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ABSTRACT

AN EFFICIENT ROAD REPRESENTATION FOR AUTONOMOUS
VEHICLES USING ARC-SPLINES WITH APPLICATION TO
TRAJECTORY PLANNING

Bolat, Atakan SALIH
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Klaus Werner Schmidt

July 2024, [127| pages

Autonomous driving technology is the basis of future transportation, particularly on
highways, where conditions are optimal due to steady traffic and minimal interrup-
tions. Implementing autonomous driving on highways enhances safety, traffic flow,

and environmental impact while benefiting long-distance travel and logistics.

Trajectory planning for autonomous vehicles (AVs) on highways is commonly based
on high-definition (HD) maps, which aim to provide a highly accurate road represen-
tation with low memory requirements. Highways are typically designed with clothoid
curves, which are characterized by a linear change in road curvature and can be fol-
lowed by vehicles at high speeds. Since clothoids lack an analytical representation,
this study develops an algorithm combining arc-splines and straight-line segments to
approximate clothoid curves for a novel memory-efficient HD map representation.
Using real road data from OpenStreetMap and HERE maps, we demonstrate that an
analytical road representation using arc-splines and straight segments achieves ap-
proximately 3 centimeters of accuracy. A further benefit of our method is the compu-

tation of all lanes on a highway by parallel shifting a reference lane.



To showcase the usability of our road representation, we perform trajectory planning
for AVs using Bézier curves and arc-splines under typical highway conditions. Our
findings highlight that arc-spline trajectories are superior to Bézier curves in terms of
controllability and computational efficiency. Overall, this research demonstrates that
accurate road information, including geometric properties like position, heading, and

curvature, can be achieved with low memory requirements and computational effort.

Keywords: Path planning, Autonomous vehicles, Highway modeling, Bézier Curves,

arc-splines
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0z

OTONOM ARACLAR ICIN VERIMLI BIR OTOYOL MODELLEMESI VE
ROTA PLANLAMADA YAY-EGRILERI KULLANIMI

Bolat, Atakan SALIH
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Klaus Werner Schmidt

Temmuz 2024 , [127) sayfa

Otonom siiriis teknolojisi, 6zellikle trafigin sabit ve kesintilerin az oldugu otoyollarda,
gelecegin ulagiminin temelini olugturmaktadir. Otoyollarda otonom siiriigiin uygulan-
masi, giivenligi, trafik akisini ve cevresel etkileri iyilestirirken, uzun mesafeli seyahat

ve lojistik i¢in de faydalar saglar.

Otoyollarda otonom araglar (AV’ler) icin giizergah planlamasi genellikle diisiik bel-
lek gereksinimleriyle son derece dogru bir yol modeli saglamay1 amaglayan yiiksek
¢Oziiniirliklii (HD) haritalara dayanir. Otoyollar genellikle yol egriliginde dogrusal
bir degisiklikle karakterize edilen ve araclar tarafindan yiiksek hizlarda takip edile-
bilen klotoid egrilerle tasarlanmistir. Klotoidlerin analitik bir modeli olmadigindan,
bu ¢aligsma, klotoid egrilerini yenilik¢i bir bellek verimli HD harita modeli i¢in yak-
lasik olarak tanimlamak amaciyla arc-splines ve diiz ¢izgi segmentlerini birlestiren
bir algoritma gelistirmektedir. OpenStreetMap ve HERE haritalarindan alinan gercek
yol verilerini kullanarak, arc-splines ve diiz ¢izgiler kullanarak yapilan analitik yol
modeli ile yaklagik 3 santimetre dogruluk elde edildigini gdsteriyoruz. Ydntemimizin

bir diger avantaji, referans bir seridin paralel olarak kaydirilmasiyla otoyoldaki tiim

vii



seritlerin hesaplanabilmesidir.

Yol modeli kullanimin1 gostermek i¢in, tipik otoyol kosullar1 altinda Bézier egrileri
ve yay-egrileri kullanarak AV’ler i¢in giizergah planlamasi yapiyoruz. Bulgularimiz,
yay-egrisi glizergahlarinin kontrol edilebilirlik ve hesaplama verimliligi agisindan Bé-
zier egrilerinden iistiin oldugunu vurgulamaktadir. Genel olarak, bu arastirma, konum,
yon ve egrilik gibi geometrik 6zellikler de dahil olmak iizere dogru yol bilgilerinin
diisiik bellek gereksinimleri ve hesaplama cabasi ile elde edilebilecegini gostermek-

tedir.

Anahtar Kelimeler: Yol planlama, Otonom araglar, Otoyol modelleme, Bézier egri-

leri, Yay egrileri
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CHAPTER 1

INTRODUCTION

The field of autonomous driving has been studied for many years [1] because of its
potential to change transportation and make our lives easier. Autonomous vehicles
are an important part of this research, offering benefits like improved road safety and
efficiency [2]. A key part of developing these vehicles is how we define and model
roads. The way roads are represented affects the performance of trajectory planning
algorithms, which are important for the safe and effective operation of autonomous
cars [3, 4, 15, 16]. This thesis study looks at different road modeling techniques and
how various trajectory planning algorithms can be used with these models to help

advance autonomous driving technology.

Autonomous driving presents numerous challenges and opportunities, particularly in
the area of mapping and trajectory generation [6, [7]]. Accurate and up-to-date maps
are fundamental for the vehicle to understand its environment and navigate safely.
Trajectory generation, which involves planning the path the vehicle will take, is im-
portant for ensuring that the vehicle smoothly follows its lane and avoids obstacles.
These processes must be highly precise and reliable to maintain safety and efficiency.
Advanced algorithms and robust data sources play a significant role in overcoming
these challenges and harnessing the full potential of autonomous driving technolo-

gies.

The existing literature provides a multitude of methods for map generation and high-
definition map representation. In particular, HD maps are essential for autonomous
vehicles, providing highly accurate and detailed road information. [8] provides an
overview of HD maps, emphasizing their precision and reliability, which range from

centimeters to millimeters. This high level of detail is fundamental for safe and effi-



cient autonomous driving, enabling vehicles to navigate complex environments more
accurately. In [9]], the authors propose a highly detailed map representation for au-
tonomous vehicle navigation, focusing on urban areas. This map includes three basic
traffic elements: roads, lanes, and lane markings. Using ArcGIS and LIDAR high-
precision maps, the researchers generate a comprehensive map database that captures
both geometrical and topological information. The map facilitates a two-class path
planning process, including road class and lane class planning, enabling intelligent
vehicles to navigate intersections safely and efficiently. The work in [3] proposes a
map generation algorithm designed to create precise roadway maps for autonomous
cars. The algorithm involves three steps: data acquisition, data processing, and road
modeling. Data from GPS and onboard sensors is refined using a fixed-interval op-
timal smoothing theory to improve accuracy. The refined road geometry data is then
represented using a B-spline model. This method is verified through experimental
studies, demonstrating its accuracy and reliability in various road conditions. Sim-
ilarly, [[10] employs cubic B-spline curves in a hierarchical motion planning frame-
work that ensures safe and comfortable navigation in complex urban environments
by addressing both static and dynamic obstacles. [11] presents a methodology for
identifying road alignments (curves, straights, and clothoids) and their corresponding
curvature values based on UTM coordinates obtained from field data. The proce-
dure reconstructs road geometry using a cubic spline that identifies geographically
referenced singular points, providing curvature values for each road element. The
authors of [12] evaluate a mapping strategy that uses smooth arc-splines to represent
road segments. The Smooth arc-splines Approximation Method (SMAP) generates
splines with minimal curve segments while maintaining high accuracy. The method
is assessed for its performance regarding accuracy, data volume, and curvature char-
acteristics across different road types, including rural and highway roads. The results
show that arc-spline approximation generally outperforms polygonal representations,
particularly in terms of computational complexity and data storage requirements. [13]
describes a novel approach for extracting the centerline geometry of road and railway
alignments using traditional design elements such as straight lines, circle arcs, and
clothoids. The method relies on data from a ground-based mobile mapping system
and involves manipulating the bearing diagram and its derivatives. The approach in-

cludes dynamically tuned filters that adhere to the fractal properties of the centerline



location data, ensuring highly accurate and consistent results. A comprehensive re-
view of high-definition (HD) map representation techniques crucial for autonomous
vehicle navigation is provided in [4]. HD maps offer high precision, capturing de-
tailed spatial information for automated driving. The paper covers various method-
ologies and technologies used to create HD maps, emphasizing accuracy, complete-
ness, and extensibility. The authors also discuss the challenges of implementing HD
mapping in urban environments, where complex road structures and the need for real-

time updates pose significant difficulties.

Several studies focus on open-source map data. [14]] presents an algorithm for recon-
structing detailed carriageway maps from road centrelines and open-access areal rep-
resentations such as polygons. This methodology, applied in different countries with
varied urban environments, aims to transform basic road centerline data from sources
like OpenStreetMap into more detailed carriageway representations. The authors vali-
date their approach through a delivery routing problem, demonstrating the algorithm’s
effectiveness in generating accurate and practical carriageway maps for global appli-
cations. Road modeling for autonomous vehicles in urban city environments with
OpenStreetMap data is discussed in [[15]. However, this work does not implement the
algorithm in highway environments. Highway characteristics are much different than
city road networks. Moreover, OpenStreetMap data is not as reliable as HERE Maps
data as it will be discussed in this research. Another study that explores road modeling
is [16]]. This paper focuses on generating lane boundaries from OpenStreetMap data.
The paper does not focus on modeling the centerline. The reference for trajectory
planning algorithms is the road centerline, which should be modeled. Similar to [[15],
OpenStreetMap data is not as accurate as HERE Maps data. In [17], the authors dis-
cuss using OpenStreetMap (OSM) geodata for autonomous robot navigation. OSM
provides a wealth of information, including street names, types, and widths, as well
as public speed limits. However, the paper highlights significant challenges, such as
the inaccuracies and incompleteness of OSM data. These shortcomings can lead to
difficulties in robot localization and path planning, which can be critical in dynamic
environments. The paper emphasizes the need for more accurate and reliable data
sources to improve navigation performance. A probabilistic approach to autonomous

robot navigation using OpenStreetMap data is presented in [18]. They address the



problem of map inaccuracies and the uncertainty of the robot’s position relative to the
map. The study combines 3D-LiDAR data with OSM tracks to improve the alignment
of the vehicle’s pose with the map data. Despite these enhancements, the authors note
that OSM data often lacks the detailed information required for precise navigation,
such as lane-level data, which is important for accurate and safe autonomous driving

in complex environments.

We next review the background on trajectory planning methods for autonomous driv-
ing. In [19]], the authors describe an algorithm that creates smooth trajectories for
autonomous vehicles. They model paths and lane segments using straight lines and
circular arcs for simplicity and elegance. The process involves developing the path
in an idealized space, computing path length, and generating a one-dimensional tra-
jectory that meets speed and position targets. [20] explores the Reachability-based
Trajectory Design (RTD) algorithm for real-time trajectory planning, which ensures
safety in autonomous driving. RTD consists of an offline computation of the Forward
Reachable Set (FRS) of the vehicle, parameterizing tracking trajectories, and an on-
line optimization using the FRS to map obstacles to constraints safely. The work in
[21] proposes a trajectory generation method using G2 cubic Bézier spiral smooth-
ing for high-speed autonomous vehicles in structured on-road environments, such as
highways. This method creates smooth trajectories based on the current path and the
centerline model of the desired lane. The use of Model Predictive Control (MPC) for
trajectory generation in autonomous vehicles has been explored in various innovative
approaches. [22]] developed a method to mimic skilled human driving by maximizing
road width usage while maintaining vehicle stability. [23] integrated deep learning
with MPC, using recurrent neural networks to predict the trajectories of nearby vehi-
cles, thus enhancing collision avoidance and decision-making. [24] proposed a uni-
fied path planning approach that automatically decides maneuvers and incorporates
collision avoidance constraints, ensuring smooth and safe navigation. Additionally,
[25]] combined potential field methods with MPC to treat different obstacles and road
structures distinctly, optimizing path planning while maintaining vehicle stability and
adherence to road regulations. These advancements highlight the versatility and ef-

fectiveness of MPC in improving the safety and performance of autonomous vehicles.

The literature on mapping and trajectory generation for autonomous vehicles reveals



several gaps that need addressing to enhance accuracy, safety, and efficiency. Specifi-
cally, one under-explored area in road modeling for autonomous vehicles is the imple-
mentation of memory efficiency techniques. Efficient data structures and algorithms
that optimize memory usage are important to ensure real-time performance without
overwhelming the system’s computational resources. Detailed evaluation metrics and
error analysis are crucial for assessing the effectiveness of road modeling approaches.
Many existing studies lack comprehensive error metrics, such as RMSE and other sta-
tistical analyses, which are vital for understanding model performance. [26]] empha-
size the need for robust evaluation frameworks, defining methods to compare algo-
rithms objectively. Their work outlines the importance of scenario-based evaluations
and comprehensive error metrics to ensure the reliability and safety of autonomous
vehicles. Considering trajectory planning for autonomous vehicles, MPC is effective
for trajectory planning in autonomous vehicles but comes with several challenges. Its
computational complexity often requires substantial processing power, leading to de-
lays that hinder real-time performance. MPC also relies on accurately tuned parame-
ters and precise models, making it sensitive to inaccuracies. The extensive parameter
tuning and complex implementation further add to its development time. Simpler
analytical methods offer faster computation and deterministic performance, making
them more suitable for real-time applications [27]]. There are also trajectory planning
algorithms utilizing machine learning, such as [28]], [29]], [30] and [31]. The first is-
sue that comes with machine learning algorithms is the collection of required training
data and the reliability of the trained models in safety-critical applications such as
autonomous driving. Overall, existing studies collectively underline the importance
of advancing both mapping and trajectory generation methods to address the existing
shortcomings in autonomous vehicle navigation. As a common problem, it has to be
highlighted that existing methods use different curve representations for mapping and

trajectory planning.

In this thesis, we propose novel methods for road modeling and trajectory planning
using arc-splines. Assuming that highways are designed with clothoid curves, we
leverage this characteristic to represent roads with arc-splines. Our primary objec-
tive is to minimize the number of parameters required to depict a highway accurately.

To achieve this, we implement predefined error metrics that balance the trade-off be-



tween the number of parameters and the accuracy of the model. Additionally, our ap-
proach concatenates multiple road segments into single segments wherever feasible.
By utilizing arc-spline definitions, our methodology also facilitates the generation
of additional lanes from a single lane by parallel shifting, significantly reducing the
overall number of parameters required for road representation. Although originally
intended for highways, we show that our road representation is also suitable for rural
roads. In addition to our road modeling method, we propose a trajectory planning al-
gorithm based on arc-splines, similar to our road modeling approach. This algorithm
employs an analytical approach, ensuring low computational power and reduced com-
putation time. The algorithm can compute a trajectory that achieves zero error at the
destination point by using arc-splines for both the road model and the trajectory. For
a comprehensive analysis, this study also implements Bézier curves, allowing for a
comparison between Bézier curve-based trajectories and those based on arc-splines.
This comparative analysis aims to highlight the strengths and potential advantages of

using arc-splines in trajectory planning for autonomous vehicles.

The main contributions of our methodology are as follows:

1. Arc-spline-Based Road Modeling: We propose a novel method for model-
ing highways using arc-splines, assuming highways are designed with clothoid

Curves.

2. Parameter Minimization: Our algorithm minimizes the number of parameters
required to accurately represent a highway by implementing predefined error

metrics that balance parameter count and model accuracy.

3. Segment Concatenation: The method concatenates multiple road segments
into single segments wherever feasible, further reducing the number of param-

eters.

4. Lane Generation: By utilizing arc-spline definitions, the methodology allows
for the generation of additional lanes from a single lane, significantly decreas-

ing the overall parameter count.

5. Trajectory Planning Algorithm: We introduce a trajectory planning algorithm

based on arc-splines, which is computationally efficient due to its analytical

6



approach.

. Error-Free Destination Point: The trajectory planning algorithm ensures zero
error at the destination point by aligning both the road model and trajectory on

arc-splines.

. Comparative Analysis with Bézier Curves: The study includes an implemen-
tation of Bézier curves for trajectory planning, providing a comparative analysis

to highlight the advantages of arc-spline-based trajectories.






CHAPTER 2

BACKGROUND INFORMATION

This thesis focuses on the efficient representation and trajectory planning for au-
tonomous vehicles on highways. The first part of the thesis develops a new method
for effectively representing roads as arc and line segments to capture their geometric
properties. By merging these segments where possible, the methodology minimizes
the data needed while keeping important information like position, heading, and cur-
vature. The second part of the thesis focuses on using the developed road representa-

tion for trajectory planning.

This Chapter provides the required background for the thesis. Section [2.1] presents
basic concepts about road modeling and the collection of accurate waypoint data for
roads. In addition, Bézier curves are explained since they are useful in generating
smooth paths between specified points. We use Bézier curves for comparison in this

thesis. The main contributions of the thesis are summarized in Section 2.2]

2.1 Basic Concepts

2.1.1 Road Modelling

2.1.1.1 Clothoids

In modern highway design, clothoids are widely used [32, [33]]. Known as the Euler
or transition curve, a clothoid keeps the same curvature rate along its length. This
feature makes them very useful for road construction to ensure smooth transitions

between straight and curved sections. Therefore, clothoids also become important for
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setting a reliable path for autonomous vehicles on highways.

The mathematics of clothoids are based on Fresnel integrals, specifically the Fresnel

Sine and Cosine integrals. The curvature (s) of a clothoid in terms of the arc length

s is defined as:
(k’g — k’l)S

K(s) =k + 7

(2.1

where k; is the initial curvature, k5 is the final curvature. L is the total length of the

trajectory. Figure[2.1|shows an example of the linear curvature change of a clothoid.

Curvature of a Clothoid Curve

Curvature, k
o

Arc Length, s

Figure 2.1: Curvature plot of a clothoid curve.

The integral of clothoid curve’s curvature gives the heading change 6(s) along the arc

length of a clothoid curve. The heading at any point depends on curvature and path

length:
t
0(t) = by + / () ds 2.2)
0

where 0 is the initial heading and Equation (2.)) gives x(s). This integrates to:

kg 82 ]{1 82

2L 2L

9(8):90+k18+

(2.3)

which shows how the heading changes as a function of the distance s along the curve.

Then, the x and y coordinates of the clothoid are determined by the following inte-
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grals:

x(s) = /08 cos ((t)) dt + x

s 2.4)
y(s) = /0 sin (0(t)) dt + yo

Clothoids have a few different parametrizations. In this thesis C = [z;, y;, 0;, ki, K f, L]
parametrization and notation is used. x;,y; represents the initial position, 6; is the
initial heading of the trajectory, x; and k¢ is the initial and final curvature of the

trajectory respectively while £ is the length of the trajectory.

Figure [2.2] shows a plot of clothoid trajectory whose initial values are defined as zero.

Zero Initial Valued Clothoid

40

s (5]
=] [=]

yNorth (m)
S

=]

201

=30 = L L L L L L L L L
0 10 20 30 40 50 60 70 80 90

xEast (m)

Figure 2.2: Plot of C = [0, 0,0, 0,0.01, 100] clothoid.

A clothoid does not have to have increasing curvature along the trajectory. Curvature

can also linearly decrease. Figure 2.3 gives an example for this type of clothoids.

Even though the clothoids in Figure [2.2and Figure [2.3|have similar parameter values

the trajectories are very different. This difference may be observed in Figure [2.4]

Clothoids are particularly useful in road construction due to their property of hav-
ing a curvature that changes linearly with arc length, facilitating smooth transitions

between straight sections and curves. The ability of clothoids to seamlessly con-
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Positive Initial Valued Clothoid
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xEast (m)

Figure 2.3: Plot of C = [0,0,0,0.01, 0, 100] clothoid.

Two Clothoids on Same Plot
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Figure 2.4: Plot of both C = [0,0,0,0.01,0, 100] and C = [0, 0, 0,0, 0.01, 100].
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nect different roadway segments minimizes abrupt changes in steering requirements,

which is important for high-speed travel.

Despite these advantages for road design, the computational aspect of using clothoids
has challenges. Clothoids do not have an analytical solution for their arc length,
which means that calculating their coordinates from given parameters requires nu-
merical integration. This process can be computationally intensive and less efficient
for real-time applications, such as autonomous vehicle navigation systems that de-
mand rapid calculations. The necessity for integration makes the implementation of
clothoid-based paths more complex compared to simpler curve forms that offer ana-

lytical solutions.

2.1.1.2 Clothoid Approximation with Arc Splines

We use a method to obtain an analytical approximation of clothoid segments. Our
main motivation for this approximation is to simplify and enhance the usability of
these curves in practical applications. Representing a segment with arc splines offers
several advantages: it facilitates the creation of additional lanes from a single lane by
simply adjusting the turning radius of the arcs by the width of a lane. This method
also allows for straightforward computation of coordinates along the trajectory, elim-

inating the need for complex integration processes.

In the approximation of a clothoid curve C = [;,y;, 0;, k;, ks, L] , we assume that the
initial curvature k; and the final curvature k share the same sign. The approximation
involves creating an arc spline of order n, which consists of n + 1 arc segments. The

key parameters defining an arc spline are as follows:

ky — ks

n

Curvature increment /: Defined as h =

ki — kg
Curvature of arc j for j = 0,...,n: Givenby k; = k, + jh = k; +jf—.
n

Length of the first and last arcs j = 0,n: Sy = 5, =

Length of the remaining arcs j =1,...,.n—1: 5; =

Sl ¥lun
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Using these parameters, the arc spline representing the clothoid curve is parameter-

ized accordingly.

For later use, we also list the memory required to store the different parameters of an

arc-spline:

Initial point (z;,y;): 2 floats, 8 bytes

Initial heading (6;): 1 float, 4 bytes

Initial curvature (k;): 1 float, 4 bytes

Final curvature (x): 1 float, 4 bytes

Trajectory length: 1 float, 4 bytes

Number of arcs: 1 byte

For further observation on curvatures, Figure 2.5 may be observed. Over the length
of the original clothoid, a series of arcs is generated with curvature values at certain
points. These points are related to the order of the approximation. In order to main-
tain second-order derivative continuity, consecutive arcs start with the heading of the

preceding arc’s heading.

Figure [2.6 shows an arc spline with order 5. When the order is 5, there are 6 arcs to
approximate the curvature. Each arc’s center may also be observed. This clothoid’s
curvature increases; therefore, the turning radius decreases towards the end of the

spline.

The order of the approximation affects the error between the approximation and the
actual clothoid. Specifically, smaller errors are obtained for higher-order approxima-
tions. To be memory efficient, the order is commonly decreased as much as possible

while keeping a certain bound on the error.

When representing roads by arc-splines, the error metrics are RMS Euclidian dis-
tance and maximum Euclidian distance between approximation and ground truth over
a whole road segment. That is, the minimum distance between each point of the ap-

proximation and the ground truth is computed. Then, the RMS and maximum errors

14



Curvature of a Clothoid Curve and Arc Approximated Clothoid Curve

Clothoid
Arc Spline Approximation
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Figure 2.5: Curvature plot of a clothoid curve and curvatures of arcs.

Arc Approximated Clothoid with Arc Centers

xEast (m)

Figure 2.6: Approximation of C = [0,0,0, 0.1, 0.2, 10] with arc-spline.
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are computed. Based on the accuracy objective, the order of approximation is either
increased, decreased, or kept the same. Figure[2.7|shows an example of an error plot.
The error oscillates since the road is a clothoid and makes a smooth turn, whereas the

approximation is a series of arcs.

Euclidian Distance Error For Order: 6

0.05

0.045 - Error| |

0.035
0.03

0025 r

Error {m)

0.02 1
0.015 1

0.01

0.005 /\//\_/\_/’\.,-.__./
[}
2000 4000 6000 8000 10000 12000 14000 16000
Sample Along Approximation

Figure 2.7: Error for a 154 meter long road segment with an order 5 approximation.

Figure 2.8 shows a ground truth and approximated curve. The Figure is zoomed in to

observe the error better.

2.1.2 Waypoint Data

The input to our algorithm is a series of waypoints, where each waypoint includes
position, heading, and curvature information. The position gives the exact location of
the waypoint on the map, the heading tells us the direction the vehicle is facing at that
point, and the curvature shows how sharply the road is turning at that location. While
these three pieces of information provide some geometry information about the road,
they are not enough to represent the entire road. To address this, we assume that every
road segment is a clothoid. With this assumption, we can approximate segments with

an arc spline as discussed in Section [2.1.1.2] allowing for a practical representation
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Ground Truth and Approximated Curve of Order:6
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Figure 2.8: A closeup view of an approximation and real road data.

of the road. Moreover, to generate the intermediate ground truth road between two

waypoints a G1 clothoid fitting algorithm [34] is used.

2.1.2.1 OpenStreetMap Database

The OpenStreetMap database consists of latitude and longitude pairs along the re-
quested highway. For each direction in a road a separate latitude and longitude pair

exists in the data. Lane information does not exist in this dataset.

Figure [2.9shows an example OpenStreetMap data. Waypoints are connected to each

other with lines.

For some part of the road the waypoints are at the center of the lane however for some
part of the road, the waypoints are located at lane borders. This type of data would

create issues while modeling the road.
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OpenStreetMap Data Example
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Figure 2.9: OpenStreetMap data example of Autobahn 38 in Germany.

2.1.2.2 HERE Maps Database

The HERE Maps database consists of latitude and longitude pairs along the requested
highway. For each lane, a separate latitude and longitude pair exists in the data. This
property allows for the computation of errors in the parallel shifting procedure, which
will be discussed in the upcoming Sections. Figure [2.10] displays an example road
segment where each color represents a different lane. Waypoints are connected to

each other with a simple line.

The HERE Maps database is notably more accurate than the OpenStreetMap database.
Unlike OpenStreetMap, it offers a higher frequency of waypoints and provides posi-
tion information for each individual lane. These features make HERE Maps more

useful for this research.

2.1.3 Bézier Curve Based Trajectory Planning

Bézier curves are practical tools used in computer graphics and vehicle design. They

work by defining a curve with a few control points. These parametric curves are
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Lane Center Data From HERE Maps
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Figure 2.10: HERE Map example of Autobahn 4 in Germany.

beneficial for creating smooth shapes and paths in graphics and for designing smooth
car bodies [35]. They give designers precise control over the shape of the curve,
making them really useful in various applications where smooth, controlled curves

are needed.

Given the detailed comparison between lower-order curves and quintic Bézier curves
in [36], the choice is made to utilize quintic Bézier curves for generating the final
path. One of the primary advantages of fifth-order Bézier curves over cubic ones is
the enhanced control they offer in shaping the curve, as well as the ability to impose

curvature at both ends of the curve.

Equation (2.3) is the definition of quintic Beziér curves.

B(t) = 25: (5> (1—t)°"'P (2.5)

im0 \'
A Quintic Bézier curve requires 6 control points by definition. To define the control
points of a Bézier curve, we utilize the initial and final pose of the vehicle. F, and
P5 are directly the position of the vehicle and the destination position respectively.

P, and P, are related to the heading of the vehicle and the heading value at the des-
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tination, respectively. Equation (2.6)) is the derivative of the Bézier curve. Similarly,
P, and Pj are related to the curvature of the vehicle and the heading value at the

destination, respectively. Equation (2.7) is the second derivative of the Bézier curve.

B(t)=)5 (4> (1 =)t Py — P) (2.6)

=0 g
3
3 .
B"(t) =20 (Z) (1= t)> 4 (Pryy — 2Py + ) 2.7)
=0

It is possible to impose initial heading and curvature values to a Bézier curve by
substituting ¢ = 0 to Equations and respectively. Similarly, it is possible
to impose destination heading and curvature values to a Bézier curve by substituting
t = 1 to Equations (2.6) and respectively. The methodology for computing the

Bézier curves will be discussed in the upcoming Sections.

In this research, Bézier curves are defined by:

B = [(xi,4:), (x5, ), 0,05, ki, k] (2.8)

where (x;,y;) and (27, ys) denote the initial and final positions, 6; and 6 represent the
initial and final heading values, and x; and x ¢ indicate the initial and final curvature

values of the Bézier curve.

Figure [2.11] illustrates an example of a Bézier curve in the Cartesian coordinate sys-
tem. The curve clearly demonstrates the specified initial and final positions and tan-
gents. While the positions and tangents are straightforward to observe, understanding

the curvature of the curve is not as intuitive for a human observer.

2.1.4 Bi-elementary Paths

Bi-elementary paths are paths that consists of 2 clothoids, one line segment and 2
more clothoids back to back [37], [38]], [39]. These segments are named C, C, L,
Cs5,C, respectively.

~ parameter is the ratio of line segment’s length to total maneuver length. A is the ratio
of first two clothoid’s length to last two clothoid’s length. Equation (2.9) governs

these relations. S stands for the total maneuver length. Sg,, Sg, and S}, are the
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Bézier Curve Example
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Figure 2.11: Bézier curve example for B = [(0,0), (15, 10), 0, 45°,0,0.01]

length of first two clothoids, last two clothoids and line segment respectively. First

two clothoids have the same length, similarly last two clothoids have the same length.

SE1 +SE2 :’}/S
Sp=(1—-7)-8
L= ) (2.9)
Sp, = \yS
Sp, = (1= A)S

In our work, we only work with symmetrical bi-elementary paths which means the
line segment has the half length of the total maneuver. All clothoids has one quarter
of the total maneuver length. This configuration is equivalent to A = 0.5, v = 0.5.
An example Bi-elementary path is given in Figure [2.12| which shows a bi-elementary

path’s curvature and AY change over the trajectory.

Figure shows the curvature and AY change over a Bi-elementary path with A =
0.50 and v = 0.25. As observed the length of line segment increases in this case. In
fact most of the maneuver is a line segment. Since A = (.5, the length of clothoid

segments are equal to each other.
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AY over Bi-elementary Trajectory
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Figure 2.12: Curvature and AY change of a Bi-elementary curve for A = 0.50,
v = 0.50.
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Figure 2.13: Curvature and AY change of a Bi-elementary curve for A = 0.50,

v = 0.25.
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Figure [2.14] shows the curvature and AY change over a Bi-elementary path with A =
0.75 and y = 0.50. Length of line segment is the same as Figure [2.12] However, the
length ratio of clothoids change this time since A = 0.75, first two clothoids longer

than last two clothoids.

AY over Bi-elementary Trajectory
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Figure 2.14: Curvature and AY change of a Bi-elementary curve for A = 0.75,
v = 0.50.

Bi-elementary curves are especially used in lane change maneuvers. This is due to the
fact that bi-elementary paths have the final curvature the same as the initial curvature.
Similarly heading is preserved as well. These curves make the vehicle translate in the

perpendicular direction to the heading of the vehicle which is denoted as AY’.

In our case AY and arc length will be given which in that case Equation (2.10) is
known by [40] and Equation (2.9). In this equation « and S are tangent angle change

and arc length respectively.

Yo"
Kpeak = < (2.10)

The value of « is computed with Newton iteration method given in [40].
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2.2 Contributions and Novelties

Using clothoid curves and their arc-spline approximations, the main contributions of

this thesis are as follows:

Arc Spline-Based Road Modeling:  We propose a novel method for efficiently
modeling highways using arc splines, assuming highways are designed with clothoid

Curves.

e Parameter Minimization: Our algorithm minimizes the number of parameters

required to accurately represent a highway by implementing predefined error

metrics that balance parameter count and model accuracy.

e Road Segment Concatenation: Our method concatenates multiple road segments

into single segments wherever feasible, further reducing the number of param-

eters.

e [ane Generation: By utilizing arc spline definitions, the methodology allows

for generating additional lanes from a single lane by a simple parallel shift,

significantly decreasing the overall parameter count.

The developed road representation method is described in Chapter 3]

Trajectory Planning Algorithm: We introduce a trajectory planning algorithm

based on arc splines, which is computationally efficient due to its analytical approach.

e Error-Free Destination Point: The trajectory planning algorithm ensures zero
error at the destination point by aligning both the road model and trajectory on

arc splines.

e Comparative Analysis with Bézier Curves: The study includes an implemen-
tation of Bézier curves for trajectory planning, providing a comparative analysis
to highlight the advantages of arc spline-based trajectories.

The trajectory planning algorithm is described in Chapter ]
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CHAPTER 3

ROAD SEGMENT REPRESENTATION METHODOLOGY

In trajectory planning for autonomous vehicles on highways, having an efficient and
accurate road representation is very important. Roads are usually represented by way-
points, each containing information about its position, heading, and curvature. How-
ever, these waypoints are often spread out and do not provide a detailed picture of the
road between them. To achieve an accurate road representation, waypoints must be
stored closely together, which requires a significant amount of memory. Additionally,
considering a multi-lane road, waypoints need to be stored for each lane separately,

further increasing the memory needed.

To mitigate the observed problem, we suggest dividing roads into road segments,
where each road segment defines the road between two waypoints. In addition, we
focus on a clothoid-based road representation, noting that clothoids are already used
for road construction [32]. The advantage of clothoids is that they require only a
small number of parameters to represent a road segment: the coordinates, heading,
and curvature of the starting point of the road segment; the change in curvature during

the road segment; the arc-length of the road segment.

It has to be respected that clothoids do not have an analytical representation, which
is a clear shortcoming in real-time autonomous driving applications. Because of this
reason, we propose to use an arc-spline approximation of clothoids. Specifically, we
can analytically compute accurate intermediate points between the starting and end
points of any road segment. In addition, arc-splines can be parallel shifted, such
that it is possible to use a single arc-spline for a multi-lane road. Overall, using arc-
splines enables and efficient and accurate road representation with few parameters

and, hence, a small amount of required memory.
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In the following Sections, we explain how we use a clothoid fitting algorithm [34] to
get the ground truth for the road centerline. Then, we apply arc-spline approximation
to represent the road segments. As a result, we obtain an accurate and efficient road
representation, which also helps improve the performance of trajectory planning for
autonomous vehicles. Algorithm [I| summarizes the general flow of the methodology

which is detailed in the subsequent Sections.

At first, waypoints are downloaded from HERE Maps for the given coordinates and

stored.

Then, clothoids are fitted between each waypoints with G1Fit function. These clothoids

are the ground truth for our work.

Each clothoid is approximated with an arc spline based on some error configuration

errCfg.
Approximated arc spline segments are merged with the same errC'fg.

Additional lanes are generated by parallel shifting the approximated segments. Lane

width and number of lanes are given as input to genLanes function.

Algorithm 1 Road Segment Approximation Method
1: Input: LU, RL, errC fg, laneW , nLanes

2: wp = downloadData(LU, RL)
3: clo = GIFit(wp)

4: approxSeg = approxSeg(clo, errC fg)
5: mergedSeg = mergeSeg(approxSeg, errC fg)

6: addLanes = genLanes(approzxSeg, laneW , nLanes)

The parameters use in the algorithm are summarized as follows:

e LU: Left upper latitude and longitude of the bounding box.

RL: Right lower latitude and longitude of the bounding box.

errC fg: Error configuration parameter.

laneW: Width of a single lane.

nLanes: Number of lanes.
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e wp: Waypoints data.

e clo: Clothoids fitted to the waypoints.

e approxSeg: Approximated road segments.
e mergedSeg: Merged road segments.

e addLanes: Additional lanes generated.

We explain the details of this algorithm in the next Sections.

3.1 Ground Truth Generation

In order to generate the ground truth, a fast G1 clothoid fitting algorithm is used [34].
Initially, the HERE maps database provides only the positions of waypoints, not the
heading and curvature. After clothoid fitting, the information of each waypoint is

extended by heading and curvature.

One of the notable properties of the clothoid fitting algorithm is the G continuity,
which guarantees that the first derivative of the curve, representing the tangent direc-
tion, is continuous. This continuity is important for ensuring smooth changes in the
vehicle’s heading, minimizing sudden jerks or deviations in the path. The algorithm
iteratively adjusts the clothoid parameters to fit a given set of waypoints, optimizing

the curve to minimize the deviation from the actual road path.

The distance between every road segment’s endpoint and the next waypoint is com-
puted. Consequently, the G* clothoid fitting algorithm is guaranteed to have an error

lesser than 10~° meters, which is an outstanding performance.

Figure [3.1] shows a small example of the fitting procedure. 5 waypoints are provided

as input, and each color on the lane center represents a different road segment.

Table [3.1] shows a portion of sample data extracted from HERE Maps. As seen, the
length of each segment vary significantly. Curvature information is obtained after G*

clothoid fitting algorithm is applied.
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Figure 3.1: G1 clothoid fitting applied on 5 waypoints.

3.2 Approximation

As indicated above, clothoids do not have an analytical representation and, hence,
cannot be used in real-time autonomous driving applications. Accordingly, we next

develop a method for approximating the computed clothoids by arc-splines.

The input to the approximation algorithm is a series of road segment clothoids. The
approximation output is a series of road segments where each segment is either a line
segment or an arc-spline segment. Therefore, the type of each road segment must be
decided to make the approximation more efficient. In this context, efficiency refers
to both the number of parameters required to represent the road and the accuracy of
the representation. Line segments are more efficient than arc-spline segments as they
require fewer parameters to store and are simpler to compute. Consequently, line
segments will be used whenever possible to minimize data storage and computational
effort. As mentioned in Section [2.1.1.2] it is possible to approximate clothoids with
a variable number of arcs, balancing the trade-off between simplicity and accuracy.
Simplicity here refers to the ease of computing waypoints for autonomous driving, as

fewer arcs result in less computational complexity.
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Table 3.1: Road Segment Data

Road Segment # | Initial Curvature (m~') | Ending Curvature (m~!) | Segment Length (m)
1 5.863553e-04 7.166330e-04 21.7
2 7.166330e-04 6.989685e-04 27.8
3 6.989685e-04 4.804532e-04 279
4 4.804532e-04 8.929795e-04 12.7
5 8.929795e-04 1.228206e-03 19.2
6 1.228206e-03 2.689868e-04 19.3
7 2.689868e-04 1.057045e-03 11.3
8 1.057045e-03 2.396309e-04 12.4
9 2.396309e-04 5.064884e-04 20.8
10 5.064884e-04 8.977215e-04 273
11 8.977215e-04 1.092975e-03 22.7
12 1.092975e-03 4.962459¢-04 22.7
13 4.962459¢-04 7.071046e-04 36.6
14 7.071046e-04 6.607312e-04 26.1
15 6.607312e-04 8.301637e-04 26.1

To determine whether a road segment can be approximated by a line segment, we first
assess the heading change between the initial and destination points. If the heading
difference between the two waypoints is sufficiently small, a straight line connecting
the initial point to the final point is fitted. Subsequently, the Euclidean distance error

between the approximation and the ground truth is calculated.

If the maximum error exceeds the predefined allowable error or if the Root Mean
Square error (RMSE) exceeds the maximum allowable RMSE, the segment cannot
be accurately represented by a straight line. In such cases, the segment must be fitted
with an arc-spline instead. Conversely, if the error remains within acceptable limits,

the segment is fitted successfully with a straight line.

Predefined error metrics must be established to approximate a road segment with
an arc-spline. Like line segment approximation, the error metrics for arc-spline ap-

proximation include the RMSE and maximum errors. The arc-spline approximation
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process is iterative, beginning with an initial order of 5 for the spline.

First, the segment is approximated using this initial order, and the Euclidean distance
error is computed. If the error falls within the acceptable range, the order is reduced
to decrease the number of parameters, thereby simplifying the representation. Con-
versely, if the error exceeds the acceptable range, the order is increased to achieve
a more accurate representation of the road segment. This iterative approach ensures
that each road segment is represented with optimal accuracy while minimizing the

complexity of the spline.

Figure [3.2] shows the error along a trajectory for low and high-order approximations.

It is clear that higher-order approximations are much more accurate.

Error for High and Low Order Approximation
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02r .
015+
E
S
i
01r
0.05

0 L L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Sample Number

Figure 3.2: Error comparison of low and high order approximations for the clothoid

¢ =10,0,0,0,0.1,50].

Table[3.2)is given for a better understanding of the predefined error metrics. [41] also
emphasizes the requirements for a high definition map. Endpoint degree deviation is
the deviation from ground truth at the end waypoint of the segment. arc-splines do

not have an endpoint degree deviation error by their nature.

The presented algorithmic procedures ensure that each road segment is represented
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Table 3.2: Error Table

Endpoint Degree Deviation | RMSE (m) | Maximum Error (m)
Line Segment 0.2° 0.10 0.15
arc-spline - 0.10 0.15

with minimal error, maintaining accuracy and increasing efficiency.

Figure [3.3] shows the error of an example approximation of a real road. The RMSE

and maximum error are computed for every 10-meter-long subsegment to better ob-

serve the evolution of error values.
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Figure 3.3: Euclidian error between approximated reference lane and ground truth

Pseuodocode [2] gives the complete algorithm for road segment approximation algo-

rithm.

3.3 Combination

A method to further decrease the number of parameters in a road representation is

the process of merging consecutive road segments. In principle, if a road is entirely
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Algorithm 2 Road Segment Approximation

1: for each road segment r do

2: 0 <+ headingChange(r)

3; if 6 < lineDegreeDeviation then

4: error < fitLine(r)

5: if error < predefinedMetrics then

6: save(lineApproximation)

7: continue

8: end if

9: else

10: order <=5

11: error < fitArcSpline(r, order)

12: fitFlag < False

13: while error < predefinedMetrics do
14: order < order — 1

15: error < fitArcSpline(r, order)
16: if error > predefinedMetrics then
17: save(order + 1)

18: fitFlag < True

19: break
20: end if
21: end while
22: while error > predefinedMetrics do
23: order < order + 1
24: error < fitArcSpline(r, order)
25: if error < predefinedMetrics then
26: save(order)

27: break

28: end if

29: end while

30: end if

31: end for
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straight and has multiple waypoints, it is possible to represent the entire road with
a single line segment. Specifically, for consecutive line segments, if the initial and
final heading values of initial and final waypoints are close to each other, it may be

possible to merge these line segments into a single line segment.

Similarly, a single arc-spline may represent a group of arc-splines if consecutive arc-
spline segments have similar curvature rates. It is known that arc-splines have either
increasing or decreasing curvature. Therefore, if we want to represent a few road seg-
ments with a single arc-spline, the road segments must have either linearly increasing

or decreasing curvatures.

However, the decision for the merging process cannot rely solely on these criteria.
The Euclidean distance error metric must also be considered. This metric ensures that
the combined representation maintains an acceptable level of accuracy, balancing the

reduction in parameters with the need for an accurate road representation.

Algorithms [3] and 4] describe the combination algorithms for arc-splines and line seg-
ments, respectively. The algorithms are applied according to the type of the segment
at hand. max_concat is the maximum number of road segments that are allowed to
be concatenated. This number may be increased to further decrease the number of

segments. However, max_concat is rarely the limiting factor in this algorithm.

To start the concatenation process first the curvature derivative of the current road

segment is taken.

If the next segment is an arc-spline, the ratio between the current segment’s curvature
derivative and the next segment’s curvature derivative is computed. Else the loop
is broken and the algorithm continues to next arc-spline while remembering that j

number of arcs are concatenated.

If the ratio is below the tolerance, then this segment may be concatenated, and it is
added to arcSplineConcatenationList. Else the loop is broken and the algorithm
continues to the next arc-spline while remembering that j number of arcs are concate-

nated.

1 is increased by j since j number of arc segments are concatenated, and these arc-
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splines should not be taken into account while trying the concatenation in the next

loop.

After computing every concatenation list, a temporary arc-spline for each concatena-

tion group is generated.
Then the error between the temporary arc-spline and the ground truth is computed.

If the error is less than errorC' f g.concatenation Error, these arc-splines are added

to mergedArcSplineSegments list.

Algorithm@] starts similar to Algorithm@ max_concat is defined as 5.

Heading value of the current line segment is saved to 6.

Then, concatenation is tried between the current segments and upcoming segments.

If the next segment is a line segment, the heading difference between the current
segment’s initial heading and the next segment’s final heading is compared. Else the

loop is broken while keeping the j value and concatenation group.

If the error is below the defined error margin, the index of the next line segment is
added to the concatenation group. Else the loop is broken while keeping the j value

and concatenation group.

1 1s increased by j since j number of line segments are concatenated, and these line
segments should not be taken into account while trying the concatenation in the next

loop.

Similar to Algorithm [3] for each concatenation group, a temporary line segment is

generated.
Then the error between the temporary line segment and ground truth is computed.

If the error is below the predefined error margin, the concatenation group is added to

the mergedLineSegments.

34



Algorithm 3 Arc-spline Combination Algorithm

1. Input: approximatedSegments, groundTruth, errorCfg
2: Output: mergedArcSplineSegments

3: max_concat < 5

4: 141

5. for each arc-spline s in approzimatedSegments do

6: kappa < s.curvatureDerivative

7: for j < 1 to max_concat do

8: if segment ¢ + j is arcSpline then

9: ratio < kappa / next segment’s curvature

10: if ratio < errorC'fg.curvatureDerivativeT olerance then

11: Append index to arcSplineConcatenationList

12: else

13: break
14: end if

15: else

16: break

17: end if

18: end for

19: 14— 1+7+1
20: end for
21: for each concatenation group g in arcSplineConcatenationList do

22: temporarySpline < fit ArcSpline(g)

23: error <— computeError(temporarySpline, groundT'ruth(g))
24: if error < errorC fg.concatenation Error then

25: mergedArcSplineSegments < g

26: end if

27: end for
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Algorithm 4 Line Segment Combination Algorithm

1. Input: approzimatedSegments, groundTruth, errorC fg

2: Output: mergedLineSegments

3: max_concat < 5

4: 1+ 1

5. for each line segment [ in approximatedSegments do

6: 0 < l.startHeading

7: for j < 1 to max_concat do

8: if segment ¢ + j is line segment then

9: heading Error <— 6 — next segment’s final heading

10: if headingError < errorC' fg.headingDeviationT olerance then
11: Append index to lineSegmentConcatenationList
12: else

13: break

14: end if

15: else

16: break

17: end if

18: end for

19: t—1+7+1
20: end for
21: for each concatenation group g in lineSegmentConcatenationList do
22: temporaryLine < fitLine(g)
23: error < compute Error(temporaryLine, groundTruth(g))
24: if error < errorC'fg.concatenation Error then

25: mergedLineSegments < g

26: end if

27: end for
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3.4 Generation of Additional Lanes from a Single Lane

It is possible to generate adjacent lanes if the road width and lane information are
known for a particular road segment. Lane width is usually standardized in every
country. Lane information refers to the position of the base lane, such as whether it is
the leftmost lane, the rightmost lane, or another lane in between. With this informa-
tion, it is possible to derive the representation of the other lanes. This process further
improves the efficiency of our road representation, making it possible to represent all

lanes using only a single lane’s information.

The procedure differs for arc-spline segments and line segments. For arc-spline seg-
ments, it is possible to obtain other lanes by changing the turning radius of each arc.
From Section [2.1.1.2] it is known that an arc-spline consists of several consecutive

arcs.

Equation (3.1)) defines the relation between radius of an arc and curvature. An arc’s
radius is equivalent to a vehicle’s turning radius for autonomous driving. Therefore,

curvature is the inverse of turning radius

R = 1 (3.1)
K

Figure [3.8] shows a parallel shifting process where the base arcs have a turning radius
of Ry and R,. The base arc’s turning radius is increased by the lane width, which is
3.7 meters, using Equation (??). In this equation, the curvature is positive when the
vehicle is turning left by definition. In this case, the shifted arc has a turning radius of
Ry +w and R, + w meters. For this example, it is convenient to think of the "Original
Lane" as the leftmost lane, and we are trying to get the lane center coordinates of the
right lane, which corresponds to the "Shifted Arc" in Figure[3.8] This procedure can

be applied to every arc of an arc-spline.

Figure [3.4] shows the error between the shifted lane and the ground truth. The Euclid-
ian distance error is computed by dividing the road segment to subsegments, where
each subsegment is 10 meters long. For each subsegment, RMSE and maximum value

of the error are computed.

For line segments, the parallel shifting procedure is fairly simple. The line segment’s
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Figure 3.4: Parallel shifting error of an arc-spline representing a real road segment.

initial and final position is shifted in the direction perpendicular to the heading angle
of the line segment as given in Equation (3.2). The exact direction depends on the
relative position of the base lane and desired lane. Figure [3.6] demonstrates a basic

example for line parallel shifting.

Given two points (z;,y;) and (2, ys), the new coordinates after shifting the line per-

pendicular to its original direction by a distance d are given by:

—(yr — )

Vs —vi)? + (g — )
(zy — i)

Vs —yi)? + (o — 25)?
—(yr — i)

Vs —yi)? + (o — 2,)?

(zy — i)
yr —yi)* + (zp — x3)?

Yy =yi+d-

(3.2)

Jj}sz-i-d-

Yp=ys+d- NG

Figure [3.5] shows the error between the shifted lane and ground truth for an example
road segment. The Euclidian distance error is computed by dividing the road segment

to subsegments where each subsegment is 10 meters long. For each subsegment,
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RMSE and maximum value of the error are computed.
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Figure 3.5: Parallel shifting error of a line segment representing a real road segment.

When road segments are parallel shifted with our method, discontinuity exists at the
connection points of road segments. The discontinuity exists when a line segment is
involved at the connection point. Meaning that if at least one of the segments is a line

segment, small discontinuity exists.

Figure displays two line segment connection. For the reference lane, the connec-
tion is continuous. However, The shifted lane has a small gap between two segments.
This gap is filled with a very low curvature arc. The turning radius of this arc is pre-
defined as 0.0001. This arc connects the prior line segment’s endpoint to subsequent

line segment’s starting point. Using this method, discontinuity is removed.

Figure displays a line segment and an arc-spline segment connection. For the
reference lane, the connection is continuous. When the arc-spline is parallel shifted

via increasing the turning radius, the shifted segment is still continuous as observed.

Figure [3.8] displays two arc-spline segments connection. For the reference lane, the
connection is continuous. When both arc-splines are parallel shifted by increasing the

turning radius, the segments connect smoothly to each other as expected.
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Figure 3.7: Line segment and arc-spline segment connection point illustration.
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Figure 3.8: Two arc-spline segments connection point illustration.

3.5 Road Approximation to Waypoints

After implementing the road approximation algorithms the output is road segments.

Each road segment is either a line segment or an arc-spline segment.

Line segments are simple segments that have the following information:

e Starting point (;, y;)

e End point (zy,yy)

The line segment is generated with desired waypoint sparsity between starting point
and end point. The heading of the road is equal to the angle of the vector connecting
the starting point to end point. Moreover, curvature is zero throughout the trajectory
for line segments. If the lane in question is a parallel shifted lane, small arcs are

generated to fill in the gap between consecutive line segments.

Arc-splines are not as simple as line segments. Each arc-spline segment have the

following information stored:
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Initial point (z;,y;): 2 floats, 8 bytes

Initial heading (6;): 1 float, 4 bytes

Initial curvature (k;): 1 float, 4 bytes

Final curvature (x¢): 1 float, 4 bytes

Trajectory length: 1 float, 4 bytes

Number of arcs: 1 byte

With this information, it is possible to generate every waypoint along the trajectory
by using the approximation described in Section First, the turning center of
the first arc is computed using the heading and curvature values. Turning radius is
the inverse of the curvature of the first arc. Then, the angle of the arc is computed
since the turning radius and the arc length is known. Then using these information,
waypoints are generated for an arc with the desired waypoint sparsity. The same

procedure is applied for each arc.

It is also possible to get the curvature at any point along an arc-spline since an arc-
spline consists of a series of arcs that have known lengths. It should also be noted that

each arc has a constant curvature.

By using the basic equations for heading it is possible to compute the heading of the
arc-spline at any given point. It is known that the heading is the arc-length multiplied
by the curvature gives the heading change as given in (3.3)). Therefore it is also very
easy to compute the heading of the road centerline at any given arc-length since x(s)
is also known for each arc.

0(s) = k(s)-s (3.3)

In this research we also compare the computation time of waypoints for clothoids
and arc-splines since it is an important metric. To make the comparison, clothoids
are generated via integration with the well known equations of clothoids given in
(2.4). The computation time that is required to generate each arc of the arc-spline is
taken into account. For testing purposes, Autobahn 1’s waypoints are generated and

computation time is recorded for each lane.
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It is clearly seen in Table[3.3|that arc-splines are much faster to compute than clothoids.
Clothoids do not have analytical representation and they require integration to com-
pute the waypoint coordinates. Arc-splines, on the other hand, have analytical repre-

sentation; therefore, they are faster to compute.

Table 3.3: Computation time for Autobahn 1

Lane1l Lane?2 Lane3
Clothoid 1793s 1740s 18.11s
Arc-spline  0.04s 0.07s 0.06s

3.6 Evaluation Metrics and Results

Autobahn 38 in Germany is selected to evaluate the proposed method. Data is down-
loaded from HERE maps, and clothoids are fitted between the waypoints as described
in Section [3.1] Satellite imagery together with clothoids is given in Figure 3.9] For

trajectory planning applications, a road segment from Autobahn 38 is picked.

G1 Clothoid Fitted Road (Autobahn 38)
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Figure 3.9: Satellite image overlaid with G1 fitted clothoid road segments (plotted in
light blue) on Autobahn 38.
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Additionally, a Section of Autobahn 1 is also approximated. Satellite imagery to-
gether with clothoids is given in Figure

G1 Clothoid Fitted Road (Autobahn 1)
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Figure 3.10: Satellite image overlaid with Gl fitted clothoid road segments (plotted
in dark blue) on Autobahn 1.

In addition to highways a rural road in Turkey is also approximated with our algo-

rithm. Satellite imagery together with clothoids is given in Figure [3.11]
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Figure 3.11: Satellite image overlaid with G1 fitted clothoid road segments (plotted

in blue) on a rural road.

3.6.1 RMSE Spatial Coordinates

To evaluate the accuracy of the approximations, RMSE is computed. RMSE is useful
since it is possible to see the overall performance of the approximation. Road seg-
ments have lengths varying from 20 meters to 400 meters; therefore, it would not be
meaningful to directly compute the RMSE for each segment. We might need to in-
spect some parts of segments to observe the approximation in more detail. Moreover,
the RMSE for long sequential data may hide some error peaks since the overall error
would be low. Therefore, RMSE is computed for 10 meter long subsegments. In
particular, each road segment is divided into 10-meter-long subsegments, and RMSE

is computed for these subsegments.

Figure [3.12] shows the RMSE plot over an approximately 370-meter-long segment.
For every 10-meter-long segment, the RMSE is computed. There is a data point for
each centimeter for line segments. The RMSE reaches 9 centimeters at most which

would be accurate enough for autonomous driving.

Figure [3.13] shows the maximum error plot over the same 370-meter-long line seg-
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Figure 3.12: RMSE of a line approximated segment

ment. Maximum error is as well at acceptable levels.
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Figure 3.13: Maximum error of a line approximated segment.

Figure [3.14] shows the RMSE plot over an approximately 150-meter-long arc-spline

segment. There is a data point for each centimeter for arc-spline segments. The order
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of arc-spline approximation for this segment is 6, which means that this segment’s

curvature rate is relatively high for a highway.
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Figure 3.14: RMSE of a arc-spline approximated segment.

Figure [3.15] shows the maximum error plot over the same 150-meter-long arc-spline
segment. There is a data point for each centimeter for arc-spline segments. The values

of the maximum error is close to RMS errors which is at acceptable levels.

Figure [3.16] shows the RMSE plot over an approximately 12 500 meters long road.
For each segment, the RMSE is computed. As mentioned before, the length of each
road segment can vary from 20 meters to 400 meters. In this plot, segments are
classified as either arc-spline or line segments. The RMSE over an entire segment
never exceeds 0.1 meters. This result is promising given that there are 323 segments,
and this road includes every type of section a highway would have, such as curves

and straight parts.
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Figure 3.15: Maximum error of a arc-spline approximated segment.
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Figure 3.16: RMSE for a 323 segment Autobahn 38 (overall length around 12.5 km).
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Figure [3.17 shows the RMSE and average curvature on the same plot. As mentioned
in Section[2.1.2] every waypoint has the curvature data stored in it, and road segments
are the structures that connect waypoints. To define a curvature for a road segment,
the average curvature values at both ends are computed. High-curvature parts of the
road seem to have low RMSE. This could be because the algorithm uses higher-order

arc-spline approximation for the curved sections of the road.
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Figure 3.17: RMSE and average curvature for 323 segment Autobahn 38

Figure [3.18] shows the RMSE and segment length on the same plot. It is observed
that the error is not correlated with the segment length. Long segments do not have

significantly high error values. Similarly, short segments do not have low error values.

The memory usage of arc-spline segments is independent of the order of the arc-spline

which is 25 bytes for a single arc-spline.

Line segments are simpler than arc-splines, they require only the starting and end
point of the segment with single precision floating point for each of them. Therefore

each line segment takes 16 bytes of memory.

As aresult, Autobahn 38 section given in Figure[3.9]takes 5081 bytes in memory. This
road segment is 13400 meters long. Considering the length of the highway section,
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Figure 3.18: RMSE and segment length for 323 segment Autobahn 38

memory usage is significantly low.

Figure [3.19]shows the RMSE plot over an approximately 8 000 meters long road. For
each segment, the RMSE is computed. As mentioned before, the length of each road
segment can vary from 15 meters to 150 meters. In this plot, segments are classified as
either arc-spline or line segments. The RMSE over an entire segment never exceeds

0.1 meters.

Figure[3.20]shows the RMSE and average curvature of each segment on the same plot

for Autobahn 1. Similar to previous result, high curvature parts of the road seem to
have low RMSE.

Figure [3.2T shows the RMSE and segment length on the same plot. Similar to previ-

ous result it is observed that the error is not correlated with the segment length.

Autobahn 1 section given in Figure [3.10] takes 4649 bytes in memory. This road

segment is 8000 meters long.

Figure [3.22] shows the RMSE plot over an approximately 6 600 meters long rural
road. For each segment, the RMSE is computed. As mentioned before, the length
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Figure 3.19: RMSE for 278 segment Autobahn 1 (overall length around 8 km)
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Figure 3.20: RMSE and average curvature for 278 segment Autobahn 1
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Figure 3.21: RMSE and segment length for 278 segment Autobahn 1

of each road segment can vary from 15 meters to 150 meters. In this plot, segments

are classified as either arc-spline or line segments. The RMSE over an entire segment

never exceeds 0.1 meters.
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Figure 3.22: RMSE for 103 segment rural road (overall length around 6.6 km)
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Figure[3.23]shows the RMSE and average curvature of each segment on the same plot

for the rural road. Similar to previous result, high curvature parts of the road seem to

have low RMSE.
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Figure 3.23: RMSE and average curvature for 103 segment rural road

Figure [3.24] shows the RMSE and segment length on the same plot. Similar to previ-

ous result it is observed that the error is not correlated with the segment length.

The rural road section given in Figure [3.11] takes 8336 bytes of memory. This road is
6600 meters long. In principle, rural roads may have higher curvatures than highways
by design. They also have more abrupt curvature changes than highways. Therefore,
most of the rural road example is approximated with arc-spline segments rather than
line segments to account for the RMS error limit. The position accuracy require-
ments still hold since the algorithm increases the order of arc splines if the accuracy
requirement is not met. Therefore our algorithm can as well be used for rural road

approximation purposes.
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Figure 3.24: RMSE and segment length for 103 segment rural road

3.6.2 Maximum Error In Spatial Coordinates

To further evaluate the practicality of the approximations, maximum error is com-
puted. maximum error is an important metric since it means that if a vehicle follows
the approximated road, it will be guaranteed to not leave the lane. Given that road
segments can range in length from 20 meters to 400 meters, directly calculating the
maximum error for an entire segment is impractical. It may be necessary to examine
specific parts of segments to observe the approximation closely. Additionally, calcu-
lating the maximum error for long data sequences might obscure other error peaks, as
it only highlights the highest value. Therefore, the maximum error is computed for
10-meter-long subsegments, i.e., each segment is divided into 10-meter-long subseg-

ments, and the maximum error is computed for these subsegments.

Figure[3.25|shows the overall road with a magnified segment. The error is in the order

of few centimeters as expected.

Figure [3.26| shows a maximum error plot over a ~370 meters long segment. For every

10-meter-long segment, the maximum error is computed.

Figure shows maximum error plot over a ~150 meters long segment. For every
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Figure 3.25: General view of the approximation compared to ground truth
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Figure 3.26: Maximum error of a line approximated segment
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10-meter-long segment, the maximum error is computed.
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Figure 3.27: Maximum error of a arc-spline approximated segment

Figure [3.28| shows a maximum error plot over an approximately 12 500 meters long
road. For each segment, maximum error is computed. As mentioned before, the
length of each road may vary from 20 meters to 400 meters. The segments may be

classified as arc-spline or line segments in this plot.

Figure |3.29| shows maximum error and average curvature on the same plot. As men-
tioned in [2.1.2] every waypoint has the curvature data stored in it and road segments
are the structures that connect waypoints. To define a curvature for a road segment,

the average of curvature values at both ends of a segment is computed.

Figure [3.30] shows the maximum error and segment length on the same plot. It is
observed that the error is not correlated with the segment length. Long segments do
not have significantly high error values. Similarly short segments do not have low

error values.

Figure [3.31] shows a maximum error plot over an approximately 8 000 meters long
road. For each segment, maximum error is computed. As mentioned before, the

length of each road may vary from 20 meters to 400 meters. The segments may be
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Figure 3.28: Maximum error values for 323 segment Autobahn 38
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Figure 3.29: Maximum error and average curvature for 323 segment Autobahn 38
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Figure 3.30: Maximum error and segment length for 323 segment Autobahn 38

classified as arc-spline or line segments in this plot.
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Figure 3.31: Maximum error values for 278 segment Autobahn 1

Figure [3.32 shows maximum error and average curvature on the same plot.

58

250



014 Max Error and Average Curvature of Segments %1073
. T T T T T
Max Error| | 2
Curvature
0.12 115
0.1 17
{05
£ 0.08 =
bl s
g I | 1" 2
L 0.06 i b
\ f‘ -05 S
L ? ' N
0.04 l | ’ ' ' -1
0.02 1.5

0 | | | | |

50 100 150 200 250
Segment Index

Figure 3.32: Maximum error and average curvature 278 segment Autobahn 1

Figure [3.33] shows the maximum error and segment length on the same plot. It is

observed that the error is not correlated with the segment length.
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Figure 3.33: Maximum error and segment length for 278 segment Autobahn 1

Figure [3.34] shows a maximum error plot over an approximately 6 600 meters long
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road. For each segment, maximum error is computed. As mentioned before, the

length of each road may vary from 20 meters to 200 meters. The segments may be

classified as arc-spline or line segments in this plot.

Maximum Error Be

0.15

tween Approximated Base Lane and

Error (m)

0.05 |

UV IV

0 | | | | |

Ground Truth

Y

Max Error

i

10 20 30 40 50 60 70

Segment Index

Figure 3.34: Maximum error values for 103 segment rural road

Figure [3.35 shows maximum error and average curvature on the same plot.

80
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Figure [3.36 shows the maximum error and segment length on the same plot. It is

observed that the error is not correlated with the segment length.
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Figure 3.36: Maximum error and segment length for 103 segment rural road
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3.6.3 Number of Segments

As mentioned in segments may be merged on some error configurations. This
would result in reduced number of segments and parameters which would decrease

the memory usage of the offline map.

Table [3.4] shows the number of segments before and after combination operation. As
seen on the table, both the number of arc-splines and line segments decrease. Line
segments are combined more than arc-splines. This combination process makes the

algorithm even more memory efficient.

Table 3.4: Segments before and after combination operation for Autobahn 38

Number of ~ Number of Total Memory Usage

arc-splines Line Segments Segments (bytes)
Before merge 86 237 323 5942
After merge 81 191 277 5081

Table [3.5] shows the number of segments before and after combination operation for
Autobahn 1. As seen on the table, both the number of arc-splines and line segments

decrease.

Table 3.5: Segments before and after combination operation for Autobahn 1

Number of ~ Number of Total Memory Usage
arc-splines Line Segments Segments (bytes)
Before merge 113 165 277 5465
After merge 97 139 236 4649

Table [3.6] shows the number of segments before and after combination operation for
the rural road. As illustrated in the table, the number of arc-spline segments re-
mains unchanged, with only two line segments being successfully combined. The
combination algorithm fails to concatenate arc-spline segments due to the presence
of curvature oscillations in the road, a common characteristic of rural roads. These

oscillations typically prevent effective segment merging, leading to the expected out-
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come of minimal segment reduction.

Table 3.6: Segments before and after combination operation for the rural road

Number of ~ Number of Total Memory Usage
arc-splines Line Segments Segments (bytes)
Before merge 100 3 103 2532
After merge 100 2 102 2516

In addition to evaluating the memory usage of our algorithm, we also conducted a
comparison with the Douglas-Peucker straight-line line approximation algorithm as
given in [42]. For this comparison, we selected a real road segment and measured
the maximum Euclidean distance error of our approximation. We then applied the
Douglas-Peucker algorithm to perform line interpolation with the same maximum
allowable Euclidean distance error. The result was a set of lines approximating the

road segment. Finally, we compared the memory usage of both methods.

The clothoid road segment used in comparison is defined as C = [0,0, —0.71, —5.61e—
5,1.26e — 4, 154] as a clothoid. This clothoid is approximated with an arc-spline seg-

ment of order 6 with a maximum Euclidian distance error 0.007 m.

When the maximum error of 0.007 m is imposed to Douglas-Peucker algorithm, the
algorithm finds 8 waypoints to approximate the road segment. It is known that each
waypoint is 8 bytes. Consequently, 8 waypoints require 64 bytes of memory. Arc-
spline approximation, on the other hand, has a fixed memory requirement of 25 bytes,
which is much lower than the Douglas-Peucker algorithm. In addition, it has to be
noted that, different from the arc-spline representation, the straight-line approxima-

tion does not give accurate values of both heading and curvature of the road.
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CHAPTER 4

TRAJECTORY GENERATION METHODOLOGY

This Chapter presents the methodologies employed for trajectory generation, focus-
ing on the comparative analysis of Bézier curves and arc-splines. Bézier curves, while
frequently utilized for their smoothness and controllability, face limitations in pre-
cise control over complex paths and can incur high computational costs in real-time
applications. In contrast, arc-splines, although less commonly used due to the diffi-
culty in adjusting endpoints, offer significant advantages in terms of vehicle dynamics
suitability. This Chapter introduces a novel algorithm for trajectory planning using
arc-splines, demonstrating their potential to enhance trajectory stability and control.
The efficacy of the proposed method in generating accurate and reliable trajectories

is examined by comparative metrics and simulations.

4.1 Bézier Trajectory Generation

Bézier curves are frequently used for trajectory planning due to their smooth and con-
trollable nature; however, they also have certain disadvantages, such as difficulty in
achieving precise control over complex paths and the potential for high computational
cost in real-time applications. Bézier curves require the initial pose of the ego vehicle
and a final pose to generate a trajectory. In our case, the initial pose is already given.
We can give any point along a road segment as the final pose since we have already
represented the whole road with either arc-splines or line segments. Thanks to this
road representation method we can compute the required pose for a vehicle at any

point on the road segment.

Bézier curves have the advantage of allowing precise control over the start and end
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points, as well as their tangents and curvature. However, the main disadvantage is
that the path between these points can be unpredictable. This means we need to gen-
erate many candidate Bézier curves for collision checking with the lane boundaries
because a single curve might cross the lane boundaries. By having multiple candi-
dates, we can find a path that keeps the vehicle on its lane. Additionally, generating
many candidates allows us to choose a path with the desired curvature characteristics,
which helps enable the vehicle to follow the path comfortably. This method balances
safety and computational efficiency, allowing us to maintain real-time performance
while exploring different trajectory options. Thus, having a variety of Bézier curve

candidates is essential for reliable trajectory planning in autonomous vehicles.

4.1.1 Generating a Sufficient Number of Candidate Curves

As mentioned in Section [2.1.3] quintic Bezier curves have 6 control points. It is not
possible to change the position of the first and last control points since they directly
affect the initial and final points of the curve. However, it is possible to slightly vary

Py, P5, P5, and P, while maintaining the initial and final pose [36].

Control point computations are performed according to Equation (1)), @.2)), @.3),
and (@.4). In these Equations, ¢, and ¢; correspond to the initial and final velocity
vectors, respectively. Similarly, ag and a; vectors correspond to initial and final ac-
celeration vectors, respectively. To have a variety of Bézier curves we need to have
a variety of control points. To achieve this we can change the magnitude of veloc-
ity and acceleration vectors. It should be noted that, the directions of velocity and
acceleration vectors are directly related to pose hence the directions of these vectors

cannot be altered.

1.
P1:P0+30 (41)
1—»
P, = 2—0a0—|—2P1—P0 4.2)
1—)
P3:%Qf+2P4—P0 (43)
1.
P4:P5—5f—P5 (44)
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Equation (#.5) gives the formulation for #, candidate computation. d is the distance
between the starting point and the destination point, m, is the tangential multiplier,

and £% is the unit vector in the direction of the initial heading.

m, is a design parameter for Bézier curve candidates. Possible values of m, are given
in Equation @.6). m[™™ and m["** are design parameters that affect the shape of

Bézier curves, and NV, is the number of candidates for each tangential vector.
fo = d-my, - T4 (4.5)

Vmy, € [mi™ mP™>] n=1,...,N, (4.6)

Similar to #,, Equation (@.7) gives the formulation for t_;c candidate computation. ﬁ;
is the unit vector in the direction of the destination heading. For both #, and #; same
my, candidates are used.

bty =d-my, -t} 4.7)

Equation (4.8)) gives the formulation for @, candidate computation. m" is the accel-

eration multiplier and £7 is the unit vector in the direction of initial curvature. Initial

curvature direction is the vector connecting the vehicle’s current point to turning cen-

ter. m;: is a design parameter for Bézier curve candidates. Possible values are given in
max

Equation (#9). m™" and m® are design parameters that affect the shape of Bézier

curves, and N; is the number of candidates for each acceleration vector.

d
%:img%+f%,% (4.8)
sz S [mgﬁnv mznax} n = 17 S 7Nk (49)

Similar to @y, Equation (4.10) gives the formulation for @; candidate computation. f;ﬁ
is the unit vector in the direction of destination curvature. For both @, and @; same

m,. candidates are used.

—

d
Gy =z myp-tp+dnp - (4.10)

Table 4. 1| gives the configuration parameters used in this thesis. The values of N; and
N}, define the number of curve candidates which is 225 for these values. The limits
of tangential and acceleration multipliers are picked to be low since this research
involves highway trajectory planning and trajectories on highways cannot tolerate

high curvatures.
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Table 4.1: Configuration Parameters for Candidate Bézier Curve Generation

Parameter | Value
N, 5
Ny, 3
minin 0.3
my 1.7
mpn 0
mpx 5

For better understanding of these parameters, a simulation is given with B = [(0, 0)
,(15,10),0, —45°,0,0.01] and some control points are varied while keeping the oth-

€rs same.

Figure 4.1] demonstrates the effect of varying P1. As the magnitude of ¢, increases,
the trajectory moves in the direction of initial tangent more. This parameter can be

associated with initial velocity of the ego vehicle.

Effect of Varying P,

¥ Starting Point
10 1 ¥ Destination Point
t, = [5.41, 0.00]

t, = [11.72,0.00]
t, = [18.03, 0.00]
t, = [24.34, 0.00]
t, = [30.65, 0.00]

Distance (m)

2 4 ] 8 10 12 14
Distance (m)

Figure 4.1: Effect of varying P1 while keeping the other parameters same.

Figure {4.2] demonstrates the effect of varying P2. As the magnitude of a, increases,
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the shape of the trajectory slightly changes close to the start point. The effect is minor

since the (@.8)) has a damping factor for @,. This parameter can be associated with the

initial curvature of the ego vehicle.

Effect of Varying P,

10 F ¥ Starting Point
¥ Destination Point
a, = [0.00, 0.00]
8 F a, = [9.01, 0.00]
a, = [18.03, 0.00]
£
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©
o
o
©
7]
2 4

2 4 6 8 10 12 14
Distance (m)

Figure 4.2: Effect of varying P2 while keeping the other parameters same.

Figure [4.3] demonstrates the effect of varying P3. As the magnitude of a; increases,
the trajectory slightly changes towards the end of the trajectory. The effect is minor

since the (4.10) has a damping factor for aj.

Figure [4.4] demonstrates the effect of varying P4. As the magnitude of ¢, increases,

the trajectory moves in the direction of destination tangent more. This parameter can

be associated with destination velocity.
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Figure 4.3: Effect of varying P3 while keeping the other parameters same
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Figure 4.4: Effect of varying P4 while keeping the other parameters same
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4.1.2 Identifying the Best Trajectory

As mentioned in Section {.1.1] there are many Bézier curves that satisfy the initial
and final pose conditions. We need to find a method to pick the best of them based on

some predefined conditions.

To accomplish this, the cost function in Equation (@.1T]) is introduced similar to [36]].
In this Equation, s, and sy indicate the beginning and end of the trajectory. x(s) is

the curvature at arc length s. wj, is a regularization term for i (s).

Jp, = /Sf k(s)? + wik(s)® ds (4.11)

0

This cost function penalizes the trajectories that have high curvature rate and jerk.
Note that [36]] also uses the curve length to normalize the cost function. However,
our study observed that the length is not a significant parameter when it comes to
highway trajectory planning. Curvature rate and jerk are more significant since these

directly affect passenger comfort.

4.2 Arc-spline Trajectory Generation

Arc-splines and clothoids are not frequently used for trajectory planning due to the
difficulty in adjusting the end point. However, we have developed a new method for
trajectory planning using arc-splines. A significant advantage of using arc-splines
and clothoids is their suitability for vehicle dynamics, as these splines consist of con-
secutive arcs, making it easy to determine the steering input required to follow the
trajectory. Arc-spline trajectories require an initial pose and a clothoid road as input,

resulting in a series of waypoints that can be connected with arc-splines.

To compute an arc-spline for a vehicle that is outside the road centerline, it is neces-
sary to correct the heading, curvature, and position. Our method is divided into two
parts: the first part describes the heading and curvature correction algorithm, while

the second part details the position correction algorithm.

Figure [4.5] shows an example of a vehicle that is away from the road centerline. The
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position error is 0.55 meters, and the heading error is 2°. Curvature error is not easy

to display with a figure since it is related to the rate of change of the heading angle.

Road Waypoint and Ego Vehicle Attitude

47205 4
Distance: 0.55 m
-A721 ¢ = 4
Heading Angle: -95.47° Heading Angle: -93.47°
47215 | 4
E
- -A4722 4
=
o
Z 47225 4
>
4723 - 4
-47235 Road Centerline i
Initial Waypaoint
Ego Vehicle
-A4724 4
4461 4462 4463 4464 4465
xEast (m)

Figure 4.5: An example of position, heading, and curvature error.

4.2.1 Heading and Curvature Correction (HCC) Maneuver

In this part heading and curvature correction maneuvers will be described. Let’s as-
sume that a vehicle is exactly on the road centerline; however, it has heading and
curvature error. The initial heading and curvature error can be compensated by clev-
erly computing the required curvature rate along some length. There are 4 cases for

correction.

Figure shows the curvature of a road segment where k,;, k, ¢, k; and L stand for
initial road curvature, final road curvature, initial vehicle curvature and arc length
respectively. Since the vehicle starts from k;, at the end of the road, it is desired to
match the road’s curvature. Therefore, we can draw a line connecting k; to k¢ to
create a clothoid-like maneuver. The arc length L is free if we only want to correct
for curvature but we also desire to correct the heading. The heading error at the initial
point is known, and the area A in Figure gives the heading difference caused by

this maneuver. If we can make the heading error equal to heading difference over
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some arc length, it is possible to correct for both heading and curvature with a single

maneuver.

Case 1 is defined with the Equation set (4.12).

eerror = 91 - eri >0
(4.12)
Kerror = Ki — Kpi < 0

Road Curvature and Desired Vehicle Curvature

Road Curvature
Vehicle Curvature

Curvature (m'1 )
-

Arc Length (m)

Figure 4.6: Curvature plot of a road segment with a heading and curvature correcting

maneuver curvature plot for case 1.

Figure shows the curvature of a road segment where k;,,; and [, are intermediate
curvature and first maneuver length, respectively. In this case, [, = L — [; is also
defined to clearly have an arc length for the second maneuver, and it is known that
the Equation set defines the problem at hand. A counter maneuver is needed
to compensate for a positive curvature error while also compensating for a positive
heading error. To summarize the problem again, we need to equalize the heading
error to the areas in Figure The Equation would be 0.,.., = —(A; + Ay + A3).
However, this problem has more degrees of freedom than case 1. To avoid ambiguity

in the solutions, for case 2 we have decided to fix o value to 0.001#.
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‘967‘7‘07‘ - Qz - 07‘1' >0
4.13)

Rerror = Ki — Kpi > 0

Road Curvature and Desired Vehicle Curvature

=

E

Curvature (m'1 )

Road Curvature
Vehicle Curvature

0 11
Arc Length (m)

Figure 4.7: Curvature plot of a road segment with a heading and curvature correcting

maneuver curvature plot for case 2

Case 3 and 4 solutions are asymmetrical to Case 1 and Case 2 solutions in the sense

that the Equations of case 2 can be used to solve for case 3 with the conditions (&.14).

eerror = 91 - Hri <0

(4.14)
KRerror = Ki — Kps < 0
Similarly, to solve case 4 with conditions (#.13)), case 1 equations can be used.
‘gerror = Qz - 07“1' <0
(4.15)

Rerror = Ki — Kri > 0
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4.2.1.1 Case 1 Solution

The first case is where the initial heading error (6,.,...,-) is positive and the initial cur-
vature error (Keqo) 18 negative. We want to make the curvature and heading error

zero with a clothoid. The required curvature plot only for the correction maneuver is

given in Figure [4.8]

Curvature Error Correction with a Clothoid

=

error | i

Curvature, k

Arc Length, s

Figure 4.8: Curvature error correction with a clothoid

While correcting the curvature, it is necessary to correct the heading as well since
they are closely related to each other. It is known that heading change along a curve
is the integral of curvature. With this knowledge, Equation (#.16)) is constructed. o

and L stand for curvature rate and curve length, respectively.

L2
eerror + Kerror * L + d 9 =0 (416)

Since Figure is a clothoid, it has a constant curvature rate depending on K., and

L. The relation is given in Equation (4.17).

Herror

o =7 (4.17)
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Substituting (@.17) into (@.16) and solving for L and o yields the Equations .18
and (@.19) respectively.

2 eerror
L= 2 Terrer (4.18)
Rerror
2
K
_ error 4.19
7 2- eerror ( )

With these Equations, we have the required curve length and curvature rate for head-
ing and curvature correcting maneuver. With the assumption of a completely straight
road, it is possible to generate the next waypoint that has zero curvature and heading

error at the next endpoint.

Figure .9 shows the change of curvature and heading along an arc-spline.

Heading Change Over Arc Spline
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Figure 4.9: Curvature and heading error correction with a clothoid.

We should also consider the effect of position error while making the HCC maneuver.
Figure 4.10] shows the evolution of position error when we apply the HCC maneuver.
This maneuver changes the initial position error; therefore, we also need to take this
effect into account while removing the position error. The position error may increase

or decrease; this solely depends on the particular HCC maneuver.
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HCC Maneuver Effect on Position Error
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Figure 4.10: Effect of an example HCC maneuver on the position error.

4.2.1.2 Case 2 Solution

The second case is where the initial heading error (6., is positive, and the initial
curvature error (k.-o-) 1s also positive. We want to make the curvature and heading

error zero with two concatenated clothoids. The curvature plot is given in Figure 4.§]

In this case it is not possible to correct the heading and curvature with a single
clothoid. Two clothoids with opposite curvature rate are needed which is called a
counter maneuver. Figure [4.T1] shows the required heading and curvature change
along an arc-spline. In this plot, two clothoids have curvature rates of equal mag-
nitude but opposite sign. This constraint can be expressed together with curvature

correction by the Equation (4.20).
kerror —0-li+0-1a =0 (4.20)

Similar to case 1, 8., must be zero at the end of the arc-spline. The equation for
this constraint is given in Equation (4.21)), where [; and [, are the lengths of the first
and second clothoid, respectively.

o3

5 = 0 (4.21)

g
96’!’7"07" + Rerror * ll - l_2 + (’ierror — 0 ll) : l2 +
1
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Curvature Change Over Arc Spline
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Figure 4.11: Curvature error correction with two clothoids.

Equation (4.21) must be solved for /3, l5, and o to define the subsequent waypoints.
However, this equation has more freedom than case 1; therefore, it makes sense to fix
a variable to reduce the degree of freedom. Fixing /; and /5 is not beneficial, since
constraining trajectory length is risky. The best choice is to fix o since it depends
on vehicle dynamics. In this implementation, the value of o is chosen to be 0.001.
Substituting Equation (4.20)) into (4.21])) yields the solution for /; and I, given in (4.22))
and respectively.

/{67"7’07‘ I{ZT’I’OT 067"7“07"
L = + \/ + (4.22)

o 202 o

Rerror
lg — ll -
g

(4.23)

When these clothoids are imposed on the initial pose, heading and curvature change

over the ego vehicle can be observed in Figure .12 Similar to case 1, this maneuver

alters the initial position error.
Case 3 ((orror < 0, Kerror < 0), has the same solution as case 2.
Similarly case 4 (0¢ror < 0, Kerror > 0), has the same solution as case 1.

By applying these trajectories it is possible to correct heading and curvature along
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Heading Change Over Arc Spline
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Figure 4.12: Curvature and heading error correction with two clothoids

a completely straight road. However, this method introduces an additional position

error, which will be taken care of in Section[4.2.2]

Algorithm 5]describes the overall HCC maneuver. correctionManeuver is the head-
ing and curvature correction clothoid maneuver. The algorithm is written for cases 1

and 2 only. Case 3 and 4 are asymmetrical to case 1 and case 2.
Algorithm starts by getting errors then determining the case accordingly.

If the problem at hand is the first case, a minimum function is applied to sigma.
Sometimes the formula creates a low sigma value which causes the maneuver to be

too long. Therefore a minimum sigma value is imposed.
The length of the maneuver is computed using x.,. and o for both cases.

After getting the parameters for both cases, heading and curvature correction arc-
splines are computed. These arc-splines use the initial parameters provided together

with the computed o and length values.
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Algorithm 5 Heading and Curvature Error Correction

1: procedure COMPUTEHCCMANEUVER(xg, o, 0o, Ko, clothoid RoadSegments)

2 Ocrror < 0 — O,

3: Kerror < 0 — Ky

4: if 0.,,0r > 0 and K.rror < 0 then

5: case < 1

6: o + min(0.001, ;grﬁ)

7: hccLength = #ecren

8: else if 0.,.,, > 0 and Keppor > 0 then

9: case < 2

10: o < 0.001

1 ) ¢ Hemer | HZET;ST 9@1;‘07“

12: ly < [y — ferrer

13: end if

14: if case = 1 then

15: K1 < Ko + 0 - hecLength + roadCurvature - hceLength
16: arcSpline < C = [xg, Yo, 0o, Ko, kK1, hecLength]
17: else if case = 2 then

18: K1 ¢ Ko — 0+ l1 + roadCurvature - l;
19: arcSpline(1) < C = [xg, Yo, bo, Ko, K1, l1]
20: x1,y1 < endPoint(arcSpline(1))

21: 6, < endHeading(arcSpline(1))

22: Ko < K1 + 0 - Iy + roadCurvature - Iy
23: arcSpline(2) < C = [x1,y1, b1, K1, Ka, l2]
24: end if

25: return HCCarcSpline, position Error

26: end procedure
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4.2.2 Position Correction

Position correction with arc-splines can be achieved by applying bi-elementary paths
as described in Section [2.1.4] Bi-elementary paths take position error and trajectory

length as input.

Even if the position error of a vehicle’s initial pose is known, the position error is

introduced by heading and curvature correction maneuver as mentioned in Section

421

In order to compensate for the initial error and the error introduced by the heading
and curvature correction maneuver, the position error after the heading and curva-
ture error correction maneuver is given as input to the bi-elementary path parameter

computation.

The length of the bi-elementary path is chosen to be the same as the heading and
curvature correction maneuver. With this design decision, it is possible to execute

both maneuvers simultaneously. The superposition of both maneuvers is described in

Section4.2.4]

4.2.3 Road Curvature Change Correction

It is known that the given road is a sequence of clothoid road segments with a constant
curvature rate along each road segment. Therefore, it is possible to compensate for

curvature error along the road by simply integrating the curvature rate of the road.

The road’s curvature rate may change while making the attitude correction maneu-

vers. In this case the change of the curvature rate should also be taken into account.

4.2.4 Superposition of Maneuvers

This is the Section where the arc-spline trajectory is generated by superposing the

maneuvers described in Sections 4.2.1] [4.2.3|and [4.2.3]

Generating an arc-spline requires well defined consecutive waypoints. Each waypoint
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consists of position, heading, curvature and length information. Length information is
the arc-spline length connecting the previous waypoint to current waypoint. Length

is determined by heading and curvature correction maneuver.

At the very beginning of the algorithm, the case at hand is determined as described in
Section When the case is determined, automatically o and length of arc-spline

1s also determined.

Then, the required parameters for position correction maneuver is also computed with

the output of heading and curvature correction maneuver.

Depending on the positions of waypoints, the road’s curvature is taken into account

as well.

After computing the required waypoints for heading and curvature correction ma-
neuver, position correction maneuver and road curvature change correction maneuver
it is possible to superpose these maneuvers. The superposition requires ordering of

waypoints with respect to their positions along a road.

Algorithm|[6]describes the arc-spline trajectory computation process. First the number
of different road segments is determined. Every time a road segment is changed, the
curvature rate coming from the nature of the road segment changes. The curvature

rate of the road is defined as roadRate.

Number of waypoints are the number of heading and curvature correction waypoints,
number of bi-elementary path waypoints and number of number of road segments
passed until the end of the heading and curvature correction maneuver length which

is named HC'Clength.

Each waypoint consists of position, heading, curvature information. Additionally, for
computational ease, waypoints store the required arc-spline length from the previous

waypoint.

lengthSoF'ar is the current arc-spline’s length. It increases in for loop until it reaches

HCClength. This variable is like the arc length pointer on Figure

findClosestW p function gets the closest waypoint in all the waypoints given the
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lengthSoFar. Then the required arc length until the next waypoint /; is stored.

The curvature rates are determined from the waypoint sets. At this point we know the
position of our length pointer and we just obtain the curvature rate for each maneuver

along that segment.

Next curvature rate is computed with the rates and the length between the current
waypoint and next waypoint by summation. This is the part where superposition is

applied.

A clothoid (it is approximated with an arc-spline) is constructed with the known pa-

rameters.

Finally, arc-spline is added to the list and waypoint list is also updated.

Algorithm 6 Fit arc-spline

1: procedure FITARCSPLINE(waypoints)

2: Input: x, yo, 0o, ko, HccWps, bi ElemW ps, clothoid Road

3: Output: waypoints, arcSplines

4: num(roadSegments) < numberO f RoadSegments until HCClength

5: numW aypoints < num(HccWps) + num(biElemWps) + num(roadSegments) + 1
6: waypoints(0) = [xo, Yo, bo, Ko, 0]

7: lengthSoFar + 0

8: for i < 1 to numW aypoints do

9: closestWp < findClosestWp(lengthSoFar, HccW ps, biElemW ps, roadSegments)
10: l; < length(closestWp)

11: hecRate + getHccCurvature Rate(lengthSoFar + 1;)

12: biElemRate < get BiElemCurvatureRate(lengthSoFar + 1;)

13: roadRate < getRoadCurvatureRate(lengthSoFar + ;)

14: lengthSoFar = lengthSoFar + [;

15: Ki + ki_1 + hccRate - I; + biElemRate - I; + roadRate - [;

16: tempClothoid + C = [x;_1,Yi—1,0i—1, Ki—1, Ki, 11]

17: arcSplines(i) < tempClothoid

18: xi,y; + tempClothoid.last Position

19: waypoints(i) = [z, Ys, 0i, ki, Li]

20: end for

21: return arcSpline

22: end procedure
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Figure .13| shows the superposition of HCC maneuver, Bi-elementary maneuver and
road curvature on the same plot. Superposed curvature is the sum of all curvatures at

every point along the trajectory. This data is generated for visualization purposes.

0 Curvature Rates of Each Maneuver
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Figure 4.13: Curvature changes over HCCllength as an example. This data is

simulated for visualization.

4.3 Evaluation Metrics and Results

Evaluation metrics for trajectory algorithms include position, heading, and curvature
errors. Position error is defined as the Euclidean distance between the planned trajec-
tory and the road centerline along the path. Heading error represents the difference in
orientation between the reference road and the computed trajectory. Curvature error
measures the discrepancy in curvature between the road centerline and the computed

trajectory.

The road centerline is a real road in Germany, specifically Autobahn 38. The error
is artificially introduced by shifting the position of the road by desired position er-
ror. Similarly, heading and curvature error is also introduced by adding up the initial

heading and curvature with heading error and curvature error respectively.
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4.3.1 RMS and Maximum Error For Many Cases

In this Section, the RMS and Maximum position error of arc-spline trajectories for
a variety of cases is inspected. Without classifying the errors as case 1,2,3 or 4 all
of the error configurations are solved with arc-spline trajectory generation algorithm.
Over the trajectory, RMS and maximum error is computed and written on the tables.
Each table has a different position error where a positive position error means that the
vehicle is on the left side of the road centerline and vice versa. In each Table, possible

heading and curvature error values are swept between reasonable values.

Tabled.2]has the error configurations with +0.80 meters error. In some cases error ex-
ceeds 1 meter which means that the vehicle might leave the lane boundary. This effect
is closely related to error configurations. With these error configurations it might not

be possible to plan a trajectory without leaving the lane boundary at highway speeds.

Table [4.3] has the error configurations with +0.40 meters error. With these error con-
figurations it is observed that the positive heading error causes the vehicle to depart

from road centerline initially. In this case the errors are safer than the previous case.

Table 4.4 has the error configurations with -0.40 meters error. Now it is known that
the vehicle is to the right side of road centerline. With this configuration, when the
initial heading error is positive it is observed that the maximum error is equal to initial
position error. This means that over the trajectory, the position error kept getting

closer and closer to zero. Similar effects can be observed in all error tables.

Table [4.5| has the error configurations with -0.80 meters error.Similar to the previous
case, with this configuration, when the initial heading error is positive it is observed
that the maximum error is equal to initial position error. Negative heading values
cause the vehicle initially get further from the road centerline. At all cases, the final
error is zero but it takes time to recover from heavy errors. It is worth noting that the
RMS error at the bottom of the table is even more than the initial error, meaning that

the vehicle took too much time to reach road centerline.
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Table 4.2: Different heading and curvature error configurations with the RMS and

Maximum errors for +0.80 meter position error

Position Error Heading Error  Curvature Error RMS Error Max Error

+0.80m +4.0° +0.0100m ! 0.8156 1.0951
+0.80m +4.0° +0.0050m ! 0.6876 0.9807
+0.80m +4.0° —0.0050m ! 0.5234 0.8271
+0.80m +4.0° —0.0100m ! 0.5485 0.8555
+0.80m +2.0° +0.0100m ! 0.6556 0.9239
+0.80m +2.0° +0.0050m ! 0.5736 0.8602
+0.80m +2.0° —0.0050m ! 0.5150 0.8113
+0.80m +2.0° —0.0100m ™! 0.5208 0.8153
+0.80m -2.0° +0.0100m ! 0.4563 0.8000
+0.80m -2.0° +0.0050m ! 0.4877 0.8000
+0.80m -2.0° —0.0050m ! 0.4154 0.8000
+0.80m -2.0° —0.0100m ™! 0.3589 0.8000
+0.80m -4.0° +0.0100m ! 0.4057 0.8000
+0.80m -4.0° +0.0050m ! 0.4791 0.8000
+0.80m -4.0° —0.0050m 1 0.3287 0.8000
+0.80m -4.0° —0.0100m ! 0.2967 0.8000
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Table 4.3: Different heading and curvature error configurations with the RMS and

Maximum errors for +0.40 meter position error

Position Error Heading Error  Curvature Error RMS Error Max Error

+0.40m +4.0° +0.0100m ! 0.5851 0.7534
+0.40m +4.0° +0.0050m ! 0.4493 0.6101
+0.40m +4.0° —0.0050m ! 0.2724 0.4318
+0.40m +4.0° —0.0100m ! 0.3017 0.4653
+0.40m +2.0° +0.0100m ! 0.4190 0.5456
+0.40m +2.0° +0.0050m ! 0.3303 0.4733
+0.40m +2.0° —0.0050m ! 0.2635 0.4135
+0.40m +2.0° —0.0100m 1 0.2719 0.4187
+0.40m -2.0° +0.0100m ™! 0.2100 0.4000
+0.40m -2.0° +0.0050m ! 0.2354 0.4000
+0.40m -2.0° —0.0050m 1 0.1752 0.4000
+0.40m -2.0° —0.0100m ™! 0.1579 0.4000
+0.40m -4.0° +0.0100m ! 0.1733 0.4000
+0.40m -4.0° +0.0050m ! 0.2268 0.4000
+0.40m -4.0° —0.0050m 1 0.1389 0.4000
+0.40m -4.0° —0.0100m ! 0.2319 0.4000
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Table 4.4: Different heading and curvature error configurations with the RMS and

Maximum errors for -0.40 meter position error

Position Error Heading Error  Curvature Error RMS Error Max Error

-0.40m +4.0° +0.0100m ! 0.2312 0.4000
-0.40m +4.0° +0.0050m ! 0.1389 0.4000
-0.40m +4.0° —0.0050m ! 0.2322 0.4000
-0.40m +4.0° —0.0100m ! 0.1960 0.4000
-0.40m +2.0° +0.0100m ! 0.1577 0.4000
-0.40m +2.0° +0.0050m ! 0.1753 0.4000
-0.40m +2.0° —0.0050m ! 0.2407 0.4000
-0.40m +2.0° —0.0100m 1 0.2273 0.4000
-0.40m -2.0° +0.0100m ! 0.2979 0.4211
-0.40m -2.0° +0.0050m ! 0.2690 0.4138
-0.40m -2.0° —0.0050m ! 0.3303 0.4734
-0.40m -2.0° —0.0100m ™! 0.4191 0.5457
-0.40m -4.0° +0.0100m ™! 0.3596 0.4802
-0.40m -4.0° +0.0050m ! 0.2777 0.4324
-0.40m -4.0° —0.0050m 1 0.4494 0.6102
-0.40m -4.0° —0.0100m ! 0.5857 0.7542
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Table 4.5: Different heading and curvature error configurations with the RMS and

Maximum errors for -0.80 meter position error

Position Error Heading Error  Curvature Error RMS Error Max Error

-0.80m +4.0° +0.0100m ! 0.2966 0.8000
-0.80m +4.0° +0.0050m ! 0.3287 0.8000
-0.80m +4.0° —0.0050m ! 0.4844 0.8000
-0.80m +4.0° —0.0100m ! 0.4430 0.8000
-0.80m +2.0° +0.0100m ! 0.3590 0.8000
-0.80m +2.0° +0.0050m ! 0.4154 0.8000
-0.80m +2.0° —0.0050m ! 0.4929 0.8000
-0.80m +2.0° —0.0100m ™! 0.4764 0.8000
-0.80m -2.0° +0.0100m ™! 0.5453 0.8163
-0.80m -2.0° +0.0050m ! 0.5205 0.8114
-0.80m -2.0° —0.0050m ! 0.5736 0.8603
-0.80m -2.0° —0.0100m ™! 0.6556 0.9241
-0.80m -4.0° +0.0100m ! 0.6022 0.8624
-0.80m -4.0° +0.0050m ! 0.5287 0.8274
-0.80m -4.0° —0.0050m 1 0.6876 0.9808
-0.80m -4.0° —0.0100m ! 0.8162 1.0953
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Table 4.6: Error configurations for different cases

Position Error Heading Error  Curvature Error

Case 1 +0.35 +2.0° —0.0010m 1
Case 2 +0.20 +3.0° 0.0015m~*
Case 3 -0.35 -4.0° —0.0090m 1

4.3.2 Arc-spline Trajectory

Table [4.6] shows the introduced errors for different cases. A positive position error
indicates that the ego vehicle is to the left of the road centerline. A positive heading
error signifies that the vehicle is oriented to the right. Similarly, a positive curvature
error means that the vehicle is turning to the right more sharply than required. These

cases are further investigated in the upcoming sections.

Figure [4.14] displays the position error over an arc-spline for case 1. The algorithm
makes the position error zero at the end. Figure shows the curvature error over
arc-spline. The curvature error plot resembles a bi-elementary path’s curvature plot.
This is due to the curvature error’s low value compared to the position error. Figure
displays the trajectory and road centerline. Figure displays the heading

error which approaches zero at the end of the trajectory.
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Euclidian Distance Error of Arc Spline Trajectory
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Figure 4.14: Position error over an arc-spline trajectory for case 1
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Figure 4.15: Heading error over an arc-spline trajectory for case 1
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Figure 4.16: Curvature error over an arc-spline trajectory for case 1
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Figure 4.17: Arc-spline trajectory on Autobahn 38 case 1
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Figure 4.1§| displays the position error over an arc-spline for case 2. The algorithm
makes the position error zero at the end. However, while making the maneuver the
position error increases initially, this is due to curvature error. Figure {.20] shows
the curvature error over arc-spline. Due to the initial negative curvature error, the
position error increases at the start. Figure 4.21] displays the trajectory and road cen-
terline. Figure .19 displays the heading error which approaches zero at the end of

the trajectory similar to case 1.
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Figure 4.18: Position error over an arc-spline trajectory for case 2
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Heading Error of Arc Spline Trajectory
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Figure 4.19: Heading error over an arc-spline trajectory for case 2
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Figure 4.20: Curvature error over an arc-spline trajectory for case 2
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Figure 4.21: Arc-spline trajectory on Autobahn 38 case 2

Figure 4.22] displays the position error over an arc-spline for case 3. Figure [4.24]
shows the curvature error over arc-spline. Figure {.25] displays the trajectory and
road centerline. Because the vehicle starts on the opposite side of the road centerline
compared to case 1 and case 2, it initially has an opposite curvature value. Figure
4.23] displays the heading error, which approaches zero at the end of the trajectory,

similar to the previous cases.

Case 2 solution requires a predefined sigma value. Due to the nature of the Equations
and (4.23), it is clearly seen that as o value increases, the total path length of
HCC decreases. Decreasing the path length of HCC forces the position correction
maneuver to make sharper turns. Therefore, it is not desired. Increasing the path
length, on the other hand, makes the vehicle travel too much distance while making
the maneuver, which may not be desired. The default value for o is chosen to be

0.001m ! for this research.

Figure shows the evolution of the curvature along the trajectory with o = 0.0010m 2.
In this case, the path length significantly decreases. In contrast, the curvature error is

unacceptably high. Figure illustrates the resulting arc-spline trajectory.
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Euclidian Distance Error of Arc Spline Trajectory
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Figure 4.22: Position error over an arc-spline trajectory for case 3
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Figure 4.23: Heading error over an arc-spline trajectory for case 3
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Figure 4.24: Curvature error over an arc-spline trajectory for case 3
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Figure 4.25: Arc-spline trajectory on Autobahn 38 case 3
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Figure shows the evolution of the curvature along the trajectory with o = 0.00005m 2.
It makes sense to compare this figure to[#.20] As observed, the path length increases

while lowering the peak values of curvature error. Figure d.29]illustrates the resulting

arc-spline trajectory.
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Figure 4.26: Curvature error over an arc-spline trajectory for case 2 with

o = 0.0010m 2
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Arc Spline Trajectory and Road Centerline
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Figure 4.27: Arc-spline trajectory for case 2 with o = 0.0010m 2
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Arc Spline Trajectory and Road Centerline
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Figure 4.29: Arc-spline trajectory for case 2 with ¢ = 0.00001m 2

4.3.3 Comparison with Bézier Curves

In this section, we investigate case 1 to 3 as discussed before, and use Bézier curves
as described in Section for trajectory computation. For a better comparison, 5
different length Bézier curves are generated for each case. The lengths of each Bézier

trajectory are given as

8L 9L 11.L 12-L
[ﬁ o Lo T] 4.24)

where L is the length of the arc-spline trajectory for the case at hand.

Figures [4.33] [4.37] and [4.41] displays the trajectories for case 1, case 2 and case 3

respectively. The plots show the road centerline and road lane boundaries as well.

Figure .30 displays the position error over Bézier trajectories and arc-spline for case
1. It is clearly seen that the maximum error of arc-spline trajectory is lower in all
cases. The closest Bézier curve in the sense of position error is the Bézier trajectory
with the least length. As observed Figure 4.32] the Bézier trajectory with the least
length has higher peak curvature error value. This result shows that Bézier curves
tend to have high curvature rates to compensate for position error. Figure i.31| shows

the heading error over Bézier trajectory, as expected it approaches zero at the end of
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the trajectory.

Euclidean Distance Error of Bézier Trajectories
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Figure 4.30: Position error comparison for a set of Bézier curves and arc-spline

trajectory for case 1
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Figure 4.31: Heading error comparison for a set of Bézier curves and arc-spline

trajectory for case 1
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Curvature Error of Bézier Trajectories
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Figure 4.33: Comparison of Bézier trajectories and arc-splines with lane boundaries

on the road for case 1
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Figure [d.34]displays the position error over Bézier trajectories and arc-spline for case
2. The algorithm makes the position error zero at the end. However, while making the
maneuver the position error significantly increases, for some cases these cases are not
acceptable since that vehicle may leave the road. There are 3 other Bézier trajectories
that have lower position error. It is necessary to inspect the curvature plot as well,
Figure [4.36) shows the curvature error over Bézier trajectories. These 3 lanes with
lower position error values have significantly high curvature rates. Figure[d.35]|shows
the heading error over Bézier trajectory, as expected it approaches zero at the end of

the trajectory similar to case 1.
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Figure 4.34: Position error comparison for a set of Bézier curves and arc-spline

trajectory for case 2

Figure [4.38]displays the position error over Bézier trajectories and arc-spline for case
3. It is seen that the position error of the arc-spline is either better or comparable
to Bézier trajectories. Similar to previous cases, the position error is comparable
with the shortest Bézier curves. Again, similar to previous cases the shortest Bézier
trajectory has very high curvature rates compared to arc-spline trajectory as observed
in Figure[d.40] Figure[d.39)shows the heading error over Bézier trajectory, as expected

it approaches zero at the end of the trajectory similar to previous cases.
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Heading Error of Bézier Trajectories
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Figure 4.35: Heading error comparison for a set of Bézier curves and arc-spline

trajectory for case 2
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Figure 4.36: Curvature error comparison for a set of Bézier curves and arc-spline

trajectory for case 2
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Trajectories and Road Centerline
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Figure 4.37: Comparison of Bézier trajectories and arc-splines with lane boundaries

on the road for case 2
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Figure 4.38: Position error comparison for a set of Bézier curves and arc-spline

trajectory for case 3
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Heading Error of Bézier Trajectories
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Figure 4.39: Heading error comparison for a set of Bézier curves and arc-spline

trajectory for case 3
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Figure 4.40: Curvature error comparison for a set of Bézier curves and arc-spline

trajectory for case 3
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Trajectories and Road Centerline
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Figure 4.41: Comparison of Bézier trajectories and arc-splines with lane boundaries

on the road for case 3

It is evident that arc-spline trajectories directly produce suitable trajectories, with er-
rors decreasing to zero. In contrast, Bézier curves often exhibit either high positional
errors or high curvature values combined with high curvature rates. arc-spline tra-
jectories generally have lower curvature rates compared to Bézier curves, resulting in
a more comfortable travel experience. To achieve an optimal Bézier curve, multiple
iterations with different curve lengths are required, which can lead to computational
time issues in real-time applications. Conversely, arc-splines offer a single solution

without requiring iterative operations, making them more efficient and reliable for

real-time trajectory planning.

In autonomous vehicles, the ability to process and react to information in real-time is
important for ensuring safety and efficiency. This Subsection examines the compu-
tation time required for generating arc-spline trajectories versus Bézier trajectories.
Real-time application demands quick and efficient computation to allow autonomous
vehicles to navigate complex environments seamlessly. Comparing these methods
will highlight their suitability for real-time navigation and help determine which al-

gorithm provides the optimal balance between computational efficiency and trajectory
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accuracy.

Table 4.7: Computation time for Bézier and arc-spline trajectories

Trajectory Type Computation time (msec)
Bézier Trajectory 78
Arc-spline Trajectory 5.5

Table shows that arc-spline trajectories are computed in 5 milliseconds, whereas
Bézier trajectories require approximately 78 milliseconds. The arc-spline trajec-
tory generation is an analytical method, making it significantly faster. In contrast,
Bézier curves involve evaluating multiple candidate trajectories against a cost func-

tion, which increases computation time.

Figure [4.42] displays the computation time of Bézier and Arc-spline trajectories for
the cases given in Tables 4.2] [4.3] .4]and [d.5] As observed, Arc-spline computation

times are much lower than Bézier curve computation time.
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Figure 4.42: Computation time of Bézier and Arc-spline trajectories
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4.3.4 Trajectory Simulation

The results in the previous sections are developed under the assumption that clothoid-
based trajectories are suitable for the dynamics of autonomous vehicles. In order to
justify this assumption, the generated arc-spline trajectories are next validated through
a trajectory simulation algorithm to ensure that the ego vehicle can accurately follow
the trajectory. The block diagram of this process is presented in Figure d.43] In this
algorithm, the trajectory serves as the input, providing reference position, heading and
curvature information for the simulation. The simulation initiates with a pre-defined

initial velocity, set at 130, km /h, which is the standard speed for highways.

The simulation algorithm also includes a standard sedan vehicle dynamics. Errors are

fed into a PID controller. The details of the controller are given in [43]].

Case studies are conducted with the same cases as previous Sections.

Reference Speed

Trajectory Reference Position
Reference Heading———
Speed h ,H:r_l_— \}_
Y Sy
=
# Vehicle dynamics Position 1r—h{" o
Heading——p{+  }
Ny

Steering input

[ ————Heading Error

PID Controller —Paosition Error

| §g————5peed Error

Figure 4.43: Trajectory simulation block diagram

Figures [4.44) [4.49] and [4.54] display the generated trajectory and the road centerline

together with lane boundaries on the same Figures. In the simulations, first the error is
removed by making error correction maneuvers. Then the road centerline is followed.

Figures [4.45] .50 and [4.55] display the generated trajectory and the actual trajectory
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that is followed by the ego vehicle. For evaluation, inspecting these Figures are not

enough. We also need to consider the vehicle limitations.

Figure [4.46] shows the Euclidian distance error between the trajectory and the simu-
lation. As observed trajectory following error is in the order of 5 centimeters. Figure
shows the speed limit over the trajectory depending on the current curvature of
the road and vehicle dynamics. Even if the curvature increases at some points of the
trajectory, the vehicle does not exceed the maximum allowed speed. Similarly Figure
may be observed for acceleration limits. Acceleration limit is not exceeded as
well which is a metric for safety and comfort. The acceleration and speed limits for a

car depend on the maximum available traction forces on the road as described in [44].
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Figure 4.44: Road centerline and generated trajectory for case 1.
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Figure 4.46: Position error of followed trajectory for case 1
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Figure 4.47: Curvature plot of trajectory and maximum velocity allowed over

trajectory for case 1
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Figure [4.51] shows the Euclidian distance error between the trajectory and the sim-
ulation. As observed trajectory following error 30 centimeters at most. Figure [4.52]
shows the speed limit over the trajectory depending on the current curvature of the
road and vehicle dynamics. Even if the curvature increases at some points of the tra-
jectory, the vehicle does not exceed the maximum allowed speed. Similarly Figure
4.53] may be observed for acceleration limits. Acceleration limit is not exceeded as

well which is a metric for safety and comfort.
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Figure 4.49: Road centerline and generated trajectory for case 2.
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Figure 4.51: Position error of followed trajectory for case 2
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Figure 4.56] shows the Euclidian distance error between the trajectory and the simu-
lation. As observed trajectory following error is at most 15 centimeters. This error
is tolerable in highway conditions considering the initial errors. Figure .57 shows
the speed limit over the trajectory depending on the current curvature of the road and
vehicle dynamics. In this case, the vehicle gets close to upper limits due to sharp ma-
neuver. Similarly Figure d.58 may be observed for acceleration limits. Acceleration

limit also gets closer to upper limit.
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Figure 4.54: Reference trajectory and the actual trajectory that is followed by

vehicle for case 3
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Figure 4.57: Curvature plot of trajectory and maximum velocity allowed over

trajectory for case 3
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The figures illustrate the position error, as well as the speed and acceleration limits
for a vehicle. The simulation demonstrates that the generated trajectories can be
followed by the vehicle while remaining within safe speed and acceleration limits.
Additionally, it shows that the vehicle can accurately follow the trajectory in terms of

position.
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CHAPTER 5

CONCLUSION

This thesis has significantly improved road modeling and trajectory planning for au-
tonomous vehicles specifically designed for highway environments. Our research
considers two important aspects in the common framework of clothoid-based curves:
firstly, how to represent the road itself (modeling), and secondly, how to plan the
optimal path for the vehicle to follow the road (trajectory planning). Since clothoid
curves do not have an analytical representation, we use arc-spline approximations for

computational efficiency.

The first main contribution of the thesis is a novel approach for highway modeling
using arc-splines. Since arc-splines are approximations of clothoids, they align well
with highways due to their inherent ability to represent clothoid curves, a fundamental
component of highway design. Our methodology facilitates the creation of accurate
road representations with a minimal set of parameters. The focus on parameter min-
imization translates to reduced computational complexity, ensuring faster processing
times for real-world applications. Additionally, predefined error metrics were imple-
mented to achieve a balance between model accuracy and the number of required
parameters. This ensures the generated road model faithfully reflects the actual high-

way while maintaining computational efficiency.

Beyond parameter minimization, our road modeling approach offers further benefits.
The proposed method facilitates the concatenation of multiple, smaller road segments
into single, larger ones wherever feasible. This concatenation process further reduces
the overall number of parameters needed to represent the entire highway. Further-
more, our methodology leverages an inherent property of arc-splines to generate ad-

ditional lanes from a single-lane definition by simple parallel-shifting. This capability
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proves particularly valuable for highways with multiple lanes in each direction. Road
modeling experiments with ground truth data from real high-definition maps demon-
strate that our approach offers a comprehensive and efficient solution for modeling

highways in autonomous vehicle applications.

The trajectory planning algorithm we developed seamlessly complements our arc-
spline-based road modeling method. Similar to the road model, the trajectory plan-
ning algorithm utilizes the analytical nature of arc-splines. This translates to low
computational requirements and reduced execution time, making it well-suited for
real-time implementation on autonomous vehicles. Moreover, the algorithms are eas-
ily integrated by aligning the road model and the trajectory on arc-splines. This guar-
antees a smooth and precise arrival at the desired location, enhancing the overall

safety and reliability of autonomous driving.

To provide a more comprehensive analysis and highlight the potential of arc-splines,
this study also implements a Bézier curve-based trajectory planning algorithm. The
comparative analysis between the two approaches highlights the strengths of using
arc-splines. By demonstrating the ability to achieve zero error at the destination
point and the inherent efficiency of the analytical approach, this thesis establishes
arc-splines as a strong contender for trajectory planning in autonomous vehicles, par-

ticularly for highway environments.

In conclusion, this thesis presents an advancement in the field of autonomous driving
technology. The proposed arc-spline-based road modeling and trajectory planning
algorithms offer efficiency in terms of memory usage and computational effort, ac-
curacy, and guaranteed performance. These advancements pave the way for a future
where autonomous vehicles can navigate highway environments with greater preci-
sion, safety, and reliability. Future research can further explore the integration of this
methodology with real-time sensor data for dynamic adaptation to changing road con-
ditions. Additionally, investigating the performance of arc-splines in more complex
highway scenarios with features like exits, merges, and intersections will be valuable

for further refining the approach.
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