communication, and
others. V2G indicates the communication between electric-driven vehicles and the
power grid. This technology is developed to optimize power storage and usage

macroscopically [25], [26], [27]. V2C is an emerging concept. It emphasizes the



communication between vehicles and extensive data resources. It can give vehicle
access to more information and higher computing power [28], [29].

As essential technologies advance, the pace of realizing such applications are
much more practical than ever before. Thus, for transportation planners, designers,
engineers, and policymakers, how platooning CAVs will impact existing traffic and the
system under different situations will be a crucial problem that needs to be explored.
When new traffic patterns and/or new design patterns of infrastructure are implemented,
it’s necessary to estimate how CAV platoons will impact the traffic. Additionally, even
though vehicle manufacturers and agencies have considered their plans to platoon CAVs
[30] [31], it is still challenging to depict how the future will be with such components
in the traffic. Also, establishing a real-life experiment may require great capital input
and raise safety and ethical issues. Thus, a simulation framework can provide a solution
to pre-assess the impacts without massive investment.

Software engineers and developers have released products that can simulate
traffic with CAV traffic. But there aren’t many for CAV platoons. Moreover, existing
tools may provide limited adaptivity to be modified for exploring the impacts of the
platoon with different CAV-related technologies or platooning algorithms. Thus, the

adaptivity of the simulation framework is crucial.

Purpose and objectives
The main problem addressed in this dissertation is the lack of a reliable and
flexible simulation tool that evaluates the impacts of CAV platoons on existing traffic.
The framework should have proper capability to adapt to the advancing

technologies and changing circumstances. Meanwhile, to improve the precision of



modeling CAV platoons, there should be two levels of simulation. The first is a lower
level framework needs to simulate how a CAV, or a platoon will behave from a self-
oriented perspective. The second is a higher-level simulation to help users explore the
potential influences of the CAV platoons on the existing traffic stream, or to different
traffic patterns with various infrastructure designs.

To address the main problem, this study is divided into four interrelated topics:

I. What is the functional architecture of a connected and autonomous vehicle?
What types of technologies are essential when studying a platoon-enabled
CAV?

ii. How will vehicles be platooned? How will a platoon work effectively in a
connected and autonomous environment? What will the functional
architecture be for platooning CAVs?

iii. How are platoon-enabled CAVs and CAV platoons modelled? How should
the traffic with CAV platoons be simulated?

iv. What should the model do once platooned CAVs are introduced to the
network? How are these impacts evaluated?

In order to solve a transportation problem properly, the temporal and spatial
dimensions. For roadway transportation, a plan or a design is usually established to
serve for about ten years. Therefore, in this rapidly changing period of roadway
transportation industry, considering some issues priorly are necessary. On the other
hand, CAVs are highly expected to dominate the roadway infrastructures in the future
based on the trends of relevant technology development. Despite being a popular topic
in multiple disciplines, the governments of major economic entities also released plans,

regulations and standards on both developing and implementing CAV technologies



from a real-world perspective [32] [33] [34] [35]. Vehicle platooning, one of

applications of CAVs and cooperative driving has been discussed extensively in recent

years. Developing a tool, or an approach to explore the influences of vehicle platoons

on the traffic is not only interesting but is also meaningful in the development of ground

transportation plans, designs and technologies.

As such, the main objectives of this study include:

Vi.

Conducting a survey of CAV technologies and applications and depicting a

functional architecture of both CAVs and the platooning of CAVs.

i. Developing vehicular models representing different types of vehicles: a)

human-driven vehicles, b) non-connected autonomous vehicles, c)
connected and autonomous vehicles with platoon functions.

Modeling platoon-enabled CAVs operations in a microscopic environment.
Using traffic simulation tools to establish traffic-level simulation scenarios
based on different shares of platoon-enabled CAVs and other types of
vehicles and different roadway designs.

Integrating vehicular modeling results, traffic simulation models and testing
scenarios to simulate the traffic with CAV platoons and exploring the
impacts of CAV platoons on the traffic environment under different
scenarios. Verifying simulation framework with sample tests.

Validating the framework by conducting case studies based on real-life
infrastructures and traffic aspects, and simulating the traffic with different
shares of CAV platoons. Evaluating the outputs of the real-world based

simulations.



In the next chapter, a comprehensive survey of literature is presented for
reviewing the studies focused on Advanced Driving/Driver Assistant (ADA)
technologies, Autonomous Driving, Inter-vehicle communication, and vehicle
platooning. Modeling CAVs and simulating traffic algorithms are reviewed in Chapter
2. Moreover, the models and simulation theories utilized in this study are also
introduced in Chapter 2. In the third chapter, two case studies are conducted to explore
the impacts of CAV platoons on traffic flow. Potential changes on both traffic and
infrastructures are considered for both cases. The last chapter of the main body of this
dissertation summarizes this study and draws a conclusion. Limitations of this study

and recommendations for future work are presented as well in the last chapter.

Scope

As was mentioned previously, the main goal of this study is to develop a
simulation framework in order to evaluate the impact of CAV platoons on traffic. The
studied scenarios use limited access and divided highways. In the USA, this category
includes Interstates, Freeways, and Expressways [36]. Thus, roadways belonging to
other functional classifications are not covered.

The studied vehicle types are passenger cars and trucks. Based on current
studies, these two types of ground vehicles are widely studied as the participants of
vehicle platooning. More specifications are given in the case study chapters. When
exploring vehicle modeling, the most popular vehicle dynamic models found in the
literature are used. The control inputs are limited to acceleration/deceleration and
different steering angles. For traditional fossil-fuel-based engine vehicles, such controls

are actuated by throttle/brake control systems and steering control systems [37] [38].



The tools for building and validating the simulation framework consist of
MATLAB/Simulink SUMO and OMNeT++. In the Simulation chapter, the reasons for
using these tools are provided. MATLAB/Simulink is used to model and
microscopically simulate the CAVs and the single platoon’s behaviors/maneuvers.
SUMO is the tool that is used to conduct simulations of traffic macroscopically.
OMNeT++ serves as the simulator of communication. Other assumptions are described

in more detail throughout the upcoming chapters.



Chapter 2

CONNECTED DRIVING, AUTONOMOUS DRIVING AND VEHICLE
PLATOONING TECHNOLOGIES
This chapter includes the following parts: Firstly, the functional architecture of
CAYV that has been adopted in this study is demonstrated. Then, an overview of
implemented and developing technologies for connected driving, autonomous driving,
and vehicle platooning technologies are presented. Finally, the overview provides

descriptions and explanations of the components which compose the architecture.

Functional Architecture of Connected and Autonomous Driving System

After studying the technologies that have been implemented or are being
developed, a functional architecture of connected and autonomous vehicles used in this
study is demonstrated below in Figure 1.

As mentioned in the introduction chapter, a viable CAV system should be
capable of operating the vehicle in a safe manner with limited human intervention or
even without it and transporting the drivers/passengers and goods from the origin to the
destination correctly. To achieve such goals, the following types of functions are
deemed necessary: i) perception, ii) planning, and iii) control [16]. Perception functions
can help with perceiving the events and objects that could influence vehicle driving.

Planning functions are the functions that determine what the vehicle should do to



complete the trip correctly. Control functions are the functions that guarantee vehicles

are behaving as accurately as planned.

Ego Vehicle
Perception — Planning — Control
‘/ Environment ‘ Mission Planning Acc-/deceleration
Perception
Behavior Planning
‘ Localization ‘ : - Steering
) Motion Planning
L7
2 )
| | !
g V2X / IVC
Infrastructure [ Cloud } [ Other vehicles ]
. Communication )
Figure 1. Functional Architecture of a CAV

Implemented technologies

Implemented technologies include popular technologies that are available in the
market as driver assistance technologies. The Society of Automotive Engineers (SAE)
defined vehicles that activate a single automated system as level 1 driving automation.
Table 1 shows the levels of driving automation with the SAE J3016 standard [39]. An
integrated system with multiple driver assistance technologies that can work
simultaneously is considered a level-2 driving automation system.

As defined by The National Highway Traffic Safety Administration (NHTSA),

the Driver Assistant Technologies can be split into four categories regarding their
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Table 1. Levels of driving automation (SAE J3016) [39]

Level No Drl\.'l.ng Features are limited to providing warnings
0 Automation d t ist
(DA) Drivers are driving and momentary assistance.
whenever driver support
. features are engaged. . .
Level Driver Features provide steering OR
1 Assistance Drivers must constantly brake/acceleration support.
supervise and must take
i rivi ly. . .
Level . actions for driving safely Features provide steering AND
Partial DA .
2 brake/acceleration support.
" Features can drive the vehicle when all
Level Conditional . - .
3 DA required conditions are met. Drivers must
drive when requested.
Level Hieh DA Automated driving features | Features can drive the vehicle when all
4 € are responsible for driving. required conditions are met.
Level Features can drive the vehicle under all
Full DA .
5 conditions.

functions [40]. They are collision warning, collision intervention, driving control
assistance, and other systems. Table 2 shows commonly implemented technologies to
perform such functions. Features listed in Table 2 are commonly integrated to perform
a driving assistance. Some combinations of different technologies are implemented to
improve the system with more capabilities. One example is the integration of Forward
Collision Warning (FCW) and Automatic Emergency Braking (AEB) systems. The two
systems work together to diminish the risk that a vehicle rear-ends the vehicle ahead, or
mitigate the severity when a collision is unpreventable [41]. Once a potential forward
collision is detected, the integrated system activates FCW to alert and remind the driver
to take necessary operations to avoid a potential collision. If the driver does not take
proper action in time, the system will automatically activate AEB to avoid a collision.
Another example is the combination of Rear Cross Traffic Warning (RCTW) and Rear

Automatic Braking (RAB). These two systems work jointly to help avoid collisions

11



caused by overlooked objects while the vehicle is in reverse [42]. The mechanics are
like the combinations of the FCW and AEB technologies. When cruising within a
relatively stable situation, combinations of Adaptive Cruise Control, Lane Keeping
Assistance/Lane Centering Assistance technologies can improve the comfort of the

experience of both driver and passengers.

Table 2. Driver assistant technologies [40]
Category Technology Brief Description
Forward Collision Warning Warning driver of a potential crash with
the vehicle ahead
o Lane Departure Warnin Warning driver while the vehicle is
Collision P 9 approaching or crossing lane markers
Warnin i i i
9 Rear Cross Traffic Warning Wa_rnlng_ the driver of potential crash
while driving backward.
Blind Spot Warning W_armng the driver of objects in driver’s
blind spot
. . Appling brakes or enhancing braking
Automatic Emergency Braking when a forward collision is imminent
Pedestrian Automatic Emergency  Braking once a pedestrian(s) is detected
Collision Braking ahead and a collision is imminent

Intervention

Rear Automatic Braking

Braking when a potential crash is
imminent while driving backward

Blind Spot Intervention

Braking or steering (either or both) when
a vehicle is detected when ego vehicle is
changing lanes

Driving Control
Assistance

Adaptive Cruise Control

Adjusting speed automatically to maintain
a safe distance from the vehicle ahead

Lane Centering Assistance

Steering continually to keep the vehicle
driving at the middle of its lane

Lane Keeping Assistance

Steering automatically to keep the vehicle
form departing the lane

Other Systems

Automatic High Beams

Activating and deactivating high beams
depending on the distance from oncoming
vehicle or the vehicle ahead

Backup Camera

Providing a clear view behind the vehicle

Automatic Crash Notification

Reporting automatically to an emergency
responder when a crash occurred
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Developing Technologies
This section reviews studies on the currently developing technologies (including
algorithms, techniques, and equipment) related to level-3 or more advanced automated
driving. Survey and review publications focusing on technologies of autonomous
driving, connected driving, and vehicle platooning are reviewed as the major focuses.
In addition, publications introducing innovative technologies are reviewed as

supplementary.

Perception
Perception functions can be broken down into two major parts — environment
perception and localization [43] [44] [45]. Environment perception functions refer to
the functions that help the user/vehicle with perceiving the immediate surroundings.
Localization functions help user/vehicle to locate itself regarding a reference. In this

section, prevailing technologies are studied.

Environment perception technologies

The commonly studied technologies in the environment perception area are
presented in this section. They include sensing technologies, sensor calibration and
fusion technologies. Light detection and ranging (LiDAR), Camera, and Radio detection
and ranging (Radar) are the external sensor technologies reviewed in this study.

a) LiDAR

LiDAR is an active sensing technology. By emitting lasers into the surrounding,

distances toward surfaces are measured by the travel time of the emitted laser. The
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detection range of LIiDAR sensors is commonly from 10 to 200 meters [46]. The
common outputs of LIDAR sensors are point clouds. Each point indicates the relative
position of a surface. The scanning strategies of LIDAR are 2D and 3D strategies. 3D
scanning can be achieved by spinning the whole scanning device with multiple 2D
sensors [44].

Defined by the basic mechanic, LIDAR is superior in ranging to other
technologies. The physical information obtained by LiDAR technology is reliable [47].
On the other hand, the mechanics also limits this technology when there is a lack of
reflectivity on the scanned surfaces. Adverse weather may affect the functionality of
LiDAR as well. Moreover, since LIDAR can hardly provide texture information of
scanned surfaces, the collaboration of LIDAR and Camera is usually needed to perform
object recognition/tracking [16]. LiDAR technology’s overall cost is relatively higher
than other technologies [48].

b) Camera

In some studies [16] [48] [49], the camera technology applied in the self-driving
area is also called vision technology. Cameras provide semantic description of the
surroundings. The functions of camera technology in a connected and autonomous
driving system include but are not limited to detecting on-road objects and recognizing
lane geometry and traffic signs [16]. The advantages of camera technologies’ capability
of providing texture information about the scanned object are the foundation of those
functions. Camera technology offers two systems for CAVs — monocular camera and
stereo camera. Monocular camera solution is inexpensive. Stereo cameras can provide
depth information. One of the most significant disadvantages of camera sensors is the

dependency on sufficient illumination. Studies have shown that with advanced
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processing algorithms, a level of mitigation is achievable on resolution decrease under
adverse illumination [44] [45].

¢) Radar

Radar systems utilized for developing perception functions on CAVs can be
classified depending on how far they detect. Two classes are mainly studied. They are
short-range radar systems and long-range radar. The definitions of short- and long-range
vary in different studies. In most cases, short-range automotive radars can detect up to
30 meters. On the other hand, the number of long-range radars is from 10 to 250 meters
[50]. Radar technology is also a ranging technology. The mechanics are like LIDAR
technology but emitting and receiving electromagnetic waves instead of lasers [45] [51].
For most applications of radar-based perception technologies, the most common
frequencies of electromagnetic waves are 24 GHz, 60 GHz, 77 GHz, and 79 GHz [44]
[51]. Radar techniques with such frequencies are known as millimeter-wave (mm-wave)
radar technology.

The cost of radar systems is relatively low and provides robustness under inverse
conditions. However, one critical disadvantage of radar technology is the difficulty of
obtaining high resolution output when being compared to LiDAR technology.

d) Calibration

When multiple sensor modalities are employed, calibrations are necessary to
ensure the integrated sensor system performs properly. Calibration methods include
intrinsic calibration, extrinsic calibration, and temporal calibration. Intrinsic calibration
focuses on sensor-specific parameters, such as the focal lengths of a vision camera [44].

Extrinsic calibrations are conducted to develop mapping among coordinate systems
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between sensor modalities. Temporal calibration is the process of synchronization of
the data streams delivered by multiple sensor modalities.

e) Fusion

Sensor fusion integrates the acquired data from different sensing modalities. It
can improve the performance of perception systems consisting of multiple types of
sensing modality systematically [44] [51]. For instance, a sensor fusion of cameras and
Lidar sensors can mitigate the limitations of vision cameras under inverse illumination
conditions.

There are three groups of sensor fusion approaches. They are low-level fusion
(LLF), mid-level fusion (MLF), and high-level fusion (HLF) [44] [52]. The LLF can
also be called data-level fusion. It means data from sensors are integrated as raw as
possible. Such fusion increases the cost and difficulty of data processing. But, as a result,
the detection could be more accurate. MLF indicates that the fusion takes place at the
feature level. The approach can be simplified as fusing the Information about one or
multiple features of a detected object to perform recognition and classification. HLF
refers to system-level fusion approaches. Each sensor system performs detection
independently and fuses the output with others. HLF approaches have gained popularity

due to their feasibility of application compared to the other two groups.

Localization

Localization is another critical component in a CAV’s perception system. The
main localization tasks are determining the position and orientation of the ego vehicle
and estimating its motion. Commonly implemented or studied technologies include

mapping, sensor-based, and cooperative technologies [53].
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Satellite navigation technologies, such as Global Positioning System (GPS), can
provide the global position of the ego vehicle. However, such technologies rely on
signal strength. Inertial navigation technologies are sensor-based. The sensors are
commonly called as Inertial Motion Units (IMU). By monitoring the motion of the ego
vehicle, position information is obtained. A shortcoming of inertial navigation
technologies is the error accumulation through the time when vehicles are operated
continuously. Moreover, the approaches relying on infrastructure detection (markings
or roadway detection) are also used for localizing vehicles [54]. However, such
approaches require infrastructure to be built and maintained intensively.

Recently, map-aided localization technologies advanced significantly. One such
technology, called Simultaneous Localization and Mapping (SLAM), is a hot topic in
this area. The process of SLAM is building maps and using them for localization at the
same time [16] [51]. In [54], Bresson categorized SLAM problems into two groups: full
and online problems. The similarity between the two types of problems is that they both
compute the vehicle’s current position over previous positions, map, control inputs, and
sensor data. Solving a full SLAM problem needs all previous inputs into account, but

solving an online SLAM only considers the information from the last period.

Planning
With sufficient information about the environment, a comprehensive plan
should be developed to ensure the vehicle completes transportation tasks safely and
efficiently. The main responsibilities of the planning system of an AV can be
summarized as: i) planning the route to transport from an initial location to the desired

destination, ii) determining the selections of behavior as reactions to events from the
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environment, and iii) extracting trajectory-level plans from behavior selection. The
planning systems of a CAV system are also termed the decision-making systems [16]

[43] [55].

Route Planning

A route planning system indicates a system that plans for ensuring the CAV
completes the desired transportation tasks at a road network level. Classical shortest
path algorithms, such as Dijkstra or A* algorithm, are less practical when dealing with
real-world routing problems [56]. But some practical algorithms derived from them with
different trade-offs can achieve solving real-world problems in milliseconds with decent
computing space requirements [46] [56]. Generally, time consumption, memory space
usage, preprocessing, and simplifications of an algorithm are the aspects needed as trade
off.

Bast et al. categorized route planning techniques within static road networks into
goal-directed, separator-based, hierarchical, and bounded-hop [56]. Goal-directed
algorithms are optimized routing algorithms compared to the basic Dijkstra algorithm.
Such algorithms prune the map to avoid redundant options by leading the search toward
the destination. Separator-based algorithms optimize the solutions by partitioning the
map. Overlay maps may be deployed to achieve further optimizations during the
process. Hierarchical techniques exploit the classification of the importance of each
vertex/arch, and then mitigate the cost by skipping less important vertices/arches.
Bounded-hop techniques focus on pre-computed distance between vertices and running
multiple “hops” based on the precomputed results to find out the shortest path from the
origin to the destination. Multiple algorithms could be utilized to improve the processing

speed of route planning [46].
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Behavior Selection

Selecting behaviors to maintain that autonomous vehicles are being operated
safely and efficiently and mitigating risks when an inverse situation occurs is the main
task of a behavior selection module. Recently, Schwarting et al. conducted reviews on
autonomous system approaches and categorized behavior selection approaches into four
groups [55]. They are game-theoretic, probabilistic, Partially-Observable-Markov-
Decision-Process-based, and learning-based approaches.

The game-theoretic approaches, as the name suggests, are based on game theory.
Behaviors are selected to maximize the ego vehicle’s reward when considering both
selected behavior and potential reactions that other objects (such as other road users)
will take [57]. Unlike game-theoretic approaches, probabilistic approaches focus more
on the estimating the probabilities of upcoming situations and executing the responding
behaviors to maximize the benefits of the ego vehicle. Partially Observable Markov
Decision Processes (POMDPs) are typically generalizations of Markov Decision
Processes (MDPs) [55]. MDPs are discrete-time stochastic control processes. The core
of an MDP is a state-action-probability-reward control mechanism [58]. Actions yield
probabilities to transition from one state to another. Corresponding rewards are gained
after the transitions between states. POMDPs employ observation sets and observation
probability sets [55]. Those sets are used to update the present state since the states are

not guaranteed as expected and planned in the real world.

Local Planning
This study categorizes local planning systems into two parts — path planning and

trajectory planning [16]. Path planning components break down the planned routes into
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a sequence of configuration states of the vehicle. Trajectory planning is defined as a
time-parametrized function that reflects the state changing in time.

Path planning algorithms, according to Gonzalez et al.’s research, can be split
into three classes [59]. The first class is a graph-based algorithm. Those algorithms are
commonly developed upon the Dijkstra algorithm, the A* algorithm, and the state lattice
algorithm. They deploy grids or coordinates and calculate the feasible and optimal
solution for transiting the vehicle from one state to the next. States represent not only
position, but also information like velocity, angle, acceleration, and heading. Another
class of path-planning algorithms is sampling-based algorithms. These algorithms are
developed to provide solutions under temporal constraints. One of the robotics methods
for path planning, the Rapidly-exploring Random Tree, is employed in some studies as
a path planning algorithm for AV [16]. The last class is the interpolation curve
algorithms. Interpolation algorithms rely on given waypoints. By inserting new data
points, the output results in smoothed trajectories with considerations of environment

and constraints.

Control
The control modules, or controllers, in a connected and autonomous driving
system are in response to maintaining the vehicle movement according to desired ways
planned by planning modules [16]. Most controls aim at two aspects of the vehicle —
steering and acceleration/deceleration. By calculating the error among reference
trajectory/path and vehicle state, control actuators take corresponding operations to

events, e.g., applying emergency braking to avoid collision with an object ahead. Figure
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Trajectory Error Command
Planning Modules | »  Controller Vehicle
Feedback (Vehicle States)
Sensors
Figure 2. Single-input Single-output Control System

2 briefly demonstrates a single-input-single-output control system, which is a basic
schema of a control system. In [60], Amer et al. reviewed control approaches of
autonomous vehicles and categorized them into seven classes. They are geometric
approaches, kinematic approaches, dynamic control approaches, optimal control
approaches, adaptive and intelligent control approaches, model-based approaches, and
classic approaches.

Classic control approaches are common approaches deployed for solving real-
world control problems. Proportional integral derivative (PID) controller and sliding
mode controller (SMC) are two instances of the application of this class of control
approaches [60].

Geometric approaches are based on the vehicle’s geometric model, velocity, and
acceleration [60]. Thus, geometric approaches are popular because of their simplicity.
Pure pursuit controller is one of the most popular applications of geometric approaches.
Vehicles remain running as planned by “chasing” a moving point in a time step.
Kinematic controllers are developed based on the vehicle’s kinematic models. This type
of control approach can add velocity, acceleration, and even slip into consideration. But

forces are not explored. Dynamic approaches are developed regarding forces in
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vehicles. Thus, in most cases, dynamic approaches are more complex than geometric
and kinematic approaches and require additional computational power or data
processing time as well. In the Simulation chapter, more contents about the vehicle
kinematic and dynamic model are presented.

Optimal control approaches find control laws for a system to achieve an optimal
result. The results are usually defined by an objective function. Linear-quadratic-
regulator (LQR) control is one of the optimal control methods. Adaptive and intelligent
control approaches are expected to be able to change parameters regarding the changing
conditions. Intelligent control approaches utilize various artificial intelligence
approaches to achieve such goals. Fuzzy logic, machine learning algorithms, and neural
networks are commonly chosen for intelligence features.

Model-based control approaches differ from vehicle model-based approaches
from those mentioned previously [60]. Model-based control approaches refer to the
approach’s performance, controlling by assessing and modeling control output. A
Model Predictive Controller (MPC) is one of the most known applications of model-
based control approaches. With models that reflect the correlations between dependent
variables and independent variables, MPCs take action according to the anticipated
changes in the dependent variables. Such predictions are commonly taken for a finite

time horizon to obtain optimized performance with acceptable processing time.

Learning-Based and End-to-end Autonomous Driving System
Previously mentioned components are commonly deployed in modular ADSs.
Due to the modularized structure, such ADSs could be more robust when malfunctions

or under-expected performances occur with modules. However, end-to-end ADSs, as
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an alternative approach to designing ADSs systems and functional components, have
been studied in great detail [61] [62] [63]. End-to-end algorithms usually rely on
learning-based algorithms. Such algorithms replaced perception, planning, and control
components partially or entirely.

Tampu et al. conducted a survey of end-to-end driving approaches [64]. The
results show that with full end-to-end driving systems, inputs (e.g., perception data) are
directly used to generate control outputs (e.g., steering commands). Each task is
completed as an individual learning task, instead of a sequence of tasks processed by
different modules. Popular learning methods in end-to-end driving include imitation
learning and reinforcement learning. Inputs for end-to-end driving include inputs
gathered by aforementioned perception methods, HD maps, and navigation information
or input fusions. The outputs could be control commands, waypoints, cost maps,
affordances, or multitask deliveries. Figure 3 demonstrates an example of end-to-end

driving systems.

Sensory Data I:> » Steering

. ‘ Acceleration

Navigation E::
Inputs

HD Maps |:> »

Inputs End-to-end driving Outputs
neural network

Figure 3. Abstract End-to-end Autonomous Driving System
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Inter-vehicle communication

When discussing inter-vehicle communications, the Vehicular Ad Hoc Network
(VANET) is one of the inevitable topics. It was developed based on Mobile Ad Hoc
Network (MANET) [65] and was introduced at the beginning of the 21st century.
VANETS’ principle is enabling vehicles to create wireless networks spontaneously
without any administrator involvement [66], [67]. The components of a VANET system
are Onboard Units (OBUs), Application Units (AUs), and Roadside Units (RSUs).
OBUs indicate the devices mounted on a vehicle and used for exchanging information
within the vehicle, among vehicles, and with RSUs. AUs are devices that utilize
information gathered by OBUs. RSUs are usually fixed in locations. They help the
vehicles to communicate with infrastructures. Figure 4 shows an example of
information flow among these types of devices. The signal tower is considered an

instance of RSUs. The green vehicles are OBUs and IVVC-enabled. The applications of

VANETS include but are not limited to intersection collision avoidance, approaching

(i)

Figure 4. IVC Through RSUs and OBUs
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emergency vehicle warning, sign extension, vehicle diagnostics and maintenance, lane
change warning, and speed harmony [65], [68]. These applications are expected to
improve not only the safety but also the overall performance of the road network.

The two most competitive candidate access technologies for V2X are dedicated
short-range communication (DSRC) and cellular V2X (C-V2X). Other candidates
include Bluetooth, Satellite Radio and Visible Light Communications (VLC) [69].
Figure 5 shows the illustrative protocol stack of DSRC. As illustrated, DSRC is rooted
on IEEE 802.11p standard and extended by 1609 family standards.

Basic Safety Messages
SAE J2735
Minimum Performance Requirements
SAE J2945

Non-Safety Applications

WAVE Short Message Protocol | UDP Tce |
IEEE 1609.3 | IP |

Security Services
IEEE 1609.2

LLC Layer IEEE 802.2

MAC Sublayer Extension IEEE 1609.4

MAC Sublayer IEEE 802.11p

PHY Layer IEEE 802.11p

Figure 5. Protocol Stack of DSRC (Retrieved from [154])

SAE J2735 and SAE J2945 regulate the messaging application layer of this
method in the US. Defined by SAE J2735, message types include but are not limited to
Basic Safety Messages, Emergency Vehicle Alerts, Signal Phase and Timing Messages,
Map Data [70]. In EU, message types for C-ITS are Cooperative Awareness Message
(CAM) and Decentralized Environmental Notification Message (DENM) [71] [72].

CAMs are defined as the exchanged messages to maintain the awareness of each
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participant and support the cooperative performance of the road network [72]. DENMs

are messages informing road users of detected events [71].

Clustering

Vehicle clustering techniques aim to solve vehicle “grouping” problems
regarding the vehicle’s geographical information under a VANET environment. A
cluster refers to a group of vehicles. In some rules, vehicles in a cluster play three roles
— cluster head (CH), cluster member (CM), and cluster gateway (CG) [73] [74]. A
cluster head is a vehicle that coordinates with its CM(s) and other CH(s). A cluster
gateway is a vehicle linked with other CG(s) that provides connections between its
cluster and others. The rest vehicles are called CMs. Figure 6 shows a simplified scene

with two vehicle clusters.

Inter-Cluster Intra-Cluster
Transmitting Transmitting

{ , Cluster @ZWWg® Cluster Head Cluster Gateway Cluster Member

Figure 6. Simplified Vehicle Clusters

The fundamental procedure for clustering under VANET environments is
summarized in Cooper et al. study. The procedure includes neighborhood discovery,
cluster head selection, affiliation, announcement, and maintenance [75]. Once a vehicle

joins a network, it starts broadcasting its existence and gathers similar information from
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its neighbors. Then a process will be conducted to select a CH within a neighborhood.
CH may play centralized information processor and decision-maker roles. Such roles
vary depending on clustering algorithms. The vehicles that are assigned to be CHs send
announcements to selected vehicles that are selected to be its CMs. Affiliation indicates
a vehicle is attempting to build a connection with its optimal CH and becomes a member
of that cluster. To maintain a cluster, the CH needs to check the members’ status
periodically. Reversely, a CM must also check its link with its CH. If a CH finds no
connection between it and its member(s), it will return to the neighborhood discovery
step. Both CHs and CMs can change their roles on demand. Merging or nesting clusters
in another cluster are achievable with some algorithms [75].

Clustering algorithms in VANET are developed to achieve various goals. Some
are generalized, and others are developed for specific applications [75]. Generalized
clustering algorithms in VANET are mainly aimed at establishing stable and reliable
clusters for connected vehicles. Application-dependent clustering algorithms are
developed to provide clustering solutions to improve the performance of the
applications. Such applications include but are not limited to event management,

routing, channel access management, security, traffic safety, etc. [73].

Platooning
Platooning vehicle indicates the technique that enables vehicles to travel along
as a single unit. It is also known as convoy driving. Vehicles maintain a constant short
spacing within a platoon with coordinated longitudinal and lateral control algorithms.
Successful tests on truck platooning in the last two decades provide an experimental

perspective to explore the deployment of platooning on other types of vehicles,
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especially passenger cars. Bhoopalam et al. reviewed publications on truck platooning
and summarized the two common objectives of a truck platooning service [76]. They
are minimizing the system-wide fuel cost and maximizing the number of trucks platoon.
Since the aerodynamic drag can be effectively mitigated by platooning trucks,
minimizing fuel consumption is one of the main benefits of platooning trucks. Due to
the aerodynamic drag reduction, the size of a truck platoon could extensively benefit
from an energy-saving perspective [77]. However, coordinating and platooning trucks
with different Origin-Destination OD pairs may lead to extra travel that increases the
overall cost. Moreover, platooning trucks may also significantly raise the regional
density of large vehicles. That could cause congestion to traffic that increments fuel
consumption not only for platooned trucks but also for other users in that area. To
manage such issue, more efforts are needed in global planning for platooning and setting
the maximum number of trucks in a platoon for some vulnerable areas.

When compared to tuck platooning, there is less research that asserts that
platooning passenger cars can potentially lower the fuel cost of traveling [78]. However,
autonomous driving without cooperation has led to non-systematic improvement of the
performance of the roadway network since such driving is usually based on information
that was not collected cooperatively and the decisions made to maximize ego’s benefits
[79]. Thus, one of the main purposes of platooning passenger cars could be to improve
the throughput of the traffic and thereby reduce the time of traveling systematically.

In last couple of decades, tests on platooning vehicles have been conducted as a
part of the California Program of Advanced Transit and Highways (PATH). In
experiments, platoons are formatted prior to entering the highways. Being guided by

magnets embedded in the road, an eight-vehicle platoon with 6.5-meter spacing
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performed basic maneuvers [80]. Information is transmitted among those platooned
vehicles.

Jia et al. conducted a review of the platoon-based vehicular cyber-physical
system (VCPS). This review gives a good insight into developing systems for
platooning vehicles [81]. Cyber-plane refers to the network and communication plane.
The Physical plane indicates the physical constraints or environment that could
influence a vehicle’s behavior. Under the autonomous driving environment, vehicles
observe the environment with their perception system and react to it with planning and
control systems. Such actions happen on the physical plane. Transmitting information,
both intra-vehicle and inter-vehicle, is related to the cyber plane. Thus, inter-
vehicle/platoon communications are critical for the cyber-plane behavior of vehicle
platooning as well as the autonomous driving system toward the physical plane.

An inter-platoon CPS is expected to improve the performance of the traffic. On
the other hand, an intra-platoon CPS should be able to manage the single vehicle’s
performance [81]. In this study, intra-platoon CPS is considered as the integration of
connected and autonomous vehicle technologies. Such technologies have been
discussed in previous sections of this chapter. On a platoon-based inter-vehicle cyber
plane, challenges such as coordination and management protocols are popular subjects
of study.

Before exploring vehicle platooning technologies, a relevant technology that has
partially realized the functions of vehicle platooning is reviewed. This technology is the

Cooperative Adaptive Cruise Control (CACC).
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CACC (Cooperative Adaptive Cruise Control)

Recently, CACC has been extensively studied, leveraging both autonomous
driving and connected driving technologies. CACC is an increment of V2V
communications to adaptive cruise control technologies (ACC). It aims to provide
automated longitudinal control. An ACC-enabled vehicle can cruise with a preset speed
in traffic unless its preceding vehicle runs slower [79]. If a slow preceding vehicle is
detected, the ACC system will decelerate the vehicle smoothly and maintains a fixed
gap between the vehicle and the preceding one. CACC vehicles are virtually loosely
coupled to maintain strings on the road with a fixed gap among them when suitable
situations are met. With V2V communication, CACC vehicles can respond more rapidly
to speed changes of preceding vehicles than conventional ACC vehicles [82].
Eventually, when increasing shares of CACC-enabled vehicles in traffic, the throughput
increases significantly since CACC vehicles can maintain shorter gaps between each
other. The main objectives of implemented CACC are improving roadway capacity and
mitigating fuel consumption. When utilizing infrastructure-to-vehicle (12V)
communication, CACC has the potential to mitigate traffic bottleneck problems.

CACC system can be separated into two parts — communication and automated
control. CACC communication has distinct characteristics. For instance, due to the
mobility of vehicles, the routing topology changes dynamically when traffic consists of
both conventional human-driven vehicles and CACC vehicles. Thus, communication
routing protocols for achieving CACC are critical. Dey et al. reviewed communication
routing protocols and categorized them into three classes [83]. They are unicast,
multicast, and broadcast protocols. Unicast protocols indicate the strategies that one or
multiple copies of an information bundle is/are forwarded to a single recipient. On the

contrary, with multicast protocols, the bundle is sent to multiple recipients. Sending

30



multiple copies of one bundle can help with increasing the success rate of delivery.
Broadcast protocols cast information bundles toward all users without specific paths.
Different from unicast and multicast, with broadcast protocols, bundle casters and
recipients spend a shorter time building connections. Since the characteristics vary
among those three types of communications protocols, protocols are deployed
depending on the situations.

CACC systems are expected to accomplish the following objectives — perceiving
and interpreting preceding vehicle’s actions, making decision responses to such actions,
and taking corresponding reasonable actions. CACC vehicles can effectively achieve
those objectives since perception responsibilities are handed over to onboard perception
systems and V2V communications. However, based on the definition given by SAE,
CACC systems are considered L2 Autonomous Driving Systems since they only

perform longitudinal control features.

Collaborative driving system

In 2021, Malik et al. conducted a survey of collaborative autonomous driving
[84]. The collaborative driving system (CDS) has gained growing attention in recent
years as a research area of ITS. Collaborative driving focuses on improving the system
performance of the traffic instead of the performance of a single vehicle or a group of
vehicles. Additionally, the layered architecture for CDS is also demonstrated. Figure 7
shows the layered architecture. As demonstrated, the vehicle control layer is responsible
for perceiving the vehicle’s state information and surrounding events, as well as keeping
the vehicle under control for running safely and properly. The vehicle management layer
determines each vehicle’s behavior in an optimized manner cooperatively. This layer

makes decisions based on integrating information from the other two layers and the IVC
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system. The traffic management layer oversees casting traffic-related information to the
vehicle management layer. Such information includes but is not limited to traffic signal
schedules, reduced speed limits, roadwork zone information, etc. VVehicle platooning is
one of the potential applications within the collaborative driving environment. In the
survey, one problem that focused on vehicle platooning has been addressed, which is
the platoon leader election. A few questions have been brought up. They are about
platooning heterogeneous vehicles, communication degradation in a long platoon,
accurate estimations of vehicle characteristics, trustworthiness, and equal profit

distribution.
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Figure 7. Layered Structure of Collaborative Driving System [84]

Vehicle Platooning System Architecture
After studying existing connected and autonomous vehicle protocols and

technologies, an abstract architecture of the vehicle platooning system is depicted. In
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this study, the fundamental architecture of the vehicle platooning system is

demonstrated in Figure 8.

As shown in Figure 8, platooned vehicles are assumed to be level-3 and more
advanced autonomous-driving-enabled. Thus, vehicles should be able to operate
themselves effectively (with less latency among perception, planning, and control) even
without human involvement.
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Platooning Vehicle
Effective perception components are necessary for a connected and autonomous
vehicle to detect an object or an event that may trigger the CAV to change its state. For

instance, when detecting a slowing-moving vehicle ahead, the CAV chooses to
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decelerate or change its lane. Different from utilizing all perception data solely for ego
operation benefits, data is shared via an intra-vehicle communication network with all
members of the platoon.

Vehicles may platoon when a section of the planned route is shared by them.
This means exact origin and destination are not required for forming a platoon. Thus,
each vehicle may have its own mission for transport. Behavior planning modules are
responsible for deciding which behavior, such as lane changing, should be selected
regarding the current or predicted situation. Even a platoon management system may
take over the decision-making from a platoon perspective, but maintaining behavior
planning for each vehicle can improve the robustness of performance.

With the vehicle platooning system, vehicle’s control systems may receive not
only commands from on-board planning modules but also from the platooning
management system. In platooning systems, similar to CACC, vehicles are under
obligation to inform their control actuation to others in the same platoon through IVC
or other communication approaches.

Onboard V2X modules indicate the integration of on-board communication
units. In a connected driving environment, V2X modules perform different roles in the
majority of the time. In previous sections, some examples of vehicle-to-everything

communication have been provided.

Platoon Management System
The platoon management system is in charge of maintaining a platoon in a safe,
stable, and optimal manner. The main tasks of the management system include but are

not limited to maintaining string stability, determining intervehicle gaps, coordinating
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platoon formation, path planning, collision avoidance, synchronizing, establishing intra-
or inter-platoon communication, etc. In Figure 5, modules of platoon management
include clustering/coordination, global planning, local planning, inter-platoon
communication, intra-platoon communication, and 12V/VV2l communication.

Clustering modules help the system determine which vehicle should be chosen
to be included in the communication group. Coordination modules are the modules
focusing on guaranteeing cooperation among vehicles within each cluster that was
established for platooning. Coordination modules play a critical role in speed
synchronization, platoon formation, vehicle joining and leaving, platoon merging and
splitting, cooperative lane changing, and other tasks.

Global planning modules of a platoon are similar to the mission planning
modules of a vehicle’s onboard system. By integrating information from exterior
sources, the platoon may need to update the route dynamically regarding traffic
condition changes. For example, when traffic congestion is perceived, and the potential
impact is significant, the platoon may reroute to avoid congested areas to mitigate travel
time increase. Local planning modules are responsible for developing behavior plans
for platooned vehicles. Platooned vehicles include the vehicles that are running in the
platoon and vehicles that intend to join the platoon. Local planning also includes inter-
vehicle gap maintenance, determining the in-platoon position of joining vehicles,
maintaining string stability, and others.

Intra-platoon communications modules are responsible for information exchange
among platooned vehicles. Such information may cover the states of the vehicle
(velocity, yaw rate, position, etc.), specs (max speed, max deceleration, etc.), missions

(origin and destination), and intentions (following, lane changing, leaving, joining).
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Inter-platoon communications are not limited to communications among platoons but
also include communications between non-platoon cooperative vehicles. States of
vehicles and maneuver intentions are essential when exchanging information for inter-
vehicle communications. Event awareness information is also important, but such
information may not be transmitted via I\VC only but also via 12V communications. 12V
communications mostly help the platoon management systems with gathering road-
network-level information, such as work zone notifications or adjustable speed limits.
In some scenarios, platoon management systems may be implemented by utilizing the
modules of the platoon leader. On the other hand, V2C communication may rely on

cloud computing for implementing centralized management.
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Chapter 3
SIMULATION

In this section, modeling and simulation algorithms in both vehicle and traffic
scopes are reviewed. As introduced in previous sections, the main goal of this study is
to develop a simulation framework to explore the impacts of CAV platoons on traffic.
The whole simulation framework and modeling will be computational. The entire
simulation has been divided into two parts: microscopic simulation and macroscopic
simulation. Different from general terminologies used to categorize traffic simulation
software with different scopes, the meaning of these two terms will be explained in the
following sections.

The first section of this chapter is a review of studies that focus on CAV
platooning algorithms and technologies. Besides the algorithms and technologies, the
tools and approaches adopted in those studies for modeling and simulating are
presented. The next section explains the vehicle’s kinematic and dynamic models,
communication topology, and control algorithms related to autonomous and connected
techniques. In the third section, traffic simulation tools/platforms are reviewed by going

through official documents and related publications.

Research Review
In 2011, Schinemann developed a runtime infrastructure for coupling

communication and traffic simulators and conducting sophisticated V2X simulations
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[85]. The infrastructure is called V2X Simulation Runtime Infrastructure — abbreviated
as VSImRTI. The infrastructure was designed to manage a federation of simulators. The
major components of the VSIMRTI include a core infrastructure and federates. A
Federate consists of a simulator, a federate ambassador, and a VSImRTI ambassador.
The simulator could be coupled with VSImRTI, which includes SUMO, VISSIM,
JIST/SWANS, OMNeT++, etc. VSIMRT] has been upgraded to Eclipse MOSAIC [86].

Segata et al. developed and verified a simulation tool for automated platooning
in mixed highway scenarios with the combination of a communication simulation
platform and a traffic simulation platform, the OMNeT++ and SUMO [87], in 2012.
The proposed platooning protocol in the study was CACC-based. The results showed
that with 30% penetration of platoon-enabled vehicles, over 80% of platoons have a size
of less than three. The recorded largest size of a platoon during the simulation was 8. In
2014, Segata et al. published the works done based on this simulation tool and named
the completed tool PLEXE [88].

In 2013, Zhao and Sun developed a simulation framework that explores the
vehicle platooning and car-following behavior under the CV environment [89]. A six-
vehicle CACC platoon was simulated on a microscopic traffic simulation platform —
VISSIM. Examined platoon maneuvers include forming, adjusting, splitting,
dismissing, and joining. They concluded that the lane capacity is positively correlated
with the market penetration of CACC-based platoons. On the contrary, platoon size
impacts the capacity subtly. The minimum desired headway for ACC vehicles was set
to 1.4 seconds as well as 0.5 secs for CACC vehicles.

In [90], Jia et al. presented a disturbance-adaptive (DA) design for VANET-

based vehicle platoons. The design aimed to improve the platoon’s stability of
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communication and operation. Within a DA platoon, four roles were played by vehicles.
The first is the Leader. Similar to the role in a common platoon system, a Leader makes
decisions on platoon-level operations (formatting, splitting, merging, broadcasting the
existence of the platoon, etc.). The second role is the Tail. As the name indicates, the
last vehicle in a platoon plays this role, and oversees the communication with the leader
of next platoon. The third role is called Relay. The relay vehicles perform data-
forwarding in a multi-hop VANET environment. The last role is Member, who simply
follows the plan decided by the Leader. Based on such theory, authors developed a
driving strategy for Leaders of DA-platoon. The driving strategy adopts a sliding mode
controller and determines the desired inter-platoon gap by gathering information from
the Tail of the preceding platoon. The principles guaranteed the gap to be small enough
for not breaking the connectivity with adjacent platoons and large enough for avoiding
collisions. The principles also helped with determining the platoon size. Then,
simulations were conducted for algorithm validation.

In 2014, a distributed framework was developed for coordinating HDVs for
platooning [91]. The core of this framework is a virtual controller system that
coordinates HDVs at each vertex (e.g., each major intersection) for platooning. The
objective is to maximize the earnings (energy savings minus costs). A case study was
conducted based on the German Autobahn network. 0 to 7,000 HDVs were initialized
in the network. The results showed, as the number of HDV increase, more fuel saving
can be achieved.

Artery, a simulation framework based on OMNeT++, was introduced in 2015 as
an extension of Veins [92]. Recently, an extension called Artery-C to adapt C-V2X

communication approaches were released. [93] gave an overview of the Artery-C. The
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pros of Artery-C include 5G selected features, open-source, and capabilities of modeling
facilities.

In 2015, Santini et al. presented a consensus-based approach for vehicle
platooning under IVVC environments [94]. The consensus algorithm was implemented
to achieve equal inter-vehicle gaps within a platoon. Validation simulations were
conducted. And the results showed that the approach performed better than the classic
CACC approach by improving the stability and convergence of the platoons. Later on,
in another publication [95], Santini et al. presented their work on validating the
consensus-based platooning approach when vehicle communication topology changes
due to platoon maneuvers. Simulations were developed and run upon PLEXE. The
results proved the reliability of the approach, even while a platoon with heterogeneous
vehicles is maneuvering. Tested maneuvers include join-at-tail, leave-at-tail, join-at-
middle, and leave-at-middle. Since the communication topology is a typical leader and
predecessor following topology, vehicles in a platoon communicate with the platoon
leader and the two adjacent vehicles (the one ahead and the one after).

In 2015, Li et al. reviewed relevant studies and presented a four-component
framework of the vehicle platoon system [96]. The four components of the framework
are 1) Node dynamics, 2) information flow topology, 3) distributed controller, and 4)
formation geometry. Node dynamics describes the behavior of every platooned vehicle
and all others involved. Information flow topology means how the vehicles exchange
information with each other. Feedback controllers handle feedback control with
neighboring information. Formation geometry indicates the desired inter-vehicle gap

within a platoon.
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Deng published a simulation framework for modeling and analyzing heavy-duty
vehicle (HDV) platoons [97]. The simulation framework was built upon the commercial
simulation platform — VISSIM. Within the framework, a fuel consumption model was
embedded to estimate the influences of HDV platoon on fuel saving. Input data for fuel
consumption estimation is obtained by recording the state of each vehicle. The truck’s
state data includes motion state (lane, longitudinal position, speed, acc-/deceleration),
platooning information (in-platoon position, inter-vehicle distance), and temporal data
(time instance). Three cases were studied to figure out the influences of HDV platoon
and platoon formation maneuvers. The results showed that, with HDV platoons, even
the aggregate highway velocity dropped, but the traffic flow rate increased on a two-
lane highway section. Otherwise, under medium/high traffic scenarios, the interest in
reducing platoon formation time conflicted with the arrival time of the HDVs.

Ribeiro et al. proposed a platooning management protocol [98]. In the study, the
protocol covers the procedures of platoon’s creating, merging, and dissolving operations
as well as vehicle’s joining and leaving maneuvers. Simulation and testing were
conducted on a combination of SUMO, V2X Simulation Runtime Infrastructure
(VSIimRTI), and ns-3. Two-truck platoons were introduced into the simulation network.
The results showed that, with the protocol,

a) vehicle joining the platoon from rear has been completed in 69 seconds(s) on

average, or in 114.2 seconds when joining from the adjacent lane.

b) one average, a vehicle leaving the platoon took 23.3 s to change to the

adjacent lane, or 1 s if it’s the last vehicle in the platoon and leaves by

increasing gap to its preceding vehicle;
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c) adjusting the gap took 12.6 s for a joining maneuver or 17.4 s for a leaving

maneuver on average.

d) Merging two platoons was similar to the joining maneuver, but with 62.7 s

adjusting on average.

e) dissolving maneuver took 3.8 s on average.

Additionally, message latency was limited to 100 milliseconds (ms), which
meets the required maximum delay. The capacity of a lane was proven to be better with
platoons.

In Bang and Ahn’s 2017 publication, a platooning strategy for CAVs based on
the spring-mass-damper system is described [99]. With the system, the longitudinal
platoon control of CAVs by controlling the spring constant and damping coefficient is
presented. The maximum acceleration/deceleration, mass, and length were used to
determine the controlling parameters. Moreover, different relations between the spring
constant and traffic flow were considered when developing simulation scenarios. The
results proved that, with the critical damping coefficient, the maximum efficiency of
completing platoon formation could be achieved when the maximum relation between
flow and spring constant was selected.

In 2017, Jain et al. published their work on developing a prediction-based
framework for vehicle platooning [100]. An MPC-based control algorithm, which solely
relied on V2V communication, was developed and implemented for vehicle platoon
control. Both simulations and experiments were conducted to test the algorithm.
Simulations were performed on the Dominion framework developed by German
Aerospace Center. A two-vehicle platoon with both 5G-V2X and 802.11p

communications was used for the experiments. Both simulation and experiment results
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showed the excellent potential of controlling a vehicle platoon with pure V2V
communication. The authors also concluded that 5G performed better than 802.11p in
providing V2V/V2l communication because of its larger data rate and communication
range.

In 2017, Liu et al. published their research on the platoon system engineering
process that considers safety and cyber security issues [101]. The engineering process
has four steps - 1) defining the safety goal, 2) defining the attack model, 3) deriving the
security goal, and 4) deriving functional security requirements. Due to the tight coupling
relation among vehicles in a platoon, the impacts of a cyber-attack against the platoon
system could lead to decreasing stability, platoon dissolution, and even collision.
Functional security requirements of a platoon system included but were not limited to
detecting false messages, ensuring the timeliness of messages and responses, and
keeping messages intact from attackers. The general approaches to developing a
platooning system with the proper capability to maintain safety and security include
optimizing the gap between vehicles with security consideration, enabling cyber-attack
detection, and deploying fail-safe mechanisms to eliminate harm when attacks are
encountered. In the paper, a proactive platooning approach was presented. The approach
calculated the optimal acceleration difference threshold based on the desired
acceleration under CACC and pure ACC situations. Moreover, the desired gap was
determined based on the desired acceleration. Simulations with PLEXE and MATLAB
validated the algorithm.

In 2018, Ramezani et al. developed a simulation model for exploring the
influences of CACC-based truck platooning operations on traffic [102]. Aimsun Next

Micro-SDK was used for developing the simulation platform. The aspects of trucks,
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including desired acceleration speed, were computed explicitly and implemented in the
simulation. A case study was conducted based on a 15-mile urban section of the 1-710
Northbound — an Interstate highway in Southern California. The results showed that
truck CACC platoon could increase the speeds of cars by reducing congestion when
penetration rates reach a high level (over 80%). However, in on-ramp areas, since truck
platoons used the rightmost rule, the merging traffic had to wait longer when penetration
rates were low. Generally, when penetration rates of CACC trucks reached 100%, the
benefits included easing congestion propagation and increasing the average speed of
traffic at uncongested areas. Otherwise, similar benefits were not found with CACC
car’s platoons.

In a publication by Ibrahim et al., a co-simulation framework developed by the
authors for vehicle platooning was presented [103]. The framework consists of ns-3,
SUMO, and MATLAB. Ns-3 simulated the packet broadcast of vehicles. SUMO
simulated the traffic. Control algorithms were developed in MATLAB and replaced the
algorithms that were given in SUMO. MATLAB also performed as the interface
between SUMO and ns-3. The developed algorithms focused on longitudinal
acceleration control. Model predictive control and state-feedback control algorithms
were implemented for the upper- and lower-layer control. Upper-layer controller
determined acceleration or deceleration regarding the gap to the preceding vehicle. And
lower-layer controller worked to eliminate errors in acceleration/deceleration. Tests
were conducted for framework validation. Simulations based on realistic highway
scenarios were conducted as well. The results showed that both the severity and

frequency of platoon vehicle’s speed fluctuations increased when packet losses grew.
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Vieira et al. developed a realistic simulation framework for vehicular platooning
based on Robotic Operating System (ROS) framework [104] and published a paper in
2019. ROS is a popular framework for designing robotics applications. An integration
of Gazebo (ROS robotic simulator) and OMNeT++ was presented. ROS
publish/subscribe mechanisms played a critical role in data delivery and simulator
synchronization. In a later Vieira et al. publication, after more work had been done, this
realistic simulation framework was named COPADRIVe [105].

In 2019, Gerrits et al. developed a study exploring the influences of opportunistic
truck platooning matchmaking algorithms [106]. One is First-Viable Match (FVM), and
the other is Best-Match (BM). The FVM takes waiting time into account as the cost.
Once a match can lead to a positive earning (subtracting savings over costs), the match
is selected. The BM selects the match with the highest earnings within a searching area.
Properties of the truck (hourly wage, urgency, brand, destination, matching locations)
were added as factors into the simulation model. The results showed that BM performed
better than FVM on saving. The wage savings are significant when platooning trucks.

Sethuraman et al. developed a simulation to evaluate the impacts of bus platoons
on traffic [107]. The simulation scenario was developed based on a 16-kilometer (KM)
section of an urban roadway in Singapore with two major signalized intersections. The
simulation was run on the VISSIM platform. Both the quality of services of the bus and
the performance of the traffic were assessed. Numerical analysis showed that, generally,
the simulation results showed that bus platooning increased the operational speed of
buses and other cars and, as a result, the overall delay was reduced for both types of
vehicles. Moreover, output data indicated similarity with platooning trucks since

platooning buses reduced the aerodynamic drag and fuel consumption. Correlation
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between the number of buses in the platoon showed a positive coefficient with energy
savings.

In 2019, Hoef et al. published their predictive framework for dynamic HDV
platoon coordination [108]. The presented framework aimed to coordinate the in-route
formation of platoons. The core of the framework is a platoon coordinator. A layered
control system architecture for coordinated platooning was also presented. The layers
are the service layer, strategic layer, tactical layer, and operational layer. On the first
layer, transport tasks are managed. On the second layer, strategies, such as coordinating
platoons, are performed. For the remaining two layers, platoon management systems
and vehicle control systems are deployed.

In 2019, Hyun et al. published a paper that overviews a statistical verification
framework for a platooning system of systems (SoS) [109]. The framework, called
StarPlateS, consists of three modules — scenario generation module, simulation module,
and verification module. The first module performed platoon configuration generation
and scenario generation. The simulation module was handed over to a
SUMO/OMNeT++ integrated extension — Vehicular Network Open Simulator
(VENTQOS). The verification module checked the achievement rates of goals with the
statistical model checking (SMC) algorithms. The two checked properties of the SoS
were the throughput within a specific time horizon and the rejection rate of operation.

Since 2006, Sommer et al. have started working on a model library for
OMNeT++. It’s named Veins. Recently, a publication in 2019 provided an overview of
the developments of the library [110]. Now, Veins support the simulations not only
relating to the IEEE 802.11p family but also LTE and Visible Light Communication

(VLC) are covered by the library as well. The Veins does not manage road vehicle
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simulations. However, by bidirectional coupling with SUMO through Traffic Control
Interface (TraCl), users may customize vehicular mobility models on demand. Models
on the communication layer are created by Veins in the OMNeT++ simulator to
represent vehicles. Then, by establishing mapping with the mobility models in SUMO,
the cyber-physical system of a connected vehicle environment is simulated.

Quadri et al. published one of their works on the MEC-based vehicle platoon
control framework for vehicle platooning in 2020 [111]. MEC is the abbreviation of
multi-access edge communication. Being different from some distributed controllers,
an MEC-based controller offers a centralized approach to platoon control. Simulations
relying on SUMO and Python-based applications were conducted for two types of
scenarios — sinusoidal and real-trace vehicle movement patterns. According to the
results, with an MEC-based controller, inter-vehicular can be shortened to 5 meters or
less. However, since the round-trip time (RTT) of cloud computing could hardly be
achieved below 150 ms on average, deploying the controller onto the cloud was not
suitable for such centralized control approach.

In 2021, Hidayatullah and Juang published their study on the centralized and
distributed control framework under homogeneous and heterogeneous platoons [112].
In the paper, they used PreScan and MATLAB/Simulink to establish simulations to
investigate the string stability of both centralized and distributed control frameworks
comprehensively. Features that include vehicle dynamics, sensing, and V2X
communication are added to the simulations. The performance index integral square
error (ISE) was used to evaluate two frameworks. The results showed that, with 0.05
latency and 30% packet loss probability, a distributed framework achieved slightly less

ISE of mean spacing error than a centralized framework.
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In 2021, Miekautsch et al. published their study on a situation-dependent
communication topology for platooning heterogeneous vehicles. In that publication,
platoon systems were studied via the four-component framework [113]. A
heterogeneous vehicle platoon indicates that a platoon was formatted by vehicles with
various configurations (power-train time constant, max acc-/declaration, max speed).
Two situations were simulated — emergency braking and count-in. For the emergency
braking situations, the author presented a flexible reversed Leader-predecessor-follower
(LPF) communication topology. With such topology, the vehicle’s configuration and
the order within its platoon were considered. By deploying this topology, a platooned
vehicle with a higher maximum deceleration rate can brake harder compared to where
the traditional LPF topology was deployed, and the vehicle was limited to use the lowest
deceleration rate of all vehicles within its platoon.

In 2021, a publication by Xu et al. revealed an opensource simulation tool for

cooperative driving automation CDA [114]. It’s called OpenCDA. The key features of

OpenCDA were summarized as IFMBC — integration, full-stack platform, modularity,
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benchmark, connectivity, and cooperation. OpenCDA selected CARLA and SUMO as
the simulator for traffic. The hierarchical architecture of the tool was demonstrated. The
top layer was the “PlatoonManager” class. Then is the “VehicleManager” class. The
bottom layer includes “PerceptionManager”, “LocalizationManager”,
“BehaviorManager”, “ControlManager”, and “V2XManager”. The following figure
(Figure 9) demonstrates the logic flow of the simulation process in OpenCDA.
Simulations based on various scenarios were reviewed through the safety, stability, and
efficiency perspectives.

In 2022, an integration of ROS2, OMNeT++, and MATLAB was presented by
Teper et al. as a simulation framework for cooperative driving [115]. ROS2 is an
improved version of ROS, which provides a powerful platform for developing robot
applications. In this integration, the Gazebo plugins of ROS2 were used to simulate the
robot objects (vehicles). Controllers are coded in MATLAB/Simulink and alter the
control modules in ROS2 through a toolbox embedded in a recent release of MATLAB.
OMNet++/Veins, as in other studies, managed the communication events that may
change the vehicle’s state.

In a publication by Liu et al., a five-layered vehicle platoon control system was
adopted. The top of this hierarchical architecture is the cloud-based decision layer [116].
In this layer, all information was gathered by OBUs and RSUs involved in a system and
utilized to make optimized decisions for the system (traffic and network). The second
layer was the communication layer. All the information exchange happened in this layer,
including messages for the upper layer, V2V message, and environment perception
information. In the middle layer, the management layer, the tasks of choosing

maneuvers and assigning roles to vehicles were accomplished. The fourth layer was the

49



control layer. In this level, behaviors were broken down into trajectory and control
commands, and then commands were passed down to the next layer — the Physical layer.
The physical layer indicated the execution of control commands. Based on that, a two-
dimensional framework for the management layer was developed. The two dimensions
were the roles of vehicle and platoon maneuvers. Under this framework, each vehicle

would take corresponding strategies when one maneuver was selected.

Simulation Software and Tools
In this section, a review of selected simulation tool and software were conducted.
Such tools performed one or more of the following tasks — traffic simulation, network
simulation, application development, and simulation. The information is obtained from

review/survey studies and the official website of those tools.

MATLAB/Simulink

MATLAB is one of the most popular programming and numeric computing
platforms for modeling. It has been widely used for vehicle modeling, controller
development, data analyzing, and visualization not just in the CAV and vehicle
platooning areas but in various fields. Simulink provides a block diagram environment
for designing and developing a system with models. It’s commonly used for control
algorithms designing, simulating sensing approaches, and vehicle dynamic modeling in
the CAV domain. The common usage of MATLAB/Simulink is to develop vehicle-level
models and simulations. Such models are usually modules and applications related to

the three functional components of autonomous systems — perception, planning, and
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control. Existing packages in Simulink were utilized in this study include the vehicle

body dynamic block and other basic blocks.

GIS

Since the end of the 20th century, the application of Geographic Information
System (GIS) in traffic management has been discussed [117] [118]. As presented on
the U.S. Department of Transportation website, the GIS provides a tool to display,
analyze and manipulate traffic data with inherent spatial information [119]. GIS is
commonly used to present information that is highly bonded with spatial information.
The strength of GIS, from a transportation perspective, is the binding between numerical
data and graphical lines and shapes that represent infrastructures or objects in which
transportation researchers are interested. Such a strength helps with not only data
presentation but also information gathering, spatial-correlated analyses, traffic
management, and planning. In this study, a GIS public database managed by the

Delaware.gov is used for retrieving essential traffic data.

SUMO
Simulation of Urban Mobility is a microscopic and continuous multi-modal
traffic simulation software with the capability of simulating extensive networks. Due to
its open-source characteristic, recently, a vast amount of library and package was
developed by researchers to explore the algorithm, application, and influences of CAV
and vehicle platooning. Modules, like Traffic Control Interface (TraCl), help users with

developing applications or functions with different languages (C++ and python) and
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platforms (MATLAB). After reviewing publications related to CAV platoon simulation,

it was found that SUMO was the most popular traffic simulation tool for this topic.

OMNeT++
Objective Modular Network Testbed in C++ (OMNeT++) is commonly used for
developing vehicular network simulators. It has features such as extensible, modular,
and component-based. The integrations of OMNeT++-based communication simulators
and some traffic simulators are popular when conducting simulations to explore IVC,
V2V, and V2X communication issues. OMNeT++ is the communication simulation in

this study.

Microscopic Simulation
Microscopic simulation consists of two major parts: modeling vehicles and
simulating the communication environment. Modeling vehicles includes developing or
applying the following models: a) individual vehicle models, b) V2V and V21 models,
c) CAV platoon’s stability model, and d) CAV platoon’s operation models.
Communication environment simulation will be based on existing studies’ results.
Communication factors such as topologies, latency, and reliability will be reflected by

variables and functions.

Vehicle Kinematic Model

As shown in Figure 10, a bicycle model and relevant notations are presented.
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Based on this scenario, the basic kinematic model of a moving rigid-body

bicycle-like object uses the following differential equations.

h
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Figure 10. Bicycle Kinematic Model
X =Vcos(y + B) (D
Y = Vsin(y + ) (2)
. Vcos(B)
Y = T (tan(df) - tan((Sr)) (3)
f r

When considering angle of the rare wheel to be subtle, Eq. (3) can be adjusted

to Eq. (4). Where 9 stands for the steering angle.

.V
¥ = tan() (4)
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Vehicle Dynamic Model and Control Laws

For the individual vehicle’s dynamic models, many models express the vehicle
dynamic through different perspectives. With higher vehicle speed, assuming that each
wheel is in the same direction as the velocity is no longer valid from the kinematic
perspective. Thus, dynamic-based vehicle body models are developed to take a sideslip
angle into account.

The lateral dynamic model in terms of error with respect to the chosen path is a
proper model for this study [120], [121], [122], [123], [124], [125]. Since navigation
correction based on error is one of the core functions in most autonomous driving
systems [126], [127], [128], expressing the vehicle’s dynamic in terms of error can help
with smoothly converting variables between the navigation functions and the vehicle’s
dynamic models. The following table shows the original equations for which they serve

as the foundation of the dynamic model that will be used in this study.

Table 3. Basic dynamic model [120], [121], [122], [123], [124], [125]
Symbol Nomenclature Equation
s State space vector s = [e, 6, ey é,]"

$ = Ax + B18 + By gps + Bssin (¢)

Lateral position error with

€1 respect to road & = J + V(¥ — Yaes)
Yaw angle error with respect
€2 to path e2 = (Y — Yaes)
5 Front wheel steering angle
, Desired yaw rate determined W
Paes from road radius R Vaes = R
Bank angle with sign
¢ convention
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In the second row of Table 1, A4, B,, B,, B; are defined as:

0 1 0 0
0 2Cq + 2Cqr 2Cq + 2C,r 2Cqfl + 2Cg, L,
mVy m mV,
A=\ 0 0 1 (5)
0 2Cflr — 2Corl,  2Cqplp — 2Cq L, 2Cqplf + 2Cq, 17
. I,Vy L I,Vy
2Cyf 2Cael 1"
B, = [ 0 0o — ] (6)
L
T
2Cfly — 2Coply 2Cqfl7 + Copl? l
B,=(0 - -V, 0 — (7)
’ l mvy * I,Vy
B;=[0 g 0 0] (8)

Cqr and Cy, are the cornering stiffness of the front and rear tires. [ and [,
indicate the distance from the center of gravity to the centers of front and rear tires. m
is vehicle mass. V, represents vehicle longitudinal velocity. I, is the yaw moment of
inertia. g is the gravitational constant.

For vehicle platoon longitudinal dynamic modeling, there is substantial amount
of research works that have been conducted for autonomous driving and vehicle
platooning in the last twenty years [129], [130], [131].

However, encapsulated vehicle dynamic models including longitudinal and
lateral motions are provided in popular vehicle modeling tools. Such integrated vehicle
dynamic models vary by the degrees of freedom (DOF). The most basic but also widely
used model is based on two DOF bicycle models. The 2-DOF vehicle dynamic model
is also known as a linear bicycle model, commonly used to calculate vehicle’s yaw rate

and lateral acceleration. In 2-DOF model, the lateral tire-road forces are considered to
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be a function of sideslip angle. 3-DOF models add longitudinal velocity into account.
Moreover, when elements are added, such as steering dynamics and suspension
movement in the vertical direction, the vehicle dynamic models are presented with more
DOFs.

However, conducting a comprehensive review of vehicle dynamic models is not
a major objective of this study. With MATLAB/Simulink, multiple preset vehicle body
models based on vehicle dynamic models are provided. In this study, the 3-DOF vehicle
body model is deployed for simulating the vehicle’s lateral, longitudinal and yaw
motions. The model accounts for vehicle mass, aerodynamic drag, and weight
distribution due to motions. The following equations are used to calculate the rigid body

dynamics.

Fyr+ Fyr + Fyexe

y=—xr+ — 9)
aF,r — bE,, + M
P o= vf Iyr zext (10)
zz
r=1 (11)

X and y stand for the accelerations along x- and y-axis. r and © demonstrate

the vehicle angular velocity and changing rate. Fy, Fr, Fyr, Fy, are the forces that are
applied on front and rear wheels along the vehicle’s x- and y-axis. Fyex; and Fyq,; are
external forces along vehicle’s x-and y-axis. M,,,; is the moment on vehicle’s z-axis.
1,, 1s the vehicle body moment of inertia about the vehicle’s z-axis. Thus, this model is
a dual-track vehicle dynamic model. m refers to the mass of the vehicle.

The basic upper-level longitudinal control law for cruise control, or adaptive

cruise control under free driving conditions (no object is detected ahead within a range)
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is proportional-integral (PI) control using error in speed as the feedback signal [120].

The following equation shows the control function.

t

J.C.des(t) = _kp(l/;c - Vref) - kI .I-(Vx - Vref)dt (12)
0

Where k,, and k, stand for gains of proportional difference and integral of the
difference. V, and V,..r are current longitudinal speed and reference speed. ¢ indicates
the control horizon.

With adaptive cruise control (ACC), the vehicle needs to guarantee a safe gap
with vehicle driving ahead of it. In this study, constant time-gap spacing policy is
adopted. The desired inter-vehicle desired spacing distance and spacing error can be

formulated as [132]:

Ldes - li—l - Ts 5(1- (13)
6 = & —Ts X (14)
Where ¢; stands for inter-vehicle spacing

& =% — X1+l (15)

x; and x;_; indicate the longitudinal location of the i th and i — 1 th vehicle.
l;_4 is the length of the preceding vehicle. Derived from 12 and 13, a control law for
determining desired longitudinal acceleration of the i th vehicle with adaptive cruise

control under conditions where crucial objects were detected ahead can be defined as:

1
Xges; = — T (& — 16;) (16)
S
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&; indicates the relative speed between the i th and i — 1 th vehicle. §; refers to
space error of the of the ith vehicle. 1 is a gain parameter needs to be tuned. More
information is given in next chapter.

String stability theory has been proven to be a remarkable tool for stability
analysis of vehicle platoon. It is based on preventing spacing error propagation from
one vehicle to another in the platoon [133]. The following equations were used to define

a string stable system [120].
|AE| <1 (17)

Where H(s) is the transfer function relating the spacing errors of consecutive

vehicles.

H(s) = (18)

Ei—1

Under connected environment, ACC enhanced by wireless communication, can
be developed to ensure the string stability of a platoon with the constant spacing policy.
One algorithm, presented in Rajamani’s book [120], is sliding surface control approach.

The control law for the i th vehicle in a CACC-based platoon can be formulated as:

gy = (1= C) oy + i — (26 = G (£ +VE = 1))y
—(§+VE D) 0V, - V) - 0l & (19)

Where C; is a gain ranging from 0 to 1. ¢ indicates the damping ratio when

considering a platoon’s longitudinal alignments as a spring system. And w,, means the
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bandwidth of the controller. &; is defined in equation 14. V; and V; represent the

longitudinal velocity of the i th vehicle and the leader vehicle.

Figure 11. Cubic Polynomial Trajectory Generation Curves

Trajectory Generation

In this study, platoon merging and splitting involving multiple lanes have two
essential parts. The first is the preparation period. During this period, the merging
vehicle/platoon needs to synchronize its speed with the target platoon. Then, the target
platoon needs to adjust the headway between some vehicles to create space for the
merger. During the second period, the merging takes place. The core task of this part is
to model the lane-changing paths. The operation could be assumed to be complete by
giving the vehicle a constant steering rate. By assuming the steering rate is linearly
related to the vehicle yaw rate, the curvature of the path will be a cubic polynomial
function. Figure 11 shows how the formula is achieved. The corresponding functions
representing the relationship of position, velocity, and acceleration of variables versus

time are shown below.
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s(t) = ag + a;t + ayt? + ast? (20)

s(t) = a; + 2a,t + 3ast? (21)

S(t) = 2a, + 6ast (22)

However, the trajectory planning may be modified for different optimization
purposes, such as minimizing execution time, minimizing energy consumption, and
even minimizing the maximum actuation forces and moments [134]. Minimum Jerk
trajectory planning is widely used for generating trajectories for robot control. Jerk
indicates the time derivative of acceleration. It was proved to be critical for generating
smoothness trajectory [135]. Minimum Jerk trajectory planning is optimized for
minimizing the force for control actuation. The following equations represent the

relationship of position, velocity, and acceleration versus time [136].

s(t) = ag + a;t + a,t? + ast3 + a,t* + ast® (23)
$(t) = a; + 2a,t + 3ast? + 4a,t3 + Sast? (24)
§(t) = 2a, + 6ast + 12a,t? + 20ast3 (25)

Where a, to as are parameters need to determine by inserting the initial and
final state information of the trajectory. Additionally, the following equation represents

the correlation between control input u and states S.

S =ArS+ Bru (26)

Where Ar,- and By, refer to gain matrices.
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o O O
S O
S = o

0
] and B, = [ 0 ] (27)

And by inserting initial and final states S(0) and S(T), parameters a, to as can

be determined.

s(0) x(0) s(T)
S =] 3(0) | = [ 0 ] and SM=1| o ] (28)
$(0) 0 0

Platoon Maneuver
Modeling common platoon operations are also critical for completing the
microscopic simulation in this study. Besides cruising in one lane, operations such as
merging, splitting, and lane changing could challenge the whole traffic more extensively

and intensively. As a result, they are more complex. Merging means one or more

LEGEND

[@] Platoon A Vehicles:
@] Platoon B Vehicles
m Other Vehicles

Original Platoon

a
! ; New Platoon

Figure 12. Platoon (a) Merging and (b) Splitting Happen in the Same Lane
(Direction of Travel -->)
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vehicles joining an existing platoon (one or more vehicles) to form a new one. Splitting
indicates a platoon with at least two vehicles splitting into two platoons (one or more
vehicles). Both merging and splitting could involve one or more lanes. The other
operation, which is lane-changing, means the whole platoon leaves the current lane and
changes to another one.

Merging and splitting could happen in one lane. For instance, when a platoon
intends to merge into a platoon running right in front of it in the same lane, and no other
vehicle is between them, that platoon could accelerate and chase the other platoon.
Splitting a platoon in the same lane could happen, for example, when a platoon is cut
by a non-connected vehicle. One platoon has to operate temporarily as two separate
platoons. Figure 12.a and Figure 12.b gives examples of platoon merging and splitting
in the same lane.

When merging and splitting involves multiple lanes, such an operation may
impact more vehicles. Figures 13.a and 13.b show platoon merging and splitting that

involves multiple lanes. If a vehicle or a platoon is merging from a heterogenous lane,

LEGEND

@ Platooned Vehicle|

Merging/Splitting
Vehicle

m Other Vehicle

Target Position

o=er  (I0)

¢ Intra-Platoon
{ Communication

Figure 13. Platoon (a) Merging and (b) Splitting involve Multiple Lanes
(Direction of Travel -->)
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vehicles behind the merger and the target platoon could both be impacted. On the other
hand, the merging and splitting platoons may encounter more challenges under such
situation. For example, when a vehicle just leaves its platoon and enters another lane, it
will be exposed to an impact from both vehicles driving ahead on its original and target
lanes. Figure 14 gives an example of why the situation will be complex when merging
happens on multiple lanes. When merging is taking place, if either the vehicle in front
of the platoon or the merging vehicle (black and red vehicles) brake, vehicles in the

platoon, especially the two followers, would be behind the merging vehicle when the

Figure 14. Merging from Other Lane Leads to Complex Situations (Direction of
Travel -->)

new platoon is complete. Moreover, if the platoon detects an obstacle and decides to
decelerate drastically, both the vehicle running behind the merging vehicle and the
platoon may have to take the same maneuver.

Thus, modeling merging and splitting in the same lane is easier than modeling
those in multiple lanes. The merging in the same lane can be done by decelerating the
vehicle/platoon that drives ahead of others and accelerating the following
vehicle/platoon. Otherwise, one of them could also retain their speed and wait for others

to approach until the new platoon is formed.
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IVC/V2X Communication Simulation

The main task of modeling the V2V connection is determining the
communication delay in this study. However, modeling communication delay involves
extensive studies. Researchers are working on mitigating that value to millisecond
levels. Thus, the communication delay will be set as constant. But the value varies
according to different information flow topologies (IFT). The following figure shows
several basic IFTs. Figure 15.a shows the Predecessor Following approach. Figure 15.b
shows the Bidirectional approach. Figure 15.c shows the Leader approach. Figure 15.d
shows a mixed approach called the Predecessor-Following. More complex IFTs can be
achieved by combining these basic IFTs. In this study, a leader-predecessor

communication topology was used.

oy — Gy — Gy — Gy — Gy — G

(a)

Gy — Gy — Gy — Gy — Gy — Gy

(b)

Gy oy G Gy Gy G

(c)

o R o R R o R R S

\ SZS@Z/

Figure 15. Basic Information Flow Topologies
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In this study, OMNeT++ will be used as the communication simulator. As
introduced above, OMNeT++ is a component-based simulator. An OMNeT++ model is
built based on modules. Communication messages are sent between modules directly or
through other modules [137]. An OMNet++ simulation model consists of module
structure description, message definition, and other modules [138]. Modules are
basically programmed in C++. With configuration files, files define how simulations
are executed and with parameter values, the simulations can be conducted via the GUI
interface or command-line interpreters. Moreover, benefiting from supporting parallel
simulation execution, OMNeT++ is capable of being deployed to develop CAV-related
simulations with traffic simulators. Integration with SUMO is one example of those,

which was deployed in the developed system in this study.

Macroscopic simulation

The macroscopic simulations were developed on a popular traffic flow
simulation software — Eclipse Simulation of Urban Mobility (SUMO).

SUMO is an open-source microscopic and continuous simulation package. Its
capability includes but is not limited to simulating multi-modal traffic and handling
large networks. The term - microscopic simulation means the simulation of traffic was
conducted upon vehicle-level modeling. Such traffic simulation approaches differ from
the simulation that explores the aspects of the flow of traffic rather than each vehicle.
The strengths of SUMO include a) open-source, b) low CPU and Memory usage, ¢)
popularity, d) accessibility to the developed multiplatform simulations, and e)

adaptation to microscopic traffic simulation tools [139] [140] [141].
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Due to its open-source traffic simulation tool, SUMO is inexpensive for users
who develop simulations of traffic with CAVs. It could also be one of the reasons for
the popularity of this simulation platform. The following table shows the number of
search results of different traffic simulation tools on Google Scholar.

Additionally, SUMO has great portability to be integrated with other simulators.
For instance, SUMO was originally developed based on C++ language. But with TraCl,
a TCP-based client-server interface, users can develop applications by using Java and
Python [142]. The mechanism of TraCl is establishing a portal and connecting with
other applications/platforms through the portal. Moreover, also leveraged by TraCl,
users can establish inter-platform simulations. With such integration between SUMO
and MATLAB, users can develop vehicle-level modules in MATLAB and build traffic-
level simulations in SUMO. Such approaches also enable SUMO to adapt to
communication simulators, e.g., with OMNeT++. SUMO also accepts road networks

drawn by other software.

Table 4. Numbers of publication found by searching (searching conducted by
Nov. 2022, Google Scholar)
Search Query
Traffic
Simulation {NAME} + {NAME} + (Navey + | (NAMER+
Software "autonomous "Inter vehicle "CAV "vehicle
vehicle" communication” platoon"
SUMO 12,300 13,600 4,230 2,580
PTV Vissim 4,390 3,490 1,050 3,330
Aimsun 1,580 1,560 319 1,150
Paramics 1,360 1,830 169 1,190
MATSIm 2,050 1,370 111 236
POLARIS* 3,970 7,300 902 520

Polaris* is not exclusively used by POLARIS Transportation System Simulation Tool, so the numbers may not be accurate

accordingly.
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By inserting the information that was extracted from vehicle-level models and
developing traffic simulation scenarios, such as determining the proportions of different
types of vehicles and roadway geometric information, scenarios for macroscopic
simulations are built.

In the case study section, simulations are run repeatedly under similar
environmental setups but with different traffic compositions and traffic patterns. By
establishing basic statistical analyses, how some parameters impact the system will be
examined. Input variables and factors include shares of different types of vehicles,
number of lanes, speed limit, density, and average lag of communication. The output
will include different traffic and pollution measures of effectiveness. Correlations

among input and output variables will also be studied.

Inter-platform Simulation

Thus, according to the review conducted in previous sections of this chapter,
most simulation frameworks are developed based on integrations of simulators that were
focused on different topics. The combination of communication network simulation
platforms and traffic simulation platforms can effectively reduce the requirement of
substantial efforts in programming for exploring CAV’s impact on traffic management
or infrastructure design. In this study, such a strategy is deployed as well. The
integration tool used is Veins [107].

Veins is one of the most utilized frameworks that manages the integration of
communication simulation software and traffic simulation software. The basic
integration mechanism of multiplatform simulation provided by Veins is rooted in

OMNeT++’s module-based characteristic. A corresponding module will be created in
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Figure 16. Architecture of Integrated Simulation based on PLEXE [88]

the OMNeT++ simulation model once a vehicle (mobile node) is emitted into the
SUMO simulation network. The architecture of a vehicle’s communication module
under Veins is APP-MAC-PHY. The MAC and PHY layers explicitly follow IEEE
802.11p and IEEE 1609.4 protocols. Those are the core of IEEE WAVE and ETSI ITS-
5G.

Based on Veins, the extension called PLEXE provides a simulation framework
for CAV platooning upon SUMO and OMNeT++. PLEXE follows the basic integration
mechanism of Veins. But the vehicle's mobility information from SUMO are gathered
and used not only for updating corresponding module’s status in OMNeT++ but also
for platooning protocols and applications [88]. In the meantime, platooning maneuvers
are actuated and simulated in SUMO. In the following case study chapter, platooning
applications developed based on PLEXE are explained in detail. Figure 16 demonstrates
the architecture of simulation developed upon PLEXE. Figure 17 shows the logic flow

of the instance of the simulation framework built in this study.

68



IVC Extension

Platooning Extension Veins

PLEXE IVC Communication Protocol
Platoon Behavior Manager IVC Messaging

'

Communication Simulation

GIS Database
OMNeT++
FirstMap/ArcGIS
Modularity Representation
Traffic Count Data | Communication Configuration

Oa{

23 o 0
Communication ﬂ U Mobility

Vehicle-Level Simulation

MATLAB/Simulink Traffic Simulation

Longitudinal Control Law : SuUmMo
Servings Traffic Statisti
Lane-changing Trajectory Generating —— Traffic Generation [> rattic Statistics
Vehicle Dynamic Model Lane-changing Behavior MOEs

Statistics Generation

Four-Component CAV system

Figure 17. Logic Flow of the Instance of the Proposed Simulation Framework in
This Study
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Chapter 4

CASE STUDIES

In this chapter, two case studies are conducted. The purpose of these works is to
determine the impacts of CAV platoons on traffic. The scenarios are set to represent the
impacts of the shares of CAV platoon change. However, before the case studies,
calibrations are conducted to determine the basic setting-ups of models, including the
vehicle dynamic model, car-following model, and lane-changing models. Calibrations

are conducted by the microscopic simulations built on MATLAB/Simulink.

Calibration
The first step of conduct calibration for finding a proper set of parameters for
macroscopic simulation (traffic-level simulation) is to develop a model to represent
different types of vehicles. In this study, three types of vehicles are modeled. They are
human-driven vehicles (HV), autonomous vehicles without/deactivated I\VVC functions
(AVs), and platooning-enabled CAVs (P-CAVs). The first part of calibration is to
determine the parameters for the longitudinal control model regarding the different

types of vehicles.

Longitudinal control model
In this study, three longitudinal control laws are implemented to represent the

longitudinal control strategies of different types of vehicles. They are cruise control
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(CC), adaptive cruise control (ACC), and cooperative adaptive cruise control (CACC).
The basic control laws of these three longitudinal control strategies were introduced in
the last section 3.3.2. However, since the calibrations are conducted to determine the
parameters from a macroscopic simulation viewpoint, the selected models are modified
models which are adopted by the macroscopic simulation platform — PLEXE [88]. The
control law to determine the acceleration rate of a vehicle with CC (human-driven

vehicles) is:

Faes(t) = —kp (& = Xges) =11 (25)

Where k, is the gain of proportional controller, x and x4, indicate the ego

speed and desired speed of the vehicle respectively. n is a random number that reflects
the imprecisions of speed measurement and control actuator.

For ACC vehicles or platoon leaders, the selected longitudinal control law is:

1
Xies = — T_h (é - AS) (26)

T}, stands for the time headway in seconds. € is the relative speed between the
ego vehicle and its preceding vehicle. § indicates the distance error between the ego
vehicle and its preceding vehicle. A is a design parameter needed to be determined. The
following two equations (Eq. 27 and Eq. 28) show the formula for determining € and 6.

L,y is the length of the preceding vehicle.

€= xego - xpre (27)

6= Xego — Xpre — lpre + Ty xego (28)
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Vehicles’ longitudinal motions are controlled with CACC strategy. Typically,

for the follower vehicles in a platoon, the following longitudinal control law is deployed.

ides = (1= C) Foa + G iy — (26 = 6 (£ 4 V8= 1)y
— (& +VE = 1) 0y (i — %) — Wi & (29)

X; qes Means the desired acceleration of the i th vehicle in a platoon. %;_; and
X, stand for the acceleration of the i — 1 th (the preceding vehicle of the i th vehicle)
and the leader vehicle of the platoon. x; and x, are the velocities of the i th vehicle and
leader vehicle. C; is a ratio parameter representing the importance of leader vehicle’s
acceleration versus the preceding vehicle’s acceleration. & stands for the damping ratio
of the platoon string.

As mentioned before, platooning CACC vehicles follow the fix spacing strategy
as defined. Thus, the method to calculate the distancing error sightly differs from the
one to calculate ACC. Eq. 30 shows how to calculate the distance error ¢; of the i th

vehicle in a platoon for CACC longitudinal control law.

& =X; — Xj—g — li_1 + gaDges (30)

&; indicates the speed difference between the i th and the i — 1 th vehicle. Eq.
31 shows the way to calculate the difference within a CAV platoon. This is the same for

ACC vehicles (Eq. 27).
&= Xi— X1 (31)
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In MATLAB/Simulink, the longitudinal control functions are coded as
MATLAB functions and implemented into Simulink vehicle mobility models. The
following figures (Figure 18 - 20) show the screenshots of the three control law modules

introduced above.

D > ot
Ego Spd
@ P x_des_dot
Reference Spd
" acc_des » 1)
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k_p
@D »eta
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CC control law function

Figure 18. Cruise Control (CC) Longitudinal Control Module
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Figure 19. Adaptive Cruise Control (ACC) Longitudinal Control Model

The longitudinal control modules introduced above are combined to perform the

vehicle’s longitudinal control under different conditions with different types of vehicles.
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Figure 20. Cooperative Adaptive Cruise Control (CACC) Longitudinal Control
Module

HVs, AVs, and CAVs without a connected preceding vehicle used the combination of
CC and ACC longitudinal control modules. CAVs with a connected preceding vehicle
and follower vehicles in platoons used the combination of CC and CACC longitudinal
control modules.

From the behavior selection perspective, the control task is to choose a proper
longitudinal control module and perform control behaviors. Finite state machines
(FSMs) are designed and deployed to perform behavior selections. For the vehicles
using CC/ACC longitudinal control laws, the FSM consists of three states — emergency
braking mode, CC driving mode, and ACC driving mode. The transitions among states
are triggered when the inter-vehicle distance between the ego vehicle and its preceding
vehicle increase/decrease to certain thresholds. The following graph (Figure 21) shows
the state diagram of CC/ACC longitudinal control FSM. As shown, buffers are added

to improve the robustness of the FSM. Transitions between CC and ACC modes depend
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Figure 21. State Diagram of FSM for CC/ACC Longitudinal Control Module

on if the onboard perception systems have detected a preceding vehicle. As mentioned
before, when a preceding vehicle has been detected, and the gap is less than 150 meters,
the vehicle switch from CC to ACC mode. In reverse, when no preceding vehicle has
been detected within 200 meters ahead, the vehicle switches back to CC mode. The
number is based on the maximum detection ranges of both LiDAR- and Radar-based
ranging techniques. Emergency brake mode is activated once the distance to the
preceding vehicle is less than the desired distance based on desired time headway plus
a safe clearance. Time headway varies from 1 to 2 seconds for most commercial ACC
modules [143]. Safe clearance is the distance a vehicle should maintain towards its
preceding vehicle after a completely stopped vehicle. In ACC mode, to improve safety,
the vehicle’s deceleration is the minimum of the desired acceleration calculated by CC
control law and ACC control law.

A similar FSM has been deployed for CC/CACC vehicles’ longitudinal control

modules. Figure 22 demonstrates the mechanism of the FSM for the ith vehicle in a
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Figure 22. State Diagram of FSM for CC/CACC Longitudinal Control Module

platoon. As shown, due to the deployed spacing strategy, CACC'’s transition from the
CC/CACC modes to the emergency braking mode depends on the desired constant
spacing between vehicles. The transition between CC and CACC modes is triggered by
comparing the space between two vehicles to the maximum platoon catchup distance
and maximum perception distance without connection to the preceding vehicle. In
CACC mode, the vehicle’s deceleration is the minimum of the desired acceleration
calculated by CC control law and CACC control law.

Another element to make the control model realistic is adding a transfer function
to smooth the changes of acceleration command to avoid violating physical rules.
However, finding out a well-performed transfer function is beyond this study’s scope.
Thus, the following first-order low-pass filter transfer function is used by Simulink for
the adaptive cruise control example module and is also presented in [120]. The formula

approximates the dynamics of the throttle body and vehicle inertia.
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1

G:O.55+1

(32)

Then, by integrating the continuous acceleration inputs, the longitudinal control
module keeps feeding the speed of the vehicle to a three-degree-of-freedom vehicle
body dynamic module provided by Simulink. This module is used to assemble the
longitudinal and lateral dynamics of the vehicle. More detail is provided in the following
section on the lateral motion control. The demonstration of the whole vehicle motion
model is presented in the following section as well.

Parameters k,, n, A and C; for longitudinal control laws are tuned before

conducting the next level calibration.
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Figure 23. Lane-changing Simulink Subsystem

In this study, due to the exploration of the impact of CAV platoons on access-
controlled highways, the lateral control model is simplified to reduce the computational
burdens. The objective of modeling the lateral control in this study is to define when a
lane-changing behavior is scheduled and how it will influence the traffic on the target
lane.

The selected behavior for exploring lateral motion is the lane-changing
maneuver. A lane changing maneuver consists of two major steps — trajectory planning
and execution. To ease the computational burdens, trajectory selection is deployed as a
standard trajectory generation algorithm. Three lane-changing trajectories are proposed
regarding three levels of aggressiveness. Equations 19 to 21 are used to generate the
trajectories. In MATLAB, a function called “TrajectoryGenerator” is created to solve
the parameters for generating trajectories. The three selected durations for lane-

changing maneuvers are 2 seconds, 5 seconds, and 9 seconds. The lane width is set to
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3.66 metes/12 feet (the commonly used width for highway lanes in the USA). These
numbers are selected based on the statistics of human-driven vehicles’ behaviors [144].
The 2-seconds maneuver refers to the most aggressive strategy. The 5-seconds
maneuver represents the average situation. The 9-seconds maneuver is selected when
traffic is less intensive and provides comfort to the driver/passengers.

Calibration is conducted to find out when a vehicle takes lane-changing
behavior, if and how the following string in the target lane consisting of different types
of vehicles would be affected. A subsystem in Simulink is built and implemented to
represent the process. Figure 23 is the screenshots of the lane-changing subsystem.

As shown in the picture, the subsystem takes five inputs — the lane changing
mode selection (LC mode), the time to start lane changing maneuver (t_i), lane width
(w_I), longitudinal velocity (Long. Velocity), and steering output feedback. A multiport
switch takes the lane-changing mode selection input to determine how long the
maneuver should take. The three options refer to the three levels of aggressiveness.
Option 1 is the most aggressive maneuver, which lasts 2 seconds. Option 2 is the
moderate maneuver that lasts 5 seconds. And the third option is the most relaxed
maneuver, which takes 9 seconds. The duration of the maneuver feeds to two function
modules. One is the trajectory generation module, and the other is the lane-change
function module. The prior solves the Equations 19 to 21 formulas by inserting the
initial state and the final state of the vehicle. The state information includes lateral
position, lateral velocity, and lateral acceleration. The output of this module is the
parameters (a_1 to a_5) of Equations 19 to 21, then feed to the lane-changing function
model to calculate the desired lateral velocity dynamically. The lane-changing function

module also takes the simulation time and time to start maneuvering as inputs. The
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embedded “if” logic of the module determines if the vehicle is changing its lane and
calculates the desired lateral velocity during the maneuver. Then after taking the four-
quadrant inverse tangent of the ratio of longitudinal and lateral velocity and subtracting
steering angle feedback, the desired steering angle for the current time step is
determined. Then a PD controller is added as a filter to achieve a more smooth and more
realistic control performance.
As mentioned above, the lateral control output is sent to the 3-DOF vehicle body
block that was provided by Simulink to generate comprehensive motion data of a
vehicle. The vehicle’s specifications are set to:
I.  Two axles and two wheels for each axle
ii.  Vehicle mass of 1,800 kilograms
iii.  Longitudinal distance from the center of mass to front and rear axles of
1.4 and 1.6 meters
Iv.  Height of center of mass to the axel plane of 0.35 meters

This setting reflects the specifications of a typical sedan.

Scenarios
Multiple scenarios are established for running the microscopic simulations to
calibrate the model. Scenarios are set based on different platoon sizes, spacing
strategies, control parameters, and types of the preceding vehicles.
Three levels of platoon size are selected — 2-vehicle platoon, 5-vehicle platoon,
and 8-vehicle platoon. For ACC control module, the time headways have 3 levels — 1
seconds, 1.5 seconds, and 2 seconds. For CACC control module, spacing strategies have

four levels — 2 meters, 5 meters, 12 meters, and 20 meters.
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The one scenario is built to reflect a slow-moving vehicle being detected ahead
of a string of vehicles in a single-lane roadway section. The speed difference between
the string and the slow-mover varies from -5 to -20 mph in every five mph interval. The
Initial position of the slow-moving vehicles is 300 meters ahead of the leading vehicle
of the string. The desired speed of the string is set to be 75 mph (33.5 m/s).

The other scenario is built to reflect how a lane-changing vehicle impacts a string
of vehicles behind it with or without connectivity. A vehicle running slower than the
string of vehicles takes the lane-changing behavior and enters the lane of the string. The
speed difference of the lane-changing vehicle is 5 to 20 mph slower than the string. The
lane-changing vehicle is set prior to the string with longitudinal distance. The numbers
are set based on different time headways — 1 second, 1.5 seconds, 2 seconds, and 3
seconds.

In Simulink, vehicle state information (e.g., velocity, acceleration, and position)
are shared and transmitted among vehicles directly. Communication packet loss and
missing perception are not introduced into these microscopic models directly. However,
arbitrary signal delays are inserted. Based on the state of the art of perception
technologies and vehicular communication technologies, the delays for communications
are set to between 1 ms (millisecond) to 10 ms. Signal delays for the perception of speed

and velocity are set to the range from 5 ms to 20 ms [145] [146] [147] [148] [149].
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Where p stands for the lower bond of the distribution. ¢ is a parameter for
determining the variance. For communications delays, p is set to 1 and ¢ is set to 5. For

perception delays,  is set to 5, and o is set to 5. These are hypothetical settings.

Table 5. Summarizes the setting items of the calibrated model

Setting Items Values Other Information
Platoon Size (number of Veh.) 2,5,8 -
ACC Time Headway (sec) 1,15,2 -
CACC Constant Spacing Distance (m) 2,5,12,20 -
Velocity of slow-moving vehicle (mph) 55, 60, 65, 70 -
Communication Delay (ms) 1to 10 PDF: f,(x; 1,5)
Perception Delay (ms) 5t0 20 PDF: f,(x; 5,5)

Evaluation and Results
To evaluate the performance of the models, two measurements of effectiveness
are used. One is the vehicle's maximum gap error (time or distance) towards its
preceding vehicle. The other is duration of speed synchronization. The first MOE is

defined as:

Tsim
i int = J g (t) dt (34)
0

Where ¢; ;,,» means the gap error integral over the simulation time of the vehicle
i. &(t) indicates the gap error of the vehicle i at time t. T;,, is defined as the duration

of the entire simulation.
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The second MOE measures how long it takes a vehicle to complete the speed
synchronization to its preceding vehicle. The start time of speed synchronization is
considered when the speed drops 0.1 m/s from the initial speed. Then the counting ends
when the vehicle’s speed is 0.1 m/s higher than the preceding vehicle’s speed. Such
buffer values are installed to improve the accuracy of the assessment.

The calibration simulation based on the slow-moving vehicle scenario showed
that when using different spacing distances of a platoon, the impact on the durations of
speed synchronization is subtle among 2-meters, 5- meters, 12- meters distance
headway spacing strategies. However, when deploying 20-meters spacing strategy,
there are fluctuations in speed during the speed transition periods. Furthermore, the
duration of speed synchronization dropped by 35 % when compared to when other
strategies were deployed. Increasing the platoon leader vehicle’s desired ACC time
headway, the integral spacing error of the follower vehicle decreased. The drop for each
adjacent level was between 4% to 5%.

The results also found that either communication or perception delays brought
limited impacts to the MOEs to all spacing strategies. The changes in gap error integral
dropped by 10% to 15%. The impacts on the duration of speed synchronization were
subtle.

One of the important findings of the calibration process is the state transfer
condition between ACC car following and emergency braking. The relative distance to
the preceding vehicle has to be less than T), x.g4,, otherwise, the ACC will be too
sensitive to synchronize its speed to its preceding vehicle. It causes frequent deployment

of the braking system.
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The simulation based on the lane-changing scenario showed that the longitudinal
distance from the string to the lane-changing vehicle impacts both MOEs significantly
when it goes below the state transition condition from CC state to emergency braking
state. The influences on the integral of gap error became steady when the lane-changing
behavior took place T, x.g4, before the leader of the platoon. The duration of speed
synchronization also reached the minimum at that point.

Thus, the selected parameters based on calibration are listed in the following
table. k,,, CC control law function’s parameter is set to 0.2. 4 for ACC control module
is set to 0.1. There are three parameters for the CACC control law function. &, as the
damping rate, which is set to 1 to avoid inappropriate damping behavior. C; is setto 0.7
to make the leader vehicle play a more important role when determining the vehicle’s
longitudinal control. w,, as the bandwidth of the control system is set to 0.2 Hz to
perform the common condition.

The condition to change the vehicle’s drive mode from ACC to emergency
braking mode is adjusted to a constant value — 25 meters, to guarantee the performance
of the control system.

A 5-meters fixed spacing strategy is selected for operating the platoon. The
leader vehicle or ACC vehicles deployed a 1-second time headway spacing strategy.
These strategies were found to be safe enough under the scenarios explained above.
Thus, such strategies are expected to improve the traffic when implemented in

macroscopic simulations.

84



Case Study I:

Northbound 1-95/Delaware Turnpike, From Delaware House Travel Plaza to
Christiana Interchange

This first case study’s infrastructure is developed to represent a section of the
US Interstate highway 1-95. The section is located in the New Castle County, Delaware.
The 1-95 corridor is a major north-south interstate highway along the East Coast of the
United States that runs from Florida to Maine. The total length of 1-95 is over 1,900
miles. In Delaware, the section of 1-95 is also known as the Delaware Turnpike. It’s the
main highway for the north region of Delaware. Figure 24 shows the satellite map of

the highway section.

Figure 24. Studied 1-95 Section in New Castle County, Delaware

Scenario
The basic setup is based on the existing infrastructure of the 1-95. The studied

section is the northbound roadway section from the Delaware House Travel Plaza to the
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Christiana Interchange. It’s a four-lane road section with three exits and one entrance.
Tapered and parallel lane(s) are added for splitting traffic at exits and merging traffic at
the entrance. Based on existing facilities, illumination is assumed to be sufficient during
the nighttime. Asphalt pavement provides good friction factors and drainage capability.

Based on such information, a SUMO network is developed. Figure 25 shows the
road network which is built to represent the studied roadway section (the lower bond)
in SUMO. The opposite bound is also built in SUMO, but only hypothetical traffic is
added, and analyses are not conducted based on the traffic on that bound. In Figure 25,
even the lane transition looks mis-aligned, but according to observations during the

simulations, vehicles travel through such areas as through traveling on straight lanes.

Figure 25. SUMO Road Network Built for Representing the Studied Roadway
Section.

The land uses of the nearby areas are diverse. As shown in Figure 26, the land
uses of nearby areas include commercial (red), residential (yellow), and recreational.
Thus, the traffic on this section of the freeway is considered to have a high penetration
of large vehicles (trucks and buses). The land-use/land-cover information is gathered

from the FirstMap GIS Database. Figure 27 shows two screenshots of the interface of
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Figure 26. Land-Use/Land-Cover (Left) and Traffic (Right) Information Presented
via GIS Platform/Database

the FirstMap/ArcGIS and examples of the common way to present traffic and other
spatial information via the GIS platform.

According to the data released on Geographic Information System (GIS)
platform, the AADT for this section (both directions) for 2021 was 202,619 vehicles.
According to DelDOT’s report [150], the annual growth factor of all interstate
highways, freeways, and expressways in Delaware was 1.305 for 2021. However, the
growth factor for 2020 was 0.795. One of the reasons for such a dramatic fluctuation in

growth factors is the COVID-19 pandemic. Thus, the growth factor is estimated by
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calculating the median of the growth factors for 2016 to 2019. The value is 1.008. The
k-factor, which is used to calculate the Design Hourly VVolume, is 8.3. The D-factor, the
factor to determine the Directional Design Hourly factor, is 57%. The percentage of
trucks (both single-unit and combination units) is 9.3%. Thus, the directional hourly
design volume for inserting vehicles into the network is calculated and rounded to 9,663
vehicles/hour (Veh./hr). Table 6 summarizes the current traffic information. Due to the
method of inserting the vehicles into the macroscopic model, the design volumes are
converted to the probability of introducing a vehicle into the network at the beginning
point of the studied road section. Table 7 shows the directional design hourly volumes
for the two types of vehicles and their corresponding probabilities of a vehicle entering

the network from the 5-year, 10-year, and 15-year perspectives.

Table 6. Input Information for Future Traffic Estimation
Year AADT D-Factor K-Factor Truck Percentage Growth
Factor
2021 202,619 8.3 5.7 9.3% 1.008
Table 7. Traffic Prediction and Macroscopic Simulation Inputs
Year 2026 2031 2036
DHV 17501 18212 18952
DDHV 9976 10381 10803
DDHYV per Lane 2494 2595 2701
Probability of a vehicle entering 0.693 0721 0.750
per second
Probability c.>f a non-truck vehicle 0.628 0.654 0.680
entering per second
Probability of a truck entering per 0.064 0.067 0.070
second
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Along with the volume, in order to explore the impacts of the CAV platoons
impacts toward the traffic, another element chosen to be varied for generating the
simulation scenarios is the percentages of different types of vehicles. For different types
of vehicles, it means vehicles deployed distinguish levels of driving autonomy. As was
previously described, human-driven vehicles, and autonomous vehicles without
communication with others are considered. The longitudinal control laws of vehicles
deploy the calibrated model described in the first section of this chapter. Three laws are
implemented — CC, ACC, and CACC. The lane-changing behavior was managed by the
SUMO. The Lane-changing module embedded in SUMO provides a comprehensive and
effective lane-changing behavior selection and performing system.

To configure a simulation model, there are a few steps needed to be done on
different simulators. In SUMO, different vehicle configurations need to be completed.
The different vehicle types are added in a SUMO route configuration file. In that file,
information about acceleration, deceleration, driver’s imperfections, vehicle length,
acceptable minimum gap, the probability of entering the road network per second, the
intention and magnitude of speeding, and destination are defined. Moreover, the vehicle
car-following model and longitudinal controllers are selected by setting corresponding
parameters in the configuration file. The way to inject traffic into the system is also
defined in the SUMO configuration file. For this case study, to eliminate the variance
of the scenarios, platoons were injected into the network at consistent time points. Other
traffic components, human-driven vehicles, and autonomous vehicles were injected
probabilistically.

Additionally, platooning behaviors and communication protocols are defined in

the OMNeT++ configuration file for each simulation. In this case, autonomous vehicles
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and human-driven vehicles are set as non-cooperative components of the traffic. No
communication node is created in the communication simulator to represent those types
of vehicles. As was mentioned before, all CAVs attain a representing node the in
OMNeT++ simulation model.

Table 8 summarizes the crucial parameters of both mobility and communication

models.
Table 8. Mobility model and communication model parameters
Parameters Values Information
ky 0.2 CC control law parameter
A 0.1 ACC control law parameter
& 1 ACC control law parameter
(o 0.7 CACC control law parameter
Wn, 0.2 CACC control law parameter
Actuator delay 05s Denoted as sigma
0 .
Error Rate 0.5% Rate of error meets 99.5% communication
success rate
Bitrate 6 Mbps Numbers of but transmitted per second
Beaconing 01s Interval for communication units to update the
Interval ' existence
g/ilst)a( Platoon 8 Maximum Number of Vehicles in a platoon
Update Interval 0.01 The time interval for update simulation status
between simulators
. 105km/h
Speed Limit (65 mph) -

Speed factor

Acceleration
Rate
Deceleration
Rate

norm(1.15, 0.12)

2.3 m/s"2

4.5 m/s"2

Probability of speeding, normal distributed
with a mean of 120 km/h (75 mph) and a
standard deviation of 15 km/h (9 mph)
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Parameters Values Information

Length 5 Average vehicle’s length of passenger cars
m

(passenger car) [151]

Length (Truck) 13.5m Average length of interstate semitrailer [151]

Another factor for building simulation scenarios is the percentage of CAV
platoon traffic. In this case study, four levels of percentages of CAV platoon traffic are
a) 10%, c) 30%, and 50%. But only passenger platoons are simulated. Similar to truck
traffic injection, different size CAV platoons were injected into the network by defining

the probability of injecting one CAV per second.

Results

To validate the simulation model, field works have been conducted to collect
time headway of the traffic flow. The description of fieldwork and raw data are
presented in Appendix A. When comparing to the probability of a vehicle entering the
network, such settings have been validated. Moreover, validation simulations (traffic
without CAV traffic) have been conducted by injecting traffic with the settings
presented above. The comparison of volume and travel time for both real traffic and
simulated traffic showed that the simulated traffic performed better than the real traffic.
That might be due to: a) the uniformity of the vehicle’s acceleration, deceleration, and
dimension, b) the lack of vehicle type diversity, and c) the lack of imperfectness of
vehicle maneuver. However, two sample t-tests with unequal variances results showed
that the p-value is about 0.07, greater than 0.05. Thus, it is not statistically significant
to reject the null hypothesis and assert that the means of the two groups of data are
similar. But the relatively low p-value means there is a high chance the two groups of

data are similar. Thus, further steps are taken to complete the case study.
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The result of simulations showed that the benefits on average travel speed grew
as well as the total traffic volume grew with the same percentages of platoon traffic.
However, with 10% of CAV platoon traffic, the average travel speed increased by about
0.2% for 2026, 0.1% for 2031, and 0.2% for 2036 traffic. With both 30% of CAV
platoon traffic, the average travel speed increased by 0.9% for 2026 traffic, 1.4% for
2031 traffic, and 1.6% for 2036 traffic. Increasing the percentage of CAV platoon traffic
grows to 50% out of the total traffic, which could increase the average travel speed by
3%, 3.2%, and 4%, respectively for 2026, 2031, and 2036 volumes.

Then more scenarios were built to conduct simulations with higher traffic. When
adding 40% more traffic to the 2036 traffic, the travel speeds increased similarly
compared to the results with the predicted situations based on traffic growth rate.

However, the time of vehicle driving below the desired speed dropped more
observably. In general, when 30% to 50% of traffic was CAV platoons, the duration of

vehicle driving below the desired speed dropped by 20% on average.

Conclusion
Based on current traffic patterns and infrastructure design, when introducing
CAV platoons, the overall traveling speed under relatively high-volume situations may
gain improvements. However, the increase might not be significant when the traffic

remains steady.
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Case Study I1:

CAV Platoon Dedicated Lane(s): Northbound I-95/Delaware Turnpike, From
Delaware House Travel Plaza to Christiana Interchange

This second case study is developed based on the same roadway section in Case
Study I. The purpose of this case study is to investigate the impact of deploying a
dedicated lane(s) for the CAV platoon traffic. Scenarios are built based on the first case
study. The design volume representing 2036 is selected to insert vehicles.

The modifications on the infrastructure consist of either adding or converting a
lane(s) to serve as dedicated CAV platoon lane(s). The following table (Table 9) shows
how lane settings differ. In this case study, dedicated lane(s) are constructed as separated
express lane(s). As defined in FHWA documents, such a lane(s) is designed to separate
high-speed, non-stop traffic. Thus, the speed limits for the dedicated lanes (75 mph) are

usually higher than the regular lanes (65 mph) in the same section of a highway.

Table 9. Dedicated Lanes Settings and Percentage of Platooning Traffic

Settings  Percentage of CAV platoon vehicles Converted Lanes Added Lanes

10% 1 -
15%
20%
25%
30%
10% -
20% -
30% -
40%
50%
15%
25%
35%
45%
55%

N T el
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Figure 28. Dedicated Lane Alignment with Top) One Lane Converted
(Mid) One Lane Added,
(Bottom) One Lane Converted and One Lane Added

The percentage of platooning CAVs varies depending on the number of
dedicated lanes. The corresponding simulated percentages of platooning CAVs versus
the numbers of dedicated lanes are listed above in Table 9. Figure 28 demonstrates the

lane alignment of three different settings.
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Results

The simulation results showed that when speed limits increased for the CAV
platoon dedicated lane(s), CAV platoon flow could achieve better travel time than the
regular lanes. Moreover, converting a lane to dedicated with low percentages (settings
A and B) of CAV platoon traffic increased the regular lanes' burden (lowered the
capacity). But as the percentage increased, the average travel speed of all types of traffic
increased. When adding a dedicated lane instead of converting one, settings F, G, and
H showed the benefits for both types of traffic. However, when the percentage went
higher, such a pattern solely improved the regular traffic, but situations of CAV platoon
traffic remained similar for both adding and converting. As a result, improvement for
both types of traffic has been achieved. As the percentage of CAV traffic increased, the

improvement increased gradually.

Figure 29. Screenshots of CAV Platoon Traffic running on the Dedicated Lane
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Figure 29 shows the traffic of the scenarios with setting E. In the figure, the
traffic on the separated lane is CAV platoon traffic. Red vehicles indicate the vehicle
was considered a member of a platoon. The Vehicle in cyan is not in a platoon. In regular
traffic, white vehicles represent passenger cars as well as orange vehicles represent

trucks.
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Figure 30. Vehicles' CO2 Emission Curve over Time Under Setting E
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Figure 31. Vehicles' NOx Emission Curve over Time Under Setting E
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From the emission perspective, Figures 30 and 31 show the emission trends of
several randomly selected vehicles under setting E. The two items that were inspected
are the CO2 emission curve and the NOx emission curve. As shown, With identical
emission configurations, platoon CAVs’ emissions may fluctuate more dramatically
than regular vehicles. That could be caused by a shorter spacing strategy. During the
platoon merging or splitting, the demand for synchronizing speed made vehicles
accelerate/decelerate more intensively. Otherwise, due to operating at a higher speed on
dedicated lanes, both the sensitivity towards either speed or gap error and the need for
more engine power to maintain a higher speed could lead to higher overall emissions.
However, since good proportions of traffic have been separated. The vehicle’s on
regular lanes could operate less intensively. The overall emissions of regular traffic are
relatively reduced compared to the situations when CAV platoons were running with

others.

Discussion

Deploying dedicated lane(s) for CAV platoon traffic has the potential to improve
the totality of traffic. This provides a stable situation where CAV platoons could attain
higher travel speeds. Such infrastructure design could promote the market penetration
of platoon-able CAVs. However, since dedicated lanes are commonly tolled roadways
in the US highway system, more studies could be appreciated to find out the outcome
of the dedicated lanes for CAV platoons from other perspectives rather than the
engineering one.

On the other hand, when the percentage of CAV platoon traffic is low,

converting lane(s) to dedicated platoon lane(s) could increase the burden of the regular
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lanes. Thus, dedicated CAV platoon lanes are a conditional improving infrastructure
design when the percentage of CAV platoon traffic is steadily increased to a higher
level. When considering emission factors, if the powertrain designs are not varied
significantly between CAVs and human-driven vehicles, implementing CAV’s into

traffic may lead to worse results.
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Chapter 5

SUMMARY, CONCLUSION AND RECOMMENDATIONS

Summary

In this study, a conceptual multi-platform simulation framework is presented.
The framework consists of two major components: a vehicle-level simulation model
and an integrated traffic-level simulator. The vehicle-level model provided an in-depth
perspective to researchers who are interested in studying CAV platoons. Vehicle
dynamics, autonomy, and control theories could be the target topics when conducting
this level of simulations. When studying from a higher level, integrated traffic level-
simulators could be utilized. However, at this level, communication protocols and traffic
pattern designs might be essential topics to be studied.

The vehicle-level model is instantiated on the MATLAB/Simulink platform.
The vehicle's longitudinal and lateral dynamic and control theories were designed and
implemented to calibrate the vehicle model for the network-level simulations. By
feeding the calibration results (critical control parameters) to the traffic-level
simulations, the users could interpret the simulations more precisely. Calibrations were
conducted for tuning the selected longitudinal control laws — CC, ACC, and CACC. The
three laws are used to represent the three components of traffic — human-driven vehicles,
AVs, and CAVs. Then, the results of calibrations were injected into the integrated CAV
simulators to explore the impacts of CAV platoons on traffic under different scenarios.
PLEXE framework was selected to perform traffic simulations. PLEXE is a simulation

framework developed upon the integration of SUMO and OMNeT++. The former is one
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of the most popular graphical microscopic traffic simulators, and the latter is also a well-
known communication network simulator in the inter-vehicle communication field. One
of the main reasons to use these two platforms, MATLAB/Simulink and
PLEXE/SUMO/OMNEeT++, is that they allow users to customize simulation models
extensively and in-depth.

For vehicle-level simulation, a review of vehicle autonomy and connected
driving technologies was conducted. It summarized the technological structure of CAV
systems. In this study, the traditional functional structure of the autonomous driving
system is selected to build the vehicle model. The three main components of a traditional
autonomous driving system are perception, planning and control. Communication
systems perform in an inter-component manner and provide information to leverage the
performance of all three components of the ADS. Derived from the CAV system and
platooning management system, the basic functional structure of a CAV platooning
system is completed.

Following the review of the CAV and platooning technologies, modeling and
simulation algorithms were reviewed. Vehicle models included the longitudinal
dynamic model, lateral dynamic model, three degrees-of-freedom vehicle body model,
and string stability model. Longitudinal control laws of lane-changing trajectory
methods were also investigated. Then, communication issues such as communication
topology and communication network simulator were studied and used in the developed
system.

The traffic-level simulation was conducted by utilizing SUMO, the OMNeT++
simulator, and a CAV platooning simulation framework, PLEXE. In SUMO, a selected

real-world infrastructure, a section of the US Interstate highway was modeled as a
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roadway network based on its geometric information gained through the GIS platform.
Injection of the traffic without connection to other vehicles was managed by SUMO.
From the communication perspective, OMNeT++ simulates the communication actions
among vehicles simultaneously. During the simulation, each connected vehicle received
a representation in OMNeT++ as a communication unit. The communication protocols,
message types, and lower-layer applications were preset in OMNeT++ based upon the
IEEE 1609.4p family. PLEXE performed as the platooning management system. This
framework managed platooning maneuvers and the platooned vehicle's behaviors.

Two case studies were conducted to explore the potential influences of CAV
platoons on the traffic. The studies focused first on how different percentages of CAV
platoon traffic affected the traffic based on existing infrastructure in a realistic manner.
The other topic addressed how different platoon-oriented infrastructure designs and
traffic patterns impacted traffic. A section of a US Interstate highway was selected as
the infrastructure to establish the scenarios in. Before studying CAV platoon traffic's
impacts, validation was conducted to examine if the simulation models could represent
the real-world traffic. The validation was completed by comparing the traffic data (e.g.,
density, travel time, and volume) from the fieldwork and simulations. The settings of
the simulation were based on calibration outputs and included vehicle specifications,
vehicle control laws, and corresponding parameters.

The results of the case studies showed that with CAV platoon traffic, the overall
performance of the traffic improved. When no changes were deployed to the traffic
pattern or infrastructure design, improvements were found in measures such as the travel
times under different levels of traffic density. However, traffic with low percentages of

CAV platoon or with low overall traffic volume made the improvement of introducing
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CAV platoon traffic subtle. After deploying a new traffic pattern and infrastructure
design (dedicated separated lane(s) for CAV platoon traffic), the simulation results
showed that such patterns and designs have the potential to help with reducing the
overall travel time. However, when the percentages of CAV platoon traffic were low,
the regular traffic flow could deteriorate. Emission issues were measured in the second
case study. The results showed that separating CAV platoon traffic from regular traffic
could lessen the emissions on the regular traffic side when CAV traffic reaches a
relatively high percentage. But overall, due to implementing higher speed limits on the
CAV platoon's dedicated lanes, the emissions of CAVs increased significantly.
Otherwise, the sensitivity to speed and spacing error required CAVs to adjust speed

more intensively, which eventually led to higher overall emissions.

Conclusion

A conceptual simulation framework for exploring CAV platoons was the main
objective of this study. The framework takes both vehicle-level models and traffic-level
simulations into account. From a single-vehicle perspective, the technologies that
leverage vehicle platooning were investigated. A component-based functional structure
of the CAV system is presented in this study. The four components are perception,
planning, control, and communication. Such a structure has been studied and widely
implemented in the development of autonomous driving systems and vehicle
communication protocol, and application designs. To test the theory, a CAV model was
developed. The model integrated vehicle dynamic models, car longitudinal control laws,

controller actuation delay, perception delay, lane-changing trajectory planning, and
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lateral control. Then, the model was utilized to calibrate the CAV's longitudinal control
algorithms for the traffic-level simulation model.

Based on the reviewed literatures, conducting the traffic level simulation of
CAV platoons has been found to be a multi-platform integration task. Such integration
of traffic simulators and communication network simulators helps the users to focus on
single or multiple objective topics instead of managing every piece of the simulation
task. The most challenging part was to integrate those simulators properly. In this study,
a SUMO-OMNeT++-based extension/framework was studied. Based upon this, and by
modifying the framework and applications, an instance of the CAV platoon simulator
has been developed.

By utilizing the developed simulator, two case studies were conducted to
investigate two topics related to CAV platooning traffic. The first topic was how CAV
platoon traffic could affect existing traffic patterns and infrastructure when considering
traffic growth and truck traffic components. The second topic was whether
implementing CAV platoon dedicated lanes could improve the traffic flow. The results
of the first case study showed that when traffic increased as expected, the CAV platoon
could slightly improve the average travel speed (also reflects the reduction of average
travel time) when its percentage reached a certain level. Then, the next case study
proved that dedicated lanes could improve the performance of traffic with some
percentages of CAV traffic. Either adding lanes or converting lanes could benefit the
overall traffic. However, deploying dedicated lanes with low percentages of CAV
platoon traffic was not suggested since it could increase the burden of the regular lanes
in the form of capacity reduction. There is no evidence to assert that separating CAV

platoon traffic from the regular traffic with dedicated lanes could mitigate the CO2 and
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NOx emissions when powertrain techniques do not vary between CAVs and human-

driven vehicles.

Limitations, Recommendations and Future Work

A simulation framework instance has been developed and implemented for
studying two cases based on a realistic situation. However, as a limitation of all
modeling and simulation algorithms, in order to achieve a trade-off between
performance and cost, proper abstractions are necessary.

As a part of the framework instance, inter-vehicle communication technologies
were studied and simplified when developing the vehicle-level model. Inserting delays
could not represent all adverse conditions of inter-vehicle communication. Inter-vehicle
communication is only one aspect of communication of CAV technologies. Thus, for
further study, including more communication factors with details into the framework
would be important.

As mentioned in the second chapter of this study, component-based functional
architecture is not the only way to design autonomous driving systems. End-to-end
technologies, such as learning-based technologies, also have been studied extensively
for designing and building autonomous driving systems. On the other hand, instantiating
the framework with an integrated usage of certain tools could limit the applications of
the framework. For example, researchers have deployed other tools for modeling and
simulating CAVs with end-to-end technologies.

As the conclusion draws above, dedicated lanes for CAV platoons could help to

mitigate the burden on dedicated lanes as well as improve the traveling speed on the
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dedicated lanes. However, such methods could not be effective when the proportion of
CAV platoon traffic is low.

Moreover, according to the definition of dedicated lanes in the US highway
system, the traffic using dedicated lanes may be tolled for usage. It could discourage
using the functionality of platooning CAVs and the lanes when the rates of toll are
considered high by the users. Thus, the necessity of deploying dedicated lanes is a
complex problem that needs to be studied from more perspectives than the engineering
one.

The integrations of simulators have been widely accepted when studying CAV
platoon problems. Thus, more efforts could be made to improve the integration of
different simulators. It could not only provide more options when studying CAV
platoons by simulation but also make it possible to avoid the imprecision caused by

over-trusting a few integrated simulations.
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Appendix A

DATA COLLECTION FIELD WORK

For model validation, the real traffic data was collected for conducting statistical
t-test analyses. The topic of collected data is the time headway of pairs of vehicles in
traffic consecutively. The pairs of vehicles are selected randomly. A vehicle and its
following vehicle are considered as a pair of vehicles. The observations were conducted
by counting how long a vehicle to pass the same point that its preceding vehicle just
passed.

Three observations were taken on August 10, 2022, 2022, September 23, 2022,
and September 30, 2022. Each observation lasted 15 min and obtain 25 samples. The
following table summarized when the observations were conducted, and the numbers of

sample were recorded.

Table A.1. Data collection observation information

DURATIO NUMBER OF
GROUP DATE TIME N SAMPLES
A 8/10/2022 4:50pm5105 15 min 25
B 9/23/2022 5100pm5:15 15 min 25
C 9/30/2022 6:O7pm6:22 15 min 25
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Table A.2.  Statistical Summary of Collected Data
Group A B C
Mean 3.84 2.84 2.34
Median 3.68 2.89 2.88
Maximum 6.10 7.10 5.66
Minimum 1.01 0.82 0.80
Variance 0.89 1.21 0.74
Standard Deviation 0.78 1.08 0.76
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