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ABSTRACT

SIMULATION-BASED TESTING AND EVALUATION
OF AUTOMATED VEHICLE
MOTION PLANNING AND CONTROL ALGORITHMS

Kemal Furkan BEK

Master’s Degree, Department of Mechanical Engineering
Supervisor: Prof. Dr. Selahattin Caglar BASLAMISLI

May 2022, 117 pages

Automated vehicles can help to reduce accidents, stress on the driver and the
ecological footprint of vehicles by utilizing motion planning and control algorithms.
Ensuring the safety and comfort of drivers and passengers in automated vehicles requires
delicate testing and verification process of newly developed algorithms. This study aims
to establish an exchangeable and adjustable MATLAB® simulation environment with a
flexible architecture to develop motion planning and control algorithms; and then test and
evaluate the algorithms in conditions such as flowing traffic and different tire-road
coefficient of frictions in compliance with the Automated Lane Keeping System
regulations; to detect the design imperfections and identify the critical scenarios. The
study yielded a Motion Planning Algorithm, a Simulation Environment in MATLAB® to
test and evaluate algorithms, and an Automated Scenario generation and execution to
identify critical scenarios and design flaws. Algorithms and parameters used in this
research can be modified to perform sensitivity analysis for individual effects and

contributions.

Keywords: automated driving, motion planning, trajectory planning, simulation

environment, critical scenario identification, automotive safety.



OZET

OTONOM ARACLARIN
HAREKET PLANLAMA VE KONTROL ALGORITMALARININ
SIMULASYON ORTAMINDA TESTIi VE DEGERLENDIRILMESI

Kemal Furkan BEK

Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Damismani: Prof. Dr. Selahattin Caglar BASLAMISLI

Mayis 2022, 117 sayfa

Hareket planlama ve kontrol algoritmalarini kullanan otonom araglar, kazalarin,
siiriici lizerindeki stresin ve araglarin ekolojik ayak izinin azaltilmasina yardimci
olabilmektedir. Otonom araglarda siiriiciilerin ve yolcularin giivenligini ve konforunu
saglamak, gelistirilen yenilik¢i algoritmalarin hassas bir sekilde test edilmesini ve
dogrulanmasini gerektirir. Bu caligma, hareket planlama ve kontrol algoritmalar
gelistirmek icin esnek mimariye sahip degistirilebilir ve ayarlanabilir bir MATLAB®
simiilasyon ortami kurmayi; daha sonra da Otomatik Seritte Kalma Sistemi
yonetmeliklerine uygun olarak akan trafik ve farkli lastik-yol siirtiinme katsayilart gibi
kosullarda algoritmalar test edip degerlendirmeyi ve tasarim kusurlarini tespit etmeyi ve
kritik senaryolar1 belirlemeyi amaglamaktadir. Bu ¢alismanin sonucu olarak, Hareket
Planlama Algoritmasi, algoritmalar test etmek ve degerlendirmek icin MATLAB®'da bir
Simiilasyon Ortami ve kritik senaryolar1 ve tasarim kusurlarini belirlemek i¢in bir
Otomatik Senaryo olusturma ve yiirlitme sistemi elde edilmistir. Bu arastirmada
kullanilan algoritmalar ve parametreler, bireysel etkiler ve katkilar i¢in duyarlilik analizi

yapmak iizere degistirilebilecektir.

Anahtar Kelimeler: otomatik siiriis, hareket planlama, rota planlama, dinamik

ortamlar, kritik senaryo tanimlama, otomotiv giivenligi.
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1. INTRODUCTION

In recent studies, automated vehicles and intelligent road systems have become more
relevant than before. Researchers expect a variety of automated vehicles to emerge by
2030 [1]. Automated vehicles can potentially increase the safety of drivers and improve
their driving comfort. While the positive outcomes of automated cars are promising, they
must be tested with up-to-date standards to prove reliability, which requires intensive and
extensive verification in compliance with safety standards for general automotive

development and testing.

Traditional approaches for verification heavily depend on testing in the real-world and
driving data collection. This usually covers ordinary traffic conditions, which are not
necessarily critical. Those tests require an impractical amount of time and effort and may
still not be able to explore the necessary critical traffic conditions, especially requiring
inspection and investigation. The simulation-based testing approach presents a much
cheaper way of analysis. This approach is much faster than real-world driving and test
execution, and it is also much safer. However, it does not mean that one can rule out the
need for real-life testing. In simulation-based testing, the operational domain can be
explored thoroughly with automated testing, and the results can be used to detect error-

failure chains.

Automated driving can benefit society in many ways, such as reducing accidents, driver
and passengers' stress, and the ecological footprint of modern transportation. Automated
vehicles have already demonstrated their ability to maintain a distance, maintain lanes,
perform intelligent path planning, perform off-road navigation, and communicate with

vehicles on the road.

Self-Driving System

Environment ~\—> Perception —> Planning —>  Control Vehicle

A

Figure 1-1 Self-Driving System's Mainframe

The self-driving system's mainframe includes three elements: perception, planning, and
control [2]. The mainframe can be inspected in Figure 1-1. Perception, in this context,

means an automated vehicle's recognition of the objects and agents around the vehicle
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and the condition of the vehicle itself by utilizing a range of built-in sensors such as lidar,
cameras, GPS, etc. Planning, means analyzing the sensor data and the vehicle's status to
decide the following action. Finally, Control, is taking self-driving actions depending on
the analysis of the environmental information. Currently, 4-10% of all collisions in
regular road traffic are due to driver errors when overtaking [3]. Overtaking is an
operation to be handled carefully in many aspects. Reliable and efficient overtaking is a
challenge for automated driving cars. Information from other vehicles is required for
automated driving cars to be able to maneuver. This information may include the position,

velocity, distance, or yaw angle of another vehicle.

Latest studies show great interest in advanced driver assistance systems (ADAS) which
prove notable advances in both driver safety and comfort. Apart from well-researched
adaptive cruise control (ACC), automated emergency braking (AEB) and lane keeping
assist (LKA), the requirement for a lane change and overtake maneuver assistance system
is evident because lane changes are typical maneuvers for daily driving. ADAS are
assistive systems that are implemented to assist drivers in parking and driving functions.
They can utilize a human-machine interface to alert the driver or communicate the
detected situation to inform the driver. However, automated vehicles are being researched
to perform the previously mentioned assistive driving tasks in an automated fashion.
Thus, apart from the assistance systems, the autonomy level should be expressed when
explaining the automated driving system (ADS). The ADS can include the assistive
systems alone or in combination. Furthermore, the ADS often includes a decision

capability to perform automated.

Developing an assistive system with an autonomy, requires intensive testing and
evaluation. The simulation-based testing approach presents a much cheaper way of
investigation. Furthermore, the simulation approach is much faster than real-world
driving and test execution, but also much safer. Rapid development and testing for
automated vehicles require a simulation environment that has an exchangeable and
adjustable architecture. This architecture shall be able to be utilized to test and evaluate
the development performance according to standards. The final evaluation of results shall
point to the strengths and weaknesses of the researched topic and create an opportunity

for the improvement of the overall safety of the vehicle and detection of critical scenarios.
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This study focuses on developing a motion planning and control algorithms for;

an implementation of lane change and overtake maneuver assistive
system, to the well-researched advanced driver assistance systems -such
as adaptive cruise control, automated emergency braking and lane keeping
assist-, in a MATLAB® simulation environment with a flexible
architecture;

and simulation-based testing and evaluation of the algorithm in flowing
traffic and different road adhesion coefficient conditions in compliance of
ALKS regulations; to improve the overall safety and to detect critical

scenario conditions.
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2. LITERATURE REVIEW

In this section, previous studies available in the literature that are related to the key aspects
of this study are reviewed and the open points in the studies are addressed. The studies
reviewed in this section are on the topics of Trajectory Planning, Path Following and
Simulation Environment. Trajectory Planning and Path Following algorithms are the core
function of an automated vehicle for it to be able to create new paths in any given traffic
situation. Simulation Environment is required to test the developed algorithms for safety

and comfort for verification.

2.1.Trajectory Planning and Path Following

This study focuses on an appropriate motion planning algorithm for lane change and
overtake problem which is a difficult challenge that involves active trajectory planning in
flowing traffic where the vehicle states change in both longitudinal and lateral directions.
The active planning of the trajectory should ensure the driver’s safety while maintaining
comfort. Furthermore, this task involves the design of a suitable control algorithm for the
path following problem which requires high performance tracking of planned trajectory
especially in safety-critical conditions.

In the literature, there are several methods to represent a suitable trajectory function.
Spline curves such as quartic and B-spline, trapezoidal acceleration curves, 3D Bezier
curves and polynomial curves were researched in the previous studies. Ziegler et al. used
a quartic spline curve method to design the desired trajectory [4]. The shortest path
algorithm is used to find the suitable trajectory among graphs that separates the available
space. However, the search-based algorithm requires optimization to reduce its
computational cost before being applied to automated vehicles. Meanwhile, the quartic
spline profile results in a non-continuous jerk profile which is a main concern for driver
comfort. This fact will be mentioned later in this thesis as an improvement opportunity.
Rousseau et al. used the B-spline curve method to achieve the desired trajectory [5]. This
method requires optimization as in Ziegler's quartic curve method to reduce its
computational cost for real-world applications. Yin et al. used trapezoidal acceleration
curve as a motion planning method [6]. This method yields a continuous velocity profile
however the continuity of acceleration profile is not achieved. Chen et al used the 3D
Bezier curve method to represent the desired trajectory [7]. This method yields a

continuous acceleration profile but still, the resulting jerk profile is non-continuous.
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Using a polynomial to express the desired trajectory is a frequent method that satisfies
both the computational cost requirements and driver comfort constraints. By increasing
the polynomial order, a continuous profile for velocity, acceleration and jerk can be
achieved while maintaining the computational cost advantages. Nelson et al. proposed
the polynomial method to describe the desired trajectory [8]. McNally et al. used a cubic
polynomial method to obtain the desired trajectory [9]. Nilsson et al. used the quadratic
polynomial method to achieve the desired trajectory [10]. Wei et al. used the quintic
polynomial method which is a suitable method that has continuous velocity, acceleration

and jerk profiles and has a convenient computational cost [11].

Nevertheless, above mentioned studies have several limitations. A common limitation is
the lack of real-world applicability with the assumption of a steady traffic state with
constant actor velocities instead of a dynamic traffic state. Another common approach is
related to assuming perfect road conditions such as road adhesion coefficient taken as 1.0,
which ignores the real-world vehicle dynamics problems such as lateral stability. This
leads to problems such as accurate path tracking in conditions involving high velocity
and/or low road adhesion coefficient, where vehicle stability becomes a main concern.
Similarly, the straight road assumption is very common in the above studies. One may
argue that it is not recommended to perform lane changes or overtake maneuvers on a
curved road; however, the requirement persists since there is an urgent reaction needed
on a curved road during obstacle avoidance maneuver. Oosterhaven and laco et al.
suggested utilizing the Frenet frame method to generalize trajectory planning on roads
with curvatures [12-13]. With that being said, the evident requirement for active motion
planning emerges when the environment has a flowing traffic state with changing road
conditions such as road adhesion coefficient and road curvature.

There are existing numerical studies that exclude the design of a control algorithm or the
consideration of vehicle dynamics during trajectory planning [14-15-16]. Zhang et al.
include re-planning with a quintic polynomial in dynamic environments [17]. However,
the study did not consider road curvature, control algorithm design, or vehicle dynamics,
which are all necessary for real-world applications. Lex et al. used re-planning with
quintic polynomial and included a sensitivity analysis of parameters including road
adhesion coefficient [18]. The computation cost challenge was overcome by pre-stored
look-up tables. A linear quadratic regulator (LQR) method was used as the path following
controller. However, the study did not include curved roads in pre-stored look-up tables
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which is necessary for real-world applications. Some studies tested and proposed several
types of controllers based on vehicle dynamics with a single-track bicycle model. Tota et
al. compared proportional derivative control strategy with and without static linear
feedforward design for path tracking control [19]. Baslamisli et al. used an H.. controller
for increasing vehicle handling stability in front steer vehicle models [20]. Similarly,
Norouzi et al. used adaptive sliding mode control with a fuzzy boundary layer for lateral
control. Zhou et al. designed a model predictive controller (MPC) for the path following
controller and evaluated it through simulation [21]. In addition, Lin et al. evaluated MPC
further on an electric golf cart [22]. Yet in the study, the simplified path planning
approach limits the possible traffic applicability. Still, applications of MPC seem to be
promising, especially in critical situations where large actuator inputs are required in a
short period of time which creates highly non-linear tire-road dynamics. Therefore, He et
al. proposed an MPC for emergency collision avoidance with ensured stability where
trajectory planning is achieved by using the quintic polynomial method [23]. The study
included simulation results as well as experimental results with hardware-in-the-loop.
Takahama et al. explored the use of an MPC controller for practical adaptive cruise
control in road traffic congestion [24]. Similarly, this study included simulation results as
well as experimental results with hardware-in-the-loop. The study also included a
performance comparison of MPC with LQR. MPC showed high performance compared
to LQR and other common controllers with highly responsive actuator utilization. In
addition, it was shown that the weights of the MPC could be adjusted to adapt to different
kinds of operating conditions in various driving environments. However, the
computational power requirements for MPC are a notable disadvantage. The
computational performance of microprocessors is predicted to improve in the future;
however, an optimized control system is still desirable since the functions included in an

automated driving system will also increase.

In the present work, a lane change and overtake maneuver assistive system is studied and
implemented. The quintic polynomial method is selected for trajectory planning.
Dynamic re-planning of the trajectory added the possibility of application in dynamic
traffic conditions. The inclusion of the Frenet frame method extended the applicability to
curved road scenarios. A single-track bicycle model was selected for vehicle dynamics to
represent the tire-road interaction which included real-world problems such as lateral

stability and tire forces and slip. MPC was employed for path following. The controller
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weights were adjusted for accurate path tracking that ensures the driver's safety and

comfort while preserving actuator health.

2.2.Simulation Environment

The present study includes the design of a simulation environment to satisfy the
requirement for testing and evaluation of the developed algorithms. The simulation
environment requires to have an exchangeable and adjustable architecture to assess the
performance extensively with different vehicle dynamics, perception and controller
methods. The flowing traffic conditions, the different map settings with changing road
curvatures and variable road adhesion coefficients are necessary to simulate realistic
driving scenarios which are required by the standards. The ALKS regulations include
dynamic traffic conditions where the vehicles have swerving mechanics and changing

motion profiles.

In literature, there are several methods to build a suitable simulation environment such as
LGSVL [25], Carla [26] and Airsim [27]. These simulators can provide ground truth
information regarding traffic states and surrounding environment settings. However,
there is an evident requirement for flexibility, customization and adjustability. There are
commercially available simulators like CarMaker® and CarSim® that simulates realistic
vehicle dynamics. Traffic simulators like SUMO® (Simulation of Urban Mobility) can
accurately simulate flowing traffic conditions. Meanwhile, MATLAB® supports a stable
connection with most of the previously mentioned simulation opportunities. In addition,
MATLAB® RoadRunner enables map and scenario creation, MATLAB® Automated
Driving Toolbox enables sensor fusion studies, MATLAB® Vehicle Dynamics Blockset
provides fully assembled reference application models that simulate driving maneuvers
and an interface for Unreal Engine 4 supports the realistic visualization of the vehicles
modeled in MATLAB® Simulink.

In this work, a simulation environment is studied and established. MATLAB® is selected
for both algorithm development and simulation environment as it provides a flexible
architecture for development. In addition, it supports stable external connections with
other simulation opportunities. Vehicle dynamics, perception to a limited extend, motion
planning and control algorithms are used and developed as exchangeable modules.

Scenario generation for the entire operational design domain (ODD) was automated with
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MATLAB® scripts. Similarly, rapid and intense testing was obtained with automated

scenario execution and simulation results were exported for post evaluation.

To clarify this work’s scope, the aim was neither to develop a “perfect” MPC nor to
develop the “best” motion planning algorithm or to optimize the critical scenario
identification problem. Instead, the aim was to establish an exchangeable and adjustable
simulation environment for developing motion planning and control algorithms. Then
further objectives were to test and evaluate the developed algorithm in the established
simulation environment with safety standards and regulations for detecting the design

imperfections and identifying the critical scenarios.

To sum up, the quintic polynomial method was selected for trajectory planning of lane
change and overtake maneuvers. Dynamic re-planning of trajectory added the possibility
of application in flowing traffic conditions. The inclusion of the Frenet frame method
extended the applicability to the curved road scenarios. MATLAB® was selected for the
development and simulation environment. A single-track bicycle model is selected for
vehicle dynamics to include tire forces and slip. MPC was employed for path following.
Scenario generation and execution were automated with MATLAB® scripts and

simulation results were exported for post evaluation.

The main contributions of this work consist of:

e a Motion Planning Algorithm; with a dynamic re-planning of trajectory which is
represented by a quintic polynomial and based on the Frenet frame.

e a Simulation Environment in MATLAB®; with a flexible architecture including
vehicle dynamics, perception, motion planning and control algorithms.

e an Automated Scenario generation and execution; for exploration of operational

design domain and identification of critical scenarios and design imperfections.
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The organization of the rest of this study is as follows:

Section 3 describes the terms and concepts by presenting the standards and regulations
for the automated vehicles. Section 4 presents the simulation environment for algorithm
development in detail consisting of architecture, vehicle dynamics, perception, motion
planning, control unit and scenario reader titles. Then, Motion planning and Control
Algorithms are described in the Section 5. Section 6 delivers the test results of the
developed algorithm in a simulation environment and discussion. Furthermore, the
section discusses and evaluates the results. Finally, the Section 7 consists of concluding

thoughts on the study and recommendations for further works are expressed.
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3. TERMS AND CONCEPTS

3.1.Automated Driving and Vehicles Standard: SAE J3016 [28]

This proposed practice provides a fully descriptive classification of levels of driving
automation in motor vehicles on the road and includes working definitions for advanced
levels of driving automation as well. as related terms and definitions. This recommended
practice does not provide specifications or impose requirements for the operation of

automation systems.

In SAE J3016 [28], the standardization of levels of driving automation and related

terminology serves several purposes, related to:

e Clarification of the role of the (human) driver, if any, when participating in the

automated driving system.

e Answering questions about scope when developing laws, policies, regulations,

and standards.

e Providing a useful framework for driving automation specifications and

requirements.

e Providing clarity and stability in communication on the topic of autonomous

driving, as well as a useful shortcut that saves considerable time and effort.

3.1.1. Basic Terminology

This proposed practice provides a classification for automotive driving automation
systems that perform some or all of the dynamic driving tasks (DDT) sustainably and at
levels ranging from no driving automation (Level 0) to full driving automation (Level 5).
It provides detailed definitions for these six levels of driving automation in the context of
motor vehicles and how they operate on the roadways. These level definitions, along with
the additional supporting terms and definitions provided here, can be used to fully
describe the driver automation features fitted to the vehicle. mechanized in a functionally
appropriate and consistent manner. "On-road" means publicly accessible roads (including
parking lots and private grounds accessible to the public) that are generally accessible to
vehicle users of all classes and degrees of driver automation (including the absence of

driver automation), as well as motorcyclists, cyclists, and pedestrians.
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As a summary, the Table 3-1 from SAE is given.

DDT
N N tive definiti Sustained DDT
ame arrative definition lateral and oDD
_ longitudinal OEDR fallback
] vehicle motion
° control
Driver performs part or all of the DDT
0 No Driving |1he performance by the driver of the entire DDT, even Driver Driver Driver nfa
Automation when enhanced by active safety systems.
The sustained and ODD-specific execution by a
Driver driving automation system of either the lateral or the Dri d . . .
1 Assistance |/ongitudinal vehicle motion control subtask of the DDT gve:;: Driver Driver Limited
(but not both simultaneously) with the expectation that ys
the driver performs the remainder of the DDT.
. The sustained and ODD-specific execution by a driving
Partial | o 1omation system of both the lateral and longitudinal ) ) L
2 Driving vehicle motion control subtasks of the DDT with the System Driver Driver Limited
Automation|  gynectation that the driver completes the OEDR
subtask and supervises the driving automation system.
ADS (“System”) performs the entire DDT (while engaged)
Fallback-
The sustained and ODD-specific performance by an ready user .
Conditional| ADS of the entire DDT with the expectation that the System System | (becomes Limited
3 Driving DDT fallback-ready user is receptive to ADS-issued the driver
Automation | requests to intervene, as well as to DDT performance- f‘{r;g"”g
relevant system failures in other vehicle systems, and allback)
will respond appropriately.
High The sustained and ODD-specific performance by an
- ADS of the entire DDT and DDT fallback without any L
4 Driving ) ) System System System Limited
Automation expectation that a us;irreu:\:{ltlegeespond to a request fo
Full The sustained and unconditional (i.e., not ODD-
5 Drivin specific) perfomance by an ADS of the entire DDT Svstem System System o
Automat?on and DDT fallback without any expectation that a user 4 4 Y Unlimited
will respond to a request to intervene.

Changes in the functionality of driving automation systems change the role of (human)

users and provide the basis for classifying such systems, for example:

If the driving automation system performs the DDT vertical and/or horizontal

vehicle motion control subtasks, but the driver is still expected to complete the

Table 3-1 Summary of levels of driving automation [28]

DDT in conditions such as DDT fallback: this corresponds to Levels 1 and 2.

If the driving automation system runs the entire DDT; but when a performance-
related DDT system error occurs, or if the driver automation system is about to
terminate the Operations Design Domain (ODD), the user with DDT fallback is

expected to take over the DDT. The user is receptive and can resume DDT

performance when prompted. This distribution of roles corresponds to Level 3.
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e Finally, if the driving automation system can perform all DDT and DDT fallback
within a given ODD or in all driver-controllable on-road driving conditions
(unlimited ODD). The users in the vehicle, while ADS is performing all DDT
tasks, becomes the passengers. This distribution of roles corresponds to Levels 4
and 5.

It is important to note that, the Level 5 Full Driving Automation is an unconditional and
is not ODD specific. On the other hand, Level 4 High Driving Automation is ODD-
specific. This can be further inspected in the Table 3-1 from SAE J3016 [28].

3.2.Automated Lane Keeping Systems (ALKS): UN No. 157 [29]

There are several UN Regulations regarding Automated Driving System (ADS) features.
Among them, the ALKS standard is emphasized strongly since it requires a stable
performance with changing traffic states and changing environmental conditions. This
means the vehicle should be able to perform the DDT on roads with curvature, roads with
realistic friction and in dynamic traffic conditions. Therefore, not only the framework
should be able to provide this testing environment for ALKS scenarios, but also the

motion planning algorithms must be able to calculate a trajectory dynamically.

Goal of the regulation is to provide consistent requirements for vehicle certification for
Automated Lane Keeping Systems (ALKS). Without additional driver input, ALKS
regulates the vehicle's lateral and longitudinal movement over lengthy periods. ALKS is

a vehicle control system in which the activated system is in primary control.

The ALKS standard has defined a certain ODD for Automated Driving System (ADS) to
operate. The original wording of this Regulation sets a maximum operating speed of 60
km/h for passenger automobiles and commercial vehicles (M1 vehicles).

This Automated Driving System feature combined with above mentioned ODD places

this Automated Lane Keeping System under the SAE J3016 Automation Level 3.

General standards for system safety and failsafe reaction are included in this regulation.
When the ALKS is turned on, it will take over the driving responsibility from the driver,
i.e., it will handle all scenarios, even failures, and it will not jeopardize the safety of the
vehicle's occupants or other road users. The driver does, however, can overrule the system

at any moment. The Regulation also specifies how the ALKS must safely hand over the
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driving duty to the driver, including the capacity for the system to come to a halt if the

driver does not respond correctly.

3.3.Scenario Definition and Critical Scenario Concept: 1SO-34501 [30]

ISO 34501 defines concepts for automated driving system (ADS) test scenarios. The
contents are intended for use with ADS of Level 3 and higher, as specified by SAE J3016,
also known as ISO/SAE PAS 22736 [28]. At the time of this study, the ISO-34501 is still
in development progress. The current definitions from the standard are presented in what

follows.

3.3.1. Dynamic Driving Task (DDT)

All operational and tactical activities that are required to operate a vehicle in on-road
activity instantaneously, eliminating strategic operations such as trip planning and

destination and waypoint selection.

3.3.2. Operational Design Domain (ODD)

The exact circumstances in which a given driving automation system or feature, such as

driving modes, is designed to operate.

3.3.3. Automated Driving System (ADS)

This term is used to designate a Level 3, 4, or 5 driving automation system that is capable
of continuously executing the complete dynamic driving task (DDT), regardless of
whether it is constrained to a certain operational design domain (ODD).

3.3.4. Subject Vehicle

The vehicle under observation. In this study, “Ego Vehicle” is used to express the same

meaning.

3.3.5. Entity

Element of interest of a scenario.

3.3.6. Dynamic Environment

Set of dynamic entities that are part of the environment.
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3.3.7. Scene

Snapshot of all entities including the ADS/Subject Vehicle, scenery, dynamic
environment, and all actor and observer self-representations, and the relationships

between those entities.

3.3.8. Scenario

Sequence of the scenes integrated with the ADS(s)/Subject Vehicle(s), and its/their
interactions in the process of performing (a) certain Dynamic Driving Task(s) (DDT).

3.3.9. Event
State change of an entity within the scenario.
3.3.10. Trigger
Event that initiates or ends an action.
3.3.11. Actor
Traffic participant with the capability to act and react in the scenario.
3.3.12. Situation
Scene from the perspective of an actor.

3.3.13. Maneuver

Series of actions to change or maintain the position of an actor.

In addition to the mentioned definitions from 1SO 34501, road adhesion coefficient and

clearance is explained as follows:

e Road adhesion coefficient is a friction coefficient between the road and vehicle
tire. In study, tire-road coefficient of friction is used to express the same meaning.
o Clearance is a convenient relative distance for the safety of the vehicle. In study,

convenient distance is used to express the same meaning.
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4. SIMULATION ENVIRONMENT FOR ALGORITHM
DEVELOPMENT

The simulation environment is established to satisfy the requirement for testing and
evaluation of the developed algorithm. The simulation environment created during this
thesis work has an exchangeable and adjustable architecture. This lays the possibility of

simulation with different vehicle dynamics, perception and controller methods.

In the created simulation environment, the vehicle dynamics can be adjusted to test
robustness, the perception can be altered to test error propagation and different controller
types can be utilized to compare performances. The flowing traffic conditions, the
different map settings with changing road curvatures and variable road adhesion
coefficients are implemented with the Scenario Reader block. The block performs the
initialization for controller and scenario parameters such as initial traffic state, map state
and road conditions. The Scenario Visualization Block enables the visualization of the

running simulation and performed the recording of the simulation parameters.
The simulation environment has the following properties:

e Automated scenario generation and execution, with real-time and offline

visualization;

e Flowing traffic environment including different actors and adjustable actor
behaviors on different conditions by roads (road adhesion coefficient and

curvature);

e Customizable vehicle models with lateral dynamics to evaluate the performances
and stability.

The simulation environment is built in MATLAB®. The main body of the simulation
consists of the MATLAB® Simulink model where functions and scripts are developed by
using MATLAB®™ programming language.
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The general overview of the simulation environment is given in Figure 4-1.

Input: Scenario Block

ADS FParameters

initial Parameters

Vehicle Dynamics Block

Ego
Vehicle Dynamics

Actor 1
Vehicle Dynamics

Actor 2
Vehicle Dynamics

... Actor n
Vehicle Dynamics

Perception Block

v

Global Positioning

Lane Keeping Assist Parameters

Relative Distance-Velocity Paramefers

Coliision Detection

Motion Planning Algorithms Block

Decision Biock

Trafectory Generation

Trajectory Positioning

Reference Trajectory Selecior

Control Algorithms Block

MPC Parameters

Path Following MPC (ALKS)

Qutput: Results Visualization and Recording Block

Simulation Visualization

Figure 4-1 Overview of the Simulation Environment
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4.1 Architecture

In this section, the architecture of the simulation environment will be inspected in detail.

The architecture consists of several blocks which are

Scenario Reader: a block for initialization of the controller and scenario

parameters;

Vehicle Dynamics Block: a block for vehicle dynamics of both subject vehicle

and actors;

Perception Block: a block for simulation of perception for the sensory domain

under interest;

Motion Planning Algorithms Block: a block for motion planning studies where

decision-based trajectory generation and selection are utilized;

Control Algorithms Block: a block for controller implementation to perform

actions such as path following;

Results Visualization and Recording Block: a block for real-time visualization of
the simulation running and plotting of results.

The simulation environment has parameters to define solver configuration and system

communication rates. The standard communication rate of 10 Hz was selected for the

main sampling frequency. The vehicle dynamics block has the same sampling frequency

as the simulation to provide suitable accuracy of the motion behavior of the vehicle. The

configuration parameters of the simulation environment are given in Table 4-1.

Table 4-1 Configuration Parameters

Configuration Parameters
Value Unit Description

ode4

0.01
100
10
10
10

- Runge-Kutta for solver method
s Fixed-step size for a fundamental sample time of the simulation
Hz  Vehicle Dynamics Block sampling frequency (same as the simulation)
Hz  Sensor Perception Block sampling frequency
Hz  Motion Planning Algorithms Block sampling frequency
Hz  Control Algorithms Block sampling frequency

In the following subsections, each block will be explained.
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4.2.Vehicle Dynamics

The vehicle dynamics contain systems for the subject vehicle and the actors. The system

has an overview as follows (Figure 4-2).

Vehicle Dynamics Block

Ego
Vehicle Dynamics

Actor 1
Vehicle Dynamics

Actor 2
Vehicle Dynamics

... Actorn
Vehicle Dynamics

Figure 4-2 Overview of the Vehicle Dynamics Block

As far as vehicle dynamics is concerned, a single-track bicycle model evaluates
longitudinal, lateral, and yaw motion using a rigid two-axle vehicle body model. The
block includes the vehicle mass and aerodynamic drag induced by acceleration and
steering between the axles. The single-track model is common in automated driving
studies to mimic nonholonomic vehicle motion, especially when pitch, roll, and vertical

motion are not significant [32].

The single-track bicycle model diagram is presented in Figure 4-3.

%
ma
ma,
m g h b

= Vertical Forces

i
= |ongitudinal Forces

N

= | ateral Forces

Figure 4-3 Single-track Bicycle Model Diagram [32]

The single-track model utilized the “External Longitudinal Forces” equations mode in the
prebuilt MATLAB® block. The following equations were used to estimate vehicle’s

motion and drag values for the single-track model.
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The rigid body planar dynamics are calculated as:

Fxf +Fxr +erxt
m

X=yr+

Eyr+ Fyr + Fyexe
m

y=-xr+

aFy ;s — bE, + Myex;

r =
Iy,

r=y

The external forces and moments are calculated as:
Fx,y,z ext — Fd XY,z + Fx,y,z input
Fx,y,z ext = Fa xyz T Fx,y,z input

Fxft = Fxf input

F,f

Fype = =Cyparpy

E; nom
Fxrt = Fyr input

F,
Fyrt = _Cyrar.ur F s
'z nom

The tire forces are calculated as:

y +ar
af=atan( )_6f

X

y —br
arzatan< R )—Sr

Fyr = Fype cos(Sf) — Fyr¢sin(6¢)
F.
Eer = Frt COS(Sf) — Fyresin(6y)

F,

yr = —Fyrt sin(8,) + Fyrtcos(dr)
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Equation 4.1a

Equation 4.2b

Equation 4.3c

Equation 4.4d

Equation 4.2a
Equation 4.2b
Equation 4.2c

Equation 4.2d

Equation 4.2e

Equation 4.2f

Equation 4.3a

Equation 4.3b

Equation 4.4a
Equation 4.4b
Equation 4.4c

Equation 4.4d



The aerodynamic drag forces and moments are calculated as:

= W, cos(¥) + W, sin(¥) Equation 4.5a
wy, = W, cos(¥) — W, sin(¥) Equation 4.5b
w, =W, Equation 4.5¢

oo J(x — Wx)z + (y _ Wy)z + (Wz)z Equatlon 4.5d

Equation 4.6a

Fap = — ﬁCdAfPabs(V_V)z
Equation 4.6b
_ Equation 4.6¢
Fa, = — ﬁ ClAfPabs(W)2
1 _ Equation 4.7a
Mg, = _ﬁcrmAfPabs(W)z(a + b)
Equation 4.7b
Mdp = ZTR CpmAf abs(W) (a+b)
1 Equation 4.7c
Mdy = CymAfPabs(W) (a+b) a

~2TR

These equations are used to express the dynamics of the single-track bicycle model.

In this section, the subject vehicle and actor dynamics will be inspected separately in 4.2.1
and 4.2.2.
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4.2.1. The Subject Vehicle

Steering Angle————— Inertial Frame Vehicle CG X coord —»

Throttle——»

LFront Tire Force» Inertial Frame Vehicle CG Y coord —

Simple
Gear » Driveline &
o _ Brakes | o Tire Forces ——Inertial Frame Vehicle CG Yaw angle—»
—Longitudinal Velocity»

Tire-Road Coefficient of Friction——, —Inertial Frame Vehicle Front Axle X coord —»

Vehicle Body ] ]
Initial Longitudinal Position——————»| Single-Track [—Inertial Frame Vehicle Front Axle Y coord.—

Bicycle Model

Initial Lateral Position——» Body Frame Longitudinal Velocity——

Initial Longitudinal Velocity————» Body Frame Lateral Velocity——>

Initial Lateral Velocity—————» ——Body Frame Longitudinal Acceleration—»

Initial Yaw Angle———», Body Frame Lateral Acceleration——»

Figure 4-4 Vehicle Dynamics Mechanism of the Subject Vehicle

The subject vehicle system consists of a single-track bicycle model and a simple

driveline-brakes model as presented in Figure 4-4.

The system loads the initial values for the subject vehicle from the Scenario Reader. Then
it takes the control inputs produced by the controller such as throttle and steering angle.

Road adhesion coefficient is supplied to evaluate vehicle handling stability.

The system produces signals representing the current state of the vehicle such as the
current position on the track in the inertial frame for both the center of gravity of the
vehicle (CG) and the front axle of the vehicle. The longitudinal and lateral motion signals

such as velocity and acceleration in the body frame are also calculated.

The block accepts inputs such as external longitudinal velocity or external longitudinal
forces. The longitudinal forces are introduced by the simple driveline and brakes model.
The lateral forces are calculated based the tire slip angles and linear cornering stiffness.
Then the block is modified to accept external longitudinal forces to calculate vehicle
dynamics. Thus, the study included the changes in the longitudinal velocity caused by the

lateral and yaw motion.

38



The Vehicle Dynamics Block has the following input and output signals (Table 4-2).

Table 4-2 Vehicle Dynamics Block Input and Output Signals of the Subject Vehicle

Vehicle Dynamics Block Input and Output Signals

Inputs Block Outputs
Steering Angle — — Inertial Frame Vehicle CG X coord.
Throttle — — Inertial Frame Vehicle CG Y coord.
Gear — — Inertial Frame Vehicle CG Yaw angle
Longitudinal Velocity — — Inertial Frame Vehicle Front Axle X coord.
Tire-Road Coefficient of Friction — — Inertial Frame Vehicle Front Axle Y coord.
Initial Longitudinal Position — — Body Frame Longitudinal Velocity
Initial Lateral Position — — Body Frame Lateral Velocity
Initial Longitudinal Velocity — — Body Frame Longitudinal Acceleration
Initial Lateral Velocity — — Body Frame Lateral Acceleration
Initial Yaw Angle —

The Subject Vehicle block also contains a simple driveline and brakes model. The simple
driveline and brakes system uses two low-level transfer functions (TF) as equations 4.8a
and 4.8b, to represent the dynamics of powertrain forces and braking forces which are

included in the external forces as inputs to the vehicle block.

1 .
Powertrain TF = ——— Equation 4.8a
T-s+1
Braking TF = ———— Equation 4.8b
T,°S+ 1

The parameters of the subject vehicle are as follows (Table 4-3).

Table 4-3 Subject Vehicle Parameters

Subject Vehicle Parameters
Symbol Value Unit Description

m 1670 kg  The total mass of the vehicle

l2z 2100 kgm? Yaw moment of inertia of the vehicle
It 0.99 m  Longitudinal distance from CG to front tires
I 1.7 m  Longitudinal distance from CG to rear tires

Cf 61595 N/rad Cornering stiffness of front tires
Cr 52095 N/rad Cornering stiffness of rear tires

g 9.81 m/s> Gravitational constant
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The parameters of the simple driveline and brakes are as follows (Table 4-4).

Table 4-4 Simple Driveline and Brakes Parameters

Simple Driveline and Brakes Parameters
Symbol Value Description

tau 0.50 The time constant of powertrain dynamics
tauz  0.07 The time constant of braking dynamics

The parameters to represent the physical dimensions of the vehicles and actors are also

included in the initialization of scenario phase. Physical dimensional properties become

important for maneuvers since the lateral intervehicle distance becomes important

especially when vehicles become adjacent. Lane change and overtake maneuvers can

trigger ADS response in this kind of situation. Emergency maneuvers for obstacle

avoidance may create situations with close lateral distances between the subject vehicle

and other actors.

The parameters for the physical dimensions of the Subject Vehicle and actors are as

follows (Table 4-5).

Table 4-5 Physical Dimension Parameters

Physical Dimension Parameters

Value Unit

Description

1.8
4.5
1.8
4.5
2.5
8.2

1.7
0.45
0.45
0.24

3

3333 3 3 3 3 3

The width of the Subject Vehicle
The length of the Subject Vehicle
The width of the Actor Car

The length of the Actor Car

The width of the Actor Truck
The length of the Actor Truck

The width of the Actor Bicycle
The length of the Actor Bicycle
The width of the Actor Pedestrian
The length of the Actor Pedestrian

In the architecture, the actor subsystem is placed under the vehicle dynamics block. The

actor subsystem can be placed separately since the subsystem has a standalone control

loop from the simulation. The actor subsystem loads the initialization parameters from
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the Scenario Reader block and outputs the parameters representing the current state of the
actor to the Perception block. Therefore, it is convenient to place the actor subsystem
between the Perception block and Scenario Reader block.

4.2.2. The Actor Subsystem

The Actor subsystem contains different motion profiles for different types of actors. Actor
vehicles can follow the road center with constant or changing velocity profiles as their
main driving task. Additionally, actor vehicles can swerve about the road center or
perform maneuvers such as cutting into or cutting out of the original driving lane.
Pedestrians can try to cross the road perpendicularly which can be utilized to simulate
emergency braking in scenarios. The actor motion profiles will be explained further in

the section dedicated to Scenario Reader.

The overview of the Actor Subsystem is given in Figure 4-5.

. . Map Reader Block
Vehicle Dynamics Block Control Algorithms Block

Actor Global Positioning LOR
) Vehicle Boq'y —> * ) . > Path Following
Single-Track Bicycle Lane Keeping Assist Controller
Mode/ Parameters

Figure 4-5 Overview of the Actor Subsystem

The Actor subsystem is relatively uncomplicated. Similar to the Subject Vehicle, actors
have a vehicle dynamics block, map reader block and control algorithms block. The
vehicle dynamics block is exchangeable and adjustable as in the case of the Subject
Vehicle. As previously mentioned, the vehicle dynamics for the Subject Vehicle was
single-track bicycle model with “External Longitudinal Forces” mode. However, in the
actor subsystem, the single-track bicycle model with “External Longitudinal Velocity”
mode in the prebuilt MATLAB® block was preferred. By defining the set longitudinal
velocity, the model can be controlled directly with the velocity signal. The velocity signal

can be adjusted in simulation to perform flowing traffic situations.
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The parameters of the actor vehicle are as follows (Table 4-6).

Table 4-6 Actor Vehicle Parameters

Actor Vehicle Parameters
Symbol Value Unit Description

m

IZZ
It
|r

Cf

Cr

g

1670 kg  The total mass of the vehicle

2100 kgm? Yaw moment of inertia of the vehicle

0.99 m Longitudinal distance from CG to front tires
1.70 m  Longitudinal distance from CG to rear tires

61595 N/rad Cornering stiffness of front tires
52095 N/rad Cornering stiffness of rear tires

9.81 m/s?  Gravitational constant

The Map Reader
This block will

block provides the lane keeping assist parameters to the controller block.

be explained further in the next section for perception. The control

algorithms block may contain a PID controller, LQR or even MPC. In this study, LQR

was selected due to the simplicity of the actors’ tasks. Moreover, this control type is

applicable in real-life and has acceptable computational cost efficiency. Since the main

focus of the stud

y is the Subject Vehicle and its maneuvers, the actor subsystem is kept

plain and straightforward (Figure 4-6).

Scenario Reader

Steering Angle————>»

Set Longitudinal Velocity—> ~Inertial Frame Vehicle CG X coord.

—Tire-Road Coefficient of Friction—>  Vehicle Body
Single-Track Bicycle-Inertial Frame Vehicle CG Y coord.
Initial Longitudinal Position—| Modef

Initial Lateral Position———] —Inertial Frame Vehicle CG Yaw angle

Initial Yaw Angle———>

LQR
— Path Following
Controller

«—Lateral Deviation

Map Reader

A A A

<«—Relative Yaw Angle

Figure 4-6 Vehicle Dynamics Mechanism of the Actor Subsystem

It is important to explain the standpoint of this subsystem for further clarification of the

situation. The subsystem has a standalone control loop from the simulation. Still, the

perception block can acquire information from the actor subsystem. For example, the
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relative distance and velocity data is assumed be acquired with V2V communication

between vehicles.
The Actor Subsystem has the following input and output signals (Table 4-7).

Table 4-7 Actor Subsystem Input and Output Signals

Actor Subsystem Input and Output Signals
Inputs Block Outputs

Inertial Frame Vehicle CG X coord.
Inertial Frame Vehicle CG Y coord.
Inertial Frame Vehicle Front Axle Y coord.
Body Frame Longitudinal Velocity
Current Lane on the Road

Steering Angle

Set Longitudinal Velocity
Tire-Road Coefficient of Friction
Initial Longitudinal Position
Initial Lateral Position

Initial Yaw Angle

il bl
Vel bl

4.3.Perception Block

The Perception block contains sensors such as global positioning, lane keeping assist
parameters, relative parameters and collision detection. In this work, the primary focus
was to develop motion planning and control algorithms. However, the perception block
IS necessary to obtain the necessary information for both motion planning and control
algorithms. Therefore, the perception block is built assuming there are perfect V2V and
V2X communications available and sensor noise is not included for the sake of simplicity.
Thus, motion planning and control algorithms are assumed to utilize ground truth

information from the required channels.

The overview of the perception block is given in Figure 4-7.

Perception Block

N Lane Keeping Assist
Parameters

Global Positioning

Relative Distance-Velocity
Parameters

Collision Detection

Figure 4-7 Overview of the Perception Block
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4.3.1. Global Positioning and Lane Keeping Assist Parameters

— X coord.—> X coord. > ——Lateral Deviation—>
Y coord.—> Y coord. >
—Relative Yaw Angle—>
—Yaw angle—> Global Positioning Yaw angle—> Lane Keeping Assist
Parameters —Preview Curvature—>»
~Road Edge Distance—»
—Lane on the Road—> ——Lane on the Road—>

Figure 4-8 Mechanism of the Global Positioning and Lane Keeping Assist Parameters Blocks

The global positioning sensor transmits the necessary information about the current state
of the vehicle. The subject vehicle is assumed to have V2X communication. The main
purpose of this sensor is to provide the distance from the edge of the whole road with

multiple lanes and to extract current lane information on the road.

The lane keeping parameters from MathWorks are as follows (Figure 4-9).

tY

Left lane

Lanecentedine Right lane

Previewed lane curvature

X

Figure 4-9 Lane Keeping Parameters Diagram [33]

e Lateral deviation is the distance between the center of the front axle of the subject

vehicle and the center of the road.

e Relative yaw angle is the angle between the yaw angle of the subject vehicle and

the tangent for the center of the road.

e Preview curvature is the road curvature for the road ahead. The road curvature can
be specified as 1/R, where R is the radius of the curve.
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Lateral deviation and relative yaw angle are scalar signals which are easy to implement
and use. The preview curvature produces the information for the road ahead. This signal
can be a scalar or vector. However, if the MPC is used, this signal’s length must be less
than or equal to the Prediction Horizon. The controller parameters will be explained
further in the 5.2.6.

It is important to note that, since the lane keeping sensors for lane edge detection are
placed further to the front of the CG, it is useful to use the front axle states for the global
positioning and lane keeping assist parameters sensors. Thus, the error can be directly

correlated with the steering section of the subject vehicle.

The Global Positioning and Lane Keeping Assist Parameters Sensor has the following
input and output signals Table 4-8.

Table 4-8 Global Positioning and Lane Keeping Assist Parameters Sensor Input and Output
Signals

Global Positioning and Lane Keeping Assist Parameters
Sensor Input and Output Signals

Inputs Block Outputs
Xcoord. — — Lateral Deviation
Y coord. — — Relative Yaw Angle
Yaw angle — —  Preview Curvature
—  Current Lane on the Road

The Map Reader block mentioned in 4.2.2 works in a similar principle. In the actor
subsection, a LQR was preferred, therefore the map reader block generates one less
parameter which is the preview curvature. If the MPC was preferred, the preview

curvature could be generated from the Map Reader block.

4.3.2. Relative Parameters Sensor

The Relative Parameters Sensor produces the necessary information about the current
state of the flowing traffic. The block obtains the position and velocity information from
the vehicles and process this information to produce the relative distance and relative
velocity parameters for the motion planning and control algorithms (Figure 4-10).
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-X coord. ———>

Y coord ———>

Ego Yaw angle—>
—Lane on the Road—>

—Longitudinal Velocity—>

-X coord. ———»

Y coord ——>

Actor ...n Yaw angle——>»
—Lane on the Road—>

—Longitudinal Velocity—»

Relative Parameters

Relative Distance - Front Vehicle————>
Relative Velocity - Front Vehicle————»
Relative Distance - Rear Vehicle———>»

Relative Velocity - Rear Vehicle————>

—Relative Distance - Adjacent Lane Front Vehicle—>

—Relative Velocity - Adjacent Lane Front Vehicle—»

—Relative Distance - Adjacent Lane Rear Vehicle—>

—Relative Velocity - Adjacent Lane Rear Vehicle—>

Figure 4-10 Mechanism of the Relative Parameters Block

The Relative Parameters block provides crucial information about the current state of the

flowing traffic. The relative distance and the relative velocity between the Subject Vehicle

and the leading vehicle are mainly required for ACC and AEB. The parameters related to

the adjacent lanes are also required for the motion planning algorithms since the main

focus is to create a secure and comfortable trajectory for the Subject Vehicle to safely

follow.

The Relative Parameters Sensor has the following input and output signals (Table 4-9).

Table 4-9 Relative Parameters Sensor Input and Output Signals

Relative Parameters Sensor Input and Output Signals

Inputs

Block

Outputs

X coord. (Ego)

Y coord. (Ego)

Yaw angle (Ego)

Current Lane on the Road (Ego)
Longitudinal Velocity (Ego)

X coord. (Actor n)

Y coord. (Actor n)

Yaw angle (Actor n)

Current Lane on the Road (Actor n)
Longitudinal Velocity (Actor n)

L A A

Lol bl

!

Relative Distance - Front Vehicle
Relative Velocity - Front Vehicle
Relative Distance - Back Vehicle
Relative Velocity - Back Vehicle

Relative Distance - Adjacent Lane
Front Vehicle

Relative Velocity - Adjacent Lane
Front Vehicle

Relative Distance - Adjacent Lane
Back Vehicle

Relative Velocity - Adjacent Lane
Back Vehicle
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The global positioning sensor, the lane keeping assist parameters sensor and the relative
parameters sensor provide the necessary information for the motion planning and control

algorithms.

4.3.3. Collision Detection

The collision detection sensor produces the minimum distance information between the
subject vehicle and actors and constantly checks the occurrence of a collision. This
information is vital for the simulation. Since the study is mainly related to motion
planning and control algorithms, the collision detection and minimum distance
calculation produces precious information about the health and performance of the

algorithm.

The collision block obtains the position and yaw angle information from Global
Positioning sensor. Then, the block calculates the minimum distance based on the
previously mentioned length and width parameters for the subject vehicle and actors
(Table 4-5). The calculation is done by a minimum distance between two rotated
rectangles. Since the CG positions, yaw angles and physical dimensions are known, the
algorithm calculates the minimum distance between all actors and whether there is a
collision or not (Figure 4-11).

X coord —>|

Ego —Y coord ——> —Collision (Yes/No)>

Yaw angle—>,
Collision Detection
X coord ——>

Actor ...n —Y coord———> —Minimum Distance>

Yaw angle—>

Figure 4-11 Mechanism of the Collision Detection Block

The collision detection sensor’s signals are directly included in the simulation results and
exported. The simulation is terminated if there is a collision and the final scene is

annotated for later evaluation.
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Figure 4-12 Collision Calculation via “Minimum Distance Between Two Rotated Rectangles”
Method

A collision situation is presented in Figure 4-12. In that case the subject vehicle is seen

to be unable to perform the collision avoidance maneuver.

The collision detection sensor also inspects other cases for the scenario termination. The
actor vehicles’ only objective is to follow their respective road center. However, the
subject vehicle is capable of changing lanes and performing overtaking maneuvers.
Therefore, the simulation gets terminated by the collision block in case of contact between

the subject vehicle and the road borders and/or other actors.

The Collision Detection Sensor has the following input and output signals (Table 4-10).

Table 4-10 Collision Detection Sensor Input and Output Signals

Collision Detection Sensor Input and Output Signals
Inputs Block Outputs
X coord. (Ego)
Y coord. (Ego)
Yaw angle (Ego)
X coord. (Actor n)

Y coord. (Actor n)
Yaw angle (Actor n)

—  Collision (Yes/No)
—  Minimum Distance

Ll

The block gathers information directly from the simulation as ground truth.
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4.4.Motion Planning

The overview of the Motion Planning system is given below (Figure 4-13).

Motion Planning Algorithms Block

Decision Block —‘

Lb Trajectory Generation —‘

|—> Trajectory Positioning —‘

|—> Reference Trajectory Selector

Figure 4-13 Overview of the Motion Planning Algorithms Block

The motion planning block contains a decision block, a trajectory generator block, a

trajectory positioning block and a reference trajectory selector block.

The decision block obtains the related information to evaluate the situation and decides
if a corrective maneuver is necessary or not. Then, if required, trajectory generation block
generates a safe and comfortable trajectory. The trajectory positioning block functions as
the Map Reader block in the previously mentioned actor subsystem which generates the
trajectory following parameters like parameters for lane keeping assist. Finally, the
reference trajectory selector block acquires the available references and then feeds the

selected one to the Control Unit block.

4.4.1., Decision Block

The decision block evaluates the current situation of the flowing traffic and decides if
there is a necessity for the subject vehicle to perform maneuver. The Decision block sends
the road information and available spacing information to the trajectory generation block
(Figure 4-14).
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Default Spacing—>

—(prev) Maneuver Signal—>; Maneuver Signal——— >

Lane on the Road—> ——Maximum distance available for Trajectory—>
Decision Block

—Longitudinal Velocity—> —Minimum distance available for Trajectory—>

—Relative Parameters (all)-> Previewed Road center information——>

Lateral Deviation—>

Figure 4-14 Mechanism of the Decision Block

The decision scheme for the decision block is as the follows (Figure 4-15).

Is'the previot

decision

YES—> continue on
current lane

s the Maneuve
finished?

Decision from

previous cycle YES

A

NO
NO

i

Evaluate the
current situation

oes curre
situation
necessitate a
orrective ?

NO

YES
oes curre A
s.-i‘uayon YES perform
necessitate a

Maneuver
orrective? /

NO

Figure 4-15 Decision Scheme of the Decision Block

A maneuver can be triggered by different situations and events. The result for the Subject
Vehicle can be a lane change, overtake or collision avoidance. The convenient distance
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is defined as Clearance as given in the equation 4.9a where Time Gap (TG) and Default
Spacing (DS) is given in Table 5-8.

Clearance =V, * TG + DS Equation 4.9a
The distance becomes critical when the relative distance is smaller than the clearance.

Relative Distance < Clearance Equation 4.9b

The trigger functions used to evaluate the current situation are presented in Figure 4-16
and Figure 4-17.

1. If the relative distance at the front of Subject Vehicle is smaller than convenient

and the leading vehicle’s relative velocity is negative (Equation 4.9a and 4.9b)

2. If the relative distance at the behind of Subject Vehicle is smaller than convenient

and trailing vehicle’s relative velocity is positive (Equation 4.9a and 4.9b)

The Subject Vehicle (Ego) Actor Vehicle

(@) VxxTG + DS Critical Distance

— —

Figure 4-16 Relative Distance Trigger for Maneuver

3. If the current lane is used only for overtaking

The Subject Vehicle (Ego) Actor Vehicle

0 Vxx TG + DS Critical Distance with opposite Relative Velocity

Figure 4-17 Passing Lane Trigger for Maneuver

The maneuver action can be terminated where the maneuver is completed. The terminate

function when evaluating the current situation is given below.

1. If the lateral deviation error on the targeted lane is less than 0.10 meters
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The Decision Block has the following input and output signals (Table 4-11).

Table 4-11 Decision Block Input and Output Signals

Decision Block Input and Output Signals
Inputs Block

Outputs

Default Spacing

(prev) Maneuver Signal
Current Lane on the Road
Longitudinal Velocity

ol

Relative Parameters (all)
Lateral Deviation

A

Maneuver Signal

Maximum distance available for Trajectory
Minimum distance available for Trajectory
Previewed Road center Information

The maximum distance and

minimum distance available are the main input of the

trajectory generation block. The trajectory generation block evaluates the available region

for suitable trajectory generation.

4.4.2. Trajectory Generation

3
>

X coord.

Y
>

Y coord.

3
>

Yaw angle
—Maximum distance available for Trajectory—>

——Minimum distance available for Trajectory—>

Previewed Road center information——>|

Longitudinal Velocity————— >
(prev) Trajectory—>
Lane on the Road——————>
Maneuver Signal———— >

Lateral Deviation———— >

Relative Distance - Front Vehicle——>

Relative Velocity - Front Vehicle———

Relative Distance - Back Vehicle——>

Relative Velocity - Back Vehicle———>

safe and comfortable

) —
Trajectory

Trajectory Generator

Figure 4-18 Mechanism of the Trajectory Generation Block
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The trajectory generation block acquires the triggering signal related to maneuver
generation. In such a case, this block uses the available trajectory region to calculate a
comfortable and safe trajectory within the minimum and maximum distance available.

The trajectory will be evaluated for both safety and comfort.

Normally, in a safe situation where the subject vehicle undertakes a simple lane change,
comfort limits apply as given in equations 4.10a-b-c. However, if the situation is critical,
these comfort limits will be increased to the vehicle’s handling limits to perform the
necessary avoidance maneuver. In the following sections of this study, it can be seen that
the trajectory generated with comfort limits of 3.0 m/s3, usually results in lateral

accelerations less than 1.0 m/s2.

If the motion profile for the planned trajectory has:

Jymax < 3.0m/s? Equation 4.10a
Ay max < 3.0m/s? Equation 4.10b
Uy max < 3.0m/s Equation 4.10c

then the trajectory satisfies the comfort limits.

The decision scheme for the trajectory generation block is presented in Figure 4-19. The

design limits for the trajectory change accordingly to the situation.
The situation can be considered critical when (Figure 4-20):
e The relative distance front is smaller than the safety threshold
e The relative distance behind is smaller than the safety threshold

Relative Distance < DS Equation 4.11

If the motion profile for the planned trajectory has:

Jymax < 10.0m/s3 Equation 4.12a
Ay max < 10.0 m/s? Equation 4.12b
Uy max < 10.0m/s Equation 4.12c

then the trajectory satisfies the critical limits.
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Figure 4-19 Decision Scheme of the Trajectory Generation Block

54



(53— | ciitical Distance —

— Critical Distance O—)

Figure 4-20 Critical Situation for Relaxed Trajectory Limits

It is important to note that in critical maneuvers, the maneuver performing time is shorter
than in regular maneuvers. Therefore, the jerk profile of the critical maneuver will be

higher than regular. Thus in these situations, the governing limit will be the Jerk limit.
The Trajectory Generator Block has the following input and output signals (Table 4-12).

Table 4-12 Trajectory Generator Block Input and Output Signals

Trajectory Generator Block Input and Output Signals
Inputs Block Outputs

X coord.

Y coord.

Yaw angle

Maximum distance available for Trajectory
Minimum distance available for Trajectory
Previewed Road center information
Longitudinal Velocity

(prev) Trajectory

Current Lane on the Road

— Trajectory

Maneuver Signal
Lateral Deviation
Relative Distance - Front Vehicle
Relative Velocity - Front Vehicle
Relative Distance - Rear Vehicle
Relative Velocity - Rear Vehicle

L T A A e e A A

The trajectory generation will be presented in detail in the Motion Planning and Control
Algorithms Section 5.1.
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4.4.3. Trajectory Positioning Block

The Trajectory Positioning block obtains the generated trajectory. This block works

similar to the previously mentioned Lane Keeping Assist Parameters sensor and the Map

Reader block in the Actor Subsystem in terms of providing the lateral control parameters
(Figure 4-21).

X coord. — >

Y coord——> —Lateral Deviation—>

Yaw angle————>

Trajectory Positioning—Relative Yaw Angle—>

Trajectory
safe and comfortable —Preview Curvature—>

Maneuver Signal—>|

Figure 4-21 Mechanism of the Trajectory Positioning Block

The Trajectory Positioning block evaluates the current state of the vehicle, the generated
trajectory and the maneuver signal. Then it produces the parameters for the trajectory
following for the Control Unit block.

It is important to note that, since the vehicle estimates its own position, the accurate
modeling of the vehicle becomes critically important. In normal maneuvers, the
estimation works accurately. However, if the required maneuvers contain motion profiles
that are out of the acceptable limits, the estimation can drift from the real position on the
trajectory. In this study, this problem was overcome by limiting the vehicle’s motion

profiles for both critical and normal maneuvering situations.
The Trajectory Positioning Block has the following input and output signals (Table 4-13).

Table 4-13 Trajectory Positioning Block Input and Output Signals

Trajectory Positioning Block Input and Output Signals

Inputs Block Outputs
X coord. —
Y coord. — — Lateral Deviation
Yaw angle — — Relative Yaw Angle
Trajectory — —  Preview Curvature
Maneuver Signal —
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The parameters from the lane keeping assist parameters sensor and estimations from the
trajectory positioning block are evaluated in the control unit block, where the required
actuator inputs will be generated.

4.4.4. Reference Trajectory Selector

The Reference Trajectory Selector block is a utility block for the simulation. This block
acquires the signals related to road center and trajectory (if available), and then calculates

the next reference point for the subject vehicle to follow (Figure 4-22).

__Previewed Road center __| Road Center next
information reference Road reference next reference
' X coord.
Trajectory Trajectory | next Refereg:;—:‘egsiectow
safe and comfortable reference Trajectory reference _ne>$ referznce
coord.

Maneuver Signgl————>

Figure 4-22 Mechanism of the Reference Trajectory Selector Block

Bird's-Eye View

1 1 1 1 1 1 1
620 630 840 850 660 670 680

Path History

700 720

Figure 4-23 Example of Bird’s Eye View and Path History Plots
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The Reference Trajectory Selector’s signals are directly included in the simulation results
and exported. The reference points and actual traveled points can be plotted in real-time

or evaluated later after the simulation.

The following framed windows (Figure 4-23 and Figure 4-24) are directly taken from the
Simulation Environment’s interface. The view style indicates plots taken from the
interface; this is due to differentiate the regular plots from the simulation interface. An

example of bird’s eye view and path history plots are given in Figure 4-23.

The path history can be inspected further to see the actual lateral errors for the followed
reference. The results were plotted in Figure 4-24 where green is the reference and black

is the actual traveled path.

Path History
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192 - X 645.769
- Y 18.9729 X 645.933
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g
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18.6
184
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176
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Figure 4-24 Example Path History Plot (reference in green, traveled path in black)

The Reference Trajectory Selector Block has the following input and output signals
(Table 4-14).

Table 4-14 Reference Trajectory Selector Block Input and Output Signals

Reference Trajectory Selector Block Input and Output Signals

Inputs Block Outputs
Previewed Road center information — — Reference X coord.
Trajectory — — Reference Y coord.
Maneuver Signal —

The block gathers information from the simulation for road center and trajectory reference

points. The output signals are used to evaluate the developed algorithm.
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4.5. The Control Unit

The Control Unit consists of MPC Parameters and Path Following MPC blocks. An
overview of the system is given in Figure 4-25.

Control Algorithms Block

MPC Parameters —‘

I—» Path Following MPC (ALKS)

Figure 4-25 Overview of the Control Algorithms Block

It is important to note that, the Path Following MPC contains a Vehicle Mode Selector
with a controller decision mechanism for Longitudinal and Lateral driver assistance

systems such as:

e Automated emergency braking (AEB)
e Adaptive cruise control (ACC)
e Lane-keeping assist (LKA)

In addition to these, the lane change and overtake maneuver assistance system were

implemented in Path Following MPC’s scope.

e Lane change and Overtake assist (LCA)

It is possible to separate these assistance systems in longitudinal and lateral directions
(Figure 4-26).

Path Following MPC (ALKS)

Longitudinal ADAS Lateral ADAS

Figure 4-26 Overview of the Path Following MPC
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This combined assistance system can be defined as an Automated Lane-Keeping System
(ALKS) where the AEB, ACC, LKA and lane change and overtake maneuver assistance
systems are combined.

4.5.1. MPC Parameters

The MPC parameters block obtains the lane keeping assist and path following parameters
from the related blocks, and then feeds the suitable information to the path following
MPC block (Figure 4-27).

(lka) Lateral Deviation—>|

lka) Relative Yaw Angle—>
Lane Keeping Assist (Ika) g

P f
arameters (lka) Preview Curvature—>|
Em—
Lane on the Road —Lateral Deviation—>
(pfc) Lateral Deviation———>
—Relative Yaw Angle—>
Trajectory Positioning (pfc) Relative Yaw Angle—>

(pfc) Preview Curvature MPC Parameters——Preview Curvature—>»

—Relative Distance - Front Vehicle—> —Relative Distance—>

—Relative Velocity - Front Vehicle—>

Relative Velocity—>

Relative Parameters Relative Distance

Adjacent Lane Front Vehicle

Relative Velocity
Adjacent Lane Front Vehicle

Decision Block }7Maneuver Signal——>

Figure 4-27 Mechanism of the MPC Parameters Block
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The decision scheme for the MPC parameters block is as follows (Figure 4-28).

Is
trajectory still
valid?

continue current lane
use LKA parameters

perform Maneuver
use pfc parameters

Figure 4-28 Decision scheme of the MPC Parameters Block

It is also important to note that, if the primary purpose is trajectory following to perform

a maneuver, then the adjacent lane’s traffic information becomes the primary concern.

Therefore, this block also controls the relative distance and velocity parameters and feeds

the essential information of the Path Following MPC block.

The MPC Parameters Block has the following input and output signals (Table 4-15).

Table 4-15 MPC Parameters Block Input and Output Signals

MPC Parameters Block Input and Output Signals

Relative Velocity - Front Vehicle
Relative Distance - Adjacent Lane Front Vehicle

Inputs Block Outputs
(Ika) Lateral Deviation —
(Ika) Relative Yaw Angle —
(Ika) Preview Curvature —
Current Lane on the Road —
(pfc) Lateral Deviation — — Lateral Deviation
(pfc) Relative Yaw Angle — — Relative Yaw angle
(pfc) Preview Curvature — —  Preview Curvature
Maneuver Signal — — Relative Distance
Relative Distance - Front Vehicle — — Relative Velocity
—
N
N

Relative Velocity - Adjacent Lane Front Vehicle
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The MPC parameters block decides whether it is suitable to follow the generated

trajectory or continue to follow the road center with lane keeping assist parameters.

4.5.2. Path Following MPC

Path following MPC is the default controller of the Subject Vehicle (Figure 4-29).

Default Spacing—>

AutoPilot Parameters ——Set Longitudinal Velocity—>

Time Gap————>

Longitudinal Velocity—>
Path Following ——Steering Angle—>

Lateral Deviation——> MPC
(ALKS)

Throttle—>

Relative Yaw Angle—>
MPC Parameters

Preview Curvature—>

Relative Distance——>

Relative Velocity——»

Figure 4-29 Mechanism of the Path Following MPC Block

The advantages of using MPC were mentioned in 5.2 and the controller structure will be

discussed further in the Motion Planning and Control Algorithms Section 5.2.6.

The path following MPC block controls the actuators of the Subject Vehicle, which are
the throttle and steering angle. The block can follow a path, while the path can be defined
for the road center or trajectory waypoints of the maneuver. In addition, the path
following MPC block contains a vehicle mode selector subsystem to switch between the
defined ADAS such as ACC, AEB, LKA and finally lane change and overtake maneuver

assistance system.

62



The Path Following MPC Block has the following input and output signals (Table 4-16).

Table 4-16 Path Following MPC Block Input and Output Signals

Path Following MPC Block Input and Output Signals
Inputs Block Outputs
Default Spacing
Set Longitudinal Velocity
Time Gap
Longitudinal Velocity
Lateral Deviation
Relative Yaw angle
Preview Curvature
Relative Distance
Relative Velocity

—  Steering Angle
—  Throttle

L A

4.5.3. The Actor Subsystem: Controller

Apart from the main controller for the subject vehicle, there also exists an LQR controller
used for the actor subsystem (Figure 4-30).

—Lateral Deviation—>
ateral Deviation LQR

Path Following —Steering Angle—>
Controller

—Relative Yaw Angle—>

Figure 4-30 Mechanism of the Actor Subsystem Controller

The actor vehicle parameters were presented before in the actor subsystem in the Vehicle
Dynamics section. The state-space model for the LQR was selected from [35]. The
selected vehicle model for the LQR state-space is a 2DOF linear single-track bicycle
model. The controller for the Actor subsystem has been briefly explained here. The
Subject Vehicle’s controller, however, will be explained further in the Motion Planning

and Control Algorithms Section 5.2.6.

4.6.Scenario Reader and Simulation Visualization

The Simulation environment and its main components has been explained from 4.1 to 4.6.
Additionally, there are two utility blocks exist for the simulation environment. A Scenario
Reader block that loads the scenario parameters and a Simulation Result Visualization

block that exports the simulation results and plots the simulation in real-time.
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4.6.1. Scenario Reader

The Scenario Reader block loads the scenario parameters (Figure 4-31).

Tire-Road
Coefficient of Friction

—Initial Longitudinal Position—>

- o
Initial Lateral Position—> Tim S e

(Ego)
—Initial Longitudinal Velocity—>

Initial Lateral Velocity—>

Initial Yaw Angle——>

Map Information———>

——Set Longitudinal Velocity—>

Scenario Information—>| Scenario Reader

. . . Tire-Road
Simulation Environment Coefficient of Friction

Information
—Initial Longitudinal Position—> The Actor Vehicle

Initial Lateral Position—>

Initial Yaw Angle———>

Default Spacing——>|

—Set Longitudinal Velocity—> Path Following MPC

Time Gap >

Figure 4-31 Mechanism of the Scenario Reader Block

There are parameters related to the perception block’s performance. The perception block
in this study is kept simple as the emphasis is put on the motion planning and control
algorithms. Therefore, parameters such as roadway grade, lane markings, light
conditions, and weather conditions that would normally be sent to perception block are
not considered. Furthermore, in this study, the motion planning and control algorithms
only consider the relative distance and relative velocity information from the flowing

traffic. There are three types of parameters used as input for the Scenario Reader:
1. Map Information
2. Scenario Information

3. Simulation Environment Information
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These parameters are loaded by Scenario Reader. The parameters specified in Table 4-17
are used for defining the scenarios in simulation where v/ symbol means the parameter is

considered and x symbol means the parameter is not considered.

Table 4-17 Template of the Scenario Parameters

Scenario Parameters Template

Number v the number of adjacent lanes in the same direction
of lanes
Lane ;
Width v the width of each lane
Roadway X rade of the roadwa
Roadway  grade 9 y
Oper_aFing Road_vyay v tire-road coefficient of friction
conditions condition
Lane . I
markings X the type, color, width, visibility
) ngr&'glr)g X the amount of light and direction (day, night, etc.)
Environmental = conditions
conditions  \weather « the amount, type and intensity of wind, rain, snow,
conditions etc.
Veo v Subject vehicle (ego)
Initial velocity = Vo v Leading vehicle
V1o N Vehicle in front of the leading vehicle
q v distance in the longitudinal direction between leading
X0 vehicle
q v distance in the lateral direction between leading
Initial & vehicle
condition do ¢ v distance in the longitudinal direction between the
yo_ - - - -
Initial distance vehicle in front of the leading vehicle
q v distance in the lateral direction between the vehicle in
X0 front of the leading vehicle
dty v width of the vehicle in front of the leading vehicle
doy v width of the leading vehicle
dox v length of the leading vehicle
Lateral motion  V,y v leading vehicle lateral velocity
Vehicle . . . L
: Gx_max X maximum deceleration of the leading vehicle in G
motion Deceleration g
dG/dt X deceleration rate (jerk) of the leading vehicle
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The map information holds the information related to the scenario environment (Table
4-18).

Table 4-18 Map Information Signals for Scenario Reader Block

Map Information Signals
Inputs Block

Road Center X coords.

Road Center Y coords.

Number of lanes

Lane Width

Roadway condition —

The Scenario Reader block can read the parameters of different maps. The maps can be

generated from the X and Y coordinates of the road center, number of lanes and lane

—
—
—
—

width. The road adhesion coefficient can be adjusted for the scenario. There are some

map overviews available as follows (Figure 4-32).

________

......

C

Figure 4-32 Example Map Overviews (a: Silverstone Circuit, b: istanbul Park and ¢: Roads with
Different Curvatures)
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The scenario information holds the information related to the subject vehicle and actor

initialization including the actors’ behavior models (Table 4-19).

Table 4-19 Scenario Information Signals for Scenario Reader Block

Scenario Information Signals

Inputs Block
Initial Longitudinal Position (Ego) —
Initial Lateral Position (Ego) —
Initial Yaw Angle (Ego) —
Initial Longitudinal Velocity (Ego) —
o Initial Lateral Velocity (Ego) —
*é Set Longitudinal Velocity (Ego) —
§ Vehicle Parameters (Ego) —
o Initial Longitudinal Position (Actors) —
I*g Initial Lateral Position (Actors) —
Initial Yaw Angle (Actors) —
Initial Longitudinal Velocity (Actors) —
Initial Lateral Velocity (Actors) —
Set Longitudinal Velocity (Actors) —
Vehicle Parameters (Actors) —
= Actor type (Actors) —
% Swerving Distance (Actors) —
g Velocity Deviation (Actors) —
Behavior: Crossing / Cut in / Cut out (Actors) —

The actor behaviors maybe lane crossing, cut in to or cut out of the subject vehicle’s lane.
In addition, to create a dynamic flowing traffic environment, the actors can vary their
velocities or swerve within in their lanes. These create a dynamic environment which is

the main reason of the trajectory re-planning requirement.

The actor behaviors are given in Figure 4-33, Figure 4-34, Figure 4-35 and Figure 4-36.

EGO

\

vy

4 ACTOR:
PEDESTRIAN

Figure 4-33 Lane Crossing Pedestrian Behavior
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Figure 4-34 Swerving Lead Vehicle Behavior

Figure 4-35 Cut In to Subject Vehicle’s Lane

Figure 4-36 Cut Out of Subject Vehicle’s Lane

The simulation environment information holds the information related to the simulation

parameters related to the blocks (Table 4-20).

Table 4-20 Simulation Environment Information Signals for Scenario Reader Block

Simulation Environment Information Signals
Inputs Block

Subject Vehicle Parameters

Actor Vehicle Parameters

Path Following MPC Parameters

Fixed-step size of the simulation

Sampling frequency of the Simulation Blocks
Default Spacing

Blocks

bbbl

Simulation

Time Gap
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To sum up, the Scenario Reader completes the initialization of the simulation

environment by loading the information for the map, scenario and simulation.

4.6.2. Simulation Visualization
The simulation results can be plotted in real-time or can be exported for offline inspection.

The view style indicates plots taken from the interface; this is due to differentiate the

regular plots from the simulation interface.

The interface for the real-time visualization is as follows (Figure 4-37).

Bind's-Eye View Vaocity

Figure 4-37 Real-time Visualization Interface of the Simulation Environment

The interface has several subsections:

e Bird’s-Eye View (Figure 4-38)

e Path History (Figure 4-39)

e Velocity Window

e Lateral Deviation and Relative Yaw Angle Window

e Throttle and Longitudinal Dynamics Window

e Steering and Lateral Dynamics Windows

¢ Relative Distances for Current and Adjacent Lane Window

e Target Lane and Lateral Deviation Window
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Bird's-Eye View

20 = | | | | | | |
50 60 70 80 20 100 110

Figure 4-38 Bird’s Eye View in Real-time Visualization

The Bird’s Eye View window (Figure 4-38) allows evaluation of the situation. In the
window, the Subject Vehicle (in blue) and a pedestrian actor (in black) can be observed.
The yaw angle of the subject vehicle is indicated with a blue straight line. The planned
trajectory for the avoidance maneuver is drawn in green. The dashed blue lines indicate

the beginning and end of the available region for trajectory planning.

Path History

20 40 60 80 100 120 140

Figure 4-39 Path History in Real-time Visualization

The Path History window (Figure 4-39) allows inspection of the planned path (green) and
the actual followed path (black). In addition, to examine and evaluate the simulation

results, a visualization of previously executed scenario is possible.
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4.7 Automated Scenario Generation and Execution

Developing an ADS requires intense testing and evaluation. Therefore, automated

Scenario Generation and Execution blocks were included in the simulation environment.

4,7.1. Scenario Generation Block

The scenario generation is performed by a script executed before the simulations process.

First, the simplified ODD is defined. Then the parameters are selected for the sensitivity
analysis. After that, the range and resolution of the selected parameters are defined.
Finally, the script automatically generates the scenarios within the ODD to evaluate

sensitivity analysis.
Example: The simplified ODD maybe defined as (Table 4-21):

Table 4-21 Example Parameters to Define Simplified ODD

Initial Ego Velocity [V ] 60 kph

Roadway Condition 0.8

Then the following scenario parameters maybe selected for sensitivity analysis as follows
(Table 4-22).

Table 4-22 Example Scenario Parameters for Sensitivity Analysis

Selected Scenario Parameters

Veo X Subject vehicle (ego)
Initial V v Leading vehicle
velocity o0 g
V1o X Vehicle in front of the leading vehicle
distance in the longitudinal direction between leading
de \/ .
vehicle
q X distance in the lateral direction between leading
Initial ”° vehicle
condition q « distance in the longitudinal direction between the
Initial yo_f vehicle in front of the leading vehicle
distance . . S L
d x distance in the lateral direction between the vehicle in
e front of the leading vehicle
dry X width of the vehicle in front of the leading vehicle
doy X width of the leading vehicle
dox X length of the leading vehicle
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Then range and resolution values for the selected parameters are defined as the following.
1. V,o: Leading vehicle’s initial velocity
0 kph < V,q <50 kph with 10 kph resolution
2. dyo: Leading vehicle’s relative distance to the subject vehicle
2m <d,o <30m with 2 m resolution
As a result, the scenario matrix is obtained and presented in Table 4-23.

4.7.2. Scenario Execution Block

The scenario execution is performed by a script to simulate previously generated
scenarios. The simulation automatically loads the generated scenarios and executes the
batch of scenarios. After the simulation matrix was completed, the results are extracted

and tabulated as given in Table 4-24 which is an example of AEB testing.

As previously mentioned, scenario generation and automation for rapid and intense
testing often require offline plotting of the scenario. After the batch execution, the

scenarios can be inspected offline without the need for the main simulation environment.

Table 4-23 Empty Test Result Matrix of AEB Testing Example

Initial Ego Velocity [Veo] 60 kph Relative Distance m [d,]

Roadway Condition 0.8 2 4 6 810121416 18 20 22 24 26 28 30
50.0 kph
40.0 kph

Lead Velocity [V o] 300 kph
20.0 kph
10.0 kph
0.0 kph

Table 4-24 Executed Test Results Matrix of AEB Testing Example

Initial Ego Velocity [Veo] 60 kph Relative Distance m [d]
Roadway Condition 0.8 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
50.0 koh 1152|154 |156 |158 (160 (162 (164 |166 |168 |170 |172 (174 (176 (178|180

40.0 kph |122 (124 (126|128 |130|132|134 |136 (138 (140 (142 144|146 |148 |150
30.0 kph 92 |94 |96 98 (100 (102|104 106108 |110 (112 (114 (116 (118|120
20.0 kph 62 (64 |66 |68 70 |72 (74 |76 | 78 |80 | 82 (84 |86 |88 | 90
10.0 kph 32 |34 |36 (38 (40 (42 |44 |46 |48 |50 | 52 |54 [56 |58 | 60
0.0 kph 2 (4 )6 |8 10|12 (14|16 (18 |20 (22 |24 |26 |28 |30

Lead Velocity [V ]
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5. MOTION PLANNING AND CONTROL ALGORITHMS

In this study, a lane change and overtake maneuver assistive system is implemented. The
quintic polynomial method is selected for trajectory planning. Dynamic re-planning of
the trajectory added the possibility of application in flowing traffic conditions. The
inclusion of the Frenet frame method extended the applicability to the curved road
scenarios. A single-track bicycle model is selected for vehicle dynamics to represent the
tire-road interaction which included real-world problems such as lateral stability and tire
forces and slip. The MPC is employed for path following. The controller weights are
adjusted for accurate path tracking that ensures the driver's safety and for realistic

responses that consider the driver's comfort and actuator health.

5.1.Trajectory Generation with Re-planning in a Realistic Environment

The trajectory generation process has the following properties.

3. A quintic polynomial is used to express the trajectory, which results in a

continuous motion profile for the subject vehicle.

4. A Frenet frame method is used to describe the trajectory in the road with

curvature.

5. Dynamic re-planning of the trajectory is implemented in flowing traffic conditions

to respond to unexpected situations.
Following corrective maneuvers are executed as a result of event triggers.
e Obstacle avoidance maneuver
e Lane change maneuver
e Overtake maneuver

In this study, the obstacle avoidance maneuver is achieved by lane change maneuver,
where the terminal state is located at the adjacent lane. If an obstacle blocks the path of
the subject vehicle, then the subject vehicle starts to evaluate a possible way to perform a

lane change maneuver to avoid not only the obstacle but also the whole blocked lane.

Overtake maneuver is triggered when the adjacent lane is used only for overtaking. Then
the vehicle performs two consecutive lane changes to overtake the leading vehicle and

return to the original lane.
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The trajectory generation is triggered when:

1. If the relative distance front is smaller than convenient and the leading vehicle’s
relative velocity is negative (Figure 5-1)

C—»Il (O) j —>

Figure 5-1 Front Trigger Case: Shortening of the Front Relative Distance

2. If the relative distance behind is smaller than convenient and trailing vehicle’s

relative velocity is positive (Figure 5-2)

. _9,

Figure 5-2 Rear Trigger Case: Shortening of the Rear Relative Distance

3. If the current lane is used only for overtaking (Figure 5-3)

G

Figure 5-3 Passing Lane Trigger Case

The clearance as the convenient distance can be explained as:

Clearance =V, * TG + DS Equation 5.1

An example triggered situation is presented in Figure 5-4 where the trajectory generation

successfully completed within the available trajectory region.
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Figure 5-4 Example Trajectory Generation

The processed information for the available trajectory region from the traffic conditions

in the Figure 5-5 is calculated by:

dy = —RDyear + Vi year * TG + DS Equation 5.2a
d, =DS Equation 5.2b
d; =V, *TG+ DS Equation 5.2¢c
dy = RDfront + Vx ront * TG Equation 5.2d
1 2 3 4
l . Available distance for Trajectory
DS + LVx TG : ; DS+ LVx TG
— | Default Spacing | Longitudinal Velocity x Time Gap

Figure 5-5 Available Trajectory Region

The available trajectory region in Figure 5-5 can be explained with the beginning and end

of the region.
beginning of the region = max(d4, d,) Equation 5.3a

end of the region = min(ds, d,) Equation 5.3b

Then trajectory generation algorithm starts to create trajectories with 0,5 meters of
intervals in the available trajectory region (Figure 5-6). The first trajectory that satisfies

the comfort or critical limits is selected and is fed through to the decision mechanism.
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Available distance for Trajectory

C——;‘

Selected Trajectory

Figure 5-6 Trajectory Selection Procedure

The selected trajectory is both safe and comfortable with a continuous motion profile.
The continuous motion profile term includes the velocity profiles, acceleration profiles

and jerk profiles.
A quintic polynomial can be written as follows.
y(x) = ag + ayx + a,x? + azx® + a,x* + agx® Equation 5.4

To obtain this quantic polynomial’s unknown coefficients ao to as, a 6x6 matrix must be

solved.
[ xo° xot x02 x2  xpt 1]
5x0*  4xy3 3x2 2x,! 1 0
3 2 1
A= ZOxS 12xf 6x% 12 01 0 Equation 5.5a
Xf X'f Xf X'f Xf 1
SXf4 4Xf3 3Xf fol 1 0
_ZOXf3 12Xf2 6Xf1 1 0 0]
B'=[as a, a3 a, a; ag Equation 5.5b
C'=[Yo Vo G Yr Vr 0] Equation 5.5¢
AxB=C Equation 5.5d
B=A"1C Equation 5.5e

To solve this matrix, parameters for the initial and final conditions must be expressed.
Cartesian parameters are:

Cartesian States = [X YV Vy Qy] Equation 5.6a
Initial conditions are:

IC =% Yo Vyo Qyo] Equation 5.6b
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Final conditions are:
FC =1[X DYr Vyr Qyr] Equation 5.6¢

The simple straight road case can be explained in the Cartesian frame. Then, this
polynomial expressed the following trajectory for the subject vehicle.

Figure 5-7 Trajectory Generation on Straight Road Case

The maximum distance and minimum distance available in blue dashed lines are the main
input of the trajectory generation algorithm. The trajectory generation algorithm then

evaluates the available region for suitable trajectory generation.
Initial conditions for this straight road example are:
IC=[0m O0m Om/s 0m/s?] Equation 5.7a
Final conditions for this straight road example are:
FC=[20m 3.60m O0m/s 0m/s?] Equation 5.7b

The Cartesian frame method works on straight roads, As previously mentioned, there are
statements about it is not recommended to perform lane changes or overtake maneuvers
on a curved road. However, the requirement persists since there is an urgent reaction
needed on the curved road such as avoiding an obstacle. Thus, to create a global solution

on the roads with curvature, it is required to utilize the Frenet frame method.

The Frenet frame from MathWorks can be expressed as the following [34].

Figure 5-8 Frenet frame on the center of the road with a curvature
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Similarly, the Frenet parameters are:
Frenet States = [X VUx Qx Y Vy ay] Equation 5.8a

The frame is attached to the road center along the travel path of the vehicle. To solve the
same matrix in Frenet frames, the same parameters for the initial and final conditions

must be expressed.
Initial conditions are:

IC=[X Vxo Gxo Yo Vyo Qyo] Equation 5.8b
Final conditions are:

FC =1[Xf Vxr Qxr Yr Vyr Qyr] Equation 5.8¢c

After the straight road case, the curved road situation is explained in the Frenet frame

method. Then, the quintic polynomial is used to express the following trajectory to be
followed by the Subject Vehicle.

Figure 5-9 Trajectory generation on road with curvature case

First, the vehicle obtains the information for the relative distance and relative velocity of
the leading vehicle. Then the available trajectory region is evaluated for the trajectory

generation. The green line is the found solution for this example situation (Figure 5-9).
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Initial conditions for this curved road example are:
IC=[0m 60kph 0m/s*> O0m O0kph 0m/s?] Equation 5.9a
Final conditions for this curved road example are:

FC=[25m 60kph O0m/s? 3.60m 0kph 0m/s?] Equation 5.9b

It is important to note that, the lateral states can be utilized to create a trajectory that
involves a lateral movement. This can be utilized especially on curved roads since the
vehicle has already a lateral motion. Also, the path following errors such as lateral

deviation and yaw angle are not always zero.

Thus, the improved solution can be expressed as:
Frenet States = [X Vx Qx Y Uy Gy Equation 5.10a
Initial conditions are:
IC = [X0 Vxosens Qxosens ldosens Vyosens @yosens] Equation 5.10b
Final conditions are:
FC =1[Xr Vxr GQxr Y5 Vyr GQyr] Equation 5.10c
In the proposed solution, the measured parameters are:
[Vxosens Qxosens ldosens Vyosens @yosens] Equation 5.10d
The calculated states are:
[Xo Xr] Equation 5.10e
The v, might be set to the v, for comfort:
[Vxol = [vas] Equation 5.10f
Then, the following parameters might set to zero for comfort:

[Axf Vyr Ayf] =0 Equation 5.10g
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The decision scheme for the trajectory generation is available in the Figure 5-10.

continue

ned 'S the previou.
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Figure 5-10 A Complete Decision Scheme for Trajectory Generation Procedure
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5.2.Path Following MPC for Advanced Driver Assistance Systems

Model predictive control is a well-known and widely used control strategy, especially for
multiple constrained systems. The primary action of MPC is to control the system by
solving an optimal control problem online. The optimal controller inputs are decided by
tunning the weights and minimizing costs for the actuators and errors in the system.

The costs are calculated over the prediction horizon where the MPC estimates the outputs
of the system. Then the solution to this optimization problem yields a sequence of control
inputs over a control horizon. The solution is expected to utilize the multiple inputs related
to multiple output estimates. As a result, in theory, the cost is minimized and the actuator

utilization is maximized.

The prediction horizon is the number of estimated future states of the model. At every
discrete instant, the model of the system is used to estimate the total cost by the weights
and limits. Then the cost minimization is calculated for the different actuator inputs over
the control horizon. It is expected to improve the solution quality by increasing the
prediction horizon. However, the computational costs also increase, which delays the
response of the MPC. Therefore, in this study, a relatively sufficient control horizon and

prediction horizon ratio were tried to be implemented.

The control horizon is the length of the sequence of control inputs that are calculated and
expected to apply to the model. The input sequence is calculated at each cycle, but only
the first value is applied as the control input. The advantage of applying the control inputs
by sequence is that it utilizes the actuator capacity without exceeding the limits while
maintaining high responsiveness. In addition, the rate of change for an actuator input can

be limited or weighted to have more control over the actuators' performance.

Therefore, the MPC is one of the few methods that have highly responsive actuator

utilization and an adaptable control strategy.
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The Path Following MPC has the following properties:

e Vehicle mode selector with a controller decision mechanism for Longitudinal and

Lateral driver assistance systems,

e A path following MPC that has highly responsive actuator utilization with safety
and comfort tailored controller weights.

In this study, ADAS such as:

e Automated Emergency Braking (AEB)
e Adaptive Cruise Control (ACC)
e Lane-Keeping Assist (LKA)

are considered.

In addition to these, the lane change and overtake maneuver assistance system are

implemented.

Path Following MPC (ALKS)

B e

Longitudinal ADAS Lateral ADAS

Figure 5-11 Overview of the Path Following MPC

This combined assistance system can be defined as an ALKS system where the AEB,
ACC, LKA and lane change and overtake maneuver assistance systems are combined
(Figure 5-11). In this study, the transition between the driving modes is governed by a

Vehicle Mode Selector system which is explained in 5.2.5.
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5.2.1. Automated Emergency Braking (AEB)

AEB is a braking-based safety system for emergency situations that are predicted to result
in an accident. According to UN regulation 152 [36], the system should detect a possible
forward collision automatically. Then it is expected to provide a suitable warning to the
driver. The main goal is to prevent or weaken the potential collision by activating the
braking system of the vehicle. Therefore, in this study, the AEB is automatically enabled

when a trigger of the system related to front collision warning is activated.

In normal driving conditions, ACC and LKA are activated. ACC operates the longitudinal
motion of the subject vehicle, where the relative distance and relative velocity are the
main measurements used by the controller. However, if ACC cannot ensure a safe relative

distance, then the trigger for the AEB is activated.

The trigger for the AEB is as:
Relative Distance < DS — SD Equation 5.11

In this study, the desired maximum deceleration for automated emergency braking is

taken as 8 m/s?.

An example case for AEB is given in what follows (Table 5-1 and Figure 5-12):

Table 5-1 Example Case for AEB

Initial Ego Velocity [V o] 60 kph
Initial Relative Distance [d,] 50 m
Roadway Condition 0.8
~ Ego Velocity
|
O—> Relative Distance Pedestrian

Figure 5-12 Example Case for AEB
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In the example case, first, the normal driving conditions apply. ACC governs the vehicle’s

longitudinal motion and LKA keeps the vehicle in the road center (Figure 5-13).

X
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Figure 5-13 Result of the Example Case for AEB
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At Point 1, Pedestrian gets detected. One cycle later, the vehicle starts to slow down due

to decreasing relative distance. The initial slow-down phase from Point 1 to 2 is governed

by ACC. Although the initial slowing down, the relative distance keeps getting smaller.

The trigger for AEB gets activated at Point 2 at which point the hard braking phase starts.

The hard braking phase successfully stops the car.
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The example case was in dry road conditions where road adhesion coefficient is 0.8. The

following case represents a low friction situation (Table 5-2).

a, rm's2

2 2 . 3
a,ms“-a ms"-j mis

Table 5-2 Low Friction Example Case for AEB

Figure 5-14 Result of the Example Case for AEB with Low Friction
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In the second example, the same actions were taken by ACC and AEB (Figure 5-14).

However, the low friction reduced the vehicle’s ability to brake. In high friction case, the

vehicle was able to brake with a deceleration up to 8 m/s?, but in the low friction case

the vehicle could not reach a deceleration above than 2 m/s?2. Therefore, this low friction

case resulted in a collision.
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5.2.2. Adaptive Cruise Control (ACC)

ACC controls the vehicle's longitudinal motion and adapts its velocity and distance to the
lead vehicle's dynamic longitudinal behaviors. The desired safe distance and desired
velocity can be adjusted by the driver. The ACC utilizes the vehicle's velocity along with
the lead vehicle's velocity and the relative distance between them. The relative distance
between the lead vehicle is maintained at a predefined safe level by matching the lead

vehicle's longitudinal velocity.
Set Longitudinal Velocity = Vigqq Equation 5.12a
Clearance Distance =V, * TG + DS Equation 5.12b

The ACC limits velocity tracking if the lead vehicle's velocity exceeds the predefined set

longitudinal velocity.
An example case for ACC is presented in Table 5-3, Figure 5-15 and Figure 5-16:

Table 5-3 Example Case for ACC

Initial Ego Velocity [Veg] 50 kph
Initial Lead Velocity [Vo0] 40 kph
Initial Relative Distance [dx0] 50 m
Roadway Condition 0.8
) Ego Velocity Lead Velocity
| o— | Relative Distance —
\ y

Figure 5-15 Example Case for ACC
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Figure 5-16 Velocity Profile of the Lead Vehicle in Example Case for ACC
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In the example case, first 8 seconds, normal driving conditions apply. ACC governs the

vehicle’s longitudinal motion and LKA keeps the vehicle in the road center (Figure 5-17).
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Figure 5-17 Result of the Example Case for ACC

At Point 1, the lead vehicle gets detected. One cycle later the vehicle starts to slow down

due to decreasing relative distance. The initial slow-down phase through Point 1 and 2 is

governed by ACC. At Point 2, the lead vehicle starts to accelerate and exceeds the initial

set longitudinal velocity of the subject vehicle. The relative distance increases, therefore,

ACC starts to increase the subject vehicle’s velocity. However, after the velocity reaches

the desired velocity, the acceleration stops and the vehicle starts to cruise normally as in

normal driving conditions.
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5.2.3. Lane Keeping Assist (LKA)

LKA is a lateral motion assistance system. The primary objective is to keep the vehicle
between the lines and on the road center. By controlling the steering wheel, LKA aims to
prevent possible accidents with road borders or other vehicles by departing front the lane
guidance lines. The lateral motion dynamics are mainly dependent on the road adhesion
coefficient. In conditions where the friction value is low, the lane keeping capability can

suffer significantly, especially with at velocities.
An example case for LKA is presented in Table 5-4 and Figure 5-18:

Table 5-4 Example Case for LKA

Initial Ego Velocity [V ] 60 kph

Roadway Condition 0.8

| | | | | | | | |
500 600 700 800 900 1000 1100 1200 1300

Figure 5-18 Example Case for LKA (~800x500 meters)

The map is an ALKS scenario map with different curvatures. The case contains 2 turns
with different radiuses. The lateral performance of the LKA is presented in Figure 5-19.
The lateral deviation levels are under 0.20 meters. The relative yaw angle between the
road center and the vehicle’s yaw is under 0.006 radians. For regular road adhesion
coefficient, the lateral errors kept normal, and the vehicle is able to follow the road

successfully.
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Figure 5-19 Results of the Example Case for LKA
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Then, the same scenario is simulated again with a low road adhesion coefficient, to

explore the lateral performance further (Table 5-5).

Table 5-5 Low Friction Example Case for LKA

Initial Ego Velocity [V ] 60 kph
Roadway Condition 0.2
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0.0z | ] | | I | | I L L]
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Figure 5-20 Results of the Example Case for LKA with Low Friction

In that case, the lateral deviation reaches 1.8 meters where the simulation is terminated
(Figure 5-20). The relative yaw angle reached 0.1 radians. As a result, in the low friction
coefficient case, the LKA has failed to hold the vehicle in the road center.
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5.2.4. Lane Change Assist (LCA)

LCA is a lateral motion assistance system. The main objective of LCA is to perform a
lane change maneuver by planning and following a suitable trajectory. The maneuver can
be performed to change lane or during obstacle avoidance. After the Subject Vehicle
completes a successful lane change, overtaking maneuver can be triggered if the new lane
is defined as a passing lane. Then, overtaking maneuver can be completed by two

consecutive lane change maneuvers. The trigger distances for LCA are given as:
Relative Distance Front <V, * TG + DS * 2 Equation 5.13a
Relative Distance Rear < Vypqr * TG Equation 5.13b

An example case for LCA is presented in Table 5-6, Figure 5-21:

Table 5-6 Example Case for LCA

Initial Ego Velocity [V ] 60 kph
Initial Lead Velocity [Vo0] 20 kph
Initial Relative Distance [dx0] 50 m
Roadway Condition 0.8
Ego Velocity Lead Velocity
Qo— Relative Distance —
-

Figure 5-21 Example Case for LCA
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1 ] | } | 1 1 Lateral Deviation (Center)
E Ego Lane Information
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Time (seconds)

o5

Figure 5-22 Results of the Example Case of the LCA

The maneuver signal was produced in 2.0 seconds (Figure 5-22). LCA planned a suitable
trajectory and started to follow it. The lane change maneuver was completed in 2.8

seconds and the signal was set to zero. Then, an overtaking signal was produced in 5.0 s.
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Figure 5-23 Results of the Example Case of the LCA

next lane, the relative distance value changes.
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The velocity was kept at the set longitudinal velocity even though the relative distance

was decreasing below the clearance (Figure 5-23). After the subject vehicle reached the

The trajectory following weights were adjusted to ensure trajectory following while
satisfying the lateral acceleration limits. The lateral acceleration value reached 0.5 m/s?.
However, the maximum lateral deviation from the trajectory has occurred in the lane

crossing line, where the relative yaw angle was 0 radians at that instance.



Then, the same scenario is simulated again with a low road adhesion coefficient, to

explore the lateral performance further (Table 5-7).

lym- rad

2 3
&, rad - a, mis ~y mi's

Table 5-7 Example Case for LCA with Low Friction

Initial Ego Velocity [Vg] 60 kph
Initial Lead Velocity [Vo0] 20 kph
Initial Relative Distance [dx0] 50 m
Roadway Condition 0.2
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Figure 5-24 Results of the Example Case of the LCA with Low Friction

The lateral deviation reached to 1.8 meters where the simulation terminated (Figure 5-24).

The lateral acceleration reached 2.0 m/s?. As a result, in the low friction coefficient case,

the LCA failed to follow the trajectory and hold the vehicle in the road center.
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5.2.5. Vehicle Mode Selector

The decision scheme for the Vehicle mode selector is given in Figure 5-25 and Figure

5-26.

Longitudinal ADAS

—Relative Distancejv

Is the relative
AEB YES—distance critically,—NO ACC
short?

v v
hard braking cruise

Figure 5-25 Decision Scheme of the Longitudinal ADAS
Lateral ADAS

—NManeuver Signal—¢

Is the final
LKA NO— decision —YES LCA
maneuver?

continue perform |
current lane ‘\Maneuveljﬂl

Figure 5-26 Decision Scheme of the Lateral ADAS

Critically short term is referred to a situation where distance is critically smaller than
default spacing (Table 5-8). In this study, distance is explained as equation 5.11 in Hata!

Basvuru kaynagi bulunamadi.:
Relative Distance < DS — SD Equation 5.14

Table 5-8 Vehicle Mode Selector Parameters

Vehicle Mode Selector Parameters
Value  Unit Description

10.0 m  Default spacing
15 s Time Gap
3.0 m  Safe distance

94



The overview of the vehicle mode selector is given in Figure 5-27 and Figure 5-28.

Longitudinal ADAS

N
AEB hard braking
~_ @/
. Ve ™~
Default Spacing———>
ADS Parameters ——Set Longitudinal Velocity—>
Throttle———>
Time Gap———>
AcC
Longitudinal Velocity—>,
MPC Parameters Relative Distance—>
Relative Velocity—»f
\
Figure 5-27 Overview of the Vehicle Mode Selector for Longitudinal ADAS
Lateral ADAS
continue
NO
|
Lateral Deviation—————>»
Is the final
MPC Parameters Relative Yaw Angle—> decision —Steering Angle—>

maneuver?
Preview Curvature——>

YES

LCA

Figure 5-28 Overview of the Vehicle Mode Selector for Lateral ADAS

The vehicle can operate under ACC or trigger AEB while changing lanes. With the
implementation of the combined ALKS, it is possible to evaluate the controller with
mixed scenarios of AEB, ACC, LKS and LCA.
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5.2.6. Path Following MPC

The Path following MPC has state-space representations for the longitudinal and lateral
vehicle modes. The models are used to estimate the vehicle’s states. Meanwhile this

information is updated with the perception block.
The longitudinal states are defined as:
x = [Ax V] Equation 5.15a
The longitudinal throttle input is defined as:
u = [a]’ Equation 5.15b

The Longitudinal Predictive Model state-space representation is as the following.

X =Ax + Bu Equation 5.15¢
A = [ 1] Equation 5.15d
11 — |~
T
B — [1] Equation 5.15e
11 — |
T
. _[A12 O Bi4 Equation 5.15f
%= 0]x+{ 1

The lateral states are defined as:
x=[v, Y| Equation 5.15¢
The lateral input steering angle is defined as:
u = [6] Equation 5.15h
The Lateral Predictive Model state-space representation is as the following.

2(Cr+C,
4y = [_ Ml

mU Equation 5.15i

2(aCc—L.C
‘“Zzl_u_'i_iﬁilq | |
m Equation 5.15j

) _I zmq-ng
o I;;U Equation 5.15k
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2(L2Cr+1.2C)
Az = |—

I,,U Equation 5.15I
2Cr Equation 5.15m
G ey
2l:Cy Equation 5.15n
Ba1 = [ I ]
zZZ
Agq Alz] B11] Equation 5.150
= x + u
A21 AZZ BlZ

As a result, the whole Automated Lane Keeping Assist Predictive Model can be

represented. The state-space representation is as the following.

x=la, v v, Y| Equation 5.15p
u=[a O] Equation 5.15q
1 Equation 5.15r

s

2(C+C,
Ay, = [_ L]

mU Equation 5.15s

2(zfcf—zrcr)l

Az =|-U—
| i

Equation 5.15t

4 _[ 2(l:Ce—1, Cr)l
43 I22U Equation 5.15u

2(2Ce+1.2C)
Ap = |—

I,,U Equation 5.15v
1 Equation 5.15w
By, = [‘]
2Cr Equation 5.15x
31 = [——
21:Cy Equation 5.15y
Baa = [ I ]
ZZ
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Ai; 0 0 0 By Equation 5.15z
i 0 0 of jo

0 0 Az3 A B3,

0 0 A43 A44 B41

The parameters of the path following MPC are given in Table 5-9.

Table 5-9 Path Following MPC Parameters

Path Following MPC Parameters
Value Unit Description

0.01 S Transport lag between model inputs and outputs
10.00 m  Default spacing

1.50 S Time Gap

1670 kg  Total mass

2100 kgm? Yaw moment of inertia

0.99 m  Longitudinal distance from CG to front tires
1.70 m  Longitudinal distance from CG to rear tires
61595 N/rad Cornering stiffness of front tires
52095 N/rad Cornering stiffness of rear tires

0.50 S Longitudinal acceleration tracking time constant
-0.26 rad  Minimum steering angle

0.26 rad  Maximum steering angle

-3.00 m/s?  Minimum longitudinal acceleration

2.00 m/s> Maximum longitudinal acceleration
10.00 Hz  Sampling Frequency

30.00 - Prediction Horizon
10.00 - Control Horizon
~1 - Weight on velocity tracking
=1 - Weight on change of longitudinal acceleration
~10 - Weight on lateral error
~400 - Weight on change of steering angle

The controller weights and limits were adjusted for accurate path tracking that ensures
the driver's safety and for realistic responses that consider the driver's comfort and
actuator health. In addition, the weights of the MPC can be adjusted to adapt to different

kinds of operating conditions in various driving environments.
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6. TEST RESULTS AND DISCUSSION

In this section, the ADAS are first inspected separately. First, AEB and LCA were

inspected as critical situation systems. Then, ACC and LKA were inspected under normal

situation systems.

6.1. AEB Testing

This system can identify a possible forward collision and trigger the vehicle braking
system to slow down the vehicle to avoid or prevent a collision. In this study, the desired
maximum deceleration for automated emergency braking is taken as 8 m/s?. The scenario
for AEB contains an Actor lead vehicle (Figure 6-1). The relative distance, the initial

velocities are predefined.

Ego Velocity Lead Velocity

©S . i
\Cy‘—’ Relative Distance e

Figure 6-1 Test Scenario Scheme for AEB Testing

It is aimed to explore the ODD and detect the failure cases’ borders. The pass and fail

results for the cases are shown in Table 6-1.

Table 6-1 Color Legend for Pass and Fail Results of the Test Cases

FAIL PASS

Collision | Full Stop Non-Stop

6.1.1. 1t Case for AEB Testing: Low Velocity and Low Relative Distance

The 1% case is a simple case to explore and inspect the ODD of AEB (Table 6-2).

Table 6-2 Result Matrix of the 1** Case for AEB Testing

Initial Ego Velocity [Veo] 20 kph | Relative Distance m [d,]
Roadway Condition 0.8 2 4 6 8 10
. 10.0 kph 6 7 8 9 10
Lead Velocity [V 0]
0.0 kph 1 2 3 4 5
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Time to collision values for the 1% case is as follows (Table 6-3).

Table 6-3 Time to Collision Matrix of the 1% Case for AEB Testing

Time to Collision [TTC]
0.20 0.40 0.60 0.80 1.00
0.10 0.20 0.30 0.40 0.50

After inspecting the 1% results, the operating domain was inspected further by decreasing

the time to collision parameter.

6.1.2. 2" Case for AEB Testing: Medium Velocity and Low Relative Distance

The 2" case increases the relative velocity parameter range (Table 6-4).

Table 6-4 Result Matrix of the 2" Case for AEB Testing

Initial Ego Velocity [Vo] 40 kph | Relative Distance m [d,]
Roadway Condition 0.8 2 4 6 8 10
30.0 kph 16 17 18 19 20
20.0 kph 11 12 13 14 15
10.0 kh |6 7 8 9 10
0.0 koh |1 2 3 4 5

Lead Velocity [V ]

Time to collision values for the 2" case is as the following (Table 6-5).

Table 6-5 Time to Collision Matrix of the 2" Case for AEB Testing

Time to Collision [TTC]
0.20 0.40 0.60 0.80 1.00
0.10 0.20 0.30 0.40 0.50
0.07 0.13 0.20 0.27 0.33
0.05 0.10 0.15 0.20 0.25

After inspecting the 2" results, the operating domain was inspected further by also

increasing the relative distance parameter.
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6.1.3. 3" case for AEB Testing: High Road Friction in ODD

The 3" case increases the relative velocity and relative distance parameter range in high

road friction environment (Table 6-6).

Table 6-6 Result Matrix of the 3" Case for AEB Testing

Initial Ego Velocity [Veo] 60 kph Relative Distance m [d,g]

Roadway Condition 0.8 2 4 6 8 101214 16 18 20 22 24 26 28 30
50.0 kph
40.0 kph

Lead Velocity [V ] 30.0 kph
20.0 kph
10.0 kph
0.0 kph

Time to collision values for the 3" case is as the following (Table 6-7).

Table 6-7 Time to Collision Matrix for the 3™ Case for AEB Testing

Time to Collision [TTC]

0.20
0.10
0.07
0.05
0.04
0.03

0.40
0.20
0.13
0.10
0.08
0.07

0.60
0.30
0.20
0.15
0.12
0.10

0.80
0.40
0.27
0.20
0.16
0.13

1.00
0.50
0.33
0.25
0.20
0.17

1.20
0.60
0.40
0.30
0.24
0.20

1.40
0.70
0.47
0.35
0.28
0.23

1.60
0.80
0.53
0.40
0.32
0.27

1.80
0.90
0.60
0.45
0.36
0.30

2.00
1.00
0.67
0.50
0.40
0.33

2.20
1.10
0.73
0.55
0.44
0.37

2.40
1.20
0.80
0.60
0.48
0.40

2.60
1.30
0.87
0.65
0.52
0.43

2.80
1.40
0.93
0.70
0.56
0.47

3.00
1.50
1.00
0.75
0.60
0.50

After inspecting the 3™ result, the operating domain was inspected further by adjusting

the roadway condition parameter for the road adhesion coefficient.
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6.1.4. 4" case for AEB Testing: Low Road Friction in ODD

The 4™ case changes the roadway condition to explore the friction values effect (Table
6-8).

Table 6-8 Result Matrix of the 4™ Case for AEB Testing

Initial Ego Velocity [Veo] 60 kph Relative Distance m [d,]

Roadway Condition 0.2 2 4 6 810121416 18 20 22 24 26 28 30
50.0 kph
40.0 kph

Lead Velocity [V ] 300 kph
20.0 kph
10.0 kph
0.0 kph

Time to collision values for the 4" case is as the following (Table 6-9).

Table 6-9 Time to Collision Matrix of the 4" Case for AEB Testing

Time to Collision [TTC]
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50
0.07 0.13 0.20 0.27 0.33 0.40 0.47 0.53 0.60 0.67 0.73 0.80 0.87 0.93 1.00
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.52 0.56 0.60
0.03 0.07 0.10 0.13 0.17 0.20 0.23 0.27 0.30 0.33 0.37 0.40 0.43 0.47 0.50

After evaluating all the results, it can be seen that the roadway condition affected the
results. The minimum safe TTC value increased in the low friction cases. TTC is directly
related to initial conditions. However, after the inspection of the results, it has appeared
that TTC is not the only parameter that governs the results. Therefore, the initial velocity

of the subject vehicle is also considered in evaluations.

In the previous cases, the subject vehicle failed to stop when there is 28 meters of distance
between a static obstacle. This is a dangerous situation where AEB could not prevent the
collision. Therefore, the situation further was inspected with LCA assist.
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6.2. LCA Testing

Lane change and overtake assist performs lane change maneuvers for overtake or obstacle
avoidance. In the following scenario the effect of the lane change maneuver for obstacle

avoidance is inspected.

6.2.1. 1%t Case for LCA Testing: Comparison with 3" AEB Testing Case

From the results, it can be seen that the critical situation at 28.0 meters relative distance
has been successfully avoided (Table 6-10). Normally, without maneuver, the AEB alone

was not enough to prevent collision in the previous results in 3™ AEB Testing Case.

Table 6-10 Result Matrix of the 1t Case for LCA Testing

Initial Ego Velocity [Veo] 60.0 kph Initial Distance m [d,]
Roadway Condition 0.8 26 28 30
50.0 kph
40.0 kph
30.0 kph
Lead Velocity [V ]
20.0 kph
10.0 kph
0.0 kph

The breakdown of the situation is presented as the following.
1. The subject vehicle observes the lead vehicle.
2. Decision has been made to perform the maneuver.

3. Trajectory generated for a lane change maneuver which avoids the obstacle
(Figure 6-2).
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Figure 6-2 Beginning of the 1°* Case for the LCA Testing

4. Trajectory is being followed by the vehicle.

5. Near pass of the static object. This situation has resulted in a collision with AEB

previously (Figure 6-3 and Figure 6-4).

PR ———————— e . T ———.,

Figure 6-4 Trajectory Tracking in the 1 Case for LCA Testing (near pass frame 2)

6. The vehicle continues to follow the lane center in the new lane (Figure 6-5).

Figure 6-5 Lane Center Following in the 1 Case for LCA Testing

It can be seen that the subject vehicle starts to evaluate another lane change to the original
lane after completing maneuver (Figure 6-6). This is triggered because the current new
lane is a passing lane. After the next lane change maneuver, the total maneuver can be

considered an overtaking. First, the situation while performing obstacle avoidance will be

inspected.
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Figure 6-6 Overview of the Situation After Lane Change Maneuver in the 1% Case for LCA
Testing

The path history can be inspected for the overall performance of trajectory tracking
(Figure 6-7).

Figure 6-7 Path history of the situation after lane change maneuver in the 1% case for LCA

It appears that the vehicle reached the final position; however, there is a slight offset in
the middle of the trajectory. This may be caused by the lateral dynamics of the vehicle or

the low weights of the controller.

At 0.1 s after the simulation started, a maneuver signal was produced. The maneuver took
2.5 s and after that, another maneuver signal was produced for completing the overtaking

maneuver.

The testing and evaluation phase makes it available to find the critical design points and
the ability to improve the motion planning and control algorithms. In the longitudinal
direction, the controller performed well. The velocity control had little error on the set

longitudinal velocity. The vehicle performed a successful lane change maneuver.

However, there was a lateral deviation from the trajectory, especially in the middle region
as suspected in the path history plot evaluation. Nevertheless, the vehicle safely
performed an avoidance maneuver. In addition, the driver’s comfort is also a
consideration in this study. In the longitudinal motion profiles, the values were low and
comfortable. The throttle command was changed little during the maneuver. In the lateral
motion profiles, the values were limited under 3.0 m/s3, m/s? and m/s, since
trajectory is accepted only when these limits were satisfied. However, the maximum jerk

value is close to the 3.0 m/s3.
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This situation was further inspected as the subject vehicle performs another lane change

maneuver and completes the overtaking maneuver (Figure 6-8).

Figure 6-8 Beginning of the Overtake Phase in the 1 Case for the LCA Testing

The breakdown of the consecutive situation is presented as the following.
7. Decision has been made to perform the maneuver.

8. Trajectory generated for an overtaking maneuver (Figure 6-9).

Figure 6-9 Trajectory Generation Overtake Maneuver in the 1 Case for the LCA Testing

9. Trajectory is being followed by the vehicle (Figure 6-10).

Figure 6-10 Trajectory Tracking for Overtake Maneuver in the 1% Case for the LCA Testing

10. The vehicle continues to follow the lane center in the original lane.

The path history can be inspected for the overall performance of trajectory tracking
(Figure 6-11).
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Figure 6-11 Path History of the Situation After Overtake Maneuver in the 1% Case for LCA
Testing

It appears that the vehicle reaches the final position and safely follows the new road center

in its original lane.

After 2.6 s after the simulation started, another maneuver signal was produced for the
consecutive lane change. The maneuver started at 7.7 seconds and finished at 10.4

seconds. The maneuver was completed in 2.7 s.

The velocity control had little error on the set longitudinal velocity. In the longitudinal
direction, the controller performed well. The effect of other factors such as road adhesion
coefficient will be presented later in the following testing case in 6.2.2. The vehicle

performed two consecutive lane change maneuvers successfully.

However, there is a lateral deviation from the trajectory, especially in the middle regions
of the trajectory as suspected in the path history plot evaluation. Nevertheless, the vehicle
safely performed an overtaking maneuver. In the longitudinal motion profiles, the values
are low and comfortable. The throttle command was changed little during the maneuver.
In the lateral motion profiles, the values for both maneuvers are limited under
3.0 m/s3,m/s? and m/s, since trajectory is accepted only when these limits were

satisfied.
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6.2.2. 2" Case for LCA Testing: Low Road Friction

The operating domain was inspected further by adjusting the roadway condition
parameter for the road adhesion coefficient. The friction value is the main concern when

performing maneuvers due to real-life problems such as lateral stability.

Thus, in the following, this effect of road adhesion coefficient was inspected (Table 6-11).

Table 6-11 Result Matrix of the 2" case for LCA Testing

Initial Ego Velocity [Veo]
kph 60

Initial Distance m [d,]
Roadway Condition 0.2

26 28 30

50.0

40.0

Lead Velocity 30.0
kph [V o] 20.0

10.0

0.0

In the cases with 0.2 roadway conditions, the vehicle failed to perform the maneuver. It

is evident that there is a requirement to inspect the effect of the friction values.

Recall the 3" AEB Testing Case with 28.0 meters of relative distance where the AEB
alone resulted in a collision. In the 1% LCA Testing Case, an assist from LCA performed
a successful maneuver to avoid a collision. However, in the low-friction conditions, the

maneuvers can result in a collision.

Therefore, there must be a mechanism to evaluate roadway conditions. Evidently, in low-
friction conditions, the vehicle must decide whether it is safe and stable to perform a

maneuver or not.
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6.3. ACC Testing

Adaptive cruise control is a sophisticated driver-assistance technology that automatically

controls the vehicle speed to maintain a stable safe distance from vehicles ahead.

The 1% case for ACC is as the following (Figure 6-12).

Ego Velocity Lead Velocity

®—> Relative Distance e

Figure 6-12 Test Scenario Scheme for ACC Testing

6.3.1. 15 Case of ACC: High Road Friction

The 1% test case for ACC is presented in Table 6-12:

Table 6-12 Simplified ODD for the 1% Scenario of ACC Testing

Initial Ego Velocity [V] 60 kph

Lead Velocity [Vo0] 50 kph

Initial Relative Distance [dg] 50 m
Roadway Condition 0.8

It can be seen that the subject vehicle’s velocity matched the lead vehicle’s velocity in

Figure 6-13. The vehicle applies brakes to match the leading vehicle’s velocity.

The longitudinal motion values are around -1.0 m/s? for the acceleration and -1.0 m/s3

for the jerk.

The relative distance between the subject vehicle and the leading vehicle started at 50.0
meters. After the subject vehicle adapted its velocity to the leading vehicle’s velocity, the

relative distance value is adjusted to 30.82 meters.
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This clearance is calculated by:

13.88m/s x 1.50s + 10 m = 30.82m Equation 6.1
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Figure 6-13 Result of the 1% Case of ACC Testing
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6.3.2. 2" Case of ACC Testing: Low Road Friction

In the second case, the ACC performance is evaluated with Lane Keeping Assist in
degraded roadway conditions. The subject vehicle adapts to the velocity for the target
vehicle, meanwhile, while the lane keeping assist keeps the subject vehicle on the road
center. This case takes place in an ALKS scenario map. The map is given in Figure 6-14.

Figure 6-14 Overview of the Map (ALKS: Road with Different Curvatures)
The 2" test case for ACC is presented in Table 6-13 and Figure 6-15:

Table 6-13 Simplified ODD of the 2" Case for ACC Testing

Initial Ego Velocity [V] 60 kph
Initial Lead Velocity [Vo0] 50 kph
Initial Relative Distance [dx0] 50 m
Roadway Condition 0.4
Ego Velocity Lead Velocity
‘ (— Relative Distance —

Figure 6-15 Test Scenario for ACC Testing

The velocity matches the lead vehicle’s velocity, then continues to stay at 50 kph. The
longitudinal acceleration and longitudinal jerk levels reached around -1.0 ms™3 in the

slowing down section. After that, the values stayed low and normal.

The ACC was inspected while the LKA system kept the vehicle oriented at the road
center. Since in normal operation conditions the maneuver is not required, LKA and ACC
systems are always active. For further inspection, Figure 6-16 is presented in the
following.
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6.4. LKA Testing

The Lane Keeping Assist system aims to keep the vehicle in the center of the lane. As
inspected in LCA, the roadway condition has a significant effect on the performance of

lateral motions.

Therefore, the scenarios take place in an ALKS scenario map with different for the road

adhesion coefficient values (Table 6-14 and Figure 6-17).

Table 6-14 Result Matrix of the LKA Testing

Roadway Condition
0.2 0.4 0.8

ALKS: Road with Different Curvatures

10.0
20.0
30.0
Initial Ego Velocity [Ve0]
40.0
50.0

60.0

Figure 6-17 Overview of the Map (ALKS: Road with Different Curvatures)

The map in Figure 6-17 contains eight turns with different radii. The lateral assist was
successful in cases where the roadway condition is 0.4 or 0.8. The assist mechanism also
successfully led the vehicle in cases with roadway conditions of 0.2 where the vehicle’s
velocity is 40 kph and lower. However, there seems to be a critical situation in cases

where the roadway condition is 0.2 and the velocity is 50 kph and higher.
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6.4.1. 1%t Case for LKA Testing: High Velocity and Medium Road Friction

The case where the roadway condition is 0.4 and the subject vehicle’s velocity is 60 kph
is inspected as follows (Table 6-15).

Table 6-15 Simplified ODD of the 1% Case for LKA Testing

Initial Ego Velocity [V] 60 kph

Roadway Condition 0.4

The results are presented in Figure 6-18.

The controller successfully held the velocity at the desired set longitudinal velocity. The
longitudinal dynamics were stable and motion profiles were relatively low throughout the

case.

The controller has lateral error levels around 0.3 meters which are higher than in cases
with normal operating conditions, but it is expected since the road adhesion coefficient
value is lower than convenient and the velocity is at the upper limit of the operating

domain.

6.4.2. 2" Case for LKA Testing: Medium Velocity and Low Road Friction

The case where the roadway condition is 0.2 and the subject vehicle’s velocity is 40 kph
is inspected as follows (Table 6-16).

Table 6-16 Simplified ODD of the 2™ case for LKA Testing

Initial Ego Velocity [Veg] 40 kph

Roadway Condition 0.2

The results are presented in Figure 6-18.

Similarly, the controller held the velocity to the set longitudinal velocity successfully.
The longitudinal dynamics were stable and motion profiles were relatively low

throughout the case.

Similarly, the controller has lateral error levels around 0.3 meters which are higher than
in cases with normal operating conditions, but this situation is expected since the road
adhesion coefficient value is lower than convenient and the velocity is high for that

roadway condition.
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After inspecting the results, it appears that in the cases with 0.2 roadway conditions, the
LKA fails to control the vehicle when the velocity is 50 kph and 60 kph. In the previous
section where LCA were inspected, in the cases with 0.4 roadway conditions, the vehicle
failed to perform the maneuver. Similarly, the vehicle can operate normally in 0.4 and 0.8
roadway conditions with ACC and LKA, however, in low friction values the lateral

assistance systems tend to fail in the lateral control.

6.5.ALKS Case Study: Lane Crossing Pedestrian

In the previous section, several scenarios for the advanced driver assistance systems were
tested, evaluated and inspected. The combined assistance system which is defined as an
ALKS was previously described in the Section 5.2. ALKS was defined as the combination
of the AEB, ACC, LKA and LCA. It was also mentioned that the transition between the

driving modes is governed by a Vehicle mode selector system.

Therefore, the Lane Crossing Pedestrian scenario was selected to evaluate the combined
performances of the ADAS (Figure 6-20).

G—»

Figure 6-20 Test Scenario for Lane Crossing Pedestrian

In this situation, the subject vehicle has multiple options:

1. Slow down with ACC and AEB to prevent collision to slow down or full stop,

then continue on the original lane (Figure 6-21),

\.

Figure 6-21 First Option: Slowing Down

2. Perform lane change maneuver with LCA to prevent collision, then continue on

the new lane or lane change again to continue on the original lane (Figure 6-22).
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Figure 6-22 Second Option: Lane Changing
The failure criteria consider the following:
1. Collision with the pedestrian while slowing down or while performing maneuver
(Figure 6-23),

2. Collision with the road borders while performing maneuver (Figure 6-24).

4

Figure 6-23 Collision with pedestrian while slowing down

Figure 6-24 Collision with pedestrian or road border while lane changing
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The ODD was inspired by the ALKS regulation by the UN (UN ECE Regulation No.157

[29]. This regulation defined some important aspects of the test and evaluation phase.

In these statements, the following were selected for defining the ODD of the ALKS for

performance evaluation on the Lane Crossing Pedestrian scenario.

e The roadway conditions can vary to represent dry, wet, icy, snow, new, worn

roads by changing the road adhesion coefficient values

e The subject vehicle velocity can vary up to 60 kph

e The pedestrian’s lateral velocity for lane crossing can vary up to 5 kph.

e The pedestrian’s detection distance can vary up to 100.0 m

Therefore, the following parameters were selected for scenario generation (Table 6-18).

Table 6-17 Selected Scenario Parameters for Lane Crossing Pedestrian Scenario

Selected Scenario Parameters

Number . . N
of lanes 2 the number of adjacent lanes in the same direction
Lane .
Width 3.6 m | the width of each lane
Operating B X rade of the roadwa
conditions Roadway  grade d Y
Road_vx_/ay v tire-road coefficient of friction
condition
Lane . o
markings X the type, color, width, visibility
Veo v Subject vehicle (ego) longitudinal velocity
Initial ., . .
velocity Vy N Pedestrian's crossing velocity
V1o X Vehicle in front of the pedestrian
q v distance in the longitudinal direction between
X0 pedestrian
— dyo X distance in the lateral direction between pedestrian
nitia
condition tho " distance in the longitudinal direction between the
S - vehicle in front of the pedestrian
Initial
distance q x distance in the lateral direction between the vehicle in
x0f front of the pedestrian
dry X width of the vehicle in front of the pedestrian
doy X width of the pedestrian
dox X length of the pedestrian
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Then range and resolution values for the selected parameters are defined as the following.
6. Roadway adhesion coefficient
02-08-1.0
7. Vo0: Leading vehicle’s initial velocity
10 kph < V,o < 60 kph with 10 kph resolution
8. Vy: Pedestrian’s crossing velocity
0.1m/s <V, <1.4m/s (5kph) with 0.1 m/s resolution
9. dx0: Pedestrian’s relative distance to the subject vehicle
2m <dy, <100m with 2 m resolution

After the evaluation of the results, a new set of cases were executed with updated Path

Following MPC weights.

There were two different configurations for ALKS Testing. The test results were first
given for the 1% Configuration, then 2" Configuration. Each configuration’s results were
given in descending order with respect to road adhesion coefficient values of the test
cases. Then, results sharing the same configuration and road adhesion coefficient values
were presented in ascending order with respect to initial ego velocity values. In results,

fails with red is on 1.0, brown is on 0.8 and sand color is on 0.2 roadway conditions.
Results for 1% Configuration MPC were presented in Table 6-19 in the following order.

e 1.0 Road Adhesion Coefficient

o 10 to 60 kph Initial Ego Velocity
e 0.8 Road Adhesion Coefficient

o 10 to 60 kph Initial Ego Velocity
e 0.2 Road Adhesion Coefficient

o 10 to 60 kph Initial Ego Velocity

Results for 2" Configuration MPC were presented in Table 6-20 in the following order.

e 0.8 Road Adhesion Coefficient

o 10 to 60 kph Initial Ego Velocity
e 0.2 Road Adhesion Coefficient

o 10 to 60 kph Initial Ego Velocity
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In combined results table for 1%t and 2" configuration results:

e 2" configuration fails are shown with red is on 1.0, brown is on 0.8 and sand color

is on 0.2 roadway conditions.

e 1% configuration’s fails are shown with light is on 1.0, blue is on 0.8 and dark blue

is on 0.2 roadway conditions.

In order to evaluate the algorithm accurately, the results were plotted on top of each other.
In the color legend, the green color indicates “a successful pass”, where no collision has

occurred with a pedestrian or road whatsoever (Table 6-18).

Table 6-18 Color Legend for Pass and Fail Results of the Cases

Green color indicates a successful test case which resulted in Pass. The other colors

indicate “a failure” in different roadway conditions.
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Table 6-19 Combined Results Table of the Lane Crossing Pedestrian Scenario for 1%
Configuration with Different Roadway Conditions
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Table 6-20 Combined Results Table of the Lane Crossing Pedestrian Scenario for 2™
Configuration with Different Roadway Conditions
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Table 6-21 Combined Results Table of the Lane Crossing Pedestrian Scenario for 1%t and 2™
Configuration with Different Roadway Conditions
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In the first set of results of ALKS (Table 6-19), it can be seen that after 30 kph, the
roadway condition increases its effect. The failure cases group at the upper left corners.
This means with short relative distance and high pedestrian velocity; the collision risk
increases substantially. There are also ungrouped failure cases in the mid-section that
appear to be random. After inspection, it appeared that these cases failed due to the
decision mechanism or vehicle mode selector. In either case, it seemed that implementing

hard boundaries for decision mechanisms resulted in a collision in unexpected situations.

After the first inspection, it is decided that “the Weight on change of longitudinal

acceleration” was changed to a lower value to observe a different controller configuration.

The 2" configuration has a lower “Weight on change of longitudinal acceleration”
compared to the 1%t configuration (Table 6-20). In comparison, the 1% configuration has
followed the set longitudinal velocity value with relaxed throttle input. However, 2™

configuration has a lower weight on change, therefore the throttle input was higher.

In order to evaluate the algorithm accurately, now all results were plotted on top of each
other, where the blue-colored cells are from the 1% configuration (Table 6-21). After the
1% configuration’s results were inspected, the critical conditions were grouped and the
configuration updated. Then, blue failure cases seem to disappear in the 2" configuration

which is an improvement.

6.6. Discussion

The test results for all systems such as AEB, LCA, ACC, LKA were presented in the
previous chapter. These results suggested some noteworthy findings of the proposed

algorithms. The research's findings will be discussed in this section.
AEB Testing results revealed that:

The roadway condition was affected the results. The minimum safe TTC value increased
in the low friction cases. TTC is directly related to initial conditions. However, after the
inspection of the results, it has appeared that TTC is not the only parameter that governs
the results. Therefore, the initial velocity of the subject vehicle is also considered in

evaluations.
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The roadway condition should be evaluated in test cases for lateral assistance systems.
Both velocities for the subject and the lead vehicle should be varied in test cases. Thus,
the simulation cases were designed to reflect the findings.

Then, the following simulation cases varied the roadway condition and the initial

velocities.
LCA Testing results revealed that:

In the AEB test case where a collision occurs, an assist from LCA performed a successful
maneuver to avoid a collision. However, in the low-friction conditions, the maneuvers

can result in a collision.

Therefore, it is evident that there must be a mechanism to evaluate roadway conditions.
In low-friction conditions, the vehicle must decide whether it is safe and stable to perform

a maneuver or not.

In normal operating conditions, the ACC performed well in velocity and distance control.
While ACC control longitudinal motion, LKA controlled the lateral motion. As

previously mentioned, the effect of roadway conditions is important in lateral dynamics.
LKA Testing results revealed that:

e Inthe cases with 0.2 roadway conditions, the Lane Keeping Assist fails to control
the vehicle when the velocity is 50 kph and 60 kph.

In the previous section where LCA were inspected, in the cases with 0.2 roadway
conditions, the vehicle failed to perform the maneuver. Nevertheless, the vehicle can
operate normally in 0.4 and 0.8 roadway conditions with ACC and LKA.

As an important notice, in low friction values the lateral assistance systems tend to fail in
the lateral control. In low-friction conditions, the vehicle must decide whether it is safe
and stable to drive at all. Therefore, it is important to repeat that there must be a
mechanism to evaluate roadway conditions. Note that in these conditions, even a skilled

human driver may not be able to control the vehicle.
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In the Case study, Lane Crossing Pedestrian scenario results revealed that:

Lane crossing pedestrian scenario with constant pedestrian velocity is much more

complex than a static pedestrian scenario.

In degraded roadway conditions where the road adhesion coefficient is low,
performing maneuver is dangerous, especially for the driver, and may result in a

collision with road borders.

The decision mechanisms such as Decision Block and Vehicle Mode Selector had
hard boundaries for triggers. In complex scenarios such as lane crossing
pedestrian with constant velocity, this may lead to unexpected situations,

therefore, the decision mechanisms must be thought out and tested thoroughly.

After evaluating the test results and discussing the outcomes, it is also useful to mention

the study’s limitations. The recommendations for future works were also mentioned in

the Conclusion section.

In the perception block, the V2V and V2X communications were assumed to be

available and the sensor noise was not included for the sake of simplicity.

In the vehicle dynamics block, the single-track bicycle model was assumed to
represent realistic lateral dynamics. However, the research revealed that the lateral

dynamics have much higher significance, especially in the trajectory studies.

In the vehicle dynamics block, only road friction and wind drag were considered

for disturbance.

In the motion planning block and control unit block, the decision mechanisms had
hard boundaries for triggers. Only relative distances and velocities were

considered for decisions.

127



7. CONCLUSION

In this study, the research objective was to develop a motion planning and control
algorithm for lane change and overtake maneuvers assistance. Finally, to test and

evaluation of the developed algorithm on the established simulation framework.

According to the findings of the study, the most important feature of an automated system
is the ability to design a suitable path to its intended destination and follow that path
within acceptable error at the road's speed requirements while safely avoiding obstacles

along the way.

In the literature, some studies included unrealistic tire-road and vehicle dynamics models,
some studies did not include re-planning while some studies focused only on straight

roads. Therefore, in this study, these deficiencies have been addressed.

The main contributions of this work consist of:

e a Motion Planning Algorithm; with a dynamic re-planning of trajectory which is

represented by a quintic polynomial and based on the Frenet frame.

e a Simulation Environment in MATLAB®; with a flexible architecture including

vehicle dynamics, perception, motion planning and control algorithms.

e an Automated Scenario generation and execution; for exploration of operational

design domain and identification of critical scenarios and design imperfections.

The developed algorithm was successfully tested and evaluated. Critical scenarios were
identified and design imperfections were addressed. These results yielded the following

findings for the proposed algorithms.

e When the road adhesion coefficient is low, performing maneuver is dangerous,
and may result in a collision with road borders and other vehicles. It is evident
that there must be a mechanism to evaluate roadway conditions. In low-friction
conditions, the vehicle must decide whether it is safe and stable to perform a

maneuver or not.

e The decision mechanisms such as Decision Block and Vehicle Mode Selector had
hard boundaries for triggers. In complex scenarios such as lane crossing
pedestrian with constant velocity, this may lead to unexpected situations,
therefore, the decision mechanisms must be thought out and tested thoroughly.
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Based on the study, some recommendations for future works were given below.

In the perception block, the V2V and V2X communications were assumed to be

available and the sensor noise was not included for the sake of simplicity.

In the vehicle dynamics block, the single-track bicycle model was assumed to
represent lateral dynamics. However, the research revealed that the lateral
dynamics have much higher significance, especially in the trajectory studies.

In the vehicle dynamics block, only road friction and wind drag were considered
for disturbance.

In the motion planning block and control unit block, the decision mechanisms had
hard boundaries for triggers. Only relative distances and velocities were

considered for decisions.

Furthermore, the following points are strongly suggested in this study.

A realistic sensor fusion block should be implemented to represent the actual
information flow from V2V and V2X communications and the real-world
perception. Then sensor noise should be implemented in simulation for further

testing and evaluation of the developed algorithm.

A more realistic vehicle dynamics block should be implemented to represent
vehicle dynamics more realistic. 6 DOF Nonlinear Vehicle Dynamics can be
considered. Throttle and steering disturbances also should be considered in

addition to already included wind drag and road friction disturbances.

In the motion planning algorithm, the lateral motion values should be also used to
create a trajectory that considers the lateral movement. This could significantly
improve the trajectory generation performance, especially on curved roads since
the vehicle has already a lateral motion such as lateral velocity, acceleration and

jerk.

The decision mechanisms such as decision block in motion planning and vehicle
mode selector in control unit should evaluate whether it is safe and stable to
perform a maneuver or not. Road adhesion coefficient measurement can be

implemented and the information can be sent to decision mechanisms.
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e The weight parameters for the path following MPC should be adaptive. There can
be several MPC configurations and decision mechanisms can also select the
suitable controller for the suitable operation. Thus, the MPC can focus on lateral
stability by compromising the longitudinal velocity goal in critical driving
conditions.

The following suggestions are also considered to be beneficial to implement however not

mandatory.

e A realistic actor mechanics with intelligent vehicles, trucks, bicycles and

pedestrians for realistic traffic environments.

e ASAM OpenSCENARIO support for scenario reader block for increased scenario
reading capabilities.

e Unreal Engine support for this MATLAB® simulation environment to visualize

the simulation in a prettier interface.

As a final note, in the proposed algorithms there are many different parameters and
variables that can be changed. More experiments can be performed to obtain an even
better understanding of the motion planning and control algorithms. These parameters
include simulation configuration, decision mechanics’ boundaries and controllers’
weights. Parameters used in this research can be deviated to do sensitivity analysis for

individual effects and contributions.
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Figure A1-1 Lane Crossing Pedestrian Scenario Results for 1.0 Roadway Condition with 1%
Configuration
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A2. Lane crossing pedestrian — 2"? configuration’s results
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Figure A2-1 Lane Crossing Pedestrian Scenario Results for 0.8 Roadway Condition with 2"

Configuration
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Figure A2-2 Lane Crossing Pedestrian Scenario Results for 0.2 Roadway Condition with 2"
Configuration
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A3. Scenario Template

Table A3-1 Scenario Parameters Template

Scenario Parameters Template

Number . . N
of lanes v the number of adjacent lanes in the same direction
Lane .
Width v the width of each lane
Roadway
Roadway grade X grade of the roadway
Oper_a@ing Road_vx_/ay v tire-road coefficient of friction
conditions condition
Lane . -
markings X the type, color, width, visibility
) L'ght.”.‘g X the amount of light and direction (day, night, etc.)
Environmental = conditions
conditions  \weather « the amount, type and intensity of wind, rain, snow,
conditions etc.
Veo v Subject vehicle (ego)
Initial velocity Voo v Leading vehicle
Vo v Vehicle in front of the leading vehicle
q Y distance in the longitudinal direction between leading
X0 vehicle
q Y distance in the lateral direction between leading
Initial ¥0 vehicle
condition do / distance in the longitudinal direction between the
40, o . .
Initial distance vehicle in front of the leading vehicle
q v distance in the lateral direction between the vehicle in
X0 front of the leading vehicle
dry v width of the vehicle in front of the leading vehicle
oy v width of the leading vehicle
dox v length of the leading vehicle
Lateral motion  Vy v leading vehicle lateral velocity
Vehicle . . . S
: Gx_max X maximum deceleration of the leading vehicle in G
motion Deceleration - g
dG/dt X deceleration rate (jerk) of the leading vehicle
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A4. Simulation Framework
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Figure A4-1 Simulation Environment from MATLAB® Simulink
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Initial Parameters

RoadFriction

X0 _Ego

Road Friction

Y0 _Ego

Initial Longitudinal Position

V0 _Ego

[B]

Initial Lateral Position Initial Parameters

Yaw_Ego

Initial Longitudinal Velocity

Initial Yaw Angle

Figure A4-2 Initial Parameters Block
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AP Parameters

TimeGap
TimeGap
DefaultSpacing
DefaultSpacing
AP P LE]
arameters
SetVelocity
SetVelocity
Ts

Sample Time

Figure A4-3 ADS Parameters Block
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Vehicle Dynamics

<Steering Angle>
Al >
/ Control Inputs
<Throttle>

<Road Friction>
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<Initial Longitudinal Velocity=
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Vehicle Info
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Figure A4-4 Vehicle Dynamics Block
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Actors

Set Velocity m/s - 50 kmh Actor1

Initial Longitudinal Position Actor1

Initial Lateral Position Actor1

Initial Yaw Angle Actor1

VO_1

1

Set Velocity |

Road Friction Actor1

X0_1

Y0_1

Yaw_1

Actor Vehicle (Ts)

- [Actor1]
Actor 1 Information

Actor1

Figure A4-5 Actors Block
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Map Reader - Global Positioning - LKA Parameters

>

Index Information

Lateral Deviation
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Front A Global Positioning (Ts) LKA Parameters (Ts) Retiva Yaw A >

LKA Parameters

Preview Curvature

Global Positioning System LKA Parameters
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Figure A4-6 Global Positioning and LKA Parameters Sensors Block
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Collision Check

Wehicle Info

P STOP

Collision

is Collision? )
Actor1] - > — - >
Actor 1 Information minimum Distance

Collision Detection (Ts)

iAmorZ b,
] Actor 2 Information ]

tA tor3] >
ctor3] Actor 3 Information 1

Collision Check - Rectangle

Figure A4-7 Collision Detection Block
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Relative Parameters
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Figure A4-8 Relative Parameters Block

148




Path Planning Decision Block
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Figure A4-9 Decision Block
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Figure A4-10 Trajectory Generator Block
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Trajectory Reader - Trajectory Positioning - PFC Parameters
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Figure A4-11 Trajectory Positioning Block
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Reference Trajectory Selection
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Figure A4-12 Reference Trajectory Selection Block
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Autonomous Dmang Gontraller - MPG
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Figure A4-13 ADS Controller Block
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Simulation Farameters Plotting
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Figure A4-14 Simulation Visualization Block
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